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ABSTRACT: In the present work, we report the synthesis of wurtzite CuGa$S, and its
composite with MoS, and explored their efficacy toward two important applications, viz.
electrocatalytic hydrogen evolution reaction (HER) and adsorption of Rhodamine B dye.
The CuGaS$, was synthesized via a low-temperature ethylenediamine-mediated solvothermal
method. The obtained products were characterized by various techniques such as X-ray
diffraction, field emission scanning electron microscopy, transmission electron microscopy,
and X-ray photoelectron spectroscopy to ascertain the phase formation, surface morphology,
and elemental oxidation states. The electrocatalytic activity of the wurtzite CuGaS, and
CuGaS$,/MoS, composites toward HER was investigated, wherein the CuGaS,/MoS,
composite exhibited superior activity when compared to the pristine sample with a small
Tafel slope of 56.2 mV dec™ and an overpotential value of —464 mV at the current density
of 10 mA cm™. On the other hand, the synthesized CuGa$S, also showed an impressive A (R A
adsorption behavior toward Rhodamine B dye with 99% adsorption in 60 min, which is -
relatively better than that observed with the composite material.
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Bl INTRODUCTION

In the past several decades, Pb- and Cd-based semiconductors
which played a crucial role in various field of applications, viz.
photocatalysis, light-emitting diodes, solar cells, etc., were
limited for practical applications owing to their toxicity. This
led to a surge in research for finding an alternative
environmentally benign semiconductor material with reason-
able efficiency compared to that of heavy-metal-based
materials.' > Recently, I-III-VI, ternary semiconductors
have attracted much interest due to their narrow band gap,
high stability against radiation, low cost, tunable emission
wavelength, and high optical absorption coefficient.”> Among
the various Cu-based ternary chalcogenides, CuGas$, is greatly
studied as a visible light photocatalyst, a light-emitting diode,
and a host material in intermediate-band solar cells due to its
low toxicity, good stability, and excellent electrical and optical
properties. A direct band gap value of 2.4 eV makes it an
efficient catalyst in the field of visible light photocatalyst
applications.”"® Based on the arrangement of cations in the
crystal lattice, it is known to exist in three polymorphic states,
viz. thermodynamically stable tetragonal chalcopyrite, meta-
stable hexagonal wurtzite, and cubic zinc blende phases.”"’
Generally, CuGaS, is synthesized by various methods like
solid-state synthesis, spray pyrolysis, and chemical vapor
deposition, which involve high temperatures, pressures, and
special design of equipment.''~'* In the present work, we
chose the solvothermal method as it requires low temperatures
and favors nanoparticles with the desired stoichiometry. Many
reports on solvothermal synthesis of CuGaS, are found to
generally yield the thermodynamically stable chalcopyrite
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phase, making the synthesis of the metastable wurtzite phase
more challenging.">™"” Only a few reports on wurtzite CuGaS,
with various morphologies like tadpole structure for the
photocatalytic degradation of Rhodamine B (RhB), nanosheets
and nanorods for photoluminescent properties, and 2D
nanoplates for enhanced photocatalytic hydrogen evolution
exist. Hence tuning the property via a controlled phase and
morphology is an important concern in the synthesis of these
ternary chalcogenides.'*™*°

Over the past few decades, electrocatalytic water splitting
has emerged as an ecofriendly and efficient method for
hydrogen production. The huge cost of noble metals hinders
their practical utilization, which has created a need to find
alternative cost-effective electrocatalysts. In this regard,
transition-metal-based materials including oxides, phosphides,
carbides, chalcogenides, and nitrides have attracted great
interest as potential candidates for the electrocatalytic
hydrogen evolution reaction (HER).”"** Specifically, transition
metal chalcogenides are found to be earth-abundant, rich in
reactive sites, comprising specific structural properties and
cost-effective catalysts for the HER.*** Recently, some
pioneering reports demonstrated that Cu-based sulfides such
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Figure 1. XRD patterns of the synthesized (a) wurtzite CuGa$S, and (b) MoS,, CuGaS,/xMoS, composite (x = 0,3,5,7, 10 wt %).

as CuFeS,, Cu,SnS; Cu,SnS,, Cu,WS,, and Cu,MoS, are
efficient and stable electrocatalysts for the HER.>*~** Similarly,
CuGaS, and CulnS, are studied as promising photocathode
materials for photoelectrochemical water splitting due to their
superior electronic properties.””*’ These studies reveal that
CuGaS$, could be explored as a suitable and interesting
material for the electrocatalytic HER.

Furthermore, recent studies have demonstrated the enhance-
ment of the catalytic activity of pure CuGaS, by the
substitution of metal ions, coupling with noble metal, and
construction of a heterostructure.””' > In addition to that
described above, another way of enhancing the properties is by
making composites, viz. CulnS,/rGO or CulnS,/g-C;N,,
which showed efficient electrochemical behavior and adsorp-
tion properties.””*® The earth-abundant, stable, nontoxic 2D
metal dichalcogenide MoS, is well-known to be a potential
candidate in the field of photocatalysis, electrocatalysis, and
environmentally related applications.”*~*® This motivated us to
prepare pristine wurtzite CuGaS, and its composite with MoS,
and evaluate their adsorption properties and electrochemical
HER activity. We report a simple ethylenediamine-mediated
solvothermal method for synthesizing wurtzite-phase CuGaS,
and CuGaS,/MoS, composites which were studied for
Rhodamine B dye adsorption and electrochemical HER
activity.

B EXPERIMENTAL SECTION

CuCl, (SRL), Ga,0O; (Alfa Aesar), thiourea (SRL), concen-
trated HCl (Rankem), ethylenediamine (Loba), ethanol
(Jiangsu Huaxi International), and Nafion (Sigma-Aldrich)
were used as purchased.

First, 0.0375 g (0.2 mmol) of Ga,0; was dissolved in a
minimum quantity of concentrated HCl (0.2 mL) in mild
heating conditions (60 °C). Then 0.0538 g (0.4 mmol) of
CuCl, and excess thiourea (0.12 g) were taken in a 50 mL
Teflon-lined autoclave to which 14 mL of ethylenediamine
(EDA) was added and stirred for 10 min. Then the as-prepared
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GaClj; solution was added drop by drop to the above mixture,
and the autoclave was sealed and placed in a hot air oven at a
temperature of 150 °C for 15 h. For the preparation of the
CuGaS,/MoS, composites, MoS, was synthesized by the
procedure reported in our previous work.”” The corresponding
CuGaS,/MoS, weight ratio (3%, 5%, 7%, 10%) was calculated
and added to the above mixture. After the autoclave was
cooled to room temperature, the products were collected
through centrifugation at 4500 rpm for 8 min. Then the
precipitate was washed several times with distilled water and
ethanol to remove the EDA. Finally, the obtained product was
dried in a hot air oven at 80 °C for 8 h and used for further
characterization.

Characterization. Powder X-ray diffraction analysis was
performed to identify the phase formation of the synthesized
composites using PANalytical X’Pert PRO with a scan rate of
S° per minute in the 26 range from 10 to 80° (Cu Ka (4 =
0.15406 nm) radiation). Morphological and elemental analyses
of the samples were carried out using field emission scanning
electron microscopy (FESEM) (Zeiss) with energy-dispersive
X-ray spectroscopy (EDAX). High-resolution transmission
electron microscopy (HRTEM) (FEI-TECNAI G2-20
TWIN, JEOL Japan) was used for morphology studies. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out using an ULVAC-PHI (PHIS000 Version Probe III)
instrument to ascertain the valence state of the elements. All of
the electrochemical studies were carried out with the help of an
Autolab electrochemical workstation (PGSTAT204, Metro-
hom-Autolab, Netherlands; 2015). A UV—visible spectrometer
(PerkinElmer Lambda 35) was used to study the Rhodamine B
dye adsorption behavior of the synthesized catalysts.

Electrocatalytic HER Measurements. A conventional
three-electrode system in 0.5 M H,SO, was used to measure
the electrochemical activity. The working electrode was
prepared by coating the synthesized catalyst on the glassy
carbon electrode (GCE). A graphite rod acted as the counter
electrode and the Ag/AgCl electrode as the reference
electrode. Initially, the GCE (surface area of 0.07 cm”) was
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Figure 3. TEM images (a,d), HRTEM images (b,e), and SAED patterns (c,f) of CuGaS, and CuGaS,/7%MoS,.

polished with various alumina suspensions of 1 ym, 0.3 pm, deionized water (250 uL), ethanol (245 uL), and S wt %
and 50 nm, and the surface was cleaned with ethanol and Nafion (5 uL) and stirred. For better dispersion, the
distilled water. A homogeneous catalyst suspension (ink) was suspension was further ultrasonicated for 30 min at room
prepared by dispersing S mg of catalyst in a mixture of temperature, and then the catalyst ink (3 pL) was drop-casted
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Figure 4. XPS spectra of CuGaS,: (a) survey, (b) Cu 2p, (c) Ga 2p, and (d) S 2p.

on the GCE surface and dried at ambient temperature.
Standardization of the referred potential versus the reversible
hydrogen electrode (RHE) was calculated using the equation
E(rug) = E(ag/agan + 0.059pH + 0.197. The prepared catalysts
are named as CGS, 3MCGS, SMCGS, 7MCGS, and 10MCGS
for CuGaS,, CuGaS,/3%MoS,, CuGaS,/5%MoS,, CuGaS,/
7%MoS,, and CuGaS,/10%MoS,, respectively.

B RESULTS AND DISCUSSION

The XRD patterns of the synthesized compounds shown in
Figure la reveal the formation of a single-phase wurtzite
CuGaS, consistent with a previous report. The average
crystallite size was found to be 15 nm, and the obtained
lattice constants a = b = 3.7406 A and ¢ = 6.1515 A matched
with the reported values.'"®** From the XRD patterns, it is
evident that no peak for the chalcopyrite phase (JCPDS No.
00-025-0279) was observed, indicating that the synthesis
method was able to stabilize a metastable wurtzite phase. The
simulated XRD pattern of wurtzite CuGaS, corroborates our
experimental pattern (crystal parameters are given in Table
S1). The XRD pattern of CuGaS,/MoS, composites given in
Figure 1b matched the simulated wurtzite pattern along with
the standard pattern of 2H MoS, (JCPDS No. 01-075-1539),
confirming the successful formation of a composite without
any additional phase.

The FESEM image (Figure 2a) of the synthesized wurtzite
CuGaS, shows a snowflake-like structure which is further
clearly visualized with the help of the FESEM image given in
Figure 2a (inset), showing the growth of six petals on the six

43886

faces of the hexagon. The EDAX spectrum given in Figure 2¢
confirms the existence of all elements Cu, Ga, and S in the
expected near stoichiometry. The FESEM image of the
CuGaS,/7%MoS, composite (Figure 2b) shows the presence
of a snowflake-like structure, indicating the composite
formation has not disturbed the parent morphology. FESEM
images at different magnifications are given in Figure S1, which
further confirms that the composite retains its morphology.
According to Figure 2d, the EDAX spectrum confirms the
presences of all elements Cu, Ga, Mo, and S in near
stoichiometric composition of the composite material. The
uniform distribution of the elements was confirmed by the
density of dots from the elemental mapping (Figure S2).
The TEM image given in Figure 3a further confirms the
snowflake structure of a few micrometers size with a lattice
spacing of 0.3155 nm that is observed between two
consecutive fringes in the HRTEM analysis (Figure 3b)
corresponding to the (002) plane of wurtzite CuGasS,.”" The
TEM image of the composite shows the snowflake-like
morphology slightly covered with MoS, sheets, indicating
that the composite construction does not affect the
morphology of CuGaS,. Figure S3 shows the TEM images at
different magnifications, which further confirms the snowflake-
like morphology of the synthesized compounds. The lattice
spacing values of 0.2357 and 0.6572 nm in the HRTEM image
of composite correspond to the (102) and (002) planes of
wurtzite CuGa$S, and MoS,, respectively, confirming the
successful formation of the composite.””*' The moderate
bright spots observed in the selective area electron diffraction
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Figure 5. XPS spectra of CuGaS,/7%MoS,: (a) survey, (b) Cu 2p, (c) Ga 2p, (d) Mo 3d, and (e) S 2p.

(SAED) pattern of CuGaS, and the composite confirmed the
polycrystalline nature of the synthesized compounds.

The XPS analysis survey spectrum of the synthesized
compounds shown in Figure 4a confirms the presence of all
three elements Cu, Ga, and S. The core level spectra of Cu 2p,
Ga 2p, and S 2p are shown in Figure 4b—d, respectively. The
peaks at the binding energy position of 932.41 eV (2p;/,) and
952.24 eV (2py/,) in the core level spectrum of Cu with the
peak separation of 19.83 eV confirm the +1 oxidation state of
Cu.*” The Ga 2p orbital spectrum shows the characteristic
peaks of Ga’* at the binding energy position of 1118.62 eV for
2p3), and 1145.49 €V for 2p, ,.'° The peak position located at
161.2 eV in the core level spectrum of sulfur corresponds to S
2p, and the peak at 168.77 €V arises due to S—O bond.'**’

The survey spectrum of the synthesized composite
(CuGaS,/7%MoS,) given in Figure Sa shows the existence
of Mo, Cu, Ga, and S peaks, confirming the intact composition
of the composite. The high-resolution XPS spectrum of Cu
given in Figure Sb shows two peaks at the binding energy
position of 932.65 and 952.8 eV, with the peak separation of
20.15 eV confirming the +1 oxidation state of Cu.”> The two
peaks at the binding energy positions of 1119.37 and 1146.33
eV observed in the high-resolution XPS spectra of Ga shown in
Figure Sc correspond to Ga 2p;/, and Ga 2p, 5, respectively.'®
The peaks at 226.9 and 233.2 €V in the high-resolution XPS
spectrum of molybdenum given in Figure Sd confirm the +4
oxidation state of Mo.™ The high-resolution XPS spectrum of
S given in Figure Se shows the characteristic peak at the
binding energy position of 162.04 eV ascribed to §*7, and the
additional peak at the binding energy position of 169.14 eV is
attributed to the S—O bond which is formed due to slight
surface oxidation upon exposure to air.”"*
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The electrochemical catalytic HER performances of the
synthesized catalyst CGS, 3MCGS, SMCGS, 7MCGS, and
10MCGS were analyzed in 0.5 M H,SO, electrolyte using a
typical three-electrode system. The HER activity of the
prepared catalyst was measured by analyzing the linear sweep
voltammetry (LSV), Tafel slope, and chronoamperometric
technique. The linear sweep voltammetry curves of all samples
shown in Figure 6a reveal an enhanced overpotential (77,,)
value of —464 mV for the 7MCGS composite compared to
other samples (Table 1) (iR corrected LSV curves are shown
in Figure S4). The composites exhibited better activity than
the bare CuGaS, due to the synergistic effect of CuGaS,/MoS,
composites, facilitating a rapid electron transfer.*” The possible
HER mechanistic pathway and performance of the catalyst
were studied with the help of Tafel analysis. The Tafel slope
was derived by fitting the linear portion of the Tafel plot using
the Tafel equation (1 = blogj + a), where 7 is overpotential, b
is the Tafel slope, and j is the current density. In general, the
HER activity in acidic medium involved three possible
mechanistic pathways as mentioned in the following eqs 1, 2,
and 3 with the Tafel slope value of 120 mV/dec, 40 mV/dec,
and 30 mV/dec, respectively.

H' + ¢ + * > H* (Volmer reaction; * denotes an

absorption site) (1)
H* + H* + ¢~ — H, (Heyrovsky reaction) (2)
H* + H* — H, (Tafel reaction) (3)

From Table 1, the lowest Tafel slope value of 56.2 mV/dec
is obtained for the 7MCGS composite, suggesting the
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Figure 6. (a) Polarization curves of CGS, 3MCGS, SMCGS, 7MCGS, and 10MCGS at a scan rate of 2 mV s™". (b) Tafel plot of CGS, 3MCGS,
SMCGS, 7MCGS, and 10MCGS in 0.5 M H,SO,. (c,d) Time-dependent current density curve for CGS and 7MCGS under static overpotential for
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Table 1. Electrochemical Parameters for Prepared Catalysts

overpotential at 10 Tafel slope Ca ECSA

catalyst mACm™2 (mV) (mV dec™) (mF) (ecm?)

CGS —583 922 0.533 13.32
3MCGS —-509 71.2 0.70S 17.62
SMCGS —499 59.4 0.888 22.20
7MCGS —464 56.2 0.95§ 23.87
10MCGS —547 64.6 0.678 16.95

improved kinetics of HER compared to that of other catalysts.
Further, the low Tafel slope value suggests that the HER
follows the Volmer—Heyrovsky mechanism, and the Heyr-

43888

ovsky step is the rate-determining step.**™*® Another

important parameter to understand the catalytic performance
is electrochemical active surface area (ECSA) which is
evaluated from the electrochemical double layer capacitance
(Cq) owing to their direct relation. The double layer
capacitance value was measured from the non-faradaic
potential region of the CV curves at different scan rates (50
mV s~ to 10 mV s™'), which are shown in Figure S5a,c,e,g)i.
The linear fit of the current density with the scan rate shown in
Figure SSb,d,fh,j and the calculated double layer capacitance
values given in Table 1 indicate an increase in the
electrochemical active surface area for the composites.*’
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Among all of the samples, the 7MCGS composite showed the
highest Cyq and ECSA values of 0.955 mF and 23.87 cm?,
respectively. These results clearly indicate that 7MCGS has
more active sites facilitating the enhanced activity of the
catalyst compared to other composites and the pristine
compound. The consolidated HER parameters for the
prepared catalysts are given in Table 1. The ECSA normalized
LSV shown in Figure S6 reveals that the 7MCGS catalyst still
has activity superior to that of the bare CuGa$S, and remaining
compositions, which again confirms that the intrinsic activity of
CuGaS, is enhanced by the 7%MoS, composite construc-
tion.” Another intrinsic activity parameter, turn over
frequency (TOF), of the catalysts was calculated, and the
values are given in the Table S2 which shows that the 7MCGS
has enhanced HER activity compared to that of the parent
CuGaS, and all other composite compounds, which is
attributed to increased intrinsic activity of the each active
site.’’ Furthermore, the stability of the catalysts which is the
main concern in the electrocatalytic HER reaction is
ascertained by the chronoamperometric curve of the CGS
and 7MCGS given in Figure 6¢,d. It is evident from the curves
that both catalysts exhibit excellent stability over the time
period of 12 h with a slightly better stability for the composite.
Both catalysts exhibited reliable stability which is also
confirmed from the negligible overpotential difference
observed in the obtained LSV curves of before and after
stability tests for CGS and 7MCGS as given in Figure Ge,f.
Further a small hysteresis in overpotential of 7MCGS
compared to that of CGS confirms that the incorporation of
MoS, with CuGaS, not only enhanced the overpotential but
also provided admirable long-term durability. After the
chronoamperometry stability test, the catalyst was charac-
terized again using XRD and FESEM analysis. Figure S7a
shows the XRD pattern of the electrocatalyst after the stability
test, which exhibited diffraction peaks similar to those of the
synthesized CuGaS,/7%MoS,, with relatively more noise.
Further, the FESEM image (Figure S7b,c) shows that there
was no significant change in the morphology even after
electrolysis for 12 h. These studies ensure the long-term
stability of the composite even after 12 h of electrolysis.

The electrochemical impedance spectroscopy (EIS) was
carried out to support the improved HER activity of the
7MCGS electrocatalyst. As shown in Figure 7, the charge-
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Figure 7. EIS curves of CGS and 7MCGS in 0.5 M H,SO,.

transfer resistance (R,) of 7MCGS (245 Q) is much lower
than that of CGS (2763 Q), suggesting rapid electrode kinetics
and higher charge-transfer rate of 7MCGS.>>** Further, the
electrocatalytic HER activity of the synthesized CuGaS,/MoS,
is compared in Table 2 with Cu- and Ga-based metal sulfides.
Based on the obtained overpotential and Tafel slope values, it
can be inferred that the CuGaS,/MoS, composite exhibited
better or comparable HER activity.

Recently, metal-sulfide-based semiconductor nanomaterials
are extensively viewed as an adsorbent material for dye
molecules for environmental remediation,>”*' =% and we have
explored the dye adsorption property of the synthesized
CuGaS,/xMoS, (x =0, S, 10 wt %) samples using Rhodamine
B dye. The adsorption experiments were carried out in the
dark and at room temperature. At first, 30 mg of CuGaS,
samples was added into 50 mL of the RhB solution with an
initial concentration of 10 ppm to confirm the adsorption
capability. Four milliliters of the suspension was then taken out
at certain time intervals (0—60 min) and taken for UV—visible
spectroscopy measurements. The concentration of RhB was
measured from the absorbance at 554 nm. Figure 8a shows the
temporal evolution of the absorption spectrum of RhB dye
solution in the presence of the CuGaS, catalyst. The
considerable decrease in the intensity of the major absorption
peak of the RhB molecule indicates the adsorption of RhB
molecule taking place on CuGas$,. It is clearly seen that around
90% of the RhB molecules are quickly adsorbed within 20 min,
nearing completion in 60 min, which is attributed to the
availability of more active sites. Figure 8d shows the removal %
of dye as a function of contact time using the CuGaS, catalyst.
The rapid adsorption of dye molecules on the catalyst may be
attributed to the active S>~ sites at the surface of the CuGaS,.*"
The quick adsorption behavior of the synthesized wurtzite
CuGaS, can be utilized as a potential adsorbent for the
removal of organic dye. The composite CuGaS,/xMoS, (x =S,
10 wt %) (Figure 8b,c) shows an adsorption activity inferior to
that of CuGaS, which may be attributed to the coverage of
active sites by the aggregated MoS, sheets.”*

To the best of our knowledge, there are no reports available
for the dye adsorption on CuGaS$, and hence the adsorption
behavior of the synthesized snowflake wurtzite CuGaS, is
compared with the previously reported sulfide-based adsorbent
materials (Table S3). To investigate the stability, the catalyst
(CuGaS,, CuGaS,/5%MoS,) after the adsorption process was
washed several times with ethanol, centrifuged, and dried at 80
°C in a hot air oven. The recovered CuGa$S, and CuGaS,/5%
MoS, were subjected to XRD analysis, and the obtained
spectra are shown in Figures S8a and S9, respectively. It is clear
from the XRD spectrum that the crystalline phase remains
unchanged after the adsorption process. The morphology of
the recovered CuGaS, catalyst was studied by FESEM analysis
(Figure S8b), wherein no significant change in morphology
was observed. These results confirm the excellent stability of
the catalyst during the Rhodamine B dye adsorption process.

B CONCLUSIONS

The metastable wurtzite phase of CuGaS, was synthesized by a
solvothermal method at low temperature using ethylenedi-
amine, followed by the preparation of CuGaS,/MoS,
composites. The 7MCGS composite showed an enhanced
HER activity compared to that of the other composites and the
pristine CuGaS,, which is attributed to the increased
electrochemical active surface area which in turn provides
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Table 2. Comparative Analysis of Electrocatalytic HER Activity of Previously Reported Cu-, Ga-, and Mo-Based Metal Sulfide
Electrocatalysts

overpotential (5'%) Tafel slope

S no. sample synthesis method (mV) (mV dec™!) ref
1  GaS nanosheets liquid exfoliation —570 85 54
2 CuS nanoplates wet-chemical route/photoreduction —449 171 SS
3 CuFeS, colloidal chemistry method —88.7 47 25
4  CuyWS, solvothermal —650 121 27
S  CuMoS, solution-processing method —333 130.3 28
6  Cu,MoS,/MoSe, —166 74.7

nanostructures
7  Cu,SnS; solvothermal —330 98 26
8  Cu,SnS, —-358 110
9  CuyZnSnS, hydrothermal ~—1200 52 56
10 NiCuCoS;-modified GE solid-state method —600 116.2 57
11 MosS, quartz glass tube K,CO; + S + Mo0O3750 °C/8 h —610 ~200 58
12 Mogg;Snge;S, solid vapor reaction 700 °C for 6 h —403 170 59
13 MoS,/NiO/MWCNT MWCNTs +nickel oxide NPs + few-layered MoS, nanosheets/ 289 60
magnetic stirring for 50 h
14  CuGaS,/7 wt %MoS, solvothermal —464 56.2 present
composite work
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Figure 8. UV—visible absorption spectra for RhB (10 ppm) on (a) CuGaS,, (b) CuGaS,/5%MoS,, and (c) CuGaS,/10%MoS, catalysts and (d)
removal efficiency of catalysts as a function of time.

more reactive sites. The catalyst 7MCGS exhibited a small catalyst for HER activity. Further, the pristine wurtzite CuGaS$,
Tafel slope value of 56.2 mV dec™" with an overpotential value was found to be a good adsorbent for RhB dye with an almost
of =464 mV and a good stability for 12 h, making it a potential complete removal achieved within 60 min.
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