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Abstract
In this study, a novel nanobiocomposite was synthesized using graphene oxide, lignin, silk �broin and
ZnO and used in biological �elds. To synthesize this structure, after preparing graphene oxide by the
Hummer method, lignin, silk �broin, and ZnO nanoparticles (NPs) were added to it, respectively. Also, ZnO
NPs with a particle size of about 18 nm to 33 nm was synthesized via Camellia sinensis extract by green
methodology. The synthesized structure was examined as anti-bio�lm agent and it was observed that the
Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite has a signi�cant ability to prevent the
formation of P. aeruginosa bio�lm. In addition, due to the importance of the possibility of using this
structure in biological environments, its toxicity and blood compatibility were also evaluated. According
to the obtained results from MTT assay, the viability percentages of Hu02 cells treated with Graphene
oxide-lignin/silk �broin/ZnO nanobiocomposite after 24, 48, and 72 h of incubation were 89.96%, 89.32%,
and 91.28%. On the other hand, the hemolysis percentage of the synthesized structure after 24 h and 72 h
of extraction was 9.5% and 11.76% respectively. As a result, the synthesized structure is hemocompatible
and had no toxic effects on Hu02 cells.

1- Introduction
Composites as one of the most important multicomponent materials are a group of substances
composed of continuous matrix phase and uncontinuous reinforcement material [1]. These composites
are created by at least two portion that have new properties compared to the raw material [2]. However,
the features of the raw material are also preserved in the �nal structure. Composites are usually classi�ed
into three groups based on size of the reinforcement part, which includes macrocomposites,
microcomposites, and nanocomposites [1]. Nanocomposites are a group of composites in which their
components, especially their reinforcement parts, has a particle size of less than 100 nm [1]. In addition, if
biocompatible and/or eco-friendly components are added to the mentioned structure, nanobiocomposite
is obtained [3-5]. This materials are used in various �elds including remediation of heavy metals [6],
sensor [7], food packaging [8], catalyst and organic synthesis [9-12], and adsorption of textile dye [13].
Furthermore, nanobiocomposites with properties such as nontoxicity, hemocompatibility, and improved
mechanical properties are appropriate candidates for utilizing in biological applications and in this
regard, various reports have been presented in �elds of drug delivery [14], pharmaceutics [15], wound
healing [16], antibacterial materials [17], cancer therapy [3, 18, 19], and tissue engineering [20]. A wide
range of materials has been used to synthesize biological nanobiocomposites. Among them, carbon-
based materials, especially graphene oxide have received special attention due to their properties such as
high surface area [21] and remarkable mechanical strength [22], their ability to help for create schafford
[23], and used as �ller [24] in nanobiocomposites. graphene oxide with individual layer structure prepared
via oxidation of graphite and these sheet have functional groups including active oxygen such as
carboxylic acid (COOH), epoxy (-O-), and hydroxyl (OH) [22]. The special structure of graphene oxide with
the negative charge in its carboxylate groups has made it known as a structure with high colloidal
stability and hydrophilicity, which makes graphene oxide suitable for biological applications [25]. It
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should be noted that reports of graphene oxide toxicity have limited its use in biological applications
alone and usually utilized in combination with safe material as a nanobiocomposite [26]. In this regard,
various natural biorenewable resources such as starch, chitin, chitosan, cellulose, alginate, hyaluronic
acid, gelatin, collagen, silk �broin, and lignin have been used [1]. Lignin is an organic biopolymer with a
cross-linked polyphenolic structure and it is found as support tissue in the vast majority of the plants [27,
28]. Lignin has received considerable attention in health care due to its non-toxicity and biocompatibility.
Its use has been studied as antioxidant, antimicrobial, anti-tumor, and antiviral agents [29]. It can also be
utilized in �elds of antidiabetic materials, drug delivery and, tissue engineering [29]. In addition to lignin,
silk �broin as an important biomaterial is a major component of silk protein with polypeptide chains with
a molecular weight of 200 to 350 kDa [30]. Silk �broin with properties such as biocompatibility, blood
compatibility, non-carcinogenicity, non-toxicity, and suitable mechanical properties has been highly
regarded by researchers [17]. Based on previous studies, the combination of silk �broin with materials
such as graphene oxide, natural polymers, and metal/metal oxide/metal hydroxide NPs enhances the
mechanical and antibacterial properties of a composite made from silk �broin [17, 31-34]. Metal NPs play
an important role in a variety of biological applications, including anti-microbial and anti-bacterial
materials, biosensing, drug delivery, bio-imaging, and etc. [4, 35-38]. There are various methods for the
synthesis of metal oxide NPs, which can be referred to mechanical milling, laser ablation, ion sputtering,
physical vapor deposition, chemical vapor deposition, sol-gel, chemical reduction, hydrothermal,
solvothermal, spray pyrolysis, laser pyrolysis, and �ame pyrolysis [39]. These methods also have
drawbacks such as need the large amounts of energy, long reaction time, high cost, low e�ciency of NPs
production, use of toxic and corrosive substances, di�cult reaction conditions, and production of
impurities [39]. The mentioned negative points caused the introduction of alternative methods. Green
synthesis of metal/metal oxide NPs by plant extract has been highly regarded as a new method in recent
years. During this method, the plant extract can act as a reducing and stabilizing agent and convert metal
ions into metal NPs [40, 41]. Herein, a novel nanobiocomposite base on graphene oxide, lignin, silk �broin,
and ZnO was synthesized and its application as a substance with antibio�lm properties was evaluated.
Also, due to the importance of the possibility of using this substance in biological environments, its
toxicity and blood compatibility were investigated and it was observed that this new antibio�lm
substance is not signi�cantly toxic and is also compatible with blood.

2- Experimental

2-1- General
In this study, all reagents, chemical materials, and solvents were purchased from Merck and Flucka
except the silkworm cocoons that are taken from local stores. Also, the 14,000 Da dialysis tubing
cellulose membrane was purchased from Sigma-Aldrich Company. The structure of synthesized
nanobiocomposite was evaluated from different points of view by using Fourier-transform infrared (FT-
IR) spectroscopy, X-Ray Diffraction (XRD) Analysis, Thermogravimetric Analysis (TGA), Energy Dispersive
X-Ray (EDX) Analysis, and Field-Emission Scanning Electron Microscopy (FE-SEM). FT-IR analysis was
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performed using AVATAR Thermo device in the range of 450 cm−1 to 4500 cm−1 and using the potassium
bromide pellets method. EDX and FE-SEM analysis was carried out using EM8000 KYKY apparatus and
ZEISS SIGMA VP model, respectively. XRD analysis was evaluated using PANalytical X-PERT-PRO MPD at
2θ, 5° to 90°. TGA was performed using STA504 analyzer in a temperature range of 50°C to 550°C with a
temperature rate of 10°C/min in air.

2-2- Preparation of graphene oxide
Graphene oxide was prepared using the modi�ed Hummer method [42]. In this regard, 1 g of graphite and
23 ml of sulfuric acid (98 %) were poured into a 1 liter beaker and they were mixed for 5 minutes. Then,
0.5 g of sodium nitrate was added to the blend and they were mixed for 20 minutes at 65°C. The beaker
was then placed in an ultrasonic bath at room temperature for 20 minutes to completely dissolve the
components. Afterwards, 3.5 g of potassium permanganate was added to the mixture during one hour
until a sludge-like substance formed. This process was performed while the components were mixing in
an ultrasonic bath with plenty of ice particles. In the next step, mixture was kept for further 30 minutes in
an ultrasonic bath (25°C) to complete the reaction and subsequently, 50 ml of distilled water was added
to the beaker and mixed for 30 minutes at 98°C. 700 ml of distilled water and 12 ml of hydrogen peroxide
were added to the obtained mixture to observed a signi�cant amount of foam. The pH of the mixture was
then set using a 2% HCl solution (2 ml HCl in 100 ml distilled water). The mixture was remained
stationary for one day and after the precipitate settles. After the mentioned time, the containers water was
changed and elution process was repeated for 3 times. Finally, the precipitate was placed in an oven at
60°C for 24 hours to dry (Fig. 1).

2-3- Extraction of silk �broin
Extraction of silk �broin was performed using the method reported in literatures [22, 43]. Initially, three silk
worm cocoons with a perfectly clean appearance were divided into small pieces and allowed to boil in
0.21% w/v sodium carbonate aqueous solution for 2 hours. After the mentioned time, the �bers were
separated and washed 6 times with distilled water. The �laments should be well separated from each
other's during washing so that the pollutants are washed well. After washing, the �bers were dried at
room temperature for 12 hours. The dried �bers were weighed (0.644) and then, 9.3 M lithium bromide
solution was made by using 6.44 g of water (10 times of the dry �bers weight). Then, to remove the
remaining lithium bromide, the obtained solution enters the dialysis cellulose membrane and is placed in
the presence of distilled water, and this process continues for 3 days at room temperature. Finally, the
obtained silk �broin was stored at -4°C for later use.

2-4- Preparation of NPs
2-4-1- Preparation of Camellia sinensis extract

First, 10 g of dried leaves of Camellia sinensis were mixed with 200 ml of deionized water and heated at
70°C for 10 minutes. The resulting solution was then passed through �lter paper after cooling.
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2-4-2- Preparation of ZnO NPs
0.11 g Zn(CH CO ) .2H O and 25 ml of deionized water mixed with a magnetic stirrer for 30 minutes.
Then 1 ml of the extract was added to the container and it was stirred for 2 hours. In the next step, the pH
of the solution was adjusted to 12 by using the 0.02 M NaOH solution. After the yellow color was
observed, the solution was stirred vigorously for 3 hours. The obtained NPs were separated by using a
centrifuge (10,000 r/min) and after washing with distilled water, they were dried in an oven at 50°C for 12
hours.

2-5- Preparation of Graphene oxide-lignin
0.4 g of graphene oxide and 45 ml of distilled water were mixed and placed in an ultrasonic bath for 30
min. Then 0.4 g of lignin was added to the previous mixture and the mixture was placed in an ultrasonic
bath for another 30 minutes. The resulting mixture was stirred at 80°C for 12 hours. After this time, the
reaction mixture was stored in the refrigerator for later use.

2-6- Preparation of Graphene oxide-lignin/silk �broin/ZnO
nanobiocomposite
At this stage, 10 ml of silk �broin solution was added to 30 ml of Graphene oxide-lignin solution and
re�uxed for 12 hours. After the mentioned time, 0.03 g of zinc oxide powder was dispersed in 10 ml of
distilled water and added to the previous blend. Subsequently the mixture was stirred for 12 hours under
re�ux conditions. Finally, the synthesized nanobiocomposite was freeze dried for 48 hours and stored in a
cool and dry place.

2-7- MTT assay
First, the synthesized Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite was extracted. In this
way, 50 mg of it was dispersed in 1 ml of PBS using shaker incubator for 24 h at 37°C [44]. Then, in order
to measure the survival rate of Hu02 cell line (human skin �broblast cells) in the vicinity of the Graphene
oxide-lignin/silk �broin/ZnO nanobiocomposite, MTT assay was performed. For this purpose, 1×105

cell/well was cultured in 96-well plates at optimal conditions (37°C, 5% CO2) in humidi�ed incubator.
Next, the growth media (10% FBS) was removed and the cells were washed twice with PBS. New
maintenance RPMI (Roswell Park Memorial Institute) medium including nanobiocomposite extract was
added and the cells were incubated for 24, 48, and 72 h. Also, attached RPMI without nanobiocomposite
extract and cells in each well, were considered as negative control. Following, 10 µL solution of freshly
prepared 5 mg/mL MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) in PBS was
added to each well and allowed to incubate at 37°C for 4 h. Thereafter, the media with MTT solution was
removed and 2-propanol was added at 100 µL/well. Next, the plates were shaken gently to facilitate
formazan crystal solubilization [22]. The absorbance was measured at 590 nm using a microplate reader
(STAT FAX 2100, BioTek, Winooski, USA). Finally, the percentage of cell toxicity and cell viability was
calculated as follows [45]:
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  (1)
Viability % = 100 - Toxicity  (2)

2-8- Hemolysis assay
This study was performed in accordance with the principles outlined in the Declaration of Helsinki. Also,
the experimental methods and the procedure for taking informed satisfaction were approved by Semnan
University of Medical Sciences, Ethics Research Committee. First, 50 mg of nanobiocomposite was
dissolved in 1 ml PBS by shaker incubator at 37°C with two extraction time, 24 h and 72 h [44]. Next,
hemolytic assay was performed to measure the potential lytic effects of the Graphene oxide-lignin/silk
�broin/ZnO nanobiocomposite on human red blood cells (RBCs). Then, Fresh blood sample was taken
from a volunteer with the O negative blood type. A subsequent blood sample was diluted in PBS (1:20).
After that, 100 µL of the solution was added in triplicate to 100 µL of each Graphene oxide-lignin/silk
�broin/ZnO nanobiocomposite extract (24 h and 72 h) in a 96-well plate. 1% Triton X-100 solution, which
lyses 100% of RBCs and sterile 0.9% NaCl solution were also used as positive control and negative
control, respectively. Then, the plate was incubated at 37°C for 1 h and samples were regained and
centrifuged at 3000 rpm for 15 min [46]. The absorbance of each sample was measured by photometric
analysis of supernatant at 414 nm using a microplate reader (STAT FAX 2100, BioTek, Winooski, USA).
Eventually, the hemolysis percentage of the samples was calculated using the following formula [47]:

  (3

2-9- Anti-bio�lm assay
The antimicrobial properties of the Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite, were
studied using a tissue culture plate (TCP) anti-bio�lm assay. First, 1 cm2 pieces of nanobiocomposite and
a polystyrene (as a positive control), were sterilized in 70% ethanol aqueous solution, and then dried in a
sterilized incubator at 37°C. Next, each piece was placed in a sterilized tube containing selected bacteria
(Pseudomonas aeruginosa ATCC 27853) at concentration of 107 colony-forming unit (CFU) / mL in
Nutrient Broth (NB) culture medium. Tubes were then incubated at 150 rpm in a shaker incubator at 37°C
for 24 h. Afterward, samples were removed from the tubes and washed twice by PBS solution. To
measure the anti-bio�lm properties of the nanobiocomposite, both samples were stained by 0.1% crystal
violet solution for 5 minutes and then washed by 33 % acetic acid solution to separate the bacteria from
their surface. Finally, using a microplate reader (STAT FAX 2100, BioTek, Winooski, USA), the absorbance
of the resulting solutions was evaluated at 570 nm [16, 48].

2-10- Statistical analysis
Statistical analysis for the comparison all results was accomplished by a t-test by SPSS Statistics 22.0
software (SPSS Inc. Chicago, IL, USA). The values of P 0.05 (*), P 0.05 (**) and P 0.001 (***) were≥ ≤ ≤
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considered as statistically insigni�cant, signi�cant and very signi�cant, respectively.

3- Result And Discussion

3-1- Characterization of the of Graphene oxide-lignin/silk
�broin/ZnO nanobiocomposite

3-1-1- FT-IR analysis
Figure 2 shows the FT-IR spectrum of Graphene oxide-lignin and Graphene oxide-lignin/silk �broin/ZnO
nanobiocomposite. As shown in Figure 2(a), spectrum represents a mixture of graphene oxide and lignin.
The broad peak observed in region 3421 cm−1 is related to the stretching vibration of the hydroxyl group
of graphene oxide and lignin [22, 31, 49]. Peaks in the 1722 cm−1 and 1225 cm−1 regions may represent
the stretching modes of carbonyl and C-O-C groups in the graphene oxide structure, respectively [22, 50].
In addition, the presence of lignin is con�rmed according to the peaks observed in areas 2927 cm−1, 2840
cm−1, and 1120 cm−1 [51]. These peaks are related to the stretching vibration of aliphatic C-H in methyl
and methylene, symmetric stretching of CH3 in methoxy, and stretching vibration mode of C-O in alcohol,

respectively [51]. On the other hand, the peaks in the 1508 cm−1 and 1425 cm−1 indicate the vibrations of
the aromatic skeleton in the lignin structure [51]. Figure 2(b) shows the structure of Graphene oxide-
lignin/silk �broin/ZnO nanobiocomposite. Lignin and graphene oxide peaks are maintained in this
spectrum. Also, the peak of ZnO NPs is observed in the region of about 500 cm−1 [52]. The presence of
silk �broin is also con�rmed by observing peaks in 1519 cm−1 and 1535 cm−1 which are related to the N-
H bending vibration of amide II [22]. In addition, the peak observed around 1650 cm−1 could demonstrate
the presence of amides carbonyl in the structure of silk �broin[22].

3-1-2- EDX analysis
The EDX spectrum of Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite can be seen in Fig. 3(a).
As can be seen, all the expected elements in the �nal structure are seen in the EDX image. The presence
of zinc in the EDX spectrum con�rms the presence of ZnO NPs. In addition, carbon and oxygen can be
due to the presence of graphene oxide and lignin. Moreover, the presence of nitrogen is related to the
amino acid structures of �broin silk. In addition to examining the EDX spectrum, which was taken to
con�rm the elements of the structure, the distribution of the elements was also evaluated using elemental
mapping pictures and as a result, it was observed that the elements have acceptable distribution (Fig.
3(b)).

3-1-3- FE-SEM imaging
FE-SEM images were taken from Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite synthesis
steps. As shown in Fig. 4(a), ZnO NPs were well synthesized with spherical shapes and a particle size of
about 18 to 33 nm. Fig. 4(b) shows the morphology of the Graphene oxide-lignin composite and based on
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what is seen, the graphene oxide plates alongside with secondary structure (lignin) are clearly visible Fig.
4(c) and Fig. 4(d) shows Graphene oxide-lignin/silk �broin and Graphene oxide-lignin/silk �broin/ZnO
respectively. Based on the FE-SEM image of the �nal nanobiocomposite, ZnO NPs with the same size as
Fig. 4(a) are well dispersed in the structure of Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite.

3-1-4- XRD pattern
XRD analysis was performed to investigate the crystalline structure of Graphene oxide-lignin/silk
�broin/ZnO nanobiocomposite. As can be seen in Fig. 5(a) and Fig. 5 (b), the peaks observed in 2θ
around 31.29°, 33.95°, 36.04°, 47.05°, 56.09°, 62.38°, 67.45° and, 68.60° are related to the crystalline
structure of ZnO NPs (Fig. 5(c)) [53]. Also, these peaks correspond to the Miller Index of (100), (002),
(101), (102), (110), (103), (112), and (201) respectively [53]. In addition, the peak observed in 2 theta
about 11.2° with Miller Index (001) indicates the presence of GO (Fig. 5(d)) [54]. The wide area below the
XRD spectrum could indicate the amorphous structure of the �nal structure, and this appears may be due
to the presence of lignin [55].

3-1-5- TG analysis
TGA analysis was performed to evaluate the correct formation and thermal stability of the
nanobiocomposite (Fig. 5(e)). The �rst mass reduction, which is in the temperature range of 50°C to
100°C, is related to the removal of trapped water, solvents and probable impurities from the Graphene
oxide-lignin/silk �broin/ZnO nanobiocomposite structure (about 20%) [17]. The second mass reduction
occurs in the range of 150°C to 300 and during this process, about 30% of the mass was eliminated.
Thermal degradation of lignin macromolecules occurs at temperatures around 150°C to 550°C [56]. In
addition, a mass reduction in the range of 200°C to 300°C can be related to the pyrolysis of the
oxygenated portions of graphene oxide, including the carboxyl, epoxide, and hydroxyl groups [22]. The
third mass reduction occurs at 300°C to 500°C and 40% of the sample weight is lost. Mass reduction in
the temperature range about 250°C to 400°C can be related to the destruction of peptide structures in silk
�broin [22]. In addition, ZnO NPs do not have a signi�cant mass reduction of up to 500 degrees, and their
partial mass reduction can be due to the release of absorbed moisture [57].

3-2- Biological properties of Graphene oxide-lignin/silk
�broin/ZnO nanobiocomposite
3-2-1- Biocompatibility

The viability percentages of Hu02 cells treated with Graphene oxide-lignin/silk �broin/ZnO
nanobiocomposite, after 24, 48 and 72 h of incubation were 89.96%, 89.32% and 91.28%, respectively
(Fig. 6(a)). The picture of micro-plate wells from MTT assay is also shown in Fig. 6(b). Also, effect of
Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite on morphology and shape of Hu02 cells after
72 h of incubation was imaged with reverse microscope. (Fig. 6(c)-(d)) Hu02 cells retains their �broblast
shape after treatment with Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite. Results are the
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average of three independent experiments. Overall, MTT assay results proved that Graphene oxide-
lignin/silk �broin/ZnO nanobiocomposite was biocompatible and had no toxic effects on Hu02 cells.

3-2-2- Hemocompatibility

The hemolysis percentage of the Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite after 24 h of
extraction was 9.5%. This amount increased to 11.76% after 72 h of extraction. This is while 1% triton X-
100 lysed almost all RBCs. Fig. 7 shows the histogram of hemolysis percentage, as well as image of 96-
well plate. It is also worth noting that these results are the average of three separate experiments. Based
on the results, it can be said that Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite is
hemocompatible.

3-2-3- Anti-bio�lm activity

As shown in Fig. 8, the adsorption rate of polystyrene (as a positive control) at 570 nm was 0.84, which
was reduced to 0.12 for Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite. In fact, the decrease in
OD of the NB culture medium containing Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite at
570 nm, indicated that our scaffold could well barricade P. aeruginosa bio�lm formation on its surface.
This is visible in the 96 micro-well plate. The reported values are the average of three independent
repetitions of the experiment.

4- Conclusions
In this study, Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite was synthesized for the �rst time
and the structure was evaluated using FT-IR, EDX, FE-SEM, XRD, and TGA. In addition, the biological
characteristics of the synthesized structure were examined. According to the obtained results, this novel
nanobiocomposite acted signi�cantly as an anti-bio�lm agent against P. aeruginosa. Moreover, the MTT
assay shows that the viability percentages of Hu02 cells treated with Graphene oxide-lignin/silk
�broin/ZnO nanobiocomposite after 24, 48, and 72 h of incubation were 89.96%, 89.32%, and 91.28% and
the structure is non-toxic. On the other hand, it's compatible with blood because the hemolysis percentage
of the synthesized structure after 24 h and 72 h of extraction was 9.5% and 11.76% respectively.
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Figure 1

Graphical representation of Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite synthesis
procedure.
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Figure 2

FT-IR spectrum of (a) Graphene oxide-lignin and (b) Graphene oxide-lignin/silk �broin/ZnO
nanobiocomposite.
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Figure 3

(a) EDX analysis and (b) element mapping of Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite.
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Figure 4

FE-SEM image of (a) ZnO, (b) Graphene oxide-lignin, (c) Graphene oxide-lignin/silk �broin, and Graphene
oxide-lignin/silk �broin/ZnO nanobiocomposite.
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Figure 5

(a) XRD pattern and (b) peak list of Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite (c)
reference of ZnO and (d) graphene oxide. (e) TGA curve of Graphene oxide-lignin/silk �broin/ZnO
nanobiocomposite.
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Figure 6

(a) Histogram of the cell viability percentage after different incubation times of nanobiocomposite. (b)
Picture of 96-well plate for MTT assay on Hu02 cell line. (c) Untreated Hu02 cell line morphology and (d)
Hu02 cell line morphology after treatment with Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite
after 72 h incubation.
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Figure 7

Hemolysis histogram of 1% Triton X-100 (positive control), 0.9% NaCl (negative control) and Graphene
oxide-lignin/silk �broin/ZnO nanobiocomposite after different extraction times (24 h and 72 h) (* =
insigni�cant, P ≥ 0.05), comes with 96-well plate image.
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Figure 8

Anti-bio�lm histogram of polystyrene and Graphene oxide-lignin/silk �broin/ZnO nanobiocomposite
pieces (** = signi�cant, P ≤ 0.05), comes with 96-well plate image.
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Exceptional Photocatalytic Activities of rGO Modified (B,N)
Co-Doped WO3, Coupled with CdSe QDs for One Photon
Z-Scheme System: A Joint Experimental and DFT Study
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Artificial Z-scheme, a tandem structure with two-step excitation process, has
gained significant attention in energy production and environmental
remediation. By effectively connecting and matching the band-gaps of two
different photosystems, it is significant to utilize more photons for excellent
photoactivity. Herein, a novel one-photon (same energy-two-photon)
Z-scheme system is constructed between rGO modified boron-nitrogen
co-doped-WO3, and coupled CdSe quantum dots-(QDs). The
coctalyst-0.5%RhxCr2O3(0.5RCr) modified amount-optimized sample
6%CdSe/1%rGO3%BN-WO3 revealed an unprecedented visible-light driven
overall-water-splitting to produce ≈51 μmol h−1 g−1 H2 and 25.5 μmol h−1

g−1 O2, and it remained unchanged for 5 runs in 30 h. This superior
performance is ascribed to the one-photon Z-scheme, which simultaneously
stimulates a two photocatalysts system, and enhanced charge separation as
revealed by various spectroscopy techniques. The density-functional theory is
further utilized to understand the origin of this performance enhancement.
This work provides a feasible strategy for constructing an efficient one-photon
Z-scheme for practical applications.
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1. Introduction

The increasing energy demand and envi-
ronmental security due to climate change
are the biggest challenges that mankind
facing today. It is irresistible to develop
sustainable, clean, and environmentally
friendly energy resources.[1–6] Solar en-
ergy is rich in terms of its availabil-
ity to satisfy present and future world-
wide energy needs.[7–9] Nevertheless, it is
quite indispensable to change solar en-
ergy into other forms that are stress-free
to stock, transport, and utilize. Amongst
numerous approaches, valuable H2 gas
evolved by solar driven water-splitting is
genuinely auspicious.[10–13] Since the phe-
nomena was discovered for water split-
ting on a single crystal semiconductor
(TiO2) in 1972,[14] afterward various semi-
conductor photocatalysts have been widely
investigated.[15,16] However, it is extremely
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challenging for a single material to catalyze practical water split-
ting with high efficiency, because of the requirement of two cri-
teria: 1) broad range solar light absorption; and 2) durable ther-
modynamic torrential force for photolytic applications.[17,18]

In recent years, the use of two semiconductor systems with
different band gaps and adjustable donor/acceptor pairs (so-
called shuttle redox mediator) are gaining more research atten-
tion due to its enhanced activity. Therefore, the photocatalytic
water splitting via two-step photoexcitation has become a promis-
ing strategy for artificial photosynthesis. This system is in anal-
ogy to the natural photosynthesis of green flora and is called
the “Z-scheme”.[19,20] The Z-scheme system contains two indi-
vidual photocatalysts, that is, BiVO4/RuSrTiO3

[21] Rh-Pt-WO3/Pt-
SrTiO3

[22] (Cr, Ta) and Pt-SrTiO3
[23] Rh-SrTiO3/BiVO4.[23] The

theoretical Z-scheme proves to absorb more light than the single
photocatalyst. However, the main drawback of Z-scheme is the
band gap mismatch of the two different semiconductors, mostly
one component has narrow and another component has wide
band gap. Therefore, it is highly imperative to adjust the band
gaps of two different systems in the artificial Z-scheme in order
to improve the synergistic effects of wide-range solar-spectrum
utilization and thermodynamic pouring force for photocatalytic
reactions.[24,25]

Extensive research based on the metal-oxide semiconductor
nanoparticles, such as zinc oxide (ZnO),[26] tin oxide (SnO2),[27]

indium oxide (In2O3),[28] tungsten oxide (WO3),[29] molybde-
num oxide (MoO3),[30] and vanadium oxide (V2O5),[31] have been
conducted to promote the photocatalytic conversion efficiency.
Among these oxide materials, WO3, an n-type semiconductor,
is deliberated as a vanguard material for photocatalysis.[32,33] It
has several distinguished advantages, such as the relatively nar-
row energy gap (2.7 eV) than other oxides, high oxidation poten-
tial (+3.1–3.2 VNHE) of the valence band (VB), cost-effective, en-
vironmentally friendliness, optical chemical performance, good
photo stability, and biocompatibility.[34–36] Nevertheless, its appli-
cations are restricted since it can’t be employed for H2 production
owing to its lower conduction band (CB) potential, insufficient
absorption of light from solar spectrum, and high rate of excited
charge recombination. However, these limitations could be over-
come by microstructure and composition modifications, such as
semiconductor coupling, noble metal deposition, and elemental
doping et al. Among them, doping is an effective strategy for nar-
rowing the band gap and improving the photocatalytic activities.
Traditionally, doping of WO3 can be realized by substituting W
and O atoms, respectively, with transition metal cations (Cr, Co,
Gd, Fe)[37–40] and non-metal anions (B, N, S, C, P)[41–44] in order
to tune CB and valence band (VB) positions, modulating optical
absorption, charge separation, hydrophilicity, and defect density.
Of these elements, anion B or N doping has shown promising re-
sults in changing the CB and VB, respectively, and boosting the
photocatalytic activities. N is the most widely studied dopant that
has an atomic radius (155 pm) similar to oxygen (152 pm) while
B with low electronegativity can generate spatially localized reso-
nant states, pairs, and clusters in band gap and thus create a large
energy shift for CB of WO3.[45] In addition, non-metal elements
are relatively less toxic which represents an eco-friend strategy to
enhance the optical and electrical properties. However, the photo-
catalytic efficiency of the modified WO3 with single dopant is still
limited by the slow charge transfer and the speedy recombina-

tion of a photo-generated charge carrier pair. In this respect, var-
ious efforts have been used to engineer WO3 in order to enhance
charge transfer, reduce power, and effectively reduce carrier re-
combination. In this regard, the emergent 2D material graphene
(rGO) is a promising candidate owing to its high carrier mobility,
efficient electron (e−) collection, and transportation properties.
In addition, towards practical overall water splitting applications,
co-catalyst can further improve the redox reactions of one photon-
Z-scheme system.

In this work, we co-doped WO3 with B and N anions to tune
its band gap. The photocatalyst was further modified with rGO
as a charge carrier’s transporter, and coupled with CdSe quan-
tum dots (QDs) to develop an efficient one-photon Z-scheme sys-
tem. Further, the optimized sample 6CdSe/1rGO/3BN-WO3 was
loaded with 0.5%RhxCr2O3 (0.5RCr) as a co-catalyst by photode-
position method. The obtained results show that 0.5RCr modified
6CdSe/1rGO/3BN-WO3 has excellent photocatalytic activity for
overall water splitting as well as for pollutant degradation. Both
components of this novel Z-scheme system were excited at the
same energy photon. This configuration increased the lifetime
of photo-generated charges and efficiency of photocatalysis be-
yond 580 nm in the visible-light range, which is ascribed to the
synergistic effect of CdSe QDs coupling and BN co-doping. Den-
sity functional theory (DFT) calculation demonstrates the role of
dopants to create allowed surface states in the band gap. Surface
states possess small ionization energies and when the doping
charge density is high, the dopant generates new states below the
conduction and above the valence band edges to reduce the band
gap. Based on these experimental and theoretical investigations,
we believed that the newly prepared RCr/CdSe/rGO/BN-WO3-
based nanocomposite will have broad applications for solar fuels
evolution and environmental applications.

2. Computational Details

The current study has been carried out through the spin-
polarized DFT calculations using generalized gradient approxi-
mation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE)[46]

for the exchange-correlation potentials, as implemented in the Vi-
enna ab initio simulation package (VASP).[47–49] A dense mesh of
4 × 4 × 4 k-points and 450 eV energy cut-off has been used to opti-
mize structures of pristine and modified WO3. The projector aug-
mented wave (PAW) formalism[50,51] was used to model the ion–
electron interactions, and Grimme’s dispersion correction (DFT-
D3) was applied to account for van der Waals interactions.[52] The
total energy was converged to an accuracy of 1 × 10−5 eV to obtain
accurate forces, and a force tolerance of 0.02 eV Å−1 was applied
in the structure optimization. The HSE06 functional was used to
calculate the band gap, and the k-point mesh was set to 6 × 6 ×
6. The unit cell of WO3 structure contains 8 W and 24 O-atoms
with orthorhombic W (Pmnb space group) contained in a partial
oxygen octahedron structure.

3. Results and Discussion

3.1. DFT Calculations

We first examined the structure and electronic properties of pure
WO3 and BN co-doped WO3 using PBE and HSE functionals. A 2
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Figure 1. The spin-polarized total density of states (TDOS) and partial density of states (PDOS) plotted together with corresponding optimized structures
of (A,B) bare WO3 and (C,D) nitrogen and boron co-doped WO3, respectively. The spin-up (↑) and spin-down (↓) states are indicated by positive and
negative values, respectively. The Fermi level (EF) is set to zero.

× 2 × 2 supercell comprising 256 atoms in orthorhombic phase is
shown in Figure 1B,D. In fact, in the orthorhombic phase, W rep-
resents a perovskite-like geometric structure. Compared to the
triclinic crystalline structure, the long-short “W–O” bond length
in the orthorhombic WO3 is oriented only in the y and z direc-
tions, because of the W-atom drifting from its equilibrium lo-
cation. We found that the HSE and PBE hybrid functional yield
lattice constants and symmetry volumes that match the experi-
mental data are much better than the standard DFT-generalized
gradient approximation (GGA) functional. Most importantly, the
introduction of a portion of exact HF exchange energy in the hy-
brid functional always gives a systematically precise band gap de-
scription which is underestimated by conventional DFT meth-
ods. To determine the most stable structure of (B,N) co-doped
WO3 for the electronic calculations, we considered all possible
combinations of O substitution for B and N and choose the one
with lowest total energy for further calculations. The HSE06 func-
tional is used to investigate and compare the electronic band gap
of both pristine and B and N co-doped WO3 as shown in Fig-
ure 1. The spin-polarized total density of state (TDOS) and par-
tial density of state (PDOS) of W-d, O-P, N-P, and B-P orbitals are
calculated and plotted together with corresponding structures, as
shown in Figure 1. The electronic density of states (DOS) anal-
ysis revealed that both WO3 and 3BN-WO3 are semiconductors
with relatively narrow band gaps of 2.7 and 2.1 eV, respectively,
as shown in Figures 1A and 1C. Furthermore, it reveals that the

(B,N) co-doping in WO3 produces delocalized electrons, leading
to a high band gap reduction which makes WO3 as a highly effi-
cient catalytic material. The d-orbital of W atom hybridizes with
p-orbitals of the surrounding O, N, and B atoms resulting in low-
ering the band gap of 3BN-WO3 materials. An intriguing out-
come of hybrid-functional examination reveals that the band gap
value is muscularly dependent on the structure.

3.2. Structure Characterization and Chemical Composition

The crystal structure of the pure WO3, 3BN-WO3, 1rGO/3BN-
WO3, 6CdSe/1rGO/3BN-WO3, and co-catalyst modified
0.5RCr/6CdSe/1rGO/3BN-WO3 photocatalysts were investi-
gated by X-ray powder diffraction (XRD) in the range of 10° to
90° as given in Figure S1A, Supporting Information. The bare
WO3 exhibits a monoclinic crystal phase with well resolved triplet
diffraction peaks at 2𝜃 = 23.22°, 23.72°, and 24.46° attributed to
(002), (020), and (200) planes, respectively, as confirmed by X-ray
diffraction (JCPDS card No. 72–0677). Furthermore, the plain
W represents the space group P21/c, with lattice parameters a
= 7.3271 Å, b = 7.5644 Å, c = 7.7274 Å, and beta = 90.488°.
Interestingly, the WO3 sample shows no changes in the crystal
phase or interlayer distance after BN doping, and no additional
peak or phase related to the presence of BN compound was
observed. The potential reason is that oxygen and nitrogen have
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Figure 2. The UV–visible absorption spectra of WO3, 1BN-WO3, 2BN-WO3, and 3BN-WO3 (A), HR-TEM images of 6CdSe/1rGO/3BN-WO3 (B) and (C),
and elementary mapping of the optimized-sample 6CdSe/1rGO/3BN-WO3 (D–L).

the similar atomic radii suggesting that the incorporation of
BN pairs into a WO3 six-membered ring is successful. Because
of the low content, the rGO diffraction peaks are absent in
the 1rGO/3BN-WO3 composites. The yCdSe/1rGO/3BN-WO3
nanocomposite shows no extra peak after coupling with CdSe
QDs, indicating that the CdSe QD composition is very low and
the composite maintains the original microstructure. There-
fore, the well-defined XRD peaks show that the as-prepared
nanocomposites have high crystallinity with no impurity phase.

The UV–Vis absorbance spectra were measured to explore
the optical properties and electronic band gaps of the WO3,
1BN-WO3, 2BN-WO3, and 3BN-WO3 photocatalysts as shown in
Figure 2A while the UV–Vis absorbance spectra for the sam-
ples after coupling with CdSe QDs and photo-deposited RCr are
shown in Figure S1B, Supporting Information. The absorption
spectra show significant increase in intensity above 470 nm after
(B,N) co-doping, with the threshold shifting toward longer wave-
lengths. It suggests that the band gaps of the pristine WO3 have
been modified. Furthermore, when coupled with CdSe QDs, the
visible light response of BN-WO3 is dramatically extended up to
580 nm. The Kubelka–Munk method was used to estimate the
band gap energies of all the samples, and the determined band
gaps for WO3, 3BN-WO3, and CdSe QDs are 2.7, 2.1, and 2.1 eV,
respectively. For comparison, the electronic properties and band
gaps of WO3 and 3BN-WO3 were calculated by using DFT as dis-
cussed earlier in Figure 1. The obtained band gaps for the pristine
WO3 and 3BN-WO3 are 2.8 and 2.1 eV, respectively, which are
consistent with the experimental values. The presence of (B,N)
dopants in WO3 results in a stable and suitable energy state,
demonstrating the thermodynamic stability of BN-WO3. The de-
tails of the electronic band structure of the nanocomposite sys-
tem will be extensively discussed in Figure 6.

Further structural exploration of the nanocomposite was re-
vealed by transmission electron microscope (TEM)/HRTEM in-
vestigations. The TEM images demonstrate that no change in
morphology is observed after the introduction of BN as shown in
Figure S2, Supporting Information. The distribution of rGO and
CdSe QDs on the surface of 3BN-WO3 can be clearly observed
from TEM images. The lattice fringes of CdSe QDs, rGO, and
BN doped WO3 are visible in the HRTEM in Figure 2B,C. These
figures demonstrate that CdSe QDs in the 3–5 nm size range are
inhomogeneously dispersed on the surface of nanocomposite.
From HRTEM images, it is also confirmed that rGO and CdSe
QDs are chemically bonded with 3BN-WO3. Moreover, elemental
mapping analysis was performed to investigate elemental com-
position and homogeneous distribution of the constituent ele-
ments. Figure 2D–L demonstrates that the composite contains
regularly distributed Cd, Se, C, B, N, W, and O elements. Fur-
thermore, as shown in Figure S3, Supporting Information, the
energy-dispersive X-ray spectroscopy (EDX) results show that all
of the elements are present in appropriate concentrations with
no additional impurity peaks.

X-ray photoelectron spectroscopy (XPS) was used to exam-
ine the chemical valence and bonding state of elements in
6CdSe/1rGO/3BN-WO3 sample. The spectra of the optimized
nanocomposite and peaks for Cd, Se, C, B, N, W, and O are
shown in Figure 3 and Figure S4, Supporting Information. The
XPS survey spectrum demonstrates that all the constituent ele-
ments are present and no additional peaks are observed in the
nanocomposites (Figure 3A). The W 4f spectrum is identified at
35.8, 37.9, and 41.6 eV binding energies and, respectively, coordi-
nated with W4f7/2, W4f5/2, and W5p3/2 indicating a +6 oxidation
state of tungsten as shown in Figure 3B, which is consistent with
previous reports.[53] The O1s spectrum can be deconvoluted into
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Figure 3. The XPS survey spectra of 6CdSe/1rGO/3BN-WO3 (A), the high-resolution spectra of W 4f (B), N1s (C), B1s (D), Cd 3d (E), and Se 3d of
6CdSe/1rGO/3BN-WO3 (F).

two main peaks at 530.8 and 531.7 eV as shown in Figure S4A,
Supporting Information. The 530.8 eV peak is attributed to the
lattice oxygen, while 531.7 eV peak is attributed to –OH or water
molecule adsorbed on the surface of the 6CdSe/1rGO/3BN-WO3
composites. The broad XPS peaks of N1s in Figure 3C are located
at binding energy of ≈400.1 and ≈406.2 eV, and are attributed to
the penta-valent nitrogen. Our results are in good agreement with
the previous reports about N-doped TiO2.[54] Figure 3D exhibits
the B1s spectrum and the peak at 193.6 eV is clearly above the
statistical noisy level, providing solid evidence for the existence
of B3+ in WO3 crystal, consistent with the previous reported peak
position for B 1s.[55] The C1s spectrum is deconvoluted into two
peaks at 284.9 and 285.7 eV,[60] which are attributed to C–C, and
C–O in Figure S4B, Supporting Information. The XPS spectrum
of Cd is shown in Figure 3E with the appropriate binding ener-
gies at 405.4 and 412.3 eV, which are related to the binding en-

ergy of Cd 3d5/2 and Cd 3d3/2, respectively. The XPS spectrum of
a Se 3d is a very wide peak and centered at 52.3 eV as shown in
Figure 3F. The low intensities of N1s, B1s, Cd3d, and Se3d are
attributed to their small amounts in the nanocomposite. Based
on XPS, XRD, UV–visible absorbance spectra TEM/HRTEM, and
elementary mapping, it is concluded that the novel photocatalyst
6CdSe/1rGO/3BN-WO3 has been successfully synthesized.

3.3. Photocatalytic Activities

The overall water splitting photocatalytic activities of WO3, xBN-
WO3, and yCdSe/1rGO/3BN-WO3 were measured with a directly
connected GC-system. It is clear from Figure S5, Supporting
Information, that pure WO3, xBN-WO3, (where x represents
different concentration) 1rGO/3BN-WO3, and 1CdSe/1rGO/
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Figure 4. Visible light photocatalytic activities for overall water splitting with 2CdSe/1rGO/3BN-WO3, 4CdSe/1rGO/3BN-WO3, 6CdSe/1rGO/3BN-WO3,
8CdSe/rGO/3BN-WO3, and 0.5RCr/6CdSe/1rGO/3BN-WO3 (A), stability and recyclability test of the sample-optimized 0.5RCr/6CdSe/1rGO/3BN-WO3
(B), visible-light photocatalytic degradation activities for dichlorophenol (C), and Congo Red of WO3, 3BN-WO3, 1rGO/3BN-WO3, 6CdSe/1rGO/3BN-
WO3, and 0.5RCr/6CdSe/1rGO/3BN-WO3 (D).

3BN-WO3 are not suitable for water-splitting activity, due to their
unsuitable conduction band (CB near 0.26 eV) position and neg-
ligible visible-light (𝜆 ≥ 420 nm) absorption. However, after cou-
pling CdSe QDs, the yCdSe/1rGO/3BN-WO3 samples demon-
strated much better overall water splitting activities as given in
Figure 4A and the 6CdSe/1rGO/3BN-WO3 sample exhibited very
high activity (40/20 (H2/O2) μmol h−1 g−1).

In order to further enhance the photocatalytic activ-
ities, the optimized sample was modified with 0.5RCr
as co-catalyst by a photo-deposition process. The sample
0.5RCr/6CdSe/1rGO/3BN-WO3 showed surprisingly high over-
all water splitting activities (i.e., 51/25.5 (H2/O2) μmol h−1 g−1).
Moreover, we also measured the stability and recyclability test
for the sample-optimized. Obviously, there is no any reasonable
reduction in the photocatalytic activity after a 5-cycle (30 h)
run as demonstrated in Figure 4B. Thus, the newly designed
nanocomposites are highly stable and efficiently active for overall
water splitting.

In addition, we further studied the photocatalytic oxida-
tion properties of the nanocomposites through controlled 2,4-
dichlorophenol and Congo Red degradation activities. Since, ad-
sorption of the pollutants on the photocatalyst surface can play
a crucial role in the degradation of toxic materials, therefore,
we carried out experiments in the dark for 30 min to com-
plete adsorption–desorption and then irradiated the samples un-

der visible light. As a result, the 0.5RCr/6CdSe/1rGO/3BN-WO3
nanocomposite showed 91% photodegradation activities for 2,4-
dichlorophenol degradation in 1.5 h as shown Figure 4C. It is
evidently observed that the 2,4-dichlorophenol degradation re-
sults are supporting the overall water splitting activities, suggest-
ing that the sample-optimized 0.5RCr/6CdSe/1rGO/3BN-WO3
nanocomposite exhibits high photo-degradation activities.

Similarly, the sample-optimized showed very attractive pho-
toactivity for the Congo Red degradation and ≈99% Congo Red
was degraded in 1.5 h under visible-light irradiation as men-
tioned in Figure 4D. These results show that the as synthesized
nanocomposite 0.5RCr/6CdSe/1rGO/3BN-WO3 has great redox
performance for the overall water splitting to evolve H2 and O2,
and for the pollutants degradation. Thus, it is confirmed that the
band gap engineering and extended visible light absorption are
responsible for the improved photocatalytic activities.

3.4. Charge Separation and Mechanism Discussion

The exploration and investigation of photo-generated charge car-
rier properties of nano-sized photo-semiconductors with neg-
ligible band bending is an exciting task. Photoluminescence
(PL) spectroscopy is a versatile and unique technique used
to explore photochemical properties of energetic sites on the
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Figure 5. •OH radical amount-related fluorescence spectra (A), single wavelength activities (B), photoelectrochemical current density (C), and elec-
trochemical reduction curves of WO3, 3BN-WO3, 1rGO/3BN-WO3, 6CdSe/1rGO/3BN-WO3, and 0.5RCr/6CdSe/1rGO/3BN-WO3 (D). Electrochemical
performance was measured in a 0.5 m NaClO4 solution and Hg/Hg2Cl2 (saturated KCl) electrode was used as the reference electrode.

surface of photocatalysts. From the PL spectra, we can also
get perception about the surface defects and oxygen vacancies,
and charge transfer and charge carrier trapping efficiency. Fig-
ure S6A,B, Supporting Information, shows the PL spectra of
WO3, xBN-WO3, and yCdSe/3BN-WO3 samples under an exci-
tation wavelength of 420 nm. It is observed that after (B,N) co-
doping and coupling with CdSe QDs, the intensities of PL spec-
tra are further decreased. Interestingly, the PL intensity is effi-
ciently decreased after the photodeposition of a co-catalyst RCr.
Thus, 0.5RCr/6CdSe/1rGO/3BN-WO3 nanocomposite demon-
strates low charge recombination and an efficiently high charge
separation, which is consistent with photocatalytic activities.

To extend the charge separation techniques, coumarin fluores-
cence spectroscopy was utilized to investigate the amount of hy-
droxyl radicals (•OH) by measuring the spectra of luminescent
7-hydroxycoumarin formed by the chemical reaction between
coumarin and •OH. It has been observed and accepted that the
signal intensity strength is proportional to the •OH radicals pro-
duced and charge separation. As shown in the Figure 5A, the
amount of produced •OH by 3BN-WO3 and 1rGO/3BN-WO3 is
greater than that of pure WO3, and its signal intensity is sub-
stantially increased after the introduction of CdSe QDs. The pro-
duced •OH amount is specifically larger for 6CdSe/1rGO/3BN-
WO3. Furthermore, the amount of •OH is greatly enhanced
by adding a co-catalyst such as 0.5RCr/6CdSe/1rGO/3BN-WO3
due to the interfacial charge transfer through the Z-scheme
mechanism.

To confirm the extended visible-light activity of
0.5RCr/6CdSe/1rGO/3BN-WO3, we performed single wave-
length photocatalytic water splitting activities as given in
Figure 5B. According to the results, pure WO3 has no activity,
because the CB and VB level are unsuitable and therefore it does
not show any photocatalytic activity. However, after co-doping
with BN and coupling CdSe QDs, the visible light response is
increased up to 580 nm. It is noteworthy that the newly designed
nanocomposite 0.5RCr/6CdSe/1rGO/3BN-WO3 exhibits an
excellent overall water splitting activity due to the absorption of
a wide range of the solar spectrum.

Photoelectrochemical (PEC) linear sweep voltammetry (LSV)
measurements were performed under visible light irradiation
in a 0.5 m Na2SO4 electrolyte solution and the results are de-
picted in Figure 5C. As expected, WO3 exhibits a rather weak
photocurrent density compared to 3BN-WO3 and 1rGO/3BN-
WO3. However, a more intense photocurrent density is observed
for 6CdSe/1rGO/3BN-WO3 and the photocurrent density signal
of 0.5RCr/6CdSe/1rGO/3BN-WO3 electrode is much larger than
that of the other samples which further supports the idea of a
band gap matched mechanism. Therefore, it could be observed
that Z-scheme interfacial matching and band gap bending via
3BN-WO3 and 6CdSe QDs coupling plays an extremely signifi-
cant role in enhancing charge separation of the photogenerated
species.

Furthermore, the electrochemical reduction curves were em-
ployed to verify the catalytic function in nitrogen gas-bubbled
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Figure 6. Proposed charge separation mechanism of the Z-scheme sys-
tem for 0.5RCr/6CdSe/1rGO/3BN-WO3.

systems and demonstrate the mechanism of H2 evolution in
the N2 environment as given in Figure 5D. It is more effec-
tive for electrochemical H2 evolution on 6CdSe/1rGO/3BN-WO3
in comparison with pristine WO3. It is further endorsed by
the interfacial Z-scheme charge transfer between 3BN-WO3 and
6CdSe QDs with a cocatalyst 0.5RCr. Since the sample-optimized
0.5RCr/6CdSe/1rGO/3BN-WO3 curve is shifted to a low onset in
the N2 environment, the phenomenon is thermodynamically fa-
vorable for overall water splitting.

In addition, to deeply investigate charge transfer and sep-
aration mechanism, electrochemical impedance spectra (EIS)
were obtained as shown in Figure S7, Supporting Information.
A slight/detectable decrease is clear in the capacitive radius
plots for 3BN-WO3, 1rGO/3BN-WO3 6CdSe/1rGO/3BN-WO3,
and 0.5RCr/6CdSe/1rGO/3BN-WO3 in comparison with pristine
WO3. In specific, 0.5RCr/6CdSe/1rGO/3BN-WO3 demonstrates
the smallest arc radius, which represents the most crucial sepa-
ration of photoinduced charges and carrier transfer from 3BN-
WO3 to CdSe QDs in the nanocomposite. Based on the inter-
pretation of the PL spectra, •OH radical amount related spec-
tra, single wavelength activities, photoelectrochemical (PEC) lin-
ear sweep voltammetry (LSV), electrochemical reduction curves,
and electrochemical impedance spectra (EIS), it is concluded that
the novel nanocomposites have efficiently high charge separation
and transfer properties, which is consistent with the enhanced
photocatalytic activities.

To well elucidate the underlying charge separation mechanism
and improved visible light activities of the fabricated samples, a
schematic mechanism is proposed, as shown in Figure 6. Pristine
WO3 has a band gap of ≈2.7 eV, corresponding to the light absorp-
tion threshold of 460 nm, which is certainly not good for visible
light absorption. As we have discussed in the introduction, the
CB position of pristine WO3 is below the water reduction level,
leading to hydrogen evolution reaction (HER) to be impossible to
photoexcited electrons, although the VB position of pristine WO3
is deep enough thus still enabling water oxidation through oxy-
gen evolution reaction (OER) by photoexcited holes. The purpose
of (B,N) co-doping is to effectively reduce the band gap from 2.7
to 2.1 eV to extend the light absorption into the visible light range
of 580 nm (≈2.1 eV). On the other hand, the CdSe QD shows a
favorable position for HER due to its suitable CB position,[7] thus

with the help of the co-catalyst (0.5%RhxCr2O3) the HER can be
very effective. Unfortunately, the VB position of CdSe QD is too
shallow for water oxidation, thus it is not a good OER catalyst.[7]

Therefore, the core idea of this project is to bring together (B,N)
co-doped WO3 and CdSe QD to construct a Z-scheme system, in
which the deep-level photoexcited holes in (B,N) co-doped WO3
helps OER and high-energy photoexcited electrons in CdSe QD
with co-catalyst facilitates HER, leading to excellent efficiency for
overall water splitting. Here we reiterate that the role of graphene
is very critical because it helps to transport the low-energy pho-
toexcited electrons to be recombined with the shallow-level pho-
toexcited holes in CdSe, thus helping to increase the overall effi-
ciency of charge separation for the Z-scheme system of a (B,N) co-
doped WO3/CdSe QD-RCr nanocomposite. To further confirm
this idea, we show the Tauc-plot and XPS valence band spec-
tra (Figures S8A and S8B, Supporting Information) for the ob-
tained 6CdSe/1rGO/3BN-WO3 sample. It is clear that the VB
position is ≈2.1 eV, considering the band gap of 2.3 eV, lead-
ing to the CB of 3BN-WO3 equals 2.3 − 2.1 = 0.2 eV in vac-
uum level, which is 0.2 eV below the HER potential, which is
consistent with our discussion in Figure 6. As a result, for the
obtained 0.5RCr/6CdSe/1rGO/3BN-WO3 nanocomposite, it ex-
hibits the highest charge separation and the best photocatalytic
performance, up to 580 nm of visible-light irradiation. The nov-
elty of this newly developed system is to excite both components
of the Z-scheme system at the same energy photon. In this case,
both materials (B,N)-WO3 and CdSe QDs have similar bang gaps
(2.1 eV) and can easily be excited with the same energy photon,
leading to excellent visible-light overall water splitting efficiency.

4. Conclusions

In summary, a novel Z-scheme system based on a band
gap adjusted visible-light responsive 0.5RCr/6CdSe/1rGO/3BN-
WO3 nanocomposite has been successfully constructed via hy-
drothermal method. Compared with the pristine WO3, the
0.5RCr/6CdSe/1rGO/3BN-WO3 nanocomposite exhibited en-
hanced photocatalytic activities for the overall water splitting to
evolve H2 and O2 and photodegradation for 2,4-dichlorophenol
and Congo Red pollutants. The improved photocatalytic activities
of photocatalysts are ascribed to the extended visible-light absorp-
tion due to (B,N) co-doping to create surface resonant states near
the CB and VB of WO3, and further promote the carrier’s separa-
tion by coupling CdSe QDs and photo-depositing RCr co-catalyst.
The Z-scheme based mechanism followed by 6CdSe/1rGO/3BN-
WO3 nanocomposite is responsible for the high charge separa-
tion, and displays auspicious applications in photocatalysis for
environmental remediation and energy conversion. This work
demonstrates a promising approach to synthesize nanophotocat-
alysts based on WO3 for visible-light driven solar energy applica-
tion.

5. Experimentation Section
Materials: Tungsten hexachloride WCl6 (99%), deduced graphene

oxide (rGO), absolute ethanol (C2H5OH), methanol (CH3OH), and
some gases (Ar, CO, N2, O2 [99.99%]) were purchased from Aladdin
Chemistry Corporation Ltd, and EMD Millipore (Shanghai, China),
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respectively. Tetranitratoborate [(B(NO3)4]− (99%) and Se were bought
from Sinopharm Chemical Reagent Co. Ltd. Cadmium oxide, CdO
(99.998%), octadecylphosphonic acid, C18H39O3P (ODPA 99%), and tri-
octylphosphine oxide, C24H51OP (TOPO 99%), were received from Sigma-
Aldrich. All the regents involved in the experiment were of analytical grade
and directly utilized without further purification.

Synthesis WO3 and BN-WO3: The typical synthesis procedure as
given: 3 g WCl6 were briskly stirred in 180 mL of absolute ethanol for
30 min. With continues agitation, the solution first became translucent
followed by pale yellow coloration. The pale-yellow solution was subse-
quently processed in 100 mL Teflon-lined autoclaves and kept in an oven
at 180 °C for 24-h for the hydrothermal preparation of WO3 nanoparticles.
The obtained sediments were washed numerous times with deionized wa-
ter and absolute C2H5OH in order to completely remove all the residues
followed by calcination at 600 °C for 2-h in air to extract water molecules
and get WO3 nanoparticles. For the preparation of BN co-doped pristine
WO3 nanoparticles, the same procedure was followed except for the addi-
tion of different percentages of tetranitratoborate [(B(NO3)4]− (99%) as a
source of BN and the obtained products were denoted by xBN-WO3 where
x shows the different weight percent of tetranitratoborate [(B(NO3)4]−.

Modification and Coupling: To fabricate rGO (1%) modified and CdSe
QDs (2-8%) coupled photocatalysts, the typical procedure followed was
as follows: 0.5 g 3BN-WO3 were stirred in 40/40 mL of ethanol/distilled
water mixture in a 150 mL glass beaker followed by the addition of 1%
rGO and the vigorous stirring was continued for the next 30 min to form
a homogeneous mixture. Subsequently, desirable quantities of CdSe QDs
(0.5 mg mL−1), (2, 4, 6, and 8 mL) were added and the ultrasonic treatment
was continued for 3 h at ambient temperature. Eventually, each mixture
was held at 80 °C for ≈3 h to dehydrate. The final product was exposed
to the heat treatment process at 300 °C moderately (1 °C min−1 in air)
for 2 h and the samples were denoted by yCdSe/1rGO/3BN-WO3 where y
represents the weight percent of CdSe QDs in the nanocomposite.

Photodeposition of RhxCr2O3: In an attempt to enhance the photocat-
alytic activity of the optimized (6CdSe/1rGO/3BN-WO3) sample, RhCl3
and Cr(NO3)3 as cocatalysts were pursued through the experiment. Be-
fore starting photodeposition, a mixture of 100 mL methanol and 100
mL deionized water was enriched by Ar gas to eliminate oxygen from
the solution. Thereafter, a 0.5 g photocatalyst was mixed with 40 mL
of the above-mentioned solution. The photodeposition of 0.5RCr on the
6CdSe/1rGO/3BN-WO3 sample was achieved by dropping technique with
continuous vigorous stirring under a Xe-lamp-light irradiation for 1 h. After
centrifugation and washing it several times for the removal of the residual
material, the obtained sample was dried at 80 °C overnight.

Material Characterization: XRD patterns were analyzed at a scanning
speed of 12° min−1 in the X-ray diffractometer with Cu-K𝛼1 emission (𝜆
= 1.5406 Å). The XPS (VG Scientific, Model ESCALAB250) was used to
analyze the surface configuration and elemental oxidation states of the
as prepared samples. TEM (JEM-2100 Plus) was used to investigate the
structure morphology of the materials. The HR-TEM, EDS, and SAED of
CdSe QDs coupled rGO loaded WO3 were obtained using a Cs-corrected
Model JEOL JEM-2200FS microscope operated at 200 kV. The surface mor-
phology of nanocomposite was examined with the scanning electron mi-
croscope (SEM) (EM8000, KYKY, China) equipped with energy-dispersive
X-ray spectroscopy (EDX) (Bruker, Germany). The UV–Vis absorption of
the nanocomposites was detected with Shimadzu UV-2550 Spectropho-
tometer, using white BaSO4 powder as a reference. The photolumines-
cence (PL) spectra were received from PE-LS-55 Spectrofluorophotometer
(excitation wavelength 𝜆 = 420 nm).

Overall Water Splitting Evaluation: The overall water splitting activity
was carried out inside a transparent cylindrical quartz cell (250 mL m−3),
which was associated to a gas circulation system and TCD (Tech, GC-7900,
nitrogen carrier) to measure the evolved gases. For photocatalytic activity
measurement, 50 mg samples were disseminated in 100 mL distilled water
and exposed to light irradiation under a 300 W Xe-lamp (cut-off below of
420 nm). The amount of evolved gases was measured at an interval of a 1
h duration.[56,57]

Measurement of Hydroxyl Radical (•OH) Amount: For the measure-
ment of •OH amount, a 50 mg sample was dispersed in 20 mL of a 5

mg L−1 coumarin aqueous solution in a quartz reactor. The chemical re-
action was monitored under a strong magnetic stirring for 1 h under light
irradiation with a Xe-lamp (300 W) having a cut-off filter (𝜆 ≥ 420 nm) and
the Xe-lamp was placed at about a 12 cm height from the reactor chamber.
Ultimately, a portion of the solution under investigation was separated by
centrifugation and transferred to a Pyrex glass cell in order to investigate
the fluorescence of 7-hydroxycoumarin at a 420 nm excitation wavelength.

Evaluation of Pollutants Degradation: The representative procedure
for 2,4-dichlorophenol photocatalytic degradation was given as: 50 mg
of the catalyst was dispersed in 80 mL of 2,4-dichlorophenol solution
(10 mg L−1). Thereafter, the mixture was stirred in a dark environ-
ment for 30 min to ensure adsorption–desorption saturation. Before
centrifugation, the mixture was exposed to light irradiation under visi-
ble light and samples were collected after an appropriate time interval.
Finally, the 2,4-dichlorophenol concentration was measured by the UV-
spectrophotometer with an absorption peak at 285 nm. A similar proce-
dure was used for the Congo Red degradation.[58,59]
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A B S T R A C T   

The synthesis and design of non-precious and efficient electrocatalysts by an eco-friendly technique are required 
for renewable and clean energy. This work reports a successful synthesis of nickel-cobalt phosphide (Ni-Co-P) 
anchored on carbon fiber cloth (CFC) for advanced electrocatalytic applications. Detail structural and 
morphological analyses reveal that the interfacial growth of Ni-Co-P on CFC possesses a unique hexagonal sheet 
exteriorly decorated with nanoneedles around the edges depicting a cactus-like morphology. This Ni-Co-P/CFC 
exhibits unprecedented electrocatalytic activity for hydrogen evolution reaction (HER) with a current density of 
10 and 200 mA cm− 2 acquires at the overpotential of 43 and 149 mV versus reversible hydrogen electrode (RHE), 
respectively. Based on cyclic-voltammetry (CV) and Tafel plot results, it is deduced that this high activity is 
mainly credited to the large surface area and a large number of active sites from the hexagonal multilayer-sheet 
decorated with nanoneedles profile. Moreover, no significant deactivation is observed even after running for 12 h 
or at least 2000 CV cycles, suggesting excellent stability, making it a promising electrocatalyst. It is expected that 
our work could provide a new strategy to design non-precious and efficient electrocatalysts for practical ap-
plications with highly-active and better-durability for HER.   

1. Introduction 

Recently, the substantial consumption of natural fuels by the rapid 
growth of industrialization and population have unexpectedly expanded 
the global appetite in renewable energy [1,2]. The extensive consump-
tion of fossil fuels has led to gigantic CO2 emission and resulted in the 
global environment [3–5]. Therefore, the development of renewable and 
carbon-free energies (hydro energy, solar energy, and wind energy etc.) 
sources has attracted tremendous attention in research communities 
[6,7]. Therefore, to gain the goal mentioned above, various traditional 
and chemical methods have extensively been applied for energy storage 
and conversion [8]. Nevertheless, none of them gets efficient results 
through less mechanical strength, instability, and secondary pollution 
production. However, hydrogen generation from photochemical and 
electrochemical water splitting is considered a sustainable solution to 
produce promising fuels while generating negligible secondary pollu-
tion. HER, which involves the reduction of protons to molecular 
hydrogen, is a critical process for electrocatalytic water splitting [9]. At 

present, the reported electrocatalysts toward HER are mainly based on 
noble elements, Specially the platinum group (PGMs) such as Pt, Pd, Au, 
etc., which are regarded as ideal for the photocatalysts and electro-
catalysts [10]. However, the scarcity and high-cost of noble metals limit 
their broad applications [11–15]. Consequently, it is meaningful to 
develop alternative earth-abundant elements based on electrocatalysts 
to overcome the drawback mentioned above [16–19]. For the past few 
decades, extensive efforts have been made to develop low-cost, highly 
efficient, and stable electrocatalysts for HER [20]. In particular, re-
searchers are expecting that transition metal-based compounds could be 
used as the promising electrocatalytic materials to address the present 
challenges, which were previously adopted for catalyzing industrial 
reactions [21–26]. 

The transition metals (TMs) and their compounds as effective cata-
lysts for the electrochemical HER have attracted marvelous researchers’ 
attention regarding their excellent performance and high earth- 
abundance [27–30]. A wide range of transition metal-based com-
pounds such as transition metal sulfides (MoS2 [31,32], Ni-Co-S [33], 
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and Co-MO-Sx [34]), selenides (CoSe2 [35], MoS2(1− x) Se2x [36], WS2(1- 

x)Se2x [37]), and phosphides (Co1− xNixP3 [38–40], CoPS [41]) have 
been investigated for HER. Among these reported materials, transition 
metal phosphides (TMPs) attracted tremendous attention for their high 
electrocatalytic activity with hydrogenase-like catalytic mechanism 
[42–47]. Additionally, the bi-metallic phosphides may show superior 
activity than mono-metallic-phosphides due to the synergistic effect 
[48–50]. Recently, some experimental and computational elaboration 
demonstrated that the HER electrocatalytic activities of nano-sized 
TMPs originate from the edge sites while their basal planes are cata-
lytically inactive [51–53]. Therefore, the precise nanostructures TMPs 
reveal numerous active edge sited catalysts that enhance intrinsic 
properties essential to improve the catalytic performance. For example, 
Fu et al. prepared Co1-xNixP3 nanoneedle array structure coated on CFC 
(carbon fiber cloth) through hydrothermal treatment [38]. It is 
confirmed that the unique properties with largely exposed edges, active 
chemical and electronic coupling between CFC and Co1-xNixP3, resulting 
in high HER performance. In this vein, Du et al. established HER-active 
NiCoP through the controlled hydrothermal condition. These methods 
introduce novel morphology, which could expose excessive active sites 
for catalysts, hence significantly boost the yield of overall HER. TMP 
materials directly grown on CFC substrate terrifically enhance the 
electrocatalytic properties. The increased conductivity from the CFC 
substrate without binder, coupled with the facilitated penetration of 
electrolyte, promotes the hydrogen evolution. The above works are 
important and provide us with guidance capability to engineer the 
structure and morphology of TMPs to enhance further their electro-
catalytic activity and stability for practical applications [54]. However, 
the efficiency of TMPs is still very low for commercialization. On this 
account, it is significant to establish an innovation strategy to amend the 
catalytic activities and stability of TMPs. 

In the present work, we reported a facile synthetic approach to the 
nanostructured Ni-Co-P where directly grows on flexible and conductive 
substrate CFC through a hydrothermal reaction followed by low- 
temperature phosphorization. The as-synthesized sample has a cactus- 
like Ni-Co-P/CFC geometry composed of hexagonal nanosheets with 
nanoneedles grown from the edges along the nanosheet planes pos-
sessing abundantly exposed edges, which are essentially active centers 
for HER. Such cactus-like Ni-Co-P/CFC nanocomposites exhibit superb 
HER electrocatalytic activity in acidic electrolytes with current density 
10 mA cm− 2 at 43 mV potential (ƞ), respectively. Additionally, the Tafel 
slope of 35.5 mV dec− 1 depicts remarkable stability with negligible 
activity degradation after running for 12 h or at least 2000 cycles. The 
current effort will be a backbone for TMP-based electrocatalysis in the 
near future. 

2. Experimental 

2.1. Materials 

Cobalt (II) nitrate hexahydrate (Co(NO3)2⋅6H2O), nickel (II) nitrate 
hexahydrate (Ni(NO3)2⋅6H2O), sodium hypophosphite (Na2H2PO4), and 
ethanol (C2H5OH) were purchased from Aladdin Chemistry Co., Ltd. 
(Shanghai, China). Urea (CH4N2O), and ammonium fluoride (NH4F) 
were purchased from Rhawn reagent Co, Ltd (China). Acetone (C3H6O) 
and sulfuric acid (H2SO4) were purchased from Keshi reagent Co., Ltd 
(China). Carbon fiber cloth (CeTech Taiwan, NOS10025), Deionized 
water (DIW) (Millipore, 18.2 MΩ cm), Ar gas (99.99%). All of the ma-
terials and chemicals used without any further purification. 

2.2. Preparation of NiCo2O4/CFC 

The CFC (1 × 1 cm2) was washed consecutively according to the 
previous report [22]. Co(NO3)2⋅6H2O (1 mmol), and Ni(NO3)2⋅6H2O 
(0.5 mmol) were used as sources of Co and Ni, respectively, whereas 
CH4N2O (5 mmol), and NH4F (7.5 mmol) were first dissolved in 15 ml of 

deionized water (DIW) and 10 ml ethanol. For mixing sonication, a 
method was used to prevent the formation of aggregation. Then the 
aqueous solution was transferred into a 50 ml Teflon-lined-stainless- 
autoclave, and the precleaned CFC pieces were vertically aligned in 
the aqueous solution and then heated for 6 h at 120 ◦C. After cooling 
down to ambient temperature by the inherent air-cooling system, the 
sample washed several times with DIW and ethanol and dried under 
vacuum at 60 ◦C, followed by calcination at 400 ◦C (5 ◦C min− 1 2 h in 
air), and the final cactus-like NiCo2O4/CFC product was obtained. 

2.3. Preparation of cactus-like Ni-Co-P/CFC 

NiCo2O4/CFC and 500 mg of NaH2PO2 were placed separately in a 
combustion boat heated at 300 ◦C (2 ◦C min− 1 3 h in Ar environment). 
The as-obtained product Ni-Co-P/CFC was collected and dipped into 
ethanol for a while, followed by washing DIW and drying at 60 ◦C under 
vacuum. For comparison, Co2P/CFC and Ni2P/CFC were distinctly pre-
pared similarly without adding Ni(NO3)2⋅6H2O and Co(NO3)2⋅6H2O. 

2.4. Martial characterizations 

The phase composition was characterized by an X-ray-diffractometer 
(D/max-2400, Rigaku, Japan) using Cu Kα (K = 1.54 Å) radiation in the 
2θ range of 20–80◦. A scanning electron microscope (SEM) was per-
formed using a field emission SEM (EM8000, KYKY, China) equipped 
with EDX (Bruker, Germany). TEM images were obtained by a JEOL 
JEM-2100 (RH) operated at an accelerating voltage of 200 kV. XPS 
spectra were obtained by a thermal fisher scientific (Escalab 250Xi). 
Electrochemical tests were carry out on an electrochemical workstation 
(CHI 760E, CH Instruments, Inc., Shanghai, China). 

2.5. Electrochemical measurements of HER 

By using three electrodes electrochemical workstation (CHI 760E), 
the electrocatalytic activities of the newly designed samples were 
measured at the ambiguous conditions, and the catalyst electrode be-
haves as a working electrode, Pt sheet as a counter electrode, and 
saturated calomel electrode (SCE, in saturated KCl) act as a reference 
electrode. The design samples’ electrocatalytic activities were carried 
out in an acidic medium (0.5 M H2SO4). The electrolyte and argon (Ar) 
gas were removed for 30 min before the electrochemical measurements, 
and the mass loading for Co2P/CFC and Ni2P/CFC was also adjusted to 
approximately 2 mg cm− 2. The bulk Ni-Co-P/CFC and commercial Pt/C 
electrodes were prepared for comparison. The Pt was used as a reference 
electrode. The CV scans were measured at a scan rate of 1 mV/s, and the 
average of the two potential at which the current crossed zero was taken 
as the experimentally determined 0 V potential vs. RHE. Different ma-
terials’ catalytic behaviors were studied and compared using linear- 
sweep-voltammetry (LSV) at a scan rate of 5 mV/s, where the stability 
teste was investigated by using the amperometry technique. The refer-
ence electrode was calibrated against the RHE as shown in Fig. 5. To 
explain the electrode kinetics, electrochemical-impedance-spectroscopy 
(EIS) were performed at − 0.36 V vs RHE (100 K to 0.1 Hz) with AC 
amplitude and Nyquist-plots were used to investigate the carrier sepa-
ration and transfer properties deeply. All the potentials used in the 
present work were converted to RHE. 

3. Results and discussion 

3.1. Structural properties of Ni-Co-P/CFC 

In the typical synthesis procedure that is presented in Fig. 1. Initially, 
the nanostructured NiCo2O4 precursor grown onto CFC was prepared 
through a hydrothermal treatment of metal salts, urea and NH4F at 
120 ◦C for 12 h followed by the oxidation at 400 ◦C at the rate of 5 ◦C 
min− 1 for 2 h in a tube furnace. Then, the as-prepared NiCo2O4/CFC 
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further reacted with PH3 produced from the pyrolysis of NaH2PO4 for 2 h 
at 300 ◦C under Ar atmosphere to produce the cactus-like Ni-Co-P/CFC. 

The crystal structure of as-synthesized samples on CFC is confirmed 
by X-ray diffraction (XRD) analysis, and the corresponding results are 
shown in Fig. 2A and supplementary Fig. S1. The XRD results demon-
strate that Ni-Co-P/CFC crystallizes into a hexagonal phase with distinct 
diffraction peaks indexed to Ni-Co-P (PDF#71-2336). The subsequent 
phosphorization treatment successfully converted NiCo2O4 to the metal 
phosphide (Ni-Co-P), confirmed by the XRD patterns with the disap-
pearance of original peaks of NiCo2O4 and the appearance of typical 
diffraction peaks that ascribe to Ni2P and Co2P (Fig. S1). After the 
phosphorization treatment, NiCo2O4 not fully converted to the metal 
phosphide (Ni-Co-P) with the presence of two diffractions peaks of 
NiCo2O4 in Ni-Co-P XRD pattern as shown in Fig. 2A. The structural 
morphology and the chemical composition of as-synthesized samples are 

elaborated by a scanning electron microscope (SEM). The SEM images in 
Fig. S2 represent the after hydrothermal and oxidation treatment, CFC is 
wholly covered with uniform nanosheets, which are composed of 
numerous nanoneedles grown along with various directions out of the 
sheet surface, analogous to cactus-like morphology. The thickness and 
length of nanoneedles are obtained to be about 20 nm and 200 nm, 
respectively. The cactus-like morphology of the corresponding precursor 
NiCo2O4/CFC has been maintained after phosphorization treatment, as 
depicted in Fig. 2B-E. As shown in SEM images (Fig. 2B-E), the Ni-Co-P/ 
CFC exhibits uniform hexagonal nanosheets with an increment in size, 
and the nanoneedles grown on the edges of nanosheets possess a 
thickness of 50 nm and a lengths ranging from 300 nm to 1 µm. The 
increased surface area of Ni-Co-P/CFC after the phosphorization treat-
ment creates more active sites, which plays a significant role in reactant 
adsorption and electrocatalyst activity of catalysts. 

Fig. 1. Schematic illustration for the synthesis process of Ni-Co-P/CFC.  

Fig. 2. (A) XRD patterns of NiCo2O4 precursor and cactus-like Ni-Co-P/CFC. (B-E) Structural characterization of cactus-like Ni-Co-P/CFC by SEM.  

T. Ilyas et al.                                                                                                                                                                                                                                     



Applied Surface Science 543 (2021) 148726

4

To further clarify morphology and the geometric structural features 
of as prepared samples, the transmission electron microscopy (TEM) and 
HR-TEM images were taken. The TEM image in Fig. 3A shows that Ni- 
Co-P/CFC sample consists of nanoneedles with an average diameter of 
50 nm, and the nanoneedles surface is covered with nanoparticles, 
which can be exposed to the electrolyte with high surface area. The 
HRTEM image (Fig. 3B) reveals the well-resolved lattice space with 
interlayer distances determined to 0.23 nm, 0.29 nm and 0.21 nm, 
which is in well-agreement with the distance of (220), (311) and (400) 
planes of hexagonal Ni-Co-P. The TEM-based selected area electron 
diffraction (SAED) inset in (Fig. 3B). The energy-dispersive X-ray spec-
troscopy (EDX) data are analyzed in order to measure the elemental 
composition and distribution of the as-prepared sample. Fig. 3C and 
Fig. S3 show that the Ni-Co-P/CFC sample contains homogeneously 
distributed Ni, Co, and P elements. For comparison purpose, Ni2P/CFC 
and Co2P/CFC are synthesized with the same method except for the 
absence of Co and Ni salt, respectively. In contrast, Ni2P/CFC and Co2P/ 
CFC, respectively [38,51] are observed in the SI (Fig. S4 and S5), that are 
indicating the presence of both Ni and Co plays a key role to obtain the 
cactus-like morphology in Ni-Co-P/CFC sample. 

The oxidation state of samples and chemical composition are 
confirmed by X-ray photoelectron spectroscopy (XPS) spectra. The XPS 
survey scan of the Ni-Co-P/CFC electrocatalyst, as shown in Fig. 4A, 
reveals that all elements are presented in the as-prepared material and 
no impurity peak is detected. The high-resolution XPS spectra of Ni 2p 
for Ni-Co-P/CFC electrocatalysts is given in Fig. 4B, which can be well 
convoluted into four peaks at 853.20, 856.56 eV and 870.43, 874.98 eV 
corresponding to Ni 2p3/2 and Ni 2p1/2 spectral lines. The Ni 2p region 
also includes two satellite peaks at binding energies of 861.60 eV and 
880.50 eV. The peaks located at 853.20 and 870.43 eV are assigned to 
Ni-P (Ni2P) and Ni-Co in Ni-Co-P/CFC. The peaks observed at the 
binding energies of 874.98, 880.5 eV, and 856.56, 861.60 are associated 
with Ni-P-Ox and Ni oxide (Ni-O) species. The high-resolution XPS 
spectra of Co 2p are depicted in Fig. 4C. In Ni-Co-P/CFC, the Co 2p sub- 
peaks located at 793.66 and 778.53 eV are attributed to Co 2p1/2 and Co 
2p3/2 and also the satellite peak at 786.2 eV are ascribed to Ni-Co, Co-P 
(Co2P) and Co-P-OX species. The other peaks at binding energies of 
781.35, 797.90 eV and the satellite peaks at 803.40, 804.80 eV could be 
assigned to the oxidized Co (Co-O). These results are previous reports 

consistent with Ni-Co-P based materials [39,55]. The high-resolution 
XPS spectra of P 2p region is fitted into two prominent peaks located 
at 129.38 and 129.50 eV shown in Fig. 4D. It can be clearly seen from the 
peaks at 129.38 and 129.50 eV demonstrates that phosphorus is suc-
cessfully incorporated into Ni-Co-P/CFC. Overall, the combined struc-
ture and composition characterization confirms the successful synthesis 
of high-quality Ni-Co-P/CFC nanocomposite. More importantly, phos-
phorus is successfully assimilated into the system, which could be 
benefited for electrochemical hydrogen evolution. The percentage con-
centration of elements in Ni-Co-P/CFC obtained by EDX and XPD is 
shown in supplementary Table S1. 

XPS results confirm the presence of Ni-Co-P/CFC and some oxidized 
species are also observed in Ni-Co-P/CFC. The XPS peaks for the 
oxidized Co, Ni, and P species might be caused by surface oxidation of 
Ni-Co-P/CFC due to the contact with air. The Ni and Co spectra show 
significant and satellite peaks, respectively, attributed to Ni 2p3/2, Ni 
2p1/3, Co 2p3/2, and Co 2p1/2 orbitals, which is consistent with the 
previously reported data [22,51,56]. 

3.2. Electrochemical properties of Ni-Co-P/CFC 

The electrocatalytic activity of the fabricated nanocomposites was 
evaluated for the HER and compared with the standard Pt sheet in 0.5 M 
H2SO4 acidic electrolyte using a typical three-electrode setup at 5 mV 
s− 1 scan rate. The final results can be seen in Fig. 5 and Fig. S6. Fig. 5A 
and 5B where the HER polarization curves of catalysts with current- 
density are normalized by the electrode’s geometrical surface area 
(GSA). As expected, the HER on the Pt sheet displays excellent activity 
close to the zero onset potential. Besides, the Ni-Co-P/CFC exhibits 
comparable HER activity with overpotential as low as 43, 122, and 149 
mV at current-density of 10, 100, and 200 mA cm− 2, respectively. In 
contrast, NiCo2O4/CFC, Co2P/CFC, and Ni2P/CFC require the higher 
overpotential of 105, 125 and 182 mV to reach the current density of 10 
mA cm− 2 and 164, 173, and 313 mV at the current density of 100 mA 
cm− 2. Moreover, it should be accentuated that the Ni-Co-P/CFC out-
performs Pt at high current-density (Fig. S6). The displayed onset po-
tential of cactus-like Ni-Co-P/CFC is smaller and comparable to that of Pt 
sheet. It is well known that the conductivity of electrocatalysts can 
remarkably be increased coupled with conductive substrate, which helps 

Fig. 3. (A) TEM image of Ni-Co-P/CFC. (B) HRTEM image of cactus-like Ni-Co-P/CFC. The inset image corresponds to the selected area electron diffraction. (C) 
Elemental mapping images of cactus-like Ni-Co-P/CFC. 

T. Ilyas et al.                                                                                                                                                                                                                                     



Applied Surface Science 543 (2021) 148726

5

to facilitate the penetration of electrolytes and promote hydrogen evo-
lution. Such advantages became more evident with increased current- 
density. The comparison of the catalytic activity toward the HER at 
10 mA cm− 2 of the Cactus-like Ni-Co-P/CFC with other reported high 
performance HER catalysts is shown SI table S2. This might be explained 
why cactus-like Ni-Co-P/CFC shows superior HER performance than 
most recently reported non-PGM based electrocatalysts. The excellent 
stability of Ni-Co-P/CFC is confirmed by cycling technique. As shown in 
Fig. 5C, the polarization curves of Ni-Co-P/CFC recorded before cycling 
and after 2000 cycles of CV measurement exhibit almost identical HER 
performance, indicating excellent stability. The Ni-Co-P/CFC catalyst is 
retained about 95% of its initial current-density after the stability test. 
Meanwhile, the durability of Ni-Co-P/CFC electrocatalyst is evaluated 
by using controlled potential electrolysis (i.e. chronoamperometry 
method). The various electrocatalysts are operated at current-density 
10 mA cm− 2 at their corresponding overpotential for 12 h. The contin-
uous hydrogen gas bubbling is observed on Ni-Co-P/CFC throughout the 
test inset in (Fig. 5C). 

The electrode kinetics were analyzed by electrochemical impedance 
spectroscopy (EIS). Ni-Co-P/CFC exhibits faster electrode kinetics, 
smaller electron, and charge transfer resistance than its precursor 
NiCo2O4/CFC shown in Fig. 5D. The electrocatalytic activity of Ni-Co-P/ 
CFC is further analyzed by the electrochemical double-layer capacitance 
(Cdl), which is proportional to the effective electrochemically active 
surface area (ECSA), and calculated by the cyclic voltammetry (CV) 
method. The cactus-like Ni-Co-P/CFC shows high Cdl in acidic media, 
and the ECSA of Ni-Co-P/CFC derived from CV with different scan rates 
from 2 mV s− 1 to 20 mV s− 1, the Cdl value of Ni-Co-P/CFC is 8.24 mF 
cm− 2 achieved (Fig. S7), which is greater than NiCo2O4/CFC (3.12 mF 

cm− 2). In this case, the increased ECSA of cactus-like Ni-Co-P/CFC can 
be interpreted as the proliferation of active sites that improve the elec-
trocatalytic activity toward HER. 

The Tafel analysis is employed to understand the HER mechanism 
and assess the intrinsic activity of electrocatalyst. It is also the essential 
indicator in electrocatalysis to describe the increase of the electro-
chemical current (i.e., the reaction rate) upon increasing the over-
potential. Tafel slopes of 120, 40, and 30 mV dec− 1 as generally 
accepted, and the indications for the Volmer, Heyrovsky, and Tafel rate- 
determining steps, respectively [57,58]. It should be underlined that at 
120 mV dec− 1, a Tafel slope of may not only due to the Volmer step, but 
it may also be inaugurated from the Heyrovsky rate-determining step 
with high-coverage hydrogen atom adsorption [59,60]. A smaller Tafel 
slope value usually represents better electrocatalysts that associate well 
with its excellent HER catalytic behavior. The Tafel slope of cactus-like 
Ni-Co-P/CFC shows a 35.5 mV dec− 1 comparable to the Pt-sheet (30.6 
mV dec− 1) and much smaller than those of NiCo2O4/CFC (50.7 mV 
dec− 1), Co2P/CFC (60.9 mV dec− 1), and Ni2P/CFC (67.7 mV dec− 1) as 
shown in Fig.S8. Also, the exchange current density (j0) of Pt-sheet is 
calculated 1.09 × 10− 3 A cm− 3 and for Ni-Co-P/CFC in 0.5 M H2SO4 
display the exchange current density (j0) value of 3.55 × 10− 4 A cm− 2 

and for comparison the exchange current density of NiCo2O4/CFC, 
Co2P/CFC, and Ni2P/CFC are 1.05 × 10− 5A cm− 2, 8.8 × 10− 6 A cm− 2, 
and 1.138 × 10− 6A cm− 2, respectively. 

Therefore, Ni-Co-P/CFC nanocomposite likely undergoes a Heyr-
ovsky- Tafel mechanism with the Heyrovsky reaction as the rate- 
determining step. 

Fig. 4. (A) XPS survey scan of Ni-Co-P/CFC, and the high resolution XPS spectra of (B) Ni 2p, (C) Co 2p, (D) P 2p in Ni-Co-P/CFC.  
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4. Discussion 

Based on the above results, a schematic diagram is proposed in Fig. 6 
to illustrate the electrocatalytic mechanism of cactus-like Ni-Co-P/CFC 
hexagonal nanosheets decorated with an enormous number of nano-
needles. The elementary investigation of the as-prepared electro-
catalysts suggests that the formation of Ni-Co-P/CFC is caused by the 
combination of both Ni and Co, and the metal couplings play an 
important rule in the formation of cactus-like structure. After the 

phosphorization of Ni and Co, the hydrogen binding energy and fast 
water adsorption energy are optimized, which significantly boosts the 
electrocatalytic activity of Ni-Co-P/CFC. It is found that P nanoparticles 
are uniformly distributed on the surface of nanosheets and nanoneedles 
without any discernible segregation. Meanwhile, CFC acts as the 
conductive channel for the transportation of electrons, promoting the 
HER kinetics. Under acidic medium, the intimate contact between Ni, 
Co, P, and CFC ensures that the electrons excited by ions in Ni-Co-P/CFC 
can be efficiently transferred to the electrolyte, facilitating the reduction 
of H2O to H2. As a result, such unique morphology improves the per-
formance of HER by exposing more active sites, which facilitates mass 
transportation. 

In addition to the special nano-architecture, the higher Cdl value of 
Ni-Co-P/CFC (8.24 mF cm− 2) implies the large catalytic active area and 
more active sites. In general, the synergistic interaction between Ni, Co 
in Ni-Co-P/CFC affords more active sites that are effective for HER. The 
slight delocalization of electrons is also an instrumental strategy in 
improving electrocatalytic activity. The resulting cactus-like Ni-Co-P/ 
CFC hexagonal nanosheets have a large electrolyte-accessible surface 
area and rich electron/mass transfer pathways, benefiting from the 
distinctly high ECSA value and the structure with the large surface area. 
Overall, the addition of the P element in Ni and Co can effectively in-
crease the number of active sites. Therefore, the cooperative efforts of 
Ni-Co-P/CFC, that are beneficial to promote electron absorption, elec-
tron mobility, charge separation, and catalytic stability, thus leading to 
the enhanced efficiency for HER in a harsh acidic medium. 

Based on the above results, it is indicated that Ni-Co-P/CFC is an 
efficient electrocatalyst for HER. The hexagonal nanosheets covered 
with numerous nanoneedles is a beneficial attribute for Ni-Co-P/CFC 

Fig. 5. Electrochemical performance of electrocatalysts. (A, B) HER Polarization curves and (C) Polarization curves of Ni-Co-P/CFC recorded before and after 2000 
cycles of cyclic voltammetry. Inset is the chronoamperometric response at current-density of 10 mA cm− 2. (D) Electrochemical impedance spectra of Ni-Co-P/CFC 
and NiCo2O4/CFC. 

Fig. 6. Schematic illustration for hydrogen evolution reaction and catalytic 
activity of Ni-Co-P/CFC. 
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electrocatalyst because such morphology could provide the interface 
area and expose more active sites also facilitates efficient mass trans-
portation. The well-defined cactus-like architecture uniformly grown on 
CFC further enhances the electrocatalytic properties, such as large spe-
cific area, and providing a short diffusion path for electrolyte ions and 
gas [53,61,62]. Such advantages became more evident with improved 
HER performance in acidic conditions. It is worth to emphasizing here 
that the Ni-Co-P/CFC nanocomposite shows the improved durability and 
stability of the catalyst and exhibited the enhanced catalytic activity in 
the harsh acidic medium [38,40,51]. 

5. Conclusion 

In this work, we have successfully developed for the first time, a 
cactus-like Ni-Co-P/CFC electrocatalyst for HER via a simple low- 
temperature hydrothermal method followed by a phosphorization 
treatment. The unique surface morphology of the Ni-Co-P/CFC electrode 
provides a large electrocatalytically active area with more active sites 
exposure. It decreases the time duration of electron diffusion due to the 
well-defined nanostructures with an outer layer of hexagonal 
multilayer-sheets decorated with nanoneedles. Due to those marvelous 
features of the cactus-like morphology, the as-prepared Ni-Co-P/CFC 
electrode exhibits unprecedented electrocatalytic activity toward HER 
under acid electrolyte (0.5 M H2SO4) with current–density 10 and 200 
mA cm− 2 acquired at the overpotential of 43 and 149 mV vs. RHE, 
respectively. Besides, no noticeable change is observed in the tested 
electrocatalysts’ efficiency even after running for 12 h or at least 2000 
CV cycles. Therefore, Ni-Co-P/CFC can be deliberated as a stable elec-
trocatalyst with excellent performance for practical applications. In 
consideration of the superior HER performance of Ni-Co-P/CFC elec-
trocatalyst, this designed synthesis method can be extended to other 
transition metals for the preparation of bi-functional electro and 
photocatalysts. 
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Water splitting and CO2 conversion are emerging energy transfer techniques to generate hydrogen and
low carbon fuel as eco-friendly energy sources. Herein, a frugal and facile approach is reported for dec-
orating MoS2 nanosheets on copper nanorods to design MoS2/Cu architecture as a trifunctional catalyst
for electrochemical water splitting and photocatalytic CO2 conversion. Under optimized conditions,
MoS2/Cu electrocatalyst shows high performance at an overpotential of 252 mV for oxygen evolution
reaction and 160 mV for hydrogen evolution reaction to attain 20 mAcm�2 and 10 mAcm�2 current den-
sities in alkaline medium. The improved efficiency is mainly credited to the synergistic effect of MoS2
nanosheets and Cu nanorods architecture. The electrode delivered a cell voltage of ~1.508 V to impart
about 10 mAcm�2 current density with high durability. Also, the negligible overpotential decay after run-
ning the cell for 12 h with 3000/HER and 2000/OER CV cycles suggests remarkable stability that makes it
a promising electrocatalyst for energy production. The photocatalytic CO2 conversion activity was also
measured, where MoS2/Cu exhibited a significant efficiency of CO2 to methane conversion
(CH4 ~ 23 mmol g�1 h�1). Based on the obtained results, it is foreseeable that this work validates the sig-
nificance of transition metals tuning for electrocatalysts and photocatalysts toward more efficient water
electrolysis and CO2 reduction for potential large-scale energy applications.
� 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The massive use of fossil-fuels, growth in the human popula-
tion, rising living standards, and urbanization have significantly
conjured the worldwide green energy demand [1,2]. On the other
hand, the extensive usage of fossil fuels and deforestation has
resulted in an enormous increase in carbon (e.g., CO2) contents in
environment causing global warming. So far, no universal solution
has been chalked out to address both energy crises and CO2 emis-
sion simultaneously to prevent global warming. That is why the
supply of low-cost, durable, and eco-friendly energy sources has
gained substantial attention. The synthesis of electrocatalysts able
to split water (H2O) into H2 and O2 and reduce CO2 into usable
organic compounds has become a prime focus of current research.
Therefore, electrocatalytic and photocatalytic complete water
splitting with ultra-high-purity H2 generation with negligible
greenhouse gases generation has the potential as a promising clean
energy solution [3–5]. Also, using a renewable energy source, a
transition to a low-carbon economy is not only feasible but has
enormous benefits to retard global warming by reducing carbon
emission [6–8].

Notably, noble metals-based materials with excellent electro-
catalytic performance have plagued the scale-up of H2 and O2 elec-
trochemical production for decades [9–13] Unlike precious metals,
which are scarce and costly, exploring cost-effective and catalyti-
cally active materials is crucial for potential energy demand. Alter-
native materials are crucial for the development of high-
performance electrocatalysts for both H2 evolution reaction
(HER) and O2 evolution reaction (OER) during water splitting
[14]. Recently, catalysts based on transition metals have been
extensively investigated to replace platinum group catalysts [15–
17]. For instance, cobalt and iron oxide-based electrocatalysts have
demonstrated highly efficient OER activity. However, these metals
have almost no activity for HER [18–21]. Therefore, using a single
catalyst to produce H2 and O2 simultaneously remains a challenge
[22,23].
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Various transition bimetallic materials and their chalcogenides
have been studied as potential electrocatalysts for hydrolysis
[24–29]. In particular, transition metal sulfides- and phosphides-
based electrocatalysts are more beneficial for the HER and OER of
water electrolysis. Even though there is much research on transi-
tion metal sulfides (TMSs) and transition metal phosphides (TMPs)
based water splitting electrocatalysts, a few studies on HER and
OER bifunctional electrocatalysts have been reported [30–33].
Although these materials are electro-catalytically active for HER
and OER, the development of TMPs catalysts with desirable cat-
alytic performance and stability through easy and large-scale man-
ufacturing techniques is still challenging. Therefore, it is still
crucial to design and synthesize catalysts to attain their catalytic
performance comparable to that of precious metals.

This work reports copper nanorods coated MoS2 catalyst (i.e.,
MoS2/Cu) synthesized by frugal and facile approach as a high-
performance tifunctional catalyst. For HER and OER, MoS2/Cu elec-
trocatalyst demonstrated an excellent electrocatalytic activity and
high stability in the alkaline solution. Moreover, the MoS2/Cu elec-
trocatalyst also exhibits excellent overall splitting efficiency and
high cyclic durability. It is also shown that the synthesized catalyst
exhibited a photocatalytic activity with decent conversion effi-
ciency for CO2 to energy-rich molecules. Experimental findings
indicated that the enhanced photocatalytic behavior is due to
higher charge separation by Cu-modification.
2. Materials and methods

2.1. Materials and reagents

Copper sulfate pentahydrate (CuSO4�5H2O), ascorbic acid
(C6H8O6), sodium hydroxide (NaOH) were purchased from Aladdin
Chemistry Co., Ltd. (Shanghai, China). Sulfuric acid (H2SO4), sodium
citrate (Na3C6H5O7), ethanol, and carbon cloth were purchased
from Keshi Reagent Co., Ltd (China). Ammonium tetrathiomolyb-
date (H8MoN2S4) and deionized water (DIW) were purchased from
Rhawn Reagent Co., Ltd (China).
2.2. Synthesis of Cu2O nano-rods

First, CuSO4�5H2O (0.5 mM) was dissolved in 100 ml of DIW and
then was stirred at 55 �C in the water bath, followed by a dropwise
addition of 10 ml NaOH aqueous solution (0.2 mM) in intense stir-
ring for 0.5 h. After that, 10 ml of ascorbic acid solution (10 mM)
was gradually added to the first solution. After 3.0 h, the precipi-
tates were collected and washed with DIW. Finally, the washed
precipitates as a finished product (i.e., Cu2O) were dried at elevated
temperature (~40 �C) for 12 h in a vacuum oven.
2.3. Synthesis of MoS2/Cu

To synthesize the MoS2/Cu, 10 mg Cu2O was dispersed in 10 ml
DIW using an ultrasonic bath for 15 min. After that, 40 mg of
Na3C6H5O7 was added and stirred for 20 min, and then 5 ml of
0.1 mM H8MoN2S4 (0.1 mM) solution was added. For etching the
Cu2O cores, 1 ml of H2SO4 (0.5 M) was added to the above solution
after reacting for 60 min. 30 min later, the end product was
separated by moderate centrifugation and then dried at elevated
temperature (~40 �C) for 24 h in an oven. The already dried sample
was annealed at 400 �C (5 �C s�1) in an argon (Ar) environment for
2.0 h, and then it was cooled to room temperature to get the
finished product (i.e., MoS2/Cu). For comparison, MoS2 was pre-
pared without adding Cu2O.
2

2.4. Structural characterization

An X-ray diffractometer (D/max-2400, Rigaku, Japan) was used
to characterize the microstructure. The surface morphology and
microstructure of the sample were analyzed using field-emission
scanning electron microscopy (FE-SEM, EM8000, KYKY, China)
and transmission electron microscopic (TEM, JEOL JEM-2100
(RH)), respectively. For TEM observation, the sample was dispersed
in ethanol. The X-ray photoelectron spectroscopy (XPS) using an
Escalab 250Xi system was carried out to analyze the chemical state
of Mo, S, Cu, and O in as-synthesized samples.

2.5. Electrochemical characterization

4.0 mg of prepared samples (such as MoS2/Cu2O, MoS2, and
MoS2/Cu) were dispersed separately in 400 ml water, 600 ml etha-
nol, and 20 ml Nafion solution (5 wt%) by sonication process for
1.0 h to prepare a catalytic ink. Initially, 150 ml catalyst ink was
drop-dried twice onto a carbon cloth to cover an area of
1 � 1 cm2, and then it was further dried at room temperature to
use as an electrode [34,35]. All the HER and OER catalytic measure-
ments were performed using an electrochemistry workstation (CHI
760D). Also, a traditional three-electrode cell was used in which
the reference electrode (RE) was Ag/AgCl and platinum (Pt) sheet
as the counter electrode (CE). Linear sweep voltammetry (LSV)
was performed at a scanning rate of 5 mVs�1. All the AC impedance
measurements were carried out in a potentiostat mode with the
frequency range of 0.1 to 104 Hz at the �0.285 V vs. reversible
hydrogen electrode (RHE). Electrochemical impedance spec-
troscopy (EIS) measurement was performed to calculate the resis-
tance to correct the polarization measurements. All the
electrochemical tests were performed at room temperature.

2.6. Evaluation of photocatalytic performance

0.2 g each of the prepared samples (such as MoS2/Cu2O, MoS2,
and MoS2/Cu) were dispersed separately in H2O (3 ml). A cylindri-
cal type box (reactor) of 100 ml with a central spot to ensure sim-
ilar optical exposure was used to analyze photocatalytic activity. A
300 W Xenon-arc lamp with a cut-off wavelength (�420 nm) was
used for light irradiation. The CO2 gas of high purity was passed
through the reaction chamber to achieve atmospheric pressure,
and the optical irradiation process using the Xenon-arc lamp was
carried out for 1.0 h to evaluate the photocatalytic performance
of our samples in a CO2/H2O environment. To calculate the concen-
tration of CH4, CO, and O2, a gas chromatograph (Tech, GC-7900
with thermal conductivity detector (TCD) by N2 gas carrier was
used.
3. Results and discussion

3.1. Structural analysis

The crystal structure of the MoS2/Cu sample was studied using
the X-ray diffraction (XRD) pattern. Fig. 1(a) shows that the peaks
at 29.02�, 33.5�, 39.5�, 60.14�, and 68.47� are attributed to MoS2
well-matched with (PDF# 37-1492). The peaks at 43.29�, 50.4�
and 74.13�with the crystal planes (111), (200), and (220) confirm
the presence of Cu with cubic phase shown in Supporting Informa-
tion in Fig.S1. Compared to the reference XRD patterns (PDF# 37-
1492) and (PDF# 04-0836), the XRD peaks show the presence of
MoS2 and Cu in MoS2/Cu samples containing cubic phase of Cu,
indicating the formation of MoS2/Cu [33]. The diffraction peaks
appearing at 37.4�, 48.5�, and 53.7� are attributed to the (102),
(103), and (112) planes, respectively, with reference (PDF#



Fig. 1. (a) XRD pattern of MoS2/Cu. (b) TEM images of the MoS2/Cu. (c-d) HR-TEM image of MoS2/Cu and inset of (d) shows the corresponding SAED pattern.
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26-1116), confirming the presence of Cu2S in MoS2/Cu (Fig. S2).
Besides, some other peaks appeared at 20.23�, 27.45�, 36.59�, and
53.57�, which are indicating the existences of Cu1.38Mo3S4 (PDF#
71-0216), while the diffraction peaks in Cu1.38Mo3S4 appearing at
13.55� and 18.13� are missing in our experimental data. However,
as compared to Cu2O, the crystallinity of MoS2/Cu has been signif-
icantly reduced.

For further insights, FE-SEM and HR-TEM were used as supple-
mentary methods. The surface morphology of MoS2/Cu is shown in
the typical FE-SEM images in Supporting Information, Fig. S3. It can
be seen that MoS2 nanosheets are coated on the surface of Cu
nanorods. The HR-TEM images show the morphology of the Cu
nanorod and the MoS2 nanosheets, as shown in Supporting Infor-
mation, Fig S3(b). The diameter and length of Cu nanorods are
about 50 nm and 700 nm, respectively. The HR-TEM image in
Fig. 1(b) also confirms the formation of Cu nanorods and the exis-
tence of MoS2 nanosheets near their surface. Furthermore, from
HR-TEM images in Fig. 1(c, d), the lattice fringes with spacing val-
ues of 0.324, 0.38, 0.61, and 0.21 nm can be assigned to the (111),
(221), (002), and (111) planes of MoS2 and Cu, respectively. The
crystal planes in the inset in Fig. 1(d) from TEM-based selected
region electron diffraction (SAED) agree and corroborate the XRD
finding. The EDX elemental spectrums in Supporting Information,
3

Fig. S4 further indicate Cu, Mo, and S elements in as-synthesized
MoS2/Cu catalyst samples.

XPS survey spectrum in Fig. 2(a) was confirmed the presence of
Mo, S, Cu, and O elements in the MoS2/Cu sample. Fig. 2(b-d) shows
XPS spectra to analyze the chemical state of Mo 3d, S 2p, and Cu 2p
core levels. The peaks centered at 232.2 eV and 229.1 eV corre-
spond to Mo 3d3/2, and Mo 3d5/2, respectively. The small peak
located at 226.27 eV results from the S 2s orbital. In Fig. 2(b), it
can be seen that another spectral peak cantered at 235.51 eV indi-
cates the oxidized Mo species (Mo-O). From Fig. 2(c), the peak posi-
tion at 161.90 eV and 162.98 eV can be attributed to S 2p3/2 for
both MoS2 and Cu2S in MoS2/Cu. For Cu 2p, it can be seen that
Cu2+ 2p1/2 and Cu0 2p3/2 are located at 952.26 and 932.62 eV, which
are ascribed to the Cu2+ 2p1/2 in Cu2S and Cu0 2p3/2 in MoS2/Cu,
respectively (Fig. 2d). In addition to these two main peaks, the
Cu 2p region also exhibits one of the satellite peaks at 943.28 eV,
which corresponds to the Cu oxide (Cu-O). These results confirm
that the as-prepared MoS2/Cu sample consists of Cu, MoS2, and
Cu2S. Moreover, the air contact results in the surface oxidation of
MoS2/Cu, which could be responsible for the peaks of Cu and Mo
oxides. The intensity and binding energies for the chemical state
of Cu, Mo, and S are given in Supporting Information Table S1. It
should be noted that Cu 2p1/2, Cu 2p3/2, Mo 3d3/2, and Mo 3d5/2



Fig. 2. (a) XPS survey spectrum of MoS2/Cu. (b) HR-XPS spectra of core levels, Mo 3d. (c) S 2p. (d) Cu 2p of MoS2/Cu sample.
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orbitals are attributed to the dominant peaks and satellite peaks in
MoS2/Cu, which are similar to the previous reports [14,36–38].
Therefore, for the comparison, the XPS analysis of MoS2/Cu2O
and MoS2 show a higher oxidation state due to higher binding
energies, as shown in Supporting Information, Fig. S5, S6. The
XPS results demonstrate that Cu oxides are changed to metallic
form after annealing, resulting in the shift in peaks to the slightly
lower binding energy. The above results reveal that MoS2/Cu2O is
transformed to MoS2/Cu.

3.2. Electrocatalytic performance

The electrochemical performance of as-synthesized samples
was evaluated and compared with commercial state-of-art Pt-
sheet electrocatalyst. All as-synthesized materials (such as MoS2/
Cu, MoS2, and MoS2/Cu2O) were used directly as HER working elec-
trodes, and all polarization curves were with and without iR-
corrected, as shown in Fig. S7 (a). In a highly alkaline medium,
the behavior of all the test sample catalysts against HER was tested
using a three-electrode system with a scan rate of 5.0 mV s�1. It
was observed that the MoS2/Cu exhibits the HER activity at an
overpotential ~160 mV to contribute to the current density of
10 mA cm�2 (Fig. 3(a)). In contrast, the 200 mV and 352 mV over-
potentials need to reach the same current density for MoS2/Cu2O
and MoS2 electrodes, respectively. It indicates that MoS2/Cu elec-
trode activity is much better than MoS2/Cu2O and MoS2 electrodes.

To understand the catalytic behavior of the electrodes, Tafel
slopes were calculated by fitting the results of log (j) vs. overpoten-
tial (V). In Fig. 3(b), it can be seen that as compared to MoS2/Cu2O
(~112.7 mV dec�1) and MoS2 (~145.9 mV dec�1), the Tafel slope of
4

MoS2/Cu (~75.8 mV dec�1) is comparable with the commercial Pt
(~64.6 mV dec�1) electrode. The broader potential range and the
small Tafel slope indicated the superior HER activity of MoS2/Cu
versus Pt electrode, which is better than that of reported non-
precious metal-based catalysts for HER so far (Supporting Informa-
tion, Table S2).

The durability and stability of any catalyst in extreme alkaline
environments are crucial concerns for industrial applications. In
Fig. 3(c), the chronoamperometry durability test was performed by
electrolysis at a static potential of 170 mV vs. RHE, which shows that
the MoS2/Cu electrode was operated at �10 mA cm�2 for 12 h. It is
observed that MoS2/Cu electrode retains up to 96% current density
with continuous gas evolution compared to its initial current density.
These results confirm the long-term stability of MoS2/Cu catalyst in
harsh alkaline conditions. Meanwhile, after controlled potential elec-
trolysis, the excellent stability of MoS2/Cu was further verified using
the CV technique. Fig. 3(d) shows the cyclic stability of the MoS2/Cu
catalyst before and after 3000 cycles of CV measurement. It is noted
that polarization curves are identical before and after the cyclic oper-
ation with only a slight shift in onset potential. It can be concluded
that MoS2/Cu offers a faster charge transfer rate and easier release
of the H2 gas with excellent stability.

For the evaluation of OER, a traditional three-electrode electro-
chemical cell with an alkaline solution as an electrolyte was used.
The electrocatalytic activity of MoS2/Cu, MoS2/Cu2O, MoS2, and
RuO2 towards OER was calculated with iR corrected overpotential.
The MoS2/Cu electrode demands an overpotential of just 252 mV at
the current density of 20 mA cm�2, which is significantly lower
than that of MoS2/Cu2O (340 mV), MoS2 (490 mV), and RuO
(302 mV) (Fig. 4(a)). These findings could be concluded with low



Fig. 3. Hydrogen evolution reaction (HER) electrocatalysts in 1.0 M KOH. (a) Polarization curves (LSV) of HER versus RHE. (b) Tafel plots of MoS2/Cu, Pt sheet, MoS2/Cu2O, and
MoS2. (c) Chronoamperometry (current density vs. time) durability curve of MoS2/Cu during HER for 12 h at a static potential of 170 mV vs. RHE to maintain �10 mAcm�2

current density. (d) LSV curves of MoS2/Cu before and after stability tests.
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catalytic overpotential for 20 mA cm�2, making MoS2/Cu a promis-
ing material among non-precious oxygen evolution electrocata-
lysts for feasible industrial applications (Supporting Information,
Table S2). The LSV curves of MoS2/Cu for OER with and without
iR correction are shown in Supporting Information, Fig. S7 (b).

Tafel slopes of polarization curves were also taken into account
to understand OER catalytic behaviors as-synthesized samples fur-
ther. Fig. 4(b) shows log (j) vs. overpotential (V) curves. It can be
seen that Tafel slopes of the MoS2/Cu (93.7 mV dec�1),
MoS2/Cu2O (199.8 mV dec�1), MoS2 (227.5 mV dec�1), and
RuO2 (136.6 mV dec�1). It can be observed that the slope of
state-of-the-art RuO2 electrocatalyst is 136.6 mV dec�1), which
indicates the performance of MoS2/Cu (93.7 mV dec�1) exceeds
the commercial RuO2 at a considerably high potential. It can be
concluded that the lower Tafel slope of the MoS2/Cu catalyst
results from the intense synergistic interaction between Cu and
Mo. These results demonstrate that MoS2/Cu material exhibited
fast kinetics and excellent OER activity. Moreover, the durability
test was also performed for OER under alkaline conditions at the
current density of 20 mA cm�2 for 12 h by applying a static voltage
of 260 mV vs. RHE (Fig. 4c). For constant overpotential, the obser-
vation during 12 h indicates the excellent durability of MoS2/Cu
catalyst. It is well known that for electrocatalysts to be eligible
for long-term activity in harsh alkaline environments, stability is
crucial. Fig. 4(d) shows the polarization curves before and after
2000 CV cycles. It can be seen that only a slight shift in onset
potential indicates the stability of MoS2/Cu is almost unchanged
with the initial cycle. Furthermore, electrochemical impedance
spectroscopy (EIS) was performed to analyze the electrode kinetics
(Supporting Information, Fig. S8). The largest electrochemically
5

active surface areas (ECSAs) of MoS2/Cu indicate more active sites,
effective mass, and charge transport capability than MoS2/Cu2O
and MoS2, which corresponds to the lower resistance, the lower
overpotential, and the lowest Tafel slope (Supporting Information,
Fig. S9, S10).

Although the MoS2/Cu served as an OER and HER bifunctional
electrode, using both anode and cathode (MoS2/Cu//MoS2/Cu) in
the two-electrode configuration electrocatalytic cell in alkaline
water solution, as shown in the inset of Fig. 5(a). For comparison
purposes, another two-electrode MoS2/Cu2O//MoS2/Cu2O configu-
ration cell was also prepared. It was observed that only the LSV
of the two-electrode MoS2/Cu//MoS2/Cu cell performed the elec-
trolysis of water. Fig. 5(a) shows that only 1.508 V overpotential
impart the 10 mAcm�2 current density. Moreover, it can also be seen
that the voltage difference (DV) between HER and OER for total
water-splitting voltage at the current density of 10 mA cm�2 was
very close. On the other hand, to reach the same current density, a
very high cell voltage (~1.6 V) was required for the MoS2/Cu2O//
MoS2/Cu2O for the alkaline water electrolysis. These results show
that the overall performance of MoS2/Cu catalyst for water splitting
in an alkaline environment was comparable or even better than most
of the bifunctional non-noble metals catalysts (Supporting Informa-
tion, Table S2). The long-term durability of the MoS2/Cu//MoS2/Cu
cell in 1.0 M KOH electrolyte. Fig. 5(b) shows that the electrolysis cur-
rent densities foe HER and OER remained almost stable during 10 h at
the current density of �10 mA cm�2 and 20 mA cm�2.

Based on the obtained results, it can be hypothesized that the
precise morphology and ternary transition metal composition of
MoS2/Cu can be attributed to its enhanced HER/OER efficiency.
The excellent conductivity of Cu improves the synergistic effect



Fig. 4. Oxygen evolution reaction (OER) electrocatalysis in 1.0 M KOH. (a) Polarization curves (LSV) of OER versus RHE. (b) Tafel plots of MoS2/Cu, RuO2, MoS2/Cu2O, and MoS2
for comparison. (c) Chronoamperometry (current density vs. time) stability curve of MoS2/Cu during OER at static voltage of 260 mV vs. RHE to maintain 20 mA cm�2 for 12 h.
(d) LSV curves from MoS2/Cu before and after stability tests.

Fig. 5. Analysis of electrocatalytic characteristics of MoS2/Cu and MoS2/Cu2O for water splitting. (a) Current density as a function of applied voltage over MoS2/Cu and the
inset shows the generation of H2 and O2 (b) Stability curve of MoS2/Cu for HER and OER to maintain �10 mA cm�2 and 20 mA cm�2 for 10 h in alkaline solution.
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of the active metals Cu and Mo by increasing electron transfer in
synthesized MoS2/Cu catalyst. The strong electron interactions
could lead to the efficient transport of reactants and products
and more active sites. Besides, the roughness of copper nanorods
surfaces can provide transport channels that allow quick access
to the electrolyte solution while maintaining high hydrophilic
properties. Moreover, MoS2/Cu exhibits minimal Tafel slopes of
75.8 mV and 93.7 mV dec�1 than Pt sheet (64.6 mV dec�1) and
RuO (136.6 mV dec�1). From these results, it can be concluded that
the minimal Tafel slope of MoS2/Cu due to well-defined nanosheet
6

type architecture grew roughly on nanorods offers abundantly
exposed active sites and large surface area. This architecture
increases mass transportation due to the largest ECSAs of the elec-
trocatalyst. Therefore, these are the possible scenarios which are
maximizing their HER and OER activity.

3.3. Evaluation of photocatalytic activities for CO2 reduction

Photoconversion of CO2 to the eco-friendly energy source is a
promising approach to mitigate the greenhouse effect and address



Fig. 6. (a) Photocatalytic CO2 reduction of MoS2/Cu, MoS2/Cu2O, and MoS2. (b) The stability and recyclability of MoS2/Cu.
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energy issues. Very interestingly, MoS2/Cu also exhibits photocat-
alytic CO2 reduction. Fig. 6(a) demonstrates the photocatalytic
activities for MoS2, MoS2/Cu2O, and MoS2/Cu during CO2 reduction.
It should be noted that only gas-phase products like CH4 and CO
were produced in the presence of H2O as the reduction agent. From
Fig. 6(a), it can be seen that as a result of photocatalytic activity of
MoS2/Cu, amounts of CH4 and CO evolved 23 lmol and 10 lmol,
respectively, after 3.0 h of visible-light irradiation process, which
is five times higher than that of MoS2 (5 lmol). Moreover, to con-
firm the stability and recyclability for CO2 reduction, long-term
photocatalytic activities were also measured (Fig. 6(b)). It can be
observed that even after 5.0 runs for 30 h, no in-activation was
seen, which suggests the excellent stability of MoS2/Cu during pho-
tocatalytic processes.
4. Conclusions

Herein, MoS2/Cu was prepared by a facile approach as a trifunc-
tional, non-noble metal-based electrocatalyst. The electrocatalyst
demonstrated significantly improved performance for HER and
OER and excellent durability in the alkaline medium. The outstand-
ing electrocatalytic performances might be attributed to the facial
and scalable synthetic effect between copper nanorods and MoS2
nanosheets architecture. MoS2/Cu required just 1.508 V cell voltage
to achieve a current density of 10 mA cm�2 both as a cathode and
anode in an alkaline solution for water splitting. The synthesized
catalyst also demonstrated excellent photocatalytic CO2 reduction
efficiency. Since MoS2/Cu is robust and cost-effective, replacing
noble metal-based catalysts for water splitting and photocatalytic
CO2 reduction makes it a promising material. This work gives an
attractive design strategy and a straightforward fabrication
method for highly effective and durable trifunctional catalysts for
overall water splitting and photocatalytic CO2 conversion.
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Abstract: 

The drop immerses calcium chloride aqueous solution was utilized to prepare the zero valent 

iron-doped polyethersulfone beads (PES/ZVI) for efficient removal of arsenic from apatite-soil 

treated waters’. The proposed beads can assist in promoting uptake efficiency by hindering 

ZIV agglomeration due to high porosity and different active sites. The PES/ZVI beads were 

characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron 

microscopy (SEM), thermogravimetric analysis (TGA), and vibrating sample magnetism 

(VSM). The objective of this manuscript was to develop new PES/ZVI beads with increased 

removal efficiency for the removal of arsenic ions from the apatite-soil treated waters’. 

Maximum arsenic removal of 82.39% was achieved when applied at an 80 mg dose for a 

contact time of 180 min and 90% after 300 min shaking time. The experimental process was 

fitted with the Langmuir model due to the high R2 (0.99) value compared to the Freundlich 

model (0.91) with an adsorption capacity of 41.32 mg.g-1. The adsorption rate was limited by 

pseudo-second-order (R2 = 0.999) and the adsorption mechanism nature is endothermic and 

physical. Hence, isotherm, kinetic and thermodynamic studies revealed the feasibility of 

sorption and removal of arsenic through the physisorption process. 

Keywords: polyethersulfone beads, zero valent iron, apatite soil, arsenic, equilibrium 

adsorption, kinetic 

 

1. Introduction 



Apatite is mineral soil and it is the main source of phosphated fertilizer in many countries. 

Apatite soil is contains high level of arsenic, which easy inter in fertilizer followed by 

contamination of farmland and crops. As can introduce in the crops and the consumption which 

introduces arsenic in the body with health risks from inhalation of soil enriched with arsenic 

well-reported.  Hence, Also, This can create a cascade of problems in human ecosystems and 

lead to physiological and neurological disorders. Owing to the immense distribution of arsenic 

and its toxicity, it considers a carcinogenic and geogenic metal across the world. Arsenic 

species in the environment has two forms organic form (monoethyl arsenate and dimethyl 

arsenate) and inorganic form (arsenite and arsenate), which is the main form of arsenic in the 

environment is inorganic arsenate (As V) and arsenite (As III) [1,2].. The other source of 

arsenic in soil/water is due to the unprecedented increase in industry-related activities and 

agricultural demand such as mining, swine feed additives, pesticides, herbicides, wood 

treatment agents, electronic manufacturing, pharmaceuticals, dyes, cosmetics, and coal 

combustion [3–5].. Considering the wide distribution of arsenic species and their cancerous 

and non-cancerous impacts, it is urgent to control and monitor the concentration of arsenic 

species in the environment for the sake of public health. Therefore, the World Health 

Organization (WHO) implemented a strict permission level for the existence of arsenic in soil 

(50 mg.kg-1) and potable water (10 µg.L-1) [5,6]. 

The contaminated soil by arsenic is less tangible than water and air, therefore it can threaten 

the health of humans from various exposure pathways. In this regard, the treatment of soil is 

essential to guarantee the health of humans and the ecosystem. To reduce the health risks of 

As-contaminated soil, researchers have developed a wide variety of approaches to remove 

arsenic from the soil and reduce its biotoxicity. The remediation of arsenic from soil and water 

can be classified as biological oxidation, electrokinetics, phytoremediation, coagulation-

flocculation, and solidification/stabilization [7,8]. However, adsorption process can also utilize 

for removal of arsenic from water of treated soil. 

Among many techniques currently available for arsenic removal from aqueous media, the 

adsorption process as the most promising approach has many advantages such as low cost, high 

efficiency, and ease of operation [9]. Iron-based adsorbents have been extensively developed 

and indicated acceptable extraction efficiency for arsenic species from environmental samples 

[10]. Iron-based adsorbents such as granular ferric hydroxide and zero-valent iron (ZVI) have 

been produced as commercial adsorbents to uptake arsenic [11]. Although, the disadvantages 

of some commercial adsorbents such as interfering with other ions present in soil or water well-



reported. Despite their proven high efficiency in arsenic treatment, the iron-based adsorbent 

was not showed a substantial interfering impact on arsenic adsorption owing to specific 

chemical interaction between arsenic and iron [12,13]. 

The object of present study, the intended new trend application to eliminate arsenic from 

apatite-soil (general formula of A10(XO4)6(F, OH, Cl)2, (X=P+5, As+5, V+5)) using two-step 

process, since apatite-soil is containing large amount of arsenic [14]. Initially, the soil samples 

were treated by using the acidic washing process with water pH ~ 3 and then, released free 

arsenic ions in the aqueous solution was adsorbed by synthesized PES/ZVI beads. Hence, the 

proposed method is prevented to discharge the arsenic ions in environment after treatment of 

high arsenic apatite-soil. The resulting soil was free from arsenic because of the high potential 

adsorbent for removal of arsenic in the soil and groundwater. Hence, the incorporation of ZVI 

into PES beads prevent the agglomeration and oxidation of iron, which is improve the synergic 

effects followed by increasing the adsorption efficiency. 

 

2. Materials and Methods  

2.1 Chemical and reagents 

Polyethersulfone (PES) with 75000 MW and industrial grade was purchased from BASF 

(Ludwigshafen, Germany), dimethylformamide (DMF), ferrous (III)chloride hexahydrate, 

sodium boro hydride, methanol, hydrochloric acid, sodium hydroxide were purchased from 

Merck vheical groups (Darmstadt, Germany). 

 

2.1 Preparation of Apatite-soil 

Apatite soil from the mining area was blended using an excavator and processed by screening 

using a 350 µm sieve. Bulk samples were dried at 50° C and sieved to obtain particle sizes of 

10 mm. After sieving, soil particles were used for the soil treatment test under various 

conditions and different adsorbents. 

 

2.2 Treatment of Apatite-soil experiment 



Apatite-soils were chosen with the arsenic concentration in the range of 72.32- 170.59 mg.L-1 

(Table 1). 10 g of each soil was dissolved in 100 ml double-distilled water (DDW) and 

sonicated for 1 h to obtain disperse solution and divided to three parts and placed in different 

solutions with different pH (3, 6 and10). These samples  were shakedat room temperature for 

24 h. Then samples were centrifuged and the concentration of released arsenics in aqueous 

phase are measured with flame atomic absorption (FAAS) and listed in Table 1. 

 

Table 1. Concentration of arsenic in different Apatite-soils 

Sample Original 

concentration 

of arsenic 

(mg.L-1) 

Concentration of arsenic 

at different pHs (after 

treatment) 

pH = 3 pH = 

6 

pH = 10 

G2 103.7 101.2 76.2 47.2 

T1 147.3 142 118 63 

GTSP 170.59 163 129 77 

T15-20 156.67 147.11 124.8 82 

Q3 87.7 86.9 62.4 32.7 

Q8 72.32 72.14 53.7 29.11 

Q12 146.2 139 123 67 

Q16 134.5 130.4 99.4 60.5 

 

 

 

2.3 Beads charactrization 

Field Emission Scanning electron microscope (EM8000 KYKY) equipped with energy 

dispersive accessory (SEM/EDX) used for studying the surface morphology and elemental 

composition of the adsorbent. IR spectra were recorded in the range of 400 – 4000 cm-1 using 

a Bruker ATR-FTIR spectrometer from (Bremen, Germany). Thermogravimetric analysis 

(TGA) was carried out the evaluation of the thermal resistance of the adsorbent. For the 

determination of magnetic properties of adsorbent, vibrating sample magnetism (VSM) was 

analyzed. 

 



2.4 Synthesis of PES/ZVI microbeaads 

Synthesis of magnetic zero valent iron particles (ZVI) from ferrous was carried out by the 

precipitation method [11]. 2.4 g of ferrous chloride (Fe3+) were dissolved in 50 mL DDW 

separately and 15 mL 1.5 M of NaBH4 was added dropwise with stirring at 50 °C. The black 

precipitate was separated magnetically and washed three times with DDW and ethanol and 

dried at 80°C for 90 min Eq. 1. 

To prepare magnetic beads based on ZVI over polyethersulfone (PES) as shown in Fig. 1, 0.5 

g of ZVI with 1 g of PES polymer were dissolved in 50 mL DMF and heated up to 80 °C for 

120 min stirring. Then, the mixture was added into DDW dropwise to get beads and stabilized 

with 0.1 M solution of calcium chloride for 120 min. The obtained functionalized magnetic 

beads (PES-ZVI) were separated by applying an external magnet, then properly washed with 

DDW and dried in roof temperature. 

 

 

 

 

Fig. 1 Schematic route for synthesis of PES-Fe0 beads (PES-ZVI). 

 

 

2.5 Adsorption/Removal procedure 

After acidic washing of apatite soli (GTSP) the aqueous phase were collected and used for 

adsorption experiment. The GTSP-apatite sample is selected for adsorption process due to 

highest value of arsenic. The removal process was conducted in a batch mode in the presence 

of PES-ZVI beads as adsorbent. Effective parameters were investigated of effect of pH (2-10), 



mass of beads (5-100 mg), adsorption time (5-300 min). After each experiment, the 

concentrations of arsenic ion in the aqueous media (GTSP treated watre’s) were analyzed using 

flame atomic absorption spectroscopy (FAAS). The percentage of arsenic removed was 

calculated by Eq. (2) and adsorbent capacity with Eq. (3) :  𝑅% =  (C0 − Ce)C0  × 100          (2) 

 

Qe =  (C0 − 𝐶𝑒) × 𝑉𝑚                    (3) 

 

Where C0 and Ce are the initial and equilibrium concentrations of metal ions in solution (mgL-

1), V is the volume of solution (mL) and m is the mass of the adsorbent (mg).  

 

3. Results and discussions 

3.1 characterization 

3.1.1 FTIR 

The formation of zero-valent iron on the polyethersulfone was confirmed by recording FITR. 

Fig. 2 shows the FTIR spectra  of plain PES) and PES-ZVI beads. Spectrum of the PES, 

stretching peaks of C=O can be observed in 1639 cm-1 and C-H in 2930 cm-1. The sharp peak 

at 1578 cm-1 is ascribed to the stretching vibration of the C=C skeleton in the aromatic ring. 

The intensive peaks at 1461 cm-1 and 1241 cm-1 are associated with S=O in the backbone of 

the polymer. The broad peak at 3000-3600 cm-1 is ascribed to the deformation of adsorbed 

water and stretching of O-H...O. The appearance and disappearance of the characteristics peaks 

for the PES/ZVI confirmed the successful incorporation of ZVI on the surface of PES beads. 

In addition to previous peaks, stretching vibration in 468 cm-1 can be seen that is corresponding 

to Fe-O [15,16]. 

 



 

Fig. 2 FTIR spectra of PES and PES/ZVI beads. 

 

3.1.2 TGA  

The thermal stability of PES and PES/ZIV is shown in Figure 2. Thermogravimetric analysis 

of the adsorbent was performed in an Argon atmosphere between 23-800 ̊C with a test speed 

of 10 ̊C per minute to evaluate the thermal resistance of the adsorbent. According to Fig. 2, the 

thermal resistance of PES is reduced after adding ZIV nanoparticles because of dispersing of 

these nanoparticles on the surface of the polymer. This distribution can make a disorder on the 

surface of PES and reduce the uniformity of the polymer resulting in a reduction in the thermal 

resistance of the adsorbent. Although incorporation of ZIV is decreased the thermal stability of 

the PES, but presence of ZVI improve the adsorption capacity and easy separation of beads 

from aqueous solution by assistance of external magnet. 

 



 

 

Fig. 3 TGA curves of plain PES and PES/ZVI beads. 

 

3.1.3 SEM microscopy 

The morphology of the surface of the prepared PES/ZVI beads was characterized by a scanning 

electron microscope (SEM). Fig. 3(a) shows the digital photophraph of PES/ZVI beads with 

spherical shapes with smooth and uniform surfaces and in the range of 1 – 3 mm. With 

increasing the magnification the SEM images (b) confirmed the distribution of ZIV 

nanoparticles on the surface of PES beads. To better understand, the magnifying surface of the 

adsorbent provides direct visual evidence of PES/ZVI beads, sponge-like pores are present with 

high dispersity of ZVI on the surface of PES polymer. These sponge-like pores are 

interconnected with each other and with the nanometric surface pores. This property could 

significantly enhance the porosity and surface to area ratio resulting in high potential to capture 

arsenic ions [17,18].  

Energy dispersive X-ray spectroscopy (EDX) was performed for PES/ZVI beads to determine 

the elemental composition. Fig. 4 (c) verify the presence of the main elements on the surface 

of PES/ZVI beads including Fe, S, C, and O as expected. The weight percentage of these 

elements were 7.5%, 3%, 55.02%, and 33.95%, respectively. Thus, the presence of the 

elements indicates the successful synthesis of PES/ZVI beads for the treatment of arsenic from 

soil.   
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Fig. 4 SEM images of (a) PES/ZVI microbead magnification 5 kx and (b) surface of 

beads magnification 25 kx. (c) EDX spectra of PES/ZVI beads. (d) VSM magnetic 

hysteresis loop for plain ZIV and PES/ZVI beads. 

 

3.1.4 VSM  
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Figure 4 (d) illustrates the magnetic properties of the plaine ZVI nanoparticles and PES/ZVI 

beads with VSM magnetization curves. As could be seen from Fig. 4(d), zero coercivity and 

remanence are observed in all the magnetic hysteresis curves, which indicated their 

superparamagnetic behavior. The saturation magnetization values of ZVI and PES/ZVI beads 

were achieved 41 emu/g and 18 emu/g, respectively. This trend is following the previous 

studied and performs the appropriate magnetic properties for the ZIV and beads [19,20].  

 

3.2 Effect of parameters on removal efficiency 

3.2.1 Type of adsorbent 

The comparison of various adsorbents to uptake arsenic from the apatite-soil treated waters’. 

According to Fig. 5, various in-house adsorbent including plain ZVI, PES beads, PES sheets, 

ZVI-PES sheets and ZIV-PES beads were used in the similar experimental condition (50 mg 

each material, 120 min reaction time and 20 mg/L arsenic). As can be seen,  the plain ZVI 

particles has high efficiency in comparison with others. This trend is resulted from high 

reactivity with standard redox potential and can react with arsenic contaminants easily. While 

ZVI has some advantages for the remediation of arsenic, employing these nanoparticles 

independently has some implications. ZVI is inclined to agglomerate in water, fast oxidation, 

high cost and produce pollution that leads to a reduction in its reactivity. As nanoparticles have 

been considered pollution for wide distribution in solutions, their application should be aligned 

with supporting materials that mitigate the leaching of nanoparticles in the solution. In this 

regard, loading ZVI into the PES beads can reduce the agglomeration resulting in promoting 

the efficiency of the adsorbent dramatically and prevent the ZIV oxidation [21]. Also, due to 

synergic effects, less amount of ZIV is incorporating into with PES beads. 

 

 



 

Fig. 5 The study of different adsorbents on the uptake of arsenic from apatite-soil 

treated waters’ (each material were used 50 mg) 

 

 

 

3.2.2 Solution pH and proposed mechanism 

Solution pH is a contributing factor in the removal efficiency of arsenic because this parameter 

not only can impact the metal retention by apatite-soils but also can change the capability of 

washing agents to release arsenic from the apatite-soils. The removal efficiency of arsenic was 

investigated in the pHs range of 2-10 using PES/ZIV beads (Fig. 6 a). The results are present 

that the high removal efficiency of arsenic metals was generally achieved at acidic pH (3-5). 

Because under such circumstances (Fig. 6 b), the pentavalent form, that is, arsenate or As(V) 

can be H2AsO4
- or HAsO4

2- which have more tendency than arsenite to precipitate out of 

solution in the presence of cation. at pHs < 3 the protonation and proton competition is 

decreasing the adsorption effeicny (Fig. 6b). In higher pH (6-10), the pentavalent form is 

arsenite (As V) present in the form of HAsO4
2- and AsO4

3- and has less inclination to bind with 

adsorbent [22,23]. In this regard, the diagram shows the reduction in removal efficiency in 

alkaline conditions.  

These trends can be claimed with the some suggested mechanisms (Fig. 6 b) for the removal 

of arsenic using magnetic PES/ZIV beads at different pHs, such as physical interactions, 
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chemical complexation with oxygen groups, and electrostatic interactions. The complexation 

mechanism can occur between arsenic ions with a group of oxygen in the backbone of PES by 

sharing ion pairs electrons on the oxygen and sulfur atoms in the adsorbent. Furthermore, the 

distribution of ZVI on the surface of the adsorbent can assist in the promotion of removal 

dramatically, because ZVI having electron-donating properties. Also, ZVI can serve as an 

electron donor which can enhance the efficiency of extraction by sorption or co-precipitation 

of arsenic ions. As reported , the arsenic species adsorbed on the surface of ZVI appeared to be 

buried by a successive layer of corrosion products [24]. In this regard, the existence of sulfur 

in the structure and iron nanoparticles render excellent remediation of heavy metals [25][24].  

Accordingly, the solution was optimized in pH 5 for further experiments. 
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Fig. 6 (a) The effect of pH on the removal percentage and (b) proposed adsorption 

mechanism at different pHs. 

 

 

 3.2.3 Adsorbent dosage 

To investigate the influence of adsorbent dosage on the removal of arsenic from soil, adsorption 

experiments were carried out with different amounts of adsorbent from 5 to 100 mg under 

optimum conditions. Fig. 7 displays that the removal of arsenic increased immediately from 

27% to 78% with increasing adsorbent dose from 5 to 80 mg. This prompt increment can be 

ascribed to the number of available active sites as the adsorbent dose increases until equilibrium 

was obtained at 80 mg. After that, the removal efficiency showed no significant change and 

became constant due to the occupation of all available sites by arsenic [25]. 



 

Fig. 7 Impacts of different amount of dosage on the removal efficiency.  

 

 

 

3.2.4 Contact time 

The rate–limited dissolution and desorption of arsenic can control the washing process and the 

kinetics of arsenic desorption/dissolution. In this regard, contact time is a decisive factor in 

remediation. Fig. 8 (a) illustrates the effect of mixing time on the extraction efficiency. It 

observed that the prompt adsorption occurred within 10-180 min, then adsorption of arsenic 

maintained constant because of equilibrium achieved. Finally, to avoid re-adsorbed or re-

precipitated arsenic, and considering experimental cost, the 180 min was chosen for the 

following tests [26]. 
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Fig. 8 the influence of contact time on the removal. 

 

3.3 Kinetic study 

To evaluate mechanism and rate of process, pseudo-first-order and pseudo-second-order were 

used. The pseudo-first-order model is described as a following Equation 3: ln(𝑄𝑒 − 𝑄𝑡) = ln 𝑄𝑒 − 𝐾1𝑡 (3) 

 

Where Qe (mg g-1) and Qt (mg g-1) are the amount of arsenic adsorbed at optimization condition. 

K1 (L min-1) is the rate constant of the pseudo-first-order model. The values of Qe and K1 are 

obtained from the intercept and gradient of the line from the drawing of ln (Qe - Qt) versus K1t 

(Fig. 8 b). The pseudo-second-order model can be achieved by Equation 4: 

 𝑡𝑄𝑡 = 1𝐾2𝑄𝑒2 + 𝑡𝑄𝑒           (4) 

 

Qe (mg g-1) and Qt (mg g-1) are the same parameters described in the equation (4). K2 (L min-1), 

the constant rate of pseudo-second-order model, and Qe are gained through the gradient and 

intercept of the line from drawing t/Qt vs. t (Fig. 8c). The parameters data are listed in Table 2, 

which is indicating the adsorption kinetic is following the pseudo-second-order model. 
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Fig. 9 (a)  Effect of contact time and Kinetic models of (b) pseudo-first-order and (c) 

pseudo-second-order. 

 

Table 2. Kinetic parameters and values for arsenic ion uptake onto adsorbent 

Models Parameters arsenic 

Pseudo first order 

Qe (mg.g-1) 18.916 

k1 (min-1) 0.0018 

R2 0.0583 

Pseudo second order 

Qe (mg.g-1) 55.556 

k2 (g. mg-1 .min-1) 0.000324 

R2 0.981 

  

3.4 Equilibrium adsorption and isotherm models  

Adsorption isotherms were studied to better understand the adsorption pattern and affinity 

behavior of metal ions with the adsorbent. The output of equilibrium adsorption isotherms are 

displayed in Fig. 10(a).  As can be seen, the plot is shows that the adsorption capacity is in the 

range of 8.94 – 41.02 mg.g-1 with increasing in the equilibrium concentration of arsenic ions 

from 40 to 1000 mg.g-1. The adsorption system is reached to equilibrium when the adsorption 

capacity up to 35 mg.g-1, thus, with further increasing the initial concentration of arsenic, 

sorption capacity of PES/ZVI is not improved more.  
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Fig. 10 Isotherm models of (a) initial concentration and on equilibrium adsorption 

capacity, (b) Langmuir isotherm, (b) Freundlich isotherm models. 

 

 

Furthermore, the obtained results were fitted by the Langmuir and Freundlich isotherms models 

and plotted as shown in Fig. 10 (b & c). The values of parameters are listed in Table 3. The 

obtained results indicate that the Langmuir model (Eq. 5) can be a better model to explain the 

adsorption process of arsenic on the PES/ZVI beads in comparison with Freundlich model (Eq. 

6), as expressed with following equations 

 𝐶𝑒𝑄𝑒 = 𝐶𝑒𝑄𝑚 + 1𝐾𝐿𝑄𝑚                              (5) 𝑙𝑛𝑄𝑒 = 𝑙𝑛𝐾𝐹 + 1𝑛 𝑙𝑛𝐶𝑒                   (6) 

 

where Qm (mg g-1), KL (L/mg), KF [(mg g-1)/(L/g)1/n], and n are maximum adsorption 

capacity, Langmuir constant, Freundlich constant and adsorption intensity, respectively. This 

notably stated that the pattern of adsorption arsenic species onto PES/ZVI beads was 

sustained in a monolayer. 

 

Table 3 Parameters of isotherm arsenic ions on the adsorbent 

Freundlich model Langmuir model 

Metal 

R2 
KF (mg.L-1)-

1/n 
1/n R2 

KL 

(L.mg-1) 

Qm  

(mg.g-1) 

0.845 7.14 3.81 0.998 2.07 41.32 Arsenic 

 

 

3.5 Temperature and Thermodynamic studies 

To investigate the thermodynamic, adsorption process was assembled at three temperatures 

(293, 298, and 318 K). According to the results in Table 4by the increasing temperature, the 

adsorption capacity is increased, indicating the endothermic process. Since, increasing 

temperature leads to a significant change in the energy-dependent mechanism between 

adsorbate and adsorbent. Enthalpy ΔH°, entropy ΔS°, and Gibbs free energy ΔG° are 



thermodynamic parameters that were used to describe the thermodynamic behavior of arsenic 

adsorption onto the PES/ZVI beads. These parameters were calculated as the following 

equations: 

 𝑙𝑛 𝐾𝑐 = ∆𝑆°𝑅 + ∆𝐻°𝑅𝑇   (7) ∆𝐺° = −𝑅𝑇 𝑙𝑛 𝐾𝑑   (8) 

 

Where, R is the universal gas constant (0.008314 kJ.mol-1 .K-1), T (K) is temperature, KC = 

Qe/Ce is the thermodynamic constant. 

Based on the amount of ΔG ̊, the adsorption mechanism can be physisorption or chemisorption. 

If ΔG ̊ is less than -20 kJ/mol, the mechanism can be considered physisorption, and when ΔG ̊ 

is higher than -40 kJ/mol, the chemisorption mechanism. In this regard,  arsenic adsorption 

onto  PES/ZVI beads can be ascribed with the physiochemical mechanism. Experimental data 

displays that with the increasing temperature, the adsorption capacity increased and enthalpy 

is  positive, thus, the adsorption process is endothermic.  

 

Table 4. Effect of temperature on sorption capacity and thermodynamic parameters 

Adsorbate T(K) Qe 

(mg/g) 

ΔG 

(KJ/mol) 

ΔH 

(KJ/mol.K) 

ΔS 

(KJ/mol.K) 

 

arsenic 

20 34.45 -0.76  

28.31 

 

0.097 25 35.77 -1.45 

45 38.03 -3.31 

 

 

3.7 Real samples 

For the evaluation of the performance of the adsorbent, various samples which contain a high 

concentration of arsenic were employed (Table 5). The experiment was carried out under 

optimum conditions. For this purpose, 80 mg of adsorbent was added to each soil, and solutions 

were stirred for 180 min under pH 5. The results show that the efficiency of adsorbent for the 

remediation of arsenic ions in the different soil was satisfied. Therefore, this adsorbent has a 

high potential for the extraction of arsenic ions even in a high concentration.  



Table 5. The measurement of arsenic in different samples 

Samples Native 

Arsenic 

(ppb) 

C0 (after acidic 

treatment) 

Ce (after 

removal) 

R% 

G2 103.7 101.2 19 81.22 

GTSP-

NEW 

147.3 142 28 80.28 

T1 170.59 163 45 72.39 

T15-20 156.67 147.11 39 73.48 

Q3 87.7 86.9 11.8 86.42 

Q8 72.32 72.4 8.1 88.81 

Q12 146.2 139 33 76.25 

Q16 134.5 130.4 29.4 77.45 

  

3.8. Comparison 

 The adsorption capacity of different adsorbent for the treatment of arsenic was reported in 

Table 6. As it can be seen, the PES/ZVI nanocomposite has significant adsorption capacity in 

comparison with other adsorbents. This result is attributed to the substantial porosity and high 

potential in binding with arsenic ions and eliminating them from soil.  

Table 6. the comparison various adsorbents for the removal of arsenic 

Adsorbent Adsorbate Qm(mg.g-1)  Ref. 

Biochar/AlOOH Arsenic 17.41 [27] 

Magnetic oxide 

biochar 

Arsenic 14.36 [28] 

Fe2O3 

Al2O3 

Arsenic 0.66 

0.17 

[29] 

Copper (II) oxide Arsenic 1.086 [30] 

Zeolite-based/ZVI Arsenic 38.26 [31] 

PES/ZVI Arsenic 41.32 This study 

 



 

3.9 conclusion 

In the present study, we have studied the performance of PES/ZVI beads for the removal of 

arsenic from soil. Different factors such as pH, initial concentration, dosage, and contact time 

that can influence the functionality of adsorption have been investigated. The structural 

characterization performed with FTIR, TGA, VSM, and SEM indicates that PES/ZVI beads 

have significant properties for the removal of arsenic from soil. According to results obtained 

from the characterization techniques, it is portrayed that arsenic is removed from the soil by 

various physicochemical processes such as adsorption, precipitation, or redox reactions. In 

spite of the reduced magnetic response after adding polyethersulfone, iron nanoparticles can 

still be envisaged as part of a control mechanism for adsorption. Furthermore, kinetic and 

thermodynamic parameters were evaluated and it was found that a pseudo-second-order kinetic 

model can describe the experimental data quite accurately. The Langmuir isotherm has shown 

a better fit than the Freundlich isotherm, indicating the application of monolayer coverage of 

arsenic on the PES/ZVI beads' surface. 
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