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ABSTRACT: Developing cost-effective noble metal-free co-catalysts as alternatives to platinum group metals
is an impeccable strategy to enhance photoelectrochemical (PEC) water splitting. In this report, we successfully
fabricated CuInS2 nanosheet array-based photocathode modified with CdS and co-catalyst MoS2 in a green
approach to improve water splitting under solar irradiation. The visible light absorption of the modified hybrid
photocathode (CIS/CdS/MoS2) was significantly enhanced due to introducing CdS and MoS2. Photo-
luminescence, impedance spectroscopy, and Mott−Schottky analysis depicted improved separation of excited
electron−hole pairs, minimized resistance of charge transfer, and increased excited-state charge carrier
concentration, resulting in increased photocurrent. Typical results indicated that composite photoelectrodes
delivered higher photocurrent (−1.75 mA/cm2 at 0 V vs RHE) and HC-STH conversion efficiency (0.42% at
0.49 V vs RHE) than those of CIS and CIS/CdS photoelectrodes. This improved PEC performance is
accredited to the synergetic impact of CdS in charge generation and transfer and MoS2 as a cocatalyst with
active surface sites for proton reduction. This study not only reveals the promising nature of CuInS2-based light
absorber photocathodes for solar energy utilization but also recommends the use of MoS2 as a cocatalyst for the
proton reduction reactions for widespread applications in solar to hydrogen conversion.

■ INTRODUCTION
Hydrogen is considered a clean fuel owing to its formidable
energy density and zero carbon emission. It will be crucial in
the near future as a renewable and sustainable energy source to
meet the global energy demand.1 Photoelectrochemical (PEC)
water splitting offers a sustainable route to absorb sunlight
falling on the earth’s surface and use it to produce hydrogen
from semiconducting metal oxides. Since Honda and
Fujishima’s pioneering work with TiO2 photoelectrodes in
1972,2 PEC water splitting has attracted considerable attention
for exploring appropriate semiconductor materials as photo-
electrodes. A number of n-type semiconductors, particularly
TiO2, WO3, BiVO4, and g-C3N4, have been explored as
photoanodes for oxygen evolution in PEC cells for water
splitting.3,4 Hydrogen evolution takes place on p-type photo-
cathodes, such as Cu2O, CuO, CuBi2O4, CuInS2, and
CuInGaS2 (CIGS).

5,6

To date, p-type semiconductors have been less explored
because of their high cost and low photostability. Recently,
copper-based ternary semiconductors have shown potential
application with high efficiencies due to their abundant
resources, low cost, and tunable light absorption.5 Among
these Cu-based semiconductors, the CuInS2 (CIS) photo-
cathode has attracted great attention due to its non-toxicity,
suitable optical direct band gap (Eg 1.4−1.9 eV), reasonable
absorption coefficient, and high carrier concentration under
illumination.7 Gunawan and co-workers synthesized the CIS
photocathode via electrodeposition that exhibited a photo-

current density of −0.51 mA/cm2 at 0 V vs RHE.8

Nonetheless, the photoactivity of the CIS photocathode is
confined by its inherent properties; for instance, photo-
corrosion, high charge recombination, and short carrier
diffusion. Numerous strategies have been developed to
suppress the recombination and enhance the disassociation
of the photo-induced charge carriers, including doping,9

structure control,10 heterojunction construction,11 plasmonic
metal NPs,6 and co-catalyst loading.12,13 Recently, Moon et al.
demonstrated the anodized aluminum oxide template-based
CIS nanorods that were vertically aligned and modified with
CdS and ZnS deposition. The modified photoelectrodes
demonstrated PEC performance displaying a photocurrent of
−2 μA/cm2 and flat-band potential shift from pure CIS.14

Recently, Liu et al. reported CIS/Sb2S3/Pt heterostructure
photocathodes exhibited a photocurrent density of −2.48 mA/
cm2 at −0.6 V vs RHE, which is 3.13 times greater in contrast
to that of pure CIS photocathode.15 The heterojunction
structure improves the conversion efficiency and allows the
selection of semiconductors with a broad range of light
absorption. Metal sulfides, like In2S3,

16 CdS,17,18 ZnS,19 and
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Sb2S3,
20 have been widely used to construct heterojunctions

with CIS because of their suitable band alignment for excited-
state charge transfer. Ikeda et al. fabricated a CZTS/CdS/
In2S3/Pt photoelectrode for water splitting with a high
photocurrent of −4.5 mA/cm2 and a low onset potential. In
addition, CdS was stabilized against photodegradation by the
deposition of In2S3.

21 Li et al. demonstrated the CuInS2/CdS
heterojunction yielded a higher photocurrent density (−0.25
mA/cm2 at 0 V vs RHE) than pristine CuInS2 electrode.

22 The
Cu2O photocathode suffers from photocorrosion, which limits
its faradaic efficiency for hydrogen evolution reaction (HER)
(∼0.01%). Septina et al. fabricated a FTO/Au/Cu2O/CdS/
TiO2/Pt photocathode using a CdS buffer layer and champion
electrode and exhibited −1.68 mA/cm2 at 0 V vs RHE and
onset potential of 0.45 V vs RHE, which generated H2 with a
faradaic efficiency of ∼100% in 1 M kPi buffer (pH 7).23

Cation exchange reaction, where Cd2+ is replaced by Cu+, was
recently reported forming an inherent Cu2S/CdS hetero-
junction.24

On the other hand, co-catalyst loading improves the kinetics
of the charge transfer to the semiconductor−electrolyte
interface, which significantly enhances the performance of
PEC water splitting and stability of the photoactive electrode.
Typically, noble metals like Pt,25 Au,26 and RuO2

27 are widely
used as co-catalysts that catalyzes HER. However, an extensive
and vast range of diverse applications of these noble metal
catalysts is limited by their low abundance and high price,
which hinders the widespread use of solar-driven PEC water
splitting. Alternatively, researchers aim to develop low-cost and
earth-abundant co-catalysts with improved activity from non-
precious metallic oxides/sulfides. For example, Liu and Zhou
modified the pristine CIS photoelectrode with nickel oxide
(NiO) and nickel sulfide (NiS) as a hole transporting layer and
co-catalyst, respectively. The results show that the NiS/
CuInS2/NiO heterostructured photocathode showed a photo-
current density of −2.23 mA/cm2 at −0.6 V vs RHE, which is
175% higher in comparison to the CuInS2 photocathode.

28 In
recent years, among various transition-metal dichalcogenides,
molybdenum disulfide (MoS2) has been considered as a
promising material with a wide range of applications in
batteries, photodetectors, supercapacitors, gas detectors, and
solar cells29 Typically, MoS2 has unique properties, such as

good thermal stability, superior electrochemical performance,
and a homologous-layered structure.30 In addition, the HER
proton acceptor sites on the surface of MoS2 provides a unique
catalytic site for proton reduction, which reduces the activation
energy barrier for HER to proceed.31,32 Previously, Yuan et al.
fabricated a MoS2/CuInS2 heterojunction photocatalyst for H2
evolution in basic conditions using Na2S/Na2SO3 sacrificial
reagents in the electrolyte. 3 wt % MoS2/CuInS2 electrode
shows the highest photocurrent density of 7.8 μA/cm2, which
is about 7 times higher than that of the bare CuInS2
electrode.33 Recently, Qin et al. fabricated a photodetector
using the MoS2−CuInS2-AuNP 2D−0D hybrid, where a facile
electron movement from CuInS2 to MoS2 showing excellent
photoresponse compared to CuInS2 due to an enhanced
electric field.34 Sellappan and Varunkumar fabricated the
CuBi2O4/MoS2 photocathode delivered a high photocurrent
value of −0.182 mA/cm2 than pristine CuBi2O4 (−0.082 mA/
cm2 at 0.6 V vs RHE) owing to the presence of MoS2.

35

Recently, Dolai et al. developed a MoS2@CdS heterojunction
photocathode with a photocurrent density of −6.45 mA/cm2

at −0.5 V vs RHE. This improvement was attributed to the
presence of MoS2, which improved the photostability, charge
carrier separation, and transport.30 The heterojunction of CIS
and CdS due to the favorable band alignment makes it very
beneficial for charge separation and transport and decorating
the overlayer of cost-effective co-catalyst like MoS2 might be of
great potential for solar-harvesting module.
In this study, we have successfully fabricated CdS/MoS2-

sensitized CIS nanosheet arrays (NSAs) for solar hydrogen
evolution. Fabricating heterojunction and incorporating noble
metal-free co-catalysts improved the PEC performance. The
porous CIS NSAs were synthesized via the solvothermal
synthesis followed by deposition of CdS through successive
ionic layer adsorption reaction (SILAR) and MoS2 electro-
deposited over CIS/CdS. PEC performance of porous 2D-
entangled nanosheets of CIS NSAs with a high surface area (59
m2/g) ameliorated on the deposition of CdS forming a p−n
heterojunction. Deposition of non-noble metal cocatalyst
(MoS2) forming CIS/CdS/MoS2 imparted stability to the
photoelectrode with no significant decay in the photocurrent
even after 6 h of continuous operation. The resulting CIS/
CdS/MoS2 nanocomposite photocathode showed a higher

Scheme 1. Fabrication Scheme of FTO/CIS/CdS/MoS2 Photoelectrode
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photocurrent response and superior stability compared to CIS,
CIS/CdS, and CIS/MoS2 photocathodes. The hydrogen
evolution experiment showed CIS/CdS/MoS2 (56.9 μmol/h)
showed high activity and rate of hydrogen evolution compared
to CIS (22.6 μmol/h). CdS and MoS2 synergistically decreased
the charge recombination, amplified light absorption, and
increased the charge carrier concentration, resulting in an
increase in PEC−HER of CIS NSAs.

■ EXPERIMENTAL SECTION
Fabrication of FTO/CIS NSA Photocathode. CIS NSAs were

grown onto the FTO film using the solvothermal method. In brief,
CuCl2·2H2O (0.1 mM), InCl3·4H2O (0.25 mM), and thioacetamide
(0.75 mM) were used as Cu, In, and S precursors, respectively, and all
precursors are dispersed/dissolved in ethanol (15 mL). The resulting
solution was poured into a Teflon-lined autoclave followed by pre-
cleaned FTO plates were kept in a Teflon tube with the conductive
side toward the wall of the tube. The reaction proceeded at 180 °C for
8 h. After the reaction, the obtained FTO/CIS samples were washed
four times with DI water and absolute ethanol to remove loosely
bound impurities and annealed at 300 °C for 1 h in an inert argon
(Ar) environment(Scheme 1).

Fabrication of FTO/CIS/CdS Photoelectrode. A CIS/CdS
photoelectrode was fabricated using the SILAR method. Briefly, the
CIS/FTO film was immersed in the Cd precursor solution
[Cd(OAc)2·2H2O (0.1 M) in methanol] for 30 s and then rinsed
in methanol to remove the loosely bound ions and subsequently dried
at 70 °C for 2 min. Further, those films were soaked in a sulfide
precursor solution (0.1 M Na2S·xH2O in CH3OH)) for 30 s, followed
up by washing with methanol and kept for drying at 70 °C for 2 min.
Finally, all steps constitute one SILAR cycle. Similarly, 5, 10, and 15
SILAR cycle sequences were carried out to attain the desired CIS/
CdS-5, CIS/CdS-10, and CIS/CdS-15 photoelectrodes, respectively
(Scheme 1). The CIS/CdS films were annealed at 300 °C in an Ar
environment for 1 h.

Fabrication of FTO/CIS/MoS2 Photoelectrode. MoS2 layer was
deposited over FTO/CIS using the electrodeposition method. First,
the MoS42− solution was processed by adding aqueous solution of
Na2MoO4 (5 mM) and Na2S (excess) followed by dil. HCl was added
dropwise to pH 8. After the addition of dil. HCl, the clear solution
was changed to dark, indicating the formation of MoS42− solution.

+ +MoO 4H S MoS 4H O4
2

2 4
2

2

Typically, an electrodeposition process proceeds with a three-
electrode system, where FTO/CIS as the working electrode, Ag/AgCl
as the reference electrode, Pt as the counter electrode, and MoS42−

solution served as the electrolyte for MoS2 deposition. The deposition
was performed at −1.2 V for 10 min to attain the brown color of the
FTO/CIS/MoS2 electrode. Cyclic voltametric curve for the electro-
deposition can be found in Supporting Information, Figure S10b. The
films were heated at 300 °C in an Ar environment for 1 h. The
electrolytic reduction of the tetrathiomolybdate ion (MoS42−)
proceeds in the following manner

+ + + +MoS 2e 2H O MoS 2HS 2OH4
2

2 2

Fabrication of FTO/CIS/CdS/MoS2 Photoelectrode. The
MoS2 layer was deposited over FTO/CIS/CdS using the electro-
deposition method. First, the MoS42− solution was processed by
adding aqueous solution of Na2MoO4 (5 mM) and Na2S (excess)
followed by dil. HCl was added dropwise to pH 8. After the addition
of dil. HCl, the clear solution was changed to dark, indicating the
formation of MoS42− solution.

+ +MoO 4H S MoS 4H O4
2

2 4
2

2

Typically, an electrodeposition process proceeds with a three-
electrode system, where FTO/CIS/CdS as the working electrode,
Ag/AgCl as the reference electrode, Pt as the counter electrode, and
MoS42− solution served as the electrolyte for MoS2 deposition

(Supporting Information, Figure S10b). The deposition was
performed at −1.2 V for 10 min to attain the brown color of the
FTO/CIS/CdS/MoS2 electrode (Scheme 1). The films were heated
at 300 °C in an Ar environment for 1 h. The electrolytic reduction of
the tetrathiomolybdate ion (MoS42−) proceeds in the following
manner

+ + + +MoS 2e 2H O MoS 2HS 2OH4
2

2 2

■ RESULTS AND DISCUSSION
Crystallographic and Morphological Studies. X-ray

diffraction (XRD) patterns of the synthesized parent material
and modified photocathodes were analyzed to probe the phase
and crystallographic structure of the materials. In the pristine
CIS NSAs, the diffraction pattern peak 2θ values at 27.6, 31.4,
46.2, and 55° correlate with (112), (004), (202), (211), (204),
(116), and (312) planes at the d-spacings of 3.2, 2.76, 2.44,
2.41, 1.95, 1.67, and 1.66 Å, respectively, which are in good
agreement with body-centered tetragonal crystalline CIS
(JCPDS no. 32-0339) (Figure 1). In the diffraction pattern

of CdS, the 2θ peak values at 26.9, 30.5, 44.5, and 52.7°
correspond to the (111), (200), (220), and (311) planes with
d-spacings of 3.4, 2.90, 2.05, and 1.75 Å, respectively, which is
consistent with JCPDS no. 80-0019 (Supporting Information,
Figure S1). For the CIS/CdS composite, both CIS and CdS
peaks are observed in Figure 1. This suggests that the CdS
layers were successfully decorated onto the CIS surface and
certifies the formation of the CIS/CdS heterostructure. The
XRD patterns of FTO/MoS2 show three peak 2θ values of
14.2, 32.8, and 39.4° corresponding to (002), (100), and (103)
planes at d-spacings of 6.15, 2.73, and 2.27 Å, respectively,
which matched with the hexagonal structure of MoS2 (JCPDS
card no. 37-1492) (Supporting Information, Figure S1). The
XRD pattern of FTO/CIS/CdS/MoS2 composite shows the
marked peaks corresponding to CIS (▲), CdS(★), and MoS2
(⧫) along with FTO (●) peaks (Figure 1), which confirmed
the formation of composites.
The surface morphology of CIS NSAs, CIS/CdS, and CIS/

CdS/MoS2 was studied using FE-SEM (Figure 2). CIS reveals
an exfoliated graphene sheet-like structure with porosity and
high surface area (like 2D NSAs), which are highly

Figure 1. XRD diffraction characteristics of pristine CIS NSAs, CIS/
CdS, and FTO/CIS/CdS/MoS2 and CIS JCPDS no. 32-0339.
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interconnected and vertically grown onto the FTO substrate
(Figure 2a,b). A ratio of [Cu+2]/[In+3] = 0.4 has shown a
continuous- and pristine-entangled nanosheet morphology
along with enhanced absorption and photocurrent density.
The [Cu+2]/[In+3] ratios ≤0.2 and ≥0.9 have shown a less
porous and broken nanosheet morphology.36 The pristine CIS
exhibits nanosheet morphologies with an average sheet width
of 25.9 nm using the size distribution (Supporting Information,
Figure S2). Keeping in mind the porosity and surface area of
CIS NSAs, Brunauer−Emmett−Teller (BET) analysis revealed
the surface area, average pore diameter, and total pore volume
of synthesized CIS NSAs. The N2 adsorption and desorption
isotherms of the as-prepared CIS NSAs after annealing in an Ar
atmosphere at 300 °C for 1 h depicted type-IV with a H3-type
hysteresis loop in the range of 0.4−0.95 P/P0. The surface area
of CuInS2 NSAs was calculated to be 59.3 m2/g (Supporting
Information, Figure S3) having an average pore radius of 47.4
Å and total pore volume of 1.4 cm3/g. This hierarchical
entangled and porous nanosheet morphology facilitates the
charge transfer from its surface to the CdS and endows it with
a greater surface area for adequate light harvesting. CdS
deposited over CIS in CIS/CdS, the heterojunction of CdS
uniformly distributed over CIS can be observed in Figure 2c,d.
The electrodeposited MoS2 over CIS/CdS resulted in epitaxial
growth of exfoliated multi-layered MoS2 nanosheets, hetero-
junction of CIS/CdS/MoS2 can be observed in Figure 2e,f.
Sheet-like MoS2 passivates the surface of CIS/CdS and provide

stability toward photocorrosion. Further, we also calculated the
atomic % using EDAX analysis for CIS, CIS/CdS, and CIS/
CdS/MoS2. It was found that the ratio of atomic % remains
constant for all elements after every successive deposition of
another layer and matched well with the synthetic precursors
used for synthesis (Supporting Information, Figures S4−S6).
The cross-sectional view of the films was examined for the
conformation of heterostructure formation and measured the
thickness of the layers, respectively (Supporting Information,
Figure S7). The thickness of the layer in CIS/CdS/MoS2 were
calculated to be 0.6, 0.4, and 0.5 μm corresponding to MoS2,
CdS, and CIS, respectively.
The micromorphological properties of the CIS/CdS/MoS2

composite structure were probed by TEM (Figure 3). The
low-magnification TEM micrograph (Figure 4a) depicts the
presence of CdS and MoS2 over the CIS nanosheets, which
agrees with the outcome of SEM results. Moreover, high-
resolution TEM micrographs (Figure 3b) displayed the
crystalline nature of the CIS NSAs having continuous well-
distinguished lattice fringes with a spacing of 0.32 nm
correlated to the (112) planes, which is in excellent agreement
with the most substantial peak of the XRD pattern, 2θ = 27.6°,
and a lattice spacing of 0.34 nm matching with the (111) plane
of CdS located at 2θ = 26.9°. In the micrograph in Figure 3c, a
lattice spacing of 0.22 nm corresponds to the (103) surface of
MoS2. Furthermore, EDS mapping was used to confirm the
presence and uniform distribution of CdS and MoS2 over CIS

Figure 2. SEM images of (a) CIS NSAs; (b) magnified image of CIS NSAs (c); CIS/CdS; (d) magnified image of CIS/CdS heterojunction; (e)
CIS/CdS/MoS2; and (f) magnified image of CIS/CdS/MoS2 composite.
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NSAs in the CIS/CdS/MoS2 photocathode (Figure 3d−i).
The SAED pattern of the CIS/CdS/MoS2 shows the
polycrystalline nature of the CIS/CdS/MoS2 composite
(Figure 3j). EDS spectra certify the presence of Cu, In, Cd,
Mo, and S elements in the composite (Figure 3k).
X-ray photoelectron spectroscopy (XPS) is used to describe

and portray the surface chemical constituent elements and

their valence state of elements present in the composite. The
binding energy peaks of Cu 2p1/2 and Cu 2p3/2 are centered at
951.85 and 931.9 eV, respectively (Figure 4b). These values
match with the typical data values reported in the literature.
The XPS of In exhibits two peaks at 452.1 and 444.6 eV, which
are analogous to In 3d3/2 and In 3d5/2, accordingly (Figure
4c).10 The XPS spectrum of Cd shows that peaks at 411.6 and

Figure 3. (a) Low-resolution TEM micrograph of CIS/CdS/MoS2; (b,c) high-resolution images of CIS/CdS/MoS2 composite; (d) EDS elemental
mapping of CIS/CdS/MoS2 composite; (e−i) elemental mapping of Cu, In, Cd, Mo, and S, respectively; (j) SAED pattern obtained from the CIS/
CdS/MoS2 composite; and (k) EDS spectra of Cu, In, Cd, Mo, and S for the CIS/CdS/MoS2 composite.

Figure 4. XPS spectrum of CIS/CdS/MoS2: (a) survey scan; (b) Cu 2p; (c) In 3d; (d) Mo 2s and 3d; (e) Cd 3d; and (f) S 2p.
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405 eV are related to Cd 3d3/2 and Cd 3d5/2 (Figure 4d).37

The Mo XPS spectrum showed three peaks at 231.5, 228.4,
and 226.5 eV designated to Mo 3d3/2, Mo 3d5/2, and Mo 2s
(Figure 4e).38,39 The XPS peak of the S 2P core splits into two
peaks, 161.7 and 160.6 eV, belonging to S 2p1/2 and S 2p3/2,
respectively (Figure 4f). In accordance with the XPS data
measurements, the binding energies of the corresponding
elements are in total agreement with the studies in the
literature. Therefore, XPS confirms the composition of the
heterostructure fabricated on FTO.

Optical Studies. We examined the optical absorption
characteristics of the fabricated photoelectrodes, and the
outcomes are expressed in Figure 5. The pristine CIS NSAs
show a broad absorption range of 300−765 nm (Figure 5a),
and the band gap is estimated to be Eg = 1.62 eV by the Tauc’s
plot (inset Figure 5a). CdS clearly reveal a narrow spectral
width with an absorption edge at 564 nm, having a band gap of
2.2 eV calculated using the Tauc’s plot (Supporting
Information, Figure S8b). Further, the CIS/CdS composite
manifests a wide-ranging absorption range in the 300−800 nm

range and a red shift in absorption spectra compared to CIS
NSAs (Figure 5a). CIS/MoS2 absorption enhanced as
compared to CIS in the visible region owing to MoS2
deposition. On the modification of the CIS/CdS electrode
using the MoS2 layer, the absorption band of the electrode
extended and improved the absorption intensity over other
electrodes (Figure 5a), resulting in improved light trapping
capability. This intensified optical absorption leads to the
production of electron−hole pairs, which increases the charge-
carrier density; in the wavelength range where there exists a
weak absorption of CIS NSAs.
Furthermore, PL studies were conducted to understand the

recombination and charge-transfer response of the hetero-
structure photoelectrodes. The PL spectra of bare CIS NSAs,
CIS/CdS, and CIS/CdS/MoS2 samples were excited at a
wavelength of 587 nm, and outcomes are displayed in Figure
5b. The CIS NSAs show a broad emission peak at 765 nm,
which correlates to a peak energy of 1.62 eV and is assigned to
the near-band edge emission (Figure 5b). Furthermore, when
CdS was introduced on the top of CIS, the intensity of the

Figure 5. (a) UV−vis spectra of CIS NSAs, CIS/CdS, CIS/MoS2, and CIS/CdS/MoS2 composites and (b) PL spectra of CIS NSAs, CIS/CdS,
CIS/MoS2, and CIS/CdS/MoS2 composites.

Figure 6. (a) LSV curves of CIS/CdS-5 and CIS/CdS-10 photocathodes under chopped illumination; (b) LSV curves; (c) HC-STH efficiency of
pristine CIS NSAs, CIS/CdS, CIS/MoS2, and CIS/CdS/MoS2 photocathodes under chopped illumination; and (d) chronoamperometric (I−t)
curves of pristine CIS NSAs, CIS/CdS, CIS/MoS2, and CIS/CdS/MoS2 photocathodes at 0 V vs RHE under light illumination.
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emission peak was significantly reduced. This intensity
reduction performance certifies the excited-state communica-
tion of charges within CIS NSAs and CdS and is supported by
the fact of deactivation by electron transfer of the excited state
from CIS NSAs to CdS. This phenomenon implies that the
photo-produced electron−hole pairs are effectively isolated in
the CIS/CdS heterojunction. CIS/MoS2 showed the reduced
rate of recombination compared to CIS/CdS. Subsequently,
PL spectra of the CIS/CdS/MoS2 photoelectrode exhibited a
decrease in intensity compared to CIS/CdS and CIS/MoS2
photoelectrodes, satisfying the condition of the excited-state
charge transfer along the heterojunction to the surface of the
HER catalyst.

PEC Studies. The photoelectrocatalytic activity of the
photoelectrodes was evaluated via J−V plots under the
influence of solar irradiation at 100 mW/cm2 (AM 1.5G).
Also, we investigated the effect of the number of SILAR cycles
of CdS deposition on CIS NSA on the photocurrent and
examined J−V plots of CIS/CdS-5, CIS/CdS-10, and CIS/
CdS-15 photoelectrodes (Figure 6a). Upon light illumination,
the CIS/CdS-5 photocathode showed a more decent photo-
current response than the other electrodes. This effect could be
accredited to proficient light absorption by virtue of the low
scattering effect and low aggregation, which facilitated the
charge separation of the excited states by effective hetero-
junction formation. Therefore, optimizing the CdS deposition
cycles of the photocathode film is significant for high-
performance PEC water splitting, and the optimized CIS/
CdS-5 was used for further experiments. The LSV plots of CIS
NSAs, CIS/CdS, and CIS/CdS/MoS2 photoelectrodes are
shown in Figure 6b. Under chopped light illumination, CIS
NSAs, CIS/CdS, CIS/MoS2, and CIS/CdS/MoS2 photo-
electrodes showed photocurrent densities of 0.28, 0.75, 0.81,
and 1.75 mA/cm2 at 0 V vs RHE, respectively. A minimal
onset potential of 0.86 V and the highest photoresponse in
terms of current density is observed for CIS/CdS/MoS2, which
is 6.2 times greater than pristine CIS NSAs, 2.3 times higher

than the CIS/CdS photocathode, and 2.2 times higher than
CIS/MoS2. Similar results were obtained for LSV under
continuous illumination of light (Supporting Information,
Figure S9). The enhanced photocurrent density of the CIS/
CdS/MoS2 electrode is attributed to the synergetic effects of
CdS, which has light sensitization ability, and MoS2, which is
known to be a good electrocatalyst with high conductivity. We
also tested PEC performance of CdS/MoS2 in 0.1 M Na2SO4
and it was found that CdS/MoS2 showed the characteristics of
a photoanode. CdS with different SILAR cycles (5 and 10
cycles) and MoS2 with different deposition times (10 and 20
min) were fabricated and tested (Supporting Information,
Figure S10a). The effect of MoS2 deposition over the surface
of CIS/CdS/MoS2 was examined with varying times of
electrodeposition. The electrodeposition at 5, 10, 15, and 20
min was fabricated and examined for PEC performance
(Supporting Information, Figure S11). There was an increase
in photocurrent observed for CIS/CdS/MoS2-5 (1.03 mA/
cm2) and CIS/CdS/MoS2-10 (1.75 mA/cm2) but after 10 min
of electrodeposition, the photocurrent decreases in CIS/CdS/
MoS2-15 (1.3 mA/cm2) and CIS/CdS/MoS2-20 (0.9 mA/cm2

at 0 V vs RHE). The decrease in photocurrent density can be
attributed to the parasitic light absorption from MoS2, which
increases with increasing deposition times of MoS2 layer,
making a MoS2 layer of larger thickness. Decreased light
availability to the photoactive layers leads to limited charge
carrier generation which resulted in decreased photocurrent as
can be seen in CdS/MoS2 LSV curves. Moreover, the efficiency
of a photoelectrode is stated in the context of STH conversion.
The HC-STH conversion efficiencies for CIS NSAs, CIS/CdS,
CIS/MoS2, and CIS/CdS/MoS2 are estimated to be 0.05, 0.10,
0.11, and 0.42%, respectively (Figure 6c). Impressively, the
CIS/CdS/MoS2 photoelectrode delivered a higher STH
conversion efficiency than other electrodes. The increase in
photocurrent can be associated with effective electron transfer
to the surface, reducing the recombination probability.
Moreover, the onset potential shifted toward a lower voltage

Figure 7. (a) Nyquist plots of pristine CIS NSAs, CIS/CdS, CIS/MoS2, and CIS/CdS/MoS2 photocathodes with circuit fitting and equivalent
circuit (inset) measured at 0 V vs RHE and (b) Mott−Schottky plots of pristine CIS NSAs, CIS/CdS, CIS/MoS2, and CIS/CdS/MoS2
photocathodes. Schematic illustration; (c) photoelectrode FTO/CIS/CdS/MoS2 [CIS (green), CdS (yellow), MoS2 (crystal)] and (d) band gap
alignment and the electron transfer with HER on the CIS/CdS/MoS2 photocathode and OER on the counter electrode.
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for the CIS/CdS and CIS/CdS/MoS2 compared to pristine
CIS. The shift can be assigned to CdS layer deposition.
In order to assess the stability of the fabricated photo-

cathodes, chronoamperometry was used. The photocurrent
feedback of the photocathodic electrodes is time tested at 0 V
vs RHE under light irradiation, and experimental outcomes are
depicted in Figure 6d. The pristine CIS NSA photocathode
unveiled a stable photocurrent response for over 2 h, while
CIS/CdS displayed a stable photocurrent feedback up to 1.5 h,
after which there was a decrease in photocurrent. This decrease
in photocurrent may be a consequence of the dissolution of
sulfur in the electrolyte. CIS/MoS2 exhibited a stable
photocurrent density of 0.8 mA/cm2 for 2 h. The modified
photocathode CIS/CdS/MoS2 exhibited a stable photocurrent
response with no decay in performance being observed after 2
h. To further check the stability of the stable photocurrent
response to light, we also performed I−t for 10 h at 0 V vs
RHE (Supporting Information, Figure S12). CIS/CdS/MoS2
showed a stable current for 6 h, after which decay in
photocurrent was observed, which continued to decay
gradually for 10 h of illumination. This significant increase
and stability of the photocurrent were attributed to the surface
passivation, which prevented the leaching of sulfur from CdS
and increased the photocurrent by efficiently separating the
excited electron−hole pairs. Furthermore, these results were
consistent with the LSV curves. The constitution of a p−n
heterojunction linking CIS NSA and CdS increases the
photocurrent due to ameliorated charge separation and
photoabsorption; the synergistic impact of CdS and MoS2 is
thought to enhance the photoactivity and increase the
photocurrent due to surface passivation.
Further, charge injection kinetics at the photocathode−

electrolyte interface is examined by evaluating the resistance
across the interface of the electrode/electrolyte. Here, EIS
experimental measurements were performed under the light
illumination of CIS NSAs, CIS/CdS, CIS/MoS2, and CIS/
CdS/MoS2 electrodes immersed in a solution of 0.1 M
Na2SO4, and the equivalent fitting circuit is depicted in inset of
Figure 7a, where RS, RCT, and CPE portray the electrolyte
solution resistance, interfacial charge-transfer resistance at the
electrode/electrolyte, and constant phase element for the
photoelectrode/electrolyte, respectively. The parameters of the
fitted circuit are given in Table S2 in the Supporting
Information. The estimated numerical values for charge-
transfer resistance (RCT) of CIS NSAs, CIS/CdS, CIS/MoS2,
and CIS/CdS/MoS2 photocathodes are 1.31, 1.1, 1.03, and
0.63 kΩ, respectively. As a result, CIS/CdS/MoS2 showed low
RCT compared to CIS/CdS and CIS NSAs, indicating the facile
charge separation and transportation. Additionally, the Bode
phase plot represents the lifetime of the charge carriers in the
excited state. The plot is �phase angle (θ) vs log(frequency)/
(Hz) (Supporting Information, Figure S13), where τ is the
lifetime of the electron. The τ value is measured with the
equation τ = 1/(2πfmax), wherein fmax is the frequency
maximum. The calculated electron lifetimes of CIS/CdS/
MoS2, CIS/CdS, and CIS NSAs are 895, 224, and 221 ms,
respectively. From Bode phase plots, the CIS/CdS/MoS2
showed a high τ value. This behavior indicates that the
deposition of MoS2 on CIS/CdS significantly ameliorated the
electron lifetime and reduced the charge recombination, which
is due to the superficial electron transmission from CIS NSAs
to MoS2 via CdS. Furthermore, the Mott−Schottky plots of
electrodes (Figure 7b) were plotted, where the linear profiles

with a negative slope confirmed that the photoelectrodes are of
p-type.40 On the projection of intercepts on the x-axis, flat
band potential (VFB) was evaluated, which turned out to be
1.25, 1.22, 1.23, and 1.10 V for CIS/CdS/MoS2, CIS/CdS,
CIS/MoS2, and CIS NSA electrodes, respectively. There is a
positive shift in the VFB potential for CIS/CdS/MoS2
compared to other electrodes owing to an increase in charge
carrier concentration, indicating a decrease in the bending
band edge, which leads to the superficial transmission of
photogenerated carriers with low recombination, thereby
improving the PEC performance.41 Moreover, from the M−S
plots, a smaller magnitude of the slope insinuates greater
charge carrier concentration. The calculated charge carrier
concentrations of CIS/CdS/MoS2, CIS/CdS, and CIS NSAs
are 3.03 × 1016 cm−3, 2.14 × 1016 cm−3, and 3.8 × 1015 cm−3,
respectively, at 100 kHz. Impressively, the CIS/CdS/MoS2
photocathode exhibited higher charge carrier density and
delivered a faster carrier transfer than the other samples, which
benefits the PEC performance for the hydrogen evolution
reaction. Hydrogen evolution quantification was considered to
examine the effect of heterojunction formation over CIS using
gas chromatography. We used CIS and CIS/CdS/MoS2 films
of 2 cm × 2 cm area, illuminated it with light for 1 h, and
quantified the gas evolved (Supporting Information, Figure
S14). The gas evolved from CIS/CdS/MoS2 was 56.9 μmol
while CIS exhibited 22.6 μmol after 60 min of continuous
activity.

Plausible Mechanism. Schematic illustration of CIS/
CdS/MoS2 is shown in Figure 7c and the mechanism of PEC
performance by the ternary photocathode CIS/CdS/MoS2 is
schematically presented in Figure 7d. Here, the simulated solar
illumination of the light on the electrode leads to the
generation of electron−hole pairs in the conduction band
(CB) and valence bands (VB) of CIS NSAs. The VB and CB
positions of CIS NSAs are −0.55 eV vs RHE and 1.07 eV vs
RHE, collected from M-S plots and optical measurements
(Supporting Information, Figure S8). The calculated band
positions in the energy level diagram are presented in Figure
7d. The excited electrons migrate from the VB (1.07 eV vs
RHE) to the CB (−0.55 eV vs RHE) of CIS NSAs.
Incorporating an overlayer of n-type CdS having the CB and
VB at −0.50 eV vs RHE and 1.70 eV vs RHE gives rise to a p−
n junction,42−44 resulting in the transfer of photogenerated
electrons in the CIS NSA CB to CB of CdS. Then, electrons
are transferred to the noble metal-free co-catalyst MoS2 having
CB and VB positions −0.23 eV vs RHE and 1.71 eV vs RHE,
respectively, providing surface active sites to the H+ ions for
adsorption and getting reduced to H2 with the photoexcited
electrons.43 The facile transfer of electrons via the cascaded
process gives a better opportunity to separate electron−hole
pairs and minimize recombination probability.

■ CONCLUSIONS
In summary, a novel heterostructure of CIS/CdS/MoS2
photocathodes was fabricated. As a result, the CIS/CdS/
MoS2 photocathode showed excellent PEC performance
compared to the pristine CIS NSA photocathode. The
photocurrent density of CIS/CdS/MoS2 enhanced over 6.6
times than pristine CIS NSAs, 2.1 times higher compared to
CIS/MoS2, and 2.2 times for CIS/CdS. Moreover, the
composite showed low charge-transfer resistance and a longer
electron lifetime for PEC water splitting. Incorporating an
overlayer of n-type CdS creates a p−n junction, resulting in
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enhanced light absorption and charge carrier concentration,
and facilitates the separation and transmission of electrons to
the co-catalyst surface. The noble metal-free co-catalyst MoS2
collects the electrons and provides active surface sites for HER.
In addition, the layer of MoS2 functioned as a passivation layer
and imparted a stabilizing effect by minimizing the
deterioration of the photoelectrode due to photocorrosion in
correlation with chronoamperometric curves. This synergistic
effect of CdS and MoS2 over CIS NSAs not only increases the
stability of the photoelectrode but also enhances PEC
performance.
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