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• High SERS sensitivity for detecting Eo-
sin Y molecules of low concentration

• Three-dimensional ordered macroporous
structure for enriching target analyte

• Raman signal promoted via effective
energy level matching of EY with
3DOM material

• High stability and reproducibility for
detecting EY and similar structural mol-
ecule
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In this work, three-dimensional orderedmacroporous (3DOM) TiO2 was delicately designed and synthesized via

template method. Ag nano-particles (NPs) were assembled inside the 3DOM TiO2 network to form 3DOM-
TiO2@Ag composite nano-architecture. Raman signal of EY were effectively amplified by such designed 3DOM-
TiO2@Ag nano-architecture due to the intrinsic advantages and synergistic effect of each components in it.
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In this work, three-dimensional ordered macroporous (3DOM) TiO2 was designed by assembling Ag
nano-particles (NPs) into the network of 3DOM TiO2 to form a 3DOM composite nano-architecture, the
3DOM-TiO2@Ag. The designed 3DOM-TiO2@Ag nano-architecture effectively amplified the Raman signal
of Eosin Y (EY), owing to its interconnected 3DOM network, appropriate energy matching between EY
and the 3DOM nano-architecture, and the surface plasmon resonances and optical antenna effect of Ag
NPs. Firstly, interconnected 3DOM network improved the adsorption ability of 3DOM-TiO2@Ag for EY
molecules as its interconnected 3DOM networks offered high surface area and porous volume which
can drive EY solution into it by large capillarity forces. Secondly, energy matching between EY molecules
and each components of 3DOM-TiO2@Ag promoted the photo-generated electrons to transfer from ex-
cited EY molecules through the Ag/TiO2 heterojunction and inject into the Ag NPs to improve its surface
electron density. Surface plasmon resonances of the Ag NPs also contributed to amplifying the Raman
signals of the EY molecules. Detection limit of the 3DOM-TiO2@Ag substrate could 10−12 M for EY mol-
ecules. In addition, the designed 3DOM substrate exhibited favorable stability, reproducibility and uni-
versality for detecting EY and other with structural similar molecules.

© 2017 Elsevier Ltd. All rights reserved.
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Fig. 2. (a) XRD patterns the 3DOM-TiO2@Ag, 3DOM-TiO2 and TiO2 NPs.
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1. Introduction

In virtue of its favorable luminescent properties, an aromatic
structural fluorescent dye, the Eosin Y (EY), has been widely applied
in chemical analysis for labeling, visible-light driven photo-catalytic
fields and solar cells fields as efficient sensitizer, and realm of art as
brilliant pigments favored by artists [1–3]. Investigating the contents
and existing state of EY in above application fields could not only help
to enhance the detecting sensitivity and accuracy for chemical analysis
labeled by EY molecules, but provide more intrinsic and useful
information for revealing and understanding the electron transfer
process between EY and other substances in photo-catalytic reactions
and solar cell systems. Besides, the EYwas extensively used as favorable
fluorescent dye for statues and paintings by 19th century artists, most
notably by Vincent Van Gogh, as well as in the textile dying industry
and for printing inks since 1888 years [4,5]. Tracing EY dye on those
statues and paintings could facilitate recovering the original beauty of
those precious artworks. However, EY dye are inclined to fade in the
atmosphere due to the irradiation of sunshine, many precious paintings
and artworks were discolored with as time passed, thus it is difficult to
appreciate their original beauty [4,5]. Thus, it is also highly required to
develop ultrasensitive methods for identifying the distribution of EY
dye on those artworks.

Raman scattering (NRS) is an effective characterization in various
fields of analytical chemistry, medical science, life sciences and the
characterization of trace chemical species [6–8]. In recent years,
designing special NRS substrates to amplify the Raman signal have
Fig. 1. FESEM images of (a) PS colloids template, (b) 3 DOM TiO2, (c) 3
attracted much attention, as the application of normal NRS spectra
were limited in detecting trace amounts of chemicals due to its weak
Raman scattering cross-section. Decorating NRS substrate with noble
metal is an effective strategy to enhance the Raman signal for target
molecules with low concentration, because of the optical frequency
plasmon–polariton near-field generated by the localized surface
plasmons of noble metal after photoexcitation [9–11]. Such surface
Enhanced Raman Scattering (SERS) could have 106–1015 times higher
intensity of signal for detecting trace compound when compared with
NRS. The Ag and Au are considered as the most effective noble metal
DOM Ag@TiO2 (d) TiO2 NPs; (e, f) TEM image of 3 DOM Ag@TiO2.



Fig. 3. (a) Ti 2p spectra of 3DOM-TiO2@Ag and 3DOM-TiO2 (b) Ag 3d XPS spectrum of 3DOM TiO2@Ag (c) Scheme of electron deviation between TiO2 and Ag NPs.
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for improving the Raman signal of target molecules, considering their
large scattering cross-section, rapid plasmon resonances, stable
chemical nature and high photo-absorption capability in visible light
region [12–14]. Therefore, the SERS decorated by Ag and Au nano
particles (NPs) exhibit sensitive response, high selectivity, and rapid
speed for the analysis of tracing chemical and biological molecules
[15–17].

In spite of their advantages for organic molecule detection, the
SERS fail to enhance the Raman signal for detecting analytes
which have poor affinity to noble metal surface, especially those
molecules with polycyclic aromatic hydrocarbons and other
aromatic compounds. It is potential to solve this drawback and
enhance the SERS signal by endowing the SERS substrate with
special structure, preferably those structures with high area and
efficient electron transfer ability [18,19]. Compared with 1D, 2D
and 3D structures, three dimensional ordered macroporous
(3DOM) materials decorated with noble metals exhibit great
potential for application as the SERS substrates [19,20]. For one
thing, high porosity of 3DOM materials could enhance the
Fig. 4. BET characterization of TiO2 NPs, 3DOM-TiO2 and 3DOM-TiO2@Ag.
adsorption ability of SRES substrates for trace elements and
molecules [20–22]. For another thing, stability of the noble metal
nano-materials could be improved as the interconnected
networks of 3DOM materials could prevent the noble metal nano-
materials from being oxidized. Moreover, as heterojunction were
constructed on the interface of noble metal NPs and 3DOM
material, it is convenient to promote the photo-generated
electrons transferring from the 3DOM material to the noble metal
NPs by regulating their energy level matching. The noble metal
NPs could then have higher surface electron cloud density to excite
higher Plasmon resonance, thus effectively raising the detection
sensitivity of SERS for the molecules with low metal-surface
affinity [23,24].

TiO2-based system is a high potential SERS candidate, which have
attracted much attention and obtained great research development
due to their specific advantages including favorable physical properties,
electron transfer capability, desirable chemical and thermally stability
as well as low cost and low toxicity [9,25–31]. The SERS sensitivity of
TiO2-based SERS system is not only attributed to the Plasmon effect of
noble metal NPs, but depends on the charge transfer at the TiO2

semiconductor–analyte interface. Considering the intrinsic advantages
of TiO2-based system, the high surface area and pore volume of
3DOM material, and noble metal NPs, in this work, we synthesized
TiO2-based three-dimensional ordered macroporous material via
polystyrene template, and assembled Ag NPs into the network of
3DOM material to construct the Three-dimensional ordered
macroporous architecture (3DOM-TiO2@Ag). Ag NPs were chosen as
were assembled homogeneously on the surface and into the pores of
the 3DOM TiO2. The 3DOM-TiO2@Ag exhibited favorable SERS
Table 1
BET surface area, pore volume and pore size of the TiO2 NPs, 3DOM-TiO2 and 3DOM-
TiO2@Ag substrates.

Material BET surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Average pore size
(nm)

TiO2 NPs 6.97 0.0455 2.68
3DOM-TiO2 67.32 0.374 25.99
3DOM-TiO2@Ag 56.59 0.141 11.13



Fig. 5. SERS spectra of EY molecules with concentration of 10−4 M collected on the
substrates of 3DOM-TiO2@Ag, 3DOM-TiO2 and TiO2 NPs.
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sensitivity for detecting trace amounts of EY molecules, owing to its
special 3DOM structure which results in higher adsorption for EY
molecules, the charge-transfer coupling among the EY molecules, TiO2

network and Ag NPs, as well as the large scattering cross-section and
high Plasmon resonance of Ag NPs.

2. Experimental

2.1. Materials and experiments

Mono-disperse polystyrene colloid solutionwas synthesized via dis-
persion polymerization of a mixture of styrene monomers (10 w/v%),
poly-(vinylpyrrolidone) stabilizers (20 w/v%), and 2,2-azobis(2-
methylbutyronitrile) (1 wt% of monomer) as the polymerization initia-
tor. The polystyrene (PS) colloidswere deposited on a substrate, and the
solvent was evaporated to obtain a colloidal crystal template film.
Tetrabutyl titanate (TBT) was dissolved into ethanol to form a homoge-
neous solution.We dropped the TBT solution slowly onto the surface of
colloidal crystal template film. The TBT solution penetrated into the
template film spontaneously by capillary force. The template film was
dried at 40 °C in a vacuum oven to evaporate the ethanol solution.
Then the film was heat treated at 500 °C to remove the colloidal crystal
and form the 3 DOM TiO2. The 3 DOM TiO2 was then immersed in
AgNO3 solution (CAgNO3 = 0.01 M) for 3 h. Then the 3 DOM TiO2 was
taken out from the AgNO3 solution and washed several times by dis-
tilled water to remove excessive AgNO3. The 3 DOM TiO2 loaded with
AgNO3 was then immersed in NaBH4 solution to reduce the AgNO3

and form Ag NPs inside the network of 3 DOM TiO2.

2.2. Characterization

Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) were taken with a Tecnai-G2-F30 field emission transmission
electron microscope operating at an accelerating voltage of 300 kV. The
samples were dispersed in ethanol and dropped onto a carbon film sup-
ported on a copper grid for the drying process in air. X-ray diffraction
(XRD) patterns of the samples were recorded on a Rigaku B/Max-RB
Table 2
Assignments for the Raman bands in Fig. 5.

Wavenumber/cm−1 Assignment

1629 xanthene ring C\\C stretches
1508 Bz ring stretch and assym CO2 stretches
1342 Xanthene and Bz ring C\\C stretches
1177 Xanthene ring C\\O/C\\C stretches
768 Xanthene ring stretches
709 Xanthene out of plane ring deformation
631 Xanthene breathing + Bz breathing
diffractometer with a nickel filtrated Cu Kα radiation operated at
40 kV and 40 mA.

Raman spectra were performed in air by high-resolution confocal μ-
Raman system (Horiba JY, LabRam HR800). As for SERS spectra mea-
surement, the SERS substrates were immersed into EY solution
(10−4 M) for 1 h to reach adsorption-desorption equilibrium. The sub-
strates were then taken out and dried under room temperature. A
Renishaw inVia micro-Raman instrument was used for acquiring
Raman scattering spectra. Radiation of 514 nm from an air-argon ion
laser was used as the excitation source. In order to avoid the catalytic
decomposition produced by laser exposure, the laser power at the sam-
ple positionwas 0.2mW, and the laser beamwas focused on the sample
with a size of about 1 μm. The integration timewas 20 s. UV –vis reflec-
tance spectra was conducted on an Agilent/Varian Cary 5000 UV –vis–
NIR spectrophotometer.

X-ray photoelectron spectroscopy (XPS) and UPS analysis was per-
formed using a VG Scientific ESCALAB 210-XPS photoelectron spec-
trometer. Base pressure of the UHV chamber was 5 ∗ 10−9 Torr and
Mg Kα X-ray (300 W, 1253.6 eV) was used as the X-ray resource. The
pass energy was 100 eV for wide range scans (survey), and 20 eV for
high resolution measurements. The energy step was 1 eV for survey
scans, while high resolution measurements were recorded with 0.1 eV
energy step. The binding energies were referenced to the C 1s level at
284.6 eV for adventitious carbon [32]. The samples were pressed into
thin sheets on Al aluminum foils. Before loading the foils into XPS ana-
lyzing chamber, theywere evacuated (5 ∗ 10−5 Torr) for 24 h to remove
themoisture and adsorbed impurity on their surface. The binding ener-
gy was selected by choosing themaximum intensity value at each peak.
UPS spectra were recorded using the He I line at hν=21.2 eV as the ex-
citation source in normal emission with a resolution of 0.06 eV.

3. Results and discussion

Fig. 1 (a) shows the morphology of prepared PS colloids template.
The PSmicro-spheres exhibit smooth surface, high regularmorphology,
and narrow diameter distributions of about 180 nm. After calcination, 3
DOM TiO2 structure with spherical voids was fabricated, as shown in
Fig. 1 (b). The DOM TiO2 show ordered periodicity andwide pore inter-
connectivity. The three-dimensional ordered macroporous structure of
3DOM TiO2 could not only provided an interconnected conductive net-
work, but effectively facilitate its adsorption ability for EY molecules by
capillarity forces. The edges of those spherical voids became thicker
when Ag was introduced into the 3DOM TiO2 to form the 3DOM-
TiO2@Ag composites. As shown in Fig. 1 (d), the TiO2 NPs are smaller
than 30 nm and their morphology are irregular.

TEM characterization givesmore detailed view of the 3DOM-TiO2@Ag
(Fig. 1 (e, f)). Ag NPs were deposited both on the surface and inside the
network of 3DOM TiO2. Sizes of the Ag NPs are in nano-scale, about
10 nm. According to the quasi-static approximation, when the size of a
noble metal nano-particle (NP) is much smaller than the wavelength of
incident light, all the electrons in the NP will move collectively towards
the same field at a given time. Thus, the electron clouds of the Ag NP
will oscillate and polarize, thus forming lots of “hot spots” to enhance
the Raman signal of EY [12]. Besides, as shown in Fig. 1 (f), the 0.23 nm
interlayer distance of Ag NP could be assigned to the (111) plane of
cubic Ag (Fig. 1 (f)). Considering that the (111) planes of cubic Ag have
high energy and high electron density, it is reasonable to expect that as-
sembling the 3DOM TiO2 with Ag NPs which exposed their (111) facet
to the 3DOM TiO2 will not only reinforce the structure of Ag/TiO2

heterojunction but facilitate the electron transfer through the
heterojunction.

TheXRD patterns of TiO2 NPs, 3DOMTiO2 and 3DOM-TiO2@Ag agree
well with the TEM and HRTEM results, as shown in Fig. 2. The three dif-
fraction peaks around 25.2, 37.8, and 62.7° are respectively assigned to
the typical (101), (004) and (204) planes of tetragonal anatase TiO2

(JCPDS #4-551). Other peaks also corresponds respectively to the

naseri
Highlight



Fig. 6.Mechanism scheme for the enhancement of SERS signals, (a) Energy level match and (b) Electron transfer of EY, TiO2 and Ag.
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(200), (105), (211), (110), (220), (215) planes of tetragonal anatase
(JCPDS #4-551). Diffraction peaks of Ag are not obvious as the Ag
(111) peak at 37.8° were overlapped by the diffraction peaks of TiO2

(004) planes [33]. The Positions of TiO2 diffraction peaks didn't shift
with the decoration of Ag NPs, indicating the Ag elements didn't enter
into the TiO2 crystal lattice [21].

The XPS spectra were investigated to revealmore information about
the 3DOM TiO2 and 3DOMTiO2@Ag. In consistence with the HRTEM re-
sults, the Ag 3d3/2 peak (374.1 eV) and Ag 3d5/2 peak (368.1 eV) sug-
gests that the Ag NPs exist in metallic state (Fig. 3 (b)) [34]. Ti 2p3/2

and Ti 2p1/2 peaks presents Ti4+ oxidation state of the Ti elements
(Fig. 3 (a)) [35]. Compared with the 3DOM TiO2, the Ti 2p3/2 and 2p1/2
peaks of 3DOM TiO2@Ag both shifted towards higher binding energies,
indicating the electrons deviated from the 3DOM TiO2 to the Ag NPs
(Fig. 3 (c)). Considering a Schottky barrier were formed at the interface
of TiO2 and the Ag NPs, such electrons deviation from 3DOM TiO2 to Ag
NPs is reasonable as the Fermi energy level of Ag is below the conduc-
tion band edge of TiO2 [28,36,37]. In addition, some defects in the TiO2

lattice, such as oxygen vacancies, could give birth to extra electronic
states near the conduction band minimum (CBM) and valence band
maximum (VBM) of TiO2. Electrons in those extra states also tend to
move towards the Ag NPs [37]. In other word, if more electrons could
be injected into the 3DOM TiO2, they tend to transfer towards the Ag
NPs via the Ag/TiO2 heterojunction, thus enlarging the surface plasmon
resonance intensity of the Ag NPs.
Fig. 7. (a) FESEM image of 3DOM-Al2O3@Ag; and (b) Raman signals of EY dye molecules o
BET results also indicate the deposition of Ag NPs on the surface and
inside the network of 3DOM TiO2. The porosity of 3DOM TiO2 and
3DOM-TiO2@Ag were characterized by the N2 adsorption–desorption
isothermsbased on the Barrett–Joyner–Halendamodel. In Fig. 4, the iso-
therm curves can all be classified as type IV with apparent hysteresis
loops in the range of 0.5–1.0 P/Po. Table 1 shows the BET surface area
and pore volume of samples. The 67.32 m2 g−1 BET surface area and
0.374 cm3/g−1 pore volume indicate the presence of meso-pores in
the 3DOM TiO2. Average pore size of the 3DOM TiO2 is 25.99 nm,
which could be attributed to the meso-pores and the interstitial space
in the network of 3 DOM TiO2. Compared with the 3DOM TiO2, the
3DOM-TiO2@Ag has lower surface area (56.59m2 g−1), lower pore vol-
ume (0.141 cm3/g−1) and smaller average pore size (11.13 nm), indi-
cating that the decorating of Ag NPs covered some meso-pores and
interstitial space of the 3DOM TiO2 network.

Compared with the TiO2 NPs, Raman signals of EY molecules were
apparently intensified by the 3DOM TiO2 substrates, as shown in Fig. 5
and Table 2. The presence of EY molecules was revealed by the Raman
bands at 1618, 1506, 1331, 1282, 1178, and 636 cm−1 (Fig. 5), as
those bands correspond to the characteristic functional groups of EY
molecules (Table 2) [4]. The enhancement of Raman signal could be at-
tributed to the special structure of the 3DOM TiO2, which had higher
surface area and pore volume due to themeso-pores and the interstitial
space in its network. Compared with the TiO2 NPs, these advantages of
the 3DOM TiO2 could effectively enhance their adsorption capability for
n the 3DOM-Al2O3@Ag and 3DOM-TiO2@Ag substrates (EY concentration = 10−8 M).



Fig. 8. Solid diffuse UV–vis spectra of 3 DOM-TiO2@Ag and 3 DOM-TiO2. Fig. 10. SERS spectra of EY molecules obtained from (a) the freshly prepared substrate,
(b) the substrate exposed in air for 7 days and (c) the substrate immersed in water and
ultra-sonicated for 20 min.
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dye molecules, thus enhancing the Raman signal of EY molecules be-
cause more EY-TiO2 interfaces were formed on the surface and in the
network of 3DOM TiO2.

Assembling the 3DOMTiO2with AgNPs further enhanced its detect-
ing sensitivity for trace EYmolecules. As shown in Fig. 5, Raman signal of
EYmolecules on the 3DOM-TiO2@Agwas obviously higher than the sig-
nals on TiO2NPs and the3DOM-TiO2 substrates. Considering the charac-
terization results of its structure, morphology, aswell as the variation of
Ti 2p binding energy, higher detecting sensitivity of the 3DOM-TiO2@Ag
substrates could be attributed to three factors, including: (1) its special
3DOMmacroporous structure which result in higher adsorption for EY
molecules, (2) the vibronic coupling of charge-transfer which lead to
appropriate energy level matching of the EY molecules with the TiO2

and Ag NPs, and (3) enhanced surface plasmon resonances of Ag NPs.
On one hand, the 3DOM macroporous structure endowed the

3DOM-TiO2@Ag nano-architecture with interconnected conductive
networks of large surface area and high porous volume, as shown in
the BET results (Fig. 4, Table 1). EY molecules could be enriched in the
interconnected networks of 3DOM-TiO2@Ag nano-architecture, as the
EY molecules were effectively adsorbed and “capture” into the 3DOM
networks via capillarity forces. Higher adsorption of EY molecules re-
sulted in larger amounts of EY-TiO2 interfaces, which then enhanced
the electron transfer between EY and TiO2.

On the other hand, the enhancement of EY signal could also be at-
tributed to the vibronic coupling of charge-transfer between the Ag
NPs, 3DOM TiO2 and EY molecules [38,39]. TiO2 is a chemically stable
semiconductor whose conduction band (CB) is appropriate to build a
“bridge” between the Femi energy of Ag NPs and the LUMO energy of
EYmolecules to amplify the EY signal. As illustrated in Fig. 6, work func-
tion of excited EY molecule (EY*) is about 3.45 eV while conduction
Fig. 9. SERS spectra of EY molecules on 3DOM-TiO2@Ag at different concentrations (from
10−4 M to 10−16 M).
band (CB) energy of TiO2 is about 4.21 eV (vs vacuum), Thus photo-
generated electrons of EY* could be injected into the 3DOM TiO2 when
they were excited by 514 nm laser of Raman characterization [40–43].
The injected electrons could then migrate towards the Ag NPs via the
Ag/TiO2 heterojunction until the two systems achieve Fermi level equil-
ibration, taking into account that the Fermi energy level of Ag is below
the conduction band edge of TiO2 [28,36,37].

In order to prove the electron transfer between 3DOM TiO2 and Ag
NPs, another kind of 3DOM SERS substrate were prepared and applied
to compare with 3DOM-TiO2@Ag substrates. The 3DOM SERS substrate
was composed of three-dimensional Al2O3 and Ag nano-particles to
form the 3DOM-Al2O3@Ag structure. Compared with 3DOM TiO2@Ag,
the 3DOM Al2O3@Ag has similar three-dimensional ordered
macroporous structure. However, as shown in Fig. 7, there are little
charge-transfer between Al2O3, Ag NPs and EY molecules. In other
words, photo-excited electrons could hardly be transferred through
the interface between 3DOM Al2O3 and Ag nano-particles, because the
conduction band of Al2O3 don't match with the LUMO level of the EY
molecule and the Femi energy level of Ag. Therefore, vibronic coupling
of charge-transfer between the Ag NPs, 3DOM TiO2 and EY molecules
is a key factor in enhancing the SERS sensitivity of 3DOM TiO2@Ag sub-
strates for detecting EY molecules of low concentration.

Besides, the Ag NPs also play an important role in amplifying the EY
signal due to their “optical antenna” effect. Ag NPs had large scattering
cross-section and highly-oscillated electron clouds to form surface plas-
mon resonances due to their nanometer effect. According to Drude
model, such electron injecting from 3DOMTiO2 to Ag NPs could inevita-
bly improve the surface electron density of Ag NPs. Higher surface elec-
tron density of the Ag NPs result in larger surface plasmon resonances,
as there aremore surface electrons oscillatingwith local electromagnet-
ic fields [37–39]. Fig. 8 shows the solid diffuse UV–vis spectra of the
3DOM-TiO2@Ag, which confirms the surface plasmon resonance of Ag
NPs in 3DOM-TiO2@Ag substrates. Raman signals of EY molecules
could be amplified due to enlarged surface plasmon resonances of Ag
NPs, thus 3DOM-TiO2@Ag exhibited higher detecting sensitivity than
3DOM-TiO2.

The detection limit of 3DOM-TiO2@Ag substrates for EY molecules
were investigated by concentration-dependent SERS spectra. As
shown in Fig. 9, the 3DOM-TiO2@Ag substrates are capable of detecting
the EY dye over a wide range of concentration from 10−4 to 10−12 M,
and the detection limit for EY molecules is 10−12 M. As discussed
above, the SERS detection sensitivity not only origin from the contribu-
tions of its adsorption capability for EY molecules, but arise from the
vibronic coupling of charge-transfer, as well as enhanced surface plas-
mon resonances of Ag NPs.

Besides the detection limit, we studied over-time Raman signal and
recorded the Raman signal after ultrasonic treatment of EY molecules



Fig. 11.Molecular structure of Eosin Y (EY), Rose Bengal (RB), and Erythrosin B (EB).
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on the 3DOM-TiO2@Ag substrate, in order to evaluate the influence of
surface modifications on Ag NPs and the SERS detecting stability of the
prepared substrate. Over-time Raman signal evaluation was carried
out by comparing the EY signal on freshly prepared 3DOM-TiO2@Ag
substrate and on the substrates after 7 days exposing in air. As shown
in Fig. 10, the Raman spectrum of EY molecule became slightly weaker
and broader. The results indicate that the surface of Ag NPs and the in-
terface state of Ag/TiO2 heterojunction may be oxidized or adsorbed
some other molecules from the air, thus leading to the weakening and
broadness of EY signal. So, the vibronic coupling of charge-transfer be-
tween the Ag NPs, 3DOM TiO2 and EY molecules is critical to result in
sensitive Raman signal for the EY molecules on 3DOM-TiO2@Ag
substrates.

SERS detecting stability were also investigated by studying the effect
of ultrasonic treatment on the Raman signal intensity over the 3DOM-
TiO2@Ag substrate, considering that ultrasonication is a fierce process,
in which the acoustic cavitation result in extremely high peak tempera-
ture (~5000 K), pressure (~20 MPa), rapid cooling rates (~1010 K/s),
and intense shock waves and micro-jet stream in the solution [44,45].
The 3DOM-TiO2@Ag substrate assembled with EY dye (10−8 M) was
immersed inwater and ultrasonicated for 20min to investigatewhether
the EY molecule was adsorbed stably on the network structure of
3DOM-TiO2@Ag. As shown in Fig. 12, after 20 min ultra-sonication,
Raman signal could still be detected over the 3DOM-TiO2@Ag substrate.
Consequently, though the signal is a little weaker than that on freshly
prepared 3DOM-TiO2@Ag, EY signal could still collected on 3DOM-
TiO2@Ag which was treated by ultra-sonication, indicating that the EY
molecules could “grasp” firmly on the network of 3DOM-TiO2@Ag by
forming chemical absorption with the 3DOM-TiO2 and Ag NPs.

Moreover, not only the Raman signal of Eosin Y molecules, but the
Raman signals of other important dye molecules were recorded on the
3DOM-TiO2@Ag substrates to evaluate the universality of such network
substrates for detecting similar dye molecules. Fig. 11 shows the struc-
ture of Rose Bengal (RB) molecule and Erythrosin B (EB) molecule.
The two dyes, which have similar molecular structure to EY, are both
Fig. 12. SERS spectra of EY, RB and EB molecules on 3DOM-TiO2@Ag at the same
characterization condition (EY concentrations = 10−8 M).
significant dye for painting and photo-catalytic fields. It was found
that the 3DOM TiO2@Ag substrates is also effective for tracing RB and
EB dyes as well, as shown in Fig. 12.

Raman spectral reproducibility of the 3DOM-TiO2@Ag substrate was
investigated by the relative standard deviation (RSD) analysis. Fig. 13
shows the SERS-RSD spectra of EY dye molecules (10−8 M) on the
3DOM-TiO2@Ag substrates. The four SERS spectra in Fig. 13 were col-
lected randomly from three different positions on the substrate. The
maximal RSD value of the signal intensities for major SERS peaks was
below 0.2, indicating that the as-prepared 3DOM-TiO2@Ag substrates
has a good reproducibility across the entire area.

4. Conclusion

In summary, two kinds of 3DOM composite architectures were de-
signed and assembled to improve their detection sensitivity of trace
amounts of EY dye. In comparisonwith TiO2 NPs, large porosity and sur-
face area of the 3DOM TiO2 could effectively enhance the SERS sensitiv-
ity for detecting trace amounts of EY molecules. Detecting sensitivity of
the 3DOM TiO2 was enlarged further by decorating them with Ag NPs
which expose high energy crystal planes. Amplified Raman signal of
the 3DOM-TiO2@Ag were not only attributed to the advantages of its 3
DOM structure as well as the optical antenna effect of Ag NPs, but effec-
tive energy levelmatching of the EYmolecule, TiO2, and Ag NPs. Consid-
ering its favorable detection sensitivity and chemical stability, the
3DOM-TiO2@Ag exhibits large potential not only for effective SERS de-
tection of EYmolecules, but revealingmore information about the elec-
tron transfer process for EY-sensitized reactions.
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a b s t r a c t

Anatase nano-TiO2 with exposed highly active curved surface was obtained via a simple hydrothermal
route with the assistance of citric acid and HF. In this progress, exposed percentage of curved surface can
been directly tuned by controlling the mole ratio of citric acid and HF. Such anatase nano-TiO2 with
exposed curved surface shows a unique truncated biconic morphology and has large specific surface area.
The nano-TiO2 shows higher photocatalytic activity than that of TiO2 nanosheets with exposed {001}
facets which confirms the curved surface have higher activity than {001} facets. The higher photo-
catalytic activity of curved surface can be ascribed to the fact that some high index facets such as {112}
and many crystal edges contained on the curved surface may have higher activity than {001} facets. A
synergistic effect between curved and {001} facets is confirmed that nano-TiO2 with a optimal coexposed
ratio between curved and {001} facets has higher photocatalytic activity than that of TiO2 with exposed
curved or {001} facets. The optimal coexposed ratio is affected by degradation molecules. The present
work demonstrates a explore of hydrothermal synthetic method for controlling preparation of nano-
materials.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Surface chemical reaction of catalyst such as molecules
adsorption and photocatalytic degradation is mainly depended on
surface crystal structure [1e4], especially on crystal facets. There is
a large gap of catalytic activity on different crystal facets. Some
facets exhibit much higher catalytic activity mainly due to the
higher surface energy. It is a challenge to obtain crystals with
exposed active facets. Recently, through controlling the synthetic
condition, some semiconductor crystals or catalysts with high in-
dex facets were successfully prepared such as Au, Pt, PbS, Cu2O, ZnO
and WO3 [5e11]. As an important semiconducting, TiO2 has
attracted large research interests owing its potential applications in
photocatalysis, solar energy photovoltaic and water photocatalysis
[12e14]. Comparing with improving the electronic band structure
through doping and compositing [13,15e20], tailored synthesis of
zg@hdu.edu.cn (Z. Ji).
TiO2 with optimized active facets is a more effective approach to
promote the photocatalytic activity.

Some work devote themselves to facets controlling synthesis of
TiO2. The common exposed facets of anatase TiO2 is {101} which
has a low surface (0.44 J/m2) and poor activity [21]. Through
regulating the synthetic condition, other active facets were ob-
tained: {001} (0.90 J/m2) [22e36], {100} (0.53 J/m2) [37e43] and
{111} (1.61 J/m2) [44,45]. Active facets of rutile TiO2 such as {111}
also have been successfully obtained [46e49]. The higher activity of
active facets owing to large angle between TieO bandings and large
percentage of under-coordinated O atoms [50,51]. Under-
coordinated O atoms could take part in the surface chemical reac-
tion results in enhancing the activity. Recently, anatase TiO2 micro-
crystals with exposed curved surface were obtained [52]. The TiO2
with exposed curved surface shows a unique truncated biconic
morphology as Fig. 1. The biconical facets are curved and the
truncated flat facets are {001}. Except {101} and {011}, this curved
surface also contains some high-index facets such as {112}. This
high-index facets may be more active. In addition, there are more
under-coordinated atoms on crystal edges which can lead to higher
activity. The density of edges on curved surface is much more than
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Fig. 1. Schematic illustration of {001} and curved facets of anatase TiO2.
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that on a flat face. So that curved surface may exhibit higher activity
than flat face. However, the crystallite size is much large and the
specific surface area is relatively low [52]. Further work is necessary
to obtain nano-scale anatase TiO2 with large percentage of exposed
curved surface.

Here we demonstrate a facile hydrothermal route to obtain
anatase nano-TiO2 with exposed curved facets with large specific
surface area. The exposed facets and relatively exposed ratio can be
easily controlled though adjusting the precursor. In the photo-
catalytic degradation of dyes, the photocatalytic activity of as pre-
pared nano-TiO2 is as much as 2 times than that of {001} facets
exposed TiO2 which confirms the higher active of curved surface.
Moreover, it is found that coexposed {001} and curved facets with
an appropriate proportion have the highest photocatalytic activity.
2. Experimental section

2.1. Synthesis of samples

All chemicals used in this experiment are analytical-grade
without further treatment. Anatase nano-TiO2 with exposed
curved facets were synthesized by a one-step hydrothermal route
employing tetrabutyl titanate (Ti(OBu)4), citric acid, HF (40%) and
deionized water as precursor. To study the best ratio of precursor,
different mole ratio of citric acid and HF were executed. Details of
the precipitation method were as follows: 25 ml Ti(OBu)4 was
mixed with relative citric acid, HF and deionized water in a Teflon-
lined autoclave with a capacity of 100 mL then kept at 180 �C for
24 h. The precipitates were then separated from the suspension by
centrifugation (4000 rpm, 15 min). To wash the powder, the
products were further suspended and centrifuged in absolute
ethanol for three times, followed by drying under 102 �C for 12 h.
Then the obtained powders were calcined at 600 �C for 90 min to
clear surface fluoride. Samples obtained from different citric acid,
HF and deionized water content were respectively labeled as TFC1
(2.3 mmol citric acid, 4 ml HF and 1 ml deionized water, mole ratio
of citric acid and HF is 1:40), TFC2 (4.6 mmol citric acid, 2 ml HF and
2 ml deionized water, mole ratio of citric acid and HF is 1:10), TFC3
(9.2 mmol citric acid, 2 ml HF and 2 ml deionized water, mole ratio
of citric acid and HF is 1:5) and TFC4 (23 mmol citric acid, 2 ml HF
and 3 ml deionized water, mole ratio of citric acid and HF is 1:2). As
compared, samples with only HF or citric acid were prepared and
labeled as TO (4 ml HF and 1 ml deionized water) and TC (23 mmol
citric acid and 3 ml deionized water).

2.2. Characterizations

The crystal structures and phases of the samples weremeasured
using an X-ray diffractmeter (XRD) (TD-3500, Dandong Tongda
Instrument) with Cu-Ka radiation at a scan rate (2q) of 0.02 s�1. The
accelerating voltage and the applied current were 30 kV and 20 mA
respectively. Morphologies and microstructures of the samples
were characterized by a scanning electron microscope (SEM, vltra
55, Carl Zeiss, German) and a high-resolution transmission electron
microscope (HRTEM, Tecnai G2 F30 S-Twin, FEI, Hillsboro, USA).
UVevis diffuse reflectance spectra (DRS) of the samples were
measured using an UVevis spectrophotometer (UV-3600, Shi-
madzu, Japan) with a multi-purpose large sample compartment
(MPC-3100, Shimadzu, Japan). BaSO4 was used as a reflectance
standard in the DRS measurement. Raman measurement was car-
ried out using a Raman spectroscopy (HORIBA Jobin Yvon LabRAM
HR, France). The power of the laser was 10 mW, and the laser
excitation was 488 nm. Scans were taken on an extended range
(200�1000 cm�1), and the exposure time was 2 s. The Bru-
nauereEmmetteTeller (BET) specific surface areas of the samples
were obtained using a nitrogen adsorption apparatus (JW-BK,
China).

2.3. Photocatalytic experiments

Photocatalytic properties of the samples were examined by
measuring the decomposition rate of methylene blue (MB) and
rhodamine B (RhB) with the presence of photocatalyst. Before
photo-degradation, all mixed solution with photocatalyst and dye
were placed in a dark environment for 60 min to reach adsorption
equilibrium, and then the residual concentration of dye was
measured. In the experiment, a 250 W high pressure mercury lamp
was used as a light source. The lamp was placed 8 cm above the
liquid surface. Then 50 mg photocatalyst was added into a 100 mL
of 4 � 10�5 MMB aqueous solution. The mixed solution was stirred
incessantly, and after every 10 min, 3 mL solution was extracted to
test the residual concentration of methylene blue, which was
evaluated by measuring the change of maximum absorbance in the
UVevis spectrometry (UV-3600, Shimadzu, Japan). The absorbent
peak in about 664 nm was selected and the residual concentration
was obtained though evaluating the intensity ratio between
remained and original MB solution. The experiment parameters in
the decomposition of RhB were the same as above description
except replacing MB with RhB (2 � 10�5 M). The photocatalytic
activity of standard P25 photocatalyst was also measured with the
same experimental conditions. The stability of TFC2 was investi-
gated by the recycle experiments of MB degradation for five times.
The sample after cyclic degradation was labeled as TFC2c.

3. Results and discussion

3.1. Crystal structure and morphology

To study the crystal structures and phases of obtained powders,
all samples were analyzed by XRD. A comparison of the XRD pat-
terns of TO, TFC1, TFC2, TFC3, TFC4 and TO is illustrated as Fig. 2. As
the patterns show, all samples are pure anatase phase. It is
considered that the attendance of Fe can promote the formation of
anatase phase [53]. The crystallinity of obtained samples reduce
along with the increase of mole ratio of citric acid and HF, which is
listed in Table 1. It seems that citric acid will inhibit the hydrolysis
effect of tetrabutyl titanate and weak the crystallization of TiO2.
When HF is absent, TC shows a poor crystallinity. It is worth to
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Fig. 2. XRD patterns of all samples (TO, TFC1, TFC2, TFC3, TFC4 and TC).

Fig. 3. SEM images of TFC2 (A) low resolution and (B) high resolution.
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notice that compared with standard anatase XRD pattern (JCPDS
file No. 65-8416), the related intensity of (004) peak shows much
weaker while that of (200) peak enhances. This XRD results can
infer that TO has a nanosheets morphology with a thin thickness
along the [001] direction [24]. Along the adding of citric acid, the
related intensity of (004) peak persistently enhances and that of
(200) peak weakens. It reveals that thickness along the [001] di-
rection increases and length of side decreases. The increase of
thickness could enhance the crystallinity of samples. Due to the
nanoscale, the obtained samples show larger BET specific surface
area as much as 68e110 m2/g (Table 1). The crystallite sizes of all
samples were calculated from the anatase (101) peaks and listed in
Table 1. It seems after hydrothermal progress, the crystallite sizes of
curved samples slightly increase due to the thickening.

The SEM images of TFC2 are shown in Fig. 3. The sample can be
observed to has uniform nanoparticle morphology with a size of
~20 nm. Fig. 4 is the HRTEM images of TFC2. The obtained sample
shows an uniform round crystal profile with a size of ~20 nm
(Fig. 4A and B). The crystal plane of 0.19 nm according to (200) can
confirm that the round flat must be {001} facets (Fig. 4C). The round
crystal profile is a view of the truncated biconic along [001] di-
rection which reveals that the exposed curved surface. The side
view of the truncated biconic is shown in Fig. 4D. The flat surfaces
at both truncated ends can be further confirmed to be {001} facets.
The interfacial angle between the frustum base plane and slant
edge is 68.3� which is consistent with the interfacial angle between
{001} and {101} facets of anatase TiO2 single crystals [22]. The
HRTEM images confirm TFC2 has a truncated biconic morphology
with main exposed curved and {001} facets. When only citric acid
Table 1
Structural information of the samples prepared at different experimental conditions.

Sample Phasea Relative crystalb SBET(m3/g)c Crystallite size (nm)d Curved

TO A 1 110 12.8 e

TFC1 A 0.56 89 11.1 38%
TFC2 A 0.79 75 11.5 60%
TFC3 A 0.84 70 12.9 77%
TFC4 A 1.06 68 14.8 91%
TC A 0.38 72 6.2 e

a A is anatase.
b This is calculated through compare the intensity of (101) peaks of anatase, and TO is
c SBET is the specific surface area.
d Which are calculated from the anatase (101) peaks.
e Exposed facets.
adding in the precursor, common anatase TIO2 with {101} facets
was obtained. It seems that anatase TiO2 with exposed curved
surface can only be obtained when both citric acid and HF
attending. The exposed crystal facets are mainly decided by the
mole ratio of different ions in the precursor. For example, exposed
{001}, {101} and {010} facets can be obtained respectively in pre-
cursor with different ratio of SO2�

4 and F� [40]. The ions in the
solution will adsorb on the surface of TiO2 and change the surface
energy. In a general way, the crystal facets with lowest surface
energy will remain and expose [22]. In this work, after adsorbed by
citric acid and HF, the surface energies and growth rates of facets on
the curved surface such as {101}, {011}, {112}, {314}, {134} and so on
are equal, so that the obtained sample shows a unique curved
profile. The percentage of exposed curved surface can be calculated
from the formulas:
surfacee {001} {101} Band gap (eV) kMB kMB*105/SBET kRhB

76% 24% 3.19 0.02301 20.9 0.03204
62% e 3.19 0.02859 32.1 0.06004
40% e 3.18 0.0349 46.5 0.03804
23% e 3.19 0.02747 39.2 0.03114
9% e 3.20 0.02524 37.1 0.02924
5% 95% 3.20 0.002 2.8 0.00823

standard.



Fig. 4. HRTEM images of TFC2 (A) low resolution, (B) high resolution, (C) a view along [001] orientation, (D) a view perpendicular to [001] orientation.
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where l is average length and d is average thickness which can be
measured from HRTEM images, S001 and SCS are the areas of all
{001} and curved facets respectively in a TiO2 single crystal, P is the
percentage of exposed curved surface, and q ¼ 68.3� is the theo-
retical value for the angle between the [001] and [101] facets of
anatase. According to the HRTEM images, the percentage of the
curved surface for TFC1, TFC2, TFC3 and TFC4 is calculated to be
about 38%, 60%, 77% and 91% (Table 1). The percentage of the curved
surface increases along the increase of mole ratio of citric acid.
Otherwise, it develops a simple process to control the exposed
crystal planes ({001} or curved facets) through adjusting the con-
tent of citric acid and HF in precursor.
3.2. UVevis diffuse reflectance spectra and Raman spectra

The UVevis DRS of all samples was illustrates as Fig. 5A. In all
the spectra range, except TC, other samples show similar absorp-
tion intensity. TC has some absorption in the visible wavelengths
mainly due to the incomplete of Ti(OBu)4. It seems that different
exposed facets have little influence on the energy banding and
bandgap of TiO2. For further studying the change of band gap, the
intercept of the tangents to the plots of [ahv]1/2 vs. photon energy
(hv) (TiO2 is an indirect semiconductor) was show in Fig. 5B. Along
with the increase of ratio of curved surface, there is a little increase
of the band gap indicating the exposed of curved surface will
expand the band gap. The Raman spectra of all samples are shown
in Fig. 6. All samples show three peaks at the range of
200e1000 cm�1: B1g peak at 394 cm�1, A1g peak at 514 cm�1 and Eg
peaks at 636 cm�1. Compared with TO (mainly {001} facets
exposed), the relative intensity of Eg peak enhances in the spectra of
TC (mainly {101} facets exposed) which is according to other where
[54]. Due to the decrease of percentage of exposed {001} facets, the
relative intensity of Eg peak continually rise in the spectra of TFC1,
TFC2, TFC3 and TFC4.
3.3. Photocatalytic activity

The photocatalytic activity of all samples was evaluated by



Fig. 5. (A) UVevis diffuse reflectance spectra and (B) the plots of [ahv]1/2 vs. photon
energy of all samples (TO, TFC1, TFC2, TFC3, TFC4 and TC).

Fig. 6. Raman spectra of all samples (TO, TFC1, TFC2, TFC3, TFC4 and TC).

Fig. 7. (A) Methylene blue decomposition by TFC2; (B) Comparison of photocatalytic
activities of all samples (TO, TFC1, TFC2, TFC3, TFC4 and TC); (C) Dependence of ln(C0/
C) on time. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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degradation of dyes in aqueous solution under UVevis irradiation.
When photocatalysts were absent, the concentration of methylene
blue (MB) did not reduce in 60min indicates that MBmolecules can
not be decomposed by light. When stirred in dark, some MB mol-
ecules will adsorb on the surface of photocatalysts which resulted
in the concentration of MB reduced for 120 min (Fig. 7A and B). The
adsorption ability of different samples is in the order of
TC < TFC1 < TO < TFC3 < TFC4 < TFC2. TFC2 with coexposed curved
and {001} facets shows the highest adsorption ability. When TFC2
was added in the MB aqueous solution and illuminated under light,
the absorbance intensity of MB dropped rapidly as Fig. 7A shown.



Fig. 8. (A) Rhodamine B decomposition by TFC1; (B) Comparison of photocatalytic
activities of all samples (TO, TFC1, TFC2, TFC3, TFC4 and TC); (C) Dependence of ln(C0/
C) on time.

Fig. 9. (A) Cycling degradation curves and (B) the apparent first order rate constant k
vs. times for TFC2.
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That confirms that the color of solution almost disappeared andMB
molecules were degraded after 60 min.

Fig. 7B show a comparison of photocatalytic activities of all
samples and relative apparent first order rate constants k are listed
in Fig. 7C and Table 1. The photocatalytic activity can be list as:
TC < TO < TFC4 < TFC3 < TFC1 < TFC2. In the results, all nano-TiO2
with exposed curved surface have higher photocatalytic activity
than TiO2 nanosheets with exposed {001} facets. For excluding the
influence of different specific surface area of the obtained samples
Fig. 10. A comparison of XRD patterns of TFC2 and TFC2c.
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have (Table 1), the ratio: kMB*105/SBET was calculated and listed in
Table 1. As the results shown, all nano-TiO2 with exposed curved
surface also have higher value. Curved surface of anatase TiO2 can
be confirmed to has higher active than {001} facets. Some fact can
explain the higher photocatalytic activity of curved surface: some
high index facets contained in the curved surface such as {112} may
have higher activity than {001} facets, and there are also many
crystal edges on the curved surface which include a lot of unsatu-
rated modes such as Ti5c, Ti3c and O2c results in a higher adsorption
and degradation ability [54]. It is worth to notice that TFC2 with
coexposed 60% curved facets and 40% {001} facets has the highest
photocatalytic activity as much as 2 times than that of TO. It seems
there is a synergistic effect between curved and {001} facets to
enhance the photocatalytic activity [55]. The “surface hetero-
junction” structured by curved and {001} facets could improve the
separation efficiency of photo-induced carries. Moreover, the best
coexposed ratio between curved and {001} facets is not fixed. In
degradation of rhodamine B (RhB) in Fig. 8, TFC1 with coexposed
38% curved facets and 62% {001} facets has the highest photo-
catalytic activity. In this “surface heterojunction”, photo-induced
electrons and holes will move to different surface, and different
coexposed ratio will influence the surface reaction ratio between
electrons and holes. In the degradation of different molecules, the
surface reaction ratio between electrons and holes is different. So
that, TFC2 has higher degradation rate for MB while TFC1 degrade
RhB more fast. The results indicate that the synergistic effect be-
tween curved and {001} facets is affected by the degradation
molecules which can be employed to achieve photocatalytic
selectivity [56]. In the recycle degradation of MB as Fig. 9A shown,
the activity of TFC2 remains 86% after 5 times degradations (Fig. 9B)
confirms its high stability. The crystal structure of sample after
recycle degradation does not show obvious change (Fig. 10).

4. Conclusion

Here, we demonstrate a simple hydrothermal route to obtain
anatase nano-TiO2 with exposed highly active curved surface with
the assistance of citric acid and HF. By controlling the mole ratio of
citric acid and HF, the exposed percentage of curved surface can
been directly tuned. The anatase nano-TiO2 with exposed curved
surface shows a unique truncated biconic morphology and excel-
lent photocatalytic activity than that of TiO2 nanosheets with
exposed {001} facets which confirms the curved surface have
higher activity than {001} facets. A synergistic effect between
curved and {001} facets is confirmed that nano-TiO2 with a optimal
coexposed ratio between curved and {001} facets has higher pho-
tocatalytic activity than that of TiO2 with exposed curved or {001}
facets. The optimal coexposed ratio is affected by degradation
molecules. The research provides a controlling preparation of nano-
materials by hydrothermal synthesis for applying in photocatalysts
and solar cells.
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Abstract 

In order to enhance the cycleability and electronic conductivity of Si-based anodes, 

we fabricated a hierarchical micro-nano structured silicon/graphene nanosheets 

(Si/GNs) hybrid by discharge plasma-assisted milling (P-milling) using Si 

nanoparticles and expanded graphite (EG) as starting materials. Owing to the 

synergistic effect of rapid plasma heating and ball mill grinding with Si nanoparticles 

as nanomiller, the graphene nanosheets was exfoliated efficiently from the loose 

structured EG, which tightly wrapped and connected the Si nanoparticles to form 

microsized composite agglomerates. This high powder tap density Si/GNs hybrid 

exhibited a high reversible capacity of 942 mAh g-1 (857 mAh cm-3) at the current 

density of 0.2 A g-1, with 88% capacity retention after 100 cycles. The charge capacity 

remained super stable more than 350 times when the electrode was cycled with a 

fixed lithiation capacity of 1000 mAh g-1 at a current density of 0.2 Ag-1 between 0.01 

and 1.5 V (vs. Li/Li+). This superior cycle performance was attributed to the 

microsized GNs matrix which facilitated the electronic conductivity and the Li+ 

diffusion in the hybrid, and effectively accommodated the volume change of Si 

nanoparticles during Li+ alloying and dealloying processes. 

 

Keywords: Lithium ion batteries, Silicon anode, Expanded graphite, Discharge 

plasma, Milling 



1. Introduction 

The silicon (Si) has been investigated as a promising high capacity anode material 

for lithium ion batteries (LIBs) to replace the commercially graphite anodes.[1, 2] 

Unfortunately, the practical use of pure Si in LIBs is still hindered by the fast capacity 

fading due mainly to the large volume change and structural cracking upon repeated 

Li+ insertion/extraction in Si.[3, 4] Another problem is that structural cracking of 

electrode exposes the new surface of Si to deposit solid electrolyte interphase (SEI), 

which resulted in large irreversible capacity.[5, 6] In addition, the low intrinsic 

electronic conductivity of Si usually leads to large potential polarization and inferior 

rate-capability and thus lower reversible capacity.[7] Many researchers have 

demonstrated that creating a hierarchical structure with nano-architectural Si uniform 

dispersed in micrometer-sized carbon matrix is the most appealing strategy to 

overcome these issues and to improve the overall electrochemical performance of 

Si-based anodes in LIBs.[8, 9] In these hierarchical Si-C hybrids, the nanosized Si can 

endure much higher strain and effectively mitigate the pulverization of the active 

materials, while the carbon matrix could supply superior electronic conductivity and 

volume buffering effect for the active Si.[10] However, nanosized Si particles tend to 

aggregate during repeatedly alloying-dealloying if the carbon matrix do not well hold 

the Si particles, resulting in the inevitable capacity decay. In addition, generally the 

use of nanomaterials could lead to a decrease in volumetric density and thus relatively 

low volumetric capacity in the Si-based nanocomposite anodes.[8]  



In terms of the conductive carbonaceous matrix, graphene and graphene nanosheets 

(GNs), with unique physical and chemical properties such as high electronic 

conductivity, excellent mechanical flexibility and superior chemical stability, have 

been a hotspot as a suitable additive in the Si-based composite anode by various 

strategies for recent years.[11-13] Usually, the GNs was produced by the mechanical 

peeling of graphite[14, 15], chemical vapor deposition (CVD)[16, 17] and chemical or 

thermal reduction of graphene oxide[18-20]. However, the reported methods of 

mechanical peeling graphite and chemical synthesized graphene were low 

cost-effective and would be not suit for mass production. The widely reported 

preparation routes for Si/GNs nanocomposites based on graphite oxide often required 

harsh conditions such as strong oxidizing and reducing reagents, high temperature and 

time-consuming preparation process.[14, 21, 22] And the GNs prepared from the 

graphene oxide always remained plenty of residual oxygen functional groups and 

structural defects which lowered the electrical conductivity of GNs.[23] Furthermore, 

how to distribute uniformly the Si nanoparticles in the as-prepared GNs matrix 

remains a problem.  

As demonstrated in our previous work, a P-milled Si/graphite composite with a 

structure of Si nanoparticles embedded homogeneously in GNs could be produced by 

directly milling method using nano-Si and flake-graphite by a simple discharge 

plasma assisted milling (P-milling).[24] A large amount of GNs could be peeled from 

the microsized graphite under the synergistic effect of rapid heating of the plasma and 



the mechanical grinding of mill balls together with Si nanoparticles as nanomiller. 

Although the cycling stability of this P-milled Si/graphite composite was much 

enhanced in comparison with pristine-Si, it was found that part of the Si nanoparticles 

lose contact with the GNs during long-term cycling, leading to gradually capacity 

fading. In addition, because of the strong van de Waals force between the graphene 

layers in the flake-graphite, long P-milling time of 20h was served to exfoliate the 

GNs from the graphite. And thus, replacing the flake-graphite to expandable graphite 

was expected to produce a new Si-graphene hybrid structure by using P-milling. It is 

well known that expandable graphite has an increased interlayer spacing among 

graphene layers in compared with flake-graphite, which would weaken the van der 

Waals interactions and facilitated the exfoliation of graphene layers.[25-27]  

 In this work, we designed and produced a Si/GNs hybrid with hierarchical 

micro-nano structure by a high cost-effective method combined with rapid thermal 

treatment and then P-milling, using commercial available expandable graphite as the 

resource of GNs because of the following reasons. Firstly, after a rapid heat treatment, 

the expandable graphite was turn into expanded graphite (EG) with a porous and 

loose structure, and then could be efficiently exfoliated by the subsequent P-milling to 

form the GNs with a uniform layer of graphene. Secondly, the in-situ formed flexible 

GNs could wrap the Si nanoparticles during P-milling to form the secondary Si/GNs 

hybrid granules in few micrometers. Thirdly, the GNs prepared from thermal 

expansion of expandable graphite could have less structure defects and exhibit 



superior buffering effect on the volume change of Si than the counterpart prepared 

from the graphene oxide. In the light of this hierarchical structure with nanoscale 

active material Si and microscale matrix material GNs, the Si/GNs hybrid yielded a 

large reversible capacity and a relatively high volumetric capacity, excellent cycle 

stability, and enhanced rate performance. 

 

2. Experimental 

2.1. Material preparation 

The expandable graphite (99.9% purity, 100 mesh, Qingdao Xinghua Graphite 

Products Co., Ltd.) was quickly inserted into a tube furnace preheated to desired 

temperature and held in the furnace for desired time duration under Ar atmosphere to 

obtain the worm-like expanded graphite (EG). The preheated temperature and 

duration time was settled at: (i) 400°C-60s, (ii) 600°C-60s, (iii) 1000°C-10s, (iv) 

1000°C-60s, (v) 1000°C-120s. Si nanoparticles (99.9% purity, 50–100 nm in size, 

Xuzhou Jiechuang New Material Technology Co., Ltd) and the as-obtained EG 

(1000°C-60s) were used as raw materials. An optimized mass ratio (30:70) of Si to EG 

powder was mixed and placed in a stainless steel vial with stainless steel balls. The 

mass ratio of balls to mixed powder was 50:1. P-milling was conducted under pure Ar 

with a vibration type ball mill (milling cylinder vibration with double amplitude of 7 

mm and frequency of 24 Hz). The plasma was build up inside the mill vial by using the 

vial as one electrode and fixing another electrode inside the vial. A dielectric barrier 



discharge plasma was produced when the a.c. electricity (frequency ≥ 13 kHz) with the 

tension higher than 22 kV was supplied to the electrode. It has been demonstrated that 

the P-milling has a synergistic activation and refinement effect on the milling powders 

by the rapid heating of discharge plasma and the impact of stress of mechanical 

milling.[24, 28-31] As a control experiment, a Si nanoparticles and flake-graphite 

mixture was also treated by P-milling for 10h, which is denoted as P-milled 

Si/graphite sample. This control sample and pristine Si nanoparticles were also tested 

as electrode for comparison. 

2.2. Material characterization 

Materials were characterized using an X-ray diffraction (XRD, Rigaku MiniFlex 

600) with Cu-Kα radiation, a laser Raman spectrometer (Raman, Horiba) with 632.81 

nm laser, a scanning electron microscopy (SEM, Carl Zeiss Supra 40), and a 

transmission electron microscopy (TEM, JEOL JEM-2100) operating at 200 kV. For 

TEM observations, the samples were prepared by dispersing the as-prepared powders 

on Cu grids. Cycled electrodes were detached from the coin-type cells and washed 

three times with diethylene carbonate (DEC) and absolute ethanol in order to remove 

the electrolyte before microstructural analysis. The specific surface area of the samples 

was determined using the Brunauer-Emmett-Teller (BET) method with gas reaction 

controller (NOVA4200e) by nitrogen absorption. Differential scanning calorimetry 

(DSC) was carried out under oxygen on a thermal analyzer TGA/DSC1 

(Mettler-Toledo) with heating rate of 20 °C min-1. The particle size distribution was 

naseri
Highlight



determined in ethanol media by the laser scattering method using a Malvern MS2000 

analyzer. The tap density was determined by tapping a graduated cylinder containing 

a known amount of powder. Tapping was applied for 2 min with 100 taps per min and 

an amplitude of 3 mm. For the sake of accuracy, the tap density was measured three 

times in order to obtain the average value. 

2.3. Electrochemical measurements 

The electrochemical performances of the samples were investigated using CR2016 

coin-type cells assembled in an argon-filled glove box. The working electrode 

consisted of 80 wt% active material, 10 wt% conductivity agent (Super-P), and 10 wt% 

carboxymethyl cellulose sodium salt dissolved in distilled water as a binder. The 

amount of active material loaded on the electrodes was 1.3~1.5 mg cm-2. Lithium metal 

foils were used as counter and reference electrodes in these cells. The electrodes were 

separated by separators (Teklon@ Gold LP) in these cells. The electrolyte was LiPF6 (1 

M) in a mixture of ethylene carbonate (EC)/DEC/ethyl methyl carbonate (EMC) (1:1:1 

v:v:v) (Shanshan Tech. Co., Ltd). 

Galvanostatic charge and discharge tests of experimental cells were carried out using 

CT2001A (LAND, China) battery testers. And these cells were tested at various current 

rates from 0.01 to 1.5 V. The current densities and capacities were based on the mass of 

active material without conductivity agent and binder. Cyclic voltammogram (CV) was 

conducted with a Gamry electrochemical system from 0 to 2.0 V versus Li/Li+ with a 

scanning rate of 0.3 mVs-1. Impedance spectra were carried out by applying a 5mV 



amplitude signal range from 1 MHz to 0.1 Hz. All electrochemical tests were carried 

out at ambient temperature. 

 

3. Results and discussion 

  The Fig. 1 shows the SEM images of the pristine expandable graphite and the 

expanded graphite treated with different preheated temperature and duration time. As 

presented in Fig. 1a, the pristine expandable graphite has a large flat layered 

aggregative structure. After designed thermal treatment with different preheated 

temperature and heat duration time, the morphology differs noticeably. For the 

400°C-60s sample (Fig. 1b), the characteristic morphology remained the layered 

aggregative structure. With an increase in the preheated temperature, the SEM image 

of 600°C-60s sample (Fig. 1c) shows a porous structure with part of layered 

aggregative structure remained. It has been reported that the high-temperature 

(1000oC) could cause the hasty decomposition of the intercalating proponent and then 

lead to a dramatic increase in the dimension perpendicular to the graphene plane in 

expandable graphite.[32, 33] However, the characteristic morphology of the 

1000°C-10s sample (Fig. 1d) is similar to the pristine expandable graphite and the 

400°C-60s sample, indicating that either the shortage in temperature or duration time 

will cause the insufficient expansion. On the contrast, after a high-temperature and 

long enough time thermal treatment, the SEM images of 1000°C-60s sample (Fig. 1e) 

and 1000°C-120s sample (Fig. 1f) show a typical morphology of completely 



expanded graphite. It can be clearly observed that these two samples have a 

micrometer-sized porous structure made up of large graphene sheets with relatively 

flat and smooth surface. Usually, the time for preparation must be short enough to 

avoid aggregation under high temperature.[23] These results suggest that the 

as-obtained 1000°C-60s sample (referred to as EG hereafter) has a appropriate 

structure in a short thermal treat time, was therefore, further used as the source of 

graphene nanosheets to from the Si/GNs hybrid. Meanwhile, the dramatically 

structure change also could be testified by BET surface measurement, which indicated 

that the BET surface area of as-obtained EG (196.81 m2/g) was much larger than the 

pristine expandable graphite (36.35 m2/g). 

 Since the EG consisting of graphene sheets has the porous structure, it is deduced 

that the micrometer-scale pores can be filled with Si nanoparticles to form 

graphene-based composite. As shown in the inset of Fig. 2a, the pristine Si 

nanoparticles are spherical with a size range of 50-100 nm. Fig. 2 a and b show SEM 

images of the control sample of Si/EG mixture (prepared by manual mixing) and the 

Si/GNs hybrid, respectively. The morphological aspects of the two samples differ 

noticeably. The Si nanoparticles in the manual mixed sample were agglomerated 

owing to the high surface energy of nanomaterials and randomly spread over the EG 

surfaces (Fig. 2a). For the Si/GNs hybrid, as shown in Fig. 2b, the low magnified 

SEM observation shows that most of the as-obtained secondary Si/GNs hybrid 

granules are in the size of a few micrometers. In a high magnified SEM image (Fig. 



2c), it could be clearly seen that the large graphene layers were cut into thin graphene 

nanosheets (GNs) and then wrapped and connected the Si nanoparticles during 

P-milling process, resulting in typical micrometer-scale spherical secondary Si/GNs 

hybrid granules. It is due to the formation of microsized spherical secondary granules 

and the coating of the GNs to the surface of the Si nanoparticles, the BET surface area 

of Si/GNs hybrid reduced to be 75.63 m2/g, much smaller than that of the Si/EG 

mixture control sample (130.43 m2/g) and the as-obtained EG. 

   The detailed features and distribution of Si nanoparticles in the GNs matrix were 

further revealed by TEM images. As shown in the Fig. 2d, the Si nanoparticles were 

dispersed well in the GNs matrix to form typically secondary granules size of several 

micrometers, which is consistent with the SEM observation (Fig. 2b and c). Fig. 2e 

shows an enlargement image of zone delineated by the dotted circle in Fig. 2d, and it 

can be seen clearly that the Si nanoparticles are wrapped and connected by the GNs. 

The distortion and close attachment of the GNs to the surface of the Si nanoparticles 

should be attributed to the effect of rapid heating of plasma and impact stress by the 

steel balls during milling. The high resolution TEM image in Fig. 2f shows that the 

GNs thickness is about 6 nm and the Si nanoparticles are closely wrapped up in the 

multiple overlapping layers of GNs. The above microstructure observations revealed 

that the Si/GNs hybrid has a typically hierarchical structure constructed with 

nanosized Si particles and microsized GNs matrix.  

  The multi-scale feature of the Si/GNs hybrid was further testified by the particle 



size distribution. As shown in Fig. 3a, the particle size distribution of pristine-Si 

exhibits a well-defined single population centered at ~80 nm. After P-milled with EG 

for 10h, the major particle size of Si/GNs hybrid is in different scale with one main 

particle size population centered at ~4 µm and two minor below 1 µm. This result 

indicates that the Si nanoparticles are well dispersed inside the GNs and agglomerated 

into microsized secondary granules after P-milling for 10h, which is consistent with 

the SEM observation presented in Fig. 2. As the XRD patterns shown in the Fig. 3b, 

the pristine expandable graphite has a broad and strong peak of C (002) at 25.8°, 

which is corresponding to its aggregative layered structure in the c-direction. After 

thermal treatment at 1000oC for 60s, the C (002) peak of as-obtained EG shifted to 

26.5° and significantly decreased in intensity, which indicated that the intercalation 

compounds of pristine expandable graphite hastily decomposed and thus its thick 

aggregative layered graphite structure was destroyed in the abrupt expansion process. 

Furthermore, after P-milling with Si nanoparticles for 10h, the main diffraction peak 

of graphite (002) in the as-obtained Si/GNs hybrid broadens and weakens. More 

specifically, the crystalline parameter (Lc) and distance between the (002) plane (d002), 

calculated from peak position and half-height width of (002) reflection, are 7.3 and 

0.3375 nm, respectively. Based on the peak profile analysis using a Scherrer 

equation[34], the average number of stacking layers for GNs was calculated to be 22 

in the Si/GNs hybrid, which is consistent with the TEM observation shown in Fig.1f. 

Fig. 3c shows the Raman spectra of EG and Si/GNs hybrid. According to the 



primary features of graphene in the Raman spectra, the D band corresponds to 

disordered carbon, edges and other defects, while the G band originates from the 

ordered sp2 bonded carbon.[35] The EG exhibits a sharp G band and a broad D band 

with an ID/IG ratio of 0.48. However, after P-milling for 10h, the intensity of the G 

band decreased and the D band arose to an ID/IG ratio of 1.68. These results indicated 

that there was a significant reduction in the size of the EG along the c-direction and an 

accumulation of defects in the graphene during P-milling. 

Based on the above analysis, it can be concluded that the GNs was exfoliated 

efficiently from the porous and loose structured EG during P-milling. The layer content 

of GNs was also analyzed by conducting DSC tests in oxygen atmosphere and 

determining the extent of oxidation as a function of temperature. As we previously 

reported, after P-milling with Si nanoparticles, the graphitic material with fewer 

layers of GNs was more active when reacted with oxygen, which leaded to an 

exothermic peak at lower temperature.[24] As presented in Fig. 3d, the Si/GNs hybrid 

showed a sharp exothermic peak in 563°C, while the P-milled Si/graphite control 

sample showed a broad peak in 633°C. The oxidation temperature decrease indicated 

that the GNs obtained from the EG was much thinner in layers than that from graphite 

and then had a lower combustion temperature. In addition, from the sharp 

characteristic of the exothermic peak in Si/GNs hybrid, it could be deduced that the 

GNs obtained from the EG had a more uniformed structure with a narrow range 

thickness of GNs layers. These two significant differences are due to that the 



expansion in the c-direction of EG weakened the van der Waals interactions between 

the graphene layers and thus the GNs could be more easily peeled from the EG than 

from the graphite during the P-milling process. This thin and uniformed GNs matrix 

was expected to effectively protect the active Si nanoparticles and output enhanced 

electrochemical performance in the Si/GNs hybrid. 

The electrochemical properties of the obtained Si/GNs hybrid were first 

investigated by Cyclic voltammogram (CV) and shown in Fig. 4a. In the first cathodic 

scan, one broad reduction peak located at approximately 0.7 V vs. Li/Li+ could be 

attributed to the irreversible reduction of electrolyte and the formation of SEI on the 

surface of anode, which disappeared at the subsequent cycles. The other two cathodic 

peaks at approximately 0.19 V and below 0.1 V are attributed to Li-Si alloy formation. 

Correspondingly, the anode peaks at approximately 0.31 and 0.55 V are related to the 

decomposition of the Li-Si phases, revealing that the overall lithium storage of the 

Si/GNs hybrid is mainly provided by Si nanoparticles. This increase in intensity of the 

current peaks could be attributed to the remaining crystalline Si in the inner 

nanoparticles that gradually reacted with Li during repeated lithiation and delithiation. 

Fig. 4b displays the charge-discharge curves for the first, second, 20th and 100th cycle 

of the Si/GNs hybrid electrode. It shows an initial discharge and charge capacity of 

1366 and 942 mAh g-1, respectively, corresponding to an initial Coulombic efficiency 

of 69% and an irreversible capacity loss of 424 mAh g-1. The irreversible capacity loss 

in the first cycle was mainly due to the formation of an irreversible SEI film on the 



high surface area GNs in the discharge process, which could be reduced by a 

prelithiation treatmeat[36, 37]. Discharging/charging profiles from the subsequent 

cycles showed smooth sloping curves, with average lithiation and delithiation 

potentials for Si at ~0.20 and ~0.40 V, respectively, which were consistent with the 

CV results. In terms of the Coulombic efficiency, it increased to 94% in the second 

cycle and reached 99% after 20 cycles, indicating good reversibility of electrochemical 

reaction between a large amount of Li+ and the nanosized Si in the Si/GNs hybrid. 

This superior reversibility was attributed to the enhanced structural stability and 

conductivity of the electrode resulting from the highly conductive and flexible GNs 

matrix.  

The significant enhancement on the conductivity of the Si/GNs hybrid could be 

verified by the impedance response of the electrodes. Fig. 4c shows Nyquist plots of 

the Si/GNs hybrid together with the pristine-Si and P-milled Si/graphite control 

samples after the first charge-discharge cycle at 1.5 V, in which the semicircle in the 

medium-frequency region is attributed to charge-transfer resistance (Rct) in the 

electrodes.[38] The Rct of the three samples were evaluated by fitting using the 

equivalent circuit presented in the Fig. 7a. It could be clearly observed that the 

pristine-Si anode had the largest Rct (178.3 Ω) among the three samples. However, 

after P-milling with the conductive graphite or EG, the Rct was significantly reduced in 

the P-milled Si/graphite (41.2 Ω) sample and Si/GNs (25.9 Ω) hybrid. The Si/GNs 

hybrid shows a lower charge transfer resistance than the P-milled Si/graphite sample, 



which was largely due to the completely covering of EG derived GNs on the Si 

nanoparticles, and the good structural integrity of the microsized secondary Si/GNs 

granules in the hybrid. The enhancement on the reaction reversibility and the 

conductivity resulted in superior cycle performance in the Si/GNs hybrid. As could be 

seen in Fig. 3d, the pristine-Si anode exhibits abrupt capacity decay at a current 

density of 0.2 A g-1 within less 10 cycles. In striking contrast, the Si/GNs hybrid 

anode displayed a far better cycling behavior, which delivered a reversible capacity of 

942 mAh g-1 in the first cycle, and over 88% capacity retention from the second to the 

100th cycle. However, the P-milled Si/graphite control sample, exhibited a relatively 

stable capacity within the first 30 cycles and a significant capacity decline afterwards. 

This capacity fading was mainly due to the structure failure which caused by the large 

volume expansion of Si nanoparticles and subsequent lost contact with GNs matrix as 

well as current collector during long-term cycling. Clearly, the result of cycle 

performance showed that the Si/GNs hybrid anode had more stable capacity retention 

than the pristine-Si and P-milled Si/graphite samples. The superior cycle performance 

of the Si/GNs hybrid could be attributed to its hierarchical structure with Si 

nanoparticles uniform embedded in the GNs. The GNs derived from the EG served not 

only to prevent the aggregation of Si nanoparticles but also as an efficient elastic matrix 

to accommodate the volume change of the Li-Si alloys, thus remaining good structural 

integrity of the whole composite electrode during the alloying/dealloying process.  

Furthermore, the volumetric capacity is critical for the practical use of the anode 



and depends mainly on the tap density of the active materials. The main advantage of 

the microsized secondary Si/GNs hybrid granules is that it leads to a higher packing 

of the particles, which may offer a high tap density and thus a high volumetric 

capacity. Table 1 displays the volumetric capacity of the Si/GNs hybrid derived from 

its specific capacity shown in Fig.4 d, and compares with the pristine-Si nanoparticles 

and commercial graphite electrodes as well as some available representative results of 

the Si-based anodes reported by other researchers. It could be seen that, the pristine-Si 

nanoparticles offers a low tap density of 0.18 g cm-3 and thus a low volumetric 

capacity of 199 mAh cm-3 in the first cycle. For the Si/GNs hybrid, owning to its 

novel hierarchical structure consisted of microsized secondary particles, it had a high 

powder tap density of 0.91 g cm-3 and thus a volumetric capacity of 1243 mAh cm-3 in 

the first cycle, which is much higher than the commercial graphite electrode (418 

mAh cm-3)[43]. Notably, the achieved volumetric capacity and capacity retention of 

the Si/GNs hybrid is comparable to the recent reported Si-based nanocomposite which 

synthesized by complex methods[9, 39-42, 44].  

The structural stability of the Si/GNs hybrid was also demonstrated by the excellent 

rate capability. As shown in Fig. 5a, the Si/GNs hybrid anode exhibited an average 

reversible capacity of 1110, 1050, 990, 880, 820, 800, 590, 290 mAh g-1 at the current 

rates of 0.1, 0.2, 0.4, 0.8, 1, 2, 4, 8 A g-1. It is worth to note that the discharge capacity 

recovered when the rate was changed from 8 A g-1 back to 0.4 A g-1. As exhibited in 

Fig.5 b, the corresponding discharge/charge profiles were similar in shape at different 



current densities, revealing that Si nanoparticles were active toward Li+ in the hybrid 

at both low and high current rates. To demonstrate the long-term cycleability of the 

Si/GNs hybrid, the electrode was cycled with the fixed lithiation capacity of 1000 

mAh g-1 at a current density of 0.2 A g-1 between 0.01 to 1.5 V. As shown in Fig. 5c, 

the charge capacity was maintained well more than 350 cycles. The first Coloumbic 

efficiency was 98.3% and increased to 99.8% after 20 cycles. In this limited-capacity 

cycling strategy, the depth of discharge was lower than the full lithiated capacity, 

reducing the fraction of lithium extracted from the lattice and minimizing the 

disruption of Si. This technique could limit volume change during each cycle, 

therefore retarding the mechanical degradation of the Si/GNs hybrid. Fig. 5d 

presented the overlapping discharge-charge voltage profiles at different cycles, 

indicating that most of the capacities could store in the Si/GNs hybrid at ~0.2V vs. 

Li/Li + during discharge and release at ~0.4V during charge. These moderated 

lithation/delithiation potentials are very important to ensure the high output voltage 

and energy density in full cells. The improved cycling performance of Si/GNs hybrid 

anodes could be attributed to synergetic effects of the hierarchical structure. Firstly, 

the nanosized Si would result in relative absolute stress/strain during the 

lithiation/delithiation process. Secondly, the stable GNs framework could effectively 

accommodate the volume change and bring a strong buffering effect to prevent Si 

nanoparticles from aggregation during the charge-discharge cycling. Thirdly, the 

highly conductive GNs can facilitate the conduction of electrons and the diffusion of 



lithium ions.  

To further examine the structure stability of the Si/GNs hybrid, the surface and 

cross sectional morphologies of the electrode after cycling was observed by SEM. 

Comparing the surface morphologies between the electrode before and after 100 

cycles (Fig. 6a), although some small cracks appeared and the surface become rough 

due to the repeating volume expansion and contraction, the peeling of Si/GNs hybrid 

material was not observed in the whole cycled electrode. The cross-section images 

confirmed that the Si/GNs hybrid active material still tightly attached the current 

collector. It was also observed that the thickness of the Si/GNs hybrid electrode before 

cycling was about 10 µm, and it increased to about 13 µm with a volume expansion of 

~20% after 100 cycles, without obvious cracks in the cross sectional images. High 

magnification SEM observation was also conducted to examine the internal structure 

of this Si/GNs hybrid after 100 cycles. As shown in the Fig. 6b, the main 

characteristic structure of the Si/GNs hybrid remained spherical secondary granules 

with a particle size of few micrometers. In the magnified SEM image of the selected 

typical Si/GNs hybrid granule, it could be observed that the Si nanoparticles were still 

tight connected in the composite particles. Clearly, the GNs matrix is effective in 

suppressing the morphological deterioration from the Si upon repeated 

charge/discharge. Especially, to some extent it can fasten the Si nanoparticles and 

therefore maintain a good electron contacting. These results suggested that the 

hierarchical structure of Si/GNs hybrid could effectively buffer the volume expansion 



of Si and keep the good integrity of whole electrode during the cycling.  

In addition, the enhanced structural stability and electrical conductivity of the 

Si/GNs hybrid electrode were verified by Nyquit plots and its fit curves after different 

discharge-charge cycles. As shown in Fig. 7a, in the equivalent circuit, Rs is the 

resistance of the electrolyte solution; RSEI and Rct are the solid electrolyte interface 

resistance and charge-transfer resistance, respectively; W is the Warbug impedance 

related to the diffusion of lithium ions into the bulk of composite electrode.[45] The 

Nyquist plots obtained from the first to the 100th cycles are similar in shape and well 

fitted with the equivalent circuit. More specifically, from the parameter of impedance 

presented in the Fig. 7b, the value of Rs and RSEI remained stable in a low level ~7 and 

~4 ohm, respectively. Besides, the Rct only experience a small increase (from 25 to 33 

ohm) among 100 cycles. These results also indicate that the SEI film and the charge 

transfer resistances of the Si/GNs hybrid electrode are remarkably stable during 

cycling, in turn reflecting the good structural stability of the composite and 

contributing to the enhanced cycle performance. 

 

4. Conclusions 

  In conclusion, a Si/GNs hybrid with a hierarchical micro-nano structure has been 

successfully fabricated through combing rapid thermal treatment with discharge 

plasma-assisted milling. The GNs could be efficiently exfoliated from the EG, and 

then wrapped and connected the Si nanoparticles to obtain the microsized spherical 

Si/GNs hybrid granules during the P-milling process. The in-situ formed GNs, with 



good flexibility and electronic conductivity, could prevent aggregation of the Si 

nanoparticles, buffer the volume changes and improve electrical conductivity of 

Si/GNs hybrid. As a result, the Si/GNs hybrid can discharge/charge 350 cycles under 

a capacity limitation at 1000 mAh g-1 with high Coulombic efficiency above 99% and 

no capacity decay. Moreover, with a high tap density of 0.91 g cm-3, the composite 

electrode can deliver a relatively high volumetric capacity of 1243 mAh cm-3 in the 

initial cycle and retain 755 mAh cm-3 after 100 cycles. Importantly, this hierarchical 

micro-nano structure, which can be produced by this scalable method from the 

commercial available source materials, has the potential to provide adequate specific 

and volumetric capacities as well as cycling stability for practical application. 
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Abstract—Cu-based ternary chalcogenides such as Cu2SnS3 (CTS) are attracting increasing interest due to their outstanding opto-electronic prop-
erties. Herein, a simple, cost-effective non-vacuum mechanochemical synthetic route for preparing CTS nanocrystals with controlled size and com-
position is presented. CTS nanocrystalline powders were synthesized by ball milling and subsequent annealing in an H2S atmosphere. These
nanocrystal samples were characterized using powder X-ray diffraction (P-XRD), Raman spectroscopy, ultraviolet–visible optical spectroscopy,
energy-dispersive X-ray spectroscopy (EDS), field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy
(TEM) techniques. Texture structures with cubic crystallinity were observed from the P-XRD of (112), (200) planes of CTS nanopowders. The
EDS results confirmed that the synthesized powders had an appropriate chemical purity. According to TEM/FE-SEM observations, a nanostructure
CTS was obtained after 36 h of mechanochemical processing followed by annealing. The average particle size of single phase CTS after 48 h of mill-
ing was �45 nm. Based on obtained data using characterization methods, reaction mechanism steps were proposed to clarify the reactions that
occurred during the mechanochemical process. In order to prepare nanocrystal ink, ethanol was used as a solvent, and polyvinylpyrrolidone, which
acts as an organic stabilizing agent, was added to the CTS powder to prepare a printable paste.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, ternary and quaternary metal chalcogenides
have shown great potential for being an excellent candidate
for thin film solar cells, due to their low band gap energy
and high absorption coefficient [1]. Copper indium gallium
selenide and cadmium telluride are the most popular mate-
rials used for thin film solar cells and, to date, the highest
light-to-electricity conversion efficiency achieved for this
type of solar cell is 20% [2]. However, these solar cells con-
tain expensive elements, such as In and Ga, and toxic ele-
ments, such as Cd. It is therefore important to synthesize
other absorber materials with high efficiency and low cost
to replace Cd, In and Ga. To replace In and Ga, alternative
quaternary compounds, such as Cu2ZnSnS4 (CZTS) and
Cu2ZnSnSe4, have attracted considerable attention and
have been considered as promising “next generation” pho-
tovoltaic materials due to their near-optimum direct band
gap energy, large absorption coefficient and theoretical
limit power conversion efficiency of 32.2% [3,4]. However,
http://dx.doi.org/10.1016/j.actamat.2014.11.043
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for solar cell applications, it is challenging to obtain CZTS
in its pure kestrite phase. A number of secondary and ter-
nary phases, like Cu2S, SnS2 and Cu2SnS3, have been
formed during the synthesis of CZTS. The secondary or ter-
nary impurity phases present in CZTS can alter its opto-
electronic properties. In particular, the p-type ternary-
metal chalcogenide semiconductor Cu2SnS3 (CTS) has
become another focus of the photo-electronic field because
of its suitable band gap and optical absorption coefficient
(>104 cm�1) similar to the CZTS materials. Moreover, the
control of composition and phase structure in CTS com-
pounds is more convenient due to having fewer elements
compared with CZTS [5]. CTS compounds have been
reported to have a band gap energy range of 0.93–1.77 eV
and to crystallize in a tetragonal, cubic sphalerite-like phase
or in a the monoclinic structure, with a sphalerite super-
structure [6]. Moreover, because of its conductivity and
crystal structure, CTS has been studied in lithium ion bat-
teries as well [7].

Until now, a number of techniques, such as solvothermal
[8,9], solid-state reaction [10–12] and colloidal methods [13],
have been used to fabricate CTS nanostructures. The non-
vacuum mechanochemical method is also a promising
method used to synthesize CTS nanocrystals, and offers
reserved.
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advantages such as lower cost and non-toxicity of starting
materials, and high productivity with a low cost production
technology. The mechanochemical or milling process can be
used to grind precursor powders down to a nanosize, to
obtain a homogeneous and well-dispersed nanocrystalline
ink [14]. Progress in the synthesis of high-quality nanocrys-
tals has opened up another promising route to address the
challenge of fabricating low-cost, high-efficiency solar cells.
In one approach, nanocrystal “ink” is prepared, then depos-
ited ideally under mild conditions on nearly any type of sur-
face through a number of technical methods such as screen
printing, electro-spraying, dip coating, drop casting and
roll-to-roll or knife coating [15]. Moreover, semiconductor
nanocrystals can potentially utilize multiple electron–hole
pair generation per incident photon and promise opportuni-
ties for use in high efficiency photovoltaic devices due to their
tunable band gap and efficient optical absorption [16]. Thus,
the fabrication of ultrafine CTS nanocrystals with high crys-
talline quality shows great importance in the entire fabrica-
tion process of CTS nanocrystal based solar cells.

In this report, CTS nanocrystals were synthesized by a
non-vacuum-based mechanochemical reaction between
tin, copper, and sulfur micropowders at room temperature.
This process does not require any expensive precursors or
equipment and can be readily adopted for industrial pro-
duction processes. We synthesized CTS nanocrystalline
powders by ball milling and collecting samples at different
time intervals. The as-prepared CTS product was then
annealed to form a phase pure nanostructured powder.
The annealed powders were characterized using powder
X-ray diffraction (P-XRD), Raman spectroscopy, scanning
electron microscopy (SEM), X-ray photoelectron spectros-
copy (XPS) and transmission electron microscopy (TEM)
for a better understanding of the CTS nanocrystal samples.
Furthermore, optical properties of the CTS samples were
also studied. Finally, ethanol was used as a solvent to con-
vert CTS nanocrystals into CTS nano-ink and polyvinyl-
pyrrolidone (PVP) to convert it into a printable paste.
Fig. 1. XRD patterns for the all CTS annealed samples CTS:12 to
CTS:60. Inset shows detailed XRD spectra of the all samples at
�28.44�.
2. Experimental details

The commercially available metallic Cu, Sn and S pow-
ders with purities of 99.9% were initially weighted at 2:1:3
stoichiometric ratios. The metal powders of Cu, Sn and S
were loaded in a zirconia container with ZrO2 milling balls.
The ball-to-powder ratio was maintained as 25:1. Ethanol
was used as the solvent during milling in order to thoroughly
mix the metallic powders. The mixture was then ball milled
for different time intervals at a 90 rpm speed in a horizontal
homemade ball miller. After the ball milling the CTS precur-
sor powder was collected in a watch glass. The CTS precur-
sor powders were then annealed at 400 �C for 1 h in a
conventional furnace under N2 + H2S atmosphere. The
CTS precursor powders ball milled at different times, includ-
ing 12, 24, 36, 48 and 60 h, are denoted as CTS:12, CTS:24,
CTS:36, CTS:48 and CTS:60, respectively. In order to pre-
pare nanocrystal ink, ethanol was used as the solvent as it
evaporates quickly and minimizes the residual carbon and
oxygen impurity. Polyvinylpyrrolidone (PVP), which acts
as an organic stabilizing agent, was added to the CTS ink
to prepare a printable paste. The volume of PVP was con-
trolled in order to obtain a suitable uniformity.

The structural properties of the CTS nanocrystalline
powder were studied using high resolution P-XRD with
Ni-filtered Cu Ka radiation of 1.54056 AU (X’ pert PRO,
Philips, Eindhoven, The Netherlands) operated at 45 kV
and 35 mA. The micro-Raman spectrum of the CTS sam-
ples were recorded in the range of 150–600 cm�1 using a
micro-Raman spectrometer (LabRam HR800 UV Raman
microscope, Horiba Jobin-Yvon, France at KBSI,
Gwangju Center) that employs a He–Ne laser source with
an excitation wavelength of 514 nm and resolution of
0.3 cm�1 at 10 mW laser power. The surface morphology
of the prepared product was recorded using field emission
SEM (FE-SEM; S-4700, Hitachi). The elemental maps
and compositional analysis of the powder samples were
carried out using an energy-dispersive spectrometer (EDS)
system attached to FE-SEM (JEOL, JSM-7500F, Japan).
The TEM images were investigated using JEOL-3010 with
an operating voltage of 300 kV. High-resolution TEM
(HRTEM) images were recorded using Tecnai G2 F20 with
an operating voltage of 200 kV. The chemical bonding was
determined using XPS (VG Multilab 2000, Thermo VG Sci-
entific, UK) with a monochromatic Mg-Ka (1253.6 eV)
radiation source. The carbon 1 s line corresponding to
285 eV was used for the calibration of the binding energies
in the spectrometer. An optical absorption study of the
powder samples was carried out in the wavelength range
of 200–2000 nm using a ultraviolet–visible–near-infrared
(UV–Vis–NIR) spectrophotometer (Cary 100, Varian,
Mulgrave, Australia) at room temperature.
3. Result and discussion

Fig. 1 shows the powder X-ray diffractogram of the CTS
nanocrystals, in which only chalcopyrite (cubic) Cu2SnS3

peaks were observed without any secondary impurity peaks
for the CTS:36 to CTS:60 samples. The prepared CTS
nanocrystalline powder shows prominent diffraction peaks
corresponding to (111), (200), (220), (311), (222), (400)
and (331) at 28.44, 32.90, 47.31, 56.14, 58.89, 69.16 and
76.30�, respectively, consistent with the reported data
(JCPDS card no. 89-2877) confirming Cu2SnS3 with a cubic
crystal structure. The inset of Fig. 1 shows the expanded
view of XRD patterns of all CTS powders in the 2h range
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Fig. 3. XPS spectra of the CTS:36, CTS:48 and CTS:60 samples: (a) typical survey spectrum, (b) Cu 2p core level, (c) Sn 3d core level and (d) S 2p
core level.

Fig. 2. Raman spectra of CTS samples: (a) CTS:12, (b) CTS:36 and (c) CTS:60.
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Fig. 4. SEM and TEM images of all CTS samples: (a) CTS:12, (b) CTS:24, (c) CTS:36, (d) CTS:48 and (e) CTS:60. (f–j) are the corresponding TEM
images. Inset shows high magnification images of single CTS nanocrystal.
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28–32� to clearly observe the peak position of the most
intense peak. No characteristic peaks for secondary phases
were observed for the CTS:36 and CTS:48, and CTS:60
samples, which confirms that the product obtained between
36 h and 60 h is phase-pure. However, for samples CTS:12
and CTS:24, one secondary phase peak at 34.44�(*) is
observed, assigned to a SnS2 phase. The incomplete mech-
anochemical reaction may be responsible for the SnS2 or
Cu2S phase in the CTS:12 and CTS:24 samples. The
XRD observations suggest that the mechanochemical reac-
tion time plays a vital role in improving the crystallization
of the CTS samples. The diffraction peaks become sharper
and the full width at half maximum (FWHM) becomes
broader as the reaction time increases, which also indicates
that the obtained products have higher crystallinity.
CuxSnSx+1 was reported to crystallize in cubic, tetrago-
nal, monoclinic, triclinic and hexagonal Cu2SnS3 and
orthorhombic Cu3SnS4 structures. Generally, the XRD
patterns of cubic and tetragonal Cu2SnS3 are difficult to
distinguish from each other due to their similar lattice
parameters. The cubic and tetragonal CTS diffraction
peaks are very similar, therefore Raman spectroscopy was
used to determine the CTS phase in the samples. Fig. 2a–
c shows the Raman spectra of the CTS:12, CTS:36 and
CTS:60 samples, respectively, in the range of 250–
500 cm�1. The existence of Cu2SnS3 is confirmed by the
intense peaks at �355 cm�1 and shoulder peak at 295–
303 cm�1, for all samples which are close to the values
reported for CTS thin films [17,18]. The Raman spectrum
of the CTS:24 sample is shown in Fig. 2a. The two intense



Fig. 5. TEM and HRTEM images of Cu2SnS3 sample CTS:60: (a)
TEM image of CTS nanocrystals. Inset shows low magnification TEM
image of sample CTS:60: (b) HRTEM image of sample CTS:60. Inset
shows HRTEM image of small-sized nanocrystals and SAED pattern.
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peaks located at 293 and 355 cm�1 correspond to the cubic
CTS and are accompanied by two weaker shoulder peaks at
315 and 373 cm�1 that can be attributed to the SnS2 and
Cu–Sn phases, respectively [19]. These results are consistent
with the XRD results. The CTS:36 and CTS:60 sample
present intense peaks at 354 cm�1 and 356 cm�1, respec-
tively, and shoulder peaks at 297 cm�1 and 301 cm�1,
which are assigned to the CTS cubic phase.

To verify the element valence states and existing forms
of metal sulfides, the CTS:36, CTS:48 and CTS:60 samples
were analyzed using XPS, as shown in Fig. 3. Fig. 3a pre-
sents the full XPS spectrum of the CTS:48 sample, indicat-
ing the presence of Cu, Sn and S peaks along with peaks of
C and O. The impurity peaks of carbon and oxygen may be
due to the reference or environmental contamination.
Fig. 3b–d shows the Cu, Sn and S core level spectrum for
samples CTS:36, CTS:48 and CTS:60, respectively. From
Fig. 3b, it can be seen that the binding energies of Cu
2p3/2 and Cu 2p1/2 are 931.8 eV and 951.6 eV, respectively,
corresponding to the binding energy of Cu+ while the
characteristic peak of Cu2+ (942 eV) cannot be observed,
which implies that only the valence state of Cu+ exists in
all the samples. The FWHM calculated for Cu 2p3/2 and
Cu 2p1/2 are 1.5 and 2.2 eV, respectively, which is in good
agreement with the reported values [20]. Moreover, the
binding energies for all the samples of the Sn 3d5/2 and
Sn 3d3/2 peaks at 486.3 eV and 494.8 eV correspond to
the value of Sn4+ (Fig. 3c), while the characteristic peak
of Sn2+ (485 eV) cannot be observed. The FWHM calcu-
lated for Sn 3d5/2 and Sn 3d3/2 are 1.5 and 1.7 eV, respec-
tively. The XPS of the S (2p) core level spectrum
(Fig. 3d) peaks at 161.8 eV, illustrating the existence of sul-
fur [21]. The XPS analysis shows that the valence states for
CTS samples CTS:36, CTS:48 and CTS:60 were Cu+, Sn4+

and S2-, respectively.
The morphological feature is one of the governing fac-

tors in the performances of nanostructured materials. How-
ever, particle shape analysis is one of the most difficult
problems in powder technology because a general shape
factor that can clearly differentiate all possible types of
morphologies is not available [22]. In this work, for a better
understanding of the effect of the mechanochemical process
on the morphological features, FE-SEM and TEM analyses
were performed on the synthesized nanopowders. Fig. 4
shows the FE-SEM and TEM images of the nanopowder
products obtained at different reaction times. When the
reaction time is 12 h, the obtained products (Fig. 4a) are
the aggregation of many nanoparticles with a size greater
than 200 nm. When the reaction time is extended to 24 h,
the product (Fig. 4b) is even in the aggregation of a number
of small particles with average sizes of �200 nm. As the
reaction time increases to more than 36 h, the obtained
CTS product becomes quite uniform in shape and nano-
structure, which consists of large quantities of nanocrystals
with the diameter of �180 nm (Fig. 4c and d). As the reac-
tion time increases to 60 h, all the products are composed of
nanosphere-like structures and after sufficient duration of
the mechanochemical treatment, the average diameter of
the microsphere is found to be less than 45 nm, which
can be clearly observed in Fig. 4e. It is concluded that the
reaction times play a critical role in the process of synthe-
sizing size-adjustable CTS nanocrystals. The morphologies
and nanostructures of CTS prepared for different mechano-
chemical reaction times were further characterized by
TEM. Fig. 4f–j shows representative TEM images of CTS
nanostructures, and it can be observed that the TEM
images of CTS products are in good accordance with the
FE-SEM results. Fig. 4f presents the TEM image of 12 h
ball milled powder. The particle sizes of powder are more
than 200 nm. From Fig. 4f–h a particular shape to the par-
ticles cannot be assigned because the particles are agglom-
erated. Fig. 4j shows TEM images of the CTS:60 sample,
which indicates that the nanocrystals have a significantly
improved size distribution (with an average size of less than
45 nm), and are made up of even smaller crystals compared
with the nanocrystals in the preceding synthesis. The inset
TEM images show the crumbling of particles into the smal-
ler particle sizes with prolongation of the mechanochemical
reaction.

Fig. 5 shows the HRTEM image and selected area elec-
tron diffraction (SAED) pattern of the CTS:60 sample. The
TEM image shows that the CTS nanocrystals are slightly
polydispersed and have an average size of 20–40 nm.
Fig. 5b (and inset) displays the HRTEM image of an indi-
vidual CTS nanocrystal. The lattice fringes in the HRTEM



Fig. 6. Growth mechanism of CTS nanocrystals.

Fig. 7. The extrapolation of the optical spectra in the band edge region
for the determination of band gap of CTS samples; CTS:36 to CTS:60.
Inset shows a photograph of well-dispersed CTS nano-inks of CTS:36
to CTS:60 samples in ethanol solvent. The well-dispersed CTS nano-
ink is stable, even after 1 month.
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image show that the nanocrystal with the interplanar spac-
ing of 0.31 nm (±0.01 nm) corresponds to the (111) plane
of cubic CTS. The SAED pattern shown in the inset of
Fig. 5b is consistent with the cubic crystal structure of
CTS. The CTS powder composed of a smaller polycrystal-
line structure is confirmed in the SAED pattern.

In mechanochemical reactions, the deformation, frac-
ture and cold welding of powders occur in the early stages
due to the different compression and wear forces of collid-
ing balls [23,24]. The fragmented brittle particles tend to
become obstructed by ductile particles. Fracture and cold
welding produce a continuous exchange of matter between
particles and ensure mixing of the various elements of the
original powders [25]. After 12 h mechanochemical reac-
tion, some large agglomerates were formed in the CTS sam-
ples due to their different solidities (Fig. 4a and f). During
milling, the fragmentation and adhesion of the grains show
a steady process. However, newly formed interfaces
between different-sized particles can be brought into inti-
mate contact by subsequent ball collision forming an
agglomeration. At this stage, the size distribution range
of CTS particles was more than 200 nm. Some unreacted
Cu, Sn and S particles or secondary impurities also remain
at this stage. With an increasing mechanochemical reaction
time of up to 24 h, the crumbling particles were fractured
into the smaller particle sizes, but the non-uniform distribu-
tion of particles was achieved (Fig. 4b and g). However, for
the longer mechanochemical reaction duration (36 h), the
particles gradually diminished in size, as shown in Fig. 4c
and h. The powders after 36 h of mechanochemical reaction
showed a cluster-like structure which was composed of sev-
eral small particles with an average size of �55 nm
(Fig. 4d–j). It is clear from Fig. 4 that the particles were
agglomerated at the initial stage of mechanochemical reac-
tion, and then developed with further mechanochemical
reaction from 36 to 60 h. The reactant particle size
decreases and becomes more uniform. Agglomerate parti-
cles composed of numerous small reactant grains were gen-
erated at this stage with a size of less than 100 nm. In the
final mechanochemical reaction stage, while no reaction
was shown between raw materials for the CTS samples,
the rate of fracturing increased and, as a result, the size
of the powder particles decreased. Finally, the rate of coa-
lescence and fragmentation reached a balance during ball
milling and relatively stable and uniform nanocrystals hav-
ing a size of less than 45 nm were obtained. Fig. 6 displays a
schematic view of the influence of mechanochemical reac-
tion time on the morphological features of the synthesized
powders.
Furthermore, EDS was used to determine the chemical
compositions of the CTS powder samples of CTS:36,
CTS:48 and CTS:60 (Supplementary Figs. S.1–S.3). It can
be seen from this figure that all peaks correspond to the
Cu, Sn and S elements. From Table 1 (see Supplementary
Information), it is clear that the stoichiometries of the pre-
pared CTS samples are close to the required stoichiometry
of CTS of 2:1:3. In order to verify that all three elements
were present in the CTS nanocrystal, EDS elemental map-
ping was recorded. Supplementary Fig. S.4 shows the EDS
elemental map of the CTS:60 sample. The map confirms the
presence of the three elements Cu, Sn and S in the Cu2SnS3

sample, CTS:60. No apparent element separation or aggre-
gation is shown, indicating that all three elements are
homogeneously distributed with the nanocrystal.

The CTS samples were characterized by the optical
absorption and transmission spectra in the wavelength
range of 200–2000 nm, which was studied using a UV–vis
spectrophotometer. The optical absorption data were ana-
lyzed using the following classical relation of optical
absorption in a semiconductor near band edge:

ðahmÞ2 ¼ kðhm� EgÞ ð1Þ
where k is a constant, Eg is the separation between the min-
ima of the conduction band and the maxima of the valence
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band and ht is the photon energy. Cu2SnS3 is a direct
allowed band gap semiconductor, of which the optical band
gap Eg can be determined by plotting (aht)2 against photon
energy ht. Fig. 7 shows the variation of (aht)2 as a function
of photon energy (ht) for CTS samples CTS:36, CTS:48
and CTS:60. The band gap energy was found to be 1.05,
1.06 and 1.08 eV for samples CTS:36, CTS:48 and
CTS:60, respectively. It has been reported that the band
gap of semiconductor crystalline is a function of the parti-
cle size [26,27]. The particle size affects the optical perfor-
mance. As the particle size decreases, the band gap goes
on increasing. The values of band gap energies are quite
close to the optimum band gap energy for a solar cell and
are appropriate for the application of solar cells with high
conversion efficiency.
4. Conclusion

Cu2SnS3 nanostructured powders have been prepared by
a simple mechanochemical reaction method followed by an
annealing approach. XRD and Raman analysis of the
annealed sample confirms the formation of cubic CTS but
with some binary phases in the initial stage of the process.
XPS study suggests that Cu, Sn and S are present in +1, +4
and �2 oxidation states, respectively. In this, paper, the
influence of mechanochemical reaction time on the mor-
phology, size, nanoparticle distribution and structure of
the product was discussed. The mechanochemical reaction
time plays a vital role in the synthesis of nanostructured
CTS. The band gap of nanostructured CTS is found to
be in the range of 1.05 to 1.08 eV, which indicates that
the as-prepared CTS nanostructured powders can be used
for the absorber layer of a thin film solar cell. Finally, in
order to prepare nanocrystal ink, ethanol was used as a sol-
vent, and PVP, which acts as an organic stabilizing agent,
was added to the CTS ink to prepare a printable paste.
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In this work, we demonstrate a novel synthesis of rutile nano-TiO2 with exposed highly active {111} fac-
ets. This TiO2 was obtained by a simple one-step hydrothermal route with the assistance of NaF and HCl.
In this progress, the Cl� causes the formation of rutile phase while the F� controls the exposure of {111}
facets. With a best mole ratio of Cl� and F�, the percentage of exposed {111} facets in such rutile nano-
TiO2 can reach 96%. This rutile nano-TiO2 with exposed {111} facets has larger specific surface area and
as much as 3 times higher photocatalytic activity than rutile TiO2 nanorods with exposed {110} facets.
This results confirm the {111} facets have higher photocatalytic activity than {110} facets. In a deeper
analysis, more surface unsaturated O2c modes on the {111} facets cause higher adsorption and degrada-
tion ability which enhances the photocatalytic activity. The present work shows a further prospect of
hydrothermal synthesis for controlling preparation of nano-materials.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

As an important photocatalyst, TiO2 has two stable crystal
phases: anatase and rutile. Commonly, anatase TiO2 shows much
higher activity than rutile TiO2 in photocatalytic degradation [1].
There are two main factors: first, rutile is a more stable crystal
phase and have low specific surface area due to the microscale
crystalline grain which causes poor photocatalytic activity; second,
the main exposed facets of rutile are {110} facets whose surface
energy is low [2]. Surface structure of catalysts is a key factor in
the adsorption and degradation of molecules [1,3,4]. As crystals,
higher surface energy meanings stronger adsorbent capacity and
higher photocatalytic activity. However, high active facets are
always covered during crystal growth due to the faster growth rate
in the normal direction. So that preparing crystals with exposed
high active facets is a challenge. Recently, through controlling
the synthetic condition, some catalysts or semiconductor crystals
such as Pt, Au, PbS, ZnO, Cu2O and WO3 with high active facets
were successfully synthesized [5–11]. Controlling synthesis of
TiO2 with high active facets is a very useful approach to enhance
the photocatalytic activity.

Although doping and other extra modifying are main approach
to enhance the photocatalytic activity of catalysts [12–18]. Crystal
facets controlling of anatase TiO2 has attracted a high attention
[19,20]. Since anatase TiO2 with exposed {001} facets was success-
fully prepared with the adding of HF [21–23], other crystal facets
such as {100} [24–26], {111} [27,28] exposed anatase TiO2 were
reported subsequently. As the most stable phase of TiO2, rutile
has well performance in photocatalytic degradation and water
photo-splitting [29–31]. However, crystal facets controlling of
rutile TiO2 is not enough. Usually, rutile TiO2 shows a rod morphol-
ogy with exposed {110} and {111} facets (Fig. 1) [32,33]. As the
surface energy of {111} facets is higher than that of {110} facets,
the growth rate along [111] is the highest which results in a long
length and low percentage of exposed {111} facets. Some works
sacrificed specific surface area to obtain 100% exposed {111} facets
though gathering the rutile TiO2 rods together so that the {110}
facets are covered [34–37]. Recently, Lai et al. synthesized rutile
TiO2 micro-crystals with a large percentage of exposed {111} fac-
ets [38]. However, the crystallite size is too large causes a low spe-
cific surface area. The two inherent defects of rutile TiO2 have not
been solved completely. Further work is necessary to obtain nano-
scale rutile TiO2 with a large percentage of exposed {111} facets.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2015.01.170&domain=pdf
http://dx.doi.org/10.1016/j.jallcom.2015.01.170
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In this work, we report a facile hydrothermal route to prepare
rutile nano-TiO2 with exposed {111} facets which takes both
advantages of large specific surface area and exposed high active
facets. The exposed facets can be controlled though adjusting the
precursors. In addition, the as prepared nano-TiO2 shows as much
as 3 times higher photocatalytic activity than rutile TiO2 nanorods
with exposed {110} facets in the photocatalytic degradation of
dyes. This results confirm the {111} facets have higher photocata-
lytic activity than {110} facets.
2. Experimental section

2.1. Synthesis of samples

All chemicals used in this experiment were analytical-grade without further
treatment. Rutile nano-TiO2 with exposed {111} facets were synthesized via a
one-step hydrothermal route with tetrabutyl titanate (Ti(OBu)4), NaF, HCl (38%)
and deionized water as precursors. To study the best ratio of precursors, different
mole ratios of NaF and HCl were executed. Details of the precipitation method
are as follows. Approximately 10 ml Ti(OBu)4 was mixed with relative NaF, HCl
and deionized water in a 100 ml Teflon-lined autoclave, and the mixture was kept
at 200 �C for 24 h. The precipitates were then separated from the suspension by
centrifugation (4000 rpm, 15 min). To wash the powder, the products were further
suspended and centrifuged in absolute ethanol for three times, followed by drying
under 102 �C for 12 h. Then the obtained powders were calcined at 600 �C for
90 min to remove the surface fluoride. Samples obtained from different NaF, HCl
and deionized water content were respectively labeled as 9RT1 (0.09 g NaF, 8 ml
HCl and 12 ml deionized water), 9RT2 (0.09 g NaF, 9 ml HCl and 11 ml deionized
water), 9RT3 (0.09 g NaF, 10 ml HCl and 10 ml deionized water), 9RT4 (0.09 g
NaF, 15 ml HCl and 5 ml deionized water), 9RT5 (0.09 g NaF and 20 ml HCl), RT3
(10 ml HCl and 10 ml deionized water), 6RT3 (0.06 g NaF, 10 ml HCl and 10 ml
deionized water), 12RT3 (0.12 g NaF, 10 ml HCl and 10 ml deionized water). As con-
trast, 9RT3 under the same hydrothermal progress without calcined was labeled as
9RT3F.
2.2. Characterizations

The crystal structures and phases of the samples were measured using an X-ray
diffraction (XRD) (TD-3500, Dandong Tongda Instrument, Dandong, China) with Cu
Ka radiation at a scan rate of 0.02� s�1. The accelerating voltage and the applied cur-
rent were 30 kV and 20 mA, respectively. Morphologies and microstructures of the
samples were characterized by high-resolution transmission electron microscopy
(HRTEM, Tecnai G2 F30 S-Twin, FEI, Hillsboro, USA). X-ray photoelectron spectros-
copy (XPS) measurements were obtaining using a Kratos AXIS Ultra DLD (Kratos,
Tokyo, Japan) spectrometer with a charge neutralizer to gain information on the
chemical binding energy of the photocatalysts. The C 1s peak at 284.8 eV of the
adventitious carbon was referenced to rectify the binding energies. UV–vis diffuse
reflectance spectroscopy (DRS) of the samples was applied using a UV–vis spectro-
photometer (UV-3600, Shimadzu, Tokyo, Japan) with a multi-purpose large sample
compartment (MPC-3100, Shimadzu, Tokyo, Japan). BaSO4 was used as a reflectance
standard in the DRS measurement. Raman measurement was carried out using a
Raman spectroscopy (HORIBA Jobin Yvon LabRAM HR, Paris, France). The power
of the laser was 10 mW, and the laser excitation was 532 nm. Scans were taken
on an extended range (100–2000 cm�1), and the exposure time was 10 s. The Bru-
nauer–Emmett–Teller (BET) specific surface areas of the samples were obtained
using a nitrogen adsorption apparatus (JW-BK, Beijing, China). The fluorescence
(FL) emission spectroscopy of the samples were detected with a fluorescence spec-
trophotometer (RF-530TPC, Shimadzu, Japan).
Fig. 1. Schematic illustration of {110} and {111} facets of rutile TiO2.
2.3. Photocatalytic experiments

The photocatalytic properties of the samples were examined by measuring the
decomposition rates of methylene blue (MB) in the presence of a photocatalyst. A
250 W high-pressure mercury lamp was used as a light source in the experiment.
The lamp was placed 8 cm above the liquid surface. Approximately 100 mg of pho-
tocatalyst was added into 100 ml of 1 � 10�5 M MB aqueous solution. Before photo-
degradation, the mixed solution was stirred incessantly in dark environment for
120 min to reach adsorption–desorption equilibrium, and then the residual concen-
tration of dye was measured. After every 20 min during the photocatalytic process,
3 ml solutions were extracted to test the residual concentrations of methylene blue,
Dye concentration was evaluated by measuring the change in maximum absor-
bance through UV–vis spectrometry (UV-3600, Shimadzu, Tokyo, Japan). The absor-
bent peak at about 664 nm was selected and the residual concentration was
obtained though evaluating the intensity ratio between remained and original
MB solution. Degradation of MB under UV irradiation was further executed by
replacing the high-pressure mercury lamp by a 10 W UV lamp with a wavelength
of 254 nm.

2.4. Measurement of hydroxyl radical (�OH)

The photocatalytic activities of the photocatalysts were further studied by
detecting hydroxyl radicals (�OH) at photo-illuminated photocatalysts/water inter-
face by FL technique using terephthalic acid as a probe molecule. A highly fluores-
cent product, 2-hydroxyterephthalic acid, will be produced when terephthalic acid
reacts with �OH. In this experiment, 100 mg of photocatalyst was added into 100 ml
of 3 � 10�3 M terephthalic acid aqueous solution with a concentration of
1 � 10�2 M NaOH. The mixed solution was stirred incessantly, and after every
15 min, 3 ml solutions were extracted to test the generation of �OH, which was eval-
uated by measuring the change of FL intensity emitted from 2-hydroxyterephthalic
acid at 425 nm excited by 315 nm light on a fluorescence spectrophotometer (RF-
530TPC, Shimadzu, Japan).

3. Results and discussions

3.1. Crystal structure and morphology

The crystal structures and phases of all the samples were stud-
ied using XRD. First, the effect of HCl was studied by adding differ-
Fig. 2. XRD patterns of (A) 9RT1, 9RT2, 9RT3, 9RT4 and 9RT5; (B) RT3, 6RT3, 9RT3
and 12RT3.
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ent contents of HCl with the same NaF (including 9RT1, 9RT2,
9RT3, 9RT4 and 9RT5). Fig. 2A illustrates a comparison of the
XRD patterns of 9RT1, 9RT2, 9RT3, 9RT4 and 9RT5. It can be found
that 9RT3, 9RT4 and 9RT5 were in pure rutile phase, and 9RT1 and
9RT2 exhibited a mixed phase of anatase and rutile. It can be
inferred that Cl� is the key factor for forming rutile phase while
anatase phase will be obtained in the presence of specific content
F� [4,39]. When HCl was insufficient, mixed phase products were
obtained as 9RT1 and 9RT2. Pure rutile phase TiO2 can be prepared
when the content of HCl exceeded 10 ml with 0.09 g NaF. More HCl
can improve the crystallinity as 9RT5 (Table 1). Then the content of
HCl was fixed on 10 ml, different contents of NaF were added as
Fig. 2B (including RT3, 6RT3, 9RT3 and 12RT3). Except 12RT3 was
mix phase due to the excess NaF, other samples were in pure rutile
phase. Due to the nanoscale, all the obtained samples have large
BET specific surface area of 18–31 m2/g (Table 1).
Table 1
Structural information of the samples prepared at different experimental conditions.

Sample Phasea Relative crystalb SBET (m3/g)c

9RT1 A, R – 51
9RT2 A, R – 29
9RT3 R 1 28
9RT4 R 1.04 28
9RT5 R 1.24 31
RT3 R 1.31 18
6RT3 R 0.82 25
12RT3 A, R – 35

a A is anatase and R is rutile.
b This is calculated through compare the intensity of (110) peaks of rutile, and 9RT3
c SBET is the specific surface area.
d Exposed facets.
e Degradation rate of MB under UV–vis irradiation.

A

C

Fig. 3. HRTEM images of RT3 (A) low resolution, (B) high reso
The HRTEM images of RT3 and 9RT3 are shown in Fig. 3. When
NaF is absent, the obtained sample has a nano-rod morphology
with a length of 100–200 nm and a diameter of about 50 nm
(Fig. 3A). As the surface energy of {111} facets is higher than that
of {110} facets [38], the crystal growth rate along the [111] orien-
tation is faster that that along [110] orientation which causes the
rod-shape. The lattice spacing of 0.32 nm can confirm the axial
direction the rod is [110] orientation (Fig. 3B). It can be inferred
that {110} facets are mainly exposed crystal facets while other
are {111} facets (Fig. 1B). With the addition of NaF, the F� ions
in the solution will adsorb on the surface of TiO2 and change the
surface energy so that the crystal facets with lowest surface energy
will remain and expose themselves [21]. Here, {111} facets have
the lowest surface energy with F� so that they become main
exposed facets. As shown in Fig. 3C, the obtained sample shows a
morphology of octahedron with a side length size of about
{110} (%)d {111} (%) kMB
e kMB⁄105/SBET

– – 0.02215 43.4
– – 0.01341 46.2
4 ± 3 96 ± 3 0.01367 48.8
22 ± 5 78 ± 5 0.01196 42.7
58 ± 6 42 ± 6 0.00780 25.2
83 ± 9 17 ± 9 0.00487 27.0
54 ± 7 46 ± 7 0.00742 29.7
– – 0.01569 44.8

is standard.

D

B

lution; 9RT3, (C) low resolution, and (D) high resolution.
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50 nm. In the high resolution image (Fig. 3D), two perpendicular
lattice fringes with distances of 0.30 nm and 0.32 nm can be equiv-
alent to the layer distances of the (001) and (110) planes, respec-
Fig. 4. (A) XPS spectra and (B) F 1s of 9RT3 and 9RT3F.

Fig. 5. (A) UV–vis diffuse reflectance spectroscopy of RT3, 6RT3, 9RT3, 9RT4 and
9RT5; (B) Raman spectra of RT3 and 9RT3.
tively. The results can confirm the octahedrons are composed of
eight exposed {111} facets [38]. It seems that when F� exist in
the precursors, only the ‘‘head’’ of the rutile TiO2 nano-rod
(Fig. 3A) will remain and {111} facets become mainly exposed.
The percentage of dominant {111} facets can be calculated from
the formulas:

S111 ¼ 2d2

cos h
; ð1Þ
S110 ¼ 4dðl� d tan hÞ; ð2Þ

P ¼ S111

S111 þ S110
; ð3Þ

where l is average length along [001] axis and d is average side
length of cross section paralleling to {001} facets which can be
measured from TEM images, S110 and S111 are the areas of all
{110} and {111} facets respectively in a rutile TiO2 single crystal,
P is the percentage of dominant {111} facets, and h = 42.6� is the
Fig. 6. (A) Methylene blue decomposition by 9RT3 under UV–vis irradiation; (B)
comparison of photocatalytic activities of samples (RT3, 6RT3, 9RT3, 9RT4 and
9RT5) under UV–vis irradiation; and (C) dependence of ln(C0/C) on time.
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theoretical value for the angle between the (001) and (111) face of
rutile.

According to the HRTEM images, the percentage of exposed
{111} facets for RT3, 6RT3, 9RT3, 9RT4 and 9RT5 is calculated to
be about 17%, 46%, 96%, 78% and 42% (Table 1). Excess HCl will
reduce the percentage of exposed {111} facets, and with a best
mole ratio of Cl� and F�, the percentage of exposed {111} facets
in such rutile nano-TiO2 can reach 96%.
3.2. XPS spectra

As there were fluoride remained on the surface of obtained
samples and surface fluoride can influence the photocatalytic
activity [39,40], all obtained samples were calcined at 600 �C for
90 min to remove surface fluoride. To test whether there is residual
fluoride, the surface chemical states of 9RT3 and 9RT3F were ana-
lyzed by XPS. The XPS survey spectra shown in Fig. 4A reveals that
9RT3 contains two elements: Ti, O while 9RT3F contains Ti, O and
F. The F 1s peak at 684.1 eV of 9RT3F that can be ascribed to surface
Ti–F species was not observed in 9RT3 which confirms that the sur-
face fluoride was cleared completely after calcined [21,40,41].
3.3. UV–vis DRS and Raman spectra

In the UV–vis DRS (Fig. 5A), all samples (RT3, 6RT3, 9RT3, 9RT4
and 9RT5) have similar absorption intensity in all the spectra
range. It seems different exposed facets have little influence on
the energy banding and bandgap of rutile TiO2. The surface struc-
ture can be reflected in Raman spectra [42]. The Raman spectra
of RT3 and 9RT3 are shown in Fig. 5B. As rutile TiO2, RT3 and
9RT3 have three typical peaks: B1g peak at 143 cm�1, A1g peak at
447 cm�1 and Eg peaks at 612 cm�1 [43]. Compared with RT3
(mainly {110} facets exposed), the intensity of B1g and Eg peaks
Fig. 7. (A) Comparison of photocatalytic activities of samples (9RT1, 9RT2, 9RT3
and 12RT3) under UV–vis irradiation; and (B) dependence of ln(C0/C) on time.
increase in the spectra of 9RT3 (mainly {111} facets exposed).
The enhancement of Eg peak can be ascribed to the smaller size
of crystal grain [43]. As the B1g peak is signal of symmetric bending
vibration of O–Ti–O binding structure [42], the under-coordinated
state of surface Ti and O atoms on different facets is different which
can be reflected in Raman spectra.
3.4. Photocatalytic activity

The photocatalytic activities of obtained samples were investi-
gated by photocatalytic degradation of MB by adding the samples
in aqueous solution. The concentration of MB did not reduce in
120 min under UV or UV–vis illumination when photocatalyst
was absent. After stirred in dark for 60 min, some MB molecules
would adsorb on the surface of photocatalysts (Fig. 6A and B). The
adsorption ability of all samples can be listed as:
RT3 < 6RT3 < 9RT4 < 9RT5 < 9RT3. It can be confirms that the
{111} facets exposed rutile TiO2 has higher adsorption ability
which is a key for the higher photocatalytic activity. The absorbance
Fig. 8. (A) Methylene blue decomposition by 9RT3 under UV irradiation; (B)
comparison of photocatalytic activities of samples (RT3, 6RT3, 9RT3, 9RT4 and
9RT5) under UV irradiation; and (C) dependence of ln(C0/C) on time.



Fig. 10. Surface structure of (A) {110} and (B) {111} facets of rutile TiO2.
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intensity of MB dropped rapidly as Fig. 6A shown when MB aqueous
solution was mingled with 9RT3 and illuminated under UV–vis
which confirmed that MB was degraded and the blue color of solu-
tion almost disappeared after 120 min. A comparison of photocata-
lytic activities of all samples (RT3, 6RT3, 9RT3, 9RT4 and 9RT5) is
shown in Fig. 6B and relative apparent first order rate constants k
are listed in Fig. 6C and Table 1 [28]. The apparent first order rate
constants k are in the order of RT3 < 6RT3 < 9RT5 < 9RT4 < 9RT3.
The rutile nano-TiO2 with main exposed {111} facets has a higher
photocatalytic activity than rutile TiO2 nanorodes with exposed
{110} facets. The 9RT3 shows as much as 3 times higher photocat-
alytic activity than that of RT3. The higher photocatalytic activity
can be ascribe to the larger specific area and higher exposed per-
centage of {111} facets (Table 1). To exclude the influence of spe-
cific surface area, the ratios kMB⁄105/SBET were calculated to
evaluate the photocatalytic activity unit surface area. It shows that
9RT3 also has the highest photocatalytic activity unit surface area
which confirms the activity of {111} facets of rutile is higher than
that of {110} once again. The degradation curves of other 3 mix-
phase samples are shown as Fig. 7. Due to the existence of anatase
and synergistic effect between anatase and rutile, 9RT1 and 12RT3
exhibited better photocatalytic performer than 9RT3 while the deg-
radation rate of 9RT2 is similar as 9RT3. As MB can absorb visible
light and sensitize TiO2 [44,45], degradation of MB under UV irradi-
ation was executed. As Fig. 8 shown, 9RT3 also has the highest pho-
tocatalytic degradation rate. The highest photocatalytic activity can
be further confirmed by the measurement of hydroxyl radical (�OH)
(Fig. 9). 9RT3 has the highest fluorescence intensity indicates that
most �OH radicals were produced, which confirms {111} facets of
rutile have higher activity than {110} facets.

The surface energy of {111} facets of rutile is 1.46 J/m2 which is
much higher than that of {110} facets (only 0.34 J/m2) [37]. The
higher surface energy is due to the more unsaturated modes on
the {111} facets as Fig. 10 shown. On the surface of {110} facets
of rutile TiO2, the bonding modes are saturated Ti6c and O3c, and
Fig. 9. (A) Fluorescence spectra of the UV–vis irradiated 9RT3; and (B) comparison
of fluorescence spectra of RT3, 6RT3, 9RT3, 9RT4 and 9RT5 with UV–vis irradiated.
unsaturated Ti5c and O2c (Fig. 10A). Only unsaturated O2c has activ-
ity in photocatalysis whose ratio is 33%. As compared, all O atoms
on the {111} facets are active unsaturated O2c (Fig. 10B). More
unsaturated O2c will causes higher adsorption and degradation
ability which is the key for the highest photocatalytic activity of
9RT3.
4. Conclusions

High active {111} facets exposed rutile nano-TiO2 was success-
fully prepared by a simple hydrothermal route with the assistance
of NaF and HCl. In this progress, the Cl� causes the formation of
rutile phase while the F� controls the exposure of {111} facets.
With a best mole ratio of Cl� and F�, the percentage of exposed
{111} facets in such rutile nano-TiO2 can reach 96%. This {111}
facets exposed rutile nano-TiO2 shows as much as 3 times higher
photocatalytic activity than rutile TiO2 nanorodes with exposed
{110} facets. This results confirm the {111} facets have higher
photocatalytic activity than {110} facets. In a deeper analysis,
more unsaturated O2c modes on the {111} facets is considered to
be a key for the high activity. This research hopes to provide a fur-
ther prospect of hydrothermal synthesis for controlling prepara-
tion of nano-materials which can be applied in photocatalysis
and photovoltaic.
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a b s t r a c t

Objective: To understand radiotherapy-induced dental lesions characterized by enamel loss

or delamination near the dentine–enamel junction (DEJ), this study evaluated enamel and

dentine nano-mechanical properties and chemical composition before and after simulated

oral cancer radiotherapy.

Design: Sections from seven non-carious third molars were exposed to 2 Gy fractions, 5

days/week for 7 weeks for a total of 70 Gy. Nanoindentation was used to evaluate Young’s

modulus, while Raman microspectroscopy was used to measure protein/mineral ratios,

carbonate/phosphate ratios, and phosphate peak width. All measures were completed prior

to and following radiation at the same four buccal and lingual sites 500 and 30 mm from the

DEJ in enamel and dentine (E-500, E-30, D-30 and D-500).

Results: The elastic modulus of enamel and dentine was significantly increased (P � 0.05)

following radiation. Based on Raman spectroscopic analysis, there was a significant de-

crease in the protein to mineral ratio (2931/430 cm�1) following radiation at all sites tested

except at D-500, while the carbonate to phosphate ratio (1070/960 cm�1) increased at E-30

and decreased at D-500. Finally, phosphate peak width as measured by FWHM at 960 cm�1

significantly decreased at both D-30 and D-500 following radiation.

Conclusions: Simulated radiotherapy produced an increase in the stiffness of enamel and

dentine near the DEJ. Increased stiffness is speculated to be the result of the radiation-

induced decrease in the protein content, with the percent reduction much greater in the

enamel sites. Such changes in mechanical properties and chemical composition could

potentially contribute to DEJ biomechanical failure leading to enamel delamination that

occurs post-radiotherapy. However, other analyses are required for a better understanding

of radiotherapy-induced effects on tooth structure to improve preventive and restorative

treatments for oral cancer patients.
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1. Introduction

Radiotherapy is routinely prescribed to treat patients diag-

nosed with oral cancer. However, multiple radiation-induced

complications occur after radiotherapy treatment such as

mucositis, taste loss, xerostomia, and severe dentition

breakdown that can result in loss of masticatory function.1–

5 Radiation-induced dentition breakdown begins to occur

within the first year following radiotherapy and over time

becomes more severe.1 Post-radiation lesions differ in location

and pattern of development and progression as compared to

caries in non-radiated patients. For example, instead of pits,

fissures and inter-proximal sites, post-radiation dental lesions

develop at cervical, cuspal, and incisal areas, sites exposed to

occlusal loading and associated flexure and considered more

resistant to dental decay. Additionally, post-radiation lesions

develop with initial enamel loss that can potentially result in

partial to total enamel delamination leaving the exposed

dentine vulnerable to subsequent decay.6,7

Various factors likely contribute to post-radiation dentition

breakdown but it has previously been thought to be an indirect

effect due to irradiation-induced changes in salivary gland

tissue resulting in hyposalivation.1,2,5 However, we completed

a clinical study and reported that the severity of dentition

breakdown is also linked to the individual tooth dose with

three tiers of tooth dose–response.8 Minimal tooth damage

occurs below 30 Gy; there is a 2 � 3x increased risk of tooth

breakdown between 30 and 60 Gy likely related to salivary

gland impact; and a 10x increased risk of tooth damage when

the tooth-level dose is >60 Gy indicating radiation-induced

damage to the tooth in addition to salivary gland damage.

These findings suggest a direct effect of radiation on tooth

structure with increasing radiation dose to the tooth.

To better understand radiotherapy-induced dentition

breakdown distinguished by biomechanical failure of the

dentine–enamel junction (DEJ) leading to enamel delamina-

tion, our group is focused on characterizing the structure,

properties, and composition of enamel and dentine associated

with the DEJ as well as post-radiation changes to those tissues.

We recently demonstrated a protein-based enamel matrix

layer containing type VII and type IV collagen that bridges with

the DEJ in adult teeth.9–11 This organic matrix layer is

distributed along the enamel inner region, appears propor-

tional in thickness to the anatomical enamel layer, and may

play a role in stabilization of the DEJ. Next steps are to evaluate

any radiation-induced changes that might occur within the

enamel and dentine associated with the DEJ. While there have

been previous evaluations of mechanical properties of enamel

and dentine following in vitro radiation, the results are not

consistent. Some studies reported changes in dentine and

enamel of extracted tooth specimens radiated with doses

greater than 60 Gy.12–15 Another recent study reported

mechanical property changes in enamel at lower in vitro

doses (10–30 Gy) but no significant change at higher doses (40–

60 Gy), while dentine mechanical property changes occurred

at doses ranging from 10 to 60 Gy.16 Conversely, other studies

stated there was no significant change in mechanical proper-

ties17 or chemical composition18 of enamel and dentine

following radiation to sterilize extracted teeth. Nevertheless,
there is great variability within the experimental methods of

these various studies including differences in storage time and

storage solution of the tooth specimens that could affect

results19–21 as well differences as to how and where the tooth

properties were measured, another factor that could affect

results.22–24 Finally, another important source of variability is

the differences between teeth between patients and even

within the same patient.25–27

Although previous studies correlated chemical structure

with mechanical properties of non-radiated teeth,28–30

similar studies have not been done to evaluate the effects

of radiotherapy on tooth structure. With the combined use of

nanoindentation and Raman microspectroscopy, we pro-

posed to measure nano-mechanical properties and chemical

composition of teeth from similar positions on the same

tooth before and after radiation simulating oral cancer

radiotherapy.

2. Materials and methods

Seven non-carious third molars previously extracted from

individuals aged 18–20 years old were collected according to a

protocol approved by the University of Missouri-Kansas City

adult health science institutional review board. Excess soft

tissue was removed and the teeth were stored at 4 8C in

phosphate buffered saline (PBS, pH 7.4) with 0.002% sodium

azide as a microbial inhibitor. A slow-speed water-cooled

diamond saw (Buehler Ltd., Lake Bluff, IL, USA), was used to

remove the roots from the molars. The remaining crowns were

then sectioned buccolingually to generate a 2-mm-thick cross-

sectional slice centred on the mesiobuccal and mesiolingual

cusps. After initial nanoindentation testing and Raman

microspectroscopy, the sections were adhered in an upright

position to a small glass cover slip (Thermo Scientific, Ports-

mouth, NH, USA) using sticky wax (Hygenic Corporation, Akron,

OH, USA). Individual tooth sections were placed into a 20 ml

scintillation vial (MidSci, St. Louis, MO, USA). Teeth sections

were irradiated in a Varian 2100iX linear accelerator using an

energy of 6 MV photons (Kansas City Cancer Centers, Kansas

City, KS). To simulate oral cancer radiotherapy, teeth sections

were exposed to 2 Gy fractions, 5 days a week for 7 weeks for a

total of 35 fractions equal to 70 Gy (frequent oral cancer dose).

Additionally, to simulate reduced intraoral moisture conditions

experienced by patients, enough PBS was placed in the vial to

cover the slide but not submerge the tooth section. Following

radiation, teeth sections remained in the vials with the same

minimal amount of PBS and were stored at 4 8C.

2.1. Nanoindentation

Nanoindentation analyses were completed before and follow-

ing radiation. Prior to analyses, the sections were sequentially

polished under water using 600- and 1200-grit SiC paper and a

ChemoMet polishing cloth (Buehler Ltd.). For both pre- and

post-radiation analyses, tooth sections were evaluated at four

buccal and lingual sites on a line located directly adjacent to

the lowest portion of the occlusal fossa DEJ and parallel to the

occlusal cusps. The sites were positioned 30 mm and 500 mm

away from the DEJ in both enamel and dentine, E-500, E-30,
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D-30, D-500 (Fig. 1). At each site, five nanoindentations were

done perpendicular to the line traversing the buccal and

lingual sites with 5 mm between indents.

Data points were acquired using a nanoindenter (Tribo-

scope, Hysitron Inc., Minneapolis, MN, USA) attached to a

Nanoscope IIIa atomic force microscope (Digital Instruments

Inc., Santa Barbara, CA, USA). A diamond-tipped indenter with

an equilateral triangular base (Berkovich geometry) was

calibrated before mechanical data collection. Loading and

unloading rates of 250 mN/s, a holding segment time of 3 s, and

a peak force of 2500 mN were utilized. In order to prevent

specimen drying, mechanical data was collected with the

tooth section covered in distilled water.

Using the Oliver–Pharr method,31 initial parts of the

unloading curve obtained from generated force–displacement

curves were analyzed to provide elastic modulus (E) values for

each nanoindentation. The values of Young’s modulus of

enamel and dentine were obtained via the Hysitron software

based on the following equation:

Young’s modulus:

1
Er
¼ 1 � v2

m

Em
þ 1 � v2

i

Ei

where vm and Em are Possion’s ratio and the elastic modulus of

the material, respectively. In addition, vi and Ei are Possion’s

ratio and elastic modulus, respectively, for the indenter.

2.2. Raman microspectroscopy

A LabRam HR 800 Raman spectrometer (Horiba Jobin Yvon,

Edison, NJ, USA) operating at an excitation power of 20 mW
Fig. 1 – Photograph of a tooth section showing the sites

where mechanical property and chemical structure data

were collected in relation to the buccal and lingual DEJ.

Data was collected via five measures per site, with

measurements done perpendicular to a line traversing the

buccal and lingual sites with 5 mm between measurement

points; A = 500 mm into enamel; B = 30 mm into enamel;

C = 30 mm into dentine; D = 500 mm into dentine.
with monochromatic radiation emitted by a He–Ne laser

(632.8 nm) was used. During Raman data collection, the

following parameters were used: 600 groove/mm grating,

400-mm confocal hole, and 150-mm slit width. Spectra were

Raman-shift-frequency-calibrated using known lines of

silicon.

Using the same approach as with nanoindentation, five

Raman spectra were collected at each of the four buccal and

lingual sites. Micro-Raman spectra were collected using a

100�-immersion objective (Olympus, 1.00 w) focused on the

tooth sections. Spectra were collected in the region of

50–4000 cm�1 at 5-mm intervals using a 60-s integration time

for dentine and a 30-s integration time for enamel. A high-

resolution monitor enabled visual identification of the posi-

tion at which the Raman spectra were obtained.

2.3. Spectral data analysis

Labspec 5 software (Horiba Jobin Yvon) was used to analyze

the acquired Raman data. After spectral smoothing, the

spectra were adjusted by manual multiple point baseline

correction. The peak 2931 cm�1 is assigned to the C–H

stretching/deformation of organic matrix, the peak 430 cm�1

is assigned to n2 vibration of the phosphate group in

hydroxyapatite. The n2 vibration peak of phosphate at

430 cm�1 was selected as the internal standard for the

normalization adjustment for the protein to mineral ratios.

The peak at 1070 cm�1 is assigned to n1 vibration of the

carbonate group (B type of carbonate) in hydroxyapatite; the

peak at 960 cm�1 is assigned to n1 vibration of the phosphate

group in hydroxyapatite. The n1 vibration peak of phosphate at

960 cm�1 was selected as the internal standard for the

normalization adjustment of the mineral ratios.

Based on the Raman spectral data, the ratio of protein at

2931 cm�1 to phosphate at 430 cm�1 was calculated by

integrating the area under the peaks to analyze differences

in protein composition in both enamel and dentine. Likewise,

the ratio of carbonate at 1070 cm�1 to phosphate at 960 cm�1

was obtained by integrating the area under the peaks to

analyze differences in mineral composition in both enamel

and dentine. In addition, the width of the phosphate peak at

960 cm�1, as measured by full-width at half-maximum

(FWHM), was calculated at each spectrum to reflect the degree

of crystallinity within enamel and dentine.32–34

2.4. Statistical analyses

Overall mean and standard deviation (SD) for Young’s

modulus, 2931/430 cm�1 ratio, 1070/960 cm�1 ratio, and FWHM

for 960 cm�1 were calculated based on ten evaluations per site

(five measures at each buccal and lingual site, E-500, E-30,

D-30, D-500) for each tooth section (n = 7). Because all

evaluations were made before and after irradiation at the

same sites, the data was compared using a repeated measures

analysis of variance (RMANOVA) with the probability level for

statistical significance set at a = 0.05. With any significant

outcomes, observed power and effect size (based on partial eta

squared values), which accounts for the percent of dependent

variable change associated with the independent variable

(radiation), were also reported. Effect size can be used as a

naseri
Highlight

naseri
Highlight
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standardized index that is independent of sample size to

quantify the effect of radiation on the dependent vari-

ables.35,36 Effect sizes, as previously described,36 range from

small (0.1–0.3), medium (>0.3–0.5), large (>0.5).

3. Results

3.1. Nanoindentation

The mean Young’s modulus values and SD at the four

measurement sites, E-500, E-30, D-30, D-500 are shown in

Fig. 2. The RMANOVA indicated that at each measurement site

modulus values were significantly higher (P � 0.05) after

radiation treatment in vitro with an observed power of 1.0.

Additionally, the respective concomitant effect size at all

measurement sites was greater than 0.50 indicating that 50%

of the modulus increase is associated with radiation.

3.2. Raman microspectroscopy

Representative Raman spectra for E-30 and D-30, before and

after radiation are presented in Fig. 3, with no noticeable

differences observed following in vitro radiation. The mean

and SD of the ratios, 2931/430 cm�1, 1070/960 cm�1, and the

FWHM at 960 cm�1 at the same measurement sites used for

nanoindentation are presented in Figs. 4–6, respectively. Based

on the RMANOVA, the protein to mineral ratio (2931/430 cm�1)

showed a significant (P � 0.05) decrease at E-500, E-30, and D-

30 after radiation with an observed power of at least 0.96 and

an effect size of 0.32, 0.35, and 0.17, respectively. The

carbonate to phosphate ratio (1070/960 cm�1) showed a

significant (P � 0.05) increase at E-30 with an observed power

of 0.99 and an effect size of 0.26 and a significant decrease at

D-500 with an observed power of 0.99 and an effect size of 0.28.

Phosphate peak width as measured by FWHM at 960 cm�1

showed a significant (P � 0.05) decrease at both D-30 and D-500
Fig. 2 – Mean modulus before (0 Gy) and after (70 Gy)

simulated radiotherapy at eight sites related to the DEJ

(four buccal and four lingual sites; five measures/site/

tooth; n = 7 teeth): 500 mm into enamel (E-500); 30 mm into

enamel (E-30); 30 mm into dentine (D-30); 500 mm into

dentine (D-500). Error bars represent SD. *Modulus was

significantly higher (P = 0.05) at all sites following

simulated radiotherapy.
with an observed power of 1.0 and an effect size of 0.30 and

0.40, respectively.

4. Discussion

Because there is no methodology to allow testing teeth prior to

and after in vivo radiotherapy, an important aspect of this

study was developing an in vitro model that controlled as

many variables as possible while simulating oral cancer

radiotherapy. Based on the results using that model, there was

a significant increase in elastic modulus after simulated oral

cancer radiotherapy at the evaluated sites in enamel and

dentine near the DEJ. Using a repeated measures study design,

measurements were made before and after irradiation at the

same buccal and lingual sites. Because there were no

differences in the radiation effect between the halves, the

buccal and lingual values were combined for each site, which

also increased the sample size. The current results are

dissimilar to previous reports of a decrease in elastic modulus

and hardness14,15 or no significant change in mechanical

properties following in vitro radiation.17 Varying experimental

methods including differences in storage solution, how and

where tooth properties were measured and variances between

and within patients may have contributed to the contradictory

observed results.

For example, earlier studies reported a dramatic decrease

of approximately 80% in both modulus and hardness even

with low energy X-ray irradiation (125 keV) after a dose of

2 Gy.14,15 These studies utilized a storage medium of 0.09%

sodium chloride (NaCl), which is reported to significantly

decrease modulus and hardness values in enamel just after 1

day, and after 30 days storage in NaCl there was a 47%

reduction in both hardness and modulus in dentine.19,21

Storage solution may be in part why these studies demon-

strated a dramatic decrease in both modulus and hardness. In

contrast, another study using gamma radiation for tooth

sterilization reported no change in modulus or hardness17

when tooth specimens were stored in Hank’s balanced salt

solution, which does not significantly alter the hardness or

elastic modulus of enamel or dentine.20,21

Measurement sites within teeth were also not well

controlled in previous studies. An earlier study utilized a

2 mm2 region of interest in both enamel and dentine, but no

measurable distance from a defined landmark was de-

scribed.15 A later study from the same group used a similar

sized region of interest; however, the protocol specified only

that the enamel measurement was located in the cuspal zone

and the dentine region was measured near the DEJ.14

Similarly, another study provided no precise measurement

site, merely that buccal and lingual sides in both enamel and

intertubular dentine were measured.17 Nevertheless, no

quantifiable distance from the DEJ or from the outer edge of

the enamel was detailed in any of these studies. It has

previously been shown that modulus and hardness values of

enamel and dentine are dependent on location within the

tooth, with values increasing with distance from the

DEJ.22,23,30,37 Due to the gradient like nature of enamel and

dentine it is imperative that experimental measurements be a

calculable distance from a defined landmark within the tooth.



Fig. 3 – Representative Raman spectra from enamel and dentine sites 30 mm from the DEJ (E-30 and D-30) from tooth sections

before (0 Gy) and after (70 Gy) simulated radiotherapy. Spectra were normalized based on n1 of the phosphate 960 cmS1 peak

height.
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Variability can also be dependent on tooth type26; thus, it is

important to test paired specimens and/or regions from the

same tooth section to control variability. Moreover, patient age

has been shown to affect the elastic modulus and hardness of

enamel,22 and there is a change of the chemical composition

and microstructure of dentine with increasing age.25 There-

fore, it is vital to account for age and include similar aged teeth

when conducting comparative studies measuring mechanical

properties.
Fig. 4 – Mean ratios of 2931/430 cmS1 (protein/mineral)

before (0 Gy) and after (70 Gy) simulated radiotherapy at

eight sites associated with the DEJ (four buccal and four

lingual sites; five spectra/site/tooth; n = 7 teeth): 500 mm

into enamel (E-500); 30 mm into enamel (E-30); 30 mm into

dentine (D-30); 500 mm into dentine (D-500). Error bars

represent SD. *The protein/mineral ratio is significantly

lower (P = 0.05) at E-500, E-30, and D-30 following

simulated radiotherapy.
As already indicated, this study included an in vitro model

simulating oral cancer radiotherapy that accounted for as

many variables as possible. It has been previously reported

that there is a reduction in salivary function within the first

week of radiotherapy that persists throughout treatment.38–40

Even after just one fraction of the radiation treatment course,

reduction in salivary flow was noted.41 Therefore, in order to

mimic reduced intraoral moisture conditions experienced by

patients, rather than submerging tooth specimens in PBS, a

humid environment was created by including a small amount

of storage medium. While drying can affect mechanical

properties of tooth specimens,31 it is important to note that

the specimens in this study remained moist throughout storage

and testing. Besides moisture level, PBS was used as the storage

solution, which as already mentioned does not significantly

affect mechanical properties.19,21 Although oral cancer patients

are not typically 18–20 year olds, third molars from patients in

that age range were used in order to control other potential

confounding variables such as patient age and tooth type. While

simulated radiotherapy was completed at room temperature,

following radiotherapy, teeth were stored at 4 8C to inhibit

microbial contamination and stabilize specimens prior to

analyses to optimize the evaluation of radiation-induced effects

only. Although the use of tooth sections does not directly

simulate radiation of teeth in patients, this approach allowed us

to measure properties before and after radiation at the same

quantifiable sites 30 mm and 500 mm away from the DEJ in both

dentine and enamel. We chose these dentine and enamel sites,

since they symmetrically span the DEJ where post-radiotherapy

enamel delamination initiates.

A previous study reported that there was no change in the

calcium/phosphorous ratios or crystallinity of enamel follow-

ing in vitro radiation at therapeutic levels.42 Other studies



Fig. 5 – Mean ratios of 1070/960 cmS1 (carbonate/phosphate)

before (0 Gy) and after (70 Gy) simulated radiotherapy at

eight sites associated with the DEJ (four buccal and four

lingual sites; five spectra/site/tooth; n = 7 teeth): 500 mm

into enamel (E-500); 30 mm into enamel (E-30); 30 mm into

dentine (D-30); 500 mm into dentine (D-500). Error bars

represent SD. *The carbonate/phosphate ratio is

significantly higher (P = 0.05) at E-30 and significantly lower

at D-500 following simulated radiotherapy.
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have also speculated that therapeutic radiation exposure does

not have a direct effect on the inorganic composition of teeth

and suggest that changes within the organic matrix lead to

enamel alterations that occur post-radiotherapy.16,43 However,

our study was the first to evaluate chemical composition and

mechanical properties in order to potentially explain the

mechanism responsible for enamel delamination that can

occur following radiotherapy. Phosphate as measured by

FWHM of the peak at 960 cm�1 and carbonate/phosphate

(1070/960 cm�1) ratio have been used to explain hydroxyapatite
Fig. 6 – Mean FWHM of 960 cmS1 (phosphate peak width)

before (0 Gy) and after (70 Gy) simulated radiotherapy at

eight sites associated with the DEJ (four buccal and four

lingual sites; five spectra/site/tooth; n = 7 teeth): 500 mm

into enamel (E-500); 30 mm into enamel (E-30); 30 mm into

dentine (D-30); 500 mm into dentine (D-500). Error bars

represent SD. *The peak width is significantly lower

(P = 0.05) at both dentine sites following simulated

radiotherapy.
crystallinity associated with carbonate content and correlated

to modulus properties of enamel.30,32,33 For instance, a

decrease in phosphate peak width and the carbonate/phos-

phate ratio have been noted to correlate with an approximate

20% increase in modulus from inner to outer enamel.30 While

there was a 25–30% increase in modulus in both enamel and

dentine following radiation treatment, the associated phos-

phate and carbonate chemical composition changes that

might be expected with increased modulus were not detected

in radiated enamel. In accordance with previous studies16,42,43

suggesting no radiation-induced change in the inorganic

composition of enamel, no significant difference was observed

for the carbonate/phosphate ratio at the E-500 measurement

site or for phosphate peak width at either enamel site following

irradiation. However, E-30 demonstrated a significant increase

in the carbonate/phosphate ratio following irradiation. Future

studies are needed to determine the cause of the observed

increase in the carbonate/phosphate ratio in enamel near the

DEJ following simulated radiotherapy in vitro. In contrast, both

dentine sites showed a decreasing trend in phosphate peak

width and carbonate/phosphate ratio after radiation, but this

observed trend was minimal and likely inconsequential.

As already mentioned, previous studies speculate that

radiotherapy alters the organic matrix of enamel.16,43 In the

current study, the protein/mineral ratio decreased following

simulated radiotherapy at all enamel and dentine sites with

those differences being significant at E-500, E-30, and D-30,

which supports the assumption of organic compositional

changes following radiation treatment. A radiation-dependent

decrease in the protein content as implied from the protein/

mineral ratio data could explain the corresponding increase in

modulus. Likewise, an earlier study reported an increase in

elastic modulus as a result of lower organic content in

enamel.44 Mechanistically, we speculate that reductions in the

protein/mineral ratio could be due in part to collagen

structural alterations in both enamel and dentine. It is well

known that dentine is composed primarily of type I collagen.45

In addition, we have recently shown that both type IV and type

VII collagen, as well as matrix metalloproteinase-20 (MMP-20),

are present within the inner enamel organic matrix layer

located adjacent to the dentinal surface.10,11,46 Importantly,

we have shown recently that type IV collagen immunoreac-

tivity within the enamel organic matrix was dramatically

reduced following high dose in vivo radiotherapy.11 Accord-

ingly, we speculate that an in vitro radiotherapy-induced

reduction in dentinal type I collagen and/or type IV and type

VII collagen in enamel could be due to direct radiolysis or

indirectly, due to radiation activation of an MMP-catalyzed

degradation, since radiation has been shown to activate

existing MMPs in other tissues.47–49 Whether direct or indirect,

the radiation-induced decrease in the protein/mineral ratio

could lead to the concomitant modulus increase. However, it is

noteworthy that the relative percent reduction of the protein/

mineral ratio was much larger at sites within the enamel

organic matrix (44–77%) as compared to dentine sites (4–6%).

Assuming enamel organic matrix components play a role in

linking enamel to dentine, any radiation-induced change in

that collagenous structure could potentially impact the

stability of the DEJ leading to enamel delamination which

occurs following radiotherapy. While we did not evaluate
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collagen degradation post-radiotherapy, an earlier study50

using an in vitro radiation dose of 60 Gy reported increased

amounts of collagen fragments in the skin, bone, and

periosteum of porcine jaws due to direct radiogenic destruc-

tion. Another in vitro study16 reported that with increasing

irradiation dose (30 versus 60 Gy) there were increasing post-

radiation morphological changes in the interprismatic struc-

ture of enamel coinciding with the enamel organic matrix. In

dentine, the same study reported fragmentation of collagen

fibres accompanied by the presence of fissures and the

obliteration of tubules. Future studies are necessary to

determine the cause of the reduced protein/mineral ratio

following simulated radiotherapy in vitro in this study. Other

techniques like X-ray diffraction, nuclear magnetic resonance

spectroscopy, collagen cross-linking analyses, and protein-

specific biochemical analyses such as Western blotting and

in situ zymography may be needed to discern specific

chemical or biological changes that could be mechanistically

linked to the decreased protein/mineral ratio and associated

increased modulus following radiation.

In addition to our in vitro simulated radiotherapy analyses,

preliminary analyses of in vivo radiated teeth from patients

who have undergone radiotherapy to treat oral cancer have

been initiated. Thus far, our preliminary in vivo data suggests

similar mechanical property results to our in vitro study,

higher modulus values in enamel and dentine near the DEJ

following radiotherapy. Such changes in mechanical proper-

ties may be linked to pathologic enamel loss that occurs post-

radiotherapy. However, further studies are needed to verify

these results and then model how the altered properties would

affect the stress distribution of the enamel–dentine interface

using finite element method.

Finally, while it is important to understand the underlying

mechanism linked to dentition breakdown following radio-

therapy, it has also been demonstrated that in vitro radiation

contributes to a decrease in bond strength of resin-based

composite to both enamel and dentine, negatively impacting

successful restoration of radiation-damaged teeth.51 Thus, it is

vital to develop protocols to minimize or counteract radio-

therapy-induced damage to dental hard tissues, such as the

simulated mouthwash protocols using sodium fluoride or

chlorhexidine that were reported to prevent in vitro radiation-

induced property changes of enamel and dentine.52
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Graphene, honeycomb structure of carbon having exceptional characteristics have attracted researcher’s
interest and is now being studied and used in numerous technological areas and next generation nano
devices. In this research work, reduced graphene oxide was functionalized with magnetic nano crystals,
i.e. ZnFe2O4 via modified solvothermal approach. X-ray diffraction and Micro Raman spectroscopy was
used to confirm structural aspects of synthesized graphene oxide and ZnFe2O4 pristine magnetic nano
crystals and the functionalized rGO-ZnFe2O4 nano hybrid. Morphology were analyzed through SEM
showing that the particles sizes were in between 24 and 27 nm range attached to reduced graphene oxide
sheets while composition and valence state of functional groups were analyzed through XPS. UV–Vis
spectroscopy was carried out for analyzing their optical absorption behavior. Their optical characteristics
were explained in depth in relation with their structural aspects and functionalization behavior.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Graphene, atomically thin sheets of carbon has been the focal
point of research and development due to its exceptional
characteristics. Its unique characteristics imparted from its extra-
ordinary atomic structure leads to many cutting edge technological
applications. The use of graphene has so far been studied in the
areas of next generation electronic and magnetic devices [1,2],
biomedical engineering, environmental engineering [3] and energy
[4], photonics [5], sensors [6], single bacterium devices [7] etc.
Nano ferrites, iron based complex oxides are functional class of
nano materials which have found their application in nano photon-
ics [8], nano electronics [9], aerospace [10], nano medicine includ-
ing drug delivery along with detection and treatment of cancers of
various origins like colon cancer HT29, breast cancer MCF7 due to
their intrinsic electronic and magnetic properties which can even
be modified according to specific needs with a large set of
functionalities [11,12].

Graphene and its related nanostructure can easily be tailored to
meet specific characteristics used in relation with different
technological applications. The use of graphene has so far been
established by using its intrinsic properties or functionalizing with
various chemical agents to improve its electronic properties using
strain engineering [13], using the hydrogen bonding network and
density along with nature of bonding species to tune the structural
properties [14], using nitrogen doping to produce a ultralight 3D
network with improved adsorption properties [15], using graphene
in nano photonics for maximizing light absorption [16,17],
improving photoluminescence using pyridinic modification for
optoelectronics [18], using pristine and functionalized graphene
derivatives in drug delivery [19], reducing environmental foot-
prints of Co2 using polypyrrole functionalized graphene sheets
[20], solar cell, photocatalytic and biological sensing application
[21–23], improving the efficiency of electrochemical energy
devices and super capacitors [4,24,25].

Nano hybrids of both graphene and functional ferrites nano
crystals have been studied in various aspects [26–28] but there is
little research being carried out on these hybrids materials in
relation to optical behavior. So to study the optical aspects,
modified solverthermal approach was used to functionalize
graphene and nano hybrids with ZnFe2O4. Prepared materials were
characterized by X-ray diffraction (STOE Diffractometer using Cu
Ka), Micro Raman (Horiba LabRam 512 nm), and scanning electron
microscopy with built in Energy dispersive X-ray spectroscopy
(JEOL 6490 SEM), X-ray photoelectron spectroscopy (Kartos Axis
Ultra) and UV–Visible spectroscopy (Perkin Elmer Lambda 950
UV/Vis/NIR).
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Fig. 1. X-ray diffraction results of (a) graphene oxide, (b) ZnFe2O4 and (c) functionalized graphene (nano hybrids FG1, FG3 and FG5).

Table 1
Sample names and their composition along with their crystallite sizes and SEM
particle sizes.

Name Ferrite (% content) Graphene C %) Crystallite
Size (nm)

Particle
size (nm)

ZnFe2O4 100 Nil 11 24
FG1 92 8 14 26
FG3 86 14 14 25
FG5 75 25 15 27

Fig. 2. Raman spectroscopic results of graphene oxide, ZnFe2O4 and functionalized
graphene hybrids.
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2. Experimental procedure

2.1. Chemicals

Flake graphite (3061) was purchased from Asbury carbon, USA.
Zn(NO3)�6H2O, Fe(NO3)2�9H2O, H2SO4, H3PO4, KMnO4, NaOH, were
used in AR grade. For solvothermal synthesis, functionalization and
reduction, alumina modified-teflon autoclave was used.
2.2. Synthesis of graphene oxide

Graphene oxide was used as a source of graphene sheets (rGO).
Graphene oxide was synthesized using improved/simplified
Hummer method [29,30]. In a typical reaction, 3 g of graphite
flakes was mixed with 9:1 mixture of H2SO4 and H3PO4 (400 ml)
and stirred. KMnO4 (18 g) was added to above mixture and allowed
to stir during which the color of the mixture changed from dark
green to brownish. H2O2 was added to stop the reaction which
produced the yellow colored solution consisting of graphene oxide
dispersion. This solution was washed with HCl and DI water multi-
ple times using centrifugation at 13,500g. During centrifugation
with DI water, this graphite oxide suspension experienced exfolia-
tion. This graphene oxide (GO) solution was then freeze dried to
obtain powder which was further used in characterization and
further experiments.
Please cite this article in press as: S. Ameer et al., Opt. Mater. (2015), http://dx
2.3. Synthesis of zinc ferrite nano particles and ZnFe2O4 functionalized
graphene

Functionalized rGO-ZnFe2O4 nano hybrids were synthesized
using modified form of solvothermal synthesis using in situ precip-
itation of ZnFe2O4 and reduction of graphene oxide, scheme of
which is also reported elsewhere recently [31]. In a typical experi-
ment, a certain amount of graphene oxide powder was mixed with
another solution of zinc nitrate and iron nitrate in stoichiometric
ratio in ethanol and DI water in a definite proportion. The suspen-
sion was transferred to autoclave (100 ml). The reaction mixture
was heated at 160�C for 12 h. After cooling, material synthesized
was washed thoroughly using DI water to neutralize the pH. The
final solution was vacuum dried and solid was grinded into fine
powder. Same method was to obtain the pure Zn ferrite nano
particles.
.doi.org/10.1016/j.optmat.2015.02.035
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Fig. 3. SEM images of (a) graphene oxide, (b) ZnFe2O4 nano particles, graphene-ferrite hybrids, (c) FG1, (d) FG3 and (e) FG5.
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3. Results and discussion

3.1. X-ray diffraction

Fig. 1a shows the X-ray diffraction (XRD) pattern of prepared
graphene oxide samples. It is obvious that there is no peak at 26�
and 40� corresponding to (002) and (004) crystallographic planes
of graphite structure, instead after three days of oxidation and
subsequent exfoliation, a new peak emerges around 10.3� showing
(001) diffraction of graphene oxide [29,30]. Moreover, after
complete oxidation, the interlayer spacing also increased as the
oxygen related groups were introduced in between the individual
graphite sheets from 0.33 nm to about 0.85 nm. Fig. 1b shows
the XRD pattern of as synthesized ZnFe2O4 nano particles grown
through modified solvothermal approach. This shows that the pre-
pared structures is fcc and matches well with JCPDS 01-079-1150.
The hybrids of rGO and ferrite were also characterized using XRD
and it agrees well with structure of Zn-ferrites nano particles
[26] with no visible of peak at either around 10� or 26� showing
that the graphene oxide has been reduced during modified solver-
thermal conditions as well as their completely uniform dispersion
and symmetric functionalization which prevented their further
aggregation and restacking. The average crystallite sizes of
ZnFe2O4 and FG1, FG3 and FG5 lies around 11–15 nm as shown
in Table 1.
Please cite this article in press as: S. Ameer et al., Opt. Mater. (2015), http://dx
3.2. Micro Raman spectroscopy

Fig. 2 shows the Raman spectra of the functionalized graphene
along the graphene oxide and ZnFe2O4 oxide. As the main features
in the Raman spectra of graphite lies at around 1370 cm�1 and
1570 cm�1 corresponding to D-band and G-band along with 2D
band at around 2750 cm�1 [32]. In Raman spectra of graphene
oxide, main features are at 1369 cm�1 and 1625 cm�1 correspond-
ing to D- and G- bands. Moreover it is also mentionable that the
D-band peak is high in intensity as compared to G-band peak
which is indicative of highly oxidized graphene oxide and a small
hump appeared around the position of 2D at 2750 cm�1 showing
that the as synthesized graphene contains fair portion of single
layer graphene. The intensity ratio is also close to 1, agrees well
with the previous literature [30,33,34]. For the Raman spectra of
pristine ferrite particles and each of functionalized rGO, peak in
between 650 cm�1 and 1150 cm�1 are due to ZnFe2O4 nano
crystals. The peaks at low frequency are due to movements
involving MO4 within tetrahedral groups and are of A1g type.
The D-band and G-band lies at position of 1346–1367 cm�1 and
1587–1610 cm�1 respectively along with small hump at around
2748 cm�1 showing the reduction and quality of rGO-ferrite nano
hybrid. The apparent shift of G- and D-bands as compared to GO
is also a good indicator of reduction process [26] showing fair
reduction process and also the charge transfer between the ferrite
.doi.org/10.1016/j.optmat.2015.02.035
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Fig. 4. X-ray Photoelectron spectroscopy: (a) survey spectra, (b) Zn 2p, (c) Fe 2p, (d) O 1s and (e) C 1s.
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nano crystals and graphene sheets during in situ reduction where
the individual ZnFe2O4 crystals precipitated on individual sheets of
graphene [35–37].

Moreover, the shift of G band is possibly due to high concentra-
tion of defect which may have induced to graphite lattice after
reduction process. This is also indicated in literature that the highly
defected graphite lattice [38] also shows a D’-band located around
1620 cm�1. This Raman response can appear merged with G- band
intensity if the defect concentration is large enough. This is also
attributed to the non active phonon confinements induced by
defect which become active by confinement. The high frequency
shift tendency of G-band can also be attributed to the stacking of
individual graphite layers after wet reduction and thermal anneal-
ing. The facts responsible of high G band frequency are possibly the
causes of high optical bandgap of hybrid sample with high percent-
age of rGO, as much as around one fourth of overall composition
[39,40].
Please cite this article in press as: S. Ameer et al., Opt. Mater. (2015), http://dx
3.3. SEM, EDS and XPS analysis

Fig. 3 shows the Scanning electron microscopy (SEM) images of
graphene oxide, ZnFe2O4 and ferrite–graphene hybrid materials
FG-1, FG-3, FG-5. It is clear from Fig. 3(a) and (b) that the as syn-
thesized graphene oxide sheets have sheets like structure and most
of them are transparent sheets, while other become opaque as the
individual sheets restack and their thickness increased. These
sheets have also fairly large surface area inherited from the large
area graphite flakes showing that during the oxidation, exfoliation
and reduction process, microstructure features are more or less
preserved. EDX analysis confirms that the C and O are 55% and
45% respectively and do not contain any noticeable impurities. In
the SEM image of ZnFe2O4 as shown in Fig. 3c, it is clear that syn-
thesized particles are spherical in shape, are well dispersed and
have a smaller size distribution with an average particle size of
25 nm. Fig. 3(d)–(f) shows the SEM images of functionalized rGO
.doi.org/10.1016/j.optmat.2015.02.035
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Fig. 5. UV–Vis spectroscopy of graphene oxide, ZnFe2O4 and functionalized graphene hybrids.

Fig. 6. Optical bandgap-Tauc plot for graphene oxide, ZnFe2O4 and functionalized graphene hybrids.
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samples FG-1, FG-3 and FG-5 samples. These samples have similar
morphology as that of pristine ZnFe2O4 nano particles and are
uniformly anchored to graphene sheets to both on the surface
and in between the individual nano layers.

X-ray photoelectron spectroscopy was employed to confirm the
composition of samples and their valence of the various func-
tionalities. Fig. 4(a)–(e) shows the XPS survey spectra of the FG-5
(functionalized rGO-ZnFe2O4 nano hybrid) and Zn 2p, Fe 2p, O 1s
and C 1s respectively confirming the chemical composition with-
out any impurity [26,41]. In the XPS analysis of Zn 2p, two promi-
nent peaks corresponds to state Zn 2p1/2 at 1044.4 and state Zn
2p3/2 at 1021.4 which agrees well reported literature. For the iron
XPS, two peak at their respective position are related to Fe 2p1/2

and Fe 2p3/2 (Fe2+/Fe3+). The others two peaks are characterized
as satellite peaks due to shakeup process (2p1/2/2p3/2). For XPS
spectra of O 1s and C 1s, majors peaks are at 530.3 eV, 288.4 and
284.4 eV, first two of these are due to oxygen bonded to metal
ion and carbon respectively and the last one is due to C@C [42,43].
3.4. UV–Vis spectroscopy

UV–Vis spectroscopy was carried out to explore the structure of
functionalized graphene nano hybrid, graphene oxide and pristine
ZnFe2O4 nano particles, and their optical properties were also
studied in depth. Fig. 5 shows the UV–Vis spectroscopy of all
synthesized samples. In graphene oxide UV–Vis response, a dis-
tinct peak appears at 228 nm and it is related to p–p⁄ electronic
transition involving carbon atoms [29,30]. There is also a small
peak adjacent to the major peak at around 304 nm and it involves
n-p⁄ electronic transition incorporating C and O atoms. The distinct
peak so located at 228 nm is indicative of highly oxidized graphene
oxide and shows negligible p conjugation. Moreover, the ratio of
intensity of these two peaks is 3.45 which is higher than the
reported literature, showing intensively functionalized graphene
lattice with oxygen groups [25,30]. ZnFe2O4 shows high absorption
in 190–400 nm region which is typical to ferrite based nano
systems, which may have orbital contributions from 3d4-4s1,
3d5 and 4S [44,45].

The optical bandgap of the graphene oxide, pristine ZnFe2O4

and FG-5 sample prepared were calculated using Tauc relation
and is shown in Fig. 6:

ahm ¼ Aðhm� EgÞm ð1Þ

where a represents the absorption coefficient, hm is the energy in eV
and Eg is the bandgap energy and A is the constant. The parameter m
is indicative of the nature of transition and here is equal to ½. The
value of bandgap for ZnFe2O4 is calculated to be 3.3 which is of the
same degree as in literature for the crystallite size of the prepared
sample [45]. This band gap decreases with increase in rGO content
to 2.35 eV, 1.92 eV and 4.85 eV for FG-1, FG-3 and FG-5 samples as
the consequence of increasing loading of conductive sheets of rGO.
This increase of bandgap after the initial decrease with increasing
rGO content in final nano hybrid may involves several factors, espe-
cially the nature of honeycomb structure itself. Since the bandgap of
modified rGO is highly dependent upon the layer stacking [46] i.e.
how many individual rGO layers are involved and how they are
stacked in a particular sequence as well the edge chirality which
can be used to tune the optical bandgap [47,48]. The band gap of
graphene oxide is not constant and is defined as a function of degree
of oxidation or the quantity of oxygen addends. It may be anywhere
between semiconducting 1 eV and as high as 4.5 eV [49]. In present
case, Tauc plot gave the value of 4.34 eV for graphene oxide. The
optical absorbance curve for FG-5 is same as reported for rGO
[50]. This high optical band gap is due to the high chemical
composition of rGO in overall hybrid sample. The high band gap
Please cite this article in press as: S. Ameer et al., Opt. Mater. (2015), http://dx
is attributed to the large defect concentration (Section 3.2) in wet
reduction of GO and restacking of graphite sheets during thermal
annealing of hybrid sample [51–55].
4. Conclusion

Functionalized rGO-ZnFe2O4 nano hybrids was synthesized
through in situ precipitation and reduction of graphene oxide
under a modified form of solvothermal conditions and were struc-
turally characterized by XRD and Raman spectroscopy. Different
compositions of hybrid materials were synthesized by varying
rGO amount in overall functionalized system. The particles sizes
of the synthesized samples lies within 24–27 nm range with pure
spinel phase ferrites crystals and rGO sheets. SEM and XPS results
showed the uniformly dispersed nano particles embedded to rGO
individual layers without any impurity. UV–Vis spectroscopy was
carried out to confirm the functionalization groups attachment
and their optical characteristics showing complete agreement with
XRD and Raman results. UV–Vis analysis was also used to discuss
their optical properties and their optical band gap was discussed
in relation to its structure.
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In this  report,  zinc  oxide  nanoparticles  (ZnO  NPs)  decorated  reduced  graphene  oxide  (RGO)  composite  was
fabricated  by  a one-pot  approach  using  supercritical  carbon  dioxide  (scCO2). ScCO2 has  gas-like  diffusivity,
extremely  low  viscosity,  and  excellent  penetration  ability,  allowing  it to debundle  RGO  nanosheets  and
disperse  ZnO  NPs  in  between.  Owing  to the  near-zero  surface  tension  and  excellent  wetting  ability  of
scCO2,  the  NPs  are  tightly  coated  on  the highly  conductive  RGO sheets.  The  electrochemical  characteristics
eywords:
ano zinc oxide
raphene
upercritical fluid
upercapacitor

of  the ZnO/RGO  composite  were  investigated  through  cyclic  voltammetry,  galvanostatic  charge-discharge
and  electrochemical  impedance  spectroscopy.  The  composite  was  capable  of delivering  a  high  specific
capacitance  of  314  F g−1 with  excellent  cycling  stability.

© 2013 Elsevier Ltd. All rights reserved.
reen  approach

. Introduction

Graphene is an unrolled 2D carbon sheet with a similar structure
o an individual layer of graphite. One atom thick graphene has high
hermal conductivity [1], high electrical conductivity [2], high room
emperature carrier mobility [3], lateral quantum confinement [4],
tc. The material has prompted enormous scientific interest owing
o its excellent electronic capacity, mechanical properties, supe-
ior chemical stability and high specific surface area. These peculiar
roperties have highlighted the potential of this material in a vari-
ty of applications, such as super capacitors [5], photovoltaics [6],
uel cells [7], nanofluids [8], photocatalyst [9,10], etc.

In  recent years, metal oxides have attracted increasing attention
or their wide utilization in catalysts, water purification, hydro-
en production, Lithium-ion batteries, transparent electronics; etc
11–15]. Among the metal oxides, zinc oxide (ZnO) is a promis-
ng semiconducting material with a wide band gap of 3.37 eV and

 large exciton binding energy of 60 meV  at room temperature.
nO is one of the most important functional materials for poten-
ial applications in electronic and optoelectronic devices, such

s solar cells, field emission, displays and sensors. The material
lso used as a photocatalyst in the degradation of organic pollut-
nts under UV–light [16]. In addition to it being a very promising

∗ Corresponding author. Tel.: +82 53 810 2587; fax: +82 53 810 4631.
E-mail  address: jjshim@yu.ac.kr (J.-J. Shim).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.12.063
optoelectronic material, ZnO is one of the most widely applied
oxide gas-sensing materials with remarkable sensitivity to a wide
range of gases including NH3 [17], ethanol [18], NO2 [19], etc. Given
their large surface area to volume ratio and possible quantum con-
finement effects, ZnO nanostructures can be expected to find many
novel device applications.

Considering  the excellent properties of graphene and ZnO, a
combination of graphene with ZnO nanoparticles (NPs) might
give enhanced performance. Several methods have been car-
ried out to produce graphene/ZnO composites. Kim et al. [20]
reported the vertical growth of ZnO nanostructures on graphene
layers by catalyst-free metal–organic vapor-phase epitaxy and
examined their photoluminescence (PL) characteristics. Wu et al.
[21] employed a solvothermal method to prepare sandwich-
like graphene–ZnO composites in ethylene glycol medium using
graphene oxide (GO) as the graphene precursor and zinc acetylace-
tonate as a single-source zinc oxide precursor. Lu et al. [22] prepared
graphene–ZnO composite films by ultrasonic spray pyrolysis. They
also prepared graphene–ZnO composites [23] by microwave-
assisted reduction of zinc ions in an aqueous solution with GO.
Li et al. [24] prepared ZnO@graphene composite using a chemical
decomposition method. Other researchers have also synthesized
ZnO/graphene composites by different approaches for a range of

applications [25–27]. Fabrication of these nanostructured mate-
rials requires solution approaches, which are solvent-dependent.
However, ideally ‘green’ synthetic approaches should be examined
towards the new field of sustainable nanotechnology, where green

dx.doi.org/10.1016/j.electacta.2013.12.063
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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olvents and one-pot synthesis approaches are preferable to con-
entional organic solvents containing many reaction steps.

Supercritical carbon dioxide (scCO2) is the most widely used
upercritical fluid (SCF) because it is non-toxic, non-flammable,
hemically inert and easily available. The scCO2-involved pro-
ess is normally operated under mild conditions because the
ritical temperature of CO2 (Tc = 31.1 ◦C) is close to room tem-
erature and its critical pressure (Pc = 7.38 MPa) is not too high.
he low viscosity, high diffusivity, and negligible surface ten-
ion of scCO2 play important roles in preparing superior products
f fine and uniform particles [28]. These unique properties of
cCO2 make it an attractive medium for delivering solutes to small
reas with complicated surfaces and poorly wettable substrates
o achieve high uniformity and homogeneity [29]. Because liq-
id CO2 has a low heat of vaporization and scCO2 has a zero
eat of vaporization, this solvent can be removed easily and
ompletely by depressurization, thereby eliminating the energy-
ntensive drying processes generally used to remove traditional
olvents. The special properties of scCO2 have been used to fab-
icate nanomaterials that are difficult to prepare by traditional
echniques.

Recently, scCO2 has been used in the exfoliation of graphene
heets [30] as well as the preparation of graphene from GO
31], providing tremendous potential for producing new materi-
ls. To our knowledge, scCO2 synthesis of ZnO NPs on reduced
raphene oxide (RGO) has not been studied. This paper reports
n in-situ method for the growth of ZnO NPs on RGO using
cCO2. The efficient anchoring of ZnO onto RGO surface is
hown by transmission electron microscopy (TEM), X-ray diffrac-
ion (XRD), X-ray photoelectron spectroscopy (XPS) and Raman
nalysis. The superior advantages of this scCO2 chemical deposi-
ion technique lay in its flexibility, simplicity, green properties,
nd efficiency in material science and chemical processing. The
lectrochemical measurements show that the ZnO/RGO com-
osite enhances capacitive properties with better reversible
harging-discharging ability and higher capacitance than the pure
GO.

. Experimental

.1. Materials

Graphite, zinc nitrate hexahydrate (Zn(NO3)2.6H2O), sodium
itrate (NaNO3), sulfuric acid (H2SO4), hydrochloric acid (HCl),
otassium permanganate (KMnO4), hydrogen peroxide (H2O2) and
otassium chloride (KCl) were purchased from Aldrich and used
s received. Ultra high purity CO2 (99.999%) was obtained from
eokyang Energy Co.

.2.  Synthesis of graphene oxide (GO)

GO was prepared from natural graphite using a modified Hum-
ers method [32]. In a typical experiment, graphite (1.5 g), NaNO3

1.5 g) and H2SO4 (70 mL)  were mixed and stirred in an ice bath.
ubsequently, 9 g of KMnO4 was added slowly. The reaction mix-
ure was warmed to 40 ◦C and stirred for 1 h. Water (100 mL)
as then added and the temperature was increased to 90 ◦C for

0 min. Finally, 300 mL  of water was added slowly, followed by
he slow addition of 10 mL  of 30% H2O2. The reaction mixture
as filtered and washed with 0.1 M HCl and water. The GO pre-

ipitate was dispersed in a water/methanol (1:5) mixture and

urified with three repeated centrifugation steps at 10000 rpm
or 30 min. The purified sample was dispersed in deionized water
nd centrifuged at 2500 rpm to obtain highly exfoliated GO
heets.
ca Acta 120 (2014) 65– 72

2.3. Synthesis of ZnO/RGO composite in scCO2

In a typical experiment, 20 mg of GO was dispersed in 1 mL
of ethanol under ultrasonication for 2 h at room temperature to
form a homogeneous suspension. 100 mg  of Zn(NO3)2 6H2O (ZnO
precursor) was dissolved in 1 mL  of ethanol. Immediately, the pre-
cursor solution was added to the above solution. The mixture was
transferred quickly to a 20 mL  stainless steel reactor. CO2 was then
charged into the reactor. The temperature (300 ◦C) and pressure
(9 MPa) of the reactor were adjusted to the desired values, and the
scCO2 conditions were maintained for 6 h with magnetic stirring.
The CO2 was  then vented slowly, and the product was collected and
labeled. Similarly, pure ZnO and RGO were also prepared in scCO2.

2.4. Electrochemical measurements

Cyclic  voltammetry (CV), galvanostatic charge-discharge and
electrochemical impedance spectroscopy (EIS) were performed
on a CHI 660D electrochemical workstation. The ZnO/RGO com-
posite was  used as a working electrode. A platinum foil and
Ag/AgCl electrode were used as the counter and reference elec-
trodes, respectively. The experiments were performed at room
temperature with a 2 M KOH solution as an electrolyte. The EIS
measurements were conducted over the frequency range, 0.1 Hz to
100 kHz, at the open circuit potential with an ac perturbation of
5 mV.

To  prepare the electrode paste, 2 mg  of the prepared powder
was dispersed in a solution containing 700 �L of isopropyl alcohol
and 6 �L of Nafion. The mixture was  ultrasonicated for 2 h to ensure
uniformity. 10 �L of this paste was drop-cast onto a glassy carbon
sheet to form a working electrode. The typical loading amount of
the electroactive material was approximately 0.3 mg cm−2.

2.5. Characterization

TEM (Technai G2 F20) was  performed at an accelerating volt-
age of 200 kV. The samples for the TEM observation were prepared
by depositing an ethanolic dispersion on a 200 mesh copper grid
followed by air-dying. XRD (PANalytical, X’Pert-PRO MPD) was
performed using Cu K� radiation. Ultraviolet visible spectroscopy
(UV-vis, Agilent 8453) was performed in the wavelength range,
200–800 nm.  XPS (ULVAC-PHI, Quantera SXM) was  performed
using an Al X-ray source. In the XPS data analysis, peak deconvo-
lution was performed using Gaussian components after a Shirley
background subtraction. The Raman spectra were recorded on
a confocal micro-Raman spectrometer (LabRAM ARAMIS, Horiba
Jobin Yvon) with 532 nm laser excitation. The room-temperature
photoluminescence (PL) spectroscopy was performed using a
Jasco FP–6500 spectrofluorometer at an excitation wavelength of
300 nm.

3.  Results and Discussion

The  ZnO/RGO composite was synthesized by an
environmentally-friendly approach using scCO2. In this study,
scCO2 played a key role in the coating of ZnO NPs on the RGO
surface. First, scCO2 is miscible with ethanol under suitable condi-
tions. When ethanol acts as a solvent for the precursor, the zero
surface tension of scCO2 allows ethanol to wet the GO surface
during the entire experimental process. Consequently, scCO2 helps
the precursor adsorb easily on the surface of GO and enhances the
physical attraction of the two substances. When the temperature

of the reactor reaches 300 ◦C, both thermal reduction of GO
and thermal decomposition of precursor occurs simultaneously.
Second, scCO2 might act as an antisolvent for the ZnO NPs in the
expanded ethanol system. As the dissolution of CO2 increased,

naseri
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might be due to the quantum size–effect of the fine structure in
the nanometer regime [42]. PL spectrum of the as-synthesized
ZnO/RGO composite was recorded to examine the potential, optical
Fig. 1. Raman spectra of the (a) RGO and (b) ZnO/RGO composite.

he solvent power of the liquid phase on ZnO decreased, which
ed to phase separation, and the ZnO NPs precipitated from the
upersaturated solution. In addition, the scCO2 diffuses between
he layers of RGO owing to its low viscosity, high diffusivity
nd small molecule size. The CO2-intercalated RGO is forced to
xfoliate or delaminate by the expansion of scCO2. The inherent
roperties of GO as a substrate are the key factors for the size and
orphology of the ZnO NPs formed.
Raman scattering is strongly sensitive to the electronic structure

nd is an essential tool for characterizing carbonaceous materials.
he usual features of carbon materials in Raman spectra were the

 band at 1580 cm−1, which was assigned to the E2g phonon mode
f sp2 hybridized carbon atoms, and a D band at 1350 cm−1, which
as attributed to the breathing mode of the k-point phonons of A1g

ymmetry [33,34], which was assigned to local defects and disorder,
articularly at the edges of graphene and graphite platelets [35].
ig. 1 shows the Raman spectra of RGO and ZnO/RGO composite.
he Raman spectrum of RGO displayed the G band at 1600 cm−1

nd the D band at 1350 cm−1. On the other hand, the Raman bands
f RGO in the composite shifted. Compared to RGO, the D band was
hifted to lower wavenumber by 3 cm−1 in the composite, whereas
he G band showed a blue shift of 20 cm−1. In addition, the intensity
atio of the D and G bands (ID/IG) of the composite was much lower
han that of RGO, which was attributed to the interactions between
he ZnO NPs and RGO sheets. Moreover, the overtone of the D band
t 2680 cm−1 and the disappearance of the D + G band at 2930 cm−1

n the spectrum of the composites indicated increased disorder in
GO.

Raman spectroscopy was also utilized to investigate the single-,
i-, and multilayer characteristics of graphene and graphene oxide

ayers. It was previously shown that the peak position of the G
and of the single-layer graphene sheets (1585 cm−1) shifted about

 cm−1 into lower wavenumbers after stacking more graphene lay-
rs (for 2–6 layers, G band shifted to 1579 cm−1) [36–39]. Hence,
he value of 1580 cm−1 for the G band of our sample can be primar-
ly attributed to the multi-layer graphene sheets (for 2–6 layers).

oreover, it has been recently reported that the shape and posi-
ion of the overtone of the D band (2D band at 2700 cm−1) were
he significant fingerprint which can be related to the formation
nd the layer numbers of graphene sheets [36,38–40]. The 2D
eak position of the single-layer graphene sheets was observed at
679 cm−1, while the 2D band of multilayer (2–4 layers) shifted to
igher wavenumbers by 19 cm−1 [37]. On the other hand, the 2D/G

ntensity ratios of single-, double-, triple-, and multi- (> 4) layer

raphene sheets are >1.6, ≈ 0.8, ≈ 0.30, and ≈ 0.07, respectively
40]. In this work, the 2D/G intensity ratio was  found to be 0.14
nd 0.12 for the RGO and ZnO/RGO composite, respectively. The
ecrease in the 2D/G ratio of the composite can be attributed to the
Fig. 2. XRD pattern of the ZnO/RGO composite (the inset shows the diffraction
pattern  of RGO).

increasing defects in the RGO. Therefore, the 2D band of the com-
posite centered at 2698 cm−1 and its relatively low intensity with
respect to the G band (≈ 0.12) indicated that the presence of multi-
layer graphene sheets in the composite which was also consistent
with the G band analysis.

XRD  analysis of the as-synthesized ZnO/RGO composite (Fig. 2)
showed the diffraction peaks at 18.02, 19.6, 20.8, 38.88, 54.04,
64.97 and 68.91◦, which were indexed to the (100), (101), (102),
(211), (110), (103), (201) crystal planes of pure ZnO with a wurtzite
structure (JCPDS no. 396-1451). The additional peak found at 26.5◦

accounted for the (002) reflection of graphitic carbon. For reference,
the XRD pattern of RGO is shown in Fig. 2 inset. The XRD analysis
showed that the composite obtained was composed of ZnO with a
wurtzite crystal structure and RGO.

Fig. 3 presents the typical UV-vis absorption spectra of the RGO
and ZnO/RGO composite. RGO exhibited an absorption peak at
265 nm,  which was  regarded as the excitation of the �-plasmon of
the graphitic structure [21]. Compared to the spectrum of RGO, the
composite displayed a new peak at 305 nm,  which was  attributed
to the contribution from ZnO NPs. The UV-vis bandgap absorption
of bulk ZnO was  reported to appear at 375 nm [41]. The com-
posite showed a definite blue-shift in its absorption edge, which
Fig. 3. UV-vis spectra of the ZnO/RGO composite (the inset shows the PL spectrum
of composite).
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Fig. 4. TEM images of the (a) RGO, (b) ZnO/RGO composi

nd electronic applications. The PL spectrum showed an emis-
ion peak at 400 nm (the inset of Fig. 3). Normally, the ZnO NPs
n ethanol exhibit a blue emission peak at approximately 400 nm
nd a broad yellow-green peak at 450-725 nm [43]. In the compos-
te, the yellow-green peak was seldom observed, which suggested
ew defects as a result of oxygen-vacancies in ZnO and the ZnO
Ps coated on the RGO surface were highly crystalline. Com-
ared to the literature value, the position of the blue emission
eak showed a blue-shift; this is believed to emanate from the
uantum–confinement–induced enhancement of the energy gap.

TEM was performed to determine the physical nature of ZnO
n the composite more clearly. Fig. 4 shows the TEM images of
GO and ZnO/RGO composite. The image of RGO (Fig. 4a) showed
hat the nanosheets were not perfectly flat. In the composite
Fig. 4b), the ZnO NPs were distributed densely on the RGO sheets.
n some regions, aggregation of ZnO NPs was occurred on the sur-
aces of RGO nanosheets, and most of the NPs were found on the
anosheets. High resolution TEM (HR-TEM) (Fig. 4c) revealed the
Ps to be 5-10 nm in size and a crystalline structure could be
bserved clearly from the lattice fringes of the ZnO (100) plane with
n interplanar distance of approximately 0.28 nm.  Fig. 4d shows
he corresponding selected area electron diffraction (SAED) pat-
ern. The SAED pattern consisted of four diffraction rings counting
rom the center, the 1st, 2nd, 3rd, and 4th rings were assigned to the
100), (101), (102) and (211) planes, respectively. The SAED pattern
lso confirmed the wurtzite structure of ZnO, which is consistent

ith the XRD. The BET surface area of the composite was calculated

o be 167.7 m2 g−1.
Fig. 5 shows XPS of the as-synthesized GO and ZnO/RGO com-

osite. For the GO sample (Fig. 5a), two respective peaks (C and
 HR-TEM of composite and (d) SAED pattern of ZnO NPs.

O  1s) were observed at a binding energy of 285.47 and 531.5 eV,
respectively. The spectrum of the composite (Fig. 5b) contains C
1s (284.51), O 1s (530.24) and Zn 2p3/2 (1021.62 eV) peaks, which
confirmed the coating of ZnO NPs on the RGO surface. Compared to
GO, the C and O 1s peaks of the composite were shifted. In addition,
the spectrum of composite showed a relatively low intensity O 1s
peak, indicated the reduction of oxygen containing groups. The Zn
(2p) binding energy region has two peaks: at a binding energy of
1021.62 eV, corresponding to the Zn (2p3/2) and at 1046 eV, due to
the Zn (2p1/2). The peak positions of the Zn (2p) core levels of the
composite were identical to those of the ZnO nanoparticles, indi-
cated that no Zn–C chemical bond formed between the ZnO and
RGO. A similar result was observed for ZnO/graphene composite
reported by Akhavan [35]. XPS data showed that the percentage
composition of the elements present in the composite was found
be C = 19.8%, O = 43.2% and Zn = 37.0% respectively.

The presence of ZnO significantly affected the carbon functional
groups in the system. To identify the changes in this functional
groups, core level spectra of C 1s were analyzed using peak fit
programme and peak deconvolution was performed for GO and
ZnO/RGO samples. Deconvoluting the peaks into Gaussian compo-
nents using appropriate positions and full width at half maximum.
The C 1s spectrum of GO (Fig. 5c) showed three main peaks corre-
sponding to the carbon atom in different functional groups; the
non-oxygenated C − C bond (284.3), C − O (epoxy and hydroxyl)
(286.7) and carboxylate C = O bond (288.1 eV) [44–48]. In the com-

posite (Fig. 5d), the peak intensity of C − O decreased dramatically
and became significantly weaker than that of the C − C bond.
In addition, the peak intensity of C = O disappeared, indicating
that most of the oxygen containing groups were removed by the
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Fig. 5. Survey XPS of the (a) GO, (b) ZnO/RGO compos

cCO2-assisted thermal reduction process. Furthermore, the
bsence of C–O–Zn peak in the composite indicated that there was
o chemical C–O–Zn bond was formed between the RGO and ZnO
anoparticles [49,50].

The  performance of ZnO/RGO electrode was  analyzed by cyclic
oltammetry (CV), galvanostatic charge-discharge and electro-
hemical impedance spectroscopy (EIS). Fig. 6a shows the CV
urves over a voltage range from -0.5 to 0.5 V for the RGO and
nO/RGO composite electrodes measured at a scan rate of 100 mV
−1 in 2 M KOH electrolyte. Clearly, the CV of ZnO/RGO compos-
te electrode showed a pair of Faradaic redox peaks (-0.18 V and
.01 V). As demonstrated previously [51,52], these redox peaks
esult from the intercalation and deintercalation of K+ from the
lectrolyte into ZnO: ZnO + K+ + e− ↔ ZnOK. The conductive RGO
acilitates the charge transfer and conduction from the reactions.
n contrast, the CV of RGO was a narrow rectangle, indicated the
bsence of electrochemical activity and a small capacitance. These
esults suggested that the large specific capacitance associated
ith the ZnO/RGO electrode that originated from the pseudo-

apacitance of the electrochemically active ZnO NPs instead of
he double-layer capacitance from the RGO. The specific capaci-
ance can be calculated using the following formula: Csp = I t/�Vm,
here Csp is the specific capacitance of the electrode (F g−1), I is the

harge/discharge current (A), t is the discharge time (s), �V is the
otential window and m is the mass of the ZnO/RGO electrode [53].

Fig. 6b shows the variations in specific capacitance of the as-
ynthesized composite as a function of scan rate. The specific
apacitance decreased with increasing scan rate from 5 to 100 mV
−1. This is because at high scan rates, diffusion limits the move-
ent of electrolyte ions due to the time constraints, and only

he outer active surface is used for charge storage. At lower scan
ates, however, all the active surface area can be utilized for charge
torage and the electrochemical utilization of ZnO. The specific
apacitance of ZnO/RGO composite was much higher than that of
GO at the same scan rate. The maximum specific capacitance of

03 F g−1 was obtained at a scan rate of 5 mV  s−1 for the ZnO/RGO
lectrode compared to 58 F g−1 for RGO. The improvement is proba-
ly due to the unique structure of the composite. First, the dispersed
nO NPs on RGO not only inhibit the stacking of nanosheets, but
 C 1s spectrum of GO (d) C 1s spectrum of composite.

also  improve the electrochemical utilization of ZnO. Second, RGO
provides a highly conductive network for electron transport during
the charge and discharge processes. Finally, the excellent interfa-
cial contact and increased contact area between ZnO and RGO can
improve significantly the accessibility of the composite to the elec-
trolyte ions and shorten the ion diffusion and migration pathways.
Therefore, the specific capacitance of ZnO/RGO composite was still
136 F g−1 at a scan rate of 100 mV s−1. At the same scan rates, our
capacitance values were much higher than the previously reported
specific capacitance for graphene/ZnO composites synthesized by
different techniques [22,23,26,51].

To further evaluate the electrochemical capacitance of the
ZnO/RGO composite electrode, galvanostatic charge–discharge
curves were measured at a series of current densities within
the potential range -0.5 to 0.5 V (Fig. 6c). The nonlinear shape
of the discharge curves was expected from the pseudocapaci-
tance behavior of metal oxides resulting from the electrochemical
adsorption–desorption or redox reaction at the electrode and
electrolyte interface, which is distinct from the linear triangular
shape expected from a double-layer capacitor [54,55]. A spe-
cific capacitance of 303, 250.6 and 213.3 F g−1 can be delivered
at the current density of 10, 15, 30 A g−1, respectively. Note
that the specific capacitance remains high even at high current
densities. It is also significantly higher than the previously demon-
strated graphene/ZnO composite electrodes [22,23,26,51,56] but
little lower than the zinc oxide nanorods/3D graphene foam hybrid
reported by Dong et al. [57]. Fig. 6d shows the charge-discharge
curves of ZnO/RGO composite measured at a current density of 10
A g−1. All the curves were linear and symmetrical and no obvious
IR drop was observed, which means that the electrode has a low
thermal resistance owing to the well-formed electrode/electrolyte
interface. The stability and reversibility of the electrode material is
also critical in practical applications for supercapacitors.

Fig. 6e presents the cycling stability of ZnO/RGO composite
electrode examined by the galvanostatic charge-discharge test for

1000 cycles. At a current density of 10 A g−1, the specific capaci-
tance of ZnO/RGO electrode increased to ∼10% during the first 100
cycles and remained stable afterwards. The result demonstrated
the high stability and reversibility of the ZnO/RGO electrode. The
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Fig. 6. Electrochemical performance of the ZnO/RGO composite measured in 2 M KOH solution at room temperature. (a) CV curves of the RGO and ZnO/RGO electrodes
measured at a scan rate of 10 mV  s−1, (b) plots of the scan rate versus the specific capacitance of the ZnO/RGO electrode, (c) galvanostatic charge-discharge curves of the
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nO/RGO composite electrode at different current densities, (d) charge-discharge 

erformance of the ZnO/RGO composite electrode at a current density of 10 A g−1 a

nitial increase of specific capacitance during the charge–discharge
ycles could be attributed to the activation process to allow the
rapped cations to gradually diffuse out [58]. Overall, the results
howed that the ZnO/RGO electrode had a large specific capaci-
ance with excellent cycling stability, which is promising for the
evelopment of supercapacitors. Even after 1000 cycles, the capac-

tance observed was significantly higher than the previous reports
22,23,26]. The excellent performance of composite electrode can
e attributed to: (i) electroactive property of ZnO, (ii) large sur-
ace area and high conductivity provided by the RGO, (iii) stable
ntegration between ZnO NPs and RGO and (iv) high mechanical
obustness and chemical stability of RGO.

ESI analysis is one of the principle methods for examining the
undamental behavior of electrode materials for supercapacitors.
he EIS data was  analyzed using Nyquist plots. Each data point in

he Nyquist plot is at a different frequency. The impedance of RGO
nd ZnO/RGO electrodes were measured over the frequency range
f 0.1 Hz to 100 kHz, at an open circuit potential with an ac pertur-
ation of 5 mV.  The equivalent series resistance (ESR) (including the
 of the ZnO/RGO composite electrode at a current density of 10 A g−1, (e) cycling
 Nyquist plots of the RGO and ZnO/RGO electrodes.

resistance of KOH aqueous solution, the intrinsic resistance of the
electroactive material and the contact resistance at the interface
between the electrode and current collector [59]) can be obtained
from the x-intercept of the Nyquist plots. As shown in the Fig. 6f, the
ESR of ZnO/RGO electrode (0.6 �) was  much smaller than the RGO
electrode (2.6 �), indicated that the incorporation of ZnO improved
the charge transfer performance of the RGO electrode.

4. Conclusions

We  successfully fabricated the ZnO/RGO composite by a one-
step green approach using scCO2. This process was  found to be
promising for the decoration of ZnO NPs on the RGO surface
with little agglomeration. ScCO2 helped to debundle the RGO
nanosheets and the densely dispersed ZnO NPs on RGO prevented

restacking of the nanosheets, and improved the capacitance of
ZnO/RGO composite. It was found that the composite exhibited
superior capacitive performance with high specific capacitance
(314 F g−1) as well as excellent cycling capability, suggesting a
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uitable and promising electrode material for supercapacitors. The
apacity retention of ZnO/RGO composite was over 98% of the
riginal capacitance after 1000 cycles. It is believed that the excel-
ent performance of composite is due to the large surface area
nd high conductive network of RGO, electroactive property of
nO, and excellent interfacial contact and increased contact area
etween the ZnO and RGO. The synthetic approach presents not
nly an environmentally-friendly option, but also relatively mild
rocessing conditions that would be important for many techno-

ogical applications. This method can be extended to the fabrication
f other metal oxide/graphene composites.
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a  b  s  t  r  a  c  t

The  accurate  thermal  property  characterization  of  micro/nano  fibers  is crucial  for  precise  micro/nano
technology.  We  developed  a  non-contact  T-type  Raman  spectroscopy  method  for combined  determina-
tion  of  micro/nano  fibers’  laser  absorption,  thermal  conductivity  and  air heat  transfer  coefficient.  The
accuracy  of  laser  absorption  measurement  is  independent  of  the fiber  properties  or  thermal  contact
resistance.  When  determining  the  thermal  conductivity,  the  thermal  contact  resistance  can  be easily
eywords:
-type Raman spectroscopy
aser  absorption
hermal conductivity
ir  heat transfer coefficient
icro/nano  fibers

eliminated.  Moreover,  the air heat  transfer  coefficient  is  determined  based  on  the  accurate  laser  absorp-
tion  and  thermal  conductivity  data  of the  same  sample.  Case  studies  show  that this  method  is  sensitive
and  accurate  for micro/nano  fiber  characterization.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Micro/nano fibers, such as carbon fibers, carbon nanotubes
CNTs) and silicon/germanium nanowires, are widely used in

icro/nano devices [1–3] and the accurate thermal property char-
cterization of micro/nano fibers is crucial for precise micro/nano
echnologies. The most popular thermal measurement methods for

icro/nano fibers are contact methods, such as the electric self-
eating method [4] and the 3ω method [5]. However, for these
ontact methods, the test fiber should be electric conductor and has
table resistance–temperature coefficient. More importantly, the
ontact thermal and electric resistance may  cause large errors. Fujii
t al. [6] developed a T type method using a platinum nanofilm as

 thermometer and accurately measured the thermal conductivity

f carbon nanotubes. In this T type method, the test fiber is not con-
ucted with current, which is suitable for non-conductors. Wang
t al. [7] modified this T type method by mechanically changing the

� Presented at The 10th Asia Thermophysical Properties Conference, Jeju, Korea,
eptember 29–October 3, 2013.
∗ Corresponding  author at: Key Laboratory for Thermal Science and Power Engi-
eering of Ministry of Education, Department of Engineering Mechanics, Tsinghua
niversity, Beijing 100084, China. Tel.: +86 10 62772668.

E-mail address: x-zhang@tsinghua.edu.cn (X. Zhang).

040-6031/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.tca.2014.01.023
fiber length and eliminated the contact thermal resistance. How-
ever, this length changing method is only suitable for microscale
fibers while the nanowire length is very difficult to be mechanically
changed.

Recently, a noncontact method, Raman spectroscopy method
has been used to measure the thermal conductivity of carbon fibers
[8], CNTs [9,10], nanowires [11,12] and graphenes [13,14]. In these
methods, a laser beam irradiates on the test fiber and the fiber
absorbs laser power with the local temperature at the laser spot
determined by the Raman spectroscopy based on the tempera-
ture dependence of the Raman peak position. This Raman spectra
method has sub micrometer spatial resolution and the thermal con-
tact resistance can be easily eliminated by varying the laser spot
location. However, the determination of the laser absorption is
a challenge. As we know, only a fraction of the laser power can
be absorbed by the fiber and the laser absorption is a prerequi-
site for the Raman spectra methods. However, the laser absorption
was theoretically estimated in most Raman spectra based measure-
ments [9,11–13]. Cai et al. [14] measured the laser absorption with
a laser power meter when determining the thermal conductivity of
graphene by Raman spectroscopy. However, the laser absorption

measurement uncertainty is 33%. Hsu et al. [10] measured the laser
absorption coefficient of CNTs using two  microfabricated platinum
membranes as thermometers bridging the test fiber. However, the
test system was  complicated and the measurement neglected the

dx.doi.org/10.1016/j.tca.2014.01.023
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2014.01.023&domain=pdf
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Nomenclature

A area
C circumference
D fiber diameter
h  heat transfer coefficient
l  length
M grouped parameter
q  heat flux density
Q  heat flux
R  thermal resistance
s  source term coefficient
T  temperature
x coordinate

 ̨ laser absorption coefficient
�  variation
ε emissivity
� thermal conductivity
�  Stefan–Boltzmann constant
  equivalent thermal resistance

Subscript
0  ambient
a air heat transfer
ab  absorbed
c contact
f fiber
h hot film
h1  left part of the hot film
h2  right part of the hot film
hm  mean value of the hot film
r  radiation

Superscript
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′ value without considering the radiation effects

emperature distribution and radiation heat loss of the thermome-
ers. Moreover, laser absorption is also important for the optical
pplications of micro and nano fibers, such as optoelectronic and
hotovoltaic devices [2]. Therefore, we need to develop more accu-
ate methods for determining the laser absorption of micro/nano
bers.

Besides, the fiber–air interface heat transfer coefficient is impor-
ant for practical applications because micro/nano devices are
sually used in air. Hsu et al. [15] measured the temperature dis-
ribution of a current-carrying 5 �m long suspended CNT in gas
nvironment and reported that 50–60% of the heat generated in the
NT is removed by the surrounding gas molecules. Wang et al. [16]
easured the air heat transfer coefficients of single-walled carbon

anotubes using the Raman spectra methods with the laser absorp-
ion and thermal conductivity taken from literature and established

 kinetic model [17] to predict the air heat transfer coefficients
f microscale-and-nanoscale-diameter fibers, showing significant
ize effects for micro/nano fibers. However, the literature still has
ery few experimental data for the air heat transfer and there is
o systematic method for the nano-to-micro scale fiber–air heat
ransfer coefficient determination based on the accurate charac-
erization of thermal conductivity.

Our  previous work demonstrated an accurate measurement of
he laser absorption of a multiwall CNT using a T type probe method

18]. In this paper, we extend this T type probe method and present

 non-contact T-type Raman spectroscopy method for combined
etermination of micro/nano fibers’ laser absorption, thermal con-
uctivity and air heat transfer coefficient using the same sample.
Fig. 1. Model of the T-type Raman spectroscopy method.

The test fiber is attached to a nanoscale hot film in a T shape, a laser
beam is used to heat the T type system and a Raman spectrometer is
used to measure the laser spot temperature. One-dimensional heat
conduction models are analytically solved and cases are simulated
for sensitivity and accuracy analyses.

2. Theory of the method

2.1.  General principle

In  this method, one end of the test fiber is attached to a nanoscale
platinum hot film in a T shape with a line contact junction across
the nanofilm using the electron beam dispersion technique and
the other end of the fiber is suspended, as shown in Fig. 1. The
Pt nanofilm is suspended with two  ends connected to heat sinks
and acts as a thermometer based on the temperature dependence
of electric resistance with 0.01 K resolution [19]. A laser beam irra-
diates at the free end of the test fiber to heat the system. A Raman
spectrometer is used to measure the laser spot temperature rise
based on the temperature dependence of Raman peak position.
Using a Horiba T64000 Raman spectrometer, the temperature mea-
surement resolution is 1 K.

Before the measurement of the fiber properties, the platinum
film should be firstly calibrated by electric self-heating methods
for the thermal conductivity, temperature coefficient of resistance
and air heat transfer coefficient. Then, the T-type system is placed in
vacuum to determine the laser absorption and thermal conductiv-
ity of the fiber with the contact thermal resistance effect eliminated
by varying the laser irradiation position. Finally, the T-type system
is placed in air environment to determine the fiber–air heat trans-
fer coefficient based on the measured data of laser absorption and
thermal conductivity.

2.2.  Determination of laser absorption and thermal conductivity

The  T-type system shown in Fig. 1 is placed in vacuum to deter-
mine the laser absorption and thermal conductivity of the fiber. A
laser beam is irradiated at the free end of the fiber and the nanofilm
is conducted with 1 �A current to measure the nanofilm average

temperature rise. The electric resistance of the nanofilm is about
100 � so the total electric heating power is about 10−4 �W,  which
is far less than the laser power and can be neglected. The fiber is
attached to the nanofilm with a line contact junction across the film

naseri
Highlight
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nd temperature difference across the film width can be neglected
f the fiber is uniformly well attached. Moreover, the fiber diameter
s much smaller than the film and fiber lengths. Thus, if the radiation
ffects are neglectable, the heat conduction process can be solved
y a 1-D thermal resistance circuit. All the laser power is conducted
hrough the fiber and the two parts of the nanofilm into heat sinks
nd temperature is linearly distributed along the nanofilm. There-
ore, the laser power absorbed by the fiber, Qab, equals the heat
ux into the heat sinks and can be described as a function of the
anofilm properties and average temperature rise [18]:

ab = 2�Thm�hAhlh
lh1lh2

, (1)

here  �Thm is the volume average temperature rise of the Pt
anofilm which can be measured according to the temperature
ependence of electric resistance; �h, Ah and lh are respectively
he thermal conductivity, the cross area and the total length of the
t nanofilm; lh1 and lh2 are respectively the lengths of the left and
ight parts of the Pt nanofilm as shown in Fig. 1. As we can see, the
aser absorption measurement accuracy is only dependent on the
anofilm properties and independent of the fiber properties or the
hermal contact resistance. The laser absorption coefficient, ˛, is
efined as [10,18]

 = Qab
Qin
. (2)

The  nanofilm junction temperature rise is twice of the nanofilm
verage temperature rise because temperature is linearly dis-
ributed along the nanofilm. Moreover, the laser spot temperature
ise can be determined according to the Raman peak position. Com-
ined with the measured Qab, the total thermal resistance of the
hermal contact resistance and the fiber thermal resistance can be
etermined by

�Tf 0 − 2�Thm
Qab

= Rc + lf
�f Af

, (3)

here  �Tf0 is the laser spot temperature rise, Rc is the thermal
ontact resistance at the junction, �f, Af and lf are respectively the
hermal conductivity, the cross area and the total length of the test
ber. Substituting Eq. (1) into Eq. (3), we can obtain

�Tf 0

�Thm
= kf 0−hm = 2 + 2�hAhlh

lh1lh2

(
Rc + lf

�f Af

)
, (4)

here  kf0–hm is the ratio of �Tf0 to �Thm. As can be seen from Eq.
4), kf0–hm linearly changes with the fiber length. Therefore, if we
hange the fiber length by easily moving the laser irradiation spot,
e can obtain the thermal contact resistance and determine the

ntrinsic thermal conductivity of the fiber by linear fitting of kf0–hm
nd lf.

.3. Determination of air heat transfer coefficient

After the determination of the laser absorption and thermal con-
uctivity of the fiber, air is let in the test chamber to determine the
ir heat transfer coefficient. With the air heat transfer equivalent
o be volume heat sinks, the axial 1-D heat conduction equations
f the nanofilm and the fiber are

d2�Th1

dx2
h1

− sa,h�Th1 = 0 (0 < xh1 < lh1), (5)

d2�Th2
2

− sa,h�Th2 = 0 (0 < xh2 < lh2), (6)

dx
h2

d2�Tf

dx2
f

− sa,f �Tf = 0 (0 < xf < lf ), (7)
ca Acta 581 (2014) 26–31

where xh1, xh2 and xf are respectively the coordinates of the two
parts of the nanofilm and the fiber as shown in Fig. 1; �Th1, �Th2
and �Tf are respectively the temperature rise of the two parts of
the nanofilm and the fiber; sa,h and sa,h are heat sink coefficients
respectively expressed by Eqs. (8) and (9):

sa,h = ha,hCh
�hAh

, (8)

sa,f = ha,f Cf
�f Af

, (9)

where  ha,h is the hot-film-air heat transfer coefficient calibrated
by the electric self-heating method and Ch is the circumference of
the hot film cross section; ha,f and Cf are respectively the air heat
transfer coefficient and circumference of the fiber.

The two ends of the Pt nanofilm are maintained at ambient tem-
perature so the boundary conditions at the two  ends of the nanofilm
are

�Th1(0) = �Th2(0) = 0. (10)

The boundary condition at the free end of the fiber is

−�f Af
d�Tf
dxf

∣∣∣∣
xf=0

= Qab, (11)

where �Tf0 is the laser spot temperature which can be measured by
the Raman spectrometer. The continuity of temperature and heat
flux at the junction gives

�Th1(lh1) = �Th2(lh2), (12)

−�hAh
d�Th1

dxh1

∣∣∣
xh1=lh1

−�hAh
d�Th2

dxh2

∣∣∣
xh2=lh2

= �f Af
d�Tf
dxf

∣∣∣∣
xf=lf

= �Th1(lh1) − �Tf (lf )
Rc

. (13)

The boundary conditions are described by Eqs. (9)–(12). Analytic
solutions give

�Thm = QabMh
ch(lf

√
sa,f ) + �f Af

√
sa,f sh(lf

√
sa,f )(Rc +  h)

,  (14)

where Mh and  h are functions of the hot film properties and
respectively expressed by Eqs. (15) and (16):

Mh =
sh(lh

√
sa,h) − sh(lh1

√
sa,h) − sh(lh2

√
sa,h)

lh�hAhsa,hsh(lh
√
sa,h)

, (15)

 h =
th(lh1

√
sa,h)th(lh2

√
sa,h)

�hAh
√
sa,h[th(lh1

√
sa,h) + th(lh2

√
sa,h)]

,  (16)

When ha,h and ha,f approach zero, Eq. (1) can be transformed
to Eq. (1), which validates our derivation. According to Eq. (14),
the fiber–air heat transfer coefficient is an implicit function of a
single measured parameter, �Thm, since the hot film properties,
the absorbed laser power Qab, the fiber thermal conductivity �f
and the thermal contact resistance Rc have all been determined
by preceding measurements.

3.  Sensitivity analysis

Cases  are simulated to analyze the sensitivity of this T-type
Raman spectra method. In these simulation cases, the Pt nanofilm

is 40 nm thick, 400 nm wide and the left and right lengths of
the nanofilm are both 5 �m.  The thermal conductivity and the
temperature-resistance coefficient of the Pt nanofilm are respec-
tively 29.5 W/m/K  and 0.0015 K−1 [18]. The air heat transfer
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Fig. 2. Nanofilm temperature rise changing with the absorbed laser power.

oefficient of the nanofilm, ha,h, is 1 × 104 W/m2/K. The thermal
ontact resistance, Rc, is assumed to be zero and the fiber length,

f, is 50 �m.  Fig. 2 shows the nanofilm average temperature rise,
Thm, changing with the absorbed laser power. As shown in Fig. 2,
Thm linearly changes with the absorbed laser power and reaches

64.8 K when the absorbed laser power is only 100 �W.  Fig. 3 shows
he ratio of the laser spot temperature rise to the nanofilm aver-
ge temperature rise, �Tf0/�Thm, changing with the fiber thermal
onductivity when the absorbed laser power is 10 �W.  As shown
n Fig. 3, �Tf0/�Thm is inversely proportional to the fiber thermal
onductivity and changes between 2.6 and 4.4 when the fiber ther-
al  conductivity changes between 1000 and 4000 W/m/K. Fig. 4

hows �Thm changing with the fiber–air heat transfer coefficient,
a,f, for various fiber diameters when the absorbed laser power is
0 �W and the fiber thermal conductivity is 3000 W/m/K. As can
e seen from Fig. 4, �Thm is sensitive with ha,f in the range of
04–105 W/m2/K, which is the typical order of ha,f for micro/nano
bers [16], when the fiber diameter is between 50 and 100 nm.

The uncertainty of laser absorption and thermal conductivity
an be analytically calculated. The uncertainty of laser absorption
rises from the errors of nanofilm thermal conductivity, voltage

nd dimension measurement and was calculated to be 5% [18].
he dimensions are measured by a high resolution transmission
lectron microscopy and a calibrated quartz crystal thin-film thick-
ess monitor with the dimension uncertainty within 0.03%. The
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ig. 3. Ratio of the laser spot temperature rise to the nanofilm average temperature
ise changing with the fiber thermal conductivity.
Fig. 4. Nanofilm average temperature rise changing with fiber–air heat transfer
coefficients for various fiber diameters.

voltage is measured by 8.5-digit multimeters with the resistance
uncertainty within 0.02%. The uncertainty of the fiber thermal con-
ductivity is caused by the errors of laser absorption, temperature
and dimension measurement. When the absorbed laser power is
10 �W,  the uncertainty of the fiber thermal conductivity is 5.4%.
The uncertainty of the air heat transfer coefficient is mainly caused
by the errors of laser absorption and fiber thermal conductivity
measurement. Fig. 5 shows the curves of �Thm changing with ha,f
when the fiber diameter is 100 nm and the laser absorption and
fiber thermal conductivity vary ±5%, indicating the error propaga-
tion from the laser absorption and fiber thermal conductivity to
ha,f. When ha,f is 5 × 104 W/m2/K and the laser absorption and fiber
thermal conductivity vary ±5%, the ha,f uncertainty is 6.4%.

4. Effects of radiation heat loss

In the previous discussion, we neglected the effects of radiation
heat loss. Such heat loss per unit area of the fiber, qr,f, is expressed
by
qr,f (xf ) = εf �(Tf (xf )
4 − T4

0 ) ≈ 4εf �T
3
0�Tf (xf ) (17)
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Fig. 5. Effects of the laser absorption and fiber thermal conductivity error propaga-
tion  on the air heat transfer coefficient accuracy (D = 100 nm).
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here εf is the emissivity of the fiber and � = 5.67 × 108 W/m2/K4 is
he Stefan–Boltzmann constant. Therefore, the equivalent radiation
eat transfer coefficient of the fiber, hr,f, is expressed by

r,f = 4εf �T
3
0 . (18)

Similarly, the equivalent radiation heat transfer coefficient of
he hot film, hr,h, is expressed by

r,h = 4εh�T
3
0 . (19)

here εh is the emissivity of the nanofilm.
For case studies, εf is taken as 1 and εh is at most 0.25 [7]. Thus,

r,f is 14.5 W/m2/K and hr,h is 3.6 W/m2/K when the ambient tem-
erature is 400 K. Compared with the air heat transfer coefficient in
he order of 104, radiation heat loss accounts for about 0.1% error for
he air heat transfer coefficient determination and can be neglected.

To analyze the effects of radiation on the laser absorption and
hermal conductivity determination in vacuum, equations in the
ame form as Eqs. (5)–(7) are analytically solved with ha,f and ha,h
eplaced by hr,f and hr,h in the heat sink terms and we can obtain
hat

 = �Thm
ch(lf

√
sr,f ) + �f Af

√
sr,f sh(lf

√
sr,f )(Rc +  r,h)

Mr,hQin
, (20)

Tf 0 =
ch(lf

√
sr,f )(Rc +  r,h +  r,f )

Mr,h
�Thm = kf 0−hm�Thm (21)

here sr,f, Mr,h and  r,h are respectively expressed by the same
orms as Eqs. (9), (15) and (16) with the air heat transfer coeffi-
ients replaced by the radiation heat transfer coefficients and  r,f
s expressed by the same form as Eq. (16) with ha,h replaced by hr,f.

Comparing Eq. (20) with Eq. (1), the error of the laser absorption
oefficient caused by radiation can be expressed by∣∣˛′ − ˛

∣∣
˛

=
∣∣∣∣∣

2�hAhlhMr,h
lh1lh2(ch(lf

√
sr,f ) + �f Af

√
sr,f sh(lf

√
sr,f )(Rc +  r,h))

− 1

∣∣∣∣∣
(22)

here ˛′ denotes the calculated laser absorption without consider-
ng radiation. For the analysis of thermal conductivity error, kf0–hm
s firstly calculated with the true value of thermal conductivity
sing Eq. (21) and then used to calculate the thermal conductivity
ithout considering radiation, �′

f , using Eq. (4).
In the simulated cases, the true value of thermal conductivity

s 3000 W/m/K, which is typical for CNTs, and the thermal contact
esistance is assumed to be zero. The ambient temperature is 400 K
nd the Pt nanofilm dimensions and properties are the same as in
he sensitivity analysis. Figs. 6 and 7 respectively show the relative
rrors of the fiber laser absorption coefficient and the fiber thermal
onductivity caused by radiation changing with the fiber diameters
n the range of 1 nm to 100 �m.  As seen from the figures, the errors
f laser absorption and thermal conductivity caused by radiation
oth firstly decrease with increasing fiber diameters when the fiber
iameter is less than 50 nm and then increase as the fiber diame-
er increases. This concave curve results from the competition of
he radiation heat transfer resistance and the fiber heat conduc-
ion resistance. Generally, because the heat conduction cross area
nd radiation surface area both increase with increasing diameters,
adiation heat transfer and heat conduction through the fiber both
ncrease with increasing diameters. When the fiber diameter is less

han 50 nm,  the heat conduction reduction due to decreasing cross
rea is dominant for the errors caused by radiation while when
he fiber diameter is larger than 50 nm,  the radiation heat transfer
ncrease due to increasing surface area is dominant for the radiation
Fig. 7. Error of the fiber thermal conductivity caused by radiation varying with the
fiber diameter (T0 = 400 K).

errors. Generally, when the fiber area is within 5 nm and 500 nm,
the errors of laser absorption and thermal conductivity caused by
radiation are both within 0.5%. When the fiber diameter is larger
than 10 �m,  the errors caused by radiation are larger than 20% and
cannot be ignored.

5.  Conclusion

We  developed a non-contact T-type Raman spectroscopy
method for the simultaneous determination of micro/nanofiber
laser absorption, thermal conductivity and fiber-air interface heat
transfer coefficient. In this method, one end of the test fiber is
attached to the center of a nanoscale platinum hot film in a T shape.
The Pt nanofilm acts as a thermometer based on the temperature
dependence of electric resistance with 0.01 K resolution. A laser
irradiates at the free end of the test fiber to heat the system and
a Raman spectrometer is used to measure the laser spot tempera-
ture based on the temperature dependence of Raman peak position
with 1 K resolution. The laser absorption and thermal conductivity
can be determined with the T type system placed in vacuum and
then the air heat transfer coefficient can be determined with the

system placed in air environment.

The advantages of this method are as follows. Firstly, the
accuracy of laser absorption measurement is independent of the
fiber properties or thermal contact resistance. Secondly, when
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etermining the thermal conductivity, the thermal contact resis-
ance can be easily eliminated by moving the laser spot. Thirdly,
he air heat transfer coefficient is determined based on the accurate
aser absorption and thermal conductivity data of the same sam-
le. Case studies showed that this method is sensitive and accurate
or micro/nano fiber characterization. Actually, our previous exper-
mental work already demonstrated that this T-type method was
ccurate and fast for determining nano fibers’ laser absorption [18].
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Abstract Micro/nano-structured SnS2 was prepared by a

hydrothermal method using biomolecular L-cysteine and

SnCl4�5H2O as sulfur source and tin source, respectively.

The electrochemical performances of SnS2 electrodes were

investigated using water-soluble binders of carboxymethyl

chitosan (C-chitosan) and chitosan lactate, and compared

with the conventional water-soluble sodium carboxymethyl

cellulose (CMC) and non-aqueous polyvinylidene difluo-

ride (PVDF). SnS2 electrode using the water-soluble

binders (C-chitosan, chitosan lactate, and CMC) showed

higher initial coulombic efficiency, larger reversible

capacity, and better rate capabilities than that of PVDF. In

addition, SnS2 electrode using C-chitosan binder exhibited

somewhat worse cycling stability, but better rate capability

at a high rate of 5C than CMC.

Keywords Micro/nano-structured SnS2 �
Carboxymethyl chitosan � Chitosan lactate �
CMC � Li-ion batteries

1 Introduction

Lithium-ion batteries (LIBs) are currently the most pre-

ferred energy storage devices in portable electronic devices

due to the high energy density, high operating voltage, and

low self-discharge [1, 2]. Electrode materials, electrolytes,

and separators, as important components in LIBs, have

been intensively developed in recent years [3–6]. However,

the binder, as an electrochemically inactive material, which

functions to bind together the active material, the con-

ducting agent, and the current collector, has attracted less

attention [7–9].

PVDF has been successfully used as a binder for both

the positive and negative electrodes in commercial LIBs,

but it has some critical drawbacks [10, 11]. PVDF binder is

generally dissolved in the volatile, flammable, or explosive

N-methyl-2-pyrrolidone (NMP), which poses serious pol-

lution to the atmosphere. In addition, high cost and low

flexibility of PVDF also limits its application in large-scale

batteries. Therefore, the development of alternative binders

with less cost and more environmental friendly feature is

essential. Recently, water-soluble polymers, such as

sodium carboxymethyl cellulose (CMC) [12–14], polyac-

rylic acid (PAA) [15, 16], and alginate [17], have been

explored as binders, especially for Si negative electrode

which has severe volume change of about 400 % during

cycling. The hydrogen and/or covalent bonds formed

between the carboxylic or hydroxyl groups of these water-

soluble polymers and the silicon particles could remarkably

accommodate the huge volume change, thus significantly

improved the electrochemical properties of the electrodes

[12, 17].

Chitosan and its derivatives are a family of natural

polymers containing polar groups such as amine, carboxyl,

and hydroxyl groups. But chitosan itself is insoluble in
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water. By milling the mixture of silicon powder, chitosan,

and carbon blacks in the water, Larcher and co-workers

[18] were able to prepare Si negative electrode, which

showed fairly moderate electrochemical performances.

Similar to Si, SnS2 as an anode material has high theoret-

ical capacity of 645 mAh g-1, and also suffers from the

severe volume changes (up to 300 %) during cycling [19–

25].

In this paper, we synthesized a micro/nano-structured

SnS2 using biomolecular L-cysteine and SnCl4�5H2O as

sulfur source and tin source, respectively. The electro-

chemical performances of SnS2 electrodes were studied

using water soluble binders of C-chitosan and chitosan

lactate, compared with the conventional binders of CMC

and PVDF.

2 Experimental

2.1 Chemicals and materials

L-cysteine and SnCl4�5H2O were purchased from

Guangzhou Chemical Reagent Factory (China). PVDF

(Solvay Solef�6020) was from Shenzhen Micro Electron

Co., LTD (China), C-chitosan and chitosan lactate (vis-

cosity = 10–80 mpa s) were both purchased from AOK-

ANG Chemical Reagent (China); CMC (viscosity = 800–

1200 mpa s) was obtained from Sigma-Aldrich. Chemical

structures of the polymers mentioned above were shown in

Table 1.

2.2 Preparation of micro/nano-structured SnS2

Micro/nano-structured SnS2 was synthesized through a

modified procedure reported before [26]. In a typical syn-

thesis, L-cysteine (C3H7NS, 0.25 g, 2.1 mmol) and

SnCl4�5H2O (0.35 g, 1 mmol) were dissolved in deionized

water (40 mL). After being stirred for 10 min, the mixture

was transferred into a Teflon-lined autoclave (50 mL), and

incubated in an electric oven at 180 �C for 24 h. The

autoclave was then removed from the oven and cooled

down to room temperature. The yellow precipitate was

collected by centrifugation, washed with deionized water

and ethanol, and finally dried at 80 �C for 12 h.

2.3 Physicochemical characterization

The morphologies of the as-prepared SnS2 were observed

by a SEM (Hitachi S-4800, Japan) equipped with an energy-

dispersive detector (EDS) and TEM (JEOL JEM 2100 F,

Japan) images with electron diffraction patterns. The phase

identification was performed by X-ray diffraction (XRD,

PANALYTICAL Incorporated, the Netherlands) from 10�

to 80� with a CuKa source (k = 0.154178 nm). Raman

spectroscopy was carried out to monitor the variations in the

sample using a HR800 Confocal Raman system (HORIBA

Jobin-Yvon, France) with 532 nm diode Laser excitation on

a 300 lines/mm grating at room temperature. The specific

surface area was calculated using the Brunauer–Emmet–

Teller (BET) method, and the Barrett–Joyner–Halenda

(BJH) pore size distribution was determined using the

desorption branch of the isotherm (SI-MP-10/PoreMaster 3,

Quanatachrome Instruments, America).

2.4 Electrochemical measurements

SnS2 was used as active material, carbon black (CB) as the

conductive agent and C-chitosan (3.5 wt%) and chitosan

lactate (3.5 wt%) aqueous solution are used as the binder,

respectively. Measured amounts of SnS2, CB, and

C-chitosan (chitosan lactate) were mixed according to

75 wt% active material, 15 wt% CB, and 10 wt% binder.

The slurry was coated onto a copper foil and dried in a

vacuum oven at 110 �C for 12 h to remove the water sol-

vent. To compare the effect of the binders on electro-

chemical performance, 12 wt% PVDF solution in

N-methyl pyrrolidinone (NMP), and 3.5 wt% CMC aque-

ous solution were used as the binders for SnS2,

Table 1 The chemical structures of four polymer binders

Name Structure

C-chitosan

O

NH2

OH

CH2OCH2COOH
O

Chitosan lactate

O

NH-OCH

OH

CH2OH
O

CHHO

CH3

CMC

O O
O

HO

HO
O

O

O

O

O

OONa

OH

O
n

Na

PVDF

C

H

H

C

F

F n
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respectively. The coin cells (CR2025) were assembled to

test the electrochemical performance of the as-prepared

SnS2, using 1 M LiPF6 EC/DEC (1:1 by volume) as the

electrolyte, a microporous membrane (Celguard 2400,

USA) as the separator. The cells were charged and dis-

charged galvanostatically in the fixed voltage window from

0 mV to 2.0 V (versus Li?/Li) on a Shenzhen Neware

battery tester (China) at 25 �C. Cyclic voltammetry

(2.0–0 V, 0.2 mV s-1) was performed by using an elec-

trochemical workstation (Zennium/IM6, Germany). The

rate capability was evaluated by varying the rate from 0.5

to 5C. Electrochemical impedance spectroscopy (EIS) was

measured with electrochemical workstation (Zennium/

IM6, Germany) by applying an alternating voltage of 5 mV

over the frequency ranging from 10-2 to 105 Hz.

3 Results and discussion

3.1 Structure and composition characterization

The crystallographic structure and phase purity of the as-

prepared samples were examined by XRD (Fig. 1a). All the

peaks of the sample in the XRD pattern can be readily

indexed to a pure hexagonal phase of SnS2 in good

agreement with the reported values (JCPDS card, No.

23-0677) [27]. No peaks of other phases were detected,

indicating the high purity of the as-synthesized product.

Raman spectrum was used to further confirm the compo-

sition of the sample. The Raman spectrum of the prepared

SnS2 showed an intense peak at about 311 cm-1 (Fig. 1b),

which was attributed to the A1g mode of SnS2 according to

the group theory analysis by previous studies [28, 29].

The morphologies and structures of the prepared sam-

ples were examined by SEM and TEM (Fig. 2). The low

magnification SEM image showed that SnS2 with uni-

formed spherical morphologies were observed. The mag-

nified SEM image revealed an interesting phenomenon that

SnS2 had a uniformed 3D micro/nano structure with an

average diameter of 2.0 lm, which was assembled by

many interleaving and slightly bending nanoflakes with a

thickness less than 30 nm (Fig. 2a, b). TEM images of

SnS2 confirmed the highly dispersed micro/nano structure

(Fig. 2c). The corresponding electron diffraction pattern

(inset in Fig. 2c), taken under the electron beam perpen-

dicular to the surface of a nanosheet, could be indexed as a

hexagonal phase SnS2 along the [001] axis. The magnified

image showed clearly the lattice stripe of the nanoplate

with the interplanar distance of 0.59 nm between the

neighboring lattices which is consistent with the (001)

planes of a hexagonal phase SnS2 (Fig. 2d).

3.2 BET surface area

Nitrogen gas adsorption–desorption isotherms and Barrett–

Joyner–Halenda (BJH) characterization were used to

measure specific surfaces areas (SSA)and the pore size

distribution of the hierarchical flowerlike SnS2 (Fig. 3).

The type-IV isotherm with a hysteresis loop in the range

of 0.4–1.0 P/P0 was in accordance with the assembled

plate-like structure [30, 31]. The quantitative calculation

showed that the as-prepared SnS2 sample had a surface

area of 78.4 m2 g-1. The pore size distribution of the

SnS2 sample was shown in Fig. 3b. Two different mes-

opore sizes of 4.3 nm and 13.0 nm were observed, which

offered a high surface area and thus avoided the perma-

nent trapping of lithium ions that is possible with mi-

cropores [32].

3.3 Electrochemical performance

Cyclic voltammetry of SnS2 electrode using C-chitosan

binder was performed between 0.0 and 2.0 V at a scan rate

of 0.2 mV s-1 (Fig. 4). Two broad peaks at about 1.1 and

0.8 V in the first potential sweeping process disappeared in

the second run, due to the transformation of SnS2 nano-

sheets to metallic tin and Li2S (Eq. 1) [33, 34]. In the more

cathodic potential range of 0.1–0.5 V, a broad peak at
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about 0.1 V in the first cathodic sweep was observed,

which originated from the reaction of Li ions and Sn metal

(Eq. 2). For the following cycles, the intercalation of lith-

ium ions from Sn occurred in the potential range of

0.0–0.5 V and their deintercalation occurred in the poten-

tial range of 0.5–0.7 V. The additional peak at 1.9 V could

be attributed to the lithium intercalation of the SnS2 layers

without phase decomposition [34, 35].

SnS2 þ 4Li! Snþ 2Li2S ð1Þ
Snþ 4:4Li$ Li4:4Sn ð2Þ

Micro/nano-structured SnS2 using C-chitosan, chitosan

lactate or CMC binder exhibit a higher specific capacity

than that of PVDF. The first charge–discharge profiles of

SnS2 electrodes cycled between 2.0 V and 0.0 v at 0.5C

showed that SnS2 electrodes using C-chitosan, chitosan

Fig. 2 Morphologies of the as-synthesized SnS2. a, b SEM images of the micro/nano– structured SnS2 prepared using the hydrothermal method;

c TEM image of SnS2, inset showing the corresponding electron diffraction pattern; d HRTEM image of the micro/nano-structured SnS2
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lactate, CMC, and PVDF binder delivered a first discharge

capacity of 899, 806, and 937 and 661 mAh g-1,

respectively (Fig. 5a). After 50 cycles, SnS2 electrode

maintained a discharge specific capacity of 479 mAh g-1

(C-chitosan), 488 mAh g-1 (Chitosan lactate), 544 mAh

g-1(CMC), and 265 mAh g-1 (PVDF), respectively

(Fig. 5b). High coulombic efficiency (CE) is critical for

practical applications and is challenging to achieve for Sn-

based anodes with huge volume change due to the need to

maintain a stable SEI layer [24]. SnS2 electrode using

C-chitosan, chitosan lactate, CMC binder showed higher

initial coulombic efficiency (ICE) than PVDF; 47.5, 62.1,

61.0, and 60.8 % for PVDF, CMC, C-chitosan, and

Chitosan lactate, respectively. The rate capability (from

0.1 to 5C) of micro/nano-structured SnS2 using different

binders was also studied (Fig. 5c). SnS2 electrode using

water soluble binders (e.g., C-chitosan, chitosan lactate, or

CMC) displayed better rate capability than PVDF. Even at

higher rates, such as 5C, SnS2 electrode using C-chitosan,

chitosan lactate, CMC, and PVDF binder, delivered a

higher specific capacity of 458, 432, and 442 mAh g-1,

respectively, as compared with 175 mAh g-1 for PVDF.

We analyzed the impact of the chemical structures of

four binders on electrochemical performances (Table 1).

Apparently, the water-soluble binders contain various

kinds of polar groups such as carboxy, hydroxyl, or amine

group in their chemical structures when compared with

PVDF. These polar groups can ensure better interfacial

interaction through hydrogen and/or covalent bonds with

SnS2 [12, 17], and the amine groups from chitosan deriv-

atives, could possibly act as an acid scavenger (HF gen-

erated from the decomposition reaction of electrolytic salt)

so as to improve the cell cyclability [36].

The electrochemical impedance spectroscopy (EIS) was

used to characterize the impedance properties of SnS2

electrode using different binders after 2 cycles (Fig. 5d).

All the Nyquist plots included a semicircle and a linear

part, indicating that the electrode reactions were controlled

by a mixture of charge transfer and diffusion steps. The

semicircle part at high frequencies reflected the charge

transfer process and the sloping straight line at low fre-

quencies corresponds to the Li-ion diffusion in the bulk.
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The sum of the charge transfer resistance (Rct) and surface

film resistance (Rsf) of SnS2 electrode using C-chitosan,

Chitosan lactate, or CMC binder was lower than that of

PVDF. The enhanced rate capability could be attributed to

an efficient hydrogen bond network formed by the polar

groups of the water-soluble polymers and the active par-

ticles which facilitated the fast transfer of Li? ions, and the

formation of a stable SEI layer at the surface of SnS2

electrode [37, 38].

4 Conclusions

Micro/nano-structured SnS2 with high yield was success-

fully synthesized through a simple one-pot hydrothermal

route. The electrochemical performance of micro/nano-

structured SnS2 using the different binders (C-chitosan,

Chitosan lactate, CMC, or PVDF) was investigated. Micro/

nano-structured SnS2 using water-soluble binders (C-chito-

san, Chitosan lactate, CMC) showed higher initial coulom-

bic efficiency, reversible capacity and rate capability,

compared with that of PVDF. After 50 cycles at 0.5C rate,

the SnS2 electrode using C-chitosan, Chitosan lactate, CMC,

and PVDF binder, delivered a discharge specific capacity of

479, 488, 544, and 265 mAh g-1, respectively. At a much

higher rate of 5C, SnS2 electrode using C-chitosan, Chitosan

lactate, CMC, and PVDF binder, exhibited a specific

capacity of 458, 432, 442, and 175 mAh g-1, respectively.

This work shows that chitosan derivatives can serve as a new

family of water-soluble binders and potentially replace non-

aqueous PVDF binder for LIBs.
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Abstract

The present investigation was undertaken to know the influence of different dopants on the 

physicochemical properties and catalytic behavior of nano–Au/CeO2 catalyst for CO 

oxidation. Accordingly, various metal ions namely, Fe3+, La3+ and Zr4+ were incorporated 

into the ceria lattice by a facile coprecipitation approach using ultra-high dilute aqueous 

solutions. An anion adsorption method was used to prepare the Au/doped-CeO2 catalysts 

in the absence of any base, reducing and protective agents. The physicochemical 

characterization was performed by XRD, BET surface area, ICP–AES, TG–DTA, FT-IR, 

TEM, UV–vis DRS, Raman, XPS and TPD techniques. Doped CeO2 exhibited smaller

crystallite size, higher BET surface area and larger amount of oxygen vacancies than the 

pure CeO2. These remarkable properties showed a beneficial effect towards gold particle 

size as confirmed by XRD and TEM studies. XPS results revealed that Au is present in the 

metallic state and Ce in both 3+ and 4+ oxidation states. Incorporation of Zr into the 

Au/CeO2 resulted in high CO oxidation activity attributed to the presence of more Ce3+

ions and oxygen vacancies. In contrast, the La-incorporation caused an opposite effect due 

to the presence of carbonate species on the surface of Au/CeO2–La2O3 catalysts, which

blocked the active sites essential for CO oxidation. It was shown that accumulation of 

carbonate species strongly depends on the acid–base properties of the supports. The 

catalytic performance of Au catalysts is highly dependent on the nature of the support.

Keywords: Nano–gold; Ceria; Ceria–zirconia; CO oxidation; Carbonate species
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1. Introduction

Since the pioneering research of Haruta et al. the use of supported gold nanoparticles 

(AuNPs) for low temperature CO oxidation has attracted significant interest in 

heterogeneous catalysis [1]. CO is a highly toxic gas and exposure to a few hundred ppm 

can cause permanent health damage or even death [2,3]. The study of CO oxidation over 

Au catalysts provided several industrial applications, such as gas purification in CO2 lasers 

and CO gas sensors, air-purification devices for respiratory protection, and pollution 

control devices for reducing automotive emissions [4,5]. The additional potential uses of 

Au catalysts have been actively investigated, including water–gas–shift reaction, NOx

abatement, combustion of volatile organic compounds, selective oxidation and 

hydrogenation of organic compounds, C–C coupling reactions, and synthesis of N

O

Numerous factors have been examined, including the Au particle size and its size 

distribution, Au oxidation state, nature of the support and the preparation method to 

elucidate such low temperature CO oxidation activity of Au catalysts [7,8]. Primarily, the 

nature of the metal oxide supports and thereby, stimulated interactions between gold and 

metal oxides play a significant role in the CO oxidation. The key function of any support 

is to prevent abnormal growth of active metal particles. The enhanced interactions 

between the gold and metal oxides can effectively stabilize the gold particles through a 

wider contact area, hence higher perimeter interfaces around them. They also facilitate 

additional active sites at the gold/support interface for the adsorption of the reactants close 

to the gold particles [9,10]. AuNPs have been deposited on a variety of metal oxides, such 

as CeO2, La2O3, Fe2O3 and TiO2 (active supports), and Al2O3, SiO2 and MgO (inert 

supports) [11,12]. It was found that Au catalysts show remarkable activity when the 

AuNPs are dispersed on the active metal oxide supports. The difference between inert and 

active supports can be assigned to their adsorption ability of O2 in the CO oxidation. An 

inert oxide exhibits poor O2 adsorption capacity and the oxidation of CO proceeds by 

dissociative adsorption of O2 on the gold. In such case, the activity behavior is favoured 

either on metal surface defect sites (e.g., edge, kink, or step) or on small gold particles. In 

contrast, an active oxide has strong ability to adsorb O2 where it may or may not dissociate 

before reacting with CO adsorbed on the gold. At this juncture, CO oxidation is sensitive 

to the microcrystalline structure of the gold–support interface. 
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Among the metal oxide supports, CeO2 has gained remarkable attention due to the 

presence of oxygen vacancy defects generated by Ce4+/Ce3+ redox process, which allows 

effective O2 adsorption and activation for CO oxidation [7]. It is a well–established fact 

that doping of appropriate metal ions into the ceria lattice enhance its unique structural and 

redox properties [13,14]. Doped ceria materials exhibit smaller crystallite size, higher

surface area, a larger concentration of oxygen vacancies and enhanced redox properties 

compared to the parent ceria. The choice of dopant metal ion and its amount to incorporate 

into the ceria are very crucial because different dopants will have different optimum 

compositions and some are even not miscible over the full composition range. For 

example, 50% Zr-incorporation into the CeO2 resulted in better redox properties compared 

to other molar ratios [15,16]. When Zr4+ is incorporated into the CeO2 lattice, the induced 

distortion of the O2  sublattice in the mixed oxide enhances the mobility of lattice oxygen 

[17]. Thus, the reducible nature of Ce4+ is no longer confined to the ceria surface, but it 

extends intensely into the bulk, promoting the reduction of Ce4+ to Ce3+. In contrast, the 

Ce–La mixed oxides even in low doping amount of La (e.g., 20% in balance with Ce) 

exhibit a large amount of oxygen vacancies and improved redox properties accounting for 

the charge neutrality in the ceria lattice [14]. On the other hand, the solubility of Fe in the 

CeO2 is very low, and better physicochemical properties are observed for small doping 

amounts of Fe, in particular for 10% of Fe-incorporation [18-20]. Therefore, the amount of 

metal ions to incorporate into the ceria highly depends on the nature of the metal.

The objective of the present study was to investigate the effect of dopants on the 

physicochemical properties and catalytic behavior of nano–Au/CeO2 catalyst. 

Accordingly, we have prepared a series of CeO2-based supports by incorporating the 

optimum amounts of Zr, Fe and La into the ceria lattice. Generally, metal oxide supported 

Au catalysts are prepared by conventional deposition–precipitation or coprecipitation 

methods [21]. In these processes, the Au precursor is precipitated by means of a base 

(NaOH, (NH4)2CO3, etc.) under normalized pH conditions. Although, these techniques 

have proven to produce small Au particles, control over the particle dispersion is rather 

difficult. Herein, an anion adsorption method was used to prepare the Au/doped-CeO2

catalysts in the optimism of improving the Au dispersion [10,21,22]. For comparison, an

undoped Au/CeO2 catalyst was also prepared under identical conditions. The synthesized 

catalysts were systematically characterized by means of various techniques, namely, X–

ray diffraction (XRD), BET surface area, inductively coupled plasma atomic emission 
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spectroscopy (ICP AES), X–ray photoelectron spectroscopy (XPS), Raman spectroscopy, 

UV–visible diffuse reflectance spectroscopy (UV–vis DRS), thermogravimetric–

differential thermal analysis (TG–DTA), Fourier transform infrared (FT-IR) spectroscopy, 

temperature programmed desorption (TPD) and transmission electron microscopy (TEM). 

The catalytic performance was studied for the oxidation of CO in a fixed bed micro-

reactor. Attempts were made to correlate the catalytic activity results with the 

characterization studies. 

2. Experimental 

2.1. Catalyst preparation

The ceria 2–MxOy (MxOy = Fe2O3, La2O3

and ZrO2) were prepared by a facile and economical coprecipitation method from ultra–

high dilute aqueous solutions. The precursors employed were NH4Ce(NO3)3·6H2O

(Aldrich, AR grade), ZrO(NO3)2·xH2O (Fluka, AR grade), La(NO3)3·6H2O (Aldrich, AR 

grade) and Fe(NO3)3·9H2O (Aldrich, AR grade) respectively. In a typical procedure, to 

prepare CeO2–Fe2O3 (CF = 90:10 molar ratio based on metal oxides) the required 

quantities of metal precursors were dissolved in double distilled water separately under 

mild stirring conditions and mixed together. Then, an aqueous NH3 solution was added 

drop–wise until the pH of the solution reached ~8.5. The produced precipitates were 

recovered by filtration and washed with double distilled water several times until free from 

anion impurities, oven–dried at 393 K for 12 h and finally calcined in air at 773 K for 5 h 

(5 K/min). Similarly, CeO2–ZrO2 (CZ = 50:50), CeO2–La2O3 (CL = 80:20), and a pure 

CeO2 (C) were also prepared by adopting the same procedure under identical conditions.

A simple and efficient anion adsorption method was used to prepare 1 wt.% 

Au/doped 2 catalysts in the absence of any base, reducing and protective agents. In 

brief, an appropriate amount of HAuCl4·4H2O (Alfa Aesar, 99.9%) was dissolved in 

deionized water and then, the gold solution was heated to 343 K followed by the addition 

of required amount of support. After stirring for 1 h, the solution was cooled to room 

temperature, filtered off, washed with aq. NH3 and distilled water in order to remove Cl–

ions and oven dried at 373 K for 12 h. Finally, the samples were calcined in air at 573 K 

for 4 h (1 K/min) and stored in a desiccator under vacuum conditions. The Au/CeO2
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sample was also synthesized under identical conditions for the purpose of comparison. For 

convenience, the prepared catalysts, namely, Au/CeO2, Au/CeO2–Fe2O3, Au/CeO2–La2O3

and Au/CeO2–ZrO2 are designated as AC, ACF, ACL and ACZ, respectively.

2.2. Catalyst characterization

The synthesized catalysts were analyzed by X–ray diffraction using a Rigaku 

Multiflex instrument equipped with nickel–filtered Cu K  (0.15418 nm) radiation source 

and a scintillation counter detector. The intensity data were collected 

12–80  with a 0.02  step size and using a counting time of 1 s per point. The average 

crystallite size of the samples was estimated with the help of Scherrer equation and the 

lattice parameter was calculated by a standard cubic indexation method. Specific surface 

areas of the samples were determined by single point BET analysis of the nitrogen 

adsorption isotherms at liquid N2 temperature (77 K) recorded on a SMART SORB–92/93 

instrument via a thermal conductivity detector (TCD). Prior to the experiment, samples 

were degassed at 393 K for 2 h to remove any surface adsorbed residual moisture. Surface 

area was obtained by using desorption data.

Raman spectra were recorded at room temperature using a LabRam HR800UV 

Raman spectrometer (Horiba Jobin–Yvon) fitted with a confocal microscope and liquid–

nitrogen cooled charge–coupled device (CCD) detector. Samples were excited with the 

emission line at 632.81 nm from an Ar+ ion laser (Spectra Physics) which was focused on 

the sample under the microscope with the diameter of the analyzed spot being 

acquisition time was adjusted according to the intensity of Raman scattering. The X–ray 

photoelectron spectroscopy analysis was performed on a VG Scientific ESCALAB–210 

–ray source operating at 15 kV 

and 20 mA. The spectra were collected with an analyzer pass energy of 20 eV, 0.1 eV step 

and an electron take off angle of 90 . The recorded XPS spectra were charge corrected 

with respect to the C 1s peak at 284.6 eV. The samples were pressed into thin wafers and 

degassed in a preparation chamber before analysis. The Shirley background subtraction 

and peak fitting with Gaussian–Lorentzian product peak was performed using XPS 

processing program Advantage (Thermo Electron Corporation). 

naseri
Highlight

naseri
Highlight
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TEM studies were made on a JEM–2010 (JEOL) instrument equipped with a slow–

scan CCD camera at an accelerating voltage of 200 kV. Samples for TEM were prepared 

by crushing the materials in an agate mortar and dispersing them ultrasonically in ethyl 

alcohol. After dispersion, a droplet was deposited on a copper grid supporting a perforated 

carbon film and allowed to dry. The specimen was examined under vacuum at room 

temperature. The UV vis DRS measurements were performed over the wavelength range 

of  = 200–750 nm using a GBS–Cintra 10e UV vis NIR spectrophotometer with an 

integration sphere diffuse reflectance attachment. Sample was diluted in a KBr matrix by 

pelletization.

FT-IR spectra were recorded on a Nicolet 740 FT–IR spectrometer at ambient 

conditions using KBr discs with a nominal resolution of 4 cm–1 and averaging 100 spectra.

TG–DTA analysis was performed on a Mettler Toledo TG–SDTA instrument. The 

samples were heated from ambient temperature to 1073 K under the flow of N2. The 

heating rate in each case was kept at 10 K/min. The TPD (NH3/CO2–TPD) measurements 

were performed on a Micromeritics AutoChem 2910 instrument. A thermal conductivity 

detector was used for continuous monitoring of the desorbed gas and the areas under the 

peaks were integrated. Prior to TPD measurements, samples were pre–treated at 573 K for 

1 h and then saturated with ultra–pure anhydrous NH3/CO2 for 1 h, and subsequently 

flushed with He gas to remove the physisorbed gas.

2.3. Catalytic activity measurement

The catalytic activity of the supported gold samples for CO oxidation was measured 

at atmospheric pressure in the temperature range of 223 to 573 K in a fixed bed quartz 

micro-reactor. The reaction was performed by using 1% CO and 20% O2 balanced with He 

gas. Using mass-flow controllers, 100 ml/min of the feed were dosed onto 100 mg of 

sample (250– -1. The reaction 

temperature was monitored using a thermocouple placed in the hollow part of the reactor. 

All gas concentrations were monitored with an X-STREAM X2GP gas analyzer 

(Emerson), which applies non-dispersive IR photometry for CO and CO2 and a magnetic 

method for O2. Prior to oxidation of CO, the catalyst was heated to 573 K in 20% O2
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balanced by the He gas using a heating ramp of 1 K min–1 and kept at the final temperature 

for 1 h. 

3. Results and discussion

3.1. Catalyst characterization 

The XRD profiles of ceria–based supports investigated in the present study are shown 

in Fig. 1. As can be seen from the figure, all ceria-based supports clearly show the 

fluorite–type cubic structure of CeO2 [13,14,23,24]. Conversely, no XRD peaks related to 

dopant metal oxides, namely Fe2O3, La2O3 and ZrO2 were observed. Interestingly, the 

diffraction peaks of doped ceria are broad with 2-theta values shifted to various extents in 

comparison to pure ceria. These noteworthy observations demonstrate the existence of 

smaller crystallite sizes in the doped ceria supports exhibiting either lattice contraction or 

expansion. The diffraction peaks of CZ and CF samples were shifted to higher angle side 

relative to C, whereas the CL patterns are shifted to lower angle side. Shift in the peak 

positions could be elucidated by comparing the ionic radii of guest (Fe3+ ~0.064 nm, Zr4+

~0.084 nm and La3+ ~0.11 nm) and host ions (Ce4+ ~0.097 nm). Perceptibly, the ionic 

radius of La3+ is high compared to the Ce4+, hence lattice expansion is noticed for CL 

support due to the incorporation of La3+ into the CeO2 lattice. On the contrary, lattice 

contraction is found for CZ and CF samples attributed to the substitution of Ce4+ by 

smaller sized Zr4+ and Fe3+ cations, respectively. Accordingly, a decrease in the lattice 

parameters is noted for CZ and CF supports in comparison to pure CeO2, whereas the CL 

sample showed an increased lattice parameter (Table 1). The observed key features, such 

as peak shift, variation in the lattice parameter and absence of XRD peaks pertaining to the 

dopant metal oxides evidently confirm the formation of ceria solid solutions.

In order to know the influence of dopants on the textural properties of ceria, average 

crystallite sizes and specific surface areas were determined (Table 1). Remarkably, the 

addition of dopants led to a decrease in the crystallite size of ceria, indicating the favorable 

role of dopants towards inhibition of crystal growth of ceria against high thermal 

treatments. The average crystallite size of C, CL, CF and CZ samples are 8.9, 8.3, 6.7 and 

4.7 nm, respectively. In general, the mixed oxides exhibit higher BET surface areas in 

comparison to the individual oxides [24]. Indeed, the surface area of ceria was 
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significantly increased after incorporation of metal ions, in particular in the case of Zr–

incorporation. The specific surface area of C, CL, CF and CZ samples are 41, 66, 72 and 

84 m2/g, respectively, which corroborates well with the crystallite size decrease (Table 1). 

The meticulous correlation of crystallite size and surface area of ceria supports reveals that 

Zr4+-incorporation into the CeO2 reduces its crystallite size and enhances its surface area 

compared with other metal ions (Fig. S1 of the supplementary material).

Raman spectroscopy is an excellent technique to investigate the structural properties 

of ceria–based materials because of its strong sensitive nature to both M

arrangement and lattice defects [25]. Fig. 2 represents Raman spectra of ceria–based 

mixed oxides along with pure ceria. Pure CeO2 shows a prominent peak at ~460 cm ,

which could be assigned to F2g Raman–active mode of the fluorite structured CeO2,

confirming the observations made from the XRD studies [18]. An additional small 

shoulder at around 600 cm  denotes the oxygen vacancy defects (Ov) preferentially 

located on the surface of CeO2 (Fig. 2, inset). Intriguingly, the F2g band of CZ is shifted to 

higher wavenumber side ( 474 cm ; Zr), whereas the F2g bands of CL and CF supports 

are shifted to lower wavenumbers ( 447 cm ; La and ~448 cm ; Fe) relative to pure 

CeO2. The shift in the F2g mode is evidence for variation in the M–O vibration frequency, 

which is attributed to the difference in the ionic radius of Ce4+ and dopants [25]. No 

Raman bands corresponding to ZrO2, Fe2O3 and La2O3 were found, confirming the 

formation of ceria-based solid solutions corroborating well with the XRD results. Further, 

the incorporation of metal ions into the ceria enhances the oxygen vacancies (Fig. 2, inset). 

The CZ and CF samples exhibited only one type of Ov band at ~600 cm , whereas the CL 

sample displayed two bands at ~553 and ~601 cm–1. The peak at lower wavenumber 

reveals the extrinsic oxygen vacancies and the higher wavenumber band indicates the 

intrinsic oxygen vacancies [25,26]. Generally, the intrinsic vacancies could be formed due 
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to the presence of Ce3+ ions, while extrinsic vacancies are generated by the charge 

compensation effect of lower valence dopants. Therefore, Zr4+–incorporation promotes 

only intrinsic vacancies attributed to the presence of Ce3+ ions in the CZ sample (evidence 

from XPS studies, Fig. 6). For CL support, both intrinsic and extrinsic vacancies were 

found, which can be ascribed to doping of lower valence La3+ as well as the existence of 

Ce3+ ions, respectively. In contrast to CL, the CF sample showed only one Ov band, and it 

was suggested that small doping amounts of Fe3+ induces the generation of oxygen 

vacancies (vacancy compensation mechanism), whereas large doping amounts annihilate 

them (dopant interstitial compensation mechanism) [27]. In the present study, due to low 

doping amounts of Fe3+, substantial concentration of oxygen vacancies were observed. 

Fig. 3 represents the XRD patterns of supported gold catalysts calcined at 573 K. A 

close examination of Figs. 1 and 3 reveals that there was no discernible variation in the 

diffraction profiles of ceria–based supports after deposition of gold. This notable result 

suggests the preservation of crystalline structure and average crystallite sizes of ceria in 

the Au–containing samples [28]. A broad XRD (111) ° was noticed for 

AC sample due to the face centered cubic structure of gold (Fig. 3, inset), indicating the 

presence of larger Au particles [12]. In contrast, no Au diffraction peaks were found in the 

case of ACZ, ACL and ACF catalysts owing to the fact that the gold particle sizes are very 

small (<5 nm) [29]. The absence of Au diffraction peaks also indicates the existence of 

highly dispersed gold particles on the surface of doped ceria supports that are too small to 

be detected by the XRD technique [29,30]. Table 2 summarizes the gold loading and BET 

surface areas of the supported gold samples. The ICP AES measurements showed that the 

employed anion adsorption method provide better gold retention efficiencies as observed 

in the traditional deposition–precipitation techniques [18,30]. The determined gold 

contents of AC, ACZ, ACL and ACF samples were 0.89, 0.94, 0.98 and 0.76 wt.%, 

respectively. Moreover, the chlorine content is very low for all the gold catalysts (<200 

ppm). The ammonia treatment would be the crucial factor in the efficient removal of 

chlorine residues [10,22]. The obtained atomic ratios of host to guest ions (Ce/Zr = 

0.47/0.53, Ce/La = 0.78/0.22 and Ce/Fe = 0.89/0.11) are close to the calculated values 

(Ce/Zr = 0.5/0.5, Ce/La = 0.8/0.2 and Ce/Fe = 0.9/0.1), confirming the stoichiometric 

atomic concentration. The determined specific surface areas of AC, ACZ, ACL and ACF 

catalysts are 38, 73, 54 and 61 m2/g, respectively. The decrease in the surface area of ceria 
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supports after the addition of gold might be due to the penetration of the dispersed gold 

into the pores of the support. 

XPS analysis was performed to know the valence states of the elements present in the 

prepared catalysts. The Au 4f XPS profiles of gold catalysts are illustrated in Fig. 4. The 

Au 4f spectra are characterized by a doublet corresponding to Au 4f7/2 and Au 4f5/2 states

with a separation of about 3.7 eV. All the catalysts showed a main Au 4f7/2 peak in the 

range of 83.3–83.6 eV with the analogous Au 4f5/2 peak at around 87.1–87.4 eV, which 

obviously confirm the presence of metallic gold (Au0) species [31,32]. On the other hand, 

XPS peaks related to oxidized gold (Au1+ 4f7/2 at 84.5 eV and Au3+ 4f7/2 at 86.6 eV) were 

not identified. However, the quantitative assessment of the gold oxidation state by XPS 

technique is limited because the final state effects associated with particle size could 

extremely disturb the XPS features of gold [31,33]. As well, the exposure of gold particles 

to photoelectrons under high vacuum conditions might also affect the gold oxidation state. 

The O 1s XPS profiles of the gold catalysts are presented in Fig. 5. The O 1s spectra can 

be fitted into two peaks, indicating the existence of different oxygen species. The peak at 

lower binding energy (~529 eV) reveals the lattice oxygen, whereas the peak at higher 

binding energy (~532 eV) shows the surface carbonates and hydroxyl species. The 

analysis of the FT-IR spectra also evidenced the presence of surface carbonates and 

hydroxyl species in the prepared catalysts (Fig. S2 of the supplementary material) [34,35]. 

The Ce 3d XP spectra of ceria–based mixed oxide supported gold catalysts are shown 

in Fig. 6. As can be seen from the figure, the Ce 3d XP spectra are complex in the range of 

880 in the 

final state of photoionization [23,24,36]. The labels u and v refer to the 3d3/2 and 3d5/2

spin–orbit components, respectively. The peaks denoted by u0, v0, u/ and v/ are 

characteristic peaks of Ce3+ ions (main line and one satellite), whereas those marked by v, 

u, v//, u//, v/// and u/// are of Ce4+ ions (main line and two satellites). Therefore, it can be 

inferred that all samples exhibit both Ce4+ and Ce3+ ions. The analysis of the u/// (Ce4+)

peak is one of the most convenient features to estimate the Ce reduction, because it does 

not overlap with any other peaks. The intensity ratio of the u/// peak to the total area of Ce 

3d peak (Iu////ITotal) is used to determine the surface concentration of Ce3+ ions in such a 

way that a smaller ratio indicates a higher Ce3+ concentration [23,37]. The estimated 

Iu////ITotal values were found to be 0.0896, 0.0876, 0.0713 and 0.0625 for AC, ACF, ACL 
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and ACZ catalysts, respectively. Clearly, the Zr-incorporation resulted in high 

concentration of Ce3+ ions, which play a key role in CO oxidation as discussed in the later 

paragraphs. Furthermore, the deposition of gold also enhances the Ce3+ concentration

along with the formation of uncoordinated sites near the very small gold particles 

(d 1 nm) [38]. 

The Zr 3d, Fe 2p and La 3d XP spectra of the respective Au/doped 2 catalysts are 

investigated to know the oxidation states of the incorporated metal ions (Fig. S3 of the 

supplementary material). The deconvoluted peaks at around 184.8 (Zr 3d3/2) and 182.2 eV 

(Zr 3d5/2) in the Zr 3d spectrum reveal the presence of Zr4+ ions [31]. The La 3d spectrum 

shows two main peaks at ~834.46 (3d5/2) and 851.32 eV (3d3/2), which demonstrate the 

existence of La3+ ions [14]. The satellite peaks appearing on the higher energy side of the 

3d5/2 and 3d3/2 peaks resulted from the core–hole screening by nearly degenerate O 2p and 

empty La 4f states. The general explanation for high binding energy satellite peaks is the 

charge transformation from O 2p to the empty 4f state of La leading to the 3d9 4f1

states [39]. The XPS peaks of Fe 2p3/2 (~711 eV) and Fe 2p1/2 (~724.6 eV) indicate the 

presence of Fe in 3+ oxidation state [40]. The observed satellite peak at around 718.8 eV 

does not overlap with either Fe 2p3/2 or Fe 2p1/2 peaks. In addition, there is another satellite 

peak at ~733 eV, which is a satellite peak of the Fe 2p1/2.

The representative TEM pictures of AC and ACZ samples are displayed in Fig. 7. It 

must be emphasized here that the identification of gold particles from TEM images of 

Au/CeO2 catalysts is hardly noticeable due to the poor contrast between Au and CeO2

[9,28,41]. The TEM analysis of AC sample reveals larger sized gold nanoparticles with 

mean diameter of 7.4 nm. For ACZ sample, the observed Au nanoparticles have diameters 

as low as 1 nm with a mean particle size of ~3.3 nm. The presence of smaller gold 

nanoparticles in the ACZ sample certainly reveals the favorable role of dopant (Zr) 

towards the gold particle size. As we stated earlier, no Au XRD peaks were found in the 

case of Au/doped-CeO2 catalysts attributed to existence of small gold nanoparticles (Fig. 

3, inset). Therefore, by comparing the TEM analysis of ACZ and XRD results of 

Au/doped-CeO2 catalysts, it can be expected that the ACL and ACF samples also exhibit 

smaller gold nanoparticles compared to the AC catalyst. The investigated UV–vis DRS 

profiles of the Au catalysts exhibited a visible band in the range of 500–700 nm (Fig. S4

of the supplementary material), which can be assigned to the surface plasmon resonance 
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(SPR) of Au0 nanoparticles [42–44]. The appearance of the SPR band normally depends 

on various parameters, such as gold particle size, its shape, gold content and electronic 

properties of the surrounding environment [45]. The presence of metallic gold species in 

the prepared catalysts is also consistent with XPS results [44]. On the other hand, UV-vis 

DRS spectroscopy is also useful to know the effect of dopants on the ceria crystallite size. 

Pure crystalline ceria has a band gap of 3.1 eV and absorbs strongly in the UV region with 

the absorption threshold near 400 nm [23]. The charge–transfer transitions between O 2p 

and Ce 4f levels are accountable for the UV absorption of ceria. The UV absorption edge 

wavelength is highly sensitive to the particle size of semiconductor materials, such as ceria 

and zirconia [46]. When crystallite size is below 10 nm, the band gap energy increases 

with decreasing the crystallite size and the UV absorption edge of the inter band transition 

can be blue-shifted. As can be seen from figure S4, the absorption edge of the inter band 

transition is blue-shifted from AC which corroborates well with 

the average crystallite size of the ceria supports determined from the XRD studies (Table 

1). Hence it can be suggested that incorporation of metal ions into the ceria enhances its 

band gap energy and reduces its crystallite size.

3.2. Catalytic CO oxidation

The prepared gold catalysts were studied for CO oxidation as a function of 

temperature and the results are presented in Fig. 8. Evidently, the conversion of CO 

increased with reaction temperature for all the catalysts. The shapes of the activity curves 

clearly revealed that the AC, ACF and ACZ samples catalyze CO oxidation at lower 

temperatures, whereas ACL catalyst shows an opposite effect. For better comparison of 

the activities, we determined the reaction rates normalized to the Au content at 330 K as 

shown in Fig. 9. The obtained values are 0.0392×10-6, 0.0227×10-6, 0.0152×10-6 and 

0.00176×10-6 molCO s-1 gAu
-1 for ACZ, ACF, AC and ACL catalysts, respectively. Indeed, 

the ACZ catalyst oxidizes 50% of CO (T50) at lower temperature (328 K) than the other 

catalysts, and the T50 values for ACF, AC and ACL catalysts are 346, 357 and 413 K, 

respectively. Further, the ACZ catalyst showed 100% CO conversion at around 354 K 

followed by ACF, AC and ACL catalysts at 376, 385 and 538 K, respectively. 

Surprisingly, a sharp increase in the CO oxidation after 450 K was noticed for ACL 

sample. The stability of the catalytic activity was studied with AC, ACF and ACZ 

catalysts at 328 K for 8 h (Fig. 10). It was found that both ACZ and ACF catalysts show 
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reasonably stable CO oxidation activity, whereas the CO conversion continuously 

decreased with time in the case of AC catalyst.

Plausible reasons to explain the activity of gold catalysts investigated in the present 

work have been sought. For gold catalyzed CO oxidation, a noticeable relationship 

between the activity and gold particle size has been demonstrated [47]. Particularly, Au

particles with diameter of below 5 nm exhibit high catalytic activity in comparison to large 

Au particles (20 40 nm). It is noticed from the XRD and TEM studies that doped ceria 

supports show a favorable effect towards gold particle size. However, the AC catalyst 

exhibited higher CO oxidation activity than the ACL sample. Therefore, it can be 

presumed that the presence of small Au particles is not the only prerequisite for achieving 

high CO conversion [12,48,49]. The oxidation state of gold also plays a crucial role in the 

CO oxidation: indeed there is a sturdy controversy about this subject [49,50]. It was 

reported that oxidized or partially oxidized gold serves as a key species in the CO 

oxidation. Conversely, many studies proposed that metallic gold (Au0) particles are the 

main catalytically active species. In the particular case of Au/CeO2, the metallic gold 

species shows better CO oxidation activity when compared to ionic gold [51,52]. In the 

present study, all the gold samples exhibited only Au0 species (evidence from XPS results, 

Fig. 4). Therefore, it can be suggested that the metallic Au species alone catalyze CO 

oxidation at quite low temperatures in the absence of ionic Au species. 

It has been proved that the existence of oxygen vacancies in the ceria supports shows 

a beneficial effect towards the gold dispersion, leading to smaller gold particles and 

thereby, enhanced CO oxidation activity [9,53,54]. As we mentioned earlier, the 

Au/doped–CeO2 catalysts exhibited smaller AuNPs due to the presence of larger amounts

of oxygen vacancies in the doped ceria supports. Moreover, the activation of oxygen 

during CO oxidation mainly occurs on the surface of oxygen vacancies in the vicinity of 

the boundary with the gold particles [55,56]. The activated oxygen reacts with an adjacent 

CO molecule adsorbed on gold most likely at the edges and the corners. As well-known, 

the formation of oxygen vacancies is accompanied by the reduction of Ce4+ ions to Ce3+,

and the concentration of Ce3+ ions is proportional to that of oxygen vacancies [57]. Among 

the studied catalysts, the ACZ sample exhibited high concentration of Ce3+ ions, and 

hence, it contains a large amount of oxygen vacancies. The promotional effect of Ce3+ ions 

is noticed for CO oxidation of Au/CeO2 catalysts [58-60]. Therefore, the existence of 
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enriched Ce3+ ions and thereby, improved oxygen vacancies could be a reason for the 

higher CO oxidation activity of the ACZ catalyst in comparison to other Au catalysts. 

However, the ACL catalyst has a large amount of Ce3+ ions compared with the AC 

sample, it showed very low CO oxidation activity.

Several experimental studies have proved that existence of carbonate species on the 

surface of Au catalysts could block the active sites essential for CO oxidation [61-64]. The 

accumulation of carbonates strongly depends on the nature of the support. The acidic 

supports were found to be more resistant to deactivation by carbonates than the basic supports

[65]. Generally, ceria

[66]. Consequently, they can be easily hydroxylated and/or carbonated in the presence of air. 

Particularly, CO2 (a weak Lewis acid) is an unavoidable contaminant of ceria-based materials 

[67]. To understand this, the un–calcined gold catalysts were subjected to TG–DTA analysis

as shown in Fig. 11. All samples exhibited a strong endothermic peak between 323 and 423 

K, indicating desorption of either physically or chemically adsorbed water molecules [67,68].

Additionally, an endothermic peak was identified at around 573 K for the AC, ACZ and ACF

samples attributed to desorption of more firmly bound carbonate species [67,69,70]. 

Therefore, it is understandable that thermal treatment of these catalysts at 573 K efficiently 

removes the surface carbonates. On the contrary, the ACL catalyst exhibited several weight 

loss peaks at higher temperatures due to the removal of different hydroxycarbonate and/or 

polycarbonate species, and other contaminants [67]. Therefore, most of the carbonates would 

be retained on the surface of the ACL catalyst after calcination at 573 K. The ability of ACL 

catalyst to form various carbonates is due to the strong basic nature of the La as compared to 

Zr and Fe [71–73]. Hence, it can be expected that incorporation of Zr and Fe enhances the 

acidic properties of CeO2, whereas the La-doping improves the basic properties.

To know the effect of La on the acid properties of the CeO2, we have performed 

TPD of NH3 and of CO2 over the CL support (Fig. S5 of the supplementary material). The 

NH3 three desorption maxima at around 424, 673 and 972 K, 

corresponding to weak, medium and strong acidic sites, respectively [74]. Similar to 

NH3 2 profiles also, three peaks could be observed at around 395, 723 

and 997 K, respectively, related to weak, medium and strong basic sites. The estimated 

relative ratio of basic sites to acidic sites (B/A ~ 71.2%) reveals that the CL support exhibits 

higher concentration of basic sites than of acidic sites. Therefore, it can be expected that the
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ACL catalyst has strong ability to form different carbonate species, which could be the reason 

for its low CO oxidation activity. In addition, due to strong carbonate adsorption ability of 

ACL catalyst, the formed CO2 in the CO oxidation reaction could interact with the surface 

active sites that facilitate the generation of more carbonate species [75]. The resultant 

carbonates would remain on the catalyst surface and the reaction temperatures are high 

enough for the decomposition of carbonates, leading to the unusual enhancement in the 

catalytic activity. As stated, the observed sharp increase in the CO oxidation of ACL sample 

might be due to desorption of the accumulated carbonate species. These interesting findings 

could be helpful in the development of doped–CeO2 supported Au catalysts for CO oxidation 

and related applications. 

4. Conclusions

The modification of CeO2 was successfully achieved by incorporation of various 

metal ions, namely Fe3+, La3+ and Zr4+. Doped ceria samples exhibited smaller crystallite 

size, higher specific surface area and more abundant oxygen vacancies than pure ceria. 

Amongst, Zr–incorporation showed a favorable role on the textural properties of ceria.

The XRD and TEM analyses revealed the promotional role of dopants to obtain smaller 

gold nanoparticles. Among the investigated catalysts, the Au/CeO2-ZrO2 catalyst exhibited 

the highest CO oxidation activity, which was attributed to its high content of Ce3+ ions and 

oxygen vacancies. On the other hand, the La–doped Au/CeO2 showed an opposite effect

because of its strong ability to form various carbonates, which could block the active sites 

crucial for CO oxidation. Further, the ACZ and ACF catalysts exhibited reasonably stable 

activity in the time–on–stream studies in comparison to the AC catalyst. 
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Captions for figures

Fig. 1. XRD patterns of CeO2 (C), CeO2–ZrO2 (CZ), CeO2–Fe2O3 (CF) and CeO2–La2O3

(CL) supports.

Fig. 2. Vis–Raman spectra of CeO2 (C), CeO2–ZrO2 (CZ), CeO2–La2O3 (CL) and CeO2–

Fe2O3 (CF) supports.

Fig. 3. XRD patterns of Au/CeO2 (AC), Au/CeO2–ZrO2 (ACZ), Au/CeO2–Fe2O3 (ACF) and 

Au/CeO2–La2O3 (ACL) catalysts.

Fig. 4. Au 4f XP spectra of Au/CeO2 (AC), Au/CeO2–ZrO2 (ACZ), Au/CeO2–Fe2O3 (ACF) 

and Au/CeO2–La2O3 (ACL) catalysts.

Fig. 5. O 1s XP spectra of Au/CeO2 (AC), Au/CeO2–Fe2O3 (ACF), Au/CeO2–La2O3 (ACL) 

and Au/CeO2–ZrO2 (ACZ) catalysts.

Fig. 6. Ce 3d XP spectra of Au/CeO2 (AC), Au/CeO2–Fe2O3 (ACF), Au/CeO2–La2O3 (ACL) 

and Au/CeO2–ZrO2 (ACZ) catalysts.

Fig. 7. TEM images of Au/CeO2 (AC) and Au/CeO2–ZrO2 (ACZ) catalysts.

Fig. 8. Oxidation of CO over Au/CeO2 (AC), Au/CeO2–Fe2O3 (ACF), Au/CeO2–La2O3

(ACL) and Au/CeO2–ZrO2 (ACZ) catalysts.
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Fig. 9. Comparison of CO oxidation reaction rates at T = 330 K of Au/CeO2 (AC), Au/CeO2–

Fe2O3 (ACF), Au/CeO2–La2O3 (ACL) and Au/CeO2–ZrO2 (ACZ) catalysts. Rates 

were measured with 1% CO and 20% O2 (balance – He) at W/F = 0.06 g s ml-1.

Fig. 10. Stability of CO oxidation activity over Au/CeO2 (AC), Au/CeO2–Fe2O3 (ACF), and 

Au/CeO2–ZrO2 (ACZ) catalysts studied at 328 K.

Fig. 11. TG–DTA profiles of Au/CeO2 (AC), Au/CeO2–Fe2O3 (ACF), Au/CeO2–La2O3

(ACL) and Au/CeO2–ZrO2 (ACZ) catalysts.

Table 1

BET surface area, average crystallite size, and lattice parameter of CeO2 (C), CeO2–La2O3

(CL), CeO2–Fe2O3 (CF) and CeO2–ZrO2 (CZ) supports.

Sample BET surface area 

(m2/g)

CeO2 lattice parameter

(Å)a

CeO2 crystallite size 

(nm)b

C 41 5.410 8.9

CL 66 5.488 8.3

CF 72 5.358 6.7

CZ 84 5.350 4.7
a,b Estimated from XRD studies.
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Table 2

Gold loading, gold particle size, and BET surface area of Au/CeO2 (AC), Au/CeO2–La2O3

(ACL), Au/CeO2–Fe2O3 (ACF) and Au/CeO2–ZrO2 (ACZ) catalysts.

a Obtained from ICP–AES measurements.
b Determined from TEM pictures.

Sample Au loading

(wt. %)a

Au particle size 

(nm)

BET surface area

(m2/g)

AC 0.89 7.4b 38

ACL 0.98 n.d 54

ACF 0.76 n.d 61

ACZ 0.94 3.3b 73
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Table 3 

XPS core level binding energies of gold, cerium, oxygen and dopants in the synthesized gold 

catalysts.  

Sample Au 4f7/2

(eV)

O 1s 

(eV)

Ce 3d5/2

(eV)

Zr 3d5/2

(eV)

La 3d5/2

(eV)

Fe 2p3/2

(eV)

Iu////ITotal
a

AC 83.6 528.8 917.5 – – – 0.0896

ACZ 83.5 529.4 916.7 182.3 – – 0.0625

ACL 83.5 529.7 916.6 – 834.4 – 0.0713

ACF 83.3 529.4 917.1 – – 711.2 0.0876
aEstimated from the Ce 3d XPS spectra.
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Fig. 1.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 5.
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Fig. 6.
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Fig. 7.
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Fig. 8.
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Fig. 9.

Catalysts
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Fig. 10.
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Fig. 11.
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Graphical Abstract
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Research Highlights

Fe3+, La3+ and Zr4+ cations were successfully incorporated into CeO2 lattice.

Doped CeO2 showed a beneficial effect towards gold particle size than pure CeO2.

CO oxidation activity of Au is strongly dependent on the nature of supports.

Au/CeO2-ZrO2 catalyst exhibited a high CO oxidation activity.

Adsorbed carbonates showed a negative effect towards CO oxidation activity.
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Abstract A plasmonic coupling structure composed of
Ag nanocap–nanohole pairs was fabricated through
a novel and facile method. Both surface-enhanced
Raman scattering (SERS) measurements and numeri-
cal simulations show that the cap-hole system produces
much larger electric field enhancement and SERS sig-
nal than the isolated structures, which is due to the
plasmonic coupling effect between the gap of the cap
and the hole. Additionally, the plasmonic enhancement
is sensitive to the gap size, which can be controlled by
the Ag layer thickness during the evaporation process.
A maximum enhancement factor of 1.1 × 108 can be
obtained with optimized gap size.
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Introduction

Surface-enhanced Raman scattering (SERS) is an
effective analytical chemical sensing technique which
continues to attract a great deal of research attention
[1–3]. It is now well known that the main contribution
to SERS is the electromagnetic (EM) mechanism which
relies on the generation of surface plasmons (SPs)
in metallic nanostructures [4–7]. SPs can enhance the
local EM fields on the metal surface and concentrate
them into subwavelength volumes, resulting in dramat-
ically enhanced Raman signals from adsorbates lying
within these volumes. Moreover, several recent studies
have shown that a nanoscale dielectric gap (typically
5∼20 nm) between adjacent metal structures can in-
duce plasmonic coupling effects, which harness EM
energy much more efficiently than the isolated struc-
tures [8–11]. The use of nanoscale plasmonic coupling
gaps therefore provides a promising approach to realize
highly efficient SERS platforms. However, the lack of
convenient, reproducible, and high-throughput fabrica-
tion methods for such SERS substrates has limited their
widespread adoption.

In this paper, we present a low-cost one-step method
to fabricate a plasmonic coupling structure composed
of Ag nanocap–nanohole pairs. We demonstrate that
this structure can be employed as an efficient SERS
substrate, providing an enhancement factor as high as
1.1 × 108. The plasmonic coupling effect of this struc-
ture is also investigated by experimental and numerical
methods and is shown to be very sensitive to the gap
size, which can be precisely controlled.

In our experiments, we used a near-infrared (NIR)
laser (785 nm) as the excitation source for SERS mea-
surement. NIR excitation is advantageous in single
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molecule detection and biomolecule application [12,
13], as it can strongly decrease the background
(fluorescence and Raman signal of the surrounding
medium), penetrate deeper in biological tissues, and
lead to smaller photothermal damage to biomolecules
because of its low photon energy. Additionally, NIR
excitation is nonresonant for most molecules (including
rhodamine 6G (R6G) used in our experiments), so it
allows for the use of high excitation intensities without
photobleaching and ensures that the SERS signals are
generated mostly from the electromagnetic mechanism.

Experimental Details

The Ag nanocap–nanohole pairs were fabricated ac-
cording to the procedure shown in Fig. 1a. First, com-
mercially available 200 nm diameter polystyrene (PS)
nanospheres were randomly dispersed on clean glass
substrates, followed by baking at 85◦C for 30 min.
Then an Ag layer was thermal-evaporated at normal
incidence onto the substrates. The top of each PS
nanosphere was covered with Ag as well as the surface
of the glass substrate around it, resulting in an Ag
nanocap on each PS nanosphere with a Ag nanohole
underneath it [14, 15]. Scanning electron microscopy
(SEM) images of such Ag nanocap–nanohole pairs are
shown in Fig. 1c. A zoomed-in SEM image shown
in the inset indicates that the Ag nanocap is like an
ellipsoidal semishell which is the thickest on the top.
For comparison, the isolated Ag nanohole structure
was fabricated by sonicating the evaporated sample
in ethanol for about 30 s to release the Ag nanocaps

with the PS nanospheres and then rinsing with deion-
ized water for several times. The isolated Ag nanocaps
structure was fabricated by gently lifting them from
their growth substrate with a double-sided tape. We use
a very low coverage of the Ag cap-hole pairs in order to
exclude the plasmonic interaction between two pairs so
that the results will mostly reflect the coupling effect in
the gap.

For SERS spectra measurements, a 10-μL droplet of
R6G aqueous solution was dropped on the samples us-
ing an accurate pipette and then dried in air at ambient
temperature to obtain a uniform molecule deposition
over an area of about 10 mm2. (For the samples of
Ag nanocap–nanohole pairs, the concentration of R6G
solution was 1 μM, while for the samples of the isolated
Ag nanocaps and nanoholes, the concentration of R6G
solution was 10 μM, in order to obtain measurable
Raman spectra.) The Raman scattering spectra were
taken with a confocal microscopic Raman spectrometer
(HORIBA Jobin Yvon LABRAM-HR). The samples
were excited by a 78-nm semiconductor laser with
about 0.45 mW power through a 50 × (N.A.0.5) objec-
tive, and the Raman signal was collected through the
same objective in a backscattering geometry which is
the same as that of Wei et al. [16]. The integration time
was 10 s.

In order to investigate the electric field distribu-
tion and enhancement of the Ag nanocap–nanohole
pairs, numerical simulations were performed using
the three-dimensional finite-difference time-domain
method (Lumerical FDTD Solutions). The bound-
ary conditions of the simulation domain are perfectly
matched layer absorbing boundaries. The calculation

Fig. 1 a Fabrication procedure for randomly spaced arrays of
Ag nanocap–nanohole pairs. b Schematic illustration of a single
Ag nanocap–nanohole pair. c 45◦ SEM images of the randomly

spaced Ag nanocap–nanohole pairs. The inset is a zoomed-in
45◦ SEM image of a single Ag nanocap–nanohole pair
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region is 2 × 2 × 1.5 μm3, and the cell size is 2 × 2 ×
1 nm3. A linearly polarized plane wave with 785-nm
wavelength illuminates the sample from the upper side.
In order to closely match the experimental condition,
the Ag nanocap was modeled as half of an ellipsoid
shell with a concentric PS nanosphere core [15, 17]. The
radius of the core was set to 100 nm, corresponding to
that of the PS nanospheres used in the experiments.
The thickest Ag layer on the top of the nanocap was set
the same as that formed on the glass substrate; mean-
while, the thinnest Ag layer on the edge of the nanocap
was set to 15 nm. The dielectric constants of the PS
nanosphere was 1.6, while the dielectric constants of
glass and Ag were based on the experimental data
of Palik [18]. Since the Ag nanocap–nanohole pairs
are many diameters apart on average, we ignored the
interaction between each pair in the simulations.

Results and Discussion

The SERS performance of the combined Ag nanocap–
nanohole system with an Ag layer of 90 nm (i.e., gap of
10 nm) is shown in Fig. 2a. Obviously, the combined
system provides more than one order of magnitude
greater SERS signal than from either of the isolated
structures. The greater SERS signal of the combined
system can be attributed to the enhanced electric field
induced by the plasmonic coupling effect in the gap.

To further understand the electric mechanism of
this coupling effect, the steady state field distributions
of each structure were calculated by FDTD method,
shown in Fig. 2b–d. The maximum of electric field
intensity and Raman gain (GSERS) and the hot spot
number derived from the simulation are performed
in Table 1. As is generally agreed, the GSERS can be
expressed as [6, 7, 19, 20]

GSERS ∝
∣
∣
∣
∣

Eloc(λexc)

Einc(λexc)

∣
∣
∣
∣

2 ∣
∣
∣
∣

Eloc(λRaman)

Einc(λRaman)

∣
∣
∣
∣

2

,

where Einc(λexc) and Einc(λRaman) are the incident
field and Raman emission field without enhancement,
Eloc(λexc) and Eloc(λRaman) are the enhanced electric
field at the incident and scattered wavelength. Ignoring
the vectorial nature of the field and the tensorial prop-
erties of the Raman polarizability, GSERS is roughly
proportional to the fourth power of the electric field
enhancement. A hot spot is defined as the point where
the GSERS is larger than a GSERS threshold (105) [20].
The dimension of a single hot spot is the same with
our simulation cell size. This enables the statistics of
the hot spot number in the entire simulation region. It

should be noted that the GSERS and hot spot number
are all collected from the structure surface to match the
experimental situation that the analyte were adsorbed
on the substrate surface for SERS detection.

In Fig. 2b, c, both the isolated Ag nanocap and Ag
nanohole support localized surface plasmons (LSPs) at
their corners. When they are combined together, their
LSPs interact, resulting in a plasmonic coupling effect
which can greatly enhance the EM field and localize it
into the small volume of the nanoscale gap. It provides
much more hot spots and larger GSERS maximum than
the isolated structures, leading to the significant SERS
effect.

Furthermore, our fabrication method facilitates con-
trol over the gap size, which has strong influence
on SERS enhancement. The separation between the
nanohole and the nanocap is determined by the thick-
ness of the evaporated Ag layer. The thicker the Ag
layer, the smaller the gap. When the thickness exceeds
the radius of the PS nanosphere, the nanocap is joined
with the nanohole and the gap vanishes. Figure 3a
shows the Raman signal intensity as a function of the
gap size and corresponding Ag layer thickness. These
measurements were performed under the same con-
ditions and derived from the 1,363-cm−1 peak of the
Raman spectra. We also plot the maximum of GSERS

and the hot spot number as a function of the gap size in
Fig. 3b.

In Fig. 3, for the gap larger than 50 nm (i.e. Ag layer
thickness less than 50 nm), the Raman signal is not
significantly improved over that obtained from isolated
structures, representing weak field enhancement within
the gap. It means that the plasmon interaction is quite
weak in such case due to the field attenuation deviat-
ing from either side of the gap. The calculated field
distribution also confirms this point (seen as Fig. 3c).
When the gap size is decreased to ∼50 nm or less,
the plasmon interaction effect appears. The hot spot
number and the maximum of GSERS start to increase
drastically. As a result, the Raman signal intensity starts
to increase. It is similar to that in the nanoantenna gap
[21] or particle-film coupled system [22]. In our experi-
ments, the Raman signals of the 10-nm gap (i.e., 90-nm
thick Ag layer) system reaches about 30-fold greater
than that of the 50-nm gap case. This is the strong
interaction case: due to the small distance between the
nanocap and nanohole, LSPs from each structure are
strongly coupled and thereby significantly enhance the
field in the gap [23], providing a great number of hot
spots to active the Raman molecule (seen as Fig. 3d).
When the Ag layer thickness is further increased to
over 100 nm, the edges of the Ag nanocap and the Ag
nanohole are connected together. So the structure can
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Fig. 2 a Raman spectra of isolated Ag nanoholes (black),
isolated Ag nanocaps (red), and the combined Ag nanocap–
nanohole system (blue) with a Ag layer of 90 nm. b–d The
corresponding simulated electric field distribution Log10 |E|2 of

the three structures. All structures were illuminated by normally
incident light with 785-nm wavelength (For isolated Ag nanocap
structure, the substrate was set on top of the Ag nanocap accord-
ing to the experimental condition)

Table 1 The maximum of electric field intensity and Raman
gain GSERS and the hot spot number calculated from the three
structures (isolated Ag nanoholes, isolated Ag nanocaps, and
the combined Ag nanocap–nanohole system with a Ag layer of
90 nm), respectively

Hole Cap Cap-hole

Maximum of |E|2 183 2244 4756
Maximum of GSERS 1.4 × 104 9.1 × 105 6.4 × 106

Hot spot number 0 84 172

be analogized to a roughness on a continuous Ag layer
with no LSP coupling effect (seen as Fig. 3e). There-
fore the hot spot number and the maximum of GSERS

decline dramatically. As a result, the Raman signal falls
nearly two orders of magnitude lower than that of the
optimal case.

The SERS enhancement factor (EF) value can be
calculated from the experiment measurements using
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Fig. 3 a Plot of the Raman
signal intensity derived from
the 1,363-cm−1 peak as a
function of the gap and
corresponding Ag layer
thickness. The inset shows the
Raman spectra for a series of
gaps: 50-nm gap (black),
20-nm gap (red), 17-nm gap
(blue), 10-nm gap (green),
and no gap (pink).
b Simulated hot spot number
and maximum GSERS as a
function of the gap and
corresponding Ag layer
thickness. c–e Simulated
electric field distribution
Log10 |E|2 and corresponding
45◦ SEM images of the Ag
nanocap–nanohole pairs with
three typical gaps:
c 50-nm gap, d 10-nm gap,
and e no gap. All of them
were illuminated by normally
incident light with 785-nm
wavelength
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the methods put forth by Van Duyune [24, 25]. We
chose the Raman band at 1,363 cm−1 to measure the
signal intensity and used the hot spot number dis-
cussed above to derive the number of excited Raman
molecules in SERS process. The result shows the Ag
nanocap–nanohole coupling structure can provide a
peak EF of 1.1 × 108 with the optimal gap size.

Conclusion

In conclusion, we have proposed a composite plasmonic
structure consisting of coupled Ag nanocap–nanohole
pairs. This structure can be fabricated through a simple
physical method. Because of the plasmonic coupling
effect, localized electric fields can be significantly en-
hanced within the nanoscale gaps in the combined
systems, as indicated by the SERS measurements and
numerical simulations. We demonstrated that the in-
tensity of SERS signals can be effectively controlled by
the gap. When the gap size is 10 nm, its SERS EF under
785-nm excitation can reach 1.1 × 108, which is much
higher than that of the isolated structures.

This work provides a facile top-down fabrication
method for SERS substrate with high EF in NIR wave-
length. It also enables a more compact distribution of
the coupled units, even periodical arrangement, which
is expect to provide greater Raman signals towards
the goal of reproducible single-molecule SERS detec-
tion. Moreover, by offering an accessible means to
produce high electric field enhancement with nanoscale
gaps, we anticipate that this approach will enable novel
plasmonic applications in many other areas, such as
fluorescence enhancement and nanoantennas.
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Abstract  

Stannic oxide nanostructured sheets (SnO2-NS) were synthesized via a simple sol-gel method. Stannous chloride 

(SnCl2) was used as a starting material and gelatin as a stabilizer. The structures of the prepared samples were 

characterized by X-ray diffraction (XRD) analysis and Raman spectroscopy. The results showed that the SnO2-NS 

were crystallized in tetragonal structure. Field emission electron microscopy (FESEM) observation showed that the 

SnO2-NS, with thickness of 175 nm, were grown by SnO2 nano-grains (�80±20) also, it was seen that the SnO2-NS 

are formed only in present of gelatin. The minimum wavelength of transmission window was obtained to be 344 nm 

due to SnO2-NS optical band gap (Eg=3.6 eV) from UV-vis spectrum. 

Keywords: Nanocrystalline; Sol-gel preparation; particle, nanosize; Thin film       

1. Introduction  

Tetragonal stannic oxide, SnO2 with rutile-like structure, is an n-type semiconductor metal oxide with a wide band 

gap of Eg=3.6 eV at room temperature. Also, SnO2 is a good electron acceptor due to its small band edge about 0.5 

V. Therefore, it is one of the most strategic materials used in a broad range of applications such as dye-sensitized 

solar cells [1], photoconductors [2], gas sensors [3, 4], batteries [5-7] super capacitors [8], and optical sensors [9], 

especially in nanostructured form. For these propose, various physical and chemical methods have been developed 

to prepare the SnO2 nanostructures such as: nanoparticles, nanowires, and nanobelts [7, 10-14]. Among of these 

nanostructures, SnO2 thin films are widely used as a conductor layer for electronic applications due to its good 

conductivity. Pulsed laser deposition (PLD), pulsed plasma deposition (PPD), sol-gel, and spray paralysis methods 
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have been used to prepare stannic oxide thin films [15-18]. Normally, it is necessary to use a suitable substrate as a 

under layer for SnO2 thin film and it is make it less flexible in applications.  

In the present study, SnO2-NS were synthesized via a simple sol-gel method without using any kind of 

templates or substrates. Gelatin was used as a solution and gel stabilizer due to its ability to terminate the growth of 

the nanostructures [19-21]. Gelatin is expanded about 30 times during the calcinations process which has never seen 

in other natural stabilizer and polymerization agents such as starch and chitosan. This phenomenon puts limitation 

on the way of the cotions to reach each other due to decreasing of the cotions neighbors numbers and control the 

growth direction. The structural and optical properties of the prepared SnO2-NS were investigated. 

2. Experimental  

2.1. Preparation of SnO2-NS 

To prepare 2 g of SnO2-NS, 2.5 g of stannous chloride anhydrous (SnCl2, Sigma-Aldrich, 98%) was dissolved in 10 

ml of distilled water and then stirred for 30 min. Meanwhile, 2 g of gelatin (type-B from bovine skin, Sigma-

Aldrich) was dissolved in 50 ml of distilled water and stirred for 30 min at 60 °C to achieve a clear gelatin solution. 

After that, the stannous chloride solution was added to the gelatin solution, and the container was moved to a water 

bath. The temperature of the water bath was fixed at 80 °C. Stirring was continued for 4 h to obtain a brown honey-

like resin. The final product was calcined at different calcinations temperatures of 650, 700, and 750 °C in air for 2 h 

to obtain SnO2-NS. To study the effect of gelatin on the final product morphology, a solution of the SnCl2 was 

prepared in water and then heated for 2h at 80 ºC. The prepared material was calcined at 700 ºC to obtain the final 

product. 

2.2. Characterization Methods 

The phase evolutions and structure of the SnO2-NS was studied by a powder X-ray diffraction (XRD, D5000 

diffractometer, Cu K�), The morphology of the products were investigated using a field emission scanning electron 

microscopy (FESEM, Quanta 200 F), the optical properties of the SnO2-NS was investigated using ultraviolet-

visible (UV-vis, Shimadzu, Columbia, MD, USA) and Raman (Jobin Yvon Horiba HR 800 UV) spectroscopes.  

3. Results and discussions  

3.1. XRD analisis 

The XRD patterns of the SnO2-NS prepared at 650, 700, and 750 °C using sol-gel method are presented in Fig. 1. 

All the detected diffraction peaks are indexed to tetragonal lattice structure of single phase SnO2 with space group 

number of 136 (P42/mnm, PDF No: 00-005-046). The value of the lattice constants a, b, and c and V (the primary 

naseri
Highlight

naseri
Highlight



3�
�

cell volume) were calculated from lattice geometry equation for tetragonal structure [22, 23]. The (110) and (101) 

planes were used to calculated the lattice constants at room temperature. The average crystallite size of the SnO-NS 

were determined by Scherrer equation (D=k�/�hklcos�), D is crystallite size in nanometer, � is the wavelength of the 

radiation (1.54056 Å for CuK� radiation), and k is a constant equal to 0.94. The (110) peak was chosen to calculate 

the crystallite size of the SnO2-NS calcined at temperatures of 650, 700, and 750 °C. The results were summarized 

in Table 1. The results showed that increasing of the calcinations temperatures does not have a significant change on 

the crystal geometric parameters and crystallite sizes. Therefore, it can be mentioned that the best temperature is 650 

º to calcite the SnO-NS. 

3.2. UV Spectroscopy 

Fig. 2 shows the UV-vis reflectance spectra of the The SnO2-NS prepared at 650, 700, and 750 ºC using gelatin. The 

reflectance spectra of the samples were obtained in the wavelength range of 250 to 900 nm. An obvious increase 

was detected in the reflectance spectra after wavelength of 300 nm that can be attributed to the absorbance edge due 

to the optical band gap. According to the literature, SnO2 has direct band gap [24]. The optical band gap of the 

prepared samples were obtained using Kobelka-Munk method [25]. The (�hv)2 was plotted verses h� for each 

spectrum and the Eg was estimated from the intersect of the h� axis and tangent of the curve as it is shown in inset of 

the Fig. 2. The band gap of the prepared samples at 650, 700, and 750 ºC were obtained to be 3.65, 3.66, 3.67 eV, 

respectively. From the literature, we have found that the band gap value of the materials is related to their crystallite 

size [26]. In the case of the SnO-NS samples prepared at different temperatures, negligible changes in the band gap 

value are detected. These results are in a good agreement with the XRD results for crystallite sizes. 

Te transmission window is the most characteristic parameter of SnO2 films for using as a transparent 

conductor layer. The transmission window of the SnO2-NS can be obtained from the UV-vis spectrum. The 

transmission window is limited by the electron inter-band transition from the valance band to conductive band at the 

wavelength lower than 344 nm due to the energy band gap of the SnO2-NS (Eg=3.6). While for longer wavelength 

light is reflected due to the plasma edge [27]. In the case of our samples, the reflectance is about 50 percent and it 

decreases for wavelength longer than 850 nm.   

3.3. Morphology studies 

The FESEM micrograph of the SnO2-NS fabricated, with and without gelatin, at calcinations temperature of 700 ºC 

were shown in Fig. 3. Large area SnO2-NS are observed in the image. In addition, it is found that the SnO2-NS were 

formed by adherence of the SnO2 nano grains as it is observed in the higher magnification FESEM image of the 
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SnO2-NS surface (Fig.3b). The size histogram of the grains is presented in Fig. 3c. The mean size of the grains is 

obtained to be 78 nm with standard deviation of 20. Therefore, ninety percent of the grain sizes exist in the range of 

60 to 100 nm. Fig.3d shows the FESEM image of SnO2 powders which prepared from the solution that is without 

gelatin. The image shows that gelatin plays important rule in preparing the SnO2-NS and SnO2 nano-sheets are 

formed only in present of gelatin in the starting solution. A cross-section FESEM image is shown in Fig. 4 to obtain 

the thickness of the SnO2-NS. It is found that the SnO2 grains formed the uniform SnO2-NS with thickness of about 

175 nm.  

3.4. Raman Spectroscopy 

Raman spectroscopy is a helpful method to differentiate SnO2 from SnO. In Raman active modes the Sn atoms are at 

rest while the oxygen atoms vibrate. Stannic oxide has six atoms in unit cell and gives 18 vibrational modes [28, 29]. 

�=A1g+B1g+B2g+Eg+2A2u+2B1u+4Eu  

Fig.5. shows the Raman spectrum of the prepared SnO2-NS calcined at 700 ºC. The vibration modes that are 

detected in the spectrum at 245, 355, and 590 cm-1 can be assigned to Eu modes [30, 31]. In these modes both Sn and 

O atoms vibrate on the plane perpendicular to the c-axis. The non degenerated modes, A1g and B2g that occurred at 

626 and 775 cm-1, respectively [30]. These modes also vibrate on the plan perpendicular to the c-axis. The A2u 

vibration mode that occurred at 682 cm-1 [30]. There is no peak assigned to SnO and Sn2O3 was detected and it 

shows that the samples were formed in single phase SnO2 structure.   

4. Conclusion 

SnO2-NS where synthesized via a simple sol-gel method using gelatin as a stabilizer. The XRD result confirmed a 

tetragonal structure for the prepared SnO2-NS. The transmition window of the SnO2-NS obtained to be started from 

344 nm due to their optical band gap (about Eg=3.6 eV) estimated from UV reflectance spectrum. Morphology of 

the prepared samples was investigated by FESEM imaging and wide areas SnO2-NS with thickness of 175 nm were 

observed for the sample prepared at 700 ºC. Raman spectroscopy was carried out on the SnO2-NS prepared at 700 

ºC and all the vibration modes of single phase SnO2 lattice were detected. The results showed that high quality 

SnO2-NS are obtained only in present of gelatin. 
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Figure and table captions 

Fig.1: XRD pattern of the SnO2-NS prepared at calcinations temperature of 700 ºC 

Fig.2: Raman spectrum of the SnO2-NS prepared at calcinations temperature of 700 ºC 

Fig.3: (a) FESEM micrograph of the SnO2-NS, (b) high magnification FESEM image from surface of SnO2-NS, (c) 

size histogram of the nano grains that formed the SnO2-NS, and (d) FESEM image of SnO2 powders prepared 

without gelatin. 

Fig.4: A cross section SEM image from the edge of the SnO2-NS   

Fig.5: UV-vis reflectance spectrum of the SnO2-NS, the band gap (Eg=3.6) is estimated from the intersect of the h� 

axis and tangent of the curve 

Table 1: Lattice parameters of the SnO-NS 

Table 1: Lattice parameters of the SnO-NS 

Temperature 
ºC 

 d 
(Å) 

(110) 
(101) 

Lattice 
parameters 

(Å)  

a 
c 

V 
(Å)3 

Crystallite Size 
(nm) ±0.5 

650 3.365 
2.653 

4.76 
3.19 72 17.1 

700 3.360 
2.649 

4.75 
3.19 72 17.2 

750 3.365 
2.652 

4.76 
3.19 72 17.2 
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Research highlights 

1- Stannous chloride (SnCl2) was dissolved in distilled water, 2- Tin solution was added to a 

gelatin solution and stirred at 80 C to get clear gel, 3- the gel was calcined at 700 C to 

achieve the stannic oxide nanosheets, 4- The structural and optical properties of the prepared 

materials were investigated.    
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Surface enhanced Raman scattering arising from plasmonic interaction
between silver nano-cubes and a silver grating

Qiang Fu, Douguo Zhang,a) Yikai Chen, Xiangxian Wang, Lu Han, Liangfu Zhu, Pei Wang,
and Hai Ming
Department of Optics and Optical Engineering, Institute of Photonics, University of Science
and Technology of China, Hefei, Anhui 230026, China

(Received 13 May 2013; accepted 3 July 2013; published online 25 July 2013)

A high effective surface enhanced Raman scattering (SERS) substrate is experimentally demonstrated,

which is composed of silver nano-cubes on a silver grating. The control experiments show that

the intensity of the Raman signals from this substrate is about 15.6 times as high as that from

the recently proposed substrate composed of Ag nano-cubes on an Ag film. The mechanism of the

better performance in SERS is discussed from the viewpoint of plasmonic interaction between the

nano-cubes and the grating which can generate more hot-spots. The influence of the Ag NCs’

concentration and detection ability of the substrate are also investigated. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4816739]

Raman spectroscopy is a spectroscopic technique used

to observe vibrational, rotational, and other low-frequency

modes in a system.1 Since vibration information is specific

to the chemical bonds and symmetry of molecules, it pro-

vides a fingerprint by which the molecule can be identified.

But the spontaneous Raman scattering is typically too weak

to be used. Fortunately, surface enhanced Raman scattering

(SERS) have been developed, which enhances the Raman

scattering by molecules absorbed on rough metal surfaces.

The increase in intensity of the Raman signal is always

attributed to an enhancement in the electric field provided by

the surface where surface plasmons (SPs) or localized sur-

face plasmons (LSPs) excited on the metallic surface. Due to

the rapid development of nano-lithography, such as electron

beam lithography (EBL), focus ion beam lithography (FIB),

nanosphere lithography (NSL), electrochemical strategy,

wet-chemistry methods, and so on, various metallic nano-

structures have be engineered precisely to work as the SERS

substrates. For examples, elongated gold nanoparticle arrays

of different surface plasmon resonant (SPR) wavelength

were fabricated with EBL to optimize the SERS signals;1,2

two dimensional gold particle arrays of hierarchical surface

roughness or flowerlike roughness were fabricated with

the electrochemical strategy;3,4 Ag nanotriangle arrays

fabricated with the NSL has have shown proven reproduci-

bility, stability, and large field enhancement as the SERS

substrates.5 Various metallic nanoparticles, such as Ag or Au

nanocubes, Ag nanobars, dimmers of silver nanospheres, sil-

ver nanocrystals with concave surfaces have been synthe-

sized with the low-cost wet chemistry methods and worked

very well as the SERS substrates.6–10 All the above men-

tioned metallic nano-structures were fabricated or placed on

the dielectric substrates, such as glass or silicon. Recently,

theoretical simulation shows that the vertical interplay

between LSPs and SPs in a system composed of a three

dimensional gold particles located at short distance from a

gold film can realize the electric field intensity enhancement

as high as 5000 times that of the illumination field. The SPR

spectral properties of the metallic particle-film system can

also be engineered in a controllable and predictable ways

through tuning the structural parameters.11–13 The strong

electric filed enhancement and tunable SPR wavelengths

made the system an ideal SERS substrate, which perform

better than the single-layer metallic nano-particle arrays. For

examples, the SERS substrate composed of Ag-SiO2 core-

shell nano-cubes on the Au film has been used to realize the

single-molecule detection;14 the SERS substrate made of Ag

nano-cubes (NCs) on an Ag film can detect the target

molecules at the concentration as low as 10�11 M, where the

NCs-film distance was controlled by a polymer film.15

This strategy represents a general direction in the design of

SERS hot spots in contrast to the formation of single layer

nanoparticle dimers or other complex structures. In this arti-

cle, we will experimentally demonstrate that the perform-

ance of this strategy can be improved if the Ag film was

replaced with an Ag grating. When compared with the Ag

film, the Ag gratings have more areas to optically interact

with the Ag NCs which will generate more hot spots on the

substrates and result in further enhancement of Raman sig-

nals. For comparison, two type SERS substrates are fabri-

cated and their performances on SERS are both investigated.

The two type substrates are the single layer SERS substrate

made of Ag film, three Ag gratings; the dual-layer substrate

composed of Ag NCs on the Ag film, and Ag NCs on the

three Ag gratings.

Ag NCs are synthesized by the polyol reduction method

where AgNO3 is reduced in the mixed solution composed of

the ethylene glycol (EG), Poly (vinylpyrrolidone) (PVP), and

sodiumsulphide (Na2S).16 The EG serves as both the solvent

and reducing agent, while PVP enables the crystal growing

along a certain direction. A tiny amount of Na2S works as a

catalyst to accelerate the reaction rate and improves the

yields of the Ag NCs. The morphology of the Ag NCs is

measured with a scanning electron microscopy (SEM) as

shown in Figure 1(a). In the SEM measurement, we use the

Ag NCs of higher concentration so that there are more Ag

NCs in the field of view of the SEM. From the SEM image,

we can find that most of the synthesized Ag NCs are of thea)Electronic mail: dgzhang@ustc.edu.cn
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cube-shape with the same edge length (about 70 nm). The

SEM image verifies that the Ag NCs are uniform in morphol-

ogy. The absorption of the Ag NCs in water is also measured

as shown in Figure 1(b). The peak absorption locates at

461 nm which is also the LSPs resonant wavelength of Ag

NCs in water.

For the Ag gratings, we first inscribe dielectric gratings by

the two beams interference. The photoresist (PR) (X AR-N

7700/30 ALLRESIST GmbH, Germany) is spin-coated onto a

glass substrate pre-cleaned by an ultrasonic processing in alco-

hol, acetone, piranha acid, and deionized (DI) water orderly. A

325 nm-wavelength laser beam from He-Cd laser (Kimmon)

expanded by a lens array is divided into two parts by a beam

splitter to interfere on the PR film. The power of the laser beam

is about 30 mW. The exposure time is 1 s controlled by a pho-

toelectric shutter. The period of the gratings can be modulated

by the incident angle of the two interfering beams. After expo-

sure, development and post-bake, the dielectric gratings are

formed. The metal gratings can be obtained by thermally evap-

orating silver onto the dielectric gratings. The planar Ag film

also can be obtained by thermally evaporate silver on to a clean

glass substrate. In the experiment, three gratings of different

periods are fabricated which are characterized with the atomic

force microscopy (AFM) as shown in Figures 1(c)–1(e). The

periods of the grating are about 550 nm, 734 nm, and 1027 nm.

The average depth of the three gratings is almost the same

(about 77 nm, 77 nm, and 83 nm).

In the experiment, the Raman molecule is the commonly

used Rhodamine 6G (Rh6G). The concentration of the Rh6G

in water solution is 10�5 M. The silver film and silver gra-

tings are immersed in the Rh6G aqueous solution for 10 h.

Then the four substrates are taken out, rinsed sufficiently

with copious amounts of DI water to remove the physically

attached Rh6G molecules, and then dried with nitrogen.

Subsequently, a 10 ll droplet of Ag NCs water solution

which has been fully agitated via sonication is drop-coated onto

the silver film and the three silver gratings, respectively, by

using an accurate pipette. Then the prepared samples are dried

at ambient temperature for 12 h so that the solvent (DI water)

evaporates completely. In the process of adding Ag NCs, we

dilute the Ag NCs solution so that the cubes can mono-disperse

on the substrates. Figures 2(a)–2(c) are the SEM images of the

substrates composed of Ag NCs on the Ag gratings, which

show that most of the Ag NCs are mono-dispersed.

Raman spectra are taken with a confocal Raman micro-

scope (LabRAM HR from HORIBA Jobin Yvon). Three

Raman spectra are measured at different positions on the

same substrate, and we use the average values from the three

measurements. The wavelength of the excitation laser is

514.5 nm. The polarization or direction of the electric field is

perpendicular to the grating lines. The laser is focused onto

the samples from the top by an objective (50�, N.A., 0.5),

and the reflected Raman signals are collected through the

same objective. For comparison, the Raman scattering sig-

nals from the Rh6G molecules absorbed on the Ag film and

the three Ag gratings without the Ag NCs are also measured.

Figure 3 are the corresponding Raman spectra. The intensity

of the Raman signals from the four substrates is nearly of the

same order. For example, the intensity of the Raman signals

at 1650 cm�1 from the Ag gratings (550 nm, 734 nm,

1027 nm period) and Ag film is 1172, 1600, 1089, and 867

(a.u.), respectively. When compared with the planar Ag film,

the periodic surface relief of the one dimensional cosine gra-

tings has not highly optimized the SERS signals. The SERS

performance of these four single-layer substrates is nearly

the same. So the SERS phenomena here can be mainly attrib-

uted to the surface roughness on the Ag film and the Ag gra-

tings induced by the thermal evaporation process.

FIG. 1. (a) SEM image of the Ag

NCs;(b) the absorption spectrum of the

Ag NCs in water; (c), (e), and (g) the

AFM images of the inscribed Ag gra-

tings; (d), (f), and (h) are the surface

relief profiles of the white lines on

(c) and (e). The periods are 550 nm,

734 nm, and 1027 nm.
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The SERS performance of the Ag film and Ag gratings

will be of high difference if the Ag NCs were included.

Figure 4 are the Raman spectra taken from the positions

where the Ag NCs are placed on the Ag film or Ag gratings

as illustrated in Figure 2. The integration time for the Raman

signals detection in case of Ag NCs on Ag film and Ag gra-

ting (1027 nm period) is 3 s, and that on the Ag gratings of

550 nm and 734 nm period is 1 s. It is clearly shown that the

Raman signals are highly enhanced if the Ag NCs are placed

on the Ag gratings. For examples, the intensity of Raman

signals at 1650 cm�1 are 30791 (550 nm), 15337 (734 nm),

26451 (1027 nm), and 5911 (Ag film) (a.u.), respectively.

The Raman signals from the Ag NCsþAg grating (550 nm)

is about 15.6 times as high as that from the Ag NCs þ Ag

film substrate in view of the different integration time. When

compared with the single layer SERS substrates, all the four

dual-layer substrates have highly enhanced the Raman

signals. For example, the Raman signals at 1650 cm�1 from

the Ag NCsþAg film are 6.8 times as high as that from the

planar Ag film; the Raman signals at 1650 cm�1 from the Ag

NCsþAg grating (550 nm period) are 78.8 times as high as

that from the corresponding Ag grating. So the experimental

results here verify that the SERS substrates made of dual

layer substrates perform much better than the corresponding

single-layer ones. And also for the dual layer substrates, the

SERS performance can be further optimized if the Ag film is

replaced with one-dimensional gratings.

According to the SEM images in Figure 2, the Ag NCs

are mono-dispersed, but not very closely distributed. As we

know, the interaction between the Ag NCs can further

enhance the intensity of the optical field or increase the

hot-spots. This phenomenon is favorable for the SERS sig-

nals enhancement. To verify this ideal, Ag NCs of higher

FIG. 2. The SEM images of the SERS

substrates composed of Ag NCs on the

Ag gratings, the periods of the grating

are 550 nm (a), 734 nm (b), and 1027 nm

(c), respectively.

FIG. 3. The Raman spectra from the Rh6G molecules absorbed on the Ag

film, Ag gratings (period at 550 nm, 734 nm, 1027 nm). The integration time

for the Raman signals’ collection is 3 s.

FIG. 4. The Raman spectra taken from three dual-layer SERS substrates,

The Ag NCs on the planar Ag film, on the periodic Ag gratings (the periods

of the gratings are 550 nm, 734 nm, and 1027 nm, respectively). The integra-

tion time is 3 s, 1 s, 1 s, and 3 s, respectively.
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concentration (but still monolayer) are put on the Ag gratings

or Ag film for comparisons. The corresponding SEM images

are shown in Figures 5(a)–5(c). The Ag NCs are much closed

and so the plasmonic interactions between them will happen.

The periods of the gratings are the same as those in Figure 2.

In the field of view of the SEM (about 10 lm � 7 lm), the

numbers of Ag NCs are 141, 162, and 125 for the gratings

with period at 550 nm, 734 nm, and 1027 nm, respectively.

For comparisons, the corresponding numbers of Ag NCs are

26, 42, and 39, respectively, in Figure 2. The density of Ag

NCs is increased about 3–4 times. The corresponding Raman

spectra taken from these four substrates are shown in Figure

5(d). The Raman signals at 1650 cm�1 from the four sub-

strates are 24071 (550 nm, 0.3 s), 13181 (734 nm, 0.3 s),

20101 (1027 nm, 1 s), and 7409 (Ag film, 1 s), respectively.

After taking account of the different integration time for the

signals collection, the intensity of the Raman signals from

the substrates with denser Ag NCs is about 2–4 times that

from the substrates with sparser Ag NCs. The experimental

results show that Ag NCs with slightly higher concentration

(but still monolayer) can lead to a better SERS signal.

Except for the plasmonic interaction between the closed

Ag NCs, the larger number of the Ag NCs in the area of

the laser spot also contributes to the better SERS signal.

Figure 5(d) also demonstrates that the shorter period sample

show a stronger SERS signals than that from the loner period

sample.

Next, we decrease the concentration of the target mole-

cules (Rh6G) on the substrates to check the detection ability

of the proposed SERS substrates. The concentrations of the

Rh6G solution used in samples’ preparation are about 10�6,

10�8, 10�10, and 10�12 M, respectively. Four SERS sub-

strates of the same structural parameters are fabricated,

which are composed of the Ag NCs of higher density on the

Ag gratings (550 nm period). The Rh6G molecules of the

four concentrations are then attached onto the four substrates

respectively. Figure 6 presents the corresponding Raman

spectra taken from the four substrates. It is clearly shown

that the intensity of the Raman signals decreases in case of

lower concentration of the Rh6G molecules. The inset graph

of this figure is the enlarged spectrum of the Rh6G molecules

with the concentration at 10�12 M. On this spectrum, the

Raman peaks are still observed. These results demonstrate

that Rh6G molecules with concentration as low as 10�12 M

can be detected with our experimental configuration.

The mechanism of the better SERS performance of the

dual-layer substrates over single-layer ones has been dis-

cussed in our previously work.15 Here, we mainly discuss

why the SERS performance of the Ag NCsþAg gratings is

better than that of the Ag NCsþAg film. In case of Ag NCs

FIG. 5. The SEM images of the dual

layer SERS substrates with Ag NCs of

higher density. The periods of the

under-layer grating are 550 nm (a),

734 nm (b), and 1027 nm (c). The corre-

sponding Raman spectra taken from the

four SERS substrates are shown in (d).

FIG. 6. The Raman spectra from the Rh6G molecules absorbed on four

dual-layer SERS substrates. The periods of the under-layer grating are all

550 nm. The concentrations of the Rh6G solution are 10�6, 10�8, 10�10, and

10�12 M, respectively. The corresponding integration times are 0.3 s, 1 s, 3 s,

and 10 s. The inset graph is the enlarged Raman spectrum of the Rh6G mole-

cules at the concentration as low as 10�12 M.
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on the planar Ag film, the LSPs excited around the Ag NCs

interact with the SPs of the Ag film and LSPs of the metallic

surface roughness of the Ag film, which then induce different

electric field distribution around the cube-film system.15

Because the Ag NCs are placed on the planar film, this plas-

monic interaction mainly happens in the vertical direction.

However, in the case of Ag NCs on the Ag gratings, except

for the vertical plasmonic interaction, horizontal plasmonic

interaction between the Ag NCs and the two metallic side-

walls of each grating line also happens, especially when the

Ag NCs are in the valley of the gratings as shown in Figures

2 and 5. The more plasmonic interactions will generate more

hot-spots on the substrates which induces stronger Raman

signals. As a result, the SERS performance of the Ag

NCsþAg gratings is better than that of the Ag NCsþAg

film. Known to all, the plasmonic interaction is very sensi-

tive to the gap distance between adjacent metallic nanostruc-

tures. The smaller gap will induce more intense electric field

inside the gaps.17–19 In our experiment, the gap is the hori-

zontal distance between the faces of the Ag NCs and the

metallic sidewalls of grating lines. In the case of smaller pe-

riod, the gap is shorter. On the other hand, roughness or pro-

trusions on sidewalls of the grating lines exist as shown in

the AFM or SEM images. Under the irradiation of laser

beam, the metallic roughness or protrusions work the same

way as that of the metallic nanoparticles. The interaction

between the Ag NCs and these metallic nanoparticles is also

sensitive to their gap. As a result, after the inclusion of the

Ag NCs, the SERS performance of the Ag grating with

smaller period (550 nm) is better than that with larger period

(734 nm and 1027 nm), which is consistent with the experi-

mental results shown in Figures 4 and 5(d).

In conclusions, a high effective, low-cost, and easily fab-

ricated SERS substrate has been experimentally demonstrated

here, which is composed of Ag NCs and the Ag grating. The

vertical and horizontal plasmonic interplays between the NCs

and gratings are the origins of the better SERS performance.

When the period of the grating is 550 nm, the Raman signal at

1650 cm�1 from the Ag NCsþAg grating is about 78.8 times

as high as that from the Ag grating, and about 15.6 times that

from the Ag NCsþAg film. The Raman signals can be further

enhanced with Ag NCs of a slightly higher density. By using

this dual-layer SERS substrate, the lowest concentration of the

Rh6G molecules that can be detected is 10�12 M. We antici-

pate that this strategy proposed here will enable applications

in many areas, such as single molecule detection, high sensi-

tive bio-imaging, and so on.
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ABSTRACT: Hemoglobin nanocrystals were analyzed with tip-enhanced
Raman scattering (TERS), surface-enhanced resonance Raman scattering
(SERRS) and conventional resonance Raman scattering (RRS) using 532 nm
excitation. The extremely high spatial resolution of TERS enables selective
enhancement of heme, protein, and amino acid bands from the crystal surface
not observed in the SERRS or RRS spectra. Two bands appearing at 1378 and
1355 cm−1 assigned to the ferric and ferrous oxidation state marker bands,
respectively, were observed in both TERS and SERRS spectra but not in the
RRS spectrum of the bulk sample. The results indicate that nanoscale oxidation
changes are occurring at the hemoglobin crystal surface. These changes could be
explained by oxygen exchange at the crystal surface and demonstrate the potential of the TERS technique to obtain structural
information not possible with conventional Raman microscopy.

KEYWORDS: Tip-enhanced Raman scattering, hemoglobin, surface oxidation

Tip-enhanced Raman scattering (TERS) exploits the near-
field enhancement generated by laser excitation of surface

plasmons resulting from a strong electromagnetic field
generated at the laser-irradiated tip apex of a metal or
metallized scanning probe microscopy (SPM)-tip.1−6 The
configuration simultaneously produces highly resolved topo-
graphic information and enhanced Raman scattering. Recently
the technique has found application as a probe of biological
molecules including RNA,7 DNA,8 collagen,9 and larger
biological systems including membranes,10 cell walls,11 viruses12

mitochondria,13 bacteria,14 and hemozoin in malaria infected
red blood cells.15 While the technique has been applied to some
heme-based moieties, including cytochrome c16 and hemo-
zoin,15 to the best of our knowledge there are no TERS studies
on hemoglobin, which is surprising given the extent of
resonance Raman studies on this important biomolecule.
Recently, Kennedy et al.17 applied full IR absorption imaging
at subdiffraction resolution of hemoglobin aggregates by
coupling IR optics with an atomic force microscope. However,
the spectral range was limited to the CH stretching region
(3100−2800 cm−1).
Hemoglobin (Hb) is involved in the most fundamental of

biological processes, catalyzing a myriad of biochemical
respiration reactions and playing an integral part in energy
transfer processes. Hb is a tetramer consisting of four heme
groups bound to one pair of α-like globin chains (α and ξ),
encoded by a cluster of genes on the short arm of chromosome

16, and another pair of β-like chains (β, ε, γ, and δ) encoded by
a cluster of genes on the terminal portion of the short arm of
chromosome 11.18 The conformational changes to the globin
moieties induced by ligand binding are the basis of the
cooperativity that results in the sigmoidal shape of the oxygen
binding curve.18 When fully oxygenated, two of the heme
groups in the Hb tetramer move approximately 100 pm toward
one another, while the other two separate by about 700 pm.19

This movement was explained by Perutz20 who suggested that
the binding of oxygen to the sixth coordination position on the
Fe atom in the high spin ferrous state triggers a biochemical
cascade that characterizes the T (tense-deoxygenated) to R
(relaxed-oxygenated) state transition. In the T state, the sixth
coordination sites of all four Fe atoms are unligated and the
proximal histidine is constrained by intersubunit interactions
thus resisting movement into the porphyrin plane and
diminishing the O2 binding constant.18 When two dioxygen
molecules bind to the Hb molecule, the quaternary structure
“relaxes” to the R state, facilitating O2 binding to the two
remaining subunits. The high and low-spin trigger mechanism
was first suggested by Hoard21 and demonstrates how a simple
chemical change can initiate a complex biochemical cascade.
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The resonance Raman technique is particularly sensitive to
the porphyrin core vibrations and hence it is possible to
monitor the core expanding, ruffling, and contracting as the Fe
atom translocates in and out of the porphyrin plane.22−26 These
intrinsic molecular properties provide exquisite resonance
Raman spectra rich in information that have enabled a deeper
understanding of the structure and function of these dynamic
heme based molecules. While a myriad of resonance Raman
studies have investigated the structure, selective band enhance-
ment and reaction kinetics of Hb24,25,27−30 hitherto no TERS
study on hemoglobin has been reported. In this study, we show
that TERS can provide molecular information on Hb molecules
at nanometre resolution. Unlike conventional resonance Raman
spectra of Hb, which is dominated by the heme bands, the
TERS spectra provide information on the protein and specific
amino acids and thus may play a future role in monitoring both
heme and protein dynamics in response to environmental
factors at the nanometre scale.
The TERS setup has previously been described11,15 and

consists of a commercially available atomic force microscope
(AFM) (JPK instruments AG, Germany) mounted on an
inverted Raman microscope (LabRam HR, Horiba-Jobin Yvon,
France). Excitation and signal detection were carried out
through an oil immersion objective (60×, NA 1.45, Olympus).
A piezo-driven sample stage allows the sample to be moved
independently of the laser and the AFM-tip. For the near field-
enhancing probes, an ultrasharp noncontact AFM-tip (NSG10,
ATOS GmbH, Germany) was coated with 20 nm of silver using
vacuum evaporation. A krypton ion laser (530 nm, 600 μW at
the sample, Coherent, Santa Clara, CA) was used for the
illumination. Further details on the experimental setup are
described by Budich et al.11 For measurements described here,
the AFM was operated in intermittent contact mode. The
cantilever resonance after silver coating was at 300 kHz ± 5%.
An important aspect is to align the tip in the laser focus to
achieve maximum reflectance and this was determined as
previously described.11 After the point of maximum enhance-

ment is found, the tip is fixed at this position. The closed loop
system of the AFM preserves the position with a precision of
<1 nm using a capacitive feedback system. After this step, only
the sample scanner is used to address regions or points of
interest. In this configuration, it is possible to achieve direct
measurement of topography and obtain chemical information
at high lateral resolution. To avoid defocusing of the system
when scanning corrugated or tilted specimens and to maintain a
fast response, the z-feedback is always controlled by the AFM-
tip and the collection objective is moved synchronously as
previously described.4 The tip is then retracted several
micrometers and a further spectrum is recorded to ensure the
tip has not been contaminated with sample. TER spectra were
recorded of single crystals using 600 μW power and a 5s
acquisition time. The far-field resonance Raman spectra of
hemoglobin and hematin were recorded using the same
instrument but with a large spot size (1−2 μm) with 10 ×
20 s accumulations, smoothed, and then rescaled (×2) to
enable comparison with the TERS spectra.
Figure 1A depicts the typical optical response image of a

silver-coated noncontact AFM tip used to investigate the
hemoglobin crystal deposits. This reflectivity image helps to
finally position the tip at the position of highest signal intensity
and then fix the tip in the x- and y-directions. Using this image
data it is possible to obtain a reconstruction of the tip showing
its overall profile and dimensions. The actual tip height is of the
order of 63 nm and the width of the tip apex is less than 10 nm.
Figure 1 B shows the submicrometer hemoglobin crystal

deposits, which vary in size but on average are approximately
180 nm in diameter. Figure 1C shows an x−z profile map
through the red line delineated in Figure 1B. From this plot, it
is possible to assess the height of the crystal deposits, which are
generally between 60 and 70 nm.
Analysis of Hb with TERS revealed three main types of

spectra (Figure 2). Because of the very intense TERS bands and
artifacts below 600 cm−1 from anomalous scattering the spectra
presented show only the 1800−600 cm−1 region. In the type 1

Figure 1. (A) The typical optical response image of a silver-coated noncontact AFM tip used to analyze the hemoglobin crystal deposits. (B) AFM
image of hemoglobin crystal deposits on mica. (C) x−z profile generated from the crystals marked by the red line in panel B.

Nano Letters Letter

dx.doi.org/10.1021/nl2044106 | Nano Lett. 2012, 12, 1555−15601556

naseri
Highlight



TERS spectra (Figure 2A), the porphyrin vibrations including
the oxidation state marker bands at 1378 and 1355 cm−1 from
ferric and ferrous hemes along with other porphyrin skeletal
modes at 1636, 1545, 1472, 1433, 1403, 1312, and 660 cm−1

are observed. Detailed assignments along with local coordinates
of the observed bands are listed in Table 1S in the Supporting
Information. These assignments are based on the studies by Hu
et al.31 and Abe et al.32 The notation is based on that originally
proposed by Abe et al.32 for porphyrins with D4h symmetry.
The normal Raman bands of Hb and hematin are included in
Supporting Information Table 1S for comparison. The band at
1378 cm−1 is assigned to the pyrrole half ring stretching
vibration ν4, which changes from 1378 cm−1 in the ferric state
to 1355 cm−1 in the ferrous state.33 The appearance of both
bands in the Hb TER type 1 spectra is indeed interesting and
indicates nanoscale oxidation state differences occurring within

the Hb microcrystals. In a recent study by Böhme et al.,13

applying TERS to analyze dried mitochondria a similar
phenomenon was reported with both ferrous and ferric states
observed in a TERS line scan experiment across a section of a
dried mitochondrion. A shift from 1373 cm−1 (Fe III) to 1360
cm−1 (Fe II) was observed indicating a transition from Fe III to
Fe II in cytochrome c. The spectra in this case were mostly
dominated by the oxidized species, but one position showed
evidence of a mixed state. The authors reasoned that the mixed
state most likely implies a tip position between sites containing
a Fe III and Fe II state.
Upon denaturation (dehydration and photoreduction) Hb

changes to low-spin heme derivatives including hemichrome
and hemochrome.34−36 Hemichrome is characterized by the
heme iron in the ferric low-spin state and the sixth coordination
site is occupied by a ligand with a strong crystal field effect,

Figure 2. Representative TERS spectrum of purified hemoglobin showing the most common type of spectra observed. All spectra are normalized to
the silicon oxide band, which appeared at 520.5 cm−1 and remained constant for all recorded measurements. (A) The type 1 TERS spectrum was
dominated by intense bands in the pyrrole ring breathing region between 1450 and 1300 cm−1 and other specific heme bands. (B) The second most
common spectra (type 2) had characteristic protein bands including amide I (1656 cm−1), amide III (1321 cm−1), and the carboxylate band from
terminal amino acid side chains (1400 cm−1). (C) The third most common type of spectrum (type 3) had contributions from amino acids including
phenylalanine and histidine. The exposure time used to acquire the spectra was 1 s. (D) Raman spectrum of the same point of the sample as panel A
after retracting the tip except using 10 s accumulation and a 1 μm laser spot size.
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namely the imidazole group of distal histidine. In hemochrome,
the iron is in the ferrous low-spin state and is bound to an
endogenous amino acid side chain not normally bound to the
iron.37 In a recent study, we demonstrated the formation of
hemochrome upon drying hemoglobin with nitrogen gas.37

Interestingly, the hemochrome could be reversibly converted to
oxy-Hb (and hemichrome) by exposing the cells to
atmospheric O2, indicating that in contrast to ferric Hb, ferrous
derivatives of Hb (including deoxy-Hb and hemochrome) can
bind reversibly to the oxygen molecule.37 The appearance of
both the ferric and ferrous oxidation bands at 1378 and 1355
cm−1, respectively in the type 1 spectrum indicates the
formation of hemochrome upon photoreduction of hemi-
chrome and/or oxygenated Hb. Alternatively, both of these
states could exist at the surface of the microcrystalline deposits.

For instance, molecules at the surface can exchange oxygen
more readily than in the bulk crystalline deposit. TERS is
essentially a surface technique unlike conventional resonance
Raman spectroscopy and the extreme sensitivity enables
resolution of different heme oxidation states occurring on the
crystalline surface.
Type 2 spectra (Figure 2B) show other bands beside the

heme bands including some proteinaceous bands such as the
amide I (1656 cm−1), the amide III band (1321 cm−1), and a
carboxylate band from terminal amino acid side chains (1400
cm−1) with heme bands at 1587, 1560, 1155, 908, 754, and 671
cm−1 also pronounced. The type 3 spectrum (Figure 2C)
shows two amino acid bands enhanced, namely the phenyl-
alanine mode at 1002 cm−1 and to a lesser degree the histidine
mode at 932 cm−1, along with the amide I, amide III, and other

Figure 3. (A) Resonance Raman spectrum recorded of bulk dried hemoglobin (10−3 M) using 532 nm laser line. (B) Resonance Raman spectrum
recorded from dried hematin (10−3 M) using 532 nm laser line.

Figure 4. Surface-enhanced resonance Raman spectrum of hemoglobin recorded using 532 nm excitation.
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heme bands. The TER spectra of amino acid bands have
previously been reported for cytochrome c but no enhanced
amide I mode was observed in that study.16 The far-field
spectra of hemoglobin with the tip retracted using the same
parameters as the TERS spectrum is presented in Figure 2D.
The spectrum shows no enhancement of any heme bands
proving that the spectra presented in Figure 2A−C are in fact
TERS and not normal resonance Raman spectra. The spectra of
hematin and bulk hemoglobin are recorded using 532 nm
excitation are presented in Figure 3A,B, respectively. The
spectrum of hemoglobin shows bands associated solely with the
porphyrin moiety as seen by comparison with hematin, a ferric
high spin hydroxy form of heme that is devoid of protein. All
show similar features to Type 1 TERS spectra of hemoglobin
and confirm the bands enhanced in the TERS type 1 spectra are
mainly from the heme moiety.
Figure 4 shows a SERRS spectrum of hemoglobin recorded

using colloidal silver nanoparticles and 532 nm excitation. The
spectrum is dominated by strong heme bands including those at
1638, 1589, 1563, and 1501 assigned to ν10, ν37, ν2, and ν3, all of
which are from porphyrin skeletal modes. Notably both the
ferric (1377 cm−1) and ferrous (1358 cm−1) electron density
marker bands appear in the SERRS spectrum as they also do in
the TERS type 1 spectra, indicating this phenomenon is not
necessarily a tip-induced effect but possibly induced by
oxidation of hemoglobin at the surface of the crystal. There
are two possible explanations for this observation. The first is
that at the surface of the heme crystal oxygen molecules are
constantly been exchanged thus one would expect a mixture of
ferric and ferrous hemes to be detected. The second is that the
surface of silver tip and silver nanoparticles are likely to have
silver ions in a variety of oxidation states capable of causing
oxidation reactions with heme species. The appearance of both
oxidation bands in the TERS and SERRS spectra could be
explained by nanoscale oxidation events occurring at hemes in
the vicinity of the tip or the SERRS silver nanoparticles,
respectively. These subtle oxidation differences were not
observed in the conventional resonance Raman spectrum of
bulk hemoglobin highlighting the sensitivity of the TERS and
SERRS approach to nanoscale oxidation events occurring at the
surface of heme crystals.
The proteinaceous bands are normally observed only in the

Fourier transform infrared (FTIR) spectrum and near-IR
excited Raman spectra of Hb30 but not in the resonance
Raman spectrum of Hb, at least at 530 nm.38,39 The results
corroborate the finding by Yeo et al.16 who observed similar
types of spectra for cytochrome c where one type was
dominated by heme bands and the other showed amino acid
bands enhanced. The variation is explained by the proximity of
the tip in relation to the heme and amino acids, respectively.16

The study by Böhme et al.13 applying TERS to cytochrome c
adds further support to this distance dependence argument. In
that case, they observed weak lipid bands contributing to the
spectra under resonance Raman conditions in some but not all
spectra. In the present case, this means that if the tip is in close
proximity to mainly heme moieties then the heme modes will
become enhanced or alternatively if the tip is in close proximity
to the protein components of Hb then the proteinaceous bands
will be enhanced.
The appearance of a relatively strong amide I, amide III, and

carboxylate modes in the TERS spectra are indeed interesting.
However, other TERS studies have also reported enhanced
amide modes.40 Gullekson et al.40 identified strong amide

modes using both SERRS and TERS on collagen I fibrils. The
sharpness of the bands enabled resolution of conformational
markers without any deconvolution.40 These modes are not
observed in the resonance Raman spectrum recorded of Hb
where only modes associated with the porphyrin are apparent.
Moreover, the RR spectrum of Hb only shows one electron
density marker band, namely that of the ferric form at 1372
cm−1 and consequently RR spectroscopy is not sensitive
enough or indeed does not induce these nanoscale oxidation
differences. In this paper, we have described the first TERS
spectra recorded of Hb and demonstrated the selective
enhancement of heme and protein modes. These results
demonstrate that nanoscale polarization effects induced by
molecular surfaces in the proximity of the tip can substantially
influence mode enhancement. The results indicate the spectral
fluctuations can be attributed to independently enhancing both
protein and heme active modes depending on the direction of
the polarizability tensor in relation to the tip. Finally nanoscale
oxidation effects can be detected or indeed induced using this
highly sensitive technique, which could open the door to
monitoring dynamical changes in response to ligand exchange
and possibly drug binding.
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a  b  s  t  r  a  c  t

We  proposed  a rapid, simple  and  room-temperature  method  to fabricate  hierarchical  silver nanocap
arrays,  in  which  hot  spots  could  be  facilely  engineered  on  three-dimensional  curved  surface.  Both  optical
property  and  surface-enhanced  Raman  scattering  (SERS)  activity  displayed  non-monotonic  Ag  thick-
ness  dependence.  Furthermore,  the  simulation  results  obtained  by  finite-difference  time-domain  (FDTD)
eywords:
urface-enhanced Raman scattering (SERS)
ot spots
inite-difference time-domain (FDTD)
ard anodization (HA)

method  reveal  that  hot  spots  intensity  and  density  on three-dimensional  curved  surface  significantly  vary
and  strongly  depend  on deposited  Ag thickness.  The  investigation  opens  a possibility  for  facile  fabrication
of  SERS  substrate  with  promising  hot  spot  engineering  on  three-dimensional  surface  and  extremely  high
SERS  activity.

© 2012 Elsevier B.V. All rights reserved.

anocap  arrays

. Introduction

Local electromagnetic field enhancement effects within the
iverse metal nanostructures have been extensively studied and
pplied in various fields, such as nano-optical devices [1], chemical
nd biological sensors [2] and surface-enhanced Raman scattering
SERS) [3–11]. It is well known that strong local electromagnetic
eld enhancement at particular sites, i.e. the ‘hot spot’ that is in the

nterstitial regions or the gaps among closely spaced nanostruc-
ures allow extremely sensitive SERS detection, even identification
f single molecules under ambient conditions [5,6]. Thus, improv-
ng intensity and density of hot spots are of crucial importance for
esigning and fabricating SERS substrates. Several strategies have
een proposed for generating and refining hot spots within diverse
etal nanostructures, such as dimer-like nanoparticle aggregation

3–6] and dense metallic nanostructure arrays [7–10]. Although
xtremely intense hot spots exist within dimer-like nanoparti-
les aggregation [4–6], the uniformity and reproducibility of hot

pots and corresponding SERS enhancement are hardly achieved. In
ontrast, hot spots’ intensity and density within two-dimensional
etallic nanoparticle array could be significantly increased by

∗ Corresponding author at: School of Science, Xi’an Jiaotong University, 28 Xian-
ing  Road, Xi’an, Shannxi, Xi’an, 710049, PR China. Tel.: +86 29 82668004;

ax: +86 29 82667872.
E-mail address: lqhuangxjtu@126.com (L. Huang).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.08.063
precisely controlling the geometry of array, especially the inter-
particle distance and the uniform, reproducible and high SERS
enhancement could be obtained [7–10]. To further increase hot
spots’ intensity and density, a few of complex array structures with
a large three-dimensional surface area available for the formation
of hot spots have been exploited [11,12]. Nevertheless, hot spots
engineering on three-dimensional surface remains still a challenge
due to the complexity of fabrication procedure and the difficulty of
hot spot controlling.

Recently, as a new template for fabricating SERS substrates,
porous anodic aluminum oxide (AAO) template prepared by hard
anodization (HA) technique has attracted the attention of materials
scientists [13,14]. Compared with mild anodization (MA) AAO tem-
plate used extensively in SERS substrate [7–10], HA AAO template
offers several advantages for mass production of SERS substrate,
such as very fast fabricating procedure, larger period and facile
to form free-standing template [15]. However, to the best of our
knowledge, HA-AAO template has rarely been used to fabricate
SERS substrates with hot spots engineering on three-dimensional
surface.

In this article, we proposed a rapid, simple and room-
temperature method to fabricate hierarchical silver nanocap
arrays, in which hot spots could be facilely engineered on three-

dimensional curved surface. The arrays were obtained by electron
beam evaporating Ag onto barrier layer surface of HA-AAO tem-
plate and consisted of hexagonal ordered submicrosized caps with
evenly distributed small nanoscale Ag particle on cap surfaces.

dx.doi.org/10.1016/j.apsusc.2012.08.063
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:lqhuangxjtu@126.com
dx.doi.org/10.1016/j.apsusc.2012.08.063


606 J. Wang et al. / Applied Surface Sc

Fig. 1. Schematic flow of fabrication process of hierarchical silver nanocap array (a)
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A-AAO with aluminum base; (b) structure diagram of HA-AAO; (c) barrier layer
emplate; (d) hierarchical silver nanocap array.

ith the increasing of deposited Ag thickness, the cap sur-
ace roughness varied over a wide range and nanoscale gaps
radually became narrower until disappeared. Both optical res-
nance property and SERS activity displayed non-monotonic Ag
hickness dependence. Furthermore, local electric field intensities
or hierarchical nanocap arrays have been simulated using the
nite-difference time-domain (FDTD) method, which help us to
nderstand hot spot engineering on three-dimensional curved sur-
ace.

. Experiment

.1. Preparation of hierarchical silver nanocap arrays

Schematic procedure for the fabrication of hierarchical silver
anocap array based on HA AAO template is showed in Fig. 1. The HA
AO template was prepared by two-step HA technique [15] in 0.3 M
xalic acid solutions at 130 V and −1.5 ◦C for 30 min  (Fig. 1(a)). The
tructure of HA-AAO is schematically shown in Fig. 1(b). Remain
luminum base of HA-AAO templates were then was  removed in

 saturated HgCl2 solution to obtain barrier layer of HA-AAO sub-
trates (Fig. 1(c)). The barrier layer morphology of as-fabricated
A AAO template measured by atomic fore microscopy (AFM) is

howed in Fig. S1 (see Supporting Information). The hierarchical
ilver nanocap arrays were fabricated by electron beam evaporat-
ng various thicknesses Ag from 20 nm to 200 nm onto the barrier
ayer surface of HA AAO template at the rate 0.2 nm/s in a vacuum
f approximately 3 × 10−3 Pa. The temperature of HA-AAO tem-
late during evaporating was kept at room temperature (300 K).
he schematic cross-section of hierarchical silver nanocap array is
howed in Fig. 1(d).

.2.  Characterization of silver nanocap arrays

Field-emission scanning electron microscope (JOEL JSM-6700F)
as employed to characterize the surface morphology of hier-

rchical silver nanocap arrays. Optical absorption spectra were
easured in the visible region using UV Spectrophotometer (PE

ambda 750). Raman and SERS spectral measurements were car-
ied out with confocal Raman spectrometer (Horiba Jobin Yvon

R800) with 633 nm excitations. Rhodamine 6G (R6G) was  adopted
s the analyte for SERS signals measurement. The SERS-active sub-
trate based on hierarchical silver nanocap arrays were immersed
n 10−5 M/L  R6G ethanol solution for 2 h and then thoroughly rinsed
ience 261 (2012) 605– 609

with  DI water to ensure the same surface coverage for monolayer
R6G molecules adsorbed onto different substrates.

3. Result and discussion

3.1.  Tunable hierarchical surface roughness by controlling Ag
deposition  thickness

SEM  images of hierarchical silver nanocap arrays are shown in
Fig. 2. From the SEM images, the silver hierarchical nanocap array
could be described as a submicro-/nanoscale system, namely the
submicrosized cap-shaped Ag particles (or building blocks) with
nanoscaled surface roughness are in a hexagonal periodic arrange-
ment. The nanoscaled surface roughness of cap-shaped Ag particles
was formed by distributing small hemispherical Ag nanoparticles
uniformly [16] on the barrier side of AAO template. Furthermore,
it is showed that the nanoscale surface roughness of cap-shaped
unit strongly depend on the deposited Ag thickness. At the initial
stage of silver deposition, only very small Ag nanoparticles were
approximately well distributed over the barrier side of AAO tem-
plate with large interparticle separation (Fig. 2(a)). Then, with the
increasing of deposited Ag thickness, these small Ag nanoparticles
grew up in size and aggregated gradually along with the decrease
in size of gap and increase in surface roughness, which are showed
in Fig. 2(b). As the deposited Ag thickness reached a specific value
(80 nm in our experiments), the highest surface roughness with the
narrowest gap were obtained (Fig. 2(b)). It will be demonstrated
in later section that the hierarchical Ag nanocap array with the
roughest topography is of the highest SERS activity. However, as
deposited Ag thickness reached 120 nm,  Ag nanoparticles began to
coalesce and the surface roughness apparently decreased, as shown
in Fig. 2(c). When deposited Ag thickness was  larger than 120 nm,
the surface roughness further decreased and gap even disappeared
with the increase in deposited Ag thickness. Eventually the smooth
nanocap array was formed as the Ag thickness reached several hun-
dred nanometers, as shown in Fig. 2(d). It should be pointed out that
all metallic nanostructure arrays were fabricated at room tempera-
ture, which is favorable for mass production of SERS substrates and
distinctly different from our previous work [10] for fabrication of
complex patterned Ag nanoparticle arrays at 473 K. This difference
may be attributed to different surface properties [10,17] between
HA AAO and MA  AAO template.

To  further reveal the geometric structure feature of fabricated
hierarchical nanocap arrays, the SEM images have been analyzed
through precise edge detection by digital image processing tech-
nique and the results are showed in Fig. S2 (see Supporting
Information). It showed that with the increase in deposited Ag
thickness (40–80 nm), the diameter of hemispherical Ag nanopar-
ticle varies considerably (14–22 nm)  while the count is almost
invariant.

3.2. Non-monotonic behaviors of optical property and SERS
activity

The  optical properties and SERS activity were investigated by
measuring the absorption spectra and SERS spectra and the results
are shown in Fig. 3. Fig. 3(a) shows a non-monotonic shift of absorp-
tion peak in the visible region with the increase in the deposited
Ag thickness. For the deposited Ag thickness smaller than 120 nm,
the absorption peak is red-shifted significantly with the increase
in deposited Ag thickness. Considering variation of nanoscale Ag

nanoparticle diameter and interparticle gap during Ag depositions
(Fig. 2(a) and (b)), this red shift could be attributed to increase
of hemispherical Ag nanoparticles diameter [16] and the reduc-
tion of interparticle gap, which strengthens the coupling between

naseri
Highlight

naseri
Highlight



J. Wang et al. / Applied Surface Science 261 (2012) 605– 609 607

Fig. 2. SEM images of hierarchical silver nanocap arrays with various Ag deposited thic
roughness of hierarchical nanocap arrays. The scale bars in the Fig. represent 100 nm.

Fig. 3. Non-monotonic behaviors of optical property and SERS activity for various
hierarchical  nanocap arrays with deposited Ag thickness in 20, 40, 60, 80, 120, 160
and 200 nm (a) absorption spectra. The dash line indicates the excitation wavelength
used  in our SERS experiments. (b) SERS spectra of R6G molecules.
kness: (a) 40 nm;  (b) 80 nm; (c) 120 nm;  (d) 200 nm. The insets show unit surface

dipole modes of neighbor particles and therefore correspondingly
decreases the energy of the mode [18–20]. For deposited Ag thick-
ness equal or greater than 120 nm,  the blue shift of absorption
peak with increase in deposited Ag thickness is observed, which
is similar to that of smooth nanocap arrays. This is mainly because
subsequently deposited Ag flat gaps between inter-particles and
make the rough surface of cap-shaped Ag particles to become rela-
tive smooth surface. Consequently, hierarchical Ag nanocap arrays
with various surface roughnesses provide an attractive possibil-
ity of continuous tuning of the optical plasmon resonances over
a larger range and broadening selectable excitation wavelength
range for SERS applications.

In  addition, the SERS spectra of R6G adsorbed on hierarchi-
cal silver nanocap arrays with various deposited Ag thicknesses
were measured using 633 nm laser and the measured results are
shown in Fig. 3(b). The pronounced Raman bands at 611, 771,
1126, 1183, 1310, 1364, 1507 and 1648 cm−1 are observed, which
match well with the reported results in the literature [21]. The
SERS spectra in Fig. 3(b) reveal that the SERS activities of hierarchi-
cal nanocap arrays vary non-monotonically and strongly depend
on the deposited Ag thickness. The relative SERS enhancement of
nanocap arrays with roughest surface (80 nm thickness) is higher
than that of nanocap arrays with smooth surface (200 nm thick-
ness) by more than an order of magnitude.

3.3. Hot spots engineering on three-dimensional curved surface

In  order to intuitionally reveal hot spots engineering for hier-

archical nanocap arrays, the local electric field intensity |Eloc/E0|2
were calculated using FDTD solutions. The simulations details were
given in the Supporting Information. The local electric field inten-
sity distribution for hierarchical silver nanocap array formed with
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Fig. 4. Local electric field intensity distribution at 633 nm (excitation laser wavelength) for hierarchical nanocap array formed with hemispherical Ag nanoparticle of various
diameters on the barrier side of AAO template: (a) 14 nm;  (b) 22 nm; (c) 40 nm; (d) 52 nm.

Table  1
Calculative SERS activity rates and EFs for various hierarchical nanocap arrays.

Diameter of Ag particle (nm) Activity rate of total surface (%) Calculative  peak
EFs  (a.u.)

Calculative average
EFsd (a.u.)

>10a >100b >1000c

14 15.71 5.06 1.03 5.02 × 104 6.51 × 101

22 28.66 15.96 7.55 3.87 × 106 2.37 × 103

40 18.08 2.55 0.33 2.37 × 105 4.50 × 101

52 8.78 0.75 0.06 4.63 × 103 6.25 × 100

a Activity rates with SERS EFs over 10.

m,  wh

h
4
a
r
u
n
a
s
t
h
p

d
r
m
a
c
c
s
m
t

b Activity rates with SERS EFs over 100.
c Activity rates with SERS EFs over 1000.
d Average EFs was  obtained by integral of EFs in the vicinity of surface with in 1 n

emispherical Ag nanoparticle of typical diameter 14 nm, 22 nm,
0 nm and 52 nm on the barrier layer surface of HA AAO template
re showed in Fig. 4. Fig. 4(a) and (b) (corresponding to the relative
ough surface) showed that the intense electric field is concentrated
pon the nanoscale gaps between the neighbor hemispherical Ag
anoparticle rather than V-shape grooves between neighbor caps
nd then Fig. 4(c) and (d) (corresponding to the relative smooth
urface) showed the opposite local electric field distribution fea-
ure. The above analyses intuitively indicate that distribution of
ot spots in hierarchical nanocap arrays could be well refined by
recisely controlling the deposited Ag thickness.

To quantitatively reveal the intensity and density of hot spots
ependence on the deposited Ag thickness, we calculated activity
ate (the proportion of total surface area in which SERS enhance-
ent exceed a certain value), peak SERS enhancement factors (EFs)

nd average SERS EFs of various hierarchical nanocap arrays (the
orresponding diameter of silver particle varied 14–52 nm). The

alculative results are listed in Table 1. The calculative SERS EFs was
implified as the fourth power of the local electric-field enhance-
ent: EF = |Eloc/E0|4. The results presented in Table 1 revealed

he intensity and density of hot spots significantly vary with
ich is typical enhancement distance.

diameters  of Ag particle and calculative EFs show non-monotonic
Ag thickness dependence, which agreed fairly well with SERS
measurement.

4. Conclusions

In summary, we proposed a rapid, simple and room-
temperature method to fabricate hierarchical silver nanocap
arrays, in which hot spots could be facilely engineered on three-
dimensional curved surface. The arrays were obtained by electron
beam evaporating Ag onto barrier layer surface of HA AAO and
consisted of hexagonal ordered submicrosized caps with evenly
distributed small nanoscale Ag particle on cap surfaces. The
experimental results revealed that hierarchical surface roughness
increases firstly and then decreases as Ag deposition thickness
increases, which result in non-monotonic behaviors of optical res-
onance property and SERS activity. The results on simulation using

FDTD method demonstrated the different hot spots’ distribution
in various hierarchical silver nanocap arrays and the dependence
of hot spot’s intensity and density on hierarchical geometric fea-
tures. The investigation opens a possibility for facile fabrication
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Carbon nano- and microspheres were synthesized using a dual-furnace chemical vapor deposition method at
800–1000 °C. Palm olein (PO) and zinc nitrate solution were used as a carbon source and catalyst precursor,
respectively; with a PO to zinc nitrate ratio of 30:20 (v/v). At 800 °C, no regular microspheres were formed,
while a more uniform structure was observed at 900 °C and 1000 °C. Generally, the size of the microspheres
is temperature-dependent. The carbon spheres are composed of graphite and amorphous carbon phases and
the formation of amorphous carbon was found to be the optimum at 850 °C. This study demonstrates a suc-
cessful method of carbon nano- and microsphere preparation using PO, a renewable bioresource, as the car-
bon source for the production of carbon spheres with tailor-made properties.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Since the discovery of carbon onions, composed of concentric spheri-
cal graphene shells, intense researchhas focused on thesenovelmaterials,
in order to understand their formation mechanism. Currently, several
methods have been developed to synthesize carbon microspheres, such
as carbon-arcmethod, high-energy electron irradiation, plasma torchpro-
cess and the chemical vapor deposition method (CVD) [1–3].

The CVD method is well-established and was used for the infiltra-
tion of numerous carbon precursors, such as sucrose, glucose, xylose,
furfuryl alcohol and benzene, for the synthesis of mesoporous carbon
spheres [4]. Furthermore, it was reported that carbon spheres can be
synthesized by direct pyrolysis of hydrocarbons using stryrene,
toloune, benzene, cyclohexane and hexane as carbon precursors [5].
Morphological studies indicate that the optimum deposition temper-
ature is 900 °C, resulting in an average diameter distribution of 100–
400 nm. In addition, it was found that the properties of carbon micro-
spheres can be enhanced using boron as a doping agent [6]. Lately, the
properties of microspheres have been stretched beyond conventional
applications such as nanocomposites, wear-resistant and magnetic
storage materials [7] and drug carriers [8].

Here, we describe our work on the synthesis and characterization
of carbon nano- and microspheres using PO and zinc nitrate as the
carbon and catalyst precursor, respectively.
A (UiTM), 40450 Shah Alam,
443870.

20 40 60 80

2  /degrees

Fig. 1. XRD patterns of carbon nano- and microspheres obtained by pyrolysis of palm
olein (the carbon source) in the presence of zinc nitrate (the catalyst precursor) at
800, 900 and 1000 °C, (◊=other types of carbon, ♦=oxide of carbon,∇= zinc oxide).

l rights reserved.
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2. Materials and methods

Zinc nitrate hexahydrate (Systerm) and hexamethyltetraamine
(Riedel-de-Haen) were used without further purification. A silicon
wafer (Polishing Corp of America) was used as a target substrate.
The catalyst was prepared by mixing 0.05 M zinc nitrate with PO at
a ratio of 30 PO:20 Zn(NO3)2 for 30 min (v/v).

The synthesis was conducted using a dual furnace system, with 2
furnaces placed in parallel: Furnace 1 and Furnace 2. The substrate
was placed at the center of Furnace 2, and the mixture solution
was placed in Furnace 1, in a 3.5 cm diameter quartz tube. Stoppers
a

b

c

d

Fig. 2. Surface morphology of carbon nano- and microspheres synthesized at (a) 800, (b) 85
(left) magnification images, and a typical EDX analysis of the carbon spheres (e) are shown
were inserted at both ends of the quartz tube. A gas carrier, nitrogen
with optimized flow rate of 150 sccm/min was flushed into the tube
to create an inert atmosphere. Furnace 2 was first switched on and
heated to 800, 900 and 1000 °C, followed by heating Furnace 1 to
500 °C. Deposition was allowed to proceed for an hour, followed by
a 30 min annealing.

A Field Emission Scanning ElectronMicroscope (FESEM) (Zeiss, Supra
40VP), a Raman Spectrophotometer (Horiba Jobin Yvon DU420A-OE-
325) equipped with a 514 nm laser, a Shimadzu XRD-6000 diffractome-
ter using CuKα radiation (λ=1.5405 Å) at 40 kV and 30 mA, at the rate
of 2°min−1 were used for the characterizations.
e

0, 900 and (d) 1000 °C using palm olein as the carbon source. Lower (right) and higher
.
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3. Results and discussion

Fig. 1 shows the presence of zinc oxide together with various forms
of carbon, indicating the formation of a carbon phase from the pyrolysis
of PO. The XRD patterns exhibit reflections at approximately 26°, which
is attributed to the (002) diffraction plane of hexagonal graphite; con-
firming the presence of a graphitic phase in the samples. However,
based on Raman spectroscopy analysis, the presence of an amorphous
carbon phase cannot be ruled out, as will be discussed later.

FESEM analysis revealed that the carbon nano- and microspheres
were successfully deposited on the siliconwafer substrate, at a pyrolysis
temperature range of 800–1000 °C. This demonstrates that the size and
shape of the resulting carbon spheres is temperature-dependent: no
regular microspheres were formed at 800 °C (Fig. 2a), but a drastical
transformation tomicron scale diameterswas observed at 850 °C. In ad-
dition, the diameter distribution of the carbon microspheres is more
uniform at 850 °C, with an approximate size of 1–3 μm. A closer look
at the surface of themicrospheres reveals that it is composed of second-
ary growth of nanoparticles (Fig. 2b on the right). At 900 °C, the forma-
tion of a more uniform distribution of carbon nanospheres was
observed with diameters between 25 and 35 nm (Fig. 2c). At this tem-
perature, the smallest carbon spheres were also observed. Based on
this observation, we hypothesize that the secondary growth of carbon
nanoparticles on the surface of carbon microspheres prepared at
850 °C was transformed into carbon nanospheres when the deposition
temperature was increased to 900 °C.

Interestingly, at 1000 °C the formation of larger carbonmicrospheres
was observed again, but with a uniform particle size distribution,
a b

200 nm

c

Fig. 3. FESEMmicrograph of carbon spheres prepared by pyrolysis of palm olein (a) at 850 °C
higher magnification. HRTEM images of the carbon spheres (c–f).
however the presence of smaller sizemicrospheres can still be observed.
The surface morphology study shows that a more uniform size distribu-
tion can be obtained for carbon micro- and nanospheres prepared at
850–900 °C; demonstrating that the temperature is very critical in deter-
mining the shape and size distribution of the resulting carbon spheres.

A typical EDX spectrum (Fig. 2e) shows the presence of carbon,
oxygen and zinc elements in all of the samples, indicating that the
samples are mainly composed of carbon. The presence of Zn is due
to the Zn catalyst, while the Al and Si are due to the sample stub
and sample target, respectively.

The carbon spheres show an annular coaxial lamellar morphology
with only a few nanometers thick (Fig. 3b). The presence of coaxial
lamellae was also supported by HRTEM images (Fig. 3c–f), showing
a multi-walled structure with a thickness of around 25–30 nm. The
metal oxide plays an important role in releases lattice oxygen. As a
result, the released atomic oxygen on the catalyst surface oxidises
the carbon source and takes away the hydrogen atoms to form
water vapor, resulting in the formation of various carbon ring struc-
tures; pentagon, heptagon and their combinations. Subsequently,
the spheres are formed from a pentagon carbon ring as the nucleus
followed by spiral shell growth. In addition, the sphere grows larger
when graphitic flakes are nucleated on the surface due to the forma-
tion of various paired pentagonal–heptagonal carbon rings, and the
combination produces various graphitic configurations for forming
the sphere, as was proposed earlier [11].

Raman study revealing two peaks, a D and G band at approximately
1354 and 1583 cm−1, respectively (Fig. 4). The G band is associated
with graphitic nanocrystallites [9] while the D band is due to defects,
50 nm

d

, revealing an annular coaxial lamellar morphology, (b) the same FESEMmicrograph at
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attributed to the presence of a non-graphitic, amorphous carbon phase
in the structure (Fig. 3a). The D band is quite broad, indicating that an
amorphous phase co-exists in the resulting materials.

The D and G bands were generally red shifted from 1350 to
1358 cm−1 and 1568 to 1593 cm−1, respectively when the deposition
temperature was increased from 800 to 1000 °C (Fig. 3b and c); in
agreement with previous observations [6]. The ID/IG ratio can be used
to indicate the structural ratio of the non-graphitic phase to the graphit-
ic structure [1], and as an indication of the quality and crystallinity of the
resulting carbon spheres [10]. A plot of ID/IG (Fig. 4d) and FESEM study
(Fig. 2b) suggests that the optimum pyrolysis temperature is 850 °C
for the formation of less graphitic content of carbon microspheres but
with better size distribution. However, more graphitic content of the
carbon spheres was observed at 800 and 1000 °C. This strongly indi-
cates that deposition temperature plays an important role in the forma-
tion of either less- or rich-graphitic content of the carbon spheres.
Under our experimental condition, the higher ID/IG ratio correlates
with carbon spheres with a more uniform particle size distribution. In
addition, carbon nanospheres with a diameter of approximately
25–35 nm were observed at 900 °C, with an ID/IG ratio of 1.027.

4. Conclusion

Carbon nano- and microspheres were successfully synthesized by
pyrolysis of PO between 850 and 1000 °C and their shapes, size
distribution and graphitic content are temperature-dependent. This
study demonstrates that PO, a renewable bioresource, can be used
as a cheap carbon source for the production of carbon spheres.
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Nano/microstructures of zinc oxide (ZnO) were grown by the laser assisted flow deposition 

(LAFD) method. This new process has proved to be very efficient, allowing high yield ZnO 
deposits at high-rate applicable to large-scale substrates. Laser local heating promotes fast ZnO 
decomposition and recombination under a self-catalytic vapour–liquid-solid mechanism for the 
nucleation and growth. Three types of ZnO morphologies were obtained according to the 
temperature/oxygen availability inside the growth chamber. The morphology can also be controlled 
adding rare-earth elements to the initial composition. Particularly, tetrapod morphology was 
obtained by europium oxide addition to the precursors. The structural and microstructural 
characterizations confirm the good crystallinity of the wurtzite structure. The photoluminescence 
spectroscopy revealed high optical quality of the as-grown ZnO. Specifically, the free exciton 
recombination and a strong near band edge recombination due to donor bound exciton transitions 
can be clearly recognized, although deep level emission in the green spectral region is present. 

1. INTRODUCTION 

Nano- and microstructures of wide band gap semiconductor materials as ZnO are known to possess 
great potential in fundamental science and modern technology applications [1-3]. In particular, the 
direct bandgap energy of ~3.37 eV at room temperature and the large exciton binding energy (~60 
meV) might turn ZnO an excellent option for applications in short-wavelength optoelectronic 
devices if the lack of a reproducible and controllable p-type doping could be surpassed [1, 2-6].  

Low dimensional ZnO nanostructures, with their modified physical properties, are expected 
to have an important role as functional components in electronics and optoelectronics nanoscale 
applications [1, 4-7]. In the last few years, many morphologies including rods, wires, needles, 
tetrapods and other complex structures [1, 8-19] have been reported in the literature for ZnO 
nanostructures. Catalyst-free vapour-solid and catalyst driven vapour-liquid-solid approaches have 
been explored to grow these ZnO nanostructures [1,8-12].  Although many papers suggest that the 
growth temperature mainly selects each ZnO structure, more recently it was demonstrated that the 
type of growth is also controlled by the pressure, oxygen availability and gas flow, all affecting 
each other [20].  

Among the widely established deposition techniques to grow thin film materials, the most 
common methods for the growth of ZnO nanostructure are: i) metal organic vapour phase epitaxy 
(MOVPE) [15,17-19], a complex and expensive technique due to the metal–organic precursors, 
presenting however the great advantage of low requirements towards its vacuum system; ii) vapour 
phase epitaxy (VPE) [1,15,20], a low cost system, presenting the benefit of using ultrapure Zn 
powder and high grade O2 gas, avoiding by-product impurities from the precursors; iii)  
electrodeposition [15,21], a very cheap method easily allowing for selective growth on different 
areas of the substrate; and iv) pulsed laser deposition (PLD) [13-16], a highly flexible technique 
concerning the deposited material and the growth parameters, due to the decoupling of the growth 
chamber to the energy source. These advantages, together with the large areas of deposition that can 
be obtained, make this method one of the most useful. 
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In this work, we describe a simple laser assisted growth method using polycrystalline ZnO 
rods as a precursor without employing any foreign metal catalyst. This method proved to be an 
efficient one, offering high growth rates compatible with large-scale production of ZnO free-
standing foams and deposited nanostructures. The luminescence of ZnO nano/microstructures is 
dominated by a strong near band edge recombination due to free and donor bound exciton 
transitions, showing that this growth method allows obtaining ZnO nano/microstructures yielding 
high optical quality, the main initial purpose of this work. 

2. EXPERIMENTAL 

The laser assisted flow deposition was performed on a modified laser floating zone (LFZ) growth 
chamber which comprises a 200 W CO2 laser (Spectron) coupled to a reflective optical set-up 
producing a circular crown-shaped laser beam. The beam is focused at the tip of the extruded rods, 
previously prepared by mixing the initial ZnO powders (AnalaR, 99.7%) with polyvinyl alcohol 
(PVA 0.1 g/ml, Merck), obtaining a slurry that was further extruded into cylindrical rods with 
diameters of 1.75 mm. 

 The as-grown ZnO nano/microstructures were deposited in Al2O3 substrates in air at 
atmospheric pressure with different laser powers. 

The samples morphology and microstructure were characterized by SEM, scanning electron 
microscopy, (Hitachi SU-70) and by TEM, transmission electron microscopy (Hitachi H-9000 na). 
The crystal structure and orientation of the as-grown ZnO nano/micro structures were investigated 
by measuring θ-2θ scans of X-ray diffraction (XRD) using a PANalytical X’Pert PRO apparatus. 
Room temperature (RT) Raman spectroscopy (Horiba Jobin Yvon HR800) were measured in 
backscattering configuration by exciting the samples with the 325 nm line of a cw He-Cd laser 
(Kimmon IK Series).  

Steady state PL measurements were carried out between 14 K and RT using the same He-Cd 
as excitation source.  

3. RESULTS AND DISCUSSION 

Scanning electron microscopy images (Figure 1) showed that the material resulting from 
decomposition of the extruded rods produced a high yield of randomly grown nano/microwires, 
needles and awl-shaped tetrapod structures. At the rod precursor extremity, where the laser beam is 
focused, ZnO microrods develop with mean diameters and lengths in the range of several microns, 
exhibiting a high aspect ratio with hexagonal cross sections (Figure 1(a)). Far away from the rod 
precursor, at the substrate surface, two main distinct deposits can be observed: a free standing ZnO 
foam and an ensemble of nano/microcrystals condensed at the substrate. The free standing foam 
(Figure 1(b)) is composed by branched wires with small diameter (< 200 nm) and several microns 
in length. These wires are sparsely coalesced and randomly oriented, exhibiting sharp tips. 
Underneath the foam, ZnO nanostructures grew on the substrate, as shown in Figures 1 (c) and (d). 
Hexagon planes can be identified at the tip of the nanorods, frequently branching from tetrapod 
embryos. This morphology is consistent with a preferentially growth along the [0001] direction, the 
fastest for ZnO due to its higher surface energy  [22,23].  
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Fig. 1- Scanning electron microscopy images of ZnO nano/microstructures grown by laser assisted 

flow deposition: (a) localized at the rod extremity; (b) free standing ZnO foam; (c) and (d) 
deposited at the substrate; (e) and (f) tetrapod deposits in Eu doped sample. 

The XRD diffraction patterns of the hexagonal wurtzite nano/microdeposits (Figure 2 (a)) 
reveal their single phase crystalline nature. The calculated lattice constants a = b = 3.25 Å and c = 
5.21 Å are in good agreement with the reported values for the bulk material [24]. All the deposits 
have similar XRD spectra with narrow full width at half maximum (FWHM) values, indicating the 
high crystallinity of the grown nano/microstructures.  

Figure 2 (b) shows a typical UV-Raman spectrum of the as-grown nano/microstructures. 
Three major vibrational bands are observed at 576, 1151 and 1732 cm-1 with FWHM of 26, 51 and 
63 cm-1, respectively. The photon energy used in the Raman experiments was ~3.8 eV, slightly 
higher than the wurtzite ZnO energy band-gap. In this case, the virtual states in the Raman 
scattering process are replaced by real electronic states, leading to an enhancement of the scattering 
cross section for phonon/electron coupling, considering the large ZnO polaron coupling coefficient. 
The observed lines and their FWHM results from the contributions of the polar A1(LO) and E1(LO) 
symmetry modes and their overtones [25,26].  

 
 
 
 
 
 

a) b) 

c) d) 

e) f) 
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Fig. 2 – X-ray diffraction pattern (a) and Raman spectra (b) of ZnO nano/microcrystals. 

High-resolution transmission electron microscopy of a single ZnO nanowire, Figure 3, 
shows uniform interplanar spacing, evidencing good cristallinity. Furthermore, a preferential 
growth along the [0001] direction is confirmed, as inferred from the measured interplanar spacing 
of ~0.52 nm.  
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Fig. 3 – Transmission electron microscopy image of a ZnO tetrapod branch showing the interplanar 

spacing along the  [0001] direction 

In the laser assisted flow deposition, ZnO decomposition is favoured due to the proximity of 
the melting and ebullition temperatures together with the local heating generated by the high power 
laser focused on the top of the extruded rod. Like in other synthesis methods, the zinc vapor is 
generated by thermal decomposition which is one of the simplest methods employed among all to 
grow nanowires/nanorods [27,28]. The generated gases are so transferred to the low temperature 
regions, promoting the recombination of zinc with oxygen to form ZnO products. According to 
recent published works, a self-catalytic vapor-liquid-solid mechanism is being increasingly 
accepted to explain both the nucleation and growth processes in catalyst-free deposition [29-31]. 
Considering these authors, Zn and zinc suboxides condense in the form of droplets at the substrate 
surface forming nuclei embryos that grow by absorbing the incoming oxygen and zinc atoms from 
the gas phase [29-31]. The different ZnO morphologies obtained in the as-grown 
nano/microstructures result from different kinetics/thermodynamic conditions near the top of the 
rod or close to the substrate surface. The higher temperature around the top of the rod and the 
permanent air circulation due to the strong convection results in bigger ZnO crystals (Figure 1(a)). 
The smaller crystals of nanometric sizes, observed at the substrate surface, are due to the vapor 
condensation in colder regions with longer reaction times (Figure 1 (c) and (d)). In the present case, 
the process is accelerated by the laser local heating and the air atmosphere in the growth chamber. 
A high yield growth process is then achieved since only tens of seconds or less are necessary to 
completely cover the substrate area (7cm2).  

An accurate control of the size, morphology and crystalline orientation is of fundamental 
importance when considering device applications. The morphology of the ZnO nanostructures not 
only depends on the growth method but also on different experimental parameters such as the 
source material, the growth atmosphere, and the source and substrate temperature [15,32].  The gas-
phase supersaturation and surface energy of the growing surface planes have been pointed out as 
dominant factors for the derivation and evolution of the nanostructures morphologies [29-31]. For 
the ZnO grown by laser assisted flow deposition, the nano/microstructure morphology can be 
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controlled by the composition of the extruded rod and hence the vapour phase components. Adding 
suitable dopants, preferential tetrapod morphology can be promoted as shown in Figures 1(e) and 
(f), where europium oxide was added to the precursor.  This may be due to ZnO growth inhibition 
in the presence of europium oxide, as described by Zheng et al. for the case of indium oxide [29]. 
Similarly, Tang and Fan [33] used SiO and Fe2O3/Al2O3 in the precursor to obtain ZnO tetrapods. 
Comparing the morphologies of the ZnO samples in this work (Figures 1 (c, d) to (e, f)) a more 
regular formation based on tetrapod morphology is achieved when europium oxide is added to the 
precursor.  
 The PL of the ZnO nano/microstructures deposited at the substrate is shown in Figure 4. At 
low temperature, the dominant emission peak occurs at ~3.36 eV and is attributed to the overlap of 
several emitting D0X (I lines) [34-37]. These transitions have been previously assigned to different 
impurities like H (I4), Al (I6), Ga (I8) and In (I9) [35]. In addition and as reported by Grabowska et 

al., [15] the surface exciton (SX) recombination near 3.366 eV is observed. At higher energies a 
bump at 3.376 eV could be assigned to the free exciton (FXA) transition [35]. Increasing the 
temperature promotes the dissociation of the bound excitons and at room temperature the emission 
is dominated by the free exciton recombination peaked at 3.28 eV (Figure 4c).  
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Fig. 4 – a) Low temperature PL spectra of the ZnO nano/microstructures.  

b) Near band edge recombination of the as-grown nano/microstructures ZnO samples.  
c) Temperature dependence PL spectra of the ZnO nano/microstructures. 

The high optical quality of the ZnO nano/microstructures puts in evidence the main purpose 
of the present work. In fact, this new growth process presents the advantage of being catalyst-free, 
since it is often necessary to remove the foreign catalyst nanoparticles for subsequent applications 
[22]. This method proved to possess a high versatility to grow ZnO nano/microstructures at high 
deposition rates, avoiding time consuming operations and thus being easily up-scalable to large area 
deposition.  

4. CONCLUSIONS 

A new method to produce ZnO nano/microstructures was developed: the laser assisted flow 
deposition.  It was successfully demonstrated that this method exhibits a very high yield, being only 
necessary a few tens of seconds to cover the substrate area with highly ZnO crystalline 
nano/microstructures. A self catalytic vapour–liquid-solid mechanism is accounted for the 
nucleation and growth process of the ZnO material. Different types of ZnO morphologies can be 
obtained by controlling the temperature, oxygen availability and additives to the initial composition.  
Low temperature PL analysis of the ZnO nano/microstructures shows an intense near band edge 
emission when compared with the structured green band. The ultraviolet PL recombination is 
dominated by the D0X, SX and FX transition lines, usually an indication of high optical quality of 
ZnO crystals.   
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a b s t r a c t

ZnO nanotetrapod (ZnO-TP) photoanodes have been fabricated by a simple thermal evaporation method
followed by characterization of their morphological, structural, optical and photoelectrochemical proper-
ties. The reaction time was found to be a critical factor in the synthesis of well-defined tetrapod nano-
structures. The crystallinity of the grown tetrapods was investigated using X-ray diffraction as well as
Raman spectroscopy. The photoluminescence (PL) spectra of the fabricated ZnO nanostructures showed
two peaks; a near-band-edge (NBE) emission in the UV region and a broad deep-level emission (DLE) in
the green emission region. Used as photoanodes to photoelectrochemically split water, the 90 min-trea-
ted ZnO-TP electrodes showed a photocurrent density of 0.4 mA/cm2 under AM 1.5G illumination
(100 mW/cm2, 0.5 M Na2SO4), a significantly greater photocurrent than the bulk ZnO counterpart elec-
trodes. The transient photocurrent measurements revealed exceptional stability of the as-fabricated
ZnO-TPs.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The use of metal oxide photoanodes in photoelectrochemical
cells (PEC) for solar-driven hydrogen production via water splitting
has been explored extensively over the past few decades [1–6].
This can primarily be related to their exceptional semiconducting
properties, physical and chemical stability, abundance and low
cost. Of particular interest, low-dimensional semiconductor nan-
oarchitectures have recently become the focus of many fundamen-
tal and applied research activities in the field of solar energy
conversion [7–10]. Due to its direct wide band gap (3.37 eV), large
excitation binding energy (60 meV), excellent optical properties
and low cost, Zinc oxide (ZnO) has become one of the most impor-
tant functional components in a plethora of devices [11]. Conse-
quently, many fabrication methods [11,12] have been developed
to control the morphology of ZnO nanostructures such as sol gel,
chemical vapor deposition (CVD), sputtering, pulsed laser deposi-
tion (PLD) and vapor-phase processing, with numerous sizes and
shapes such as nanowires, nanorings, nanobelts, nanocages, nano-
helix, tetrapods, etc. [13].

Among the various morphologies of ZnO nanoarchitectures, tet-
rapod (TP) nanostructure has recently attracted extensive atten-
tion due to its unique shape and structure [14], which resulted in
remarkable optical, piezoelectric and magnetic properties [15].
TP nanostructures showed promising applications in photodiodes
ll rights reserved.

, nageh.allam@gmail.com
[16], sensors [17], photocatalysis [18], field emitters and lumines-
cence [19], amnong others [20]. However, the fabrication of uni-
form tetrapods over large area electrodes is still rather difficult.
For example, the loose packing of ZnO-TPs with different sizes
were showed to bring various large cavities, which adversely affect
the performance of dye-sensitized solar cells [21,22]. In this Letter,
we report the successful fabrication of ZnO nanotetrapod elec-
trodes by a simple thermal evaporation method and characteriza-
tion of their structural and optical properties. The vapor process
has several advantages over other fabrication methods as it enables
the control over the moropholgy and crystallinity of the fabricated
ZnO electrodes. As a proof of concept, the fabricated ZnO-TP elec-
trodes were used as photoanodes for water splitting. This was in-
spired by previous reports showing that crosslinked and net
nanoarchitecures achieved both long optical path lengths and high
incident photon-to-electron conversion efficiencies as compared to
the other 1D nanostructure counterparts [23,24]. Our fabricated
ZnO-TP electrodes showed a significantly high photocurrent den-
sity of 0.4 mA/cm2 upon their use as photoanodes to split water
under AM 1.5G illmumination.

2. Experimental procedure

Tetrapod ZnO nanostructures were synthesized on Silicon (100)
substrates in a horizontal tube furnace system (Figure 1) without
using a metal catalyst. High purity zinc powder (99.999% Sigma–
Aldrich) was used as the source material. The source material
and the Si substrate were heated up to 900 �C gradually from room
temperature in a rate of 10 �C/min. High purity N2 gas (99.999%,

http://dx.doi.org/10.1016/j.cplett.2012.08.038
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Figure 1. Schematic of the set-up used for the growth of ZnO-TP nanostructures.
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Airgas) was fed at a rate of 0.2 l/min. Oxygen gas (99.999%, Air-
gas) was not fed into the furnace until 5 min after the temperature
reached 900 �C. Before starting the reaction, the chamber pressure
was lowered to 3 Torr using a rotary vacuum pump, which was
slightly increased after the introduction of the reactant gases.
The oxygen gas flow rate was kept at 0.05 l/min. The reaction dura-
tions were 30, 60, 90 and 120 min. The morphology of the formed
ZnO nanostructures was observed with scanning electron micro-
scope (SEM, model JEOL JSM-6460LV with energy dispersive
X-ray spectroscopy EDX installed). X-ray diffractometer (XRD;
PANalytical X’Pert PRO diffractometer with Cu Ka radiation) was
used for the structural measurements. The photoluminescence
(PL) spectra of the samples were measured with a He–Cd laser
(325 nm) at room temperature. Raman spectrum was taken with
a Raman spectrometer (Horiba Jobin Yvon HR800) with Ar+ ion
laser as the excitation source operating at a wavelength of
514.55 nm.

The photoelectrochemical properties were investigated in 0.5 M
Na2SO4 solution using a three-electrode configuration with ZnO-TP
as photoanodes, saturated Ag/AgCl as a reference electrode, and
platinum foil as a counter electrode. A scanning potentiostat (CH
Instruments, model CH 660D) was used to measure dark and illu-
minated currents at a scan rate of 10 mV/s. Sunlight was simulated
with a 300 W xenon ozone-free lamp (Spectra Physics) and AM
1.5G filter (Newport # 81094) at 100 mW/cm2.
3. Results and discussion

3.1. Morphological and structural characterization

Figure 2 shows the morphology of the grown ZnO nanostruc-
tures at different reaction times. Figure 2a shows the stuructures
formed after 30 min where highly dense, cross-linked nanorods
(�2 lm long and 200 nm in diameter) were obtained. Upon
extending the reaction time to 60 min (Figure 2b), well-defined
tetrapod ZnO nanostructures were obtained with the length of legs
ranging from �4 to 7 lm and average diameters of �1 lm. Fig-
ure 2c depicts the morphology of the nanosturctures obtained after
90 min. Note that well-defined tetrapod ZnO nanoarchitecures,
similar to those obtained after 60 min, were obtained. However,
the length of the legs was almost homogenous (�7 lm) and the
average diameter was �1.2 lm. Note also that a decrease in the
mean diameter of these legs from �1.2 lm (at the bottom) to
�500 nm at the tip of leg was observed. Morover, the sturctures
obtained after 90 min were more dense than those obtained after
60 min. Increasing the reaction time to 120 min (Figure 2d) re-
sulted in the formation of randomly oriented nanostructues along
with some tube-like architectures of average diameters of �1 lm.
Therefore, tetrapod ZnO nanostructured electrodes were only ob-
tained after 60 and 90 min reaction times.

To explain the growth of ZnO-TP, there is a consensus that the
nanoarms grow after the nucleation of a core structure [14,25].
Based on the obtained results, the formation of ZnO nanostructures
in the absence of a metal catalyst can be divided into two steps;
nucleation and growth. As the temperature of the furnace reached
900 �C, zinc vapor reacts with oxygen to form the nucleus of the
ZnO with hexagonal bases originated from the centre of this nu-
cleus [26].

2ZnðgÞ þ O2ðgÞ ! 2ZnOðgÞ ð1Þ
As the reactant concentration increases, ZnO nuclei individually

grow in upward direction in the form of nanorods. After 30 min
these rods seem to be small and separated from their roots forming
cross-linked mesh as in Figure 2a. Increasing the time to 60 or
90 min resulted in the formation of nano-tetrapods with long legs.
The diameter of leg decreases gradually from the bottom to the tip
(Figure 2b,c). With further increase in the reaction time to 120 min,
the narrower point was cut from the legs resulted in the formation
of tube-like shape originated from the base (Figure 2d).

As the morphology of the resulted ZnO nanostructures is depen-
dent on the reaction time, the crystallinity of such structures may
differ as well. Figure 3 shows the typical XRD patterns of the fab-
ricated ZnO nanostructures grown on Si (100) via the vapor solid
technique. All samples show sharp, highly intense peaks that
match very well with bulk ZnO of hexagonal structure (JCPDS No.
800075). No diffraction peaks from Zn or other impurities were de-
tected. Three pronounced ZnO diffraction peaks that are related to
the (100), (002) and (101) plans are distigusihed. Some other
weak peaks (102, 110, 103) were also observed. Note that, for
all prepared samples, the most intense peak is related to the
(002) plane indicating the prefered growth is in the c-axis direc-
tion. However, the intensity of the peaks, and therefore the crystal-
linity of the fabricated nanostructures, is dependent on the
reaction time, which is enhanced with increasing the reaction peri-
ode. The full width at half maximum (FWHM) of the (002) peak for
the nano-tetrapods grown after 90 min (0.16) is smaller than those
for the samples grown at 30, 60, and 120 min. The observed change
in the FWHM values indicates increased crystallinity and/or the
formation of nanorods or nanowires along the c-axis [26]. Note
that the peaks appeared at 2h = 45 and 60� are related to the reflec-
tion from the SiC sample holder.

Raman-scattering is another effective technique to investigate
the crystallinity of materials. The Raman signals are very sensitive
to the crystal structure and the defects. According to group theory,
ZnO has hexagonal crystal structure, which belongs to the space
group C4

6V in which one primitive cell includes two formula units
where all the atoms occupy the C3V symmetry [27]. There are eight
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Figure 2. FESEM images of the ZnO nanostructures grown after (a) 30, (b) 60, (c) 90 and (d) 120 min.

Figure 3. XRD patterns of the (a) bulk, (b) 30, (c) 60, (d) 90 and (e) 120 min-treated
ZnO electrodes.

Figure 4. Typical Raman scattering spectra of the ZnO nanostructures grown after
(a) 30, (b) 60, (c) 90 and (d) 120 min.
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sets of optical phonons, optic modes: A1 + 2B1 + E1 + 2E2, near the
centre of Brillion zone. A1 and E1 are polar modes (both infrared
and Raman active), which split into two optical components:
longitudinal (LO) and transverse (TO) [27,28]. However, the B1

modes are silent modes (both infrared and Raman inactive). More
interestingly, the two non-polar E2 modes are only Raman active
(E2 (low) and E2 (high)). The obtained Raman spectra for the
fabricated nanostructures are shown in Figure 4. Note that a sharp
and strong peak was observed at �437 cm�1, which can be as-
signed to the E2 (high) phonon mode [28]. This is the characteristic
peak of the hexagonal wurtzite phase [28]. Note that the obtained
E2 (high) peaks are blueshifted compared to those reported for bulk
ZnO [28]. In general, this shift can be related to internal strains as a



Figure 5. Room temperature PL spectra of the ZnO nanostructures grown after (a)
30, (b) 60, (c) 90 and (d) 120 min.
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result from different growth directions [29]. However, the
observed shift is very small indicating stress relaxation effect in
the fabricated ZnO-TP nanostructures [29,30]. Generally, the pres-
ence of an intense E2 (high) mode (�437 cm�1) and a suppressed E1

(LO) mode (�580 cm�1) in the Raman spectrum is an indication
that the as-synthesized ZnO nanostructures are highly crystalline
with a hexagonal wurtzite phase [30]. Note that this condiction
is satisfied for all samples prepared in this study reflecting the
highly crystallinity of the fabricated ZnO-TP nanoarchitectures.
3.2. Photoluminescence characterization

The photoluminescence (PL) spectra of the grown ZnO nano-
structures are shown in Figure 5. All samples showed two peaks;
a near-band-edge (NBE) emission in the UV region and a broad
deep-level emission (DLE) in the green emission region. The NBE
peak is believed to be generated by the recombination of the exci-
tons through an exciton–exciton collision process [31]. The broad
green emission (DLE) from the ZnO nanostructures is related to
sub-band transition, which seems to be intrinsic in nature. The
sample grown after 30 min showed the lowest NBE and DLE
Figure 6. (a) J�V curves recorded for the ZnO-TP electrodes fabricated after 60 and 90 m
VAg/AgCl.
intensities. However, the sample grown after 120 min showed
the highest DLE and NBE intensities. Note that the peak position
for the NBE UV emission (at �383 nm) is almost the same for all
tested samples but with different intensities. The NBE peaks are
more intense than the DLE peaks for all tested samples except
for the sample grown after 60 min. Similar incidents were ob-
served and related to exciton bound to structural defects, strain-in-
duced structural defects, incorporation of impurity-induced
disorder, or surface defects during growth process [31].

One of the important factors that is used to compare the optical
properties is the ratio NBE/DLE [32]. The high NBE/DL ratio of the
ZnO-TPs grown after 90 min than the other ZnO nanostructures,
in addition to the narrow peak of the NBE emission as well as
the decrease in the peak intensity of the green emission could be
related to the improvement of crystal quality of the fabricated nan-
oarchitectures [32]. This is in agreement with previous work indi-
cating that the improvement of crystal quality can cause a high-
intensity near-band-edge emission with a very low or no green
emission [32]. This finding indicates that the ZnO grown after 90
and 120 min have the best crystallinity, which is in agreement
with the XRD results (Figure 3).

We noted a red shift in the room temperature PL spectra of the
ZnO nanostructures. Generally, the red shift could be due to vari-
ous reasons: (1) laser heating effect [33], (2) different contributions
of excitonic emissions and their phonon replicas [34], and (3) pres-
ence of different in-plane stress/strain [35]. However, as the laser
power was kept very low, a shift in the PL peak positions due to la-
ser heating is not likely to occur [36]. Therefore, the red shift of PL
peak position might be due either to the presence of in-plane ten-
sile stress or different contributions of excitonic emissions and
their phonon replicas.
3.3. Photoelectrochemical water splitting

The photoelectrochemical activity test for water photoelectrol-
ysis using the as-synthesized ZnO-TP electrodes was carried out in
a 0.5 M Na2SO4 electrolyte solution using a typical three-electrode
electrochemical cell. Dark scans showed almost negligible current
densities in the range of 10�7 A/cm2. Upon illumination of the ZnO-
TP photoanodes (Figure 6a), the 60 min-treated TP electrodes
showed a photocurrent density of �0.25 mA/cm2 at + 0.8 VAg/AgCl.
in, and (b) the corresponding current transients obtained at applied voltage of 0.8
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More interestingly, the 90 min-treated ZnO-TP photoelectrode
showed a photocurrent density of �0.4 mA/cm2 at the same ap-
plied voltage, which is more than tenfold increase compared to
that reported for compact ZnO films [37]. This enhancement in
photocurrent may be related to the good vectorial electron trans-
port and network forming ability of the ZnO-TP [14]. Comparing
the photocurrents (0.25 and 0.4 mA/cm2) to the dark currents
(10�7 A/cm2) may indicate that the photocurrents under illumina-
tion conditions are generated only by absorbed photons without a
dark-current contribution. The difference in photocurrent obtained
for the 60-min and 90-min samples can be related to the difference
in crystallinity. Note that the photocurrent curves do not saturate
over the entire potential scan range suggesting efficient charge car-
riers separation in the ZnO-TPs upon illumination [38].

To assess the stability of the ZnO-TP photoanodes, the transient
photocurrent (J–t) test of the fabricated ZnO-TP electrodes after 60
and 90 min was carried out under light on/off illumination at con-
stant external bias of 0.8 VAg/AgCl, as shown in Figure 6b. The pho-
tocurrent of the tested ZnO-TP electrodes decays very sharply
under light-off conditions without exhibiting a pronouncing pho-
tocurrent tails suggesting that the fabricated ZnO-TP films have
excellent carrier transport properties [39]. This is in agreement
with the XRD results indicating the excellent crystallinity of the
fabricated ZnO-TPs. Note also that the photocurrent was always
the same over the entire duration of the test indicating the high
stability of the tested ZnO-TP electrodes.

4. Conclusions

In conclusion, a facile method is reported for the fabrication of
highly crystalline ZnO nanotetrapod (ZnO-TP) electrodes via ther-
mal evaporation technique. The morphology and crystallinity of
the fabricated ZnO-TPs were found to depend on the reaction time.
While evaporation for 30 min resulted in the formation of cross-
linked mesh of ZnO nanostrutures, extending the evaporation time
to 60 or 90 min led to the growth of well-defined ZnO-TP nanostrtuc-
tures. Further increase in the reaction time to 120 min resulted in the
formation of randomly oriented tube-like nanostructures. Both XRD
and Raman analyses showed that the ZnO-TP electrodes fabricated
after 90 min have the best crystallinity. The photoluminescence
(PL) measurements showed narrow peaks at the near-band-edge
(NBE) emission and a decrease in the peak intensity of the green
emission, which again confirms the high crystal quality of the fabri-
cated nanoarchitectures [32]. The 90 min-ZnO-TP films, used as
photoanodes to photoelectrochemically split water under AM1.5G
illumination, showed a significant photocurrent density (0.4 mA/
cm2). The photocurrent transient measurements, performed under
applied voltage of 0.8 VAg/AgCl, showed that the as-fabricated ZnO-
TPs are exceptionally stable.
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a  b  s  t  r  a  c  t

The  methodology  on  the  synthesis  of  Sb-doped  ZnO  nanostructures  by  considering  dopant  as a catalyst
is  proposed  and  demonstrated.  The  nanostructures  were  synthesized  using  intrinsic  ZnO  as  target  and
Sb-coated  Si as  substrate,  where  Sb simultaneously  acts  as  dopant  and  the  catalyst.  The  catalyst  Sb  is
highly  sensitive  to  temperature  conditions  resulted  in  two  different  nanostructures,  the  nanowires  and
the  nanosheets.  The  surface,  structural  and  optical  characteristics  of  the  nanowires  and  the  nanosheets
eywords:
nO
b
anowires
ptical properties

are  comparatively  investigated  through  SEM,  EDX,  XRD,  Raman  spectroscopy  and  photo  luminescence
(PL)  spectroscopy.  The  nanowires  showed  a strong  green  emission  in  the  PL  spectrum  and  the  presence
of  oxygen  vacancies  is  confirmed  thorough  Raman  peak  shift  at 556  cm−1.  In the case  of nanosheets,  the
defect  in  oxygen  vacancies  is  completely  reduced,  and  improved  UV emission  is  observed,  which  confirms
the  diffusion  of  Sb in the  ZnO  lattice.
aman Spectroscopy

. Introduction

Nano scaled ZnO structures are a key technological material,
hich have received a broad attention due to their semiconduct-

ng, piezoelectric and optoelectronic properties, because of their
ide direct band gap and relatively large exciton binding energy.
mong the device morphologies of ZnO, the one dimensional (1-D)
tructure receives a special attention [1–3], as these nanostruc-
ures are ideal systems for studying the transport processes in one
imensionally confined object which are important for the devel-
pment of high performance nano devices. Doping of these 1-D
nO nanostructures has become an important issue in ZnO based
ano-materials [4–6].

To  tailor the properties of the 1-D ZnO nanostructures, several
oping elements have been used and reported in the literature such
s Ga, In, P, Sn in particular for the p-type doping in ZnO. Among
hem there are few reports in the literature which demonstrate the
rowth of Sb-doped ZnO [7,8]. Most of the Sb-doped nanowires
ere developed using a simple carbothermal evaporation method

y using different metal catalyst such as Au, Co etc. These catalysts
ommonly induce extra defects in the product, which confirms that

he catalyst used can occupy a space in lattice [9,10]. However there
re no reports or literatures on usage of dopant as a catalyst to
ynthesis doped 1-D structures. There are few reports on usage of
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dopant as a self catalyst [11]. However, in this paper an attempt has
been made by considering metal catalyst Sb coated to synthesize
Sb doped ZnO nano structures using nanoparticle-assisted pulsed-
laser deposition (NAPLD).

The  Sb doped ZnO nanostructures were synthesized by using
NAPLD [12]. Pure intrinsic ZnO is used as a target and Si coated
with Sb is used as the substrate. The experiments were per-
formed at different temperature conditions matching with the
melting temperature of Sb so as to initiate the growth and to dif-
fuse the Sb dopant in to the lattice of ZnO. The catalyst Sb was
sensitive to the temperature conditions resulted in two differ-
ent nanostructures. The nanowires were synthesis at a growth
temperature varying from 680 to 880 ◦C and at a growth temper-
ature of more than 750 ◦C, nanosheets were observed among the
nanowires. The surface characteristics of the synthesized nanos-
tructures were investigated though scanning electron microscope
(SEM) and energy dispersive X-ray (EDX) analysis. The structural
characteristics of the samples were investigated through X-ray
diffraction (XRD) and Raman spectroscopic analysis. The optical
characteristics of the different nanostructures were investigated
through room temperature photo-luminescence (PL) spectroscopic
studies.

2. Experimental specifications
Fig.  1 shows the schematic layout of NAPLD experimental setup.
In these experiments, a sintered intrinsic ZnO target with 99.99%
in purity was  used as source material to synthesis nanowires and
nanosheets. Intrinsic Si wafer (∼15 mm  × 15 mm)  coated with Sb to
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Fig. 1. Schematic layout of NAPLD experimental setup.

hickness of 100–200 nm using thermal evaporation method was
sed as a substrate. The substrate was mounted on a layer of SiC
nd inserted into the horizontal quartz tube chamber. The target
o substrate distance was 15 mm.  For one growth run 36000 KrF
xcimer laser pulses with 20 Hz repetition frequency were applied.
he laser energy density on the target was about 3 J/cm2 in the
resence of argon gas at a pressure of 100 Torr and a constant flow
ate of 27.5 sccm. The temperature conditions were optimized for
fficient growth of nanowires and nanosheets. The nanowires were
ynthesis at a growth temperature varying from 680 to 880 ◦C with
rowth duration for period of 20 min  and at a growth tempera-
ure of more than 750 ◦C, nanosheets were observed along with
he nanowires. After synthesis, the samples were post annealed for

 period of 20 min  with 700 ◦C in the ambient condition.
The  surface characteristics of the synthesized nanosheets and

anowires were observed by SEM. The compositions of the sam-
les after synthesis were analyzed thorough EDX analysis (SEM,

HIMADZU SS-550, EDX). The structural characteristics of the
amples were analyzed through XRD and Raman spectroscopic
ystem (HORIBA LabRAM ARAMIS). The optical characteristics of
he samples were investigated through room temperature PL. The

ig. 2. (a) SEM micrographs of Sb doped ZnO nanowires grown at a range of 680–880 ◦C; (
anosheets at 750 ◦C; and (d) SEM micrograph of Sb doped ZnO nanosheets at 850 ◦C.
gineering B 176 (2011) 1526– 1530 1527

measurement  was  performed using a 38 mW,  He–Cd laser line of
325 nm as the excitation source.

3. Characterization of nano wires and nano sheets

3.1. Surface characterization

The  catalyst Sb coated on the silicon forms a droplet dur-
ing processing and starts to initiate the growth process by the
vapor–liquid–solid (VLS) mechanism. This droplet formation is
highly sensitive to temperature conditions. Fig. 2(a) shows the for-
mation of Sb catalyzed ZnO nano wires synthesized by raising the
temperature from 680 to 880 ◦C for a period of 20 min. However by
maintaining a temperature at 750 ◦C for a period of 20 min  resulted
in formation of nano sheets among the nanowires as shown in
Fig. 2(c). When the processing temperature exceeds the melting
temperature of Sb, islands like formation are observed as shown in
Fig. 2(b) & (d).

Since,  the nucleation starts from the catalysts, it is necessary
to investigate the percentage of Sb incorporated on the nanowire
and the nanosheets. Fig. 3(a) & (b) shows the EDX analysis of the
nanowires and nanosheets, respectively. In EDX analysis in the case
of nano wires the percentage of Sb is 4.54% which is quite high
as compared to the Sb content in the nano sheets. The EDX anal-
ysis measurements were performed at different positions of the
nanowires as shown in Fig. 4, in which the wt% of Sb is high on the
tip of the nanowire as compared to the stem of the nanowire. This
confirms that the growth process of these nanowires is determined
to be the vapor–liquid–solid (VLS) mechanism [13].

3.2. Structural characterization
Fig.  5(a) shows the XRD pattern of the nanowires. The XRD pat-
tern confirms that the sample has the wurzite ZnO structure, but
in addition to these ZnO peaks, zinc antimony oxide (Zn7Sb2O12)

b) nanowires grown at a range of 750–950 ◦C; (c) SEM micrograph of Sb doped ZnO

naseri
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Fig. 3. EDX analysis of (a)

lusters are also observed. This confirms that the Sb is not fully get-
ing substituted in the Zn site. Fig. 5(b) shows the XRD pattern of
he nanosheets where there are no extra peaks due to the zinc anti-

ony phase. This confirms that the Sb ion would have substituted in
he Zn site without change in the wurzite structure. ZnO nanosheet
rrays show no reasonable angle shift of the (0 0 0 2) peak com-
ared to the standard ZnO. This is due to the low concentration of
b doping in the nanosheets [14–16].

Fig. 6 shows the Raman spectroscopic analysis of the nanowires
nd nanosheets. From Fig. 6(a), in the case of nanowires, dominant
eaks were at 101 cm−1, 439 cm−1 and 522 cm−1. The 522 cm−1

orresponds to the crystalline silicon substrate peak. The first
eak 101 cm−1 is related to the E2 (low) phonon frequency and

39 cm−1 corresponds to the E2 (high) mode of non polar optical
honon. These two peaks from Raman spectroscopy indicate that
he ZnO nanostructures are crystals with hexagonal wurzite struc-
ures [17,18]. A small peak suppressed at 556 cm−1 attributes to
heets and (b) nanowires.

the  E1 (L0) modes which are associated with the structural defects
related to oxygen vacancies [19,20]. Similar standard peaks at
101 cm−1 and 439 cm−1 were also observed in nanosheets as shown
in Fig. 6(b). In addition to the standard peaks some other peaks
were observed at 310 cm−1, 615 cm−1, 665 cm−1 and 812 cm−1.
The 310 cm−1 peak corresponds to the lattice deformation induced
by the presence of Sb in the ZnO lattice. The peaks at 615 cm−1,
665 cm−1 and 812 cm−1 represent the classical second order Raman
modes of ZnO TA + TO, TA + LO, LA + LO. Generally this second order
Raman modes are not very obvious and not observed even in stan-
dard ZnO structures.

3.3.  Optical characterization
Fig.  7 shows the optical characteristics measured by room tem-
perature PL spectroscopy. In the case of nanowires, as shown in
Fig. 7(a), a near band edge (NBE) emission at 380 nm and sharp deep
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Fig. 4. EDX analysis of the Sb doped nanowires at higher magnification.

l
(
c
o
w

evel emission at 490 nm were observed. The deep level emission
DLE) peak is dominant than the near band edge emission. In the
ase of nanosheets, however, as shown in Fig. 7(b) the PL spectrum
f the samples exhibits a dominant peak at 390 nm and a weak DLE
ith a broad peak located between 450 and 700 nm.
Fig. 5. XRD of Sb-catalyzed/doped ZnO (a) nanowires and (b) nanosheets.
Fig. 6. Raman spectra of Sb-catalyzed/doped ZnO (a) nanowires and (b) nanosheets.

3.4. Nanowire vs nanosheets

From  the PL spectrum, the origin of DLE, that is the green emis-
sion appeared due to the radial recombination of a photogenerated
hole with electron of the ionized oxygen vacancies in the surface
lattice of the ZnO [21]. It is also considered that the radiative tran-
sitions between shallow donors (related to oxygen vacancies) and
deep acceptor (zinc vacancies) can create defect in the lumines-

cence spectra [22,23]. Thus the PL green emission peak at 520 nm
originates from the single ionized oxygen vacancies. This is due
to the increase of layer defect during nucleation processes [24,25].
Whereas in the case of nanosheets, a sharp UV emission is observed

Fig. 7. PL spectra of Sb-doped ZnO (a) nanowires and (b) nanosheets.
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nd no visible luminescence was observed. This has also been
onfirmed with Raman spectroscopic analysis in Fig. 6(a) that an
xygen deficient peak is observed at 556 cm−1, and this peak is
bsent in the case nanosheets. In addition, from the XRD analysis
f the nano sheets there are no extra peaks due to the zinc anti-
ony phase. This confirms that the Sb is completely diffused in

nO lattice of nanosheets. Thus the Sb-doped ZnO nanosheets pos-
ess a good crystallization quality and high stoichiometric nature
s compared to the Sb catalyzed ZnO nanowires.

. Conclusion

The methodology on usage of Sb as a catalyst to initiate the
rowth of ZnO nanostructures has peen proposed and demon-
trated. The catalysts Sb are highly sensitive to temperature
onditions resulted in nanowires and nanosheets at different tem-
erature conditions. Sb-catalyzed nanowires showed a strong
reen emission, due the defect state of ZnO interstitial as oxy-
en vacancies. This has been confirmed by the Raman peak shift
t 556 cm−1. In the case of Sb-catalyzed nanosheets, the formation
f oxygen vacancies is highly reduced; resulting in improved UV
mission and absence of visible emission as observed from room
emperature PL. XRD pattern of the nanosheets also confirms the
urzite structure with no extra peaks due to the zinc antimony
hase. This confirms that Sb is completely diffused in ZnO lattice in
anosheets.

As a conclusion, by comparing the structural and optical charac-
eristics of the nanowires and nanosheets, it was observed that Sb
oped nanosheets possess a good crystallization quality and high
toichiometric nature, hence it is highly suitable for light emitting
evice applications.
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The paper addresses the wear particles released from commercially available “low-metallic” automotive
brake pads subjected to brake dynamometer tests. Particle size distribution was measured in situ and the
generated particles were collected. The collected fractions and the original bulk material were analyzed
using several chemical and microscopic techniques. The experiments demonstrated that airborne wear
particles with sizes between 10 nm and 20 mm were released into the air. The numbers of nanoparticles
(<100 nm) were by three orders of magnitude larger when compared to the microparticles. A significant
release of nanoparticles was measured when the average temperature of the rotor reached 300 �C, the
combustion initiation temperature of organics present in brakes. In contrast to particle size distribution
data, the microscopic analysis revealed the presence of nanoparticles, mostly in the form of agglomer-
ates, in all captured fractions. The majority of elements present in the bulk material were also detected in
the ultra-fine fraction of the wear particles.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

When brakes are applied, friction between pads/linings and
rotating counterparts always leads to the release of wear particles.
Depending on conditions, released wear debris can be partially
attracted to the vehicle, but a considerable fraction is being released
as airborne particulates (Garg et al., 2000; Mosleh et al., 2004).
Thewear rate is determined largely by the properties of the rubbing
couple and by the conditions in which the brakes operate
(speed, pressure, temperature, and chemicals available in the
environment). A characteristic brake lining pad is a multicompo-
nent composite typically formulated of more than 10 constituents
and polymer matrix. Several thousand different rawmaterials have
been used in different brands. According to the terminology
accepted in automotive industry, “low-metallic” brake pads repre-
sent compositeswith relatively lowmetal content (Filip et al.,1997).
A typical friction counterpart (rotor) is a pearlitic gray cast iron.
schová).

All rights reserved.
The minimal knowledge about the morphology, chemical
composition, and toxicity of nano- and micro-sized particles
released from automotive brakes is alarming due to the fact, that
brake pad manufacturers currently do not have to deal with
development of eco-friendly formulations. Particularly when over
70% of U.S. and an only slightly smaller amount of European brake
linings are being imported which makes it more difficult to control
all aspects of these imported brake linings. Furthermore, an
approximately 147 million vehicles used on U.S. roads release an
estimated thirty thousandmetric tons of wear particles yearly (Filip
et al., 2002). Although automotive combustion-derived emissions
and tire wear debris have been addressed extensively (Adachi and
Tainosho, 2004; Wik and Dave, 2009), the environmental concerns
related to brake wear particles have only brought more attention in
recent years. Since the friction process generates heat, and very
high pressures are applied on the friction interface, the structure
and chemistry of released wear debris often differs considerably
from the bulk friction material of the brake (Filip et al., 1997;
Österle et al., 2001; Eriksson et al., 1999; Kukutschova et al.,
2009; Blau and Meyer, 2003). When reviewing recent studies, it
is clear that it is not known what exactly is being released from
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Fig. 1. Schematic of the dynamometer with environmental chamber.
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brakes, how to properly analyze wear debris, and what is its fate
and impact on the environment. In addition, the thermo-oxidative
degradation of organics present in brake linings leads to the
formation and release of volatile organic compounds (VOCs).

The released wear particles can be categorized as airborne
particles (released into the air and typically deposited away from
the roadside) and non-airborne particles (deposited on vehicle/
brake hardware or falling on the road surfaces). Nano-sized
airborne particles can easily be inhaled into the respiratory tract,
posing hazards related to potential oxidative stress and inflam-
mation (Balakrishna et al., 2009) due to their increased surface area
and higher reactivity with biomolecules and tissues (Oberdörster
et al., 2005). Several studies proved that the nano-sized particles
may become blood-borne and be translocated to other target
tissues like the liver, kidneys, and brain (Oberdörster et al., 2005;
Geiser and Kreyling, 2010). Furthermore, due to small size of
nano-sized particles their sedimentation is very slow and when
released to air, these particles may be transported over thousands
of kilometers from a source (Oberdörster, 2001).

The goal of this study is to characterize the chemistry and
morphology of airborne wear particles released from commercial
low-metallic automotive brake lining composites used on the EU
and U.S. markets.
Fig. 2. Typical example of dynamom
2. Experimental

2.1. Brake lining samples and wear test

Commercial “original equipment” (OE) low-metallic brake linings, designed for
mid-size passenger cars and approved for the European Union and U.S. markets,
with corresponding pearlitic grey cast iron rotors and calipers were provided by an
authorized dealer which satisfies all requirements established by governmental
agencies. Wear debris was generated using an automotive brake dynamometer
(schematic is given in Fig. 1). The entire front wheel with tire, disc, and caliper
were encapsulated in the environmental chamber with a controlled filtered air
flow capacity of 25 l/min during the entire testing procedure. The wear debris was
generated using a three step testing cycle consisting of: i) ramping to vehicle speed
of 73 km/h, ii) braking for 30 s leading to vehicle slow down to 67 km/h, and iii) an
idle run for 120 s allowing for cooling of the brake lining and rotor. The applied
simulation is a representation of sub-urban driving segments. The test followed an
initial run-in period consisting of 20 repetitions of steps i) and ii). This run-in period
allowed for the formation of good contact between brake pads and rotor surfaces.
Wear debris was not analyzed/collected during the run-in. The systemwas cooled to
room temperature before actual testing. The temperature of the cast iron disc/rotor
surface was monitored by sliding K-type thermocouples; the ambient temperature
was measured using thermocouples located inside the environmental chamber.
To characterize the particle size distribution in situ and to capture a sufficient
amount of generated wear particles, 11 testing cycles were performed with particle
size analyzers, and 24 tests were performed with debris sampling by an impactor
(see details below). An example of the 11 cycle test is given in Fig. 2.

2.2. Wear debris sampling and size distribution measurement

A scanning mobility particle sizer (SMPS) and an aerodynamic particle sizer
(APS) were used simultaneously for in situ characterization of airborne particles
generated during the first 11 braking cycles. The scanning mobility particle sizer
(TSI, model 3936) consisted of an electrostatic classifier (EC, TSI, model 3080) and
a condensation particle counter (CPC, TSI, model 3022). It can detect particles in the
mobility size range from 10 to 445 nm. The aerodynamic particle sizer (APS, TSI,
model 3321) can measure aerodynamic particle size distribution from 500 nm
to 20 mm. The SMPS counts particles of individual size fractions gradually, and
a variation of aerosol concentration during testing results in a distortion of the
obtained size distribution. In contrast, the APS counts particles of all size fractions at
each instant of the sampling period and allows for the monitoring of particle size
distribution and size variation during the entire period of the braking cycle. To
ensure the statistical significance of the collected data, two different sampling
periods were used: 5 min for SMPS, and 1 min for APS. The fixed intervals were
selected in order to monitor a variation of the profile during braking cycle. The
appropriate sampling interval is specific for each device. The background particle
concentration in the dynamometer chamber measured before the tests (time t0) was
below 2000 particles per cubic cm when maintaining a constant filtered airflow of
25 l/min. After eleven braking cycles, the SMPS and APS were disconnected, and the
eter test consisting of 11 cycles.



Table 1
Particle size intervals and mean particle diameters captured by individual BLPI
stages.

Stage No. Particle size interval [mm] Mean particle diameter [mm]

1 0.025e0.056 0.037
2 0.056e0.099 0.075
3 0.099e0.161 0.127
4 0.161e0.246 0.199
5 0.246e0.435 0.327
6 0.435e0.859 0.611
7 0.859e1.74 1.221
8 1.74e3.44 2.442
9 3.44e6.64 4.776
10 6.64e13.6 9.486

Table 2
Elemental composition of the initial friction composite.

Element Content (wt. %)

Fe 35.20a

Cu 7.70a

Mg 7.33b

Sn 4.28b

Zn 4.10a

Mo 0.39b

Al 2.14b

Pb 0.20a

S 3.71b

Si 2.52b

C 25.20c

a Determined by AES-ICP.
b XRFS.
c TC analyzer.
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Berner Low Pressure Impactor (BLPI) was connected to the dynamometer chamber
for the collection of generated wear particles in subsequent 24 braking cycles. The
BLPI enabled the sampling of particles with a mean aerodynamic diameter ranging
between 37 nm and 9.5 mm. Particles were divided into 10 sub-fractions by depos-
iting them on individual impactor stages (Al foils greased with Apieson L). Particle
size intervals and mean particle diameters corresponding to individual stages of the
BLPI are shown in Table 1. The flow rate through the impactor was also 25 l/min,
which is equal to the airflow fed into the dynamometer chamber. The mass of each
impactor stage before and after the sampling in the dynamometer was obtained
using the electronic microbalance M5P-000V001 (Sartorius).

Sampling probe was inserted quite near the braking pads and we can suppose
very good mixing in the chamber. Sampling lines consist of 108 cm long horizontal
pipe with i.d. 2 cm and two elbows (one vertically oriented) and 20 cm long vertical
pipe for BLPI. Sampling lines for APS and SMPS were somewhat modified at the end
sections. Losses in the lines were calculated by Matlab 2010 using equations
described in Baron and Willeke (2001) as follows: less than 20 % for SMPS in the
entire size range, less than 20 % for BLPI and particles smaller than 10 mm, and in
the case of APS they were less than 20% for particles smaller than 4.7 mm, but higher
than 50% for particles larger than 10 mm.

2.3. Analytical methods for chemistry and structure evaluation
of brake lining and wear debris particles

Although the major attention is being paid to wear debris, the initial solid brake
pad samples were also subjected to elemental analysis by a combination of X-ray
fluorescence spectrometry (SPECTRO XEPOS) and total carbon analysis, using the
Multi N/C 3100 analyzer with HT 1300 Solids module (Analytik Jena). Selected
metals were analyzed by atomic emission spectroscopy with inductively coupled
plasma (SPECTRO Vision EOP) and an atomic absorption spectrometer (AMA 254)
after partial acid decomposition of the solid brake sample in an HClþHNO3þH2O
solution. Phase analysis of the initial brake pad samples was performed using
polarized light microscopy (PLM, Nikon 135 FX) and X-ray diffraction (BRUKER D8
ADVANCE, Bragg-Brentano configuration). Initial brake pad samples were also
ball-milled in a laboratory vibrating mill VM4 (MOBIKO) with tungsten carbide
beads for 10 min and sieved through a 200 mm sieve until sample particles with
a major fraction below 200 mm were obtained. The milled sample fraction smaller
than 200 mmwas analyzed by thermogravimetry coupled with differential scanning
calorimeter (Netzsch STA 449C). The ball-milled powder samples with mass
between 50e55 mg were placed in a-Al2O3 crucibles (no standard) and heated to
1000 �C at rate 10 �C/min. Heating was performed in an either dynamic oxidative
(air) or inert (nitrogen) atmosphere (gas flow 100 ml/min).

The morphology and chemistry of the airborne wear particles captured in situ
during dynamometer tests using the BLPI was analyzed by scanning electron
microscopy supported with X-ray microanalysis (Hitachi SU6600 and Philips XL 30,
both operating at 0.5e30 keV), transmission electron microscopy (Jeol JEM 2010
microscope operating at 80e200 kV), proton induced X-ray emission analysis
(Van de Graff accelerator, proton beam energy 2.34 MeV), and confocal Raman
microscopy (Horiba Yvon Jobin, XploRA�) operating with three excitation lasers
(532 nm, 638 nm, 785 nm).
Fig. 3. PLM image (a) and XRD pattern (b) of the as received bulk composite.
3. Results and discussion

3.1. Bulk sample

Table 2 summarizes the detected content of elements present in
the bulk brake pad samples. The individual applied methods
are typified by different sensitivity and accuracy, and as expected,
the combination of x-ray fluorescence, total carbon analysis, and
atomic spectroscopy did not lead to a total content of analyzed
elements equal to 100 %. Nevertheless, Table 2 provides relevant
information about elements present in the bulk of “virgin” brake
linings prior to testing in the dynamometer. In addition to the
major constituting elements of the initial brake pad sample listed in
Table 2, metals such as mercury, antimony, barium, and nickel
were found at contents lower than 0.1 wt %. The detailed analysis of
commercial brake linings is very important, especially when
assessing the potential toxicity of materials used for the formula-
tion of brake linings. This analysis requires deep knowledge of
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analytical techniques and also considerable experience with
formulation strategies applied by brake lining manufacturers.

The characteristic microstructure and phase composition of the
bulk brake lining sample used in this study is shown in Fig. 3a and b.
Fig. 3a is a typical low magnification (100�) polarized light micros-
copy image showing the presence of several easily detectable
constituents: iron powder (marked as #1), brass (CuZn) chip (2),
Cu powder (3), steel chip (4), petroleum coke (5), graphite (6) and
butadiene rubber (7). Porosity is visible as black areas in Fig. 3a. X-ray
diffraction analysis (Fig. 3b) detected low carbon steel (Fe), graphite,
copper, several sulfides (herzenbergite e SnS, sphalerite e ZnS,
molybdeniteeMoS2), periclase (MgO), and zircon (ZrSiO4). SEM-EDX
(not shown) also confirmed the presence of steel chips, brass (CuZn),
Cu epowder, Cu-chips, MgO, metal sulfides, and aluminum silicates.

Although the friction processes during braking are not only
accompanied with increases of temperature but also with the forma-
tion of considerable mechanical stress, the thermogravimetric (TG)
and calorimetric (DSC) analyses of milled bulk sample still provide
a reasonable insight about the character of chemical changes of the
brake composite. The thermogravimetric data addressing thermal
degradation of brake pads were previously published by Ramousse
et al. (2001). For a better reproducibility, these authors recom-
mended the use of crushed pad samples as opposed to solid bulk
materials, which were also adopted in this study. The data obtained
from crushed brake pads in oxidative (air) and inert (nitrogen) atmo-
spheres are given in Fig. 4a and b.

The first maximum on the differential scanning calorimetry
(DSC) curve at temperature< 400 �C (Fig. 4a) corresponds to
oxidation of volatile organic compounds (VOC). The second and the
third maxima observed on the DSC curve correspond to oxidation of
Fig. 4. TG-DSC curves of the bulk sample in air (a) and TG curves measured in nitrogen
and air (b).
the char formed by oxidative pyrolysis of the organic constituents,
while the fourthmaximumon theDSC curve reflects oxidationof the
most organized carbon structure e graphite (Vallová et al., 2003).
As can be easily seen from the TG curve obtained in air, the highest
mass loss (12.42 wt.%) was due to the oxidation of organics present
in the brake (Fig. 4b), and the graphite oxidation occurs in parallel
with the oxidation of metals (e.g. Fe, Cu). The latter is accompanied
with an increase of sample mass at temperatures up to 900 �C (TG
curve in Fig. 4a). When measured in an inert nitrogen atmosphere,
the initial brake pad released only 8.14 wt.% of VOC at a temperature
below 700 �C (Fig. 4b). It is evident from Fig. 4b that the ignition
mechanism of the organic constituents in the brake pad sample is
heterogeneous because the mass loss in nitrogen is different from
that during combustion in air and occurs later (Vallová et al., 2003).
Ignition, considered to be the process initiating combustion, is
important due to its influence on pollutant formation and emission
(Arenillas et al., 2004; Han et al., 2008). A temperature of approxi-
mately 300 �C at which the combustion profile (TG experiment in
air) separates from the pyrolysis (TG experiment in nitrogen) profile
is the ignition temperature (Ti) (Fig. 4b).
Fig. 5. Particle number density distribution of airborne wear particles measured by
the SMPS (a) and the APS (b), where t0þ 15, . t0þ 30 represent time elapse from
initiation of testing in minutes.
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3.2. Wear particles

Fig. 5 shows the size distribution of wear debris particles
measured in situ by SMPS and APS during the first 11 cycles of
dynamometer testing. dN/dlog dp represents differential number
concentration, normalised to one decade of particle size. Differential
number concentration is the number of particles (dN) in small size/
diameter interval (dp) or also known as particle number density.
The size distribution of airborne wear particles generated during
braking varies in dependence on time elapsed from the initiation
of testing. Generation of wear particles smaller than 500 nm at
conditions of relatively cold rotor (see the curves t0þ15 and t0þ 20
in Fig. 5a) was negligible. At t0þ 25 and later, the concentration of
nano-sized particles (<100 nm) gradually increased until the time
t0þ 35, when the experiment was terminated. Temperature of the
cast iron disc at the end of the sampling period reached almost
340 �C (see Fig. 2). From the shape of the particle size distributions
at conditions of hot rotor and their variation with time, it seems
that submicron sized particles are formed by the evaporation/
condensation process with subsequent aggregation of primary
nanoparticles. Curves t0þ15 and t0þ 20 in Fig. 5b show the gener-
ation of particles larger than 500 nm at conditions of relatively cold
rotor. Curves t0þ 25, t0þ 30 and t0þ 35 show variation of generated
particles with increasing temperature of rotor. Gradual concentra-
tion decrease of particles larger than 1 mm and sharp increase of
submicron sized particles can be easily observed. This trend suggests
the decrease of particle generation by an abrasive type of wear and
increase of particle generation by evaporation/condensation/aggre-
gation of organic components of the friction composite (Yu et al.,
2009). The oxidative character of the friction processes during
braking was previously demonstrated by the comparison of the
initial friction composite and its non-airborne wear particles
collected after brake dynamometer tests (Kukutschova et al., 2010).
These results showing the highest number of ultrafinewear particles
being generated after the temperature of the rotor reached the
ignition temperature of 300 �C (see Fig. 4b, TG data)make us believe
that the carbon-based ultrafine/nano particles form via evaporation
and condensation wear mechanisms of carbonaceous components
of a friction composite.

Fig. 6 shows particle mass distribution of wear particles captured
using BPLI during 24 dynamometer test cycles. The mass of particles
from 1 to 10 mm is dominant among all the fractions (Fig. 6a). Garg
et al. (2000) reported that on average 35% of the automotive brake
Fig. 6. Particle mass distribution within the BLPI stages (described by mobility and
aerodynamic diameter Dae).
pad mass loss is emitted as airborne PM (<100 mm), and 63% of the
airborne PM is in the size range from 10 mm to 2.5 mm in diameter.
Sanders et al. (2003) concluded that approximately 50% of brake
wear particles were emitted as airborne matter in dynamometer
tests. The mass distribution does not reflect the real number of
released particles. The number of released particles (number
distribution) has the opposite tendency. The estimated number of
nano and submicroparticles is by five degrees of order higher
compared to micron size particles. As also evident from the
comparison of Fig. 5a and b, the number of wear particles smaller
than 500 nm in size is greater by three orders of when compared to
the number of particles larger than 1 mm when measured by SMPS
and APS. When evaluating potential risks associated with inhalation
exposure to solid particles suspended in air, the mass distribution
gives incomplete information on the potential toxic character. It is
widely known that particle size togetherwith structure, surface area,
and chemical composition determines health impact (Geiser and
Kreyling, 2010).

Fig. 7 provides information about elemental composition of
all fractions collected using BLPI. This chemistry of particles was
determined by the PIXE analysis and only five major detected
elements are shown in Fig. 7. The dominant metallic element in all
fractions is Fe (up to 22 wt.%), followed by Cu, Sn, and Zn. Signifi-
cant content of sulfur (4.32 wt.%) was detected in the BLPI stage
capturing particles with the mean particle diameter of 127 nm. This
can be related to the fact that all metals oxidize and the fragmen-
tation of Cu, Zn, and Sn with lower mechanical properties (yield
stress, strength) could be easier when compared to fragmentation
(making nanoparticles) of steel and cast iron. Also the lower
melting points of Cu, Zn and Sn compared to Fe/steel can be related
to an easier formation of nanoparticles from Cu, Zn and Sn when
compared to Fe. On the other hand, the higher content of Fe in
the larger particle fractions is related to its higher abundance in
original bulk materials (pad and cast iron). The presence of Mo, Al,
Pb, and Si in the bulk detected by XRD and XRFS was not confirmed
in the finest wear debris.

Characteristic selected SEM images of the finest wear debris
particles deposited on the Al foils in BLPI are given in Fig. 8a and
c. Captured particles with an aerodynamic diameter smaller than
56 nm are shown in Fig. 8a, and particles with an aerodynamic
diameter smaller than 100 nm are shown in Fig. 8c. The EDX analysis
of the wear particles (Fig. 8b and d) only detected the presence
Fig. 7. Example of elements distribution among 10 particle fractions collected using
BLPI.



Fig. 8. SEM images with EDX spectra of two finest particle fractions< 56 nm (a and b), and <100 nm (c and d).
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of carbon and iron in the finest fractions. This method lacks the
sensitivity to detect very low contents of Cu, Zn, Sn, and S, which
were easily detected by the PIXE (Fig. 7). A careful inspection of the
Al foils revealed that nanosized carbonparticleswere deposited over
the entire area of the impactor target forming a compact covering
film. As supported by thermogravimetric analysis and briefly
mentioned above, these carbonaceous particles could be formed
Fig. 9. SEM images with EDX spectra of total area of the fi
by the oxidation of organic compounds present in the original brake
during oxidative wear, their subsequent thermal decomposition,
followed by the deposition on impactor targets. Nevertheless, the
uniformly distributed carbon found onAl foils could be fromApieson
L which was used to grease the foils. Obviously, the presence of
strong Al peaks in EDX spectra (Fig. 8b and d) can be mostly related
to the Al target foils used for sampling in the impactor. Fig. 9
ne< 2.5 mm (a) and the coarse> 2.5 mm (b) fractions.



Fig. 10. Bright field TEM images of wear nanoparticles with corresponding electron diffraction from the BLPI collected fraction with particle size< 56 nm (a, b) and the BLPI fraction
with particle size< 2.5 mm (c, d).

Fig. 11. Confocal microscopy image of debris collected using BLPI with corresponding Raman map (a) and Raman spectra of two components detected (b).
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represents a characteristic SEM image and EDX spectra taken from
the fine (<2.5 mm) and the coarse (>2.5 mm) wear debris particulate
matter collected by BLPI. In contrast to nano-sized particles, the
EDX was able to detect most of the elements present in the initial
brake pads. It iswell known that EDX requires a criticalmass/volume
of material present in order to be capable to generate a sufficient
amount of secondary electrons, and the sensitivity of this method is
limited to micrometer particles only. Very similar conclusions about
analytical capacity can bemade for X-ray fluorescence spectroscopy,
although EDX and XRF methods are somewhat different. The
morphology of particles visible in Fig. 9a and c indicates that they
were formed by combined abrasive and oxidative mechanisms. Both
fractured surfaces and areas with numerous pits are easily visible.
When organic matter oxidizes, numerous pittings are observed due
tomaterial removal. It can also be easily seen that the larger particles
“attract” numerous smaller fractions to their surfaces. This is rele-
vant when considering that inhalable particle fractions smaller than
100 mm may “carry in” significant amounts of smaller particulates
and enter a body via respiration or via gastrointestinal tract after
swallowing larger particles (McDermott, 2004). Rothenbacher et al.
(2008) indicated that nanosized particles may be released from
agglomerates at changed conditions after entering a living organism.

The TEManalysis revealed that all BLPI collected fractions contain
nano-sized particles in the form of agglomerates. Fig. 10 provides an
example showing the presence of nano-sized wear particles in
two different fractions (<56 mm and <2.5 mm) collected by BLPI.
Typically, these agglomerates strongly adhere to larger particles of
all collected sizes. The driving force leading to the formation of
agglomerates is related to the minimization of their enormous
surface energy. It is not clear how stable these agglomerates become
when exposed to environment/living issues. Electron diffraction
analysis (Fig. 10b and d) confirmed the presence of maghemite
(g-Fe2O3) and magnetite (FeO$Fe2O3) in the investigated nano frac-
tions. The peaks with the highest intensity (Fig. 10b) may be
attributed to amorphous carbon. The fine fraction (Fig. 10c and d)
also contains hematite (a-Fe2O3) besides maghemite/magnetite
(Fig. 10d). The diffraction data presented in reciprocal space for two
fractions considerably differ from each other in spite of the fact
that the morphology of nanoparticles shown in Fig. 10a and c is very
similar. Although the detailed information about the morphology
of particles provided by TEM analysis seems to be sufficient, the
accuracy with which electron diffraction identifies the presence of
different oxides is somewhat limited, since the interplanar distances
of metal (e.g. Cu, Zn, Sn and Fe) oxide peaks often overlap. Other
analytical methods (similar to PIXE) are to be explored in order to
identify the chemistry of nano-sized brake wear debris. The pres-
ence of metal oxides in automotive brake debris was also discussed
in previous works (Österle et al., 2001; Filip, 2002).

As easily seen from Fig. 11a, b, the deposited carbon wear
particles captured by BLPI on individual Al foils consist of
larger graphite particles which are embedded in carbon black. The
detected absence of the peak at 2661 cm�1 clearly demonstrates
amorphous carbon film (Jawhari et al., 1995). These two types of
carbonaceous particles may be of different origin. While carbon
blackwear particles are likely to be produced by oxidativewear and
subsequent deposition from related volatiles (Yu et al., 2009), the
presence of graphite particles in the deposited debris very probably
results from abrasive wear.

4. Conclusions

1. Size distribution of airborne wear particles generated during
brake dynamometer simulations representing sub-urban driving
segments varies in dependence on temperature of the friction
surface. While generation of wear particles smaller than 500 nm
was negligible for cold surfaces, the concentration of nano-sized
particles (<100 nm) gradually increased when the bulk temper-
ature of the rotor approached approximately 300 �C.

2. The finest particles generated started to form agglomerates
with progressing testing time. The number of nano-sized wear
particles generated during laboratory simulations was by
several orders of magnitude higher compared to micro-sized
particles.

3. Thermal analysis of milled bulk brakes (not wear debris) per-
formed in oxidative and inert atmospheres revealed a hetero-
geneous ignition mechanism of carbonaceous particles. The
ignition temperature is approximately 300 �C, which correlates
with the rotor temperature when the maximum number of
finest particles was generated.

4. Although the tested friction composite was a multicomponent
heterogeneous material, the dominant elements in the finest
wear particle fractions were Fe and C. It was not easy to distin-
guish Cu, Sn and other metals/oxides in diffraction measure-
ment. PIXE analysis revealed the presence of Fe, Cu, Sn, Zn and S
in all fractions.

5. Raman microspectroscopy of wear particles revealed the
presence of carbon black and graphitic particles.

6. TEM-diffraction analysis identified the presence of maghemite
(g-Fe2O3), magnetite (FeO$Fe2O3) and hematite (a-Fe2O3) in
collected nano fractions. All wear particle fractions contain
nano-sized particles down to 20 nm in diameter in the form of
agglomerates.

A comprehensive evaluation of particles which contribute to air
pollution requires a combination of several microscopic techniques
and chemical analyses to determine the real size of individual
particles present in particulate matter.
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Abstract The plasmonic interaction between silver nano-
cubes and a silver ground plane with and without a dielectric
spacer is studied for surface-enhanced Raman scattering
(SERS) for rhodamine 6G (R6G) molecules absorbed onto
the silver nano-cubes. Experimental results show that the
composite substrates made from silver nano-cubes and the
silver ground plane produce a stronger SERS signal than by the
cubes alone, due to the plasmonic interaction between the
cubes and the film. Numerical simulation is used to verify the
plasmonic enhancement of the composite substrate and is
consistent with the experimental results. The lowest concen-

tration of R6G molecules which can be detected with the
composite substrate is about 10−11 M with our setup.

Keywords Plasmonic interaction . Surface-enhanced
Raman scattering (SERS) . Local electromagnetic field

Introduction

Surface-enhanced Raman scattering (SERS) can greatly
increase the Raman scattering cross section for molecules
absorbed onto suitably roughened or patterned (usually
metallic) surfaces, thus enabling new applications in chemis-
try and biology [1, 2]. It is now well-known that the main
contribution to SERS arises from the enhancement of the
local electromagnetic field close to the surface due to the
excitation of localized surface plasmons (LSPs) [3, 4]. The
excitation of LSPs on these nano-particles leads to an
enormous amplification of the incident and Raman scattered
electromagnetic fields. A further enhancement can be
observed for molecules adsorbed onto specific sites when
resonant charges transfer occurs [5]. A wide variety of
substrates have been found to exhibit SERS: electrochemi-
cally modified electrodes [6], colloids [7], island films [8],
particles grafted on silanized glasses [9, 10], and regular or
non-regular particle arrays [11–13]. In this paper, we
introduce an alternative substrate comprising Ag nano-cubes
on an Ag ground plane, which forms a coupled “resonator”
system supporting plasmonic interaction between the nano-
cubes and the metallic film. This additional effect strongly
modifies the electric field (E-field) distribution, which in turn
produces stronger Raman scattering signals.
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Sample Preparation

The Ag nano-cubes are synthesized by reducing AgNO3

with ethylene glycol, whose final result is Ag nano-cubes in
water solution [14]. Figure 1a, b shows a scanning electron
microscope image of the Ag nano-cubes and a histogram of
side lengths measured from 161 cubes, which demonstrates
an average side length of 96 nm. The Ag colloid solution is
diluted to ensure sparse particle distribution on the film so
that the interaction between Ag nano-cubes can be
neglected. Rhodamine 6G (R6G) in water with a concen-
tration of 10−4 M is prepared. Finally, a 60-μL R6G
solution is mixed with 540-μL Ag colloid to obtain a mixed
solution with R6G concentration of 10−5 M, with adsorp-
tion of the dye onto the cubes. The solutions of the different
concentrations of R6G (the concentrations of Ag nano-cube
colloid are kept the same) can be made, where we use
concentrations of 10−6 and 10−11 M. The solutions are

incubated for about 10 min at room temperature and then
activated with a 30-μL (10 mM NaCl) solution [15]. After
20 min, the solution is dropped onto a 57-nm-thick Ag film,
which forms the composite SERS substrate (which we denote
as “S1”). For comparison, the silver–R6G solution is also
dropped onto glass, which forms the other substrate (“S2”).

The Raman experiments are performed after the solution
on the substrate evaporates in air at room temperature.
Raman spectra are taken with a confocal Raman micro-
scope (LabRAM HR from HORIBA Jobin Yvon). Three
Raman spectra are measured at different positions on the
same substrate, and we use the average values from these
three measurements. The wavelength of the excitation laser
is 514.5 nm. The laser is focused onto the samples from the
top by an objective (50×, NA, 0.5), and the reflected
Raman signals are collected through the same objective.

The computations of the electric field distribution are
performed using three-dimensional finite-difference time-
domain method (Lumerical FDTD Solutions), and the
boundary conditions at the edges of the computational domain
are perfectly matched layer absorbing boundaries. The
simulation region is 1 μm×1 μm×700 nm, and the cell size
is 2×2×1 nm. A linearly polarized plane wave with 514.5 nm
wavelength illuminates the sample from the upper side. We
use a complex index of refraction n+iκ of silver at this
wavelength of n=0.130 and κ=3.046 [16]. Because the Ag
nano-cubes are far enough apart on average, we ignored the
cube–cube interactions in the computations.

Experiments, Results, and Discussions

Figure 2 shows the Raman spectra of R6G (10−6 M) on the
two substrates S1 and S2. Our Raman spectrum for R6G is
consistent with other studies [17]. The detector integration

Fig. 1 Scanning electron microscope (SEM) image of the Ag nano-
cubes is shown in a. The histogram of side lengths measured from
161 cubes is shown in b. The average side length is 96 nm
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Fig. 2 Raman spectra of R6G molecules on substrates S1 and S2; the
integrated time is 0.3 and 3 s, respectively
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times are 0.3 and 3 s, respectively. Here, we define the
height of a Raman peak as the intensity difference between
the peak and the adjacent background. For example, in
Fig. 2, the heights of the peaks at 613, 774, 1,185, 1,363,
1,510, and 1,650 cm−1 are 6,699, 4,031, 3,469, 10,407,
6,447, and 12,668 a.u., respectively, for S1. The heights of
the corresponding peaks for the S2 substrate are 200, 105,
62, 250, 137, and 241 a.u., respectively, corrected for the
difference in integration times. These results demonstrate

that the heights of the Raman peaks from S1 are much
larger than those from S2, with an average increase in
Raman scattering intensity of 45×.

The greater Raman signal of the composite substrate can
be attributed to the distribution of enhanced electric field.
To illustrate this point, we calculated the electric field
intensity for the S1 and S2 geometries. Figure 3a shows the
sketch of the substrate comprising a single Ag nano-cube
on Ag film, consistent with the above experimental
condition (substrate S1). The side length of the nano-cube
is about 96 nm, and the thickness of the Ag film is 57 nm.
Figure 3b shows the intensity distribution on one facet of
the Ag nano-cube. The sketch and field distribution of an
Ag nano-cube on the glass substrate (S2) are shown in
Fig. 3c, d for comparison. The highest intensity in both
cases is located at the corners of the cube. However, the
highest intensity is located at the bottom of the cube
without the Ag film, whereas it is concentrated at the top of
the Ag nano-cube with the Ag film. The maximum intensity
for the Ag ground plane film (S1) is higher than that
without an Ag film (S2). When the Ag nano-cubes are
placed on the Ag film, LSP scattering from the nano-cubes
induces surface plasmons on the Ag film, which in turn
couples with the LSPs and leads to different resonance
properties [18]. As a result of this coupled plasmonic
interaction, there is a strong modification of the intensity
distribution which is advantageous for Raman scattering
measurements.

The greater enhancement of the excitation intensity and the
greater collection efficiency due to the reflection of the Raman
scattered signals from the ground plane in the case of S1
produce stronger Raman signals. It is also observed that the
enhancement at different Raman peaks is different, which can
be attributed to the wavelength shift between the surface
plasmon resonance of the composite substrate and these

Fig. 3 The simulation models of the substrates S1 and S2 are shown
in a and c, respectively. The corresponding E-field distribution
calculated with FDTD method is shown in b and d, respectively.
The polarization of the incident laser is along this plane

0 500 1000 1500 2000
0

5000

10000

15000

20000

25000

30000

35000

In
te

ns
it

y 
(a

.u
.)

Raman shift (cm-1) 

 65nm PMMA , 0.1s
 10nm  PMMA , 0.3s

1650

613

774
1185

15101363

Fig. 4 Raman spectra of R6G molecules on the composite substrate
with a spacer between the Ag nano-cube and the Ag film. The
thickness of the spacer layer is 10 and 65 nm, respectively
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Raman peaks [19]. For different Raman peaks, the Stokes
shift is different, which leads to a different enhancement
[20].

It is well-known that the plasmonic interaction between
the Ag nano-cubes (in general, a plamonic particle) and an
Ag ground plane is sensitive to their separation [21], so the
influence of the separation distance is also considered in
our experiment. We prepare the substrates with a polymer
spacer between the Ag nano-cubes and the Ag film for
tuning the plasmonic interaction. Poly (methyl methacrylate)
(PMMA) films of different thicknesses (10 and 65 nm) are
spin coated onto each Ag film, which are then baked at 105 °C
for 10 min. A drop of R6G/Ag nano-cube solution is then
placed onto each film. The corresponding Raman spectra of
R6G molecules on these two substrates (S1 with a spacer of

different thickness) are shown in Fig. 4. When the thickness is
10 nm, the height of the Raman peaks at 613, 774, 1,185,
1,363, 1,510, and 1,650 cm−1 are 12,379, 5,660, 3,561,
12,270, 9,221, and 13,219 a.u., respectively. The heights are
higher than those from S1 without a spacer in Fig. 2, which
indicates not only that the plasmonic coupling still occurs at
this distance but also that the spacer can further strengthen
the enhancement. However, when the thickness of the spacer
is increased to 65 nm, the background fluorescence becomes
dominant and the Raman peaks cannot be distinguished. In
this case, the plasmonic interaction between the Ag nano-
cubes and Ag film becomes very weak, similar to the S2
case.

Numerical simulations are also carried out to further verify
the change to the plasmonic interaction. Figure 5a shows the
sketch of the simulation model. Figure 5b, c shows the
calculated E-field distribution of a single Ag nano-cube on
the substrate with 10- and 65-nm-thick spacer, respectively.
The E-field distribution in the case of the 10-nm-thick spacer
is also located at the upper corners of the cube, which is
similar to that shown in Fig. 3b. In addition, there is also a
strong E-field located at the bottom corners of the nano-cube,
creating other hot spots. As a result, the SERS signal will be
stronger, which is consistent with the experimental results
shown in Fig. 4. In contrast, the E-field is concentrated near
the PMMA interface of the Ag nano-cube in the case of the
65-nm-thick spacer, which is also similar to that of Fig. 3d.
So, for the composite substrate, the thickness of the spacer
should not be too large.

Lastly, to test the sensitivity of our system, we decrease the
concentration of the R6Gmolecules to 10−11 M while keeping
the concentration of Ag nano-cubes in the mixed solution
constant. The composite substrate (S1) with a 10-nm-thick
PMMA spacer is used here. Figure 6 shows the Raman
spectrum, which demonstrates that the Raman peaks are

Fig. 5 The simulation model of the substrate with spacer is shown in
a. The corresponding E-field distribution calculated with FDTD
method is shown in b and c. The spacer thickness is 10 nm and
65 nm respectively
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distinct enough to be resolved, although the absolute intensity
of the Raman signals decreases with R6G concentration.

Conclusions

In conclusion, a composite plasmonic substrate consisting of
Ag nano-cubes on an Ag ground plane is introduced and
studied using SERS. The influence of the distance between
nano-cubes and a film is also considered by placing a spacer
into the structure. The composite substrate with suitable
distance produces the strongest Raman signals. Through the
experimental and numerical study, we conclude that this
enhancement is due to the plasmonic coupling between the
nano-cubes and the film. Using this novel substrate, the
Raman signal can be detected from R6G molecules with
solution concentration down to 10−11 M (Fig. 6). In this
paper, we only considered the case of no interaction between
adjacent nano-cubes. In principle, if the Ag nano-cubes are
closely distributed on the Ag film, the interaction between
each nano-cube can further enhance the Raman signals,
which will be investigated in future work.
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a b s t r a c t

The effect of laser power on the Raman spectra of two carbon-coated nano-powders of LiCoPO4 and
LiFePO4 olivine cathode materials were investigated. In the ambient atmosphere at a moderate laser
power, the phenomenon of the removal of the carbon coating layer from both samples was detected. The
olivine structure of LiCoPO4-C powder therefore remains unchanged during the prolonged exposure to a
4.3 mW laser beam. The mild removal of the carbon layer makes it possible to analyze the details of the
LiCoPO4 structure in air without interference from carbon.

LiFePO4-C powder, together with carbon layer gasification, undergoes oxidative decomposition by the
ithium-iron phosphate
livines
aman spectroscopy
GA-mass spectrometry

oxygen with the formation of Li3Fe2(PO4)3 and Fe2O3, even at a laser power of 1 mW. Thus, care should
be taken when measuring and interpreting the Raman spectra of this material both in air and in an inert
atmosphere, as obvious decomposition of the LiFePO4 olivine structure takes place even at a moderate
power of the excitation laser.

A comparative study of the stability of these two carbon-coated nano powders under laser beam
irradiation and heating was carried out with the use of TGA-mass spectrometry.
. Introduction

Li transition metal phosphates with olivine structure LiMPO4
M = Mn, Fe, and Co) have attracted much attention as cathode

aterials for Li-ion batteries due to their promising electrochem-
cal properties [1,2]. One of the inherent difficulties which limits
lectrochemical response of these materials is their extremely low
lectronic conductivity. For LiFePO4 at room temperature, its elec-
ronic conductivity is around 10−9 S cm−1 [3] and the electronic
onductivity of LiCoPO4 is even much lower than that for LiFePO4
nd reach only ∼10−15 S cm−1 [4,5]. Several methods have been
sed to increase the electronic conductivity of phospho-olivines,
mong which are doping on either the Li+ or M2+ site with aliova-
ent elements and coating the particle surface with an electronic
onductor, mostly with carbon. Another factor which substantially
ffects the performance of these substances is their particle size
6]. The use of nano-sized particles of olivine materials reduces
he transport length for lithium ions and electrons, thus enhanc-

ng the electrodes’ performance [7]. On this basis, carbon-coated
ano-particles of phospho-olivines are the most commonly used

orm of an active electrode material for electrode preparation,

∗ Corresponding author. Tel.: +972 3 531 7680; fax: +972 3 738 4053.
E-mail address: markeve@mail.biu.ac.il (E. Markevich).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.03.059
© 2011 Elsevier B.V. All rights reserved.

ensuring the optimal electrochemical performance of these mate-
rials.

Raman spectroscopy is a very sensitive tool for studying the
structure of the lithium intercalation compounds used in Li-battery
technology and for following the dynamics of lithium intercala-
tion into different host materials [8–10]. Phospho-olivines, along
with the most of the other electrode materials, are Raman active
compounds [11–14]. The process of lithium intercalation and dein-
tercalation into the olivine structure may be followed by Raman
spectroscopy because the vibrational modes of the PO4

3− anions
are sensitive to the presence of lithium ions in the crystal struc-
ture. However, the presence of the carbon coating layer on the
surface of the commonly used olivine electrode materials attenu-
ates the signal from the olivine structure and hampers the analysis
of the spectral features of the bulk material. In addition to that,
it was shown that a FePO4 olivine is unstable under local heat-
ing due to exposure to the laser beam [15]. Ramana et al. [14]
pointed out the possibility of the photodecomposition of LiFePO4
samples and their delithiated phases, and used an excitation laser
power lower than 10 mW to prevent the destruction of the sam-
ples. Galinetto et al. [16] investigated the effect of laser irradiation

on the thermal stability of LiFePO4. They showed that its stabil-
ity upon laser irradiation depends on the synthesis route, or more
specifically, on the grain size and degree of order of the olivine
structure. In the present work we show some peculiarities of the

dx.doi.org/10.1016/j.jpowsour.2011.03.059
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:markeve@mail.biu.ac.il
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A typical spectrum of a carbon-coated olivine is shown in Fig. 3a.
The carbon layer makes it difficult to see the details of the spec-
trum of the olivine structure due to the attenuation of the signal
and the overlapping of the spectral bands. Only a very weak sig-

5

6

Fig. 1. SEM images of the carbon coa

aman spectroscopy analysis of carbon-coated nano-powders of
hospho-olivines, and demonstrate the capabilities and limitations
f Raman micro-spectrometry for the study of these materials.

. Experimental

LiCoPO4 was synthesized by hydrothermally treating a mixture
repared from aqueous solutions of LiOH, a soluble Co salt and
3PO4. The obtained hydrothermal product was filtered, washed,
nd subsequently mixed with a carbon precursor. After drying the
ixture was pyrolyzed at 750 ◦C under inert atmosphere and a

lack powder of C-coated LiCoPO4 was obtained [17]. The carbon
ontent in the samples was determined by an Eager, Inc. Model
00 C, H, N, S analyzer. The surface area of the samples was cal-
ulated using the BET equation from the adsorption isotherm data,
etermined by N2 gas adsorption at 77 K using an Autosorb-1-MP
pparatus (Quantachrome Corporation). High resolution scanning
lectron microscopy (HR-SEM) imaging, using a JEOL-JSM 700F
nstrument was performed to estimate the average particle size
nd morphology. The results are shown in Table 1.

The cathode sheets were fabricated by spreading slurry (sus-
ension of active cathode material powder and carbon black in
PVdF/N-methylpyrrolidone solution) on an aluminum foil cur-

ent collectors with a doctor blade device. The electrolyte solution
as 1 M LiPF6 in an EC + DMC 1:1 mixture (Li-battery grade from
erck KGaA). Two electrode cells comprising LiFePO4 or LiCoPO4

omposite electrodes, separators, electrolyte solution and Li foil
egative electrodes were assembled in a glove-box filled with pure
rgon and sealed in 2032 coin-cells (NRC, Canada). Galvanostatic
harge–discharge tests of the cells were carried out using an Arbin
odel BT2000 battery tester (Arbin Instruments, USA).
Raman spectra were measured in a back scattering configuration
sing a micro-Raman spectrometer HR 800 (Jobin Yvon Horiba),
ith a He–Ne laser (excitation line 632.8 nm) and a microscope

bjective (×50, Olympus LWD). The power of the laser beam on

able 1
haracteristics of the carbon-coated nano-powders.

Olivine powder Carbon content
(wt%)

BET surface
area (m2 g−1)

Particles size (nm)

LiFePO4 2.4 13.5 Rods of
100–500 nm in
length and of about
60–90 nm in
diameter

LiCoPO4 1.8 21.3 Tens of nanometers
FePO4 (a) and LiCoPO4 (b) powders.

the sample was varied between 0.37 and 4.3 mW. The diameter of
the laser beam on the sample was ∼1.4 �m.

The measurements of Raman spectra under inert atmosphere
were conducted in an air-tight cell made of pyrex under the flow of
pure helium. The cell was assembled in a glove box filled with ultra
high-purity argon gas. For measurements in the inert atmosphere
the samples were pre-dried in vacuum at 120 ◦C for 6 h.

Thermogravimetric analysis (TGA-MS) was performed using a
TA TGA Q500 system combined with a mass spectrometer (MS),
Thermostar Model, Pfeiffer. Experiments were carried out in alu-
mina crucibles in air or pure argon (99.999%) with a heating rate of
10 ◦C min−1 and a gas flow rate of 120 ml min−1. Mössbauer mea-
surements were carried out by Prof. Israel Novik at the Hebrew
University, Jerusalem. The experimental details are described in
[18]. Inductively coupled plasma (ICP) analysis was performed
using the spectrometer model Ultima 2 from Jobin Yvon Horiba
Inc.

3. Results and discussion

SEM images of LiFePO4/C and LiCoPO4/C powders are shown in
Fig. 1, and initial charge–discharge curves for both cathode mate-
rials are demonstrated in Fig. 2.
0

1

2

3

4

200150100500

Capacity / mAh g-1

E 
/ V

Fig. 2. Initial galvanostatic charge and discharge curves of LiFePO4/Li (black) and
LiCoPO4/Li (red) cells, C/8, 30 ◦C. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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interesting that nearly the full gasification of carbon occurred, even
at a laser power of 2.5 mW during the spectrum acquisition. As this
takes place, the spectrum of the PO4

3− units totally changes. Instead
of three bands related to the vibrations of the phosphate anions in
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ig. 3. Raman spectra of LiCoPO4 olivines collected with 633 cm−1 He–Ne laser: (a)
arbon coated LiCoPO4 olivine and (b) uncoated LiCoPO4.

al at 945 cm−1 related to PO4
3− anion symmetric stretching (the

trongest peak in the olivine spectrum) is sometimes observed. The
aman spectrum of the uncoated LiCoPO4 is shown in Fig. 3b. Three
ands in the Raman spectrum of LiCoPO4 are observed between
100 and 900 cm−1. The very sharp band at 950 cm−1 is attributed
o the Ag mode of �1 (intramolecular symmetric vibrations of the
O4

3− anion), while the two weaker bands (1002 and 1070 cm−1)
elong to the asymmetric stretching modes of the PO4

3− anion (�3).
he bands observed between 400 and 800 cm−1 �2 and �4 comprise
ending modes of a PO4

3− anion.
We found that at a moderate power of laser beam the carbon

oating layer can be removed from the surface of LiCoPO4 parti-
les in air without damaging the structure of the underlying olivine
Fig. 4). It is known that transition metals, among which is Co, are
ffective catalysts in the carbon gasification processes, carried out
nder oxidative atmosphere [19,20]. Obviously, in our case Co2+

ations of LiCoPO4 catalyze the process of carbon oxidation by oxy-
en in air. The photocatalysis of the laser can also not be excluded.

As a result of carbon gasification, the spectrum of the olivine
ecomes more pronounced. Fig. 4 illustrates this phenomenon for
arbon-coated LiCoPO4 powder. It is seen that during the exposure
f the sample to the laser beam, the ratio of intensities of the olivine
and at 945 cm−1 (�1) and the bands related to carbon (D-band at
340 cm−1 and G-band at 1580 cm−1) grows. All the peaks with a

ower intensity related to the olivine structure progressively appear
s the carbon layer is removed.

In Fig. 5 one can see Raman spectra of LiCoPO4-C sample as a

unction of exposure time at a laser power of 4.3 mW. The figure
emonstrates the retention of the olivine structure over 18 h of
xposure of the electrode to the laser beam with power of 4.3 mW.
hus, LiCoPO4 is sufficiently stable to be analyzed by Raman spec-
Fig. 4. Raman spectra of LiCoPO4 carbon coated olivine powder as a function of
power with 633 cm−1 He–Ne laser collected in air.

troscopy in air when its carbon-coating layer undergoes oxidation.
It is worth noting that such Raman analysis could be performed just
in the air (oxygen) media, because in an inert atmosphere one can-
not achieve the mild removal of the carbon coating layer as a result
of its oxidation and gasification. Hence the spectra of the active
mass are attenuated by the carbon coating, when the atmosphere
of the measurement is inert.

A completely different type of situation occurs in the case of
carbon coated olivine LiFePO4. Fig. 6a demonstrates the process
of the oxidative laser induced decomposition of LiFePO4 carbon
coated olivine powder. The spectra were collected subsequently
with 633 cm−1 He–Ne laser of different power levels in air. It is
Raman shift / cm -1

Fig. 5. Raman spectra of LiCoPO4 carbon coated olivine powder collected in air as a
function of exposition time at laser power of 4.3 mW.
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Table 2
Wavenumbers and assignment of Raman peaks in the spectrum obtained as a result of laser-induced decomposition of carbon coated olivine LiFeCO4.

Wavenumber (cm−1) Assignment References

217 A1g vibrations [25–28]
277 Eg vibrations [25–28]
395 Eg, O–Fe–O bending of �-Fe2O3 [25–28]
448 E, PO4

3− deformation of �-Li3Fe2(PO4)3 [21–23]
586 F2, PO4

3− deformation of �-Li3Fe2(PO4)3 [21–23]
600 Eg, Fe–O stretching vibrations of �-Fe2O3 [25,26,28]
646 LO, disorder band appearing due to the presence of point defects of �-Fe2O3 (odd symmetry IR-active

phonon, probably activated by disorder)
[25,28–32]

990 Internal stretching vibrations of the PO4
3− units of �-Li3Fe2(PO4)3 [21–23]

its of
its of
3

t
w
T
v

F
d
�
a

1040 Internal stretching vibrations of the PO4
3− un

1119 Internal stretching vibrations of the PO4
3− un

1280 2LO, second-order of disorder band of �-Fe2O
he olivine structure at about 950, 1000 and 1070 cm−1, a wide band
ith two maxima at about 990 and 1040 cm−1 is observed (Fig. 7).

he new features of the spectrum related to the vibrations of the
alency bonds of PO4 tetrahedra (900–1250 cm−1) fit well the spec-
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ig. 7. Raman spectra of the decomposition products of carbon coated LiFePO4 pow-
er collected in air after the exposure to 633 cm−1 He–Ne laser beam. The bands of
-Li3Fe2(PO4)3 are indicated with dots, and the bands of Fe2O3 are indicated with
sterisks.
�-Li3Fe2(PO4)3 [21–23]
�-Li3Fe2(PO4)3 [21–23]

[25,28–32]

tra obtained as a result of the heating of the monoclinic (�-form)
of a Li3Fe2(PO4)3 Nasicon compound up to temperatures higher
than 265 ◦C [21]. The new phase which was formed by this means
was defined as the �-phase of Li3Fe2(PO4)3 [21,22]. The �-form of
Li3Fe2(PO4)3 comprises an orthorhombic phase and is character-
ized by a higher symmetry than the �-form, and correspondingly,
by lesser number of peaks [22,23]. The main bands of the Raman
spectrum that was obtained for this phase, along with their relative
intensities, correspond well with the spectrum of the laser-induced
decomposition product of LiFePO4 (Table 2). The main features
of this product are indicated in Fig. 7 with dots. It is interesting
that an identical Raman spectrum was recorded from the Ti-doped
Li3Fe2(PO4)3, which differs substantially from the spectrum of the
undoped �-form of Li3Fe2(PO4)3 [24]. This observation is probably
the result of the phase transformation of the Ti-doped compound,
comparable with that observed during the heating of the mono-
clinic �-Li3Fe2(PO4)3.

The second product of the oxidative laser-induced decom-
position of LiFePO4 olivine is �-Fe2O3. All the main bands of
this compound are readily detectable in the spectrum of the
decomposition product and are indicated in Fig. 7 with asterisks.
Consequently, the decomposition product comprises the �-form of

Li3Fe2(PO4)3 mixed with Fe2O3 [25–32]. Assignments of the Raman
peaks in this spectrum are summarized in Table 2.

Thus, in contrast to Co2+ cations in the olivine structure, Fe2+

cations of a LiFePO4 olivine are readily oxidized by the oxygen in
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he air when carbon-coated LiFePO4 powder is exposed to the laser
eam with a moderate power (≤1 mW). Such a difference in the
ehavior of these two olivine powders is not surprising. It is well
nown that in spite of the same olivine-type structure, the poten-
ial of M2+ → M3+ transition vs. Li is much higher for Co than for Fe
nd comprises 4.8 and 3.5 V, respectively [1,33,34]. In the case of
estruction under a laser beam in ambient conditions, Fe2+ → Fe3+

xidation results in the formation of the �-form of Li3Fe2(PO4)3
nd �-Fe2O3, rather than olivine FePO4. Nonetheless, it is safe to
ay that LiFePO4 is much less stable toward oxidation than LiCoPO4
nder the identical conditions. Indeed, a Fe2+/Fe3+ standard oxi-
ation potential relative to hydrogen electrode is equal to −0.77 V
3.81 V vs. Li/Li+), whereas the Co2+/Co3+ redox level is located at a
otential of −1.82 V (4.86 V vs. Li/Li+). The easy oxidation of LiFePO4

n air leads to its lower thermal stability, compared to FePO4 [35].
n the contrary, the crystal structure of completely delithiated
oPO4 is not stable when in contact with air [36]. The attempts to
repare CoPO4 by the chemical delithiation of LiCoPO4 with NO2PF6
ere not successful [35,37], whereas single phase FePO4 could be

btained by the oxidation of LiFePO4 with this reagent [1]. This fact
estifies that LiCoPO4 is also more stable toward oxidation than
iFePO4.

It is therefore concluded that one should carefully control the
ower of the laser beam when using Raman spectroscopy to analyze
LiFePO4 olivine under ambient conditions, as an excess of the lim-

ting power of the excitation laser could lead to the destruction of
he sample and a misinterpretation of the spectra. An analysis of the
urrent literature supports the fact that in many cases the wrong
nterpretation of the Raman spectra of LiFePO4 olivine occurs, obvi-
usly due to the uncontrolled use of the high power laser beam.
or example, in [38] Raman spectra of LiFePO4 nanoparticles syn-
hesized by different ways are presented. Instead of spectra of an
livine with its most pronounced band at about 950 cm−1 (�1), one
an observe two peaks of approximately equal intensity at about
000 and 1035 cm−1 that are obviously related to the �-form of
i3Fe2(PO4)3, and resulted from the decomposition of the olivine
tructure due to exposure of the sample to a laser beam with too
igh power. In another work [39] devoted to the preparation of
iFePO4 cathode material by dispersing nanometer-sized particles
f LiFePO4 into a nanoporous carbon matrix, the Raman spectrum
f the synthesized material contains the same two bonds (1000
nd 1035 cm−1) when the characteristic olivine peak at 950 cm−1

s absent. The same mistake is observed in the data devoted to
he changes that are observed in the spectrum of the LiFePO4
livine at the various stages of the charge–discharge process dur-
ng Li intercalation [40]. Pristine and fully discharged materials
gain contain two bands of �-Li3Fe2(PO4)3 instead of the olivine
eaks. In these works, the other characterization methods sug-
est the olivine structure of the analyzed samples. Consequently,
ransformed Raman spectra in all these cases are the result of the
ncorrect use of Raman spectroscopy.

The second component, which is determined at the point of the
ample, exposed to the laser beam, is �-Fe2O3. As is clearly seen
n Fig. 6a, in the Raman spectrum of carbon-coated LiFePO4 (black
ine) two bands at about 217 and 277 cm−1 are present. These bands
elate to A1g and Eg vibrations in �-Fe2O3 [25–32]. Fe2O3 is often
resent in LiFePO4 powders as a contaminant as a result of Fe2+ ion
xidation processes during the synthesis of the olivine [41,42]. In
ddition, Fe2O3 is obviously a product of the decomposition of the
iFePO4 olivine in air under exposure to the laser beam (Fig. 7 and
able 2). Xia et al., with the use of Raman spectroscopy, showed that
he exposure of LiFePO4 in hot air leads to the formation of �-Fe2O3,

ithium and iron phosphates on the surface of the samples [43].
he same mechanism of LiFePO4 oxidation during heat treatment
n air was proved by the combination of temperature-controlled X-
ay diffraction, thermogravimetric analysis, Mössbauer and NMR
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spectroscopies [44]. The formation of hematite under laser irra-
diation during micro-Raman analysis of several kinds of LiFePO4
olivine powders was observed as well [16]. Therefore, according
to the spectrum obtained (Fig. 7), the following scheme of LiFePO4
decomposition during Raman spectra acquisition may be proposed:

12LiFePO4 + 3O2 → 4Li3Fe2(PO4)3 + 2Fe2O3 (1)

A phenomenon of the very fast and full removal of the carbon
coating layer from the surface of LiFePO4 carbon-coated nanoparti-
cles leads to another kind of misinterpretation of the Raman spectra
of these materials. After carbon gasification one can observe the dis-
closure of a wide band at about 1280–1300 cm−1 (Fig. 5) related to
second-order of disorder band of �-Fe2O3 (2LO). The disorder band
(LO) at about 646 cm−1 appears due to the presence of point defects
of �-Fe2O3 [25,28–32]. The second-order band of this vibration is
located in the frequency region of amorphous carbon and is some-
times mistaken for the carbon D-band [45,46]. For example, in the
Raman spectra of the LiFePO4-C composite films deposited with the
use of a pulse laser deposition technique [46], the authors observed
a fairly intensive wide band at 1309 cm−1, whereas the carbon G-
band was absent or poorly detectable, as shown in Figs. 6 and 7. We
believe, however, that this band is related to �-Fe2O3, as the rest of
its bands are clearly seen in the spectrum, along with the absence
of the main olivine peaks. Thus, the conclusion of the authors that
the poor conductivity of the film is explained by the absence of the
conducting form of carbon, due to the absence of the G-band (sp2-
bonding) and the presence of only a non-conductive form of carbon
due to the presence of the D band signal (sp3-bonding), appears
incorrect.

Thus, from the above description of the peculiarities of Raman
spectra of both carbon-coated olivine powders, obtained at a laser
power higher than ∼1 mW, it appears that for LiFePO4 powder two
parallel processes occur, namely, Fe2+ → Fe3+ oxidation with the
formation of Li3Fe2(PO4)3 and Fe2O3 compounds and carbon gasi-
fication by oxygen, and for the LiCoPO4 sample only the last process
of the carbon removal is observed.

Fig. 6b presents the Raman spectra of LiFePO4 carbon-coated
olivine powder collected as a function of power in inert atmo-
sphere. In these conditions, the olivine structure of the sample is
stable up to a laser power of 4.3 mW. However, after prolonged
exposure it undergoes transformation with the formation of the
same products as for the process occurring in air (Fig. 6a). In the
inert atmosphere the only source of oxygen for the oxidation of
Fe2+ is the own olivine structure and, to a small extent, the oxygen-
containing surface groups of the carbon layer. In such conditions
the process requires much higher energy. One can see that during
the prolonged exposure of the LiFePO4-C sample to the laser beam
with energy of 4.3 mW in the inert medium, carbon gasification
stops while the olivine structure continues to degrade.

The exposure of LiCoPO4-C nano-powder to a laser beam with
maximal power (4.3 mW) under inert conditions reveals the stabil-
ity of the olivine structure for at least 6 h.

The oxidative removal of the carbon layer in air under the laser
beam occurs much more easily for LiFePO4-C nano-powder than for
LiCoPO4-C nano-powder. This difference may stem from the differ-
ent catalytic properties of Co and Fe compounds that are in contact
with the carbon-coating layer. It is known that both Co [19,20] and
Fe [47,48] cations may act as the catalysts of carbon gasification.
We defined the temperature for the oxidative removal of carbon for
these two powders with the use of TGA-mass spectrometry analysis
in air. In this experiment, the possible photo catalysis of the excita-
tion laser beam was excluded. The results are shown in Fig. 8a. It is

clearly seen that the total weight of the LiFePO4-C sample increases
as a result of heating the powder in a dry air atmosphere. How-
ever, for the LiCoPO4-C powder, a decrease in the sample weight
is observed. These observations are in agreement with our Raman
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Fig. 8. TGA-MS (CO2, m/z = 44) response for two carbon coated nano powders,
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iCoPO4 (black) and LiFePO4 (pink): (a) in dry air and (b) in argon (99.999%). (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of this article.)

easurements. For the LiCoPO4-C sample, carbon removal, accom-
anied by weight loss, is the only result of both heating in air and
xposure to the laser beam. In contrast to this behavior, the heat-
ng of the LiFePO4-C sample is accompanied by an increase in the
ample weight due to the up-take of oxygen, in the course of the
e2+ → Fe3+ transition. Belharouak et al. [49] obtained the same run
f the TGA curve for carbon-coated LiFePO4 in air. By coupling the
GA and XRD results, they proved the following oxidative mecha-
isms for LiFePO4 during the TGA experiment, and which is in line
ith our Raman observations:

iFeIIPO4 + (1/4)O2 → (1/3)Li3Fe2PO4 + (1/6)Fe2O3

It is seen that in air (Fig. 8a) the evolution of CO2 from the
iFePO4-C powder is observed at lower temperatures than for
iCoPO4-C powder, probably due to the higher catalytic activity of
e compounds in the reaction of carbon gasification by oxygen.

The Mössbauer spectrum of LiFePO4-C powder revealed that the
ontent of Fe3+ impurity in the sample was equal to 4.5%. From the
ombination of this result with the result of ICP analysis, one can
alculate a weight gain of 2.4% for this sample in the TGA response
n the air (Fig. 8a), namely, 4.8% (weight gain due to the uptake of
xygen from the air) − 2.4% (weight loss due to the removal of car-
on). Our result of 1.5% of the weight gain may be related to the
artial oxidation of Fe2+ by the oxygen of the crystal structure of
he olivine. This assumption is supported by the result of TGA-mass

nalysis performed for these samples in pure argon (Fig. 8b) at the
ame heating rate. In this situation, when the olivine structure is
he only source of the oxygen, CO2 liberation is obviously accompa-
ied by the partial decomposition of the olivines. It is remarkable
Sources 196 (2011) 6433–6439

that, contrary to the results obtained for the laser-induced decom-
position of both carbon coated olivines in an inert atmosphere, the
LiFePO4-C sample reveals a higher thermal stability than that of
LiCoPO4-C during TGA measurements in argon. The onset of CO2
formation for the Co-based olivine powder is observed even at
about 730 ◦C, while for the LiFePO4-C sample the evolution of CO2
does not start until 850 ◦C. The opposite tendency in the stability of
the two carbon-coated olivine compounds during Raman and TGA
measurements in the inert gas suggests that several factors lead
to the decomposition of these olivine compounds, namely, tem-
perature, catalytic action of the transition metals and the photo
catalytic action of the laser beam. The latter factor, which is absent
in the TGA measurements, is obviously responsible for the lower
stability of the LiFePO4-C sample as compared to LiCoPO4-C during
Raman measurements under inert atmosphere.

4. Conclusions

In this work we have shown some possibilities and limitations
of the use of Raman spectroscopy for the analysis of two carbon-
coated olivine nano-powders, LiCoPO4 and LiFePO4. We measured
the Raman spectra of these materials at different He–Ne laser power
and revealed than they possess a different stability toward laser
irradiation. Under air we observed the phenomenon of the removal
of the carbon coating layer at moderate laser beam power. The
olivine structure of LiCoPO4-C powder remains unchanged during
prolonged exposure to a laser beam with a power of 4.3 mW. Thus,
the removal of the carbon layer makes it possible to analyze the
details of the LiCoPO4 structure in air without interference from
carbon.

LiFePO4-C powder, along with carbon layer gasification, under-
goes oxidative decomposition by the oxygen with the formation
of Li3Fe2(PO4)3 and Fe2O3, even at a laser power of 1 mW. In an
inert atmosphere, the decomposition of a LiFePO4 olivine structure
occurs with the formation of the same oxidation products as in air,
but takes place at a higher power of the excitation laser (4.3 mW)
and longer exposure. Thus, care should be taken when measuring
and interpreting the Raman spectra of LiFePO4 olivine both in air
and in an inert atmosphere.

The LiCoPO4-C sample is stable in inert conditions and under
maximal laser power (4.3 mW) for a long time. The opposite ten-
dency was observed for the thermal stability of the two powders
under inert atmosphere with the use of TGA-mass spectrome-
try. LiCoPO4 seems to be less thermally stable than LiFePO4. We
attribute the lower stability of LiFePO4 powder observed during
the Raman measurements to a photo-catalytic effect of the laser
irradiation on the decomposition rates of the olivine compounds,
which is more pronounced when the transition metal in the LiMPO4
is iron.

Acknowledgement

The authors are grateful to Prof. Israel Novik from Hebrew Uni-
versity, Jerusalem, for the Mössbauer measurements.

References

[1] A.K. Padhi, K.S. Nanjundaswamy, J.B. Goodenough, J. Electrochem. Soc. 144
(1997) 1188–1194.

[2] B. Kang, G. Ceder, Nature 458 (2009) 190–193.
[3] P.S. Herle, B. Ellis, N. Coombs, L.F. Nazar, Nat. Mater. 3 (2004) 147–152.
[4] J. Wolfenstine, J. Power Sources 158 (2006) 1431–1435.
[5] J. Wolfenstine, J. Read, J.L. Allen, J. Power Sources 163 (2006) 1070–1073.

[6] A. Yamada, S.C. Chung, K. Hinokuma, J. Electrochem. Soc. 148 (2001)

A224–A229.
[7] B. Ellis, W.H. Kan, W.R.M. Makahnouk, L.F. Nazar, J. Mater. Chem. 17 (2007)

3248–3254.
[8] K. Dokko, Q. Shi, I. Stefan, D. Scherson, J. Phys. Chem. B 107 (2003) 12549–12554.



ower

[
[
[
[

[

[
[

[
[

[
[

[

[

[

[

[

[

[
[

[

[
[
[
[

[

[

[

[
[
[

[

[
[

[
[

E. Markevich et al. / Journal of P

[9] C. Julien, M. Massot, Phys. Chem. Chem. Phys. 4 (2002) 4226–4235.
10] R. Baddour-Hadjean, J.-P. Pereira-Ramos, Chem. Rev. 110 (2010) 1278–1319.
11] C. Burba, R. Frech, J. Electrochem. Soc. 151 (2004) A1032–A1038.
12] C. Burba, R. Frech, Spectrochim. Acta A 65 (2006) 44–50.
13] C. Julien, A. Mauger, A. Ait-Salah, M. Massot, F. Gendron, K. Zaghib, Ionics 13

(2007) 395–411.
14] C. Ramana, A. Mauger, F. Gendron, C. Julien, K. Zaghib, J. Power Sources 187

(2009) 555–564.
15] C. Burba, J. Palmer, B. Holinsworth, J. Raman Spectrosc. 40 (2009) 225–228.
16] P. Galinetto, M.C. Mozzati, M.S. Grandi, M. Bini, D. Capsoni, S. Ferrari, V. Mas-

sarotti, J. Raman Spectrosc. 41 (2010) 1276–1282.
17] G. Nuspl, L. Wimmer, M. Eisgruber, US Patent 2007/0054187 A1.
18] I. Nowik, R.H. Herber, M. Koltypin, D. Aurbach, S. Licht, J. Phys. Chem. Solids 66

(2005) 1307–1313.
19] I. Silva, J. Encinar, L. Lobo, Catal. Today 7 (1990) 239–245.
20] J. Encinar, J. Gonzalez, E. Sabio, J. Rodrıguez, J. Chem. Technol. Biotechnol. 75

(2000) 213–222.
21] H. Bih, L. Bih, B. Manoun, M. Azdouz, S. Benmokhtar, P. Lazor, J. Mol. Struct. 936

(2009) 147–155.
22] V.V. Kravchenko, V.I. Michailov, S.E. Sigaryov, Solid State Ionics 50 (1992)

19–30.
23] F. d’Yvoire, M. Pintard-Screpel, E. Bretey, M. de la Rochere, Solid State Ionics

9–10 (1983) 851–857.
24] G. Butt, N. Sammes, G. Tompsett, A. Smirnova, O. Yamamoto, J. Power Sources

134 (2004) 72–79.
25] A. Zoppi, C. Lofrumento, E. Castellucci, C. Dejoie, Ph. Sciau, J. Raman Spectrosc.

37 (2006) 1131–1138.

26] P. Lottici, C. Baratto, D. Bersani, G. Antonioli, A. Montenero, M. Guarneri, Opt.

Mater. 9 (1998) 368–372.
27] L. Wan, K. Shi, X. Tian, H. Fu, J. Solid State Chem. 181 (2008) 735–740.
28] C.P. Leon, L. Kador, M. Zhang, A.H.E. Muller, J. Raman Spectrosc. 35 (2004)

165–169.

[
[
[
[
[

Sources 196 (2011) 6433–6439 6439

29] S. Azuma, M. Sato, Y. Fujimaki, S. Uchida, Y. Tanabe, E. Hanamura, Phys. Rev. B
71 (2005) 014429.

30] K.F. McCarty, Solid State Commun. 68 (1988) 799–802.
31] M. Massey, U. Baier, R. Merlin, W. Weber, Phys. Rev. B 41 (1990) 7822–7827.
32] D. Bersani, P. Lottici, A. Montenero, J. Raman Spectrosc. 30 (1999) 355–360.
33] P. Deniard, A. Dulac, X. Rocquefelte, V. Grigorova, O. Lebacq, A. Pasturel, S. Jobic,

J. Phys. Chem. Solids 65 (2004) 229–233.
34] F. Zhou, M. Cococcioni, K. Kang, G. Ceder, Electrochem. Commun. 6 (2004)

1144–1148.
35] N.N. Bramnik, K. Nikolowski, D.M. Trots, H. Ehrenberg, Electrochem. Solid-State

Lett. 11 (2008) A89–A93.
36] N.N. Bramnik, K. Nikolowski, C. Baehtz, K.G. Bramnik, H. Ehrenberg, Chem.

Mater. 19 (2007) 908–915.
37] J. Wolfenstine, B. Poese, J.L. Allen, J. Power Sources 138 (2004) 281–282.
38] M. Konarova, I. Taniguchi, J. Power Sources 194 (2009) 1029–1035.
39] X.-L. Wu, L.-Y. Jiang, F.-F. Cao, Y.-G. Guo, L.-J. Wan, Adv. Mater. 21 (2009)

2710–2714.
40] A. Kumar, R. Thomas, N.K. Karan, J.J. Saavedra-Arias, M.K. Singh, S.B. Majumder,

M.S. Tomar, R.S. Katiyar, J. Nanotechnol. (2009) (Article ID 176517, 10 pp.).
41] K. Shiraishi, K. Dokko, K. Kanamura, J. Power Sources 146 (2005) 555–558.
42] K. Zaghib, A. Mauger, F. Gendron, C.M. Julien, Solid State Ionics 179 (2008)

16–23.
43] X. Xia, Z. Wang, L. Chen, Electrochem. Commun. 10 (2008) 1442–1444.
44] S. Hamelet, P. Gibot, M. Casas-Cabanas, D. Bonnin, C.P. Grey, J. Cabana, J.-

B. Leriche, J. Rodriguez-Carvajal, M. Courty, S. Levasseur, P. Carlach, M. Van
Thournout, J.-M. Tarascon, C. Masquelier, J. Mater. Chem. 19 (2009) 3979–
3991.
45] Z. Lu, H. Cheng, M. Lo, C.Y. Chung, Adv. Funct. Mater. 17 (2007) 3885–3896.
46] Z.G. Lu, M.F. Lo, C.Y. Chung, J. Phys. Chem. C 112 (2008) 7069–7078.
47] Ph. Serp, J. Figueiredo, P. Bertrand, J. Issi, Carbon 36 (1998) 1791–1799.
48] B.H. Song, S.D. Kim, Fuel 72 (1993) 797–803.
49] I. Belharouak, C. Johnson, K. Amine, Electrochem. Commun. 7 (2005) 983.



This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 139.80.14.107

This content was downloaded on 05/09/2014 at 04:05

Please note that terms and conditions apply.

Tunable plasmonic coupling between silver nano-cubes and silver nano-hole arrays

View the table of contents for this issue, or go to the journal homepage for more

2011 Nanotechnology 22 085203

(http://iopscience.iop.org/0957-4484/22/8/085203)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/22/8
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING NANOTECHNOLOGY

Nanotechnology 22 (2011) 085203 (7pp) doi:10.1088/0957-4484/22/8/085203

Tunable plasmonic coupling between silver
nano-cubes and silver nano-hole arrays
Xiaolei Wen, Mingfang Yi, Douguo Zhang, Pei Wang, Yonghua Lu
and Hai Ming

Department of Optics and Optical Engineering, Anhui Key Laboratory of Optoelectronic
Science and Technology, University of Science and Technology of China, Hefei,
Anhui 230026, People’s Republic of China

E-mail: wangpei@ustc.edu.cn

Received 2 November 2010, in final form 21 December 2010
Published 17 January 2011
Online at stacks.iop.org/Nano/22/085203

Abstract
A quasi-three-dimensional (quasi-3D) system composed of Ag nano-cubes and Ag nano-hole
arrays was fabricated through a low cost chemical process. The coupling of localized surface
plasmons (LSPs) in the cube–hole array system has been investigated through surface-enhanced
Raman scattering (SERS) from Rhodamine 6G (R6G) molecules. A SERS enhancement factor
as large as 1.1 × 108 can be achieved due to this plasmonic coupling effect, and is highly
sensitive to geometrical parameters, such as cube–hole array distance, hole diameter, inter-hole
spacing and Ag film thickness.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Localized surface plasmons (LSPs) can induce a strong
localized electrical field, which is dependent on material,
geometry and surrounding environment of the metallic
nano-structures. It offers enormous applications in nano-
devices [1–3]. In order to improve the performance of
these devices, the intensity and localization of the electrical
field need to be enhanced. The plasmonic coupling effect
has commonly been investigated to realize this aim, which
always occurs among aggregated colloids of metallic nano-
particles [4–7], adjacent plasmonic nano-structures [8–10],
and other complex plasmonic structures [11–13]. However,
most of the strongly coupled systems are based on random
structures that have poor reproducibility, while rational design
and modulation of the coupling field at the nano-scale remains
a great challenge.

In this paper, we explore the plasmonic coupling effect
in a quasi-3D system composed of Ag nano-cubes and Ag
nano-hole arrays. The typical parameters of this system
are shown in figure 1. Such a system can be made cost-
effectively and reproducibly. Furthermore it can present
a wealth of interesting optical phenomena caused by the
coupling of LSPs between the Ag cubes and Ag holes.
Here, the plasmonic coupling effect is characterized through

Raman spectra of the R6G molecule doped in a polymethyl-
methacrylate (PMMA) layer, since we know that the intensity
of the SERS signal is proportional to the fourth power of the
local field amplitude [14]. The results show that the enhanced
plasmonic coupling in this structure is quite pronounced, and
highly sensitive to geometrical parameters, such as cube–hole
array distance, hole diameter, inter-hole spacing and Ag film
thickness. They furthermore suggest the intriguing possibility
of tuning the coupling localized field via precise 3D control,
which might be useful for SERS measurement, harmonic
generation, and advanced optical nano-antennas [15].

2. Experimental details

2.1. Nano-structure fabrication and adjustment

The Ag hole arrays and the Ag cubes were fabricated
separately, and then assembled together. Firstly the Ag
hole arrays were thermally deposited on self-organized anodic
aluminum oxide (AAO) substrates. The AAO substrates with
long-range hexagonally ordered holes were fabricated through
a two-step anodizing process [16]. So, the Ag film deposited
on it has ordered holes whose diameter and arrangement are
consistent with those on the substrate surface [17, 18]. Then
R6G of concentration 5 × 10−7 M in PMMA solution was
spin-coated on the Ag hole arrays to form a spacer layer.
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Figure 1. A sketch of the coupled cube–hole array system.

Figure 2. (a) The absorption spectra of the AAO-template-supported Ag hole array (black), the Ag cubes (blue), and the coupled cube–hole
array structure (red). (b) and (c) are SEM images of a Ag hole array and Ag cubes, respectively. The inset in (c) shows a typical cube-size
distribution of our samples.

Afterward Ag cubes were chemically synthesized by reducing
AgNO3 with ethylene glycol (EG) [19, 20], and dripped onto
the R6G/PMMA layer. After drying at room temperature for
24 h, the coupled cube–hole array system was obtained.

The structural parameters of this system are changeable.
The distance between the cubes and hole arrays can be
controlled by the thickness of the PMMA layer. The thickness
of the Ag film can be controlled during the deposition process.
The geometry of the Ag hole arrays (e.g. hole diameter and
inter-hole spacing) is primarily determined by the surface
morphology of the AAO substrate which can be precisely tuned
during the anodizing process [21, 22].

2.2. Nano-structure characterization and SERS measurements

The morphology of the nano-structures was characterized by
scanning electron microscopy (SEM; FEI Sirion-200). The

absorption spectra were recorded by UV–visible spectroscopy
(Ocean Optics USB4000-Vis-NIR). The Raman scattering
spectra were measured at room temperature by a confocal
microscopic Raman spectrometer (HORIBA Jobin Yvon
LABRAM-HR). The samples were excited by a 514.5 nm
argon-ion laser line with about 1 mW power through a 50×
(N.A. 0.5) objective and the Raman signal was collected with
the same objective in a backscattering geometry which was the
same as that in [23]. The integration time was 3 s.

3. Results and discussion

Figure 2 shows the absorption spectra and SEM images of the
Ag hole arrays and Ag cubes. Typically, the diameter and
interval of the holes were 40 nm and 90 nm, respectively, while
the average side length of the cubes was about 95 nm. As the
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Figure 3. Sketches of five types of samples: (a) none of the metallic components, (b) isolated Ag hole array, (c) isolated Ag cubes, (d)
coupled Ag cube–hole array structure ((a)–(d) all supported by AAO substrate) and (e) coupled Ag nanocube–smooth film structure supported
by glass. (f) Their corresponding Raman spectra.

Table 1. Enhancement factor of R6G in each structure, all measured at the 1363 cm−1 Raman band.

Structure (a) Structure (b) Structure (c) Structure (d) Structure (e)

EF — 5.1 × 106 1.3 × 107 1.1 × 108 2.4 × 107

absorption spectra show, both Ag hole arrays and Ag cubes
present a LSP resonance peak in the visible region. The peak
of the Ag cubes is broader than that in previous works [24, 25],
due to the size distribution of our samples. The LSP resonance
peak position of the coupled system is almost the same as that
of the Ag hole arrays. That is because the concentration of the
cubes immobilized on the R6G/PMMA layer was intentionally
kept low (about 8 cubes per 1 μm2) to minimize the inter-
particle coupling among them. So the coupling region is quite
small compared with the whole illuminated area in the spectral
measurement. Consequently, the absorption spectrum of the
coupled system is dominated by that of the Ag hole arrays.
The 514.5 nm excited wavelength is located in the range of the
LSP resonances of all the structures.

3.1. Effect of plasmonic coupling

Figure 3 presents sketches of five types of structures and
corresponding Raman spectra. In structure (a) the R6G/PMMA
spacer was directly spin-coated on the AAO substrate. There
is not any obvious Raman signal for this structure (figure 3(f)
black line). Structures (b) and (c) are respectively isolated
Ag hole arrays and isolated Ag cubes. Some weak Raman
peaks show up in these structures due to the LSPs induced
in the metal nano-structures (figure 3(f) red and blue line,
respectively). Structure (d) is the coupled cube–hole array
system which shows significant Raman signals (figure 3(f)
green line). The observed Raman bands at 612, 774, 1129,
1183, 1311, 1363, 1510, 1575 and 1650 cm−1 agree with those
reported in the literature [26]. Structure (e) is another kind of
coupled system composed of Ag cubes and a smooth Ag film
(deposited on a glass substrate). Its Raman signals (figure 3(f)
pink line) are larger than those of the isolated structures (b)

and (c), due to the plasmonic coupling between the LSPs of
the cubes and the SPs of the thin film. However, its signals are
quite a lot smaller than those of the cube–hole array structure
(d). It is an indicator that the plasmonic coupling efficiency
between LSPs is much higher than that between LSPs and SPs
under 514.5 nm excitation.

To investigate the enhancement effect of R6G on
these structures quantitatively, the enhancement factor (EF)
values were calculated using the methods put forth by
Van Duyne [27, 28]. The EF is defined as

EF = ISERS/NSERS

INR/NNR

where ISERS and INR are the SERS and normal Raman
intensities of the same Raman band of R6G molecules,
respectively. NSERS and NNR represent the corresponding
numbers of molecules probed by the laser spot in the two
conditions. We chose the Raman band at 1363 cm −1 and
calculated the enhancement factor for each structure. The
results are listed in table 1. The EF of uncoupled structures
(c) and (d) is consistent with previous works [17, 25, 29]. The
EF of coupled structure (d) is of the order of 108 which is more
than one order of magnitude larger than that of (b), (c) and (e)
due to the large field enhancement of the ‘hot spots’ induced
by the plasmonic coupling between the Ag cubes and the Ag
hole arrays.

To further understand this coupling effect, series of tests
were designed to investigate the influence of each geometrical
parameter in structure (d). These Raman measurements were
performed under the same conditions except that only one
parameter changed. In all tests the EF was measured at the
1363 cm−1 band for R6G.
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Figure 4. SERS enhancement factors as a function of distance between Ag cubes and Ag hole arrays (the dashed line is a guide to the eye).
Point A highlights the case of zero distance.

Figure 5. SERS enhancement factors as a function of Ag hole diameter (the dashed line is a guide to the eye).

3.2. Effect of cube–hole array distance

Figure 4 shows the EF of structure (d) as a function of the
distance between the Ag cubes and Ag hole arrays ranging
from 0 to 140 nm. Obviously the EF decreases exponentially
with the increasing distance and finally reaches a stable value
of around 5 × 106 after 70 nm. This is due to the electrical
field coupling decaying, which is similar to that in the nano-
antenna gap [30] or particle–film coupled system [31]. When
the distance is larger than 70 nm the coupling effect is so weak
that it can be ignored. Therefore the Raman enhancement is
approximately that of the isolated structures. Nevertheless,
it turns to another condition when the distance falls to zero
(here the R6G/PMMA layer was located on top of the Ag

cubes). In this case, the Ag cubes are contacting with the Ag
film. Therefore the coupling effect does not exist and the field
enhancement is similar to that on rough surfaces of films. So
this condition is close to the isolated hole array (figure 3(b))
with the EF of the order of 106.

3.3. Effect of hole diameter

Figure 5 shows the EF variation with hole diameter ranging
from 35 to 70 nm, while the inter-hole spacing was kept the
same (90 nm). As the hole diameter increases, the EF drops
down steadily, suggesting that the field intensity in the coupling
region is decreasing. This phenomenon can be attributed to the
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Figure 6. SERS enhancement factors as a function of inter-hole spacing (the dashed line is a guide to the eye).

Figure 7. SERS enhancement factors as a function of Ag film thickness (the dashed line is a guide to the eye).

reducing effective coupling area between the Ag hole arrays
and Ag cubes which is caused by the reducing Ag filling factor
of the film. A smaller effective coupling area induces lower
coupling efficiency and hence weaker field enhancement for
Raman enhancement.

3.4. Effect of inter-hole spacing

To investigate the influence of the inter-hole spacing,
anodization voltages ranging from 15 to 60 V were used to
produce Ag hole arrays with inter-hole spacings ranging from
40 to 150 nm, similar to that in [22]. Meanwhile the same etch
time (100 min) was used in each case so that the metal filling
factor was kept almost the same (∼85%). Figure 6 shows the
EF variation with the inter-hole spacing. It can be seen that

there is a steady increase of the EF with decreasing inter-hole
spacing. When the holes are moving closer together, their LSPs
will interact more, which produce larger field enhancement
or ‘hot spots’ between them [18]. This in turn enhances the
whole coupling field between the Ag cubes and Ag hole arrays.
Moreover, as well as the inter-hole spacing getting smaller the
holes also shrink in diameter, so the hole diameter variation
also contributes in figure 6, which means that not only the
diameter but also the inter-hole spacing affects the coupling
efficiency.

3.5. Effect of Ag film thickness

As shown in figure 7, the EF increases with decreasing Ag
film thickness, which ranges from 15 to 60 nm. The film
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thickness is close to the skin depth of Ag (∼20 nm), which
ensures the interaction of LSPs induced on the top and bottom
interfaces of the Ag film due to the overlap of their fields in the
metal [32, 33]. When the film gets thinner, the interaction of
the LSPs between the two sides is enhanced, and consequently
the local field intensity in the whole coupling region rises, so
the SERS signal increases.

4. Conclusion

In conclusion, we have proposed a quasi-3D nano-system
composed of coupled Ag nano-cubes and Ag nano-hole arrays.
SERS measurements show that under 514.5 nm laser excitation
this system induces an intense LSP coupling effect, whose
SERS enhancement factor can reach a maximum of 1.1 ×
108, much higher than that of the non-coupling or LSP–SP
coupling system. Further experiments show that this coupling
effect is sensitive to structure parameters, such as cube–hole
array distance, hole diameter, inter-hole spacing and Ag film
thickness.

We believe this cube–hole array coupled system has
a promising prospect for applications in nano-antennas,
harmonic generation or molecule detection, owing to its high
coupling efficiency (large EF), structural sensitivity and active
quasi-3D controllability. In addition, the fabrication protocol
of this system is advantageous in its simplicity, reproducibility,
and large effective area.
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A series of zirconium-doped nano-titania (Zr/TiO2) with various amounts of Zr were prepared by

sol–gel method using titanium(IV) isopropoxide and zirconium nitrate as precursors. Zr/TiO2 samples

were characterized using X-ray diffraction (XRD), surface area–pore volume measurements, infrared

(FTIR) spectroscopy, UV–vis-diffuse reflectance spectroscopy (UV–vis-DRS), X-ray photoelectron

spectroscopy (XPS), Raman spectroscopy, thermogravimetric (TG) analysis, and transmission electron

microscopy (TEM) techniques. XRD data and Raman spectra indicated that even after 5 mol% doping

of zirconium in the crystal lattice of TiO2, the samples were phase pure with the anatase structure. The

crystalline size of the anatase decreased with increasing Zr content. An increase in the BET surface area

was also observed after doping of zirconium on nano-titania.
1. Introduction

In recent years, an exponential growth of research activity has

been seen in the field of nanoscience and nanotechnology. There

have been quite intense works in the methodology of preparation

and stabilization of these particles and studying their physical

and chemical properties.1,2 Parameters like structure, size and

elemental composition are considered to be highly important,

beside the quantum size effects in materials of nanometre scale,

for their promising applications. Depending on the application,

some parameters play a more important role than others. For

example, while composition and size- or surface-area-to-volume

ratio of the nanoparticles are two vital factors for their appli-

cations in catalysis, controlling their shape is vital for fabricating

photonic crystals.3

Among the metal-oxide nanostructures, TiO2 has been

extensively explored for several technological applications such

as catalysis, gas sensing, white pigments for paints and cosmetics,

dye-sensitized solar cells, photochemical degradation of organic

pollutants and electrodes in lithium batteries. The applications of

titania are found to depend strongly on the crystalline structure,

morphology and particle size.3

Numerous efforts have been made toward the synthesis of high

surface area anatase from different precursors (Ti(OnBu)4,

(Ti(OiPr)4, TiCl4, TiCl3, Ti(SO4)2 and by different synthesis

routes such as hydrothermal, thermohydrolysis, and sol–gel

processes.4 Among the proven chemical methods of synthesis,

sol–gel process is one of the versatile method for the synthesis of

nano-materials with high surface-area-to-volume ratio.5–11

Furthermore, this process offers several advantages including

a simple, low-cost technology, low process-temperatures and

flexible control of the structure and size of final products using

many operating parameters.12,13 In a typical sol–gel process,
Division of Chemical Engineering, Pusan National University, Busan,
609-735, Republic of Korea. E-mail: dwpark@pusan.ac.kr; Fax: +82 51
512 8563; Tel: +82 51 510 2399

1222 | Nanoscale, 2010, 2, 1222–1228
a colloidal suspension (a sol) is formed as a result of hydrolysis

and polymerization reactions of the precursors, which are usually

inorganic metal salts or metal organic compounds such as metal

alkoxides. A complete polymerization and loss of solvent lead to

the transition from the liquid sol into a solid gel phase.11

TiO2 is known to exist in three crystalline modifications,

namely rutile (tetragonal), anatase (tetragonal) and brookite

(orthorhombic). Anatase and rutile are the common polymorphs

of synthetic titania. In fact, crystallization is highly influenced by

hydrolysis conditions.14 During the condensation process, the

formation of the linked chains of edge-sharing octahedrals cor-

responding to anatase appears more probable than the formation

of straight chains typical of rutile. Therefore, anatase is obtained

in processes under kinetic control, whereas processes involving

Ostwald ripening lead to the equilibrium phase, i.e., rutile.2 On

the other hand, the brookite structure, in which each octahedron

shares one edge, occurs rarely compared to the anatase and rutile

forms of titanium dioxide.

The chemical and physical properties of titania can be modi-

fied by the doping of metallic ions. Since the sol–gel method is

a solution process, it has all the advantages of wet chemical

process such as control of stoichiometry, doping of the desired

amount of transition metal ions and fine dispersion of the dopant

and titanium source. The incorporation of an active metal ion to

the sol during the gelation stage allows cations to be uniformly

incorporated into the host lattice.15

In the present work, we report the synthesis of mesoporous

nanocrystalline TiO2 doped with different amounts of Zr by sol–

gel method and are well-characterized by various techniques to

study the effect of doping of zirconium on the physico-chemical

properties of nano TiO2.

2. Experimental

2.1 Material preparation

Titanium(IV) isopropoxide (99.99%, Sigma-Aldrich) and glacial

acetic acid (37%, Sigma-Aldrich) were used for the synthesis of
This journal is ª The Royal Society of Chemistry 2010
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titania sol. Water used in the whole experiment was prepared by

means of a Milli-Qplus water purification system (Millipore,

Bedford, MA, USA). The typical synthesis procedure for nano

TiO2 is as follows: Titanium(IV) isopropoxide, glacial acetic acid

and water were maintained in a molar ratio 1 : 10 : 350. Tita-

nium(IV) isopropoxide (9.3 ml) was hydrolyzed by the addition of

(17.9 ml) glacial acetic acid at 0 �C, with the aid of an ice-salt

pack from outside. To this solution 197.5 ml water was added

drop wise under vigorous stirring for 5 h until a clear solution of

TiO2 nano crystals was formed. The prepared solution was kept

in dark for a nucleation process for 24 h. After the period, the

solution was placed in an oven at a temperature of 70 �C for

a period of 12 h for the gelation process. The obtained gel was

then dried at 100 �C and subsequently the sample was crushed

into fine powder and calcined at 500 �C for 5 h. The final product

is referred to as nano-TiO2.

For the preparation of zirconium-doped nano-TiO2, requisite

amount of zirconium(IV) oxynitrate hydrate (Fluka Chemicals)

solution corresponding to 1, 2, 3 and 5 mol% was dissolved in

water and the above procedure was adopted. Finally all the

samples were calcined at 500 �C for 5 h. The samples are labeled

as x Zr/nano-TiO2, where x refers to the doped mol% of Zr in

nano-TiO2.
Fig. 1 X-Ray diffraction patterns of the samples: (a) nano-TiO2, (b)

1 mol% Zr/nano-TiO2, (c) 2 mol% Zr/nano-TiO2, (d) 3 mol% Zr/nano-

TiO2 and (e) 5 mol% Zr/nano-TiO2.
2.2 Characterization

X-Ray diffraction (XRD) patterns were obtained on a Philips

PANalytical X’pert PRO Model powder diffractometer oper-

ating at 40 kV and 30 mA using using Ni filtered Cu-Ka radia-

tion (l ¼ 1.5404 �A). The diffractograms were recorded in the 2q

range 10–80�. The average crystallite size of the samples was

determined using Scherrer equation. The texture of the samples

was studied by N2 adsorption at 77 K using a Micromeritics

ASAP 2010 instrument. The samples were outgassed in vacuum

for 12 h at 180 �C prior to nitrogen adsorption. The specific

surface areas were calculated using the Brunauer–Emmett–Teller

(BET) equation. The total pore volumes were evaluated from the

nitrogen uptake at a relative N2 pressure of P/P0 ¼ 0.99. The

pore size distribution was determined from the desorption

branch of the N2 adsorption isotherm using the Barrett–Joyner–

Halenda (BJH) method. The FTIR spectra of the samples (as

KBr pellets) were recorded on a Perkin–Elmer infrared spectro-

photometer in the range 400–4000 cm�1. XPS analyses were

performed using a X-ray photoelectron spectrometer (VG,

ESCALAB 250) with monochromatic Al-Ka radiation (hy ¼
1486.6 eV). Samples calcined at 500 �C for 5 h were pressed into

self-supporting wafers without a binder, followed by a pretreat-

ment in an ultrahigh vacuum. The binding energies (BE) were

calculated using the C 1s band as the reference (284.6 eV). UV–

vis-diffuse reflectance spectra (UV–vis-DRS) were recorded on

a Cary 5 spectrophotometer in the range 200–800 nm. Raman

spectra were recorded with LabRAM HR Raman spectrometer

(Horiba-Jobin-Yivon, France) in the range of 200–2000 cm�1,

using Ar+ laser dehydrated conditions. The incident laser was

tuned to 514.5 nm and delivered 50–100 mW of power during the

course of the measurement. Thermogravimetric (TG) analyses

were performed on 10 mg of sample with a Perkin Elmer TGA 7

apparatus under a nitrogen flow of 50 ml min�1 using a heating
This journal is ª The Royal Society of Chemistry 2010
rate of 20 �C min�1 from room temperature to 850 �C. Trans-

mission electron microscopy (TEM) was performed using

a JEOL 2011 electron microscope fitted with LaB6 filament and

operated at 200 kV.
3. Results and discussion

3.1 X-Ray diffraction

Fig. 1 shows the XRD patterns of nano-TiO2 and Zr/nano-

TiO2 samples calcined at 500 �C. The XRD pattern corre-

sponding to nano-TiO2 is found to match that of the anatase

phase (JCPDS: 21–1272) with the major peak manifested by its

(101) peak at 2q ¼ 25.5�. The (110) peak of rutile at 2q ¼ 27.5�

is not present in the XRD pattern of nano-TiO2 confirming the

absence of any rutile phase.16 During the sol–gel synthesis of

nano-TiO2, a high water ratio was kept to enhance the nucle-

ophilic attack of water on titanium(IV) isopropoxide and to

suppress fast condensation of titanium(IV) isopropoxide species

to yield TiO2 nanocrystals. In addition, the presence of residual

alkoxy groups can significantly reduce the rate of crystallization

of TiO2 which favored the formation of less dense anatase

phase exclusively.15,17

The XRD patterns of nano-TiO2 after doping with zirconium

were similar to that of nano-TiO2, and no peaks assigned to

oxides of zirconium were observed. Therefore, nano-TiO2 and

the Zr/nano-TiO2 samples calcined at 500 �C for 5 h were

found to retain titania with no phase separation leading to

a rutile titania or zirconia phase. Based on this, it can be

inferred that either the zirconium species has been substituted

into the crystal lattice sites of titania or it exists as zirconium

oxide in a highly dispersed form over the titanium surface.5,11,18

Since Zr4+ is more electropositive than Ti4+, the electron cloud

in each TiO2 nanoparticle might be loosely held, thus favoring
Nanoscale, 2010, 2, 1222–1228 | 1223
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Table 1 Textural and structural properties of the samples investigated

Samples BET surface area/m2 g�1 Particle sizea/nm Band gap energyb/eV Total weight lossc (%)

Nano-TiO2 135 12.3 3.66 15.8
1 mol% Zr/nano-TiO2 143 9.0 3.72 19.9
2 mol% Zr/nano-TiO2 153 8.5 3.75 23.3
3 mol% Zr/nano-TiO2 157 7.1 3.77 26.8
5 mol% Zr/nano-TiO2 172 7.0 3.78 28.5

a The average particle size obtained from XRD analysis data. b Band gap energy calculated using the lmax value. c Total weight loss (%) estimated from
(TG) analysis data.
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formation of less dense anatase phase. In other words, the tight

packing arrangements required for rutile phase formation is

fully suppressed by the addition of zirconium nitrate in water

which enhances the polarity of water, thus facilitating the

formation of anatase phase only.15 It was already reported that

the entry of zirconium in the lattice of TiO2 prevented the

interconversion of anatase to rutile during calcination.15 It can

also be seen that there is no discernible shift in the position of

XRD peaks with increasing extent of zirconium doping. But

compared to nano-TiO2, that the XRD peaks of Zr/nano-TiO2

exhibit significant peak broadening indicates that particle size

of nano-TiO2 decreased with increasing zirconium content.11

The average particle size of the samples is shown in Table 1,

estimated from the (101) peak of the anatase using the Scherrer

equation:

D ¼ Kl/b cos q

where D is the average crystallite size of the sample, l the X-ray

wave-length (1.54 �A), b the full width at half maximum (FWHM)

of the sample, K¼ 0.89 and q is the diffraction angle. The particle

size decreased with increasing zirconium doping on nano-TiO2.

This is in good agreement with the broadening of the XRD peaks

after doping with zirconium on nano-TiO2.
Fig. 2 Nitrogen adsorption–desorption isotherms and the correspond-

ing pore size distribution curve obtained from the desorption branch of

the nitrogen isotherm (inset) of 2 mol% Zr/nano-TiO2.

1224 | Nanoscale, 2010, 2, 1222–1228
3.2 Textural properties of the samples

Table 1 presents the textural properties of nano-TiO2 and

Zr/nano-TiO2 samples. The BET surface area of nano-TiO2

was 135 m2 g�1. The surface area of nano-TiO2 increased with

increasing zirconium content. This increase in surface area may

be due to the decrease in particle size of nano-TiO2 by zirco-

nium doping, which inhibits densification and crystalline

growth of TiO2 nanoparticles by providing dissimilar bound-

aries.15,19

Fig. 2 shows the BJH pore-size distribution plot and nitrogen

adsorption/desorption isotherm of calcined 2 mol% Zr/nano-

TiO2. The isotherm shown by the sample is of classical type IV,

which is a representative of mesoporous solids and the hyster-

esis loop indicates the presence of ink-bottle shaped or cage-

type pores.15,20,21 The BJH analyses showed that the 2 mol% Zr/

nano-TiO2 exhibited an average pore-size of about 45 �A

calculated from the desorption branch of the nitrogen adsorp-

tion isotherm.

3.3 FTIR analysis

The FTIR spectra of the samples in the frequency range of 400–

4000 cm�1 are shown in Fig. 3. All the samples show peaks
Fig. 3 FTIR spectra of (a) nano-TiO2, (b) 1 mol% Zr/nano-TiO2, (c)

2 mol% Zr/nano-TiO2, (d) 3 mol% Zr/nano-TiO2 and (e) 5 mol% Zr/

nano-TiO2.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 XPS spectra of (A) Ti and (B) Zr in 5 mol% Zr/nano-TiO2 calcined at 500 �C.
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corresponding to the stretching vibration of O–H and bending

vibrations of adsorbed water molecules around 3200–3400 cm�1

and 1600 cm�1, respectively.15,18,22 The broad intense band in the

range of 450–700 cm�1 is due to the bending vibration of Ti–O

bonds.15,18,20,23 No additional peaks are present upon Zr doping,

supporting the efficient dispersion of zirconium, and it indicates

the absence of clusters of zirconia, which is in good agreement

with the XRD analysis result.
3.4 X-Ray photoelectron spectroscopy (XPS)

The surface oxidation states and binding energy (BE) of tita-

nium and zirconium were analyzed by XPS. Fig. 4 shows the

XPS peaks associated with titanium and zirconium in 5 mol%
Fig. 5 UV–vis-DRS spectra of (a) nano-TiO2, (b) 1 mol% Zr/nano-

TiO2, (c) 2 mol% Zr/nano-TiO2, (d) 3 mol% Zr/nano-TiO2 and (e) 5 mol%

Zr/nano-TiO2.

This journal is ª The Royal Society of Chemistry 2010
Zr/nano-TiO2. The binding energies of Ti 2p photoelectron

peaks at 459.1 and 464.9 eV corresponds to Ti 2p3/2 and Ti

2p1/2 lines, respectively.24–29 These values indicate that titanium

is present in the +4 oxidation state. The Zr 3d photoelectron

peaks were observed at 182.4 and 184.7 eV corresponding to

Zr 3d5/2 and Zr 3d3/2, respectively, which are assigned to the

+4 oxidation state of zirconium.30 These results indicate that in

Zr/nano-TiO2 both titanium and zirconium metal ions are

present in their highest oxidation state after calcination at

500 �C.
3.5 UV–vis-diffuse reflectance spectroscopy (UV–vis-DRS)

UV–vis-diffuse reflectance spectroscopy (UV–vis-DRS) is a very

useful technique to study the surface coordination and different

oxidation states of the metal ions in metal oxides.31 The UV-vis

absorption band edge is a strong function of nanosize titania

clusters.32,33 Fig. 5 shows the UV-vis absorption spectrum of

nano-TiO2 and Zr/nano-TiO2. The absorbance spectrum of

nano-TiO2 consists of two bands, one at 240 nm and other band

around 300–400 nm. The band around 240 nm is assigned to

tetrahedral isolated Ti species present in the sample and the band

around 300–400 nm arises due to charge-transfer from the

valence band (mainly formed by 2p orbitals of the oxide anion)

to the conduction band (mainly formed by 3d t2g orbitals of the

Ti4+ cations).15,34,35 This band confirms the existence of the

anatase crystal form of TiO2.

In the case of zirconium doped samples, the UV absorption

shifts to the lower wavelength region of the absorption spectrum.

Hence, there is sufficient decrease in the particle size (the well-

established blue-shift of semiconductor particles, a function of

size effects) and increase in band gap value (Table 1) due to

zirconium doping.15 This observation is in good agreement with

our XRD analysis data, which shows a decrease in particle size

with zirconium doping. It was already reported that since Zr4+ is

more electropositive than Ti4+, the O (2p) band present in the
Nanoscale, 2010, 2, 1222–1228 | 1225
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Fig. 6 Raman spectra of (a) nano-TiO2, (b) 1 mol% Zr/nano-TiO2, (c)

2 mol% Zr/nano-TiO2, (d) 3 mol% Zr/nano-TiO2 and (e) 5 mol% Zr/

nano-TiO2.
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valence band of TiO2 is stabilized more on Zr4+ doping. Hence

there is an increase in the band gap value of TiO2 due to zirco-

nium doping.36 Moreover, the formation of Ti–O–Zr inhibits the

transition of TiO2 phase and prevents the agglomeration of TiO2

nanoparticles and the growth of rutile phase.37 The lack of

absorption bands above 600 nm in all samples indicates the

absence of Ti3+ ions in the TiO2 lattice.38
3.6 FT-Raman spectroscopy

As we know, XRD usually reveals the long-range order of

materials and gives average structural information within

several unit cells whereas Raman spectroscopy is a highly

specific analytical method which is sensitive to crystallinity and
Fig. 7 TGA curves of (a) nano-TiO2, (b) 1 mol% Zr/nano-TiO2, (c) 2

mol% Zr/nano-TiO2, (d) 3 mol% Zr/nano-TiO2 and (e) 5 mol% Zr/nano-

TiO2.

1226 | Nanoscale, 2010, 2, 1222–1228
microstructures of the materials.39 Fig. 6 shows the Raman

spectra of nano-TiO2 and Zr/nano-TiO2 samples. The Raman

bands at 147, 407, 528 and 646 cm �1 can be assigned as the Eg,

B1g, A1g + B1g, and Eg modes of the anatase phase, respec-

tively.39 The strongest Eg mode at 151 cm �1 arising from the

external vibration of the anatase structure is well resolved,

which indicates that an anatase phase was formed in the

prepared nanocrystals and long-range order was somewhat

formed.39 The absence of Raman bands at 450 cm �1 and 610

cm �1 in all samples corresponding to Eg and A1g modes of

rutile phase, again confirms the phase purity of the

samples.11,39,40

After zirconium doping, a significant decrease in the intensity

of Raman bands was observed. This may be due to the lattice

imperfections caused by the incorporation of zirconium in

the lattice of TiO2.11,39 It can also be seen that compared to

nano-TiO2, zirconium doped samples show a significant peak

broadening in the Raman spectrum. This peak broadening arises

due to the decrease in particle size of the samples with zirconium

doping.1 This observation is consistent with our XRD and

UV–vis-DRS analysis results. There was no additional peak

detected after doping with zirconium, indicating the absence of

a discrete ZrO2 phase.
3.7 Thermogravimetric (TG) analyses

In order to investigate the thermal behavior of the samples,

thermogravimetric (TG) analyses were carried out in the

temperature range of 25–850 �C. TG patterns of nano-TiO2

and Zr/nano-TiO2 are shown in Fig. 7. The first weight loss

observed in the range 25–200 �C is due to the removal of

physically adsorbed water molecules. The second weight loss

observed between 200–550 �C can be attributed to the removal

of chemisorbed water molecules and also to the release of

organic residues that are trapped inside the pores.41 No
Fig. 8 TEM micrographs of the samples calcined at 500 �C (a) nano-

TiO2, (b) 1 mol% Zr/nano-TiO2 and (c) 3 mol% Zr/nano-TiO2.

This journal is ª The Royal Society of Chemistry 2010
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significant weight loss was observed for all samples in the range

of 550–850 �C, which indicates no crystallization or phase

transition in this temperature region.42 Table 1 shows the total

weight losses for all samples in the temperature range of 25–

850 �C. The total weight loss observed in nano-TiO2 was

15.8%. But in the case of zirconium-doped samples, the

observed weight loss is more than that of nano-TiO2 in all

temperature regions and it increases with increasing zirconium

content in nano-TiO2.
3.8 TEM analysis

TEM analyses were carried out to obtain informations about

the particle size, shape and dispersion of Zr particles in nano-

TiO2. Fig. 8 shows the TEM micrographs of the samples

calcined at 500 �C. It is evident that both nano-TiO2 and Zr/

TiO2 particles are spherical in shape with an average particle

size ranging from 6–13 nm. This result is consistent with the

particle size calculated from XRD analysis data. The prepara-

tion of nano-TiO2 and Zr/nano-TiO2 samples were carried out

in the presence of acetic acid. The importance of acetic acid in

the preparation of nano-titania was reported in many

works.4,15,22,35 Since the pKa of acetic acid is close to three, there

is every chance for protonation of TiO2 nanoparticles which

could suppress further crystallization.15,22,35 Therefore, the use

of acetic acid as a modifier allows the control of both the degree

of condensation and oligomerization and leads to the prefer-

ential crystallization of TiO2 in the anatase phase. Without the

control of the condensation reactions, an amorphous mass of

agglomerated particles is immediately obtained after the addi-

tion of water.4 This means that, with acetic acid as a bidentate

ligand and under mild acidic conditions, condensation reactions

advance until a point in which the nanocrystalline nuclei do not

grow further because of unfavorable conditions for the

remaining ligands to condense via alkoxolation or oxolation.4

This explains how crystallization reaction proceeds and leads to

the formation of nanocrystalline anatase particles. The addition

of acetic acid does not cause residual impurities on the surface

of TiO2 after calcination.15,22,35 Furthermore, there are no

obvious characteristic nanoparticles of zirconium in the TEM

images, indicating the high dispersion of zirconium in nano-

TiO2.
Conclusions

An aqueous sol–gel method was used for the preparation of

zirconium doped nano-TiO2. The prepared materials were

analyzed using various physico-chemical characterization

techniques. XRD and Raman analyses revealed the presence

of the anatase phase of titania without any evidence for the

rutile phase. Doping of zirconium in nano-TiO2 lead to

a decrease in particle size, an increase in surface area and high

band gap values. The average particle size of the prepared

samples ranged from 6–13 nm. XPS study revealed that

zirconium and titanium were present in the +4 oxidation state

in Zr/nano-TiO2. TEM analyses revealed the spherical

morphology of the particles without any aggregation of metal

species.
This journal is ª The Royal Society of Chemistry 2010
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Visible light emitting indium oxide nanoparticles were synthesized by precipitation method.
Sodium hydroxide dissolved in ethanol was used as a precipitating agent to obtain indium
hydroxide precipitates. Precipitates, thus formed were calcined at 600 °C for 1 h to obtain
indium oxide nanoparticles. The structure of the particles as determined from the X-Ray
diffraction pattern was found to be body centered cubic. The phase transformation of the
prepared nanoparticles was analyzed using thermogravimetry. Surface morphology of the
preparednanoparticleswas analyzedusinghigh resolution-scanning electronmicroscopy and
transmissionelectronmicroscopy.The resultsof theanalysis showcube-likeaggregatesof size
around 50 nm. It was found that the nanoparticles have a strong emission at 427 nm and a
weak emission at 530 nm. These emissions were due to the presence of singly ionized oxygen
vacancies and the nature of the defect was confirmed through Electron paramagnetic
resonance analysis.

© 2009 Elsevier Inc. All rights reserved.
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Indium oxide nano-cube
like aggregates
Photoluminescence
Vacancy induced emission
1. Introduction

Indium oxide (In2O3) is a wide band gap (3.5 eV–3.75 eV) n-type
semiconductor [1] which has high electrical conductivity and
optical transparency. The optical and electronic properties of
indium oxide make the material suitable for a number of appli-
cations such as optoelectronics, gas sensors, solar cells, holo-
graphic recorders, thin film transistors, photocatalysts [2–7] etc.

Apart from this, indium oxide in its nanostructured form
exhibits noteworthy applications and is currently gainingmuch
attention. Zhang et al. [2] have reported that 1-Dnanostructures
of In2O3 synthesizedvia vapour–solidmechanismwere found to
possess unique optoelectronic properties. Shchukin et al. [7]
have reported that nanospheres of Titania/Indium oxide
mixture were photocatalytically active and more efficient to
degrade 2-chlorophenol. Wu et al. [8] have synthesized In2O3

nanowiresby carbothermal reduction reactionandstudied their
oscience and Technology

Mangalaraj).

er Inc. All rights reserved
photoluminescent (PL) property. They reported that the pre-
pared nanowires emitted blue light at 416 and 435 nm which
were mainly due to the presence of vacancies in the material.
Emission of light in the visible region due to defects is one of the
interesting factors in studying thematerial. In general, vacancy
in thematerial may be either In or O vacancy and defects in the
material such as anti-site O or In or interstitial oxygen, can also
induce emissions in the visible region [9]. The concentration of
deficiency will depend upon the growth conditions [10].

There are various methods available for the preparation of
In2O3 nanostructures. Zhang et al. [11] have synthesized In2O3

nanofibers by electro-spinningmethod, whereas, Jeong et al. [12]
have synthesized In2O3nanobelts byphysical vapour deposition.
Carbothermal method has been used by Kaur et al. [13] to
synthesize In2O3whiskers and bi-pyramidal nanocrystals. In the
present work, In2O3 nanocube-like aggregates have been syn-
thesized via precipitationmethodwhich is similar to themethod
, Bharathiar University, Coimbatore, Tamilnadu, 641 046, India.
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adopted by Maqueda et al., [14] to synthesize indium hydroxide
(In(OH)3) nanostructures. They have synthesized platelets and
some fiber like nanostructures of In(OH)3 by adding aqueous
sodium hydroxide to indium chloride solution at elevated
temperatures (150–175 °C). Themorphologyof thenanostructure
was found to vary depending upon the aging conditions. The
structures obtained by Maqueda et al., composed of nanoscale
subunits such as spheres of diameter ~80 nm. In the present
study, the experimental parametersweremodified including the
solvent used for the base (i.e. sodium hydroxide (NaOH)), since
alcohol can tune the shape of the nanostructures as reported
elsewhere [15]. Further, the reaction was carried out at a com-
paratively lower temperature of about 100 °C, to get indium
hydroxide nanocube-like aggregates.
Fig. 1 – TG/DTA spectra of the as-prepared sample.
2. Experimental

Indium chloride solution was prepared by dissolving required
amount of the precursor InCl3·4H2O in Ethylene glycol. The
prepared solution was taken in a round bottomed flask and
maintained at 60 °Conahot plate cummagnetic stirrer. 0.1 Mof
NaOH solution was prepared by dissolving NaOH pellets in
ethanol and was added in drops into the solution under
continuous stirring until precipitation occurred. After the
addition of base, the temperature of the solution was gradually
raised to 100±3 °C in steps of 5 °C/min and the solution was
stirred for 2–3 h at the same temperature. The solutionwas then
cooled to ambient temperature. Later, 50 ml of double distilled
water was added to the solution and stirred for 30 min.
Subsequently, the solution was left undisturbed for a few
hours. It was found that white coloured precipitate had settled
at the bottom of the round bottomed flask. This white coloured
precipitate was then separated and washed centrifugally
several times at 15,000 rpm for 15 min with double distilled
water to remove free ions. After repeatedwashing, the resultant
particles were collected in a petri-dish and dried over silica gel
for a few days. The completely dried particles were groundwith
mortar and pestle. The ground powders were calcinated in a
muffle furnace at 600 °C for 1 h. The possible reaction mecha-
nism which leads to In2O3 formation is given below,

InCl3 + 3NaOH→InðOHÞ3 + 3NaCl ð1Þ

InðOHÞ3 →
Δ In2O3: ð2Þ

After calcination, the colourof thepowder turned fromwhite
to light yellow indicating that the resultant product is In2O3.

The structure of the product was examined using X-Ray
Diffraction (XRD) on a PANalytical XPert Pro diffractometerwith
CuKα radiation (λ=1.5406 Å)and, theRamanscatteringanalysis
was carried out with HORIBA JOBIN YVON U1000 spectrometer.
High Resolution-Scanning Electron Microscopy (HR-SEM) anal-
ysis was done with Carl Zeiss SUPRA-40 and the Transmission
Electron Microscopy (TEM) analysis was carried out with of
Philips CM-200. Thermal analysis was performed using the
Thermo-Gravimetry/Differential Thermal Analysis (TG/DTA)
instrument SDT Q600 V8.3 Build 101 at a Heating Rate of 20 °C/
min under air atmosphere. Photoluminescent (PL) property of
the prepared nanoparticles was investigated using VARIAN
CARY ECLIPSE WINFLR and Electron Paramagnetic Resonance
(EPR) analysis of the particles was carried out using a Varian E-
109-X band spectrometer.
3. Results and Discussion

TG/DTA analysis has been taken to study the phase transfor-
mation and formation temperature of the sample. Fig. 1 shows
TG/DTA curve obtained for the as-prepared sample. The
weight loss from 71 °C to 240 °C in the TG curve is due to the
evaporation of water molecules which were bound to the
product. A weight loss observed from 240 °C to 298 °C, which is
due to the dehydration of indium hydroxide to indium
oxyhydroxide. This dehydration step has been confirmed
from the XRD pattern taken for the sample calcined at 290 °C
for 1h. The dehydration process is as follows;

InðOHÞ3 →
Δ InOOH+H2O: ð3Þ

Another weight loss between 298 °C and 377 °C associated
with an exothermic peak at 338 °C in the DTA curve is due to
the transformation of indium oxyhydroxide into indium
oxide. The results obtained are in good agreement with the
results published by Ho and Yen [16].

The structure of the prepared particles was analyzed by
using X-ray diffractometer and the corresponding XRD
patterns for the samples are shown in the Fig. 2. The XRD
pattern of the as-synthesized particles was shown in Fig. 2(a),
which is a mixed phase of In(OH)3 (JCPDS Cards # 76-1463) and
InOOH (JCPDS Cards # 71-2283) whereas, the XRD pattern of
the powder calcined at 290 °C (Fig. 2(b)) shows only the
presence of indium oxyhydroxide which is confirmed by an
endothermic peak in the DTA curve around 289 °C, due to the
dehydration of In(OH)3. Fig. 2(c) shows the XRD pattern of
In2O3 calcined at 600 °C. The results are in good agreement
with the standard data of In2O3 (JCPDS Card #06-0416). The
structure of the prepared In2O3 was found to be body centered
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Fig. 2 – (a) XRD pattern of the as-prepared sample. (b) XRD
pattern of the 290 °C calcinated sample. (c) XRD pattern of the
600 °C calcinated sample.
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cubic (also called as C-type rare earth oxide structure, Ia3). The
average particle size calculated using Scherrer formula was
found to be 20 nm. Vibrational modes for a body centered
cubic crystal which belongs to the space group Ia3, Th

7 are
predicted as,

4Ag + 4Eg + 14Tg + 5Au + 5Eu + 16Tu ð4Þ

in which Ag, Eg, and Tg are Raman active and infrared inactive,
while the Tu vibrations are infrared active and Raman inactive.
The Au and Eu vibrations are inactive in both Raman and
infrared measurements [16]. Raman scattering analysis for the
prepared sample was done by exciting the sample with 532 nm
laser. The observed spectrum is in the range of 250 to 750 cm−1

and is as shown in the Fig. 3. Two low frequency peaks around
302 cm−1 and 366 cm−1 and two high frequency peaks around
496 cm−1 and 628 cm−1 are observed, which are agreeing well
with the reported values of bcc-In2O3 [17–19].

The surface morphology of the synthesized particles was
analyzed through HR-SEM. Fig. 4(a and b) shows the HR-SEM
image of the synthesized In2O3 particles which confirm the
formation of nanocube-like aggregates. Fig. 4 shows the TEM
image of In2O3 nanocube-like aggregates. The size of the
nanocube-like aggregates was found to be around 50 nm.

Fig. 5 shows the PL spectrum of the prepared nanocube-like
aggregates. While exciting the sample with 388 nm, a strong
emission at 427 nm and a weak emission at 530 nm were
observed. Similar emissions for In2O3 nanoparticles have been
observed by Zhou et al. at 480 and 520 nm [20]. In general, bulk
In2O3 does not emit light [21], while its nanostructures can
emit visible and UV light. PL emission by nanoparticles in the
visible range was mainly attributed to the presence of oxygen
vacancies [10] and the emission peaks are commonly referred
to as deep level or trap state emissions due to oxygen vacan-
cies [9,22,23]. That is, oxygen vacancies induce the formation
of new energy levels in the band gap and as a result the
emissions involving these trap states attribute to the radioac-
tive recombination of a photo-excited hole with an electron
thereby emitting light at room temperature. In the present
case, oxygen vacancies might be formed while calcinating the
Fig. 3 – Raman spectrum of the 600 °C calcinated particles.



Fig. 4 – (a) HR-SEM image of the In2O3 nanoparticles. (b) Magnified HR-SEM image of the In2O3 nanoparticles in the encircled
portion. (c) TEM image of the In2O3 nanoparticles.

Fig. 5 – (a) Room temperature PL spectrum In2O3

nanoparticles. (b) Weak PL emission at 530nm. (c) EPR
Spectrum of the In2O3 nanoparticles.
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sample in static atmosphere i.e. box type muffle furnace. The
possible reaction which leads to the oxygen vacancy during
calcination is given below,

2InðOHÞ3 →
Δ In2O3−n +

n
2
O2ðgÞ + nH2OðgÞ: ð5Þ

It is obvious that when indium hydroxide is calcined at a
high temperature (600 °C) In2O3 is formed. The hydroxyl group
in the indium hydroxide lattice will be removed in the form of
water vapour during calcination. Some of the lattice oxygen
may also be released in the form of O2 gas, thus leaving oxygen
vacancies. The relation depicted below describes the forma-
tion of oxygen vacancy,

Ox
o↔

1
2
O2 gð Þ +VO ð6Þ

The neutral oxygen vacancies may be singly ionized (Vo
•) or

doubly ionized (Vo
••).i.e.

Vo↔V •
o + e− ð7Þ

V•
o↔V••

o + e− ð8Þ



1582 M A T E R I A L S C H A R A C T E R I Z A T I O N 6 0 ( 2 0 0 9 ) 1 5 7 8 – 1 5 8 2
where Vo is the neutral oxygen vacancy and Oo
x is an oxide

anion in a regular lattice site, e− is an electron in the con-
duction band, according to Kröger-Vink notation [24,25]. To
know the type of oxygen vacancy in the synthesized In2O3

nanocubes, EPR analysis was performed and the results
revealed the nature of oxygen vacancy singly ionized as
described by Eq. (7) with a ‘g’ factor value of 2.0074. This is in
close agreement with the reported values [22,23].
4. Conclusion

Eventually, the outcome of the present study implies that
In2O3 nanocube-like aggregates could be prepared by precip-
itation method. XRD, Raman spectroscopy and Thermal
analysis were used to confirm the formation of indium
oxide. TEM analysis indicates that the average size of the
nanocubes to be 50 nm. EPR analysis confirmed that, the
visible PL emission at 427 nm and 530 nm from the prepared
In2O3 nanocube-like aggregates was due to the presence of
singly ionized oxygen vacancies.
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Abstract. The description and identification of corrosion products formed on archaeological iron 
artefacts need various approaches at different observation scales. Among analytical techniques 
available to document phase structure at the microscopic range, Raman spectroscopy offers 
sensitivity and discrimination between iron corrosion products with an easy implementation. 
Results obtained for iron artefacts corrosion in soils and atmosphere are presented. Corrosion forms 
observed for anoxic and aerated soils on one hand and indoor atmosphere on the other are 
documented. Beyond the identification and organisation of corrosion products through 
hyperspectral imaging, Raman micro-spectroscopy could also provide quantitative phase 
proportions which will be needed in the proposition of reactivity diagnosis indicators. 

Introduction 

Iron is widely present in cultural heritage objects and monuments. These artefacts are submitted to 
corrosion according to their conservation environments which are in most of cases soil or 
atmosphere. The preservation of these iron heritage artefacts needs the diagnostic of their corrosion 
state in order to improve restoration treatments and propose new strategies of conservation. For 
these purposes the knowledge of corrosion mechanisms over long-term is needed to evaluate system 
chemical/electrochemical stability and to prevent further degradations. 

Formulation of hypotheses for long term mechanisms and their validation require the observation 
and characterisation of the thick corrosion products slowly formed with time on ancient artefacts 
[1]. Because of the heterogeneity of the corrosion layers with the presence of phases in tiny 
domains their studies require characterisation at the microscopic scale. Firstly the identification of 
iron corrosion products calls for their structural fingerprinting and secondly their organisation has to 
be described until a microscopic range. Among analytical methods able to finely discriminate 
structures and reach the microanalyses, Raman micro-spectroscopy is a versatile and efficient 
technique. Moreover its easy implementation, light sample preparation required, conduct to an 
increase of its use in ancient material science [2]. 

This paper sets out the recent Raman studies emanating from our teams on iron artefacts 
corrosion in soil and atmosphere. For buried artefacts the study of different archaeological sites will 
document the corrosion forms observed for anoxic and aerated soils. In addition different kinds of 
chlorinated phases involved in the potential post-excavation active corrosion phenomena were 
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identified. For atmospheric corrosion we focus on indoor environment encountered in ancient 
buildings. Further than the identification and organisation of corrosion products, Raman micro-
spectroscopy is proposed for providing quantitative data on the phase proportions which are needed 
in the establishment of diagnosis indicators. 

Experimental 

Raman spectroscopy. Raman spectroscopy measurements were performed at the LADIR 
(Laboratoire de Dynamique Interaction et Réactivité) using Notch or Edge filter based micro-
spectrometers. These high luminosity devices allow the recording of Raman spectra even with very 
low Laser excitation power which is needed to avoid material thermal modification which could 
easily occur with iron oxides or oxi-hydroxides [3-6]. The first spectrometer used is a LabRam 
Infinity (Horiba Jobin Yvon) based on a Notch filter, a 1800 lines/mm grating, a local length of 300 
mm, a Peltier cooled CCD and equipped by a frequency doubled Nd:YAG Laser at 532 nm. The 
second one is a LabRam HR800 (Horiba Jobin Yvon) characterised by a local length of 800 mm, 
some Edge filters and a Peltier cooled CCD. For our experiments we use a 600 lines/mm grating 
(allowing the recording in one acquisition of the whole spectral range of our interest) and the 514 
nm emission of an air cooled Ar+ Laser. Spectral resolution of both set-ups is around 2 cm-1 and 
calibration is checked by the 520.5 cm-1 line of silicon. Microanalysis is achieved through Olympus 
microscopes and classic or long working distance x50 and x100 Olympus objectives. With a x100 
objective the analysed diameter area is about 2 µm. Density filters are used to modulate Laser 
power at the samples. With our spectrometer configurations we have checked that under a x100 
objective a power of about 100 µW allows to avoid the thermal modification of all analysed iron 
corrosion products. Spectra acquisitions are managed by the LabSpec software (Horiba Jobin 
Yvon), which also drive the recording of spectral maps by controlling an automated XY microscope 
stage. 
 
Samples. Corrosion in soils is studied by buried artefacts coming from five French archaeological 
sites [7,8]: Avrilly, Cabaret, Glinet, Montbaron and Montreuil en Caux. Especially we analysed 
near than 30 samples from the Glinet archaeological site (Normandy, France) an iron production 
centre of the 16th century. This archaeological site is also characterised by a waterlogged soil 
because of the ancient dam overhanging the place, which maintains an anoxic environment [9]. At 
the contrary an aerated environment characterises the corrosion conditions for the four other 
archaeological sites. 
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Fig. 1. Examples of studied excavated objects. a) nail, b) plate, c) cross-section of the whole 
corrosion system, d) micrography of the corrosion layers (sample Cab21h, Cabaret site). 

 
 From all sites numerous iron artefacts without high historical value (as nails, small plates, rod…) 
could be sampled for analysis. In order to observe the whole corrosion system, artefacts were 
sampled with the adhering soil, embedded in epoxy resin and a cross-section is polished at a 
metallographic quality under ethanol to proscribe water damaging for the system (Fig. 1). Their 
observation in cross-sections allows to study the stratigraphy and organisation of corrosion 
products. From metal to soil, the cross-section is described as follow [10]: the metallic substrate 
(with some slag inclusions), the dense product layer (corrosion products with markers from the 
metal, i.e. slag inclusions), the transformed medium (corrosion products with markers from the soil, 
i.e. quartz grain) and the soil (free of corrosion products). 
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 Long term atmospheric indoor corrosion could be studied with iron pieces used as metallic 
reinforcements in medieval buildings, mainly cathedrals [11]. Above all an extensive sampling was 
performed on the iron chain of the Amiens cathedral in order to obtain a representative description 
of its corrosion [12]. This reinforcement chain was settled in 1497 around the Triforium to 
strengthen the building structure after its construction in the XIIIth century (Fig. 2). Millimetre-
length samples were prepared as described above for stratigraphic observation and analysis. 
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Raman identification of iron corrosion products 

The effective Raman scattering of iron corrosion products allows their detection even with 
excitations at low Laser power with reasonable spectra accumulation time, and their respective 
spectra exhibit characteristics features which clearly fingerprint their structural nature and state. 
Literature Raman studies of iron oxides or oxyhydroxides are published in works dealing with their 
structure/mineralogy [13-18,3], corrosion and electrochemistry [19-33,4], pigments [34-37], 
characterisation of ferrofluids [38,39]... Because Raman spectral shapes could be strongly affected 
by excitation wavelength (resonance effects) and spectrometers specifications, the scrupulous 
spectra comparison over different studies (set-up) should be carried out with precautions. Especially 
spectra obtained with non high luminosity spectrometers (those of high luminosity are only 
available since the end of the nineties) are distinguished by some poor signal/noise ratio, or could 
be sometime affected by heating effects [16] induced by Laser power needed for significant 
scattering detection. 
 Raman spectra recorded using our devices from commercial or synthesised iron oxides or 
oxyhydroxides usually encountered as corrosion products are presented in Fig. 3. Phases which 
display the stronger Raman scattering are: Lepidocrocite (γ-FeOOH), Goethite (α-FeOOH) and the 
chlorinated oxyhydroxide Akaganeite (β-FeOOH). Hematite (α-Fe2O3) only found in case of 
corrosion at high temperature (or as the result of a Laser heating) also presents an intense spectrum 
characterised under a green excitation by the weighty resonant 1310 cm-1 band. On the other hand 
Maghemite (γ-Fe2O3) and Magnetite (Fe3O4) oxides present weaker spectra with also fewer distinct 
vibrational bands not always specific of these phases, reasons which could make difficult their 
detection or distinction especially in case of complex phase mixtures [40]. 
 
 

Fig. 2. a) View of the Triforium 
reinforcing chain in the Amiens 
cathedral (France), b) Green lines 
indicate its arrangement around 
the building, c) Example of 
collected sample. 
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Fig. 3. Representative Raman spectra for some corrosion products. λ = 532 nm, Laser power 
at sample <100 µW, acquisition time from 15 min (a-d) to 60 min (e-f). 

Corrosion forms recognised for buried artefacts 

According to the conditions of corrosion: anoxic or aerated, two main corrosions forms were 
observed for studied artefacts. The Fig. 4 shows a representative example of the Glinet samples 
stratification [7,10]. The main phase is an iron carbonate (siderite) where SEM-EDS analyses have 
shown the content of some calcium at 1 to 4 %mass. However the short compositional range of this 
solid solution between calcium and iron carbonate explored did not allows its precise description by 
its Raman spectra. Thanks to the small analysing spot a fine strip of about 5 to 10 µm thick could be 
identified as magnetite. The Fig. 4 presents an example of Raman map across this magnetite strip 
underlined by the imaging of the 670 cm-1 band intensity. In this situation this layer seems to be a 
marker of the limit of the original surface of the object [41,42]. Other noticeable features are calcite 
grains and (Fig. 4) a sulphur rich strip (up to 17 %mass measured by SEM-EDS) for which no 
meaningful Raman spectra could be collected. Precise interpretation of this layer is still under 
debate, one possibility could be the consequence of a biological activity. The summary of the 
typical corrosion form of the Glinet site (anoxic environment) is presented in Fig. 5a. 
 Recent results had shown that for some Glinet sample another carbonated phase could be 
identified in the dense product layer with its main Raman band at 1073 cm-1 which correspond to an 
iron hydroxicarbonate (Fe2(OH)2CO3) [9,30,43]. Therefore further investigations are needed to 
clarify this phase formation and its role in the corrosion mechanisms. 
 For corrosion in aerated soil, the samples from the four other sites analysed by microRaman 
characterisation allows the description of another corrosion products organisation summarised in 
Fig. 5b. The main phase is goethite striated in the dense corrosion products by discontinuous strips 
composed by magnetite often mixed with maghemite. An example of sample cross-section and its 
representative Raman spectra is given in Fig. 6. 
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Fig. 4. Typical cross-section of corrosion in anoxic environment (Glinet sample GL00-03). a) 
cross-section and scanned area for Raman mapping, b) Magnetite repartition obtained by 
imaging of the 670 cm-1 band, c) Example of obtained magnetite spectrum, d) Siderite 
spectrum, e) zoom of the main Raman band of siderite and calcite underlining their respective 
spectral shape. 
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Fig. 5. Schematic corrosion forms for excavated artefacts for environments: a) anoxic b) 
aerated. 
 

 Beyond these general organisations of the corrosion products, other ferrous phases which contain 
chlorine could be found close to the metal-oxides interface for all studied sites [44]. These 
chlorinated phases are responsible for the possible rapid and dramatic corrosion phenomena which 
occur after excavation because of the modification of system equilibrium with by among others the 
sudden supply of oxygen. In literature the chlorine containing phase mentioned is akaganeite (see 
for example [45]). Studies on our sample corpus have underlined the presence of another 
chlorinated iron compound: the iron hydroxychloride (β-Fe2(OH)3Cl) [46]. A distribution of these 
components is presented in Fig. 7 with their respective Raman spectra. Following their recognition 
and the study of their distributions [44,47] some mechanisms of formation were proposed [8]. The 
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identification of two different phases containing chlorine will need to be fed back to the studies 
dealing with desalinisation treatments. 
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Fig. 6. Characteristic cross-section of corrosion in aerated environment (Cabaret sample 
Cab16), a) spectra showing by the 670 cm-1 band enlargement for higher wavenumbers the 
presence of maghemite mixed with magnetite, b) Goethite spectrum. 
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Fig. 7. Localisation (sample Cab5) of the two chlorinated phases identified and their 
respective Raman spectra, presented also for their high frequencies part (OH region) which 
especially fingerprint the iron hydroxychloride. 
 

Indoor atmospheric corrosion 

Mechanisms of long-term atmospheric corrosion mechanisms are driven by wet-dry cycles [48]. As 
during the wetting stage the amount of iron oxidised is higher than the corresponding oxygen 
consumption [49] some constituents of the corrosion layer themselves should be involved in the 
iron oxidation [50]. Therefore the composition and organisation of the rust layer must be finely 
documented to precise the corrosion mechanisms and further some indexes to diagnose the 
corrosion state might be proposed. The specificity of Raman spectroscopy for this purpose is to be 
able to obtain spectral signatures for all involved oxides or oxyhydroxides even for those poorly 
crystallised. 
 The rust layer is described as a goethite matrix, some localised zones of lepidocrocite and 
marblings with phases typified by weak Raman spectra dominated by a large band around 700 cm-1 
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(Fig. 8) [11]. The precise structural attribution of such spectrum is not obvious because several 
phases  could  display  similar  spectra: ferrihydrites  (Fe5HO8, 4H2O;  with two types called 2-lines 
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Fig. 8. Raman spectra acquired in 300s for poorly crystallised hydrated iron III oxide or 
oxyhydroxide: maghemite, 2-lines and 6-lines ferrihydrites, feroxyhite and a representative 
spectrum from light gray marbles of an Amiens sample. 

 
and 6-lines [17] depending on their X-ray diffraction pattern), feroxyhite (δ-FeOOH [21,51]) and 
maghemite in case of deteriorated spectrum by a low counting statistic or a poor crystallisation state 
(Fig. 8). Rather than a guess for each acquired spectrum, a first general approach is to attribute such 
spectrum in a generic way to a poorly crystallised hydrated iron III oxide or oxyhydroxide. The last 
identified phase is akaganeite located in the external part of the rust and around cracks. This general 
organisation is illustrated on Fig. 9 with qualitative structural imaging extracted from a Raman 
hyperspectral map following the procedure described in [11] which underline some complex phase 
mixtures even at the range of the analysed area under a x100 objective. 
 However beyond this qualitative approach, the search for indexes usable for diagnosis purposes 
will require the collect of quantitative data about phase proportions, because associated with 
reactivity characteristics [52,53] of each phases it will help the evaluation of system stability. 
 

 
Fig. 9. Raman structural imaging (sample Am IVE110, Amiens, obj. x50) with the 
comparison of phase mapping between qualitative treatment (from spectrum region of 
interest) and semi-quantitative results from spectral decomposition. 
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 The current approach proposes a phase quantification using the Raman spectrum decomposition 
into a linear combination of pure phase spectra [12,54]. As a result suggestions of phase 
quantitative distribution could be proposed as shown on Fig. 9. With the qualitative approach the 
image contrast is arbitrary chosen to call attention to major phase distribution. The subjectivity of 
this treatment is overcome by the quantitative maps where colour levels are related to contents 
range. Furthermore if a significant part of the sample is scanned by Raman maps, the global phase 
proportions in the rust could be estimated by making the average of all spots measured. 

Conclusions 

Ancient iron artefacts considered as analogues of material long term behaviour could bring key 
information to document corrosion mechanisms. Associated with the possibility to diagnose the 
object conservation state these lead to the proposition of appropriate conservation or curative 
treatment for cultural heritage preservation. Both research and analytical expertises involve multi-
techniques approaches dealing with nature and reactivity of corrosion products. 
As presented in this paper for several iron corrosion environments, Raman micro-spectroscopy has 
proved its ability to bring structural characterisation at the micro-scale, qualitative phase 
distribution maps and with in progress developments of spectra treatments the possibility to 
evaluate phase proportions. Furthermore the user friendly implementation of Raman measurements 
compatible with classic or minimal sample preparation will ensure the development of its use within 
the analytical strategies developed for the study of ancient iron corrosion. 
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Silicon nanowires grown by the vapor–liquid–solid (VLS) mechanism

catalyzed by gold show gold caps (droplets)�20–500 nm in diameter with a

half spherical towards almost spherical shape. These gold droplets are well

suited to exploit the surface-enhanced Raman scattering (SERS) effect and

could be used for tip-enhanced Raman spectroscopy (TERS). The gold

droplet of a nanowire attached to an atomic force microscopy (AFM) tip

could locally enhance the Raman signal and increase the spatial resolution.

Used as a SERS template, an ensemble of self-organizing nanowires grown

bottom up on a silicon substrate could allow highly sensitive signa-

l-enhanced Raman spectroscopy of materials that show a characteristic

Raman signature. A combination of a nanowire-based TERS probe and a

nanowire-based SERS substrate promises optimized signal enhancement so

that the detection of highly dilute species, even single molecules or single

bacteria or DNA strands, and other soft matter is within reach. Potential

applications of this novel nanowire-based SERS and TERS solution lie in

the fields of biomedical and life sciences, as well as security and solid-state

research such as silicon technology.
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1. Introduction

Raman spectroscopy is a versatile tool that has been used for

decades to perform research in a variety of different fields such

as molecular chemistry, life sciences, archeology, and

solid-state physics. However, the lateral resolution of

conventional micro-Raman spectroscopy is limited by the

diameter of the focused laser spot on or in the probed sample

and is usually in the range of �1 mm. To overcome this

resolution limit, recent attempts have made use of near-field

optical information during Raman measurements. As a result,

the near-field scanning optical microscopy (NSOM)-

Raman[1–4] or the tip-enhanced Raman spectroscopy (TERS)

technique were established.[5,6] The TERS technique provides

spatially selective enhancement of a Raman signal using the

surface-enhanced Raman scattering (SERS) effect. The SERS

effect exploits a property of nanometer-sized noble metal

particles excited by incident laser photons in the form of

oscillations of the surface electron charge density (plas-
KGaA, Weinheim small 2008, 4, No. 4, 398–404



Figure 1. a) Schematic image of a sensitive ‘‘SERS–TERS’’ setup that

allows spatial resolution in Raman spectroscopy on the nanometer

scale. The spatial resolution is obtained through the nanowire-based

TERS tip. Signal enhancement is obtained when placing the material of

interest on the SERS substrate, which consists of nanowire assemblies.

A combination of nanowires on the SERS substrate and on the AFM tip

yields a dimer configuration of gold droplets as shown in the close up

(b). Strong enhancement is only achieved if the E-polarization vector

(red dotted arrow) of the incident light possesses a large component

along the dipole axis. With this configuration particularly strong

enhancement or high detection sensitivity are envisaged.
mons).[7] The plasmon-induced near field can couple, for

example, with molecules or crystals in close proximity and

provide an efficient pathway to transfer energy to the

molecular vibrational modes and generate Raman-scattered

photons that can be detected. The enhancement is maximized

when the metal grains are smaller than the incident laser

wavelength. The optimized particle geometry is found to be

spherical or rodlike.[7] The greatest enhancements are

observed with silver, gold, and copper with grain diameters

below �200 nm.[7,8] In addition to an electromagnetic-field

enhancement, which is the major contribution to the SERS

effect, there is an additional chemical enhancement that

occurs when a molecule coordinates with the metal particle

surface and forms charge-transfer states with the energy levels

of the metal. This results in a charge transition usually in the

visible wavelength region and a surface-localized resonance

Raman enhancement. Recently, enhancement factors of

108–1014 have been reported with single-molecule detection

of molecules absorbed on a silver substrate.[9] The challenge is

to broaden the field of applicability of Raman spectroscopy in

two directions to 1) enhance the sensitivity for the detection of

single molecules, bacteria, DNA, viruses, and other biological

agents through optimizing the SERS effect and 2) provide for

lateral resolution on the nanometer scale by applying TERS.

Recently we showed that a nanowire that grows from a

gold droplet that serves as catalyst for wire growth by the

vapor–liquid–solid (VLS) mechanism[10–15] is well suited in

terms of size and shape[7,8] to provide spatially selective and

strong enhancement of a Raman signal exploiting the SERS

effect. The challenges of implementing nanowires in TERS

and of combining TERS with SERS are addressed in this

Concept.

Up to now, it has been demonstrated[5,6] that gold- or

silver-coated atomic force microscopy (AFM) or scanning

force microscopy (STM) tips show the TERS effect. However,

these tips have to be metal coated prior to their use and the

shape of the tips and their coating is usually unpredictable and

rarely as sharp as a few tens of nanometers in diameter.

Our concept makes use of the self-organized growth of

silicon nanowires by the VLS mechanism[10–15] from a gold
Figure 2. a) SEM data of an assembly of nanowires grown by EBE at 650 8C, 80 mA

evaporation current, and a 1.2-nm sputtered Au layer on a p-type Si(111) substrate. A

statistical distribution of nanowires is visible with a diameter distribution determined

by the gold droplet sizes. Nanowire diameters range from 50 to 400 nm; b) SEM close up

of a particularly small and a particularly large silicon nanowire next to each other. The

faceted surface structure of the gold droplets on top of the large nanowire is visible.
catalyst to serve as a TERS probe with a

half-spherical-shaped Au droplet on top of the

nanowire and diameters usually in the range of

15–400 nm that therefore lie within the sensitive

range for field enhancement.[7,8]

Our concept consists of providing a standard

AFM cantilever with a solidified gold droplet on

top of a silicon nanowire at the very tip. The

nanowire can either be grown directly on the

cantilever by in-place bottom-up VLS growth on

a definite positioned gold catalyst droplet, or an

existing VLS nanowire with Au droplet atop can

be fixed post growth onto an AFM tip either by

electron-beam-induced deposition in an SEM

involving cracking of organic residual gas

molecules to be used as a glue for attachment

or by using a focused ion beam (FIB) machine to

weld, for example, with WC3 or gold, materials

available for deposition in these ion-beam
small 2008, 4, No. 4, 398–404 � 2008 Wiley-VCH Verlag G
machines. One could then use the ‘‘nanowire AFM tip’’ in

a standard AFM, which is optically coupled with a micro-

Raman spectrometer to perform TERS. With such a setup we

focus on two fields of active research and technological

developments, providing information that would be otherwise

not accessible: 1) For applications in the biomedical field such

as molecular chemistry or life sciences[16] a combination of a

nanowire-based TERS probe and a nanowire-based SERS

substrate (cf. schematic image in Figure 1) could be used to

maximize the enhancement and therefore improve the

sensitivity of the SERS technique including the availability

of spatial resolution if required. For that purpose we will

establish a dimer configuration of two Au droplets between

which the species of interest reside; 2) in semiconductor

physics and technology the nanowire-based TERS probes

could be used to: i) measure locally on the nanometer scale
mbH & Co. KGaA, Weinheim www.small-journal.com 399
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Figure 3. Simulation of the enhancement of the electric-field energy

density produced by a dimer configuration of two gold droplets on

top of Si nanowires similar to the configuration shown in Figure 1a. The

gap between the two gold droplets is 5 nm. The polarization direction

of the incident laser light is along the nanowire axes. The calculated

enhancement of the Raman signal due to the electric-field enhancement

alone is a factor in the range of �106 and increases rapidly with

decreasing nanowire diameter.

400
strain/stress[17–19] distributions in wafers and in nanoscale

devices such as transistors, nanoscale structures such as grain

boundaries in multicrystalline solar cells[20] or self-organized

quantum dots, or islands on misfitting substrates;[21,22] ii)

locally map doping profiles with nanometer-scale resolution,

utilizing the Raman-specific Fano effect.[23,24]

2. Silicon Nanowires: Growth and Morphology

To realize our concepts we used silicon nanowires, which

were grown by electron-beam evaporation (EBE)[12,13] and
Figure 4. Simulation of the enhancement of the electric-field energy

density produced by a single gold droplet on top of a Si nanowire with

the polarization direction of the incident laser light perpendicular to

the nanowire axis. Largest enhancement occurs at the two edges of

the gold droplet close to the Au–Si interface. The field enhancement

produced at these positions propagates to some extent along the outer

shell of the Si nanowire.

www.small-journal.com � 2008 Wiley-VCH Verlag Gm
chemical vapor deposition (CVD)[14,15,25] following the VLS

growth mechanism.
2.1. EBE-Grown Nanowires

In the EBE process the nanowires grow from atomic silicon

species that are generated by evaporation using an electron

beam from a high-resistivity silicon target. The silicon atoms

from the vapor are incorporated in the liquid AuSi eutectic

alloy on the substrate surface. At supersaturation, the silicon

crystallizes and the nanowires start to grow. During growth,

the gold droplets stay on top of the nanowires and gold

droplets form during solidification (see Figure 2). The

diameter of the nanowires is determined by the size of the

gold droplets, which itself depends on statistics and on the

thickness of the sputtered Au starting layer.[12,13] The

EBE-grown nanowires used for the SERS–TERS experiments

are grown within one hour at 650 8C. The growth rates lie

between 20–50 nm min�1. For the EBE deposition of

nanowires we used substrate pieces (25 mm� 25 mm) of

p-type (111) silicon wafers. Initially we deposit by sputtering a

continuous Au layer on the substrate at a thickness of 0.5–3

nm. In this study we used 1.2 nm. In general, other noble metal

particles are also or even better suited for SERS–TERS
Figure 5. SEM images of nanowires grown by CVD. In the case of CVD,

the gold droplets atop the silicon nanowires usually exhibit smaller

average diameters (�15–50 nm) and the size distribution of the gold

droplets is much narrower than for the EBE-grown nanowires shown in

Figure 2. In addition, the gold droplets atop CVD-grown Si nanowires are

more spherical rather than half spherical in shape, as shown in (b).

bH & Co. KGaA, Weinheim small 2008, 4, No. 4, 398–404



Figure 6. The optical micrograph in (a) shows a top view of an EBE-grown

nanowire with a gold droplet assembly, which is used for the SERS mapping

(red rectangle) as shown in (b). The larger gold droplets (�200–400 nm) on top of

the nanowires are discernible as blurred whitish spots. In (b) a mapping of the

intensity of the 1618 cm�1 band of malachite green is shown. Large enhancement

(red) occurs at positions where two or three gold droplets of nanowires are close

together and form a small cluster (red dotted arrows). The spectra recorded at

three different mapping positions are shown in (c). Areas without any nanowires

show the fluorescence band of malachite green and only a very faint Raman signal,

if any (blue spectrum in Figure 3c).
experiments (e.g., silver). It is also possible to grow Si

nanowires catalyzed by nanometer-sized Ag particles but the

growth conditions are different and cannot be achieved by our

growth setup. It is also possible to grow the Au-catalyzed Si

nanowires and selectively deposit electrochemically Ag on top

of theAu droplet. This electrochemical work is currently being

explored.

The SEM micrographs in Figure 2 show an assembly of

EBE-grown nanowires grown under the above-mentioned

conditions by EBE (a) and two nanowires grown next to each

other with one being particularly small and one being

particularly large in diameter (b). The half-spherical shape

of the gold droplets, well-suited for SERS and TERS,[7] is

visible. The gold droplets of the small nanowire have a

diameter of �80 nm and the diameter of the large nanowire is

�350 nm. The length of both nanowires is about 1 mm and

depends mainly on growth time; however, as expected, the

thinner nanowire growing slightly faster.[12,13,26,27] The gold

droplets with smaller diameters (20–150 nm) exhibit a nearly

perfect smooth surface, whereas the gold droplets with larger

diameters (150–500 nm) exhibit faceted surfaces with sharp

edges. According to theoretical calculations,[8] gold droplets

with diameters smaller than�150 nm produce the largest field

enhancement (633-nm excitation wavelength). Often a

significant SERS effect can also be generated by rather large
small 2008, 4, No. 4, 398–404 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA
gold droplets (see Figure 4). We assume that the

facet edges at the gold droplets produce a large

field enhancement in these cases.

To clarify the influence of the faceted

surfaces, we also plan to systematically simulate

the electromagnetic field distribution close to

gold droplets within the 10–500-nm-diameter

range (for the simulations the FemLab COM-

SOL-Multiphysics software is used).

Depending on the direction of the

E-polarization vector of the incident laser beam,

we see field enhancementmainly at the following

positions in the simple case of gold droplets with

a smooth, nonfaceted surface:
i) E
, We
-polarization vector along the nanowire
axis: At the top of a gold droplet or in
between two gold droplets in case of a dimer
configuration (Figure 3).
ii) E
-polarization vector perpendicular to the
nanowire axis: At the sides of the gold
droplets close to the AuSi interface (Figure
4). Further simulations will also address the
influence of the residual Si concentration
contained in the Au droplets and the
influence of a thin SiO2 layer on the gold
droplets.

The deep troughs around the nanowires and

the pronounced faceting of the Si nanowires

occur at growth temperatures above 650 8C,
which were used for the growth run documented

in Figure 2b. For our preliminary SERS-TERS

experiments we use nanowires grown at around
650 8C or below, as shown in Figure 2a, where this trough

formation around the nanowires in the Si(111) substrate is by

far less pronounced. This may be of importance in order to

avoid trapping of molecules (the species of interest for

spectroscopic analysis) in these troughs.

2.2. CVD-Grown Nanowires

In case of the CVD experiments[14,15,25] the nanowires grow

on Si(111) substrates. Prior to the deposition of a 1-nm-thick

Au layer by electron-beam evaporation, the wafers were

cleaned by HF and RCA. The samples were then immediately

transferred into the reaction chamber, where the substrates

were annealed at�580 8C for 10 min. This led to the formation

of Au droplets with a size of between 50 and 200 nm. The

temperature was then reduced to 500 8C and a mixture of Ar

and SiH4 was introduced in order to grow the nanowires for

20 min.

Figure 5 shows an example of nanowires grown by CVD.

The gold droplets atop the silicon nanowires exhibit usually

smaller average diameters (�15–50 nm) than for EBE-grown

wires and the size distribution of the gold droplets is narrower

than in the case of EBE (see Figure 2). In addition, the gold

droplets atop CVD-grown Si nanowires are more spherical

rather than half spheres.
inheim www.small-journal.com 401
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Figure 7. Optical micrograph showing silicon nanowires on a Si(111)

substrate as grown by EBE. The inset in (a) shows the optical micrograph

(top view) of a single nanowire gold droplet; b) Raman spectra

recorded at the position of the single gold droplet (red) and at a

position close to the gold droplet on the bare substrate surface (blue).

The red spectrum shows that even a single nanowire gold droplet with

a diameter of �200 nm is capable of producing a significant SERS

signal.

402
3. Silicon Nanowire Assemblies as SERS
Substrates

The SERS and TERS capabilities of the Si nanowires with

the gold droplets on top can easily be shown by SERS

experiments. In our case, we perform micro-Raman measure-

ments on templates that consist of nanowire assemblies from

EBE and CVD experiments, which are coated with a

molecular layer of malachite green or adenine molecules.

To achieve such a molecular coverage of dye or biomolecules,

the templates are rinsed in an aqueous solution of malachite

green (10�5 mol L�1) or adenine (10�4 mol L�1) and are

subsequently rinsed in deionized water. For the micro-Raman

measurements we use a Jobin Yvon Labram HR 800

spectrometer equipped with a HeNe laser (633 nm) and an

Ar ion laser (488 nm and 514 nm), operated with the HeNe

laser for the SERS measurements. The undamped laser power

on the sample surface is �10 mW. The laser is focused by a

100� objective lens (numerical aperture: 0.9) to an effective

spot size of �1-mm diameter. To reduce photobleaching, the

laser intensity is damped by a factor of 10 (adenine) to 100

(malachite green) with a grey filter. That is, the energy density
www.small-journal.com � 2008 Wiley-VCH Verlag Gm
within the focused laser spot is �6� 104 W cm�2 (adenine) to
6� 103 W cm�2 (malachite green). Using a motorized x�y

stage we are able to perform SERS mappings and can

determine SERS-active regions within the nanowire assembly.

A typical nanowire assembly to serve as a SERS substrate

(grown by EBE) for the SERS mappings is shown in the SEM

micrograph in Figure 2a, where nanowires with gold-droplet

diameters within the range of about 50–400 nm are visible.

The optical micrograph in Figure 6a shows a top view of a

nanowire assembly (grown by EBE), which is used for the

SERS mapping in Figure 6b. The mapped area is indicated by

the red rectangle. The gold droplets with diameters of

�200–400 nm on top of the nanowires are just discernible

as blurred white spots in the optical micrograph. In Figure 6b a

mapping of the intensity of the 1618 cm�1 (in-phase stretching
of the phenyl rings[28,29]) band of malachite green is shown. A

large SERS effect occurs at positions where two or three gold

droplets of nanowires are close to one another and form a

cluster of nanowires. This type of nanowire cluster is indicated

by red dotted arrows. The spectra recorded at three positions

on the nanowire SERS template are shown in Figure 6c. The

spectra recorded at the indicated nanowire cluster (red and

green spectra) show a significant SERS effect. Regions without

any nanowires show the broad fluorescence band of malachite

green and only a very faint, if any, Raman signal (blue

spectrum in Figure 6c).

Though the nanowire cluster regions produce the largest

SERS signal, a single gold droplet atop a nanowire is also

capable of generating a significant SERS signal. This is of great

importance as we intend to use a single nanowire gold droplet

as a TERS probe (see next section). An example is given in

Figure 7. The light optical micrograph in Figure 7a shows the

top view of a single gold droplet atop a nanowire with a

diameter of �200 nm, which is just discernible as a blurred

whitish spot. The red spectrum shown in Figure 7b was

acquired with the centre of the focused laser spot (�1-mm
diameter) on the single gold droplet. The blue spectrum

corresponds to a measurement position on the bare substrate

close to the single nanowire gold droplet. Regarding these two

spectra it is evident that even a single nanowire gold droplet

produces a remarkable SERS signal.

The optical micrograph in Figure 8a shows a top view of a

nanowire assembly grown byCVD, which is used for the SERS

mapping of adenine molecules shown in Figure 8c. The

mapped area is again indicated by the red rectangle. The gold

droplets with diameters of now �40–80 nm on top of the

nanowires are no longer discernible in the optical micrograph.

We used the substrates grown by CVD as these nanowire gold

droplets produce, in the case of adenine molecules, much

stronger SERS signals than the EBE-grown nanowire gold

droplets. The large difference in SERS signal intensity does

not occur in the case of malachite green. The reasons for the

different molecule-dependent SERS sensitivities are not yet

fully understood and need further investigation. Figure 8b

shows a mapping of the intensity of the �1370 cm�1 band of

the adenine molecule. A large SERS effect occurs at this

position, which is indicated by the red arrow. A hot spot (red

area in the Raman mapping) might reside at this position. The

green regions show moderate SERS signals and within the
bH & Co. KGaA, Weinheim small 2008, 4, No. 4, 398–404



blue regions the SERS signal is too weak to show distinct

bands of the adenine molecules.

4. Nanowire-Based TERS Probe

A nanowire-based TERS probe can in principle be

produced in two different ways: a) A silicon nanowire with

a gold droplet atop can be grown directly on, for example, a

silicon AFM cantilever by the growth method described in

Section 2. This requires the precise in-place positioning of a

Au droplet on the AFM cantilever to catalyze subsequent

bottom-up nanowire growth; b) a silicon nanowire can be

welded onto an AFM tip. One method to do so is the

electron-beam-induced contamination deposition. This

method was used for the example shown in Figure 9. Other

options are to use an FIB machine for welding or focused

electron beam (FEB)-induced deposition of, for example,

WC3, gold, platinum, or other materials.[30]

For our concept we used method (b) (preliminary results

with method (a) have been obtained but are not shown

here[31]). The fabrication of a nanowire-based TERS probe by

method (b) needs in general three steps, which are shown in

the sequence of the SEM images in Figure 9a–f:
Figure 8. a) Optical microscopy image of the top view of a CVD-grown n

assembly, which is used for the SERS mapping of adenine molecules (red

shown in (b). The gold droplets (�40–80 nm) on top of the nanowires a

longer discernible in the optical micrograph. b) Mapping of the intensity

�1370 cm�1 band of adenine. Large enhancement (red) occurs at positi

hot spots might reside. The spectra recorded at three different mapping

are shown in (c). The green regions show moderate SERS signals and withi

regions the SERS signal is too weak to show distinct bands of the adenine m
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ii) W
ith a nanomanipulation setup inside an SEM,[32] a
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So far, we have not performed any systematic Raman

measurements with the nanowire-based TERS probes. How-

ever, the preliminary results of the measurements shown in

Figures 6 and 7 are promising and show that the nanowir-

e-based TERS probe and the nanowire-based combined

TERS/SERS setup are capable of producing a large SERS

signal with a spatial resolution on the nanometer scale.
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5. Conclusions and Outlook

Silicon nanowires grown by the VLS mechan-

ism in an EBE or CVD reactor from a gold

catalyst show gold droplets on top with either a

nearly half-spherical (EBE VLS nanowire

growth) or nearly complete spherical shape

(CVD VLS nanowire growth), which can be

used to exploit the tip- or surface-enhanced

Raman effects. When a nanowire with a gold

droplet is attached to an AFM tip the signal

enhancement by the gold droplet can be used to

spatially resolve a Raman signal on the nan-

ometer scale, that is, to perform nano-Raman

spectroscopy in a suitable optically coupled

combined AFM/Raman setup.

A combination of a nanowire-based TERS

probe and a nanowire-based SERS substrate

promises optimized field enhancement that

could be used for the detection of single

molecules, DNA strands, bacteria, and other

soft matter. Potential applications of this novel

nanowire-based technical SERS and TERS

solution are widespread and lie in the fields of

biomedical and life science as well as security

and solid-state research such as in silicon

technology, where the detection of materials

composition, doping, and lattice strain can be

probed by Raman spectroscopy, using TERS

with the spatial resolution of the nanowire-based

AFM tip.
, Weinheim www.small-journal.com 403
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Figure 9. Nanomanipulation sequence for the attachment of an upsi-

de-down nanowire onto an AFM tip; a) some nanowires are broken off

the substrate mechanically by the movement of an AFM tip; b) a

nanowire that lies on the substrate surface is brought into contact with

the AFM tip; c) the nanowire is moved into the desired position; d)

welding of the nanowire to the AFM tip by electron-beam-induced

contamination; e) retraction of the AFM tip; f) cantilever with tip and

welded nanowire assembley to be used as a TERS probe.
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Nano-crystalline LiCoVO4 and LiNiVO4 were prepared using Li2CO3, Co(NO3)2·6H2O or Ni(NO3)2·6H2O and NH4VO3 as raw
materials in deionized water and tartaric acid as a complexing reagent, and followed by 450-600oC calcination for 12 h. TGA
showed weight loss due to the combustion of the precursor at 190-500oC. The products were characterized by XRD and found
to be LiCoVO4 and LiNiVO4 with an inverse spinel structure. FTIR and Raman analyses showed the V-O stretching vibration
of VO4 tetrahedrons and Li-O bending vibration of LiO6 octahedrons. TEM showed nano-powders of LiCoVO4 and LiNiVO4

which have high specific areas for improving lithium ion migration in lithium ion batteries.

Key words: Lithium ion batteries, LiNiVO4, LiCoVO4.

Introduction

In recent years, research on lithium ion secondary
batteries has been done to increase the energy density,
life cycle and safety purpose. A challenge is to improve
their energy densities for use as high voltage cathode
materials [1]. The inverse spinel structure LiCoVO4

and LiNiVO4 make them very promising cathode
materials for lithium ion batteries due to the high
voltages of 4.2 V and 4.8 V versus metallic Li for
LiCoVO4 and LiNiVO4, respectively [2]. For the lithium
transition metal orthovanadate inverse spinel structure,
Li and transition metal atoms are equally and randomly
in the octahedrally coordinated interstices. The V atoms
are in the tetrahedrally coordinated interstices [1, 2].

Conventional solid-state reactions are widely used to
synthesize such metal oxides. LiCoVO4 and LiNiVO4

were prepared using Li2CO3, NiO or Co3O4 and V2O5

as raw materials which were calcined in air at 800oC
for 20 h [3]. This method is quite expensive because of
the high energy usage and long reaction time [1-2, 4].
Soft chemical routes are an economically viable course
which is possible for an atomic level of mixing of the
ingredients for the synthesis of multi-component oxide
powders [2].

For the present study, a tartaric acid complex method
was used for synthesizing nano-powders of LiCoVO4

and LiNiVO4 at low temperature.

Experimental Procedure

LiCoVO4 and LiNiVO4 were prepared using stoichi-
ometric Li2CO3, Co(NO3)2·6H2O or Ni(NO3)2·6H2O and
NH4VO3. Each of them was dissolved in deionized
water, mixed, stirred and adjusted at a pH 5 using
HNO3. A saturated tartaric acid solution was added and
heated at 80oC, then the precursors were calcined at
450-600oC for 12 h. 

The products were analyzed by a thermogravimetric
analyzer (TGA, Perkin Elmer TGA-7) with the heating
rate of 10 K·minute−1 in a nitrogen atmosphere. The X-
ray diffraction (XRD, Siemens D500) was carried out
using Cu Kα radiation with the scanning angle range 2θ
from 10 to 60o, a graphitic monochromatized and a Ni
filter. Fourier transform inferred spectroscopy (FTIR,
Bruker TERNOR 27) with KBr dilution was recoded.
Raman spectroscopy (HORIBA JOBIN YVON T64000)
was operated using a 50 mW Ar Laser with λ = 514.5
nm. Transmission Electron Microscopy (TEM, JEOL
JEM-2010) and Energy Dispersive X-ray Spectroscopy
(EDX, Oxfrod instruments INCA) were operated at
200 kV and 15 kV, respectively. 

Results and Discussion

Thermal analysis of the precursors was studied by
TGA in the temperature range 50 to 600oC in N2

atmosphere (Fig. 1). There are two distinguishable steps
of the weight loss. The first is at 50 to 190oC which is
obviously attributed to the evaporation of residual
water in the precursor. The second step is due to the
combustion of tartates of lithium, vanadium and nickel
or cobalt in the temperature range 190 to 500oC. The
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weight loss tends to be constant at 500oC and about.
The total weight loss during the thermal analysis is
70% by weight.

XRD patterns of LiCoVO4 and LiNiVO4 are shown
in Fig. 2. Comparing with the JCPDS standard
(LiCoVO4 PDF number 38:1396 and LiNiVO4 PDF
number 38:1395) [5], they correspond to LiCoVO4 and
LiNiVO4. No impurities, such as NiO, CoO, and Co3O4,
were detected. The XRD patterns displayed a weak
(111) peak and strong (220) peak indicating the predo-
minant inverse spinel structure. For the present analy-
sis, vanadium cations are in the tetrahedrally coordi-
nated 8a site leading to the higher (220) and lower
(111) peaks [2, 4, 6]. The degree of crystallinity for
LiCoVO4 and LiNiVO4 was determined from the inten-
sity ratio I(220)/I(311) of 0.5 which showed highly crystal-
line products. At 600oC for 12 h, the intensity ratios
I(220)/I(311) of LiCoVO4 and LiNiVO4 are very close to
0.5 indicating good crystallinity [4, 6]. The lattice para-
meters of LiCoVO4 and LiNiVO4 with 600oC calci-
nation for 12 h are 0.8273 and 0.8223 nm, respectively.
They are very close to the JCPDS standard (a=0.8279
nm for LiCoVO4 and a=0.8220 nm for LiNiVO4). The
lattice parameter of LiCoVO4 is larger than LiNiVO4

because a Co atom in octahedrally coordinated 16a is

larger than that of a Ni atom. The calcination temper-
ature can play a role in improving the crystallite and
grain size of the products. These correspond to an
increase in XRD intensities with an increase in the
calcination temperature [1]. 

FTIR spectra of LiCoVO4 and LiNiVO4 are showed
in Fig. 3. The stretching vibration of VO4 tetrahedrons
and bending vibration of LiO6 octahedrons were detect-
ed at 900-400 cm−1. The asymmetric stretching vibration
of VO4 tetrahedrons showed a broad band at 810-850
cm−1 and a weak band around 900 cm−1 assigned to be
the symmetric stretching mode in the VO4 tetrahedrons
[1-4]. In addition, the oxygen atoms in the VO4 tetra-
hedron can from bonds with Li and Co or Ni atoms
which can lead to some asymmetry. Hence the broad
band around 810-850 cm−1 is tentatively assigned to the
asymmetrical stretching mode in the distorted VO4 unit
[2, 6]. It can be considered that all Li atoms are accom-
modated in octahedron LiO6 environments. Therefore,
Raman- and IR-active modes are normally spit into
(A+2B). LiO6 octahedrons have vibrations in IR modes
observed at 430 cm−1 corresponding to ν(Li-O) [1, 4]. 

LiCoVO4 and LiNiVO4 have O7
h symmetry of which

five modes are Raman-active (A1g+Eg+3F2g) and four
modes are inferred-active (4F1u) [3, 7]. The strong band
in the range 700-850 cm−1 is specified as the stretching
of the VO4 tetrahedrons. The peaks at 820 cm−1 and
335 cm−1 are due to the stretching and bending modes
of the VO4 tetrahedrons corresponding to A1 and E
symmetries, respectively. In the lower region, two weak
modes of 253 and 416 cm−1 are the vibrations of the
LiO6 octahedrons. The 480 cm−1 corresponds to the
stretching vibration of Li-O-M (M = Co or Ni) [3, 4, 7].
The frequency in the Raman spectra are decreased
from LiNiVO4 to LiCoVO4 which indicate both the
weak V-O bonding in the VO4 tetrahedrons and M-O
(M = Li, Co or Ni) bonding in the MO6 octahedrons. A
reduction in the strength between lithium and oxygen
promotes the lithium migration in lithium ion batteries,
resulting in a lower voltage of LiCoVO4 cathode
materials [7].

TEM images and selected area diffraction patterns

Fig. 1. TGA of the precursors prepared by the polymerization
process.

Fig. 2. XRD patterns of LiCoVO4 and LiNiVO4 calcined at
different temperatures for 12 h.

Fig. 3. (a) FTIR and (b) Raman spectra of LiCoVO4 and LiNiVO4

calcined at 600oC for 12 h. 
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(SADP) of LiCoVO4 and LiNiVO4 are shown in Fig. 4.
For 450oC calcination, LiCoVO4 and LiNiVO4 are
composed of nano-particles. Their calculated sizes are
97 and 18 nm, respectively. The SADP indicated the
(111), (220), (311), (400), (422), (511) and (533)
planes corresponding to the JCPDS standard. When the
calci-      nation temperature was increased to 600oC,
the particle size of both fine products increased. At
600oC, those of LiCoVO4 and LiNiVO4 are 185 and 98
nm, respective-       ly. A previous report shows the
nano-particles cathode material which has a high
specific area to improve lithium ion migration in

lithium ion batteries [1].
EDX spectra of LiCoVO4 and LiNiVO4 about the

pressence of Co or Ni, V and O (results not shown).
The atomic ratio between Co or Ni:V:O are 1:1:4
which are very close to the chemical formula of a
lithium transition metal orthovanadate. Metallic Li was
not detected because it is the lightest metallic element
[8].

Conclusions

LiCoVO4 and LiNiVO4 were successfully prepared
by the polymerization method. The crystallite and
particle size were improved by an increase of the calci-
nation temperature. TEM images show particle sizes of
the products at 450oC for 12 h in the nano-scale which
have relatively larger specific surface areas and are
more favorable for lithium-ion migration as the cathode
materials.
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We have demonstrated that scanning nano-Raman spectroscopy (SNRS), generally known as tip-enhanced
Raman spectroscopy (TERS), with side illumination optics can be effectively used for analysis of silicon-
based structures at the nanoscale. Even though the side illumination optics has disadvantages such as
difficulties in optical alignment and shadowing by the tip, it has the critical advantage that it may be
used for the analysis of nontransparent samples. A key criterion for making SNRS effective for imaging
Si samples is the optimization of the contrast between near-field and far-field (background) Raman
signals. This has been achieved by optimizing the beam polarization, resulting in an order of magnitude
improvement in the contrast. We estimate the lateral resolution of our Raman images to be ∼ 20 nm.
Copyright  2007 John Wiley & Sons, Ltd.

KEYWORDS: tip-enhanced Raman spectroscopy (TERS); scanning nano-Raman spectroscopy (SNRS); apertureless near-field
spectroscopy; silicon; depolarization

INTRODUCTION

The field of information technology relies heavily on the
performance of silicon-based devices. There is an ever-
increasing demand for large-scale integration achieved by
a reduction in the size, and an increase in density, of
these devices. The thermal effects associated with the
device process flow result in local strain in the material,1

which is critical to the performance of these devices.2

Raman spectroscopy has been used extensively to map and
understand the crystal orientation1,3,4 and stresses3 in silicon
structures with micron scale resolution. With the shrinking of
structures to smaller than submicron dimensions (currently
65 nm and even 45 nm), there is a need for a Raman
spectroscopy technique that can map these stresses with
nano-scale spatial resolution. However, the diffraction law
limits the lateral resolution of the traditional micro-Raman
technique to a few hundreds of nanometers. Raman analysis
of sub-100 nm structures with current confocal micro-Raman
technique is not feasible.

ŁCorrespondence to: A. P. Sokolov, Department of Polymer
Science, University of Akron, Akron, OH 44325-3909, USA.
E-mail: alexei@uakron.edu

The strategy to achieve sub-100 nm spatial resolution
with optical techniques is to use near-field optics. Near-
field optics deals with illumination of an object by light
emerging from a subwavelengh aperture or scattered by a
metallic tip or nano-particle of subwavelength size.5 The
first concept for near-field optics, discussed by Synge,6 is to
access the vicinity of a sample’s surface with a subwavelength
aperture. A few groups used various spectroscopy, including
Raman, combined with aperture-limited near-field scanning
optical microscope (SNOM).7 – 10 Webster et al.7,8 applied this
approach to stress mapping of a damaged silicon crystal
wafer and reported a spatial resolution of ¾ 150 nm. Due
to the low transmission of light through the aperture, it
took 60 s to collect 150 counts of Raman intensity from one
spot of a silicon sample. As a result, Raman imaging of a
small region (26 ð 21 points) took an unreasonably long time,
¾ 9 h. Further, the spatial resolution achieved is still far from
that required, and decreasing the aperture (to improve the
resolution) will lead to further drastic decrease of the signal.
Thus, the low optical transmission of aperture-limited probes
makes it almost impossible to measure Raman images with
sub-100 nm spatial resolution.

An alternative approach to near-field optics is to use
apertureless metallized probes. The local enhancement of the
electromagnetic field in the vicinity of the metallized tip’s

Copyright  2007 John Wiley & Sons, Ltd.
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apex can result in a large fraction of the enhanced near-field
signal being transmitted into the far-field region, making
the signal detectable.11 The main enhancement mechanism is
provided by surface plasmons of the metallized or metallic
tip. This enhancement of the electric field of the light (similar
to the surface-enhanced Raman effect) is strongly localized
in the vicinity of the metal surface.12,13 The positioning of
the metallized tip near or on the sample’s surface can be
realized with the aid of a scanning probe microscope (SPM).
The size of the region of the enhancement is close to the
size of the contact area between the tip and sample and
the radius of this region is usually comparable to, or smaller
than, the radius of the tip. Tip-enhanced Raman spectroscopy
(TERS) is the name that has most often been used for the
recently developed Raman spectroscopy with apertureless
near-field optics, because the term TERS emphasizes the
enhanced Raman signal at the localized sample area beneath
the metallized tip apex. The metallized probe may be scanned
over the sample in a manner analogous to that used in SPM,
and a Raman image with very high spatial resolution can
be constructed. We will use the term ‘scanning nano-Raman
spectroscopy’ (SNRS) to emphasize the scanning capability
and use TERS when focusing on the ability to provide a
highly enhanced signal from one spot.

Recently, SNRS analysis of single wall carbon nanotubes
has demonstrated a lateral resolution of ¾ 14 nm with
so-called bottom illumination optics.14 This method uses
an inverted optical microscope and metallized probe with
SPM control on top. Even though the bottom illumination
geometry has the advantages of simplicity in optical
alignment and ease of adaptation to off-the-shelf equipment,
it faces the serious drawbacks that the excitation radiation
and scattered light must pass through the sample substrate
and sample. Thus, the bottom illumination geometry is
not appropriate for opaque samples and samples on
nontransparent substrates. In particular, it is not appropriate
for the analysis of silicon structures.

Sun and Shen15 – 17 were the first to report successful SNRS
mapping of silicon/silicon oxide nano-structures. They used
a modified top-illumination scheme. The Raman intensity
when the metallized tip was in contact with the silicon
surface (contact signal) was about 50% higher than the Raman
intensity measured at the same focal spot on the sample
without the tip (withdrawn signal). This enhancement from
silicon is rather modest,17 – 20 and might not be enough for
nano-Raman imaging due to the low contrast between the
‘contact’ and ‘withdrawn’ signals. Poborchii et al.21 have
recently proposed the use of top-illumination geometry with
a depolarization configuration to improve the difference
between the contact and withdrawn signals for silicon. It
is known that the Si Raman mode at 520 cm�1 is strongly
polarized and that the far-field signal (or withdrawn signal)
can be suppressed using an analyzer set for a depolarized
geometry. In their case, a silver nano-particle at the apex of
a quartz atomic force microscopy (AFM) tip depolarized the
optical field in its vicinity, resulting in a partially depolarized
near-field signal. Using this idea, the authors were able to
achieve a contact signal more than two times higher than the
far-field signal (withdrawn signal).21

Our work is focused on improving the nano-Raman
image quality and the contrast between the contact and
withdrawn signals in SNRS with side illumination optics by
using the polarization scheme first put forth by Poborchii
et al.21. By suppressing the withdrawn signal more than the
contact signal using depolarized optics, the nano-Raman
image quality and contrast between contact and withdrawn
signals can be markedly improved.

EXPERIMENTAL

The nano-Raman system consists of a Horiba Jobin Yvon
Labram HR-800 Raman spectrometer coupled with a Quesant
(QScope 250) SPM operated in AFM contact mode. A long
working distance Mitutoyo (APO SL50) objective (ð50, 0.42

Figure 1. A schematic of the entire SNRS instrument with a photo (left) and schematic (lower right) of the side illumination optics
showing the long working distance objective focused on the AFM tip. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.
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NA) is tilted 65° from the sample surface normal, as shown in
Fig. 1. The objective is fixed on a XY stage controlled by step
motors with an accuracy of ¾ 40 nm to position the objective
with respect to the tip. The samples are fixed on a XY piezo
stage (nPoint XY100A). The depolarization configuration in
our setup is attained by placing a polarization rotator in
the incident beam path before the objective and an analyzer
before the entrance slit of the monochromator as shown in
Fig. 1. A mirror placed at an angle directs the laser beam
through the objective.

Silicon nitride AFM tips (Park Scientific Instruments,
Sharp Microlevers), each coated with a gold or silver layer
using thermal vacuum deposition, were used for TERS
and SNRS. The details of tip preparation are described
in a previous publication.22 Silver-coated tips were used
for scanning and imaging measurements and gold-coated
tips were used for the other measurements. The enhanced
signal was measured in contact mode in AFM with a normal
force below 2 nN. Measurement of the Raman spectra was
performed using the 514.5 nm line of an argon ion laser,
with an incident power of<10 mW on a circular spot of
the sample of about 2 µm diameter. For the nano-Raman
scanning, the contact position between tip and sample is
rastered by moving the XY sample stage, rather than moving
the tip, to attain minimal change in the relative position
between the tip and the illumination spot. The Z piezo, on
which the AFM tip is mounted, is used to maintain the
normal force between tip and sample and to measure the
sample topography.

RESULTS AND DISCUSSION

A major advantage of choosing side illumination optics is the
flexibility of analyzing both transparent and nontransparent

Figure 2. A 50% increase (contrast 0.5) in measured intensity
is observed for a silicon sample when the Raman signal is
enhanced by the presence of a gold-coated tip in contact with
the surface. The incident polarization is �20°, measured
relative to the axis of the tip.

samples. Another important advantage is the ability to orient
the polarization of the incident light along the tip axis. Such
orientation is known to be important for attaining maximum
enhancement under the tip23 (analogous to the optimization
of enhancement for an elliptical particle24,25). Figure 2 shows
the Raman signal intensities for the 520 cm�1 mode of Si
(100) measured with a modified tip in contact with the
silicon wafer surface and withdrawn 10 µm from the surface.
The signal measured with the tip withdrawn (withdrawn
signal) consists of only the far-field Raman intensity. The
contact signal is measured with a gold- or silver-coated
silicon nitride tip positioned in contact with the sample and
with the objective focused so as to maximize the Raman
intensity. In order to understand the significance of the
signal comparison, one must clearly delineate the different
contributions to the contact signal. The contact signal
contains contributions of far-field intensity not shadowed
by the tip, near-field enhanced signal from the vicinity of
the tip, and any additional signal induced by scattering and
reflections from the tip. When we refer to the withdrawn
signal in the remainder of the paper it is understood that this
is the conventional far-field Raman signal and the contact
signal refers to the signal measured in the presence of the
tip, which contains multiple contributions.

Comparison of the signals and quantification of the
various contributing phenomena is central to defining
operational limits for imaging, and requires careful definition
of the terms ‘enhancement factor’ (EF) and ‘contrast’. A
generally accepted definition of EF is the actual signal
enhancement per scattering volume17,19,20,26 expressed as:

EF D Inear

Ifar

Vfar

Vnear
D

(
Itotal

Ifar
� 1

)
Vfar

Vnear
�1�

where Vnear and Vfar are the sampling volumes from the
near- and far-fields, respectively. For practical purposes, we
introduce another parameter, contrast, that is defined as the
ratio of the near-field signal intensity Inear to the far-field
signal intensity, Ifar,

Contrast D Inear

Ifar
D Itotal

Ifar
� 1 �2�

The sum of Inear and Ifar, or Itotal, is what is measured
in the contact state, based on the assumption that there is
no additional signal contribution to Itotal. Contrast is more
important for characterizing the ability to do Raman imaging
than is signal enhancement per se. The contact signal in Fig. 2
is about 50% larger than the withdrawn signal, and so the
contrast in this case is 0.5. For a silicon sample, Vfar is
defined by the surface area of the laser spot multiplied by
the smallest of three parameter values: sample thickness,
light penetration depth or the depth of focus of the confocal
optics (¾1�m). The penetration depth of the 514.5 nm laser
light in silicon is27 approximately 0.68 µm, and using this
depth Vfar is estimated as ¾2 µm3. The localization of the tip-
enhanced signal in depth has been estimated in our previous
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publication22 using CdS films with different thickness. It
appears22 to be ¾ 20 nm. So, Vnear can be approximated22

as the hemispherical volume of radius 20 nm under the
tip,2�R3/3 ¾ 2 ð 10�5�m3. Thus, the contrast 0.5 corresponds

to an EF of 0.5 ð
(

2
2 ð 10�5

)
D 5 ð 104. surface enhanced

Raman spectroscopy (SERS) reports28 have claimed EFs
of the order of 1014. However, the values of EF seen for
TERS15 – 17,29,30 have only reached about 102 –104. The EF we
have achieved is comparable to that reported by Sun and
Shen.15 – 17

For practical nano-Raman analysis of Si samples, a
contrast of 0.5 may not be enough. In order to increase
the contrast, we have used the approach proposed by
Poborchii et al.21 to minimize the contribution of far-field
Raman intensity to the contact signal by suppressing the
far-field signal more than near-field signal. When the
polarization of the incident beam is varied from �20° to
160° with respect to the axis of the metallized tip, the
Raman intensities for the Si mode in both the contact and
withdrawn states are affected (Fig. 3). Though the contact
and withdrawn signals are both substantially suppressed at

Figure 3. Intensities for the contact and withdrawn
measurements vary with incident laser beam polarization angle
with respect to the axis of the metallized (gold-coated in this
case) tip such that the contrast is maximized for a polarization
of 70°.

70° incident polarization, their difference remains constant
during the variation of the polarization angle. This means

Figure 4. Contrast dependence on the analyzer angle for three different incident beam polarizations with respect to the metallized
tip axis: (a) �20° (b) 25° (c) 70°.
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that Inear remains essentially constant and the contrast is
maximized at 70° polarization angle. In fact, the contrast for
incident polarization 70° is seven times higher than that for
�20° polarization. It is generally accepted that better field
enhancement may be obtained by placing the polarization
of the incident beam along the tip axis (p-polarization) than
by placing the polarization perpendicular to the tip axis (s-
polarization).31 – 33 Rotating the polarization (70°) relative to
the tip axis does incur a loss in enhancement, but this loss
of enhancement is more than outweighed by the gain in
contrast due to effective suppression of the far-field signal.
The morphology and geometry of the tip end may also
change the optimum polarization conditions, and details
of the relationship between tip structure and polarization
behavior are being investigated with well-defined tips.
Even greater contrast can be achieved by positioning a
polarization analyzer before the spectrometer. The graphs in
Fig. 4 show how the contrast varies with the analyzer angle
for three different incident polarization angles. Selecting the
optimum polarizer angle, 70°, denoted as ‘P 700 hereafter, and
analyzer angle, 90°, denoted as ‘A 900 hereafter, increased the
contrast more than 20 times, to a value of 12 (Fig. 5). One
possible reason for the polarization dependent suppression
of the contact and withdrawn signals is that the tip can
depolarize the incident and scattered light. If so, the near-
field contribution included in the contact signal may be
depolarized more than is the far-field signal.

If this enormously improved contrast (from 0.5 to 12) is
indeed due to the near-field signal, nano-Raman analysis of
Si may be a reality. However, the contact signal may include
a component that is unrelated to the plasmon resonance
enhancement due to reflection and scattering from the tip.
The tips used for TERS measurement were commercially
available silicon nitride tips coated with silver or gold. These
tips have a four-sided pyramidal shape. If the incident laser
beam is normal to the front surface of the pyramidal tip, the
reflection will be greater than if the beam is incident on a

Figure 5. Si Raman contact and withdraw signals at P70 and
A90 and a gold-coated tip.

pyramidal edge. Figure 6 shows TERS intensities collected
with the incident beam oriented in two different directions
with respect to a pyramidal face of the AFM tip. The contact
intensities are sharply different, indicating that the contact
signal includes some additional Raman signal that is not
related to the enhanced near-field signal, but rather to the
illumination direction. We believe that the front face of the
pyramidal tip acts as a mirror, increasing the illumination
intensity, and leading to additional unlocalized Raman
signal. To minimize the contribution of unlocalized signal
in the contact signal, further TERS and SNRS measurements
were performed with the incident beam 35° off-normal to the
front surface of the pyramidal tip.

In our contact mode SNRS system, three experiments
were performed to determine the scale of localization
of the contact signal that includes the localized near-
field signal. The first experiment with various CdS films
demonstrates22 a detection depth of ¾ 20 nm, a length scale

Figure 6. Comparison of TERS intensities achieved with the incident beam (a) off-normal �¾35°� and (b) normal to the front
pyramidal surface of a silver-coated tip under optimized conditions of polarization (P70A90). (c) SEM image of a 50 nm silver-coated
silicon nitride tip and the illumination directions for (a) and (b).
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Figure 7. TERS spectra for Si from a strained Si film structure using a gold-coated tip. (a) Contact and withdrawn spectra at
polarization and schematic of the structure in the inset. (b) Contact and withdrawn spectra at P70.

similar to that found from measurements of contrast vs
tip-sample distance.34 The second experiment to investigate
the localization of the depolarized signal involved 30 nm-
thick strained Si structures on a 300 nm SiOx layer on Si
substrate (Fig. 7). First of all, the measurements with regular
polarization showed enhancement only for the strained Si
layer. No enhancement was observed for the unstrained Si
(Fig. 7(a)). Using the optimized polarization, we improved
the contrast for the Raman signal from the strained Si: the
contrast increased to 350% for strained Si while the signal
from unstrained Si increased by only 90% (Fig. 7(b)). This
result clearly indicates that an increase in Raman signal from
optimized polarization is mostly localized at the surface.
However, it also suggests that some extra signal exists from
the silicon substrate positioned below the 300 nm silicon
oxide layer that cannot be related to the surface plasmon
resonance. Even when off-normal illumination to the front
surface of the tip was used, the contact signal still included

the contribution of the unlocalized signal. The mechanism
responsible for the increase of the signal from the underlying
Si layer is not known. We speculate that polarization-
dependent reflection or interference of illumination at the
two interfaces of silicon oxide, and, in particular, at the
tip-surface interface, may contribute to the additional Si
signal.

In a third test for localization of the depolarized TERS
signal we studied periodic SiOx lines (¾ 250 nm wide
and 30 nm in height) on Si, as depicted schematically
in Fig. 8(a). Figure 8(b) exhibits a plot of the topography
signal and contact Si Raman signal integrated over the
range 510–530 cm�1, collected for a single line scan per-
pendicular to the direction of the SiOx features. In Fig. 8(c)
the Raman signal is inverted and its scale renormalized
so that a direct comparison with the topographic sig-
nal can be made. The qualitative agreement is excellent.
Figure 9 compares Raman scans obtained with two different

Figure 8. (a) Schematic of the Si/SiOx structures, (b) line scans for the integrated near-field from a silver-coated tip and the far-field
Raman intensities at P70A90 compared with the line scan for the topography from AFM, and (c) correlation between the inverted
topography line scan (solid line) and integrated Raman intensity line scan ���. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.
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Figure 9. Line scans of Raman signal and topographic signal for the Si/SiOx structure pictured in Fig. 8, measured for different
values of polarization (a) P-20, (b) P70A90. The plot in (c) of contrast for the two polarizations suggests that the lateral localization is
much better for P70A90 polarization. A silver-coated silicon nitride tip oriented ¾35° to the incident beam was used.

Figure 10. Three-dimensional scanning images (100 ð 10 pixels) of (a) topography and (b) integrated Raman signal (2 s accumulation
time per pixel) for the sample described in Fig. 8. This figure is available in colour online at www.interscience.wiley.com/journal/jrs.

polarization conditions. The use of optimized polariza-
tion clearly improves the contrast of the Raman image
(Fig. 9(c)). Figure 10 shows a nano-Raman-scanned three-
dimensional image obtained with optimized polarization. It

demonstrates a good agreement between Raman (chemical)
and AFM (topographic) images. The correlation presented
in Figs 8(c) and 9(b) illustrates that our tip-enhanced Raman
resolution is comparable to our topographical resolution.
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We estimated the line widths in both images and they
appear to be the same. So, the resolution with optimized
polarization has been estimated to be about the step size,
¾ 20 nm.

CONCLUSIONS

Optimizing the polarization conditions can improve the
contrast for TERS imaging of Si-based structures by about
one order of magnitude. This improved contrast should
be sufficient for nano-scale Raman analysis if the increase
in signal is on account of near-field enhancement caused
by plasmon resonance at the apex of the tip. However,
our preliminary results suggest that only a portion of the
depolarized contact TERS signal is, in fact, localized. There
are other (nonlocalized) contributions to the depolarized
TERS signal. Nonetheless, this localized component of the
contact signal is sufficient for successful imaging of Si-based
structures with a lateral resolution of about 20 nm.
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Abstract

A comparative analysis of the electrochemical behavior and Li+ transport characteristics of thin-layer LiNi0.5Mn1.5O4 intercalation electrodes
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omprised of micro- or nano-sized particles in standard Li salt solutions, was carried out and is reported herein. These electrode
f any conductive additives and polymeric binder in order to avoid their complex impact on the electrochemical response of
ass. It was clearly established that the electrodes prepared from nanoparticles of the active mass show faster kinetics and a mo
lectrochemical behavior compared to the electrodes comprising microparticles.
The response of the nanoparticles to electrochemical techniques such as linear sweep voltammetry and potentiostatic intermit

PITT) is characterized by high resolution. ThusD versusE could be calculated very precisely. It was encouraging to realize the
erformance of the electrodes comprising nano-LiMn1.5Ni0.5O4, in spite of their high surface area and their high operating voltage.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

On the basis of recent literature reports[1–4], it seems that
he next generations of rechargeable power sources may use
xtensively electrodes prepared from nano-sized particles. It

s known that transformation from micro- to nanoparticles
esults in new properties of materials, e.g. catalytic activ-
ty of gold nanoparticles[5] or the reactivity of palladium
anoparticles that increases as their size decreases (for exam-
le, in electrochemical reduction of protons on palladium

6]). Li-ion batteries are based on the intercalation processes
f Li-ions into inorganic host materials, the rate determining
tep of which may be solid state diffusion processes. Hence,
oving from micro- to nanoparticles decreases the diffusion

ength by several orders of magnitude, thus decreasing the
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diffusion time accordingly. In addition, the nanosize of
active mass means a high surface area, and accordin
faster charge transfer kinetics. On the other hand, the u
nanoparticles raises the problem of electrical contact w
the active mass. In addition, most of the electrode mate
for Li-ion batteries are intrinsically reactive with the co
monly used electrolyte solutions (alkyl carbonates/LiP6)
[7]. Hence, the high surface area of electrodes compr
nanoparticles may lead to pronounced parasitic side
tions. It is therefore not at all clear what the balance is betw
the advantages and the drawbacks in the use of nanopa
as electrodes materials in Li batteries.

There is a long history regarding the use of small,
micronic particles in composite electrodes for Li batter
For instance, Pistoia et al.[8] have shown that decreasi
the particle size of vanadium oxide Li1+xV3O8 from 10 to
1�m increases the cycle life and power/energy charac
tics of electrodes comprising these materials. Amatucci

013-4686/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2005.03.055
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[9] have demonstrated a significantly improved capacity of
Li+ intercalation in electrodes prepared from nanocrystalline
V2O5 in comparison with electrodes comprising micro-sized
particles of this host material. These authors have also shown
that the use of nanoparticles of V2O5 enables insertion of mul-
tivalent ions (Mg2+, Zn2+, and even Y3+). There were reports
in the literature about Li4Ti5O12 [10] and of LiMn2O4 spinel
[11] electrodes comprising nanoparticles, which exhibited
improved reversibility and cycleability in Li cells at high
rates. There are also several reports on the superior elec-
trochemical behavior of intercalation electrode materials,
which posses a combination of an amorphous structure and
nano-architecture[12,13]. In our previous papers[14,15], it
was demonstrated that (i) electrodes comprising highly pure
nanocrystalline particles of LiMn2O4 exhibit stable cycling
behavior; (ii) nanoparticles of V3O7.H2O could insert very
reversibly both lithium and magnesium in the correspond-
ing non-aqueous solutions. Other types of nanomaterials that
were tested in Li insertion electrodes were carbon nanotubes
[15–17].

In a recent paper[18], it was shown that nano-sized
LiNi 0.5Mn1.5O4 material for 5 V Li batteries can be synthe-
sized by a simple and low-cost method resulting in parti-
cles of 20–30 nm. Composite electrodes comprising nano-
LiNi 0.5Mn1.5O4 material, demonstrated good cycleability at
high current densities and sufficient capacity. It was also
d icro-
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The crystallite size, calculated from the Debye–Scherrer
equation (XRD patterns) was 21± 4 nm [18]. As pointed
out in the above reference, the nano-sized particles had a
faceted shape and were aggregated in porous clusters of sub-
micronic size. The specific surface area of micro- and nano-
sized LiNi0.5Mn1.5O4 powders measured by the BET method
(Gemini 2375, Micromeritics, multipoint mode) was 0.5
and 8 m2/g, respectively. For electrochemical measurements,
we used polypropylene cells, consisting of LiNi0.5Mn1.5O4
cathodes and lithium foil counter electrodes in a symmet-
rical, parallel plate configuration, and Li chip reference
electrodes[21]. All the potentials herein are given versus
Li/Li +. The working electrodes were prepared by following
the procedure described by Inzelt[22]. The active material of
LiNi 0.5Mn1.5O4 micro- or nanosized powder was mechani-
cally attached to both sides of an Al-foil (>99.9%, Strem
Chemicals Inc., USA) by wiping the foil covered by the pow-
der with delicate task wipers (Kimberly-Clark Corporation,
USA). We have shown by SEM and AFM measurements
(JEOL-JSM 840 microscope, Japan and Topometrix Dis-
coverer TMX 2010, respectively) that using this method,
uniform and homogeneous thin layers (free of a PVdF binder
and carbon black additives) of LiNi0.5Mn1.5O4 materials
were obtained. These layers have good adhesion to the Al-
substrate; they are compact, dense and show no visible cracks.
Aluminum foils are soft and the LiNi Mn O particles are
s ed in
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emonstrated that electrodes comprising conventional m
etric LiNi0.5Mn1.5O4 material behave highly reversib
round 5 V (versus Li/Li+) with a very good capacity rete

ion at temperatures as high as 60◦C [19]. In any event, a
nalysis of recent literature on LiNixMn2−xO4 electrodes
omprising micro- or nanoparticles leads to the conclu
hat it is not yet clear if the use of nanosize material is ind
eneficial over the use of electrodes comprising microp
les[20].

The aim of the present work was to compare the ele
hemical behavior and lithium ion transport characteri
f thin-layer LiNi0.5Mn1.5O4 electrodes comprising micr
r nanosized particles of nickel-doped spinel, in the 5 V (
us Li/Li+) domain. To our knowledge, there have been
eports in the literature directly comparing the electroan
cal behavior of such electrodes. This study may clarify q
ions related to the use of nano-materials in Li-ion batte

. Experimental

Micrometric size LiNi0.5Mn1.5O4 was obtained from LG
hemicals. The particle size distribution of this mic
ized LiNi0.5Mn1.5O4 powder, measured by a Mastersi
000 (Malvern, UK), was as follows:D 0.1–7.06�m, D
.5–14.61�m, D 0.9–35.11�m. From SEM studies, it wa
ound that typical nickel-doped spinel particles are cu
ctahedra with an average size of ca. 2–3�m. The particle
f nano-LiNi0.5Mn1.5O4 material produced at IGIC, Bu
aria were around 22± 6 nm in size, as measured by TE
0.5 1.5 4
ufficiently hard, so that the particles are easily embedd
he aluminum foil and remain in very good electrical con
ith it. After the preparation, the electrodes were drie
acuum overnight. Although conventional cathodes for
on batteries always have a composite structure and co
onductive carbonaceous materials (due to the low
ronic conductivity of the lithiated oxides) additive-free el
rodes are preferable for fine electrochemical studies. U
hese electrodes prevents distortions in the electroche
esponses, caused by the matrices that contain poly
inder and high-surface area carbon particles. The geo
ic surface area of the LiNi0.5Mn1.5O4 electrodes expose
o the electrolyte solution was 2.6 cm2. The amount of th
ctive mass of each electrode was estimated by a comp

he CV peak currents measured from the thin-layer e
rodes, to those of thick LiNi0.5Mn1.5O4 cathodes containin
round 8.5 mg/cm2 in the same solution and experimen
arameters (very low scan rates)[19]. Electrochemical cel
ere assembled in a VAC, Inc. glove-box under highly p
r atmosphere. The electrolyte solution (Li-battery gra
omiyama Pure Chemical Industries, Ltd.) was a mix
f dimethyl carbonate (DMC), ethylene carbonate (EC)
w/w) and 1.5 M LiPF6. The concentrations of HF and H2O
n solutions were about 100 and 20 ppm, respectively.
he electrochemical experiments (cyclic voltammetry –
nd potentiostatic intermittent titration – PITT) we use
attery test unit model 1470 (Solartron, Inc.) driven b
orrware software from Scribner Ass., Inc. All the meas
ents were carried out in thermostats at 30◦C. In PITT tests

he electrodes were potentiostatically polarized for 60
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Fig. 1. XRD patterns of micro- and nano-sized LiNi0.5Mn1.5O4 powders.
The values (W) of FWHM for [1 1 1], [3 1 1] and [4 0 0] main reflections are
shown (numbers in italic).

to predetermined potentials in the range of 4.64–4.82 V (Li
deintercalation). The potential steps for these measurements
were 5–10 mV. Raman spectra of LiNi0.5Mn1.5O4 powders
were collected ex situ in a back-scattered configuration using
a micro-Raman spectrometer HR800 (Jobin Yvon Horiba
Inc.), holographic grating 1800 grooves/mm, with a He–Ne-
laser (excitation line 632.8 nm, measured power 0.3 mW).
Spectra were measured from at least three different locations
on the powder. The values of full-width-at-half-maximum
(FWHM), related to the Raman spectra, were obtained by
a fitting to a Lorentzian line shape. From the Stokes-to-
anti-Stokes intensity ratio[23], it was estimated that during
Raman measurements the temperature of the LiNi0.5Mn1.5O4
micro- or nanopowders illuminated by the laser beams, was
around 50 and 75◦C, respectively. For the X-ray diffractom-
etry (XRD) we used a Bruker-AXS D8 Advance instrument.
AFM images of the electrodes were measured ex situ with a
MI Inc. (USA) system.

3. Results and discussion

Figs. 1 and 2compare the XRD patterns and Raman spec-
tra, respectively, of the micro- and nanosized LiNi0.5Mn1.5O4
powders. These figures demonstrate the close identity of the
structural characteristics of the micro- and the nanoscale
m 2

Fig. 2. Raman spectra obtained from micro- and nano-sized LiNi0.5Mn1.5O4

powders. Characteristic bands of Mn-oxides at 640 cm−1, Ni2+–O stretching
mode (407 and, 500 cm−1) and the values (W) of FWHM (numbers in italic)
are indicated.

spinel structure of the Fd3m space group (lattice parameter

a= 8.17 ´̊A (1)). The Raman spectra of both powders are simi-
lar to literature data[24]. As expected, distinctive features of
the nanosized LiNi0.5Mn1.5O4 powder are the much broader
peaks of the XRD pattern (Fig. 1) and the corresponding
Raman peaks (Fig. 2). As expected, the FWHM values (both
of the XRD pattern and the Raman spectra) calculated for the
nano-sized LiNi0.5Mn1.5O4, are approximately twice as high
as those of the microsized material, due to the much smaller
particle size of the former powder.

Fig. 3shows AFM images of the bare Al current collector
and the electrodes comprising microparticles and nanopar-
ticles embedded in the aluminum foils, as indicated. The
imaging by AFM demonstrated a uniform coverage of the

F es’ cur ed
p ano-siz
aterials. The XRD patterns inFig. 1 fit the PDF 80–216

ig. 3. 3D-AFM images of the aluminum foil (a) used as the electrod
articles (b), and a LiNi0.5Mn1.5O4 thin-layer electrode prepared from n
rent collector, a LiNi0.5Mn1.5O4 thin-layer electrode prepared from micro-siz
ed particles (c).

naseri
Highlight
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Fig. 4. (a) Cyclic voltammograms (CVs) obtained at 300�V s−1 with LiNi 0.5Mn1.5O4 thin-layer electrodes prepared from micro- and nano-sized particles,
as indicated; (b) and (c) CVs of the LiNi0.5Mn1.5O4 electrodes prepared from micro- and nano-sized particles, respectively, at potential scan rates of 20 and
40�V s−1, as indicated. DMC-EC (2:1)/1.5 M LiPF6 solution,T= 30◦C.

Fig. 5. Logarithmic dependences on the potential scan rate of the first (a) and (c) and second (b) and (d) voltammetric peak currents (Ni2+/Ni3+ and Ni3+/Ni4+

red-ox couples, respectively) derived from the CVs of the LiNi0.5Mn1.5O4 electrodes prepared from micro- and nano-sized particles, respectively.
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Fig. 6. Dependences of the first and second voltammetric peak potentials related to the Ni2+/Ni3+ and Ni3+/Ni4+ red-ox couples, respectively, on the potential
scan rate. Electrodes prepared from micro-sized particles (a) and (b), and nano-sized particles (c) and (d).

foil by the powders. It also clearly shows the difference in
morphology between the microparticles and the nanoparti-
cles that are embedded in the aluminum foil as agglomerates
with sub-micrometric average size.

Fig. 4a compares typical cyclic voltammograms (CVs)
obtained at a scan rate of 300�V s−1 from two identical
LiNi 0.5Mn1.5O4 thin-layer electrodes prepared from micro-
sized or nanosized nickel-doped spinel powders. InFig. 4b
and c we represent the slow scan rate CVs (40–20�V s−1)
of the same electrodes. All the voltammograms ofFig. 4
corresponding to micro- and nanomaterials are normalized
to a �A/g scale, as indicated. In the potential range of
4.65–4.85 V, both LiNi0.5Mn1.5O4 electrodes exhibit two
pairs of oxidation/reduction peaks, which relate to Ni2+/Ni3+

and Ni3+/Ni4+ red-ox couples, respectively[24]. These peaks
are marked as first and second in the anodic and cathodic
waves in Fig. 4a and b. We analyzed the electrochemi-
cal behavior and the Li+ transport characteristics of these
electrodes using cyclic voltammetry and current transients
by PITT measurements. It is seen fromFig. 4 that the
LiNi 0.5Mn1.5O4 electrode prepared from nanosized particles
demonstrates much more resolved CV peaks in comparison

with the electrode made from micrometric size particles.
It is worth noting that even at relatively high scan rates
(500–300�V s−1), the electrode composed of nanoparticles
exhibits good reversibility and resolution of the voltam-
metric peaks (Fig. 4a). In contrast, the electrode compris-
ing micrometric LiNi0.5Mn1.5O4 particles typically demon-
strates (under similar conditions) poor reversibility and an
asymmetric peak overlap of progressive Ni2+/Ni3+/Ni4+ oxi-
dation/reduction. This clearly indicates a faster electrochem-
ical kinetics for the nanoparticles.

Fig. 5 represents, in logarithmic scales, plots of the first
and second voltammetric peak intensities as a function of the
scan rate for both types of LiNi0.5Mn1.5O4 electrodes. From
these plots, one can conclude thatI versusν dependences in
a wide range of scan rates (10–300�V s−1) do not follow the
Randles–Sevcik equation[25a]:

Ipeak= 2.69× 105n3/2AD1/2ν1/2C0, (1)

wheren is the number of electrons (n= 1 for the Li+), A the
electrode’s geometric surface area,D the chemical diffusion
coefficient of Li+ in the electrode, andC0 represents the Li+

concentration in the cathode bulk. Since the slopes of theI
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Fig. 7. It1/2 vs. logt plots at several selected potential steps: from 4.695 to 4.700 V (a), from 4.740 to 4.745 V (b) and from 4.750 to 4. 755 V (c) obtained from
the PITT measurements of the LiNi0.5Mn1.5O4 electrodes prepared from micro- or nano-sized particles, as indicated. DMC-EC (2:1)/1.5 M LiPF6 solution,
T= 30◦C.

versusν plots are around 1, the electrodes’ behavior cannot
be attributed to a semi-infinite diffusion process, but rather
to a diffusion-controlled ionic transport, e.g. a finite-length
diffusion process governed by the following equation[25b]:

Ipeak= 9.39× 105n2νVelC0, (2)

whereVel is the electrode’s volume.
As was mentioned above, a distinctive feature of the

electrodes prepared from nanoparticles (compared to the
micrometric-size particles) is that even at scan rates of
500–300�V s−1, a reasonable resolution and symmetry of
the oxidation/reduction voltammetric peaks was obtained.
Hence, the electrodes comprising nanoparticles of spinel-
nickel demonstrate a reversible electrochemical behavior
in a wide range of potential scan rates. This finding is in
line with the good performance demonstrated with com-
posite electrodes comprising the same active mass during
galvanostatic cycling. Capacities close to the theoretical one
(146.6 mAh g−1) could be obtained at high discharge rates
around 2C[18].

The dependence of the first and second peak potentials for
both types of electrodes on the scan rates is shown inFig. 6.
While a significant dependence of theEpeak (or �Epeaksfor
both red-ox couples) as a function ofν was found for elec-
trodes comprising microparticles, anEpeakor �Epeaksvalues
f vari-
a
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t
a ical
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c . It is
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r icles,
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nanoparticles show two maxima for several potential steps
(e.g.,Fig. 7a and c). In fact, an ideal Cottrellian behavior
should be reflected byIt1/2 versust (log t) plots that exhibit
plateaus in the short time domain, and then declining curves.
The invariantIt1/2 value along these plateaus is used for the
calculation of the diffusion coefficient according the follow-
ing formula:

D = [(It1/2lπ1/2)/�Q]
2
, (3)

wherel is the characteristic diffusion length (as an approxi-
mation, that can be taken as half of the average particle size),
and�Q is the total charge, transferred during the specific
potential step and the corresponding current flow. We actu-
ally never see plateaus inIt1/2 versust curves obtained by
PITT measurements[27,28] of Li intercalation electrodes
(e.g., graphite, LixCoO2, LixNiO2, Li1+xMn2O4) because of
the interference of Ohmic drops and charge transfer resis-
tance that are significant at the beginning of the transient,
when the currents are high (thereby, a peak, rather than a
plateau is obtained, because the current is not diffusion lim-
ited, when it is too high att→ 0 [29]). The shape of the
It1/2 versustplots for the electrodes comprising nanoparticles
may reflect a better resolved Cottrell domain because charge-
transfer resistance (RCT) is relatively small due to the high
s lated
t ass
c mall
s

d Eq.
( hat
a -
t ain.
F i
d s
c . For
t
w ated
or the electrodes comprising nanoparticles are nearly in
nt for a wide range of scan rates (seeFig. 6).

Fig. 7relates to PITT measurements during several d
ercalation steps of these electrodes (iversust due to the
pplication of small potential steps). It compares typ
lots of It1/2 versus logt obtained by chronoamperom
ic measurements, during the three potential steps
ated (4.695–4.700, 4.740–4.745, and 4.750–4.755 V)
learly seen that the behavior of the above two kind
iNi 0.5Mn1.5O4 electrodes is different (in terms of the c
ent responses). For the electrode comprising micropart
heIt1/2 versus logt plots exhibit only one maximum, whic
e can attribute to a Cottrellian behavior of finite-length

usion[26,27]. The same plots for the electrode compris
pecific surface area. In addition, the Ohmic drops re
o the solution may be less significant when the active m
omprises nanoparticles (a well known significance of s
ize electrodes compared to macro-electrodes).

The chemical diffusion coefficients,D of lithium ions
etermined by the PITT were calculated according to
3). It1/2 is related to the first (short time) maximum t
ppears in all theIt1/2 versust (or logt) plots related to Li bat

eries electrodes, which we attribute to the Cottrell dom
ig. 8 represents the dependence ofD versus potential (L
eintercalation) measured for the LiNi0.5Mn1.5O4 electrode
omprising micro- and nanoscale particles, as indicated
he diffusion length of microparticles we usedl = 1.25�m,
hich is an approximated half of the particle size estim
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Fig. 8. The Li+ chemical diffusion coefficient (D) vs. electrode potential (PITT measurements, deintercalation processes). (a) LiNi0.5Mn1.5O4 electrode prepared
from micro-sized particles; (b) and (c) LiNi0.5Mn1.5O4 electrode prepared from nano-sized particles. The possibility of Li+ diffusion in clusters of nanoparticles
and in individual nanoparticles was taking into account for the calculation ofD: (b) – the diffusion length relates to clusters, about 0.5–1�m; (c) – the diffusion
length relates to individual nanoparticles.

from SEM and AFM studies (Fig. 3). In the case of electrodes
made of nanoparticles, the estimation of the real diffusion
length seems to be more complicated due to the existence
of both aggregates (clusters) of nanoparticles and individ-
ual nanometric particles, into which intercalation of Li+ can
occur. The question is what do the Li+-ions“see” in the inter-
calation/deintercalation processes: the clusters, which are
assemblies of thousands of nanoparticles or single nanoparti-
cles? We calculated the diffusion coefficient of Li ions for the
electrodes comprising nanoparticles taking into account both
the diffusion length of clusters (l= 500 nm,Fig. 8b) and that
of individual nanoparticles (l= 20 nm,Fig. 8c). It is clearly
seen that the values ofD calculated for the microsized parti-
cles and for the clusters of nanosized particles, do not differ
substantially in the potential range of 4.65–4.80 V, whileD
calculated for individual nanoparticles, is 2–3 orders of mag-
nitude lower. Since the diffusion coefficient is a bulk property
that should not depend on the particles’ size, it is clear from
the above results that it was correct to relate the average dif-
fusion length of the nanomaterial to the size of the clusters
(several hundreds of nm) rather than to the size of single
nanoparticles. Diffusion coefficient, as a function of elec-
trode potential, shows for both types of material, minima, at
the potentials in which maxima in the differential capacity
was measured (identical to the peak potentials of the SSCV
curves,Fig. 4b and c). Such a shape of theD versusEplots is
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in D versusE plots) is well understood in terms of lattice-
gas models for electrochemical insertion of active metal ions
into inorganic hosts[27]. From Fig. 8 it is seen thatD
versusE plots for the electrodes comprising nanomaterials
are of a better resolution (sharper peaks, as expected from
the theoretical considerations[27]), than the plots obtained
from the electrodes comprising micrometric size particles.
It is significant that in spite of the higher surface area of
the nanomaterials and the extreme experimental conditions
(the use of electrodes with high red-ox potential, which may
lead to some irreversible oxidation of the electrolyte solu-
tions and the involvement of detrimental side reactions) the
nanomaterial demonstrates a very good performance that is
not inferior to the behavior of the micrometric size parti-
cles (whose good performance as an electrode material was
demonstrated in previous publications). Based on a previ-
ous work with LiNiO2 and its derivatives, and reports from
Saft on the very long calendar life of Li-ion batteries, based
on LiNiO2 cathodes[32], we suggest that the presence of
nickel in the LiNi0.5Mn1.5O4 increases the nucleophilicity
of the oxide, induces surface reactions (e.g., nucleophilic
reactions with solvent molecules) which form passivating
surface films on the particles[33]. Such reactions do not
consume any significant amount of the active mass, even in
the case of the high surface area nanomaterial, but rather pro-
vide sufficient protection that allows stable operation of these
s vated
t

hich
t te-
r es’
k t
d etri-
m ional
s (Li
i s
ypical of a variety of Li[27,30]and Mg[31] insertion com
ounds, including graphite, LixCoO2, LixNoO2, LixV2O5
nd MgxMo6S8. We attribute this behavior to strong attr

ive interactions among the occupied insertion sites that
o the segregation and formation of separated lithiate
agnesiated) phases[31]. The peak potentials are indeed
otentials of phase transitions upon lithiation (or magne

ion) of the above materials. Such attractive interactions
own the diffusion process. This picture (attractive inte

ions, segregation and separate phase formations, min
ystems, despite the high red-ox potential, even at ele
emperatures.

Thereby, we describe herein an interesting case in w
he use of LiNi0.5Mn1.5O4 nanoparticles as electrode ma
ials for Li batteries is beneficial, improves the electrod
inetics due to the high surface area (lowRCT) and the shor
iffusion length with no penalty relating to accelerated d
ental side reactions, due to the high surface area. Addit

tudies are required for comparing prolonged cycle life
ntercalation/deintercalation) of LiNi0.5Mn1.5O4 electrode
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comprising micro- or nanoparticles as the active material.
Work is in progress and will be reported elsewhere.

4. Conclusions

The results of this work can be summarized as follows:

1. Thin-layer electrodes comprising nanoparticles of the
active spinel-nickel material develop faster electrochem-
ical kinetics and more reversible behavior compared to
electrodes prepared from micro-LiNi0.5Mn1.5O4 parti-
cles.

2. The resolution of the chronoamperometric response of
nano-LiNi0.5Mn1.5O4 electrodes is better compared to
micrometric size particles. The Cottrell domain (diffusion
controlled response) is wider for the former electrodes
due to smaller Ohmic drops and charge-transfer resis-
tance because of the relatively high specific surface area
of nanoparticles.

3. Both nanometric and micrometric LiNi0.5Mn1.5O4 exhibit
a typical dependence of the Li+ chemical diffusion coeffi-
cient on the electrode potential (minima at the potentials
of maximal differential capacity). This can be explained
in terms of strong attractive interactions among the inser-
tion sites which lead also to segregation and formation
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We describe an apertureless near-field Raman spectroscopy setup that has successfully produced
substantial enhancements for a wide variety of samples and achieved a high contrast. The tremendous
potential of tip-enhanced Raman spectroscopy (TERS) for nanoscale chemical characterization has been
demonstrated by various groups by measuring organic dyes, biological molecules, single-walled carbon
nanotubes and silicon. Keys to rapid advances in the application of TERS to pressing scientific problems
include the optimization of the method to achieve greater reproducibility and greater enhancement factors
if possible, but more importantly, greater imaging contrast. Using a side-illumination geometry, we
demonstrate reproducible enhancements of the Raman signal per volume on the order of 103 –104 using
silver- and gold-coated tips on various molecular, polymeric and semiconducting materials as well as
on carbon nanotubes. We have experimentally verified localization of the enhancement to a depth of
∼20 nm. Most importantly, optimization of the polarization geometry makes possible a contrast between
the near-field and far-field signals of 900% in the case of silicon – a level that makes the technique attractive
for various applications. Copyright  2005 John Wiley & Sons, Ltd.

KEYWORDS: surface-enhanced Raman spectroscopy (SERS); tip-enhanced Raman spectroscopy (TERS); apertureless
near-field spectroscopy

INTRODUCTION

Characterization of materials, both physical as well as
chemical, at the nanoscale is vital to successful progress in the
field of nanoscience and nanotechnology. At present, electron
microscopic techniques like scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) provide
comprehensive size information at the nanoscale. Even more
significant progress is being achieved with developments
in scanning probe microscopy (SPM), such as atomic
force (AFM) and scanning tunneling (STM) microscopy.
They provide topographic information with extremely high
lateral resolution that can reach even the atomic scale
under favorable conditions.1 Additionally, SPM probes
have been modified to enable nanoscale measurement of
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a range of phenomena that now include magnetic, electrical
and thermal properties.2 However, despite this significant
progress, the analysis of chemical structure, composition,
conformational states and stresses on the nanoscale remains
an unmet challenge.

Raman and infrared spectroscopy are powerful tech-
niques that are widely used for the above-stated analysis.3

However, exploiting these spectroscopic methods to achieve
chemical characterization with nanometer spatial resolution
poses problems common to all optical techniques, namely the
diffraction limit of light. Another problem specific to Raman
spectroscopy is its inherently weak signal; the Raman process
has a low cross section of 10�30 cm2 as compared to 10�16 cm2

for fluorescence and 10�20 cm2 for infrared spectroscopy.4

Thus, reducing the analyzed volumes to the nanoscale leads
to an extremely low signal intensity.

To overcome the first problem, the diffraction limit, the
idea of near-field scanning optical microscopy based on a lim-
ited aperture, proposed already by E.H. Synge5 in 1932, has
been developed. This conventional, aperture-limited, near-
field optics is now actively used for fluorescence imaging of
single molecules with submicron lateral resolution.6 – 9 Use

Copyright  2005 John Wiley & Sons, Ltd.
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of this approach for Raman spectroscopy,10 however, does
not produce meaningful results within reasonable timescales
because the low optical transmission of fiber tips reduces the
already weak Raman signal to nearly undetectable levels.

An alternative approach, using apertureless near-field
optics, was proposed by J. Wessel11 in 1985. His idea is
based on the well-known effect of surface-enhanced Raman
spectroscopy (SERS), in which gigantic enhancement of the
Raman signal is observed in the vicinity of particles of
certain metals such as silver, gold and aluminum.12 The
electric field of the incident light induces surface plasmons
in metal particles, leading to a significant increase in the
electric field amplitude at the metal surface and in its
vicinity. The enhancement of both the incident and scattered
light by the plasmons provides an overall enhancement
of the Raman signal by six to eight orders of magnitude
and this enhancement has even facilitated single molecule
detection.13,14 Wessel proposed to use the plasmons as a
probe in SPM and collect the Raman signal from the sample
surface in the vicinity of the probe.11 In that way, the signal
is collected from a very small area defined by the localization
of the plasmon-enhanced field (usually estimated to be a
few nanometers). Moreover, the metal probe enhances the
signal, rather than reducing it as observed for an aperture-
limited tip.

In recent years, a few groups have constructed aper-
tureless near-field Raman spectrometers based on this idea
using bottom-illumination,4,15 – 22 side-illumination20 – 24 or
modified top-illumination optics.25,26 Enhancement factors
of 102 –104 have been reported for measurements of organic
dyes,15,16,24 single-walled carbon nanotubes (SWNT),18

C60,15,17 silicon,25,27 biological molecules28 and diamond
particles.23 Most groups, however, reported that only
10–40% of the tips used actually provide enhancement.18,19,23

Another problem in most of the published results is the
rather low contrast between the near-field signal (from the
vicinity of the tip) and the far-field signal (from the rest
of the laser-illuminated spot). For example, a tip-enhanced
Raman spectroscopy (TERS) signal was reported for Si in
Ref. 25. However, the authors estimated that only ¾35% of
the Raman signal comes from the vicinity of the tip, while
the remaining 65% is far-field signal that can be considered
as a background. This low contrast limits applications of the
TERS spectrometers that have been reported to date.

In this paper, we present an instrument for nano-
Raman spectroscopy based on side-illumination optics. We
demonstrate the achievement of a TERS signal from various
materials using both silver- and gold-coated tips. We estimate
the localization of enhancement to be ¾20 nm. An important
aspect of our system is that we have attained reasonable
enhancement factors, ¾103 –104, with each and every tip. In
addition, high contrast between the near-field and far-field
signals has been achieved in the case of silicon by optimizing
the polarization geometry of our setup.

EXPERIMENTAL

Optical scheme
The nano-Raman system consists of a Horiba Jobin-Yvon
Labram HR-800 Raman spectrometer coupled with a Quesant
(QScope 250) AFM. The latter was selected for the extensive
open space it provides between the AFM head and the sample
stage to accommodate the objective for side-illumination
optics. The nearly horizontal confocal microscope uses a
long working distance Mitutoyo (APO SL50) objective (ð50,
0.42 N.A.) to facilitate the optical coupling of the Raman
spectrometer with the AFM stage, as shown in Fig. 1.

An important requirement for attaining maximum
enhancement under the tip is the orientation of the electric
field of the incident light along the tip axis29 (in anal-
ogy to optimization of enhancement for an elliptical metal
particle30,31). This condition is difficult to achieve in the
bottom-illumination geometry. In that case, the tip has to
be displaced from the center of the laser beam into one of
the two longitudinal field lobes, which have a weaker inten-
sity than that of the center spot.18 Thus, despite the many
advantages provided by bottom illumination, it is not the
optimum geometry for TERS. The condition of having the
electric field parallel to the tip axis can be easily achieved in
the side-illumination geometry (Fig. 1). Another advantage
of the side-illumination geometry is the possibility to ana-
lyze nontransparent samples as well as samples deposited on
nontransparent substrates, neither of which is possible for the
bottom-illumination geometry. These advantages motivated
our choice of the optical geometry.

A critical parameter in the side-illumination scheme
(other than the polarization of the incident electric field)
is the angle of the incident beam relative to the tip axis,
, as shown in Fig. 2. Theoretical studies29,32 suggest that
maximum enhancement can be achieved at an incident angle
of  ¾40–60°. The objective in our setup is placed at an angle
of 65°, close to the theoretically predicted optimum value.

Figure 1. An image of the side-illumination optics showing the
long working distance objective focused on the AFM tip.

Copyright  2005 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2005; 36: 1068–1075
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Θ = 65°

X

Incident beam Tip

Sample 

Z (tip axis)

Figure 2. Schematic presentation of the side-illumination
optics. The axis of the illuminating/collecting optics is
positioned at an angle of 65° from the tip axis.

The objective is fixed on an XY-stage controlled by step
motors with an accuracy of ¾40 nm to position the objective
with respect to the tip. The 514.5-nm line of an argon ion
laser with an incident power of 3–8 mW on the sample was
used in our experiments.

Preparation of the tips
Initial experiments were performed with conventional silicon
AFM tips (MikroMasch). However, later we switched to
silicon nitride AFM tips (Park Scientific Instruments, Sharp
Microlevers) because these tips have a lower spring
constant of 0.01–0.1 N/m, reducing the normal force on
the sample. Additionally, these tips are close to the end
of the cantilevers, reducing the shadowing of the light by
the cantilever. The tips are coated with silver or gold using
vacuum deposition. For tips coated with gold, a 20-nm thick
layer of chromium is initially deposited on the tip for better
adhesion of the gold layer. Metal is deposited at the rate
of 0.3 Å/s in order to avoid the distortion of the tips. The
quantity of deposited metal is controlled using a Sycon
(STM-100) monitor. The TEM pictures in Fig. 3(a) and (b)
reveal the smooth surface of an uncoated silicon tip and
a rough structure with grains on the tip after deposition
of a 60-nm-thick silver film. The TEM picture illustrates
clustering of metal particles on the tip surface. Clustering
of colloids in SERS is often responsible for the occurrence
of ‘hot spots’ which result in higher enhancements.14 Initial
experiments with tips coated with 20-nm-thick silver films
did not show good enhancement of the Raman signal. By
varying the thickness of metal film deposited on the tips, we
found that the optimum enhancement for the 514.5-nm light

was obtained from tips coated with a silver layer of 40–60-
nm thickness or gold layer of 70–100-nm thickness. All
the tips prepared in this manner have provided reasonable
enhancement of the Raman signal. The TERS signal was
measured in contact AFM mode, i.e. with the tips in contact
with the sample.

Sample preparations
A variety of samples including organic dyes, silicon,
cadmium sulfide (CdS), poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT/PSS) conductive polymer
blend and SWNTs were used to establish the tip enhancement
of the Raman signal in materials with different chemical
natures. In the case of silicon, a commercially available wafer
(Umicore) was used for the experiments, whereas all the
other samples were deposited on aluminum mirrors in order
to avoid the background signal from substrates like glass
slides. Methylene blue samples (Aldrich) were prepared by
depositing 4 ð 10�4 M aqueous methylene blue solution on
an aluminum mirror and drying it in the oven at room
temperature under vacuum. The PEDOT/PSS (aqueous
dispersion, Baytron P from H.C. Starck) samples were
prepared by spin coating the aqueous dispersion on an
aluminum mirror at 2000 rpm for 2 min and then drying the
samples in an oven at room temperature under roughing
vacuum. CdS samples of various thicknesses were prepared
by plasma sputtering CdS onto aluminum mirrors. SWNT
samples were prepared by dispersing the nanotubes in
dichlorobenzene and sonicating the solution for 1 h. The
solution was then spin coated onto aluminum mirrors at
2000 rpm for 2 min and the samples dried in a vacuum oven
at 100 °C for 2–3 h.

RESULTS AND DISCUSSION

The enhancement provided by the metal-coated tip can
be readily shown by a simple experiment in which the
Raman signal from an illuminated surface with the AFM tip
withdrawn (far-field signal only) is compared to the signal
obtained with the tip in contact with the surface (near-field
plus far-field signals), as shown in Fig. 4. When the tip
is withdrawn, there is no interaction between the tip and
the laser beam, and Raman scattering from the sample in
the focused laser spot corresponds to the far-field signal of

(a) (b)

Figure 3. TEM pictures of tips: (a) uncoated and (b) coated with a 60-nm-thick silver layer.

Copyright  2005 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2005; 36: 1068–1075
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Figure 4. (a) Schematic of the tip withdrawn from the incident
beam and shadowing the incident beam when in contact with
the surface. Spectra of methylene blue collected with the tip in
these two positions are shown for (b) an uncoated tip and (c) a
silver-coated tip. For the uncoated tip, the intensity decreases
when the tip is in contact because of the shadowing effect. For
the coated tip, the intensity increases by ¾5 times when tip is
in contact because of the TERS effect.

methylene blue (Fig. 4(b) and (c)). When the tip is brought
in contact with the sample, it shadows a part of the focused
spot. For an uncoated AFM tip, this leads to a decrease in the
measured signal intensity (Fig. 4(b)). The data in Fig. 4(c),
on the other hand, exemplify the fivefold increase in signal
intensity achieved when a silver-coated tip is brought in
contact with the methylene blue sample.

Raman measurements were carried out on many different
samples using silver- and gold-coated tips to establish the
reproducibility of the enhancement effect. Figures 5–8 show
the maximum enhancements achieved with gold-coated tips:
an increase of 1.6 times in signal for PEDOT/PSS (Fig. 5); a
sevenfold increase in signal for a 10-nm CdS film (Fig. 6); a
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Figure 5. Raman signal from a PEDOT/PSS film showing an
increase ¾1.6 times with a gold-coated tip.
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Figure 6. A sevenfold increase in Raman signal observed for
10-nm CdS film using gold-coated tips. The * indicates a peak
from the tip itself.
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Figure 7. Threefold increase in signal intensity observed for a
mat of single-walled carbon nanotubes using gold-coated tip.

threefold increase in signal for a SWNT sample (Fig. 7); and
an increase of ¾1.3 times in signal for a Si wafer (Fig. 8). All
these results were reproducible with a maximum variation
of 10% from the mean value for a given tip and a maximum
variation of ¾25% from the mean value for measurements
made with multiple tips. The enhancements obtained by us
for Si and SWNT are close to the values reported by Sun and
Shen25 and Hartschuh et al.18

The apparent enhancement, the quantity reported above,
is defined as the ratio of the total enhanced signal (tip in
contact) to the far-field signal (tip withdrawn). The enhance-
ment factors should ideally be calculated by considering the
decrease in scattering volume resulting from shadowing.
However, since the shadowed area varies with each tip con-
tact depending on the relative position of the tip in the laser

Copyright  2005 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2005; 36: 1068–1075
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Figure 8. A 30% increase in intensity observed for silicon with
a gold-coated tip.

spot, it is difficult to estimate the reduction in the far-field
signal due to the shadowing effect. Consequently, the actual
enhancements for experiments reported in this paper could
be as much as twice the apparent value. Nevertheless, for
its practical importance, we will work with the apparent
enhancement value calculated as the ratio of the signal when
the tip is in contact to that when the tip is withdrawn.

When the tip is in contact, the observed Raman signal has
two contributions: one from the enhanced Raman scattering
in the vicinity of the tip (near field) and the other from the rest
of the laser-illuminated area (far field). In addition, in order
to estimate the true enhancement factors, we need to account
for the difference between the scattering volume from which
the near-field signal arises and that corresponding to the
entire laser spot from which the far-field signal comes. The
enhancement factor per unit volume for the tip will thus be
estimated as

Enhancement D Inear

Ifar

Vfar

Vnear
D

(
Itotal

Ifar
� 1

)
Vfar

Vnear
, �1�

where Inear and Ifar are the near-field and far-field intensities,
Itotal is the total signal intensity when the tip is in contact,
and Vnear and Vfar are the near-field and far-field scattering
volumes.

Vfar can be estimated as the product of the cross-sectional
area of the spot size of the focused laser beam, ¾1–2 µm2,
and the smallest of three quantities: the sample thickness, the
light penetration depth (approximately 0.5 µm for Si at the
laser wavelength 514 nm), or the focal depth of the confocal
optics used (approximately 1 µm). The near-field focal spot
is determined from the radius of the tip end, estimated
to be ¾25 nm from the TEM pictures of gold- and silver-
coated tips. There are different estimates of the decay of the
enhancement with depth. Milner and Richards33 performed
numerical simulations illustrating higher enhancements for
2-nm-tip sample separations as compared to a 20-nm

separation for the bottom-illumination geometry. Hartschuh
et al.18 presented experimental evidence by estimating the
decay length of the enhanced field at 11 nm from the tip
for a similar optical arrangement. To estimate the depth
over which the enhanced near-field signal is localized for
the side-illumination geometry, we performed experiments
on CdS films with different thicknesses. As the thickness
of CdS increases, the ratio of the volume for the near-
field signal to the far-field signal is reduced, i.e. the ratio
Vnear/Vfar decreases. The lower enhancement observed for
thicker samples arises from changes in this ratio, and a
plot of this change in enhancement with thickness can be
used to estimate a characteristic depth of enhancement.
The experimentally observed decrease in enhancement with
increase in film thickness is shown in Fig. 9 for a silver-coated
tip, and a fit of this decrease to an exponential decay provides
an estimate of the characteristic depth of enhancement of
20 š 5 nm. Similar behavior has been seen for gold-coated
tips. This is roughly three times the depth calculated (¾7 nm)
by Sun and Shen32 using numerical simulations for a p-
polarized beam at a 45° angle of incidence. This difference
can be attributed to the larger radius of curvature (¾25 nm)
of the tips in our experiments. This dependence on tip
radius has been shown experimentally for apertureless near-
field optical microscopy.34 Moreover, the value of 11 nm
reported by Hartschuh et al.18 for a characteristic length of
enhancement was observed for a tip radius of 10–15 nm
and, thus, is consistent with our result when differences
in tip radius are accounted for. Using our measurement
of characteristic depth leads to an estimate for Vnear of
¾2.5 ð 10�5 µm3.

Using this volume, the true enhancement factor for an
apparent enhancement of 1.3 times on silicon is calculated as
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Figure 9. Dependence of the enhancement factor on thickness
of CdS films obtained with a silver-coated tip.
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¾104. The sevenfold signal enhancement obtained on a 10-
nm CdS sample (Fig. 6) also corresponds to an enhancement
factor of ¾104. Our analysis shows that silver- and gold-
coated tips have similar enhancement factors ¾3 ð 103 to
104, and almost all the tips give enhancement factors in
this range. This result differs significantly from a majority
of other reports where only 10–40% of the tips gave TERS
signals.18,19,23

It is difficult to pinpoint the basis for the greater repro-
ducibility of the tip enhancements seen here. SERS varies
in a complex way with the wavelength and polarization of
the incident beam as well as size, aspect ratio and cluster-
ing of the metal particles.12,14 Simulations29,32 – 35 have shown
the dependence of enhancement with a tip on wavelength,
polarization and the angle of incident beam as well as the
tip shape and the amount of metal deposited. We suggest
three possible sources for the improved reproducibility. First
is the cluster structure of the tip coating. Clustering is often
responsible for the occurrence of ‘hot spots’ which result in
higher enhancements14 in SERS experiments, and we conjec-
ture that the exact nature of the clustering here is important.
We have observed the formation of metal clusters on the tips
(Fig. 3b), but we do not yet have a detailed characterization
of this cluster structure. We conjecture that a second possible
factor is the material of the tip. The bulk of our measurements
was done with silicon nitride tips, and we are unaware of
any other published accounts of TERS in which significant
enhancements have been observed with silicon nitride tips.
The smaller stiffness of the silicon nitride tips means that
they can be used with smaller forces, which reduces the
possibility of damage to the metal coating. A third possible
source of improved reproducibility is the side-illumination
geometry and focusing mechanism used here. The enhance-
ment is very sensitive to proper focusing of the incident
beam on the tip–sample interface, and the side illumination
combined with our ability to accurately position the objec-
tive helps us attain this. Our final observation with regard
to reproducibility concerns reproducibility with time. We
found that the enhancement observed with the silver-coated
tips decreases rapidly (over a couple of days) when they are
left in air. At the same time, the enhancement factors for
gold-coated tips remain essentially unaffected over a period
of a few months.

We want to emphasize that the enhancement per volume
provided by the tip is actually not the most important
parameter for practical applications of TERS spectroscopy.
The contrast between the near-field and the far-field signals is
a more critical parameter because the far-field signal appears
as a background in the apertureless near-field optics. Here,
we define the contrast as the ratio of the near-field signal
to the far-field signal, Contrast D Inear

Ifar
D Itotal

Ifar
� 1. The near-

field signal is much stronger than the far-field signal in thin
samples (e.g. in a 10-nm CdS film, Contrast × 1). In that case,
the TERS technique can be used for Raman imaging and
analysis with extreme lateral resolution ¾10–20 nm.18 The

research group of Novotny has successfully demonstrated
the imaging capability of TERS on SWNT samples.18

However, for thicker samples, e.g. structures created on
silicon wafers, the far-field signal is stronger than the near-
field signal even for tips with enhancement factor per unit
volume ¾104 (Fig. 8). This means that the enhancement per
volume is not sufficient for effective use of TERS spectroscopy
because of a low contrast between the near-field and far-field
signals.

Contrast can be increased by maximizing the enhance-
ment, by minimizing the far-field signal or by a combination
of both approaches. According to many experimental and
theoretical works on surface-enhanced Raman spectroscopy,
enhancement factors of ¾106 and even higher are feasible.12,14

However, most of the TERS studies report16 – 25 enhancement
factors per unit volume in the range of 102 –104. So far, we
have also not achieved a significantly better enhancement
per volume. The ensuing question then is whether we can
increase the contrast by suppressing the far-field signal.

The idea of suppressing the far-field signal in Si by
analyzing the depolarized signal has been proposed recently
by Poborchii et al.26 It is known that the Raman mode of Si
at 520 cm�1 is strongly polarized. Thus, the normal far-field
Raman signal of Si will be suppressed in the depolarized
geometry. If, however, a metal particle is inserted, it will
depolarize and enhance the near-field signal. This might
create a high contrast between the far-field and near-field
signals. Those authors26 used a Nanonics system with top
illumination and a quartz AFM tip with a silver particle at
the apex. The tip and the sample were submerged in glycerol
to eliminate scattering and shadowing from the quartz tip.
They were able to obtain reasonable contrast (Contrast ¾ 3)
on Si with a lateral resolution ¾100 nm (limited by the size
of the Ag particle).

We have applied a similar idea to our side-illumination
geometry. Generally, we expect to have maximum enhance-
ment per volume for polarization of the light parallel to the
tip axis. However, this is probably not the optimum polar-
ization for highest contrast (which requires minimization of
the far-field signal). The idea is to choose the best angle of
polarization that satisfies two criteria: (1) it provides good
enhancement per volume of the near-field signal and (2) it
provides an enhanced near-field signal with polarization
that will not be suppressed by the analyzer (which is used
to suppress the far-field signal). The use of polarization per-
pendicular to the tip axis does not satisfy the first criterion of
maximizing enhancement per volume. Polarization parallel
to the tip axis is also not optimal because the analyzer will
suppress the enhanced signal, since the analyzer transmits
the depolarized signal only. Thus, this configuration does
not satisfy the second criterion and the optimum angle must
lie somewhere in between. Our analysis shows that the opti-
mum polarization angle is ¾50–70° relative to the tip axis.
However, we observed a discrepancy between the optimum
values of the analyzer angle for Si and CdS. Raman intensity

Copyright  2005 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2005; 36: 1068–1075
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Figure 10. Enhancement of the silicon signal with a
gold-coated tip using optimized polarizer–analyzer
combination for reduction the far-field signal.

is known to be a function of the polarization of the incident
and scattered beams relative to the crystallographic axes of
the material under observation. Hence, the optimum orien-
tation of the analyzer depends on the material, orientation
of polarization relative to the crystallographic axis of the
material and on the polarization properties of the Raman
mode analyzed. A detailed study of the optimum polariza-
tions for Si and CdS with side-illumination geometry will be
presented in a forthcoming publication (Mehtani et al. under
preparation). Here, we show preliminary data to demon-
strate the principle. We were able to increase the contrast
for a Si wafer from ¾20 up to ¾900%, an improvement by
a factor of 45 (Fig. 10). Application of the same idea to a
CdS film leads to an improvement of the contrast by a factor
of ¾2. Nevertheless, the contrast achieved makes TERS an
attractive technique for various applications, especially in
the semiconductor industry.

CONCLUSIONS

We have constructed an apertureless near-field Raman
spectrometer with side-illumination optics. This geometry
has significant advantages in comparison to commonly used
bottom-illumination optics. The tip-enhanced Raman signal
has been observed for a large variety of materials including
dye molecules, polymeric and semiconducting materials and
carbon nanotubes. Enhancement factors of 103 –104 have been
achieved with both silver- and gold-coated silicon nitride
tips, with almost every tip providing this enhancement.
The illumination angle of our instrument, use of silicon
nitride tips, clusterlike structure of the metal particles on the
tip and the ability to control with nanoscale resolution the
objective position with respect to the tip might account for the
high reproducibility of the enhancement. We have estimated

the depth of the near-field enhancement at ¾20 nm. We
argue that the contrast between the near-field and far-field
signals, not the tip enhancement factor, is the most important
parameter for practical applications of TERS spectroscopy.
Using a particular polarization geometry, we were able to
obtain a contrast of the near-field to far-field signal on Si
of ¾9 times. These results clearly demonstrate the promise
of TERS spectroscopy for the analysis of various materials.
Moreover, the high contrast achieved makes the technique
attractive for applications, especially in the semiconductor
industry.
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Abstract
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Application of Raman Spectroscopy in
Protein Structural Analyses

Mohammad Bagher Shahsavani1 and Reza Yousefi2*

Raman spectroscopy is a useful technique in determining chemical composition
and molecular structures. The basis of this spectroscopic technique is on the

inelastic scattering of monochromatic light meaning that the frequency of photons will
alter after interaction with a sample. Many materials have characteristic Raman spectra
meaning that this technique has proven to be an effective analytical approach. Due to
ability of this technique in providing chemical and compositional information, the ap-
plication of Raman spectroscopy within biology is rapidly growing. The discrete bands
in Raman spectrum of protein stand for the vibrational modes of the peptide backbone
and the side chains of some amino acid residues. In this technique which does not re-
quire extensive sample preparation, the spectral positions, intensities, and polarizations
of the Raman bands are highly sensitive to the changes in different structural levels
of protein. Raman spectroscopy can be used for effective monitoring of the formation
and breaking of disulphide bonds within protein structure. Overall, Raman spectrum
serves as an empirical signature of protein three-dimensional structure, intramolecular
dynamics, and intermolecular interactions.
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چکیده

یوسفی رضا شاهسونی محمدباقر

کلیدی واژگان

رامان، طیف سنجی
پروتئین،
مولکولی، ساختار
مولکول

در رامان طیف سنجی کاربردهای بر مروری
پروتئین ساختاری مطالعات

یوسفی٢* رضا و شاهسونی١ محمدباقر

ویژگی های تعیین در زیادی کاربرد که است مولکول ها شناسایی جهت مهم روشی رامان طیف سنجی
که طوری به می باشند ویژه ای رامان طیف دارای مواد از بسیاری دارد. مختلف مواد ساختاری و شیمیایی
تبدیل مولکول ها شیمیایی و ساختاری ویژگی های مطالعه برای کارآمدی ابزار به را رامان دستگاه پدیده این
و شیمیایی ویژگی های مورد در دقیقی اطالعات رامان طیف سنجی از می توان که آنجایی از است. نموده
مطالعات در ویژه به و حیاتی علوم حوزه در روش این از استفاده آورد به دست زیستی ترکیبات ساختاری
نیازی رامان دستگاه کمک به مواد مطالعه در است. گسترش حال در سرعت به پزشکی و زیست شناسی
حاالت از مشخص باندهای پروتئین، رامان طیف در نیست. هزینه پر و زمان بر خاص، آماده سازی های به
موقعیت اساس بر این رو از می شود. ناشی اسیدی آمینو جانبی زنجیره های و پپتیدی فقرات ستون ارتعاشی
چهارم و سوم دوم، ساختارهای خصوص در ارزشمندی اطالعات به می توان پروتئین، رامان طیف شدت و
محیط و جهت گیری نحوه خصوص در اطالعاتی حاوی پروتئین رامان طیف هم چنین یافت. دست آن
نیز پروتئین ساختار در سولفیدی دی پیوند صحیح تشکیل است. آمینواسیدی جانبی زنجیره های اطراف
متعدد باندهای حاوی پروتئین ها رامان طیف کلی طور به می باشد. مطالعه قابل رامان دستگاه کمک به
تعیین برای انتخابی انگشت اثر عنوان به و می باشد مولکول ارتعاشی حاالت نمایانگر که است گسسته 
می شود. استفاده مولکولی بین برهمکنش های و مولکولی درون پویایی پروتئین ها، بعدی سه ساختار دقیق
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مقدمه ١

امروزه است. مولکول ها شناسایی در اساساً رامان١ طیف سنجی کاربرد

پژوهشی تجهیزات طراحی زمینه در که زیادی پیشرفت های با همگام

قابل ساده تر، پیش از بیش نیز رامان طیف سنجی است شده انجام

پیشرفت های وجود با البته است. شده صرفه تر به مقرون و دسترس تر

و بزرگ چالشی همچنان رامان طیف های تفسیر شده، انجام زیاد

می باشد. خاص مهارت های به نیازمند

حاوی نیز رامان طیف طیف سنجی، روش های تمامی همانند

پس است. نمونه به کننده برخورد الکترومغناطیسی امواج اطالعات

تمامی به آن از بخشی مولکول، به الکترومغناطیسی پرتوی برخورد از

حالت های مشاهده برای رامان طیف سنجی می شود. پراکنده جهات

به سیستم یک در پایین فرکانس حاالت دیگر و چرخشی٣ ارتعاشی٢،

می رود. کار

ساختاری انگشت اثر یک معمول طور به طیف سنجی نوع این

استفاده مختلف مولکول های شناسایی برای که می کند فراهم ویژه

کشسان غیر پراکندگی پایه بر طیف سنجی نوع این واقع در می شود.

تکفام پرتوهای و می باشد تکفام نور رامان۵) پراکندگی به (موسوم نور۴

یا و نزدیک قرمز مادون نور مرئی، ناحیه در لیزر نور معموال نیز رامان

.[١] می باشند نزدیک فرابنفش نور

رامان تاریخچه ٢

گزارش ١٩٢٨ سال تا ماده با برخورد ضمن نور غیرکشسان پراکنش

آدولف توسط بار اولین فیزیکی مهم پدیده این که حالی در بود نشده

بار اولین هم چنین بود. شده پیش بینی ١٩٢٣ سال در اسمکال۶

خورشید نور عبور مطالعه از پس را اثر این رامان٧ ونکتا چاندراسخارا

کشف این واسطه به ١٩٣٠ سال در و کرد مشاهده آلی محلول های از

نوبل جایزه دریافت به مفتخر حوزه این در مطالعاتش دیگر و مهم
پالکزیک٨ جورج توسط فیزیکی اثر این تکامل و توسعه گردید. فیزیک
ریلی٩ ویلیام جان هم چنین شد. انجام ١٩٣۴ تا ١٩٣٠ سال های بین

پراکندگی توانست جدید فرضیه پیشنهاد ضمن میالدی ١٨٩٩ سال در

کند. توجیه را نور کشسان

رنگ بودن آبی چرایی به پاسخی واقع در نور پراکنش تئوری این

نظیر کشورهایی در نور پراکنش مطالعات زمان آن در بود. نیز آسمان

جدی طور به  نیز آلمان و آمریکا متحده ایاالت هند، فرانسه، روسیه،

و رامان مانند افرادی میالدی بیستم قرن اوایل در می شد. دنبال

این در روسیه در اشتام١٢ مندل و لندزبرگ١١ و هند در کریشنان١٠

فرکانس تغییر بررسی هنگام افراد این بوده اند. پیشگام مطالعاتی حوزه

یافتند دست نتایجی به فیزیکی مختلف شرایط در یافته پراکنش نور

مندل و لندربرگ بودند. نکرده برنامه ریزی آن برای قبل از واقع در که

نمودند بررسی نیز دیگر کریستال چند و کوارتز در را نور پراکندگی اشتام

فرکانس تغییر دچار ورودی نور با قیاس در که یافته پراکنش پرتوهای تا

بیابند. را شده اند

از دورتر بسیار و هند در کریشنان و رامان زمان همان در

بودند. کامپتون١٣ اثر در نور تغییرات بررسی حال در روسی دانشمندان

نور فرکانس تغییر میالدی ١٩٢٨ سال در مقاله سه انتشار با آن ها

در این کردند ثبت خود نام به را ماده با برخورد ضمن یافته پراکنش

گزارش از زودتر کمی تنها کریشنان و رامان گزارش های که بود حالی

پراکنش روی بر گسترده ای مطالعات امروزه بود. روسی دانشمندان

انبوه و مطالعات باالی حجم و می شود انجام ماده با برخورد ضمن نور

ویژه اهمیت بیان کننده کشف این مورد در یافته انتشار علمی مقاالت

.[٢ ،١] می باشد موضوع این

١Raman Spectroscopy
٢Vibrational modes
٣Rotational modes
۴Inelastic Light Scattering
۵Raman Scattering
۶Adolf Smekal
٧Sir Chandrasekhara Venkata Raman
٨George Placzek
٩John William Strutt, 3rd Baron Rayleigh

١٠K. S. Krishnan
١١Grigory Landsberg
١٢Leonid Mandelstam
١٣Compton effect

..........................................................................................................................................................................................................................................................١۵
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رامان طیف سنجی اساس ٣

پراکنده یا جذب بازتابیده، مولکول  با برخورد ضمن اغلب فوتون ها

طول تک (نور تکفام نور فوتون های رامان، طیف سنجی در می شوند.

می  شوند. پراکنده مختلف جهات در نمونه به برخورد از بعد موج)

مهم نمونه از شده پراکنده فوتون های رامان طیف سنجی در واقع در

به طور می کنند مولکول برخود با که فوتون هایی اغلب می باشد.

پراکندگی اصطالحاً پراکندگی، نوع این به می شوند. پراکنده کشسان١

یا انرژی دارای نمونه از شده پراکنده فوتون های درآن که می گویند ریلی٢

می نمایند. برخورد نمونه به که هستند فوتون هایی با یکسانی موج طول

پدیده هندی، فیزیکدان رامان، ونکتا سخار چاندرا ١٩٢٨ سال در

موج طول یا انرژی پدیده این در نمود. کشف را رامان به موسوم

که اولیه ای پرتوی موج طول از مولکول ها به وسیله شده پراکنده پرتوی

پرتوهای پراکنش نوع این به است. متفاوت می کند برخورد نمونه به

میلیون ده هر از تقریباً می گویند. کشسان غیر پراکندگی اصطالحاً نور

پراکنده کشسان غیر به صورت یکی تنها ماده به برخورد از پس فوتون

پراکنده نور موج  طول یا انرژی در تفاوت میزان هم چنین می شود.

واقع در دارد. بستگی ترکیب مولکولی ساختار به کشسان غیر شده

هدف با و تفاوت ها این تحلیل و تجزیه اساس بر رامان طیف سنجی

تغییر است. گرفته شکل مختلف ترکیبات مولکولی ساختار تعیین

جنبش های از مهمی بسیار اطالعات اولیه تابش انرژی یا و موج طول

فوتون رامان پراکندگی در می گذارد. دراختیار را سیستم درون مولکولی

طول سمت به آن موج طول پراکنش از بعد و می کند برخورد ماده با

این در ١-الف). (شکل می شود جابجا٣ کمتر یا و بیش تر موج  های

می باشد غالب بیش تر موج های طول به انتقال پرتوها پراکنش نوع

طول به انتقال هم چنین می گویند. رامان۴ استوک پراکندگی آن به که

.[٣ ،٢] می گویند رامان۵ استوک ضد پراکندگی را کمتر موج های

استوک به استوک ضد پراکندگی شدت نسبت که است شده گزارش

الکترونی ابر با ورودی فوتون واقع در می یابد. افزایش دما رفتن باال با

حالت یک به را الکترون ها و می کند برخورد عاملی گروه های پیوندهای

یک به مجازی حالت از الکترون سپس می  کند. برانگیخته مجازی

این ١-ب). (شکل می گردد باز برانگیخته چرخشی یا ارتعاشی حالت

و دهد دست از را انرژی اش از مقداری فوتون که می شود باعث پدیده

داده دست از انرژی گردد. آشکار رامان استوک پراکندگی صورت به

مولکولی ساختار عاملی، گروه شیمیایی هویت با مستقیمی ارتباط شده

این رو از دارد. آن اطراف محیط و مولکول اتم های نوع آن، به متصل

همانند آن از می توان و است اختصاصی مولکول هر رامان طیف های

درون مولکولی ترکیبات شیمیایی هویت تشخیص در انگشت“ ”اثر

.[٣] کرد استفاده هوا در یا و سطح یک روی مایع، یک

رامان۶ اثر ۴

مستقیم رابطه مولکول الکترون های قطبش پذیری٧ با رامان اثر میزان

میدان و نمونه الکترونی ابر بین برهمکنش واقع در رامان اثر دارد.

یک حالت این می باشد. ورودی تکفام نور پرتوهای خارجی الکتریکی

قطبش پذیری به آن تشکیل که می کند ایجاد شده٨ القا لحظه ای دوقطبی

نمی کند، تحریک را مولکول لیزر نور که آنجایی از دارد. بستگی نمونه

نمی افتد. اتفاق انرژی سطوح بین واقعی گذار هیچ رامان مطالعات در

نوسانات با (فوتون ها٩) نوری پرتوی برخورد از رامان سیگنال این رو از

می آید. به دست نمونه (فونون ها١٠) مولکولی بین

طیف سنجی در آمده به دست اطالعات تحلیل و تجزیه و بررسی

کمی مواردی در و کیفی اندازه گیری ساختار، تعیین به رامان

پارامترهای از بسیاری اثر مطالعه هم چنین می انجامد. مولکول های

و اتمی بین نوسانات بر تنش و فشار دما، قبیل از فیزیکی مختلف

مادون جذبی طیف و رامان پراکندگی طیف برمی گردد. مولکولی بین

که هستند یکدیگر با زیادی شباهت های دارای مولکول یک قرمز١١
١Elastic
٢Rayleigh Scattering
٣Shift
۴Stokes Shift
۵Anti-Stokes Shift
۶Raman effect
٧Polarizability
٨Induced Dipole Moment
٩Photons

١٠Phonons
١١Infrared (IR) Absorption

.......................................................................................................................................................................................................................................................... ١۶
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ارتعاش نوع ،(νvibration = νlaser±νscattered) شده پراکنده نور و ورودی نور پرتوی بین تفاوت (ν = ١/λ) فرکانس (الف) :١ شکل
[١٢] رامان طیف در انرژی سطوح نمودار (ب) [١١]؛ مولکول

وجود با هم چنین می شود. ناشی روش دو این شباهت های از واقع در

می باشند متفاوت همدیگر با اولیه اصول در روش دو این زیاد، شباهت 

می شوند. استفاده یکدیگر مکمل روش های عنوان به معموال که نحوی به

ورودی فوتون از شده جذب انرژی میزان قرمز مادون جذب در

پایانی و آغازی چرخشی-ارتعاشی١ حالت های بین انرژی اختالف با

فوتون انرژی میزان رامان پراکنش در که حالی در دارد مطابقت

می باشد). کمتر یا بیش تر معموال) نیست یکسان خروجی با ورودی

قطبی-دوقطبی دو گونه های قطبش پذیری به رامان وابستگی هم چنین

دوقطبی گونه های به تنها که قرمز مادون طیف سنجی از را آن الکتریکی٢

می کند. متمایز اتمی۴) قطبی (تانسور است وابسته الکتریکی٣ لحظه ای

چرخشی- حالت های بین انتقاالتی که است آن بیانگر تفاوت ها این

با ولی نباشد فعال قرمز مادون جذب در است ممکن ارتعاشی

نیز پدیده این عکس است. مطالعه قابل رامان طیف سنجی از استفاده

که مواردی در قرمز مادون جذبی طیف سنجی که طوری به دارد وجود

می شود. استفاده ندارد کاربردی مولکول مطالعه برای رامان طیف سنجی

اغلب رامان باشند طیف در زیادی شدت دارای که انتقاالتی بنابراین

دیگر بیان به عکس. بر و هستند ضعیفی قرمز مادون جذب دارای

آن وقوع ضمن که است فعال قرمز مادون طیف سنجی در ارتعاشی

ارتعاشی همین طور شود. دیده مولکول لحظه ای دوقطبی در تغییری

قطبش پذیری آن وقوع ضمن که است فعال رامان طیف سنجی در

هسته های با مولکول هایی مثال عنوان به کند. تغییر نیز مولکول

ولی هستند فعال رامان با مطالعه در O٢ و H٢ ،N٢ نظیر همسان

حرکت CO٢ مولکول در نمی باشند. فعال قرمز مادون طیف سنجی در

نیست. فعال قرمز مادون در و است فعال رامان در متقارن ارتعاشی

مادون در ولی نیست فعال رامان در نامتقارن ارتعاشی حرکت برعکس

در هم و قرمز مادون در هم نیز ارتعاشات بعضی می باشد. فعال قرمز

١Rovibronic States
٢Electric Dipole-Electric Dipole
٣Electric Dipole Moment
۴Atomic Polar Tensor (APT)

..........................................................................................................................................................................................................................................................١٧
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قرمز مادون جذب و رامان پراکندگی بین مقایسه :١ جدول
قرمز مادون رامان پراکندگی

مولکولی ارتعاشات توسط نور جذب مولکولی ارتعاشات توسط نور پراکندگی
در تغییر موجب که هستند فعال زمانی ارتعاشات در تغییر موجب که هستند فعال زمانی ارتعاشات

شوند. مولکول لحظه ای دوقطبی شوند. مولکول قطبش پذیری
دائمی الکتریکی لحظه ای دوقطبی به مولکول نیاز دائمی الکتریکی لحظه ای دوقطبی به مولکول نیاز عدم

نمی شود. استفاده حالل عنوان به آب می شود. استفاده حالل عنوان به آب
در نمونه ها و است پیچیده نمونه آماده سازی حالت های تمامی در نمونه ها و است آسان نمونه آماده سازی

می شود. بررسی ندرت به گازی حالت می شود. بررسی گاز) جامد، (مایع، ماده
است. مهم مولکول یونی ویژگی است. مهم مولکول کوواالنسی ویژگی

است. کم رامان با مقایسه در دستگاه هزینه است. زیاد دستگاهی هزینه

روش دو شباهت های و تفاوت ها ١ جدول در می باشند. فعال رامان

.[۴] است شده آورده قرمز مادون جذب و رامان طیف سنجی

رامان طیف جابجایی ۵

گزارش موج عدد صورت به معمول طور به رامان طیفی جابجایی های

مستقیماً آن مقدار و است موج طول واحد عکس آن واحد که می شود

می باشد. مربوط انرژی تغییرات به

∆ω =

(
١
λ٠

− ١
λ١

)
(١)

عدد صورت به که می باشد رامان طیف جابجایی ∆ω فوق معادله در

طیف موج طول λ١ و برانگیختگی موج طول λ٠ می گردد، بیان موج

استفاده رامان طیف در موج عدد بیان برای که واحدی است. رامان

به موج طول که حالی در می باشد سانتی متر١ عکس معموال می شود

از یکدیگر به واحد دو این تبدیل برای می گردد. بیان نانومتر صورت

می شود. استفاده زیر معادله

(٢)

∆ω
(
cm−١

)
=

(
١

λ٠ (nm)
− ١

λ١ (nm)

)
×

(
١٠٧nm

)
(cm)

رامان دستگاه اصلی اجزای ۶

سیستم لیزر٢، نور منبع شامل اصلی بخش چهار از رامان دستگاه هر

(فیلتر موج طول انتخاب گر نور٣، کننده جمع لنزهای و نمونه روشنایی

نور برخورد از پس است. شده تشکیل آشکارساز۵ و طیف سنج)۴ یا

به وسیله یافته پراکنش نور آن، سطح از آن پراکنش و نمونه به لیزر

منتقل آشکارساز واحد به فیبری به وسیله و می شود جمع آوری لنز یک

می  گردد.

یا کشسان (پراکنش لیزر موج طول به نزدیک موج های طول

پرتوهای تنها می شوند. جذب مخصوص فیلتر یک به وسیله ریلی)

ورودی نور به نسبت موج طول یا انرژی منظر از که یافته ای پراکنش

.(٢ (شکل می رسند آشکارساز به و می یابند عبور مجوز یافته اند تغییر

یک از کلی نمایی (ب) رامان. دستگاه درونی اجزای (الف) :٢ شکل
[١] میکروسکوپ به مجهز رامان دستگاه

١cm−١

٢Excitation source (Laser)
٣Sample illumination system and light collection optics
۴Wavelength selector (Filter or Spectrophotometer)
۵Detector

.......................................................................................................................................................................................................................................................... ١٨
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با آرگون لیزر رامان دستگاه در لیزر مولد منبع های متداول ترین

موج های طول با کریپتون لیزر نانومتر، ۵١۴٫۵ و ۴٨٨ موج های طول

موج طول با لیزرهلیم/نئون نانومتر، ۶۴٧ و ۵۶٨ ،۵٣٠ به نزدیک

لیزر و نانومتر ٨٣٠ و ٧٨۵ موج طول با دیودی لیزر نانومتر، ۶٣٢٫٨

می باشد. نانومتر ١٠۶۴ موج طول با Nd/Y AG

تغییر دارای پراکنش ضمن و نمونه با برخورد از پس که امواجی

از که هستند رامان سیگنال های همان می باشند موج) (طول فرکانس

بسیار رامان پراکندگی مقطع سطح هستند. برخوردار ویژه ای اهمیت

پرتوهای کردن جدا روش این در مرحله سخت ترین و است کوچک

پرتوهای به موسوم رامان فرکانسی یافته تغییر پرتوهای از ریلی کشسان

مراحل و هولوگرافیک توری های از گذشته در است. غیرکشسان

می شد استفاده رامان سیگنال از باالیی درجه حصول برای چندگانه

می کرد. طوالنی نسبتاً را جمع آوری زمان که

اسپکتروگراف ها از و لبه ای٢ فیلتر یا ناچ١ فیلترهای از امروزه

بر طیف سنجی یا زرنی-ترنر۴) ساز تکفام محوری٣، دهنده (انتقال

تقویت برای بارجفت شده۶ دستگاه آشکارسازهای و فوریه۵ تبدیل پایه

.[۵ ،۴ ،١] می شود استفاده رامان سیگنال

رامان طیف سنجی کاربردهای ٧

مختلف حوزه های در رامان طیف سنجی شد اشاره پیش تر که همان طور

در رامان طیف سنجی از استفاده اخیر سالیان در دارد. وسیعی کاربرد

رشدی صنایع دیگر و دفاعی علوم غذایی، صنایع داروسازی، پزشکی،

اخیر سال های جهانی رویدادهای به توجه با است. داشته چشمگیر

و ارتش برای بیولوژیکی تهدیدهای سریع تشخیص روش های ایجاد

به رامان طیف سنجی میان این در دارد. زیادی اهمیت ملی امنیت

مواد در موجود مولکولی ترکیب از سریعی و دقیق اطالعات آنکه دلیل

گرفته قرار زیاد توجه مورد می کند فراهم مخرب غیر روشی به را زیستی

منفجره، مواد تشخیص برای رامان طیف سنجی حاضر حال در است.

شیمیایی خطرناک مواد دیگر و باکتریایی و شیمیایی جنگ های عوامل

می رود. کار به

غیر و تماسی غیر روش به را نمونه ها می توان روش این کمک به

کرد. بررسی نیز شفاف نیمه یا شفاف بسته بندی های درون در مخرب

حاوی پالستیکی کیسه میان از می توان را مخدر مواد و داروها بنابراین

یا جنایی شواهد و مدارک به آسیب از ترتیب این به و نمود بررسی آن ها

طیف سنجی پروب٧ می توان هم چنین ورزید. اجتناب آن ها شدن آلوده

و نیتریت نیترات، که گونه ای به نمود مجهز نوری فیبر به را رامان

اندازه گیری رادیواکتیو پسماندهای حاوی مخازن در را هیدروکسید

خوردگی کنترل و نمایش برای اغلب شیمیایی ماده سه این نماید.

از نمونه فیزیکی برداشت به نیازی ترتیب این به می رود. بکار مخازن

بررسی جهت ثابت آزمایشگاه یک به آن حمل خطرات و مخازن درون

نمی باشد. آن ها

موج طول جمله از مختلفی عوامل به رامان آشکارسازی دقت

این آشکارسازی دقت دارد. بستگی ماده نوع و رفته کار به لیزری

متغیر میلیارد٩ در بخش چند تا میلیون٨ در بخش چند از معموال روش

دمای مانند دیگر پارامترهای و تنش نمایش در رامان قابلیت می باشد.

رسانا نیمه قطعات ساخت در مؤثر ابزاری عنوان به را آن قطعه سطح

تصاویری آوردن فراهم در روش این توانایی هم چنین می کند. مطرح

فراهم را بیمار و سالم بافت های بین مقایسه امکان سلول ها، از دقیق

.[۵ ،۴ ،٣] است مهم سرطانی بافت های مطالعه در ویژه به که می سازد

پروتئین ساختار بررسی در رامان کاربرد ٨

می شود؟ حاصل مواد رامان پراکنش طیف بررسی از اطالعاتی چه

و جزئیات به زیادی حساسیت پیوند یک ارتعاشی فرکانس های

کریستالی١١، فاز نظیر مولکول١٠ محلی محیط و ساختاری ویژگی های

١Notch filter
٢Edge filter
٣Axial transmissive
۴Czerny–Turner (CT) monochromator
۵FT (Fourier transform spectroscopy based)
۶Charge-coupled device detectors
٧Probe
٨Parts per million (ppm)
٩Parts per billion (ppb)

١٠Local environment of a molecule
١١Crystal phases

..........................................................................................................................................................................................................................................................١٩
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می دهد. نشان برهمکنش ها و حالل ها پلیمر٢، مورفولوژی تقارن١،

کریستالی فاز شیمیایی٣، گونه نمایانگر رامان طیف در باند موقعیت

می باشد. مطالعه مورد ماده یا آلیاژ۴ سازنده ترکیبات یا و ترکیب

عاملی گروه غلظت دهنده نشان رامان۵ طیف شدت هم چنین

فرکانسی جابجایی است. بررسی مورد ماده یا و ترکیب در موجود

بررسی مورد ماده در دمایی تغییرات و عاملی گروه نوع بیانگر رامان

یا اختالل وجود دهنده نشان رامان طیف پهنای باالخره و می باشد.

بررسی از که اطالعاتی است. مطالعه مورد ماده در ساختاری بی نظمی

نشان (الف) ٣ شکل در خالصه طور به می شود حاصل رامان طیف

.[۴ ،٣] است شده داده

پروتئین۶ رامان طیف ٩

پروتئین آمیدی٧ باندهای ٩ . ١

تعریف پروتئین آمیدی باندهای برای عادی حالت نه کلی طور به

به آن ها فرکانس کاهش اساس بر حاالت این نام گذاری است. شده

درصد ٨٠) I نوع آمید باندهای می باشد. I-VII و B و A صورت

۶٠) ٨II نوع آمید باند ،(١۶۵٠cm−١ نزدیک ،C = O کشش

(١۵۵٠cm−١ نزدیک C-N کشش درصد ۴٠ ،N-H خمش درصد

N- خمش درصد ٣٠ ،C-N کشش درصد ۴٠) ٩III نوع آمید باند و

گرفته کار به پروتئین ساختار مطالعه برای (١٣٠٠cm−١ نزدیک H

٣-ب). (شکل می شود

برهمکنش و ساختار بررسی در که آمیدی باندهای مفیدترین

این می باشد. III و I نوع آمید باند های می رود کار به پروتئین ها

خوبی حساسیت بلکه دارند مناسب طیفی شدت تنها نه آمیدی باندهای

می دهند. نشان خود از پروتئین دوم ساختار تغییرات به نسبت نیز

١۶۴١−٠۶٨٠cm−١ طیفی فواصل در ترتیب به III و I آمید باندهای

بیشینه موقعیت و شکل می گیرند. قرار ١٢٣٠ − ١٣١٠cm−١ و

بوده حساس پروتئین دوم ساختار به III و I نوع آمید باندهای طیفی

نواحی این طیف در تغییر باعث ساختارها این در تغییر گونه هر و

دوم ساختار بررسی برای طیفی ناحیه دو این کلی طور به می شود.

است. مناسب پروتئین

I نوع آمیدی باند ٩ . ١ . ١

پروتئین دوم ساختارهای از یک هر با مرتبط فرکانس های ٢ جدول در

آلفا مارپیچ دارای توجهی قابل میزان به که پروتئین هایی است. آمده

١۶۵۵ − ١۶۵٠cm−١ ناحیه در قوی I آمید باند یک دارای هستند

دلیل به بتا صفحات ساختار در هیدروژنی پیوند کشش می باشند.

این رو از است. متنوع بسیار چرخش به تمایل و انعطاف پذیری

١۶١٢ − ناحیه بین قوی باند یک پروتئین بتای ساختارهای برای

نظر در ١۶٨۵cm−١ حدود در ضعیف تر باند یک و ١۶۴٠cm−١

و پایین تر فرکانس های در ضعیف تر باندهای هم چنین می شود. گرفته

پروتئین بتای ساختار های برای نیز ١۶۵۵ − ١۶٧٠cm−١ ناحیه در

یک دارای معمول طور به نیز نامنظم ساختارهای است. شده مشاهده

۴-الف). (شکل می باشند ١۶۵۵cm−١ به نزدیک ناحیه در باند

II نوع آمیدی باند ٩ . ١ . ٢

نقش باند این تشکیل در N-H پیوند خمشی ارتعاشات در تغییر

باعث آب مولکول در هیدروژن با دوتریوم١٠ جایگزینی دارد. بیش تری

می شود. II نوع آمید باند در پایین تر فرکانس های سمت به جابجایی

ناهمسو بتا موازی صفحات دارای که پروتئین هایی و پپتیدها

ناحیه دارای ١۵٣٠ − ١۵۵٠cm−١ فرکانسی فاصله در می باشند

و I نوع آمیدی باندهای از همزمان استفاده می باشند. (باند) طیفی

اطالعات نامنظم، پیچه های و بتا صفحات ساختار بهتر بررسی در II

استفاده موارد برخی در همین طور می دهد. قرار اختیار در را مفیدتری

دقیق تر تخمین و بیش تر اطالعات کسب در II نوع آمید باند از

نوع آمید باند کلی طور به است. مفید آلفا مارپیچ و نامنظم ساختارهای
١Symmetry
٢Polymer morphology
٣Chemical Species
۴Alloy compositions
۵Raman Intensity
۶Protein Raman spectrum
٧Amide bands
٨Amide band II
٩Amide band III

١٠Deuterium
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[٣] .I-III آمید باندهای به مربوط ارتعاشات (ب) می شود؛ استخراج رامان طیف از که اطالعاتی (الف) :٣ شکل

ساختارهای بررسی برای تنهایی به آن شدت بودن ضعیف دلیل به II

نمی باشد. مناسب پروتئین دوم

باند در پروتئین دوم ساختارهای به مربوط فرکانس های :٢ جدول
رامان. طیف I آمید

(ب) I)؛ نوع آمیدی (باند پروتئین رامان طیف (الف) :۴ شکل
[٣] (III آمید (باند پروتئین رامان طیف
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III نوع آمیدی باند ٩ . ١ . ٣

مولکول در هیدروژن با دوتریوم جایگزینی II نوع آمیدی باند همانند

می شود پایین تر فرکانس های سمت به آن جابجایی موجب آب

با III نوع آمیدی باند همزمان استفاده .(٩۶٠ − ١٠٠٠cm−١)

ساختارهای از بتا صفحات ساختار بهتر تفکیک به I نوع آمید باند

تنهایی به I نوع آمیدی باند در می کند. شایانی کمک پروتئین نامنظم

از استفاده با .(٣ (جدول نیست امکان پذیر خوبی به تفکیک پذیری این

در کاملی اطالعات می توان I نوع آمیدی باند کنار در III نوع آمید باند

۴-ب) (شکل آورد به دست پروتئین ها دوم ساختارهای تغییرات مورد

.[٣]

باند در پروتئین دوم ساختارهای به مربوط فرکانس های :٣ جدول
رامان. طیف III نوع آمیدی

H٢O (cm−١) دوم ساختار
١٢٧٠ − ١٣٠٠ آلفا مارپیچ
١٢٢٩ − ١٢٣۵ بتا صفحات
١٢۴٣ − ١٢۵٣ نامنظم پیچه

پروتئین رامان طیف مهم شاخص های سایر ٩ . ٢

(S-S پیوند و (سیستئین سولفیدی١ دی پل های •

و تریپتوفان۴ آالنین٣، (فنیل آروماتیک٢ آمینواسیدهای •

تیروزین۵)

رامان طیف در سولفیدی دی پل های ٩ . ٢ . ١

پروتئین های که می کند پیشنهاد پیشین پژوهش های نتایج

ناحیه در رامان باند واجد (S-S) سولفیدی دی پل های دارای

.(۵ (شکل هستند ۵۵٠ − ۵٠٠cm−١

رامان طیف در پروتئین سیستئین موقعیت ٩ . ٣

سیستئین سولفیدریل پیوند کششی ارتعاشات نتیجه در که رامانی باند

می باشد. SH محلی ساختار و پویایی از ویژه شاخص یک می شود ایجاد

هرگونه از و است شده واقع ٢۵٢−٠٠۶٠٠cm−١ ناحیه در باند این

باند این هم چنین می باشد. امان در رامان دیگر باندهای با تداخل

پروتئین سولفیدریل گروه های هیدروژنی پیوند برای ویژه ای حساسیت

گروه مختص باند این که آنجایی از .(۴ (جدول می دهد نشان خود از

سولفیدریل غلظت گیری اندازه برای آن طیف شدت از است SH

.[۶ ،٣] می شود استفاده سیستئین

در لیزوزوم پروتئین سولفیدی دی پیوندهای رامان طیف :۵ شکل
[١۴] مختلف دماهای (ب) و زمانی بازه های (الف)

طیف در پروتئین آروماتیک آمینواسیدهای موقعیت ۴ . ٩
رامان

محیطی تغییرات به نسبت آروماتیک آمینواسیدهای پیوندی ارتعاشات

محیط در تغییر گونه هر بنابراین می دهد. نشان زیادی حساسیت

۵ جدول می شود. آمینواسیدها این به مربوط باند در تغییر موجب

می دهد. نشان را آمینواسیدها از تعدادی به مربوط باندهای

١Disulphide Bridges
٢Aromatic amino acids
٣Phenylalanine
۴Tryptophan
۵Tyrosine
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رامان. طیف در سیستئین سولفیدریل گروه هیدروژنی پیوند کشش به مربوط فرکانس های :۴ جدول

پروتئین. رامان طیف در آروماتیک آمینواسیدهای به مربوط فرکانس های :۵ جدول

رامان طیف در پروتئین آالنین فنیل موقعیت ۵ . ٩

می باشد. ١٠٠٠(cm−١) ناحیه در قوی باند یک دارای آالنین فنیل

از نیست حساس پروتئین ساختاری تغییرات به باند این که آنجایی از

(شکل کرد استفاده پروتئین رامان طیف نرمال سازی١ برای می توان آن

۶-الف).

رامان طیف در پروتئین تریپتوفان موقعیت ۶ . ٩

و ١٣۴٠cm−١ نواحی در فرمی٢ دوگانه دارای تریپتوفان

ناحیه دو این در طیف شدت نسبت از می باشد. ١٣۶٠cm−١

آبگریزی وضعیت نمایش جهت شاخص عنوان به (I١٣۶٠/I١٣۴٠)

تریپتوفان که هنگامی می شود. استفاده آمینواسید این اطراف محیط

نشان خود از قوی ١٣۶٠cm−١ باند باشد قرار گریز آب محیط در

.(I١٣۶٠/I١٣۴٠ > ١٫١) می رسد ١٫١ از بیش به نسبت این و می دهد

قوی تر ١٣۴٠cm−١ باند باشد آبدوست تریپتوفان اطراف محیط اگر

.(I١٣۶٠/I١٣۴٠ < ٠٫٩) می شود ٠٫٩ از کمتر نسبت این لذا و می شود

حلقه واندروالس برهمکنش به نسبت ١٠١٠cm−١ موقعیت در باند

واقع در می باشد. حساس آمینواسیدی باقی مانده های با تریپتوفان

دهنده نشان ١٠١٠cm−١ از کمتر و نزدیک فرکانس های در باند

واندروالس ضعیف بسیار برهمکنش یا و واندروالس برهمکنش نبود

از بزرگ تر یا و نزدیک فرکانس های در باند هم چنین می باشد.

باقی و تریپتوفان حلقه بین قوی برهمکنش دهنده نشان ١٠١٢cm−١

۶-ب). (شکل می باشد محیط در موجود آمینواسید مانده های

رامان طیف در پروتئین تیروزین موقعیت ٩ . ٧

گرفته قرار ٨۵٠cm−١ و ٨٣٠cm−١ نواحی در تیروزین دوگانه فرمی

زنجیره در فنیل حلقه هیدروژنی پیوند موقعیت به باندها این و است

مانده باقی برای I٨۵٠/I٨٣٠ نسبت ۶-ج). (شکل دارد بستگی جانبی

می باشد. تفسیر قابل زیر صورت به تیروزین آمینواسیدی
١Normalization
٢Fermi doublet
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پروتئینف رامان طیف در آالنین فنیل آمینواسید باند (الف) :۶ شکل
رامان طیف در تریپتوفان آمینواسید دوگانه فرمی باند (ب) [١۵]؛
طیف در تیروزین آمینواسید دوگانه فرمی باند (ج) [١۶]؛ پروتئین

[١٧] پروتئین رامان

هیدروژنی پیوند هیچ تیروزین باشد ۶٫٧ نسبت این که هنگامی

٢٫۵ نسبت این که هنگامی ندارد. دیگری گروه با خود فنیل حلقه در

عنوان به قوی هیدروژنی پیوند یک تیروزین هیدروکسیل گروه باشد

که است آن دهنده نشان نیز ٠٫٣ نسبت است. کرده قرار بر گیرنده

هیدروژنی پیوند یک در دهنده عنوان به تیروزین هیدروکسیل گروه

گروه که است آن دهنده نشان ١٫٢۵ نسبت هم چنین می کند. ایفا نقش

پیوند گیرنده عنوان به وهم دهنده عنوان به هم تیروزین هیدروکسیل

می کند. عمل هیدروژنی

پروتئین رامان طیف بر محیط اثر ١٠

دی پیوندهای هیدروژنی، پیوندهای پروتئین  طبیعی ساختار پایداری در

مهمی نقش آبگریز١ برهمکنش های و یونی برهمکنش های سولفیدی،

محیطی عوامل تاثیر تحت می تواند برهمکنش ها این تمامی دارند.

موجب نهایت در و گیرد قرار نمک غلظت و pH دما، حالل، نظیر

در می توان را ساختاری تغییرات این شود. پروتئین ساختار تغییر

امکان رامان طیف سنجی هم چنین کرد. دنبال و مشاهده رامان طیف

فراهم خوبی به را پروتئین ها صحیح نا و صحیح تاخوردگی مطالعه

می کند.

پروتئین رامان طیف بر pH اثر ١١

پروتئین  جانبی زنجیره های یونیزاسیون٢ تغییر با محیط pH تغییرات

ساختار خوردن هم بر و طبیعی هیدروژنی پیوندهای در اختالل موجبات

و الوپوال٣ می شود مشاهده ٧ شکل در که همان طور می شود. پروتئین ها

برنج گلوبین پروتئین ساختار روی بر را pH اثر ٢٠٠۶ سال در همکاران

تغییرات که است داده نشان پژوهشگران این مطالعه کرده اند. مطالعه

پدیده این می شود. III و I آمید باندهای اندک جابجایی باعث pH

به موسوم ساختار های به آلفا مارپیچ ساختار از انتقال بیانگر خود نیز

.(٧ (شکل می باشد پروتئین نامنظم ساختار های و بتا صفحات

پروتئین رامان طیف بر دما اثر ١٢

رفتن بین از یا و تضعیف موجب می تواند پایین و باال بسیار دماهای

این در اختالل شوند. پروتئین ساختار کننده پایدار برهمکنش های

می کند متأثر شدیداً را پروتئین سوم و دوم ساختارهای برهمکنش ها

به است ممکن که می برد بین از را آن طبیعی ساختار نهایت در و

مشاهده ٨ شکل در که همان طور شود. منجر نیز پروتئین شدن توده ای

III و I نوع آمیدی باندهای جابجایی موجب دما افزایش می شود

است پروتئین ساختار در بتا صفحات افزایش دهنده نشان که می شود

.[٧ ،۶ ،۵ ،۴ ،٣]
١Hydrophobic interactions
٢Ionization
٣SW Ellepola
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[٨] مختلف pH دربازه برنج گلوبین پروتئین رامان طیف :٧ شکل

[١٩] مختلف دمای در لیزوزوم پروتئین رامان طیف :٨ شکل

پروتئین رامان طیف بر حالل اثر ١٣

حالت به نسبت پهن تری رامان طیف دارای محلول حالت در پروتئین

حالت دو در را لیزوزیم پروتئین رامان طیف ٩ شکل می باشد. پودری

مشاهده شکل این در که همان طور می دهد. نشان محلول و پودری

طیف دارای محلول حالت در پروتئین III نوع آمید باندهای می شود

.[٨] می باشند پهن تری

و تاخوردگی بر شیمیایی واکنش های اثر ١۴
پروتئین ها رامان طیف

مختلف غلظت های حضور در است آماده ١٠ شکل در که همان طور

است. یافته تغییر سینوکلئین آلفا پروتئین I نوع آمیدی باند متانول

ناحیه این دقیق بررسی و (دکانووله١) طیف زیر سطح تفکیک از پس

متانول تاثیر تحت سینوکلئین آلفا پروتئین ساختار که می شود مشخص

مارپیچ از دوم ساختارهای آن در و می شود خارج طبیعی حالت از کم کم

جابجا نامنظم ساختارهای و بتا صفحات به موسوم ساختارهای به آلفا

می شوند.

تاخوردگی بر کننده احیا عوامل اثر ١۵
رامان طیف در آن نمایش و پروتئین ها

کردن دکانوله از پس می کنید مشاهده ١١ شکل در که همان طور

عوامل حضور در ساختاری تغییرات میزان پروتئین رامان طیف های

واکنش، سرعت همچون فیزیک پارمترهای می شود. تعیین کننده احیا

کرد محاسبه داده ها این از می توان را سازی فعال انرژی و آزاد آنتالپی

.[١٠ ،٩]

نشر به وسیله پروتئین رامان طیف در تداخل ١۶
نویز به سیگنال اثر و فلورسانس

فلورسانس نشر ١ . ١۶

رامان طیف روی بر شدیدی مخرب اثرات می تواند فلورسانس نشر

آمینواسیدهای حضور در معموال ذاتی فلورسانس باشد. داشته پروتئین

مناسب برانگیختگی موج طول انتخاب با که می شود ایجاد آروماتیک

هم چنین کرد. حذف پروتئین رامان مطالعات در را نشر این می توان

ایجاد بافر یا و حالل ناخالصی، اثر در معموال عارضی فلورسانس

مطالعات در عارضی فلورسانس تداخل از اجتناب برای می شود.

خالص صورت به دارد امکان که جایی تا نمونه ها است ضروری رامان

میزان از توان می نور٢ توسط کردن سفید یا کردن خاموش با شود. تهیه

افزایش که داشت توجه باید البته کرد. کم زمینه پس فلورسانس نشر

برساند. آسیب نمونه به است ممکن حالت این در دما
١Deconvolution
٢Photobleaching

..........................................................................................................................................................................................................................................................٢۵
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[۶] حالل حضور عدم و حضور در لیزوزوم پروتئین رامان طیف :٩ شکل

[١٠] متانول حضور عدم و حضور در نوکلئین سی آلفا پروتئین رامان طیف :١٠ شکل

دی باندهای کاهش میزان (ب) انسانی؛ سرم آلبومین پروتئین I آمید باند بروی کننده احیا عامل حضور از بعد و قبل تغییرات (الف) :١١ شکل
[٩] کننده احیا عامل حضور در انسانی سرم آلبومین پروتئین سولفیدی
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[٢٠] می کند کمک بهتر کیفیت با رامان طیف گرفتن به اسکن زمانی بازه یا و تعداد مناسب انتخاب :١٢ شکل

نویز به سیگنال باالی نسبت ١٧

دقت از نمونه رامان طیف نویز، به سیگنال باالتر نسبت حضور در

می شود مشاهده ١٢ شکل در که همان طور است. برخوردار بیش تری

نسبت این اسکن زمان بردن باال یا و اسکن تعداد افزایش با می توان

تعداد حد از بیش افزایش که داشت توجه باید ضمناً داد. افزایش را

جدی آسیب نمونه به می تواند اسکن زمانی بازه تغییر هم چنین و اسکن

.[٧] نماید وارد

نهایی نتیجه گیری ١٨

پراکنش پدیده از اطالعات دریافت اساس بر رامان طیف سنجی روش

کاربردهای روش این امروزه است. استوار ماده با برخورد ضمن نور

روش این هم چنین دارد. پژوهشی مختلف حوزه های در زیادی

طوری به می گذارد اختیار در مولکول ها ساختار از مهمی اطالعات

دانست. ترکیب یک انگشت اثر نوعی به می توان را رامان باندهای که

طیف سنجی روش با رامان نوری پراکنش روش تفاوت های و شباهت ها

مطالعه برای روش دو این از تا است شده باعث قرمز مادون جذبی

استفاده یکدیگر مکمل صورت به و ترکیب یک ساختاری دقیق تر

ساختارهای از ارزشمندی بسیار اطالعات رامان طیف سنجی شود.

این کمک به می گذارد. اختیار در پروتئین چهارم حتی و سوم دوم،

ساختار در نیز را سولفیدی دی پیوندهای صحیح تشکیل می توان روش

طیف از دریافت قابل اطالعات میزان هم چنین نمود. بررسی پروتئین

مرسوم طیف سنجی روش های دیگر از بیش تر مراتب به پروتئین رامان

جهت سودمند ابزاری عنوان به رامان طیف سنجی این رو از می باشد.

می شود. پیشنهاد پروتئین دقیق تر ساختاری مطالعه
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