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Fabrication of a ternary CdS/ZnIn2S4/TiO2 heterojunction for 

enhancing photoelectrochemical performance: Effect of cascading 

electron-hole transfer†  

Mahadeo A. Mahadik, Pravin S. Shinde, Min Cho* and Jum Suk Jang* 

A novel, three-dimensional, ternary CdS/ZnIn2S4/TiO2 heterojunction has been fabricated via a three-step facile 

hydrothermal method. In this structure, three-dimensional TiO2 nanorods were directly grown on conductive fluorine-

doped tin oxide (FTO) substrates. Next, to form a ternary heterojunction of CdS/ZnIn2S4/TiO2, ZnIn2S4 nanosheets were 

designed on the TiO2 nanorods and sensitized by CdS nanograins. A systematic photoelectrochemical study shows that the 

photocurrent density of the ternary heterojunction architecture is as high as 1.4 mA cm−2 at a potential of 0.1 V versus 

Ag/AgCl (at optimized conditions). A more detailed study shows that the photocurrent density is more than two times 

higher than a single CdS/TiO2 heterojunction (0.615 mA cm−2) and three times higher than that of ZnIn2S4/TiO2 (at 0.1 V vs. 

Ag/AgCl). This excellent photoelectrochemical performance is ascribed to the way that the structure of the TiO2 nanorods 

synergistically cascades with ZnIn2S4 and CdS, which allows for the absorption of a wider portion of the solar spectrum and 

improves the effective separation of the generated electron-hole pairs. Electrochemical impedance (EIS) studies also 

reveal the significant changes in both the interface resistance and the charge transfer resistance of the CdS/ZnIn2S4/TiO2 

heterostructure. This can be attributed to the efficient hierarchical cascading that occurs during the electron-hole transfer 

from the excited CdS to TiO2 through the enlarged interface of ZnIn2S4 upon visible light illumination.  

Introduction 

Recently, a major technological challenge facing nanoscience 

and nanotechnology is the production of clean and renewable 

sources of energy. Considering the importance of 

nanostructured photocatalysts, researchers are trying to 

architect different nanostructured building blocks with 

interesting morphologies and tunable properties for various 

innovative clean energy applications like hydrogen generation. 

H2S is a toxic, malodorous, corrosive nature that occurs widely 

in natural gas and is also produced in large amounts by the 

coal and petroleum industries as an undesirable byproduct.1 

With this in mind, the photocatalytic splitting of H2S and water 

into hydrogen using solar energy is a potentially clean and 

renewable source of hydrogen fuel and is an attractive and 

sustainable solution to current energy problems.2 

Photoelectrochemical cells are effective devices for converting 

solar light into hydrogen energy by water splitting; these 

devices use photoelectrodes that are composed of 

semiconductors. In the last few years, photocatalysis research 

has taken advantage of oxide semiconductors due to their 

unique properties.3-6 More recently, attention has been 

focused on hydrogen generation from natural sources, like 

water, by irradiating single semiconductors.7 Among the 

various oxide semiconductors that have been studied, titanium 

dioxide (TiO2) has attracted significant interest due to its 

chemically stable properties. However, because of its large 

energy bandgap (3.0-3.2 eV), it absorbs only about 2–4 % of 

solar light in the UV region, preventing its efficient visible light 

absorption. To improve the solar spectrum efficiency, various 

narrow bandgap semiconductors have been considered as 

promising sensitizers for TiO2 to enhance the utilization of 

sunlight for energy production.8 Among various semiconductor 

sensitizers, II–VI compound semiconductors (like CdS)9, 10 are 

widely used to sensitize nanocrystalline TiO2; these materials 

are desirable due to their size-tunable optical properties.11 

Serpone et al. were the first group to demonstrate that the 

coupling of two semi-conductors (e.g., CdS and TiO2) leads to 

an inter-particle electron transfer process, which yields 

improved dihydrogen production during the photo-reduction 

of water in the presence of hydrogen sulfide as a sacrificial 

agent.12, 13 Biswas and Chen reported that CdS is one of the 

most extensively studied nanocrystalline semiconductor 

materials because of its suitable bandgap, long lifetime, 

important optical properties, outstanding stability, and the fact 

that its energy level matches with that of TiO2.14, 15 Although 

CdS-sensitized TiO2 can significantly expand the absorption 

spectra range, the low interfacial area between these two 
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semiconductors can influence the separation efficiency of 

electrons and holes; therefore, interfacial optimization of the 

heterogeneous junction is necessary to further improve the 

photoelectrochemical conversion efficiency. To solve this 

problem, the appropriate semiconductor heterostructure or 

composite (with matching band potentials) must be chosen. 

This selection should allow for the efficient separation and 

migration of the photoinduced electrons and holes.16 Thus, the 

development of new, visible light nanostructured 

photocatalysts has become an imperative topic in current 

photocatalysis research. Recently, ternary sulfide ZnIn2S4 with 

a 2D layer structure (an II-III2-VI4 semiconductor) has attracted 

increased attention due to its potential applications in various 

fields such as photoconduction and charge storage.17 The 2D 

structure of ZnIn2S4 promotes efficient charge migration across 

the semiconductor/photoelectrode interface due to increased 

photon−semiconductor interacIon via mulIple reflecIons and 

scattering at the semiconductor/electrolyte interface.18 

However, some of the photocatalysts that are visible light-

active, like ZnIn2S4/TiO2, are unable to perform the water 

reduction reaction due to the insufficient over-potential 

supplied by the conduction band. Hence, by considering the 

synergistic effects between different semiconductors, 

heterostructure photoanodes with enhanced 

photoelectrochemical performance can be produced.19 Fan et 

al. recently fabricated ternary TiO2/RGO/Cu2O heterostructure 

by using a reduced graphene oxide (RGO) layer between TiO2 

and Cu2O, which exhibited significant photocurrent 

improvement compared to the pristine TiO2.20 Huang et al. 

also fabricated ternary Cu2O/CuO/TiO2 nanowire arrays on Au 

substrates. The Cu2O layer on CuO/TiO2 was found to prevent 

the photo-corrosion and enhance the overall photocurrent of 

CuO.21 However, the efficiency of these metal oxide-based 

heterostructure catalysts is still low and requires further 

improvement. In contrast to metal oxide photocatalysts, many 

metal sulfides have narrow bandgaps that correspond to the 

absorption of visible light. Hence, it has been reported that 

constructing a heterostructure is an effective method to 

improve the photocatalytic activity because heterostructures 

have proven to have a great effect on electron transfer.22, 23 As 

far as we know, there have not yet to be any corresponding 

reports about photoanodes built from TiO2, ZnIn2S4, and CdS. 

Therefore, it will be a challenge to design and fabricate this 

type of heterostructure photoanode for enhanced 

photoelectrochemical performance under visible light 

irradiation. 

In the present work, which is based on the outstanding 

features of CdS and ZnIn2S4, we have for the first time 

systematically designed and fabricated a chemically stable 

ternary CdS/ZnIn2S4/TiO2/FTO architecture. In this structure, 

both the ZnIn2S4 and CdS layers allow for cascading electron–

hole transfer. First, TiO2 nanorods were synthesized by a 

hydrothermal method on fluorine-doped tin oxide conductive 

glass (FTO) substrates. It should be noted that the dynamics of 

charge separation and transport are limited in TiO2 due to its 

low electron mobility (0.1–1 cm2 V-1 s-1). Secondly, we 

deposited ZnIn2S4 nanosheets, with a fascinating design, on 

the surface of TiO2 nanorods through a hydrothermal method. 

This nanosheet structure can greatly increase the surface area 

and provide more sites for charge separation and transfer. 

Finally, the CdS layer was deposited onto the surface of ZnIn2S4 

via low temperature hydrothermal deposition to further 

increase light absorption in the heterostructure. The ternary 

CdS/ZnIn2S4/TiO2/FTO architecture can present excellent 

photoelectrochemical performance compared to CdS/TiO2 and 

ZnIn2S4/TiO2 photoanodes. Photoelectrochemical impedance 

(EIS) studies were performed to investigate the origin of 

charge separation and the effective electron-hole transport 

observed in the CdS/ZnIn2S4/TiO2/FTO architecture. The 

significantly changed interface resistance and the charge 

transfer resistance of the CdS/ZnIn2S4/TiO2 heterostructure 

can be attributed to the effective hierarchical electron-hole 

transfer cascade system. 

Experimental 

Reagents and chemicals 

Titanium butoxide (Ti(OCH2CH2CH2CH3)4), HCL (36%), zinc 

sulfate heptahydrate (ZnSO4·7H2O), indium chloride 

tetrahydrate (InCl3·4H2O), thioacetamide (CH3CSNH2), and 

cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O) were analytical 

reagents and used as-received. Distilled water was used to 

prepare all of the solutions.  

 

Synthesis of TiO2 nanorods on FTO 

Hydrothermal synthesis of TiO2 on FTO glass was prepared by a 

simple method, as reported by Cao et al.
24 30 mL of distilled 

water was mixed with 30 mL of concentrated hydrochloric acid 

(36% by weight) and stirred for 5 min at ambient temperature. 

Next, 1 mL of titanium butoxide was added to the above 

solution and stirred for 30 min. This solution was transferred 

into a Teflon-lined stainless steel autoclave filled to 60% of its 

capacity. Two pieces of FTO glass substrates, with dimensions 

of 10 mm × 25 mm, were ultrasonically cleaned in acetone, 

ethanol, and distilled water (in sequence) for 10 min each, 

dried under N2 flow, and placed into the Teflon cylinder. The 

autoclave was sealed and maintained at 150 °C for 4 h and 

cooled naturally to room temperature. Finally, a white layer of 

TiO2 formed on the FTO substrates, which were thoroughly 

washed with water and dried at room temperature.   

 

Hydrothermal synthesis of ZnIn2S4 and CdS layers on 

TiO2/FTO photoanodes 

Hydrothermal synthesis of ZnIn2S4 on TiO2/FTO/glass and bare 

FTO/glass was completed by a simple method, as reported by 

Peng et al.
25. The ZnSO4·7H2O (1.6 mmol), InCl3.·4H2O (3.2 

mmol), and C2H5NS (6.4 mmol) were added into 50 mL of 

distilled water, ultrasonicated for 5 min, and stirred for 30 min. 

After that, the solution was transferred into a Teflon-lined 

stainless steel autoclave (which was filled to 60% of its 

capacity), sealed, maintained at 160 °C for 2 h, and cooled 

naturally to room temperature. Finally, a ZnIn2S4 film (a light 

green homogeneous layer) was deposited on the FTO and  
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Fig. 1 Schematic of facile hydrothermal syntheses for TiO2/FTO, ZnIn2S4/TiO2/FTO, and 

CdS/ZnIn2S4/TiO2/FTO heterostructure photoanodes. 

TiO2/FTO glass substrates. After deposition, the ZnIn2S4 films 

were thoroughly washed with ethanol and dried at room 

temperature. To deposit the CdS layer on TiO2/FTO and 

ZnIn2S4/TiO2/FTO, 0.01 M cadmium nitrate tetra-hydrate 

(Cd(NO3)2·4H2O) was added to the 1 M ammonia solution and  

stirred  for 5 min. Then, 0.05 M thiourea was added into the 

above solution and again stirred for 5 min. The resulting 

solution was transferred into 20 mL glass vials; one sample 

each of the FTO, TiO2/FTO, and ZnIn2S4/TiO2/FTO glass 

substrates was placed into these vials at an angle against the 

wall of the vial with the conducting side facing down. The vials 

were sealed, maintained at 85 °C for 1 h, and cooled naturally 

to room temperature. Finally, a yellowish layer of CdS was 

formed on the FTO, TiO2/FTO, and ZnIn2S4/TiO2/FTO 

substrates, which were then thoroughly washed with water 

and dried at room temperature. The possible reaction 

mechanism for the formation of CdS is provided in the 

Supporting Information. The schematic of the facile 

hydrothermal syntheses of TiO2/FTO, ZnIn2S4/TiO2/FTO, and 

CdS/ZnIn2S4/TiO2/FTO thin films is shown in Fig. 1. 

Characterization  

Structural analysis of CdS/ZnIn2S4/TiO2/FTO thin films was 

performed using X-ray diffraction patterns (XRD) recorded with 

a Bruker D8 Focus Diffraction System using a Cu Kα source (λ= 

0.154178 nm) in the 2θ range between 20° and 80°. X-ray 

photoelectron spectroscopy (XPS) was used for identification 

of the chemical states and elemental quantification. XPS 

analysis was performed with a PHI Quantera II XPS 

spectrometer equipped with a monochromatic Al Kα X-ray 

source (hν = 1486.6 eV).  The morphologies of the deposited 

films were examined using a field emission scanning electron 

microscope (FESEM) (SUPRA 40VP, Carl Zeiss, Germany) 

equipped with an X-ray energy dispersive spectrometer (EDX). 

Transmission electron microscopy (TEM) was performed with a 

JEOL JEM-3100F transmission electron microscope operating 

at 200 kV. UV−Vis-DRS spectra were measured using a dual-

beam spectrophotometer (Shimadzu, UV-2600 series) in the 

wavelength range of 300−800 nm. 

Photoelectrochemical measurements 

Photoelectrochemical (PEC) measurements were performed in 

a 0.1 M Na2S + 0.02 M Na2SO3 electrolyte solution. The 

working electrodes were illuminated using a simulated sunlight 

source under 100 mW cm−2 irradiation. The photocurrent 

measurements (J–V) were carried out with a conventional 

three-electrode electrochemical cell; Pt wire and Ag/AgCl 

(saturated KCl) were used as the counter and reference 

electrodes, respectively. A portable potentiostat 

(COMPACTSTAT.e, Ivium, Netherlands) equipped with an 

electrochemical interface and impedance analyzer was 

employed for EIS measurements. The experimental EIS data 

were fitted to the suitable equivalent circuit model using the Z 

View (Scribner Associates Inc.) program. The 

photoelectrochemical hydrogen production experiments were 

performed in a closed reactor at a 0.1 V bias vs. Ag/AgCl with a 

CdS/ZnIn2S4/TiO2/FTO photoanode and Pt as the counter 

electrode. Evolved hydrogen at the platinum (Pt) counter 

electrode was analyzed via gas chromatography with TCD, a 

molecular sieve 5-Å column, and N2 as the carrier gas. 

Results and discussion 

Structural characterization of the TiO2, ZnIn2S4/TiO2, CdS/TiO2, and 

CdS/ZnIn2S4/TiO2 heterostructure thin films 

X-ray diffraction (XRD) patterns of the pristine TiO2 nanorod 

array, ZnIn2S4/TiO2, the CdS/TiO2 nanostructure, and the 

ternary CdS/ZnIn2S4/TiO2 heterostructure are shown in Fig.2. 

The TiO2 nanorods array grown on FTO-coated glass substrates 

(Fig. 2b) had a tetragonal rutile structure (JCPDS 02–0494). 

Hydrothermal growth provides only the rutile phase instead of 

the other phases (i.e., anatase and brookite) of TiO2 on FTO. 

This may be attributed to the fact that both rutile and 

SnO2 have nearly identical lattice parameters (a = 4.594, c = 

2.958 Å and a = 4.737, c = 3.185 Å, respectively).  

 

Fig. 2 XRD patterns of (a) FTO glass, (b) TiO2/FTO, (c) CdS/TiO2/FTO, (d) 

ZnIn2S4/TiO2/FTO, and (e) CdS/ZnIn2S4/TiO2/FTO. 
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Besides the rutile peaks (T (101), T (111), and T (211)) of TiO2, 

all of the other peaks in the XRD pattern of TiO2/FTO are 

mainly due to the FTO substrates (Fig. 2a). Similar results were 

obtained by Xie.
26

 Alternatively, due to the lattice mismatch 

between anatase and brookite with FTO, a very high activation 

energy barrier is formed, which cannot be overcome during 

the hydrothermal synthesis method because of the low 

temperature. ZnIn2S4/TiO2/FTO (Fig. 2c) shows additional 

diffraction peaks at 2θ = 21.6, 27.8, 33.9, and 47.28°, which 

correspond to the Z(006), Z(102), Z(104), and Z(112) crystal 

planes of  hexagonal ZnIn2S4, respectively (space group: P63mc, 

a and b = 3.85(2) Å, c = 24.68(4) Å, JCPDS 72-0773).27, 28 

Compared to TiO2/FTO thin films, the CdS/TiO2/FTO shows 

more diffraction peaks. These become more distinct at 2θ of 

26.5 and 44.05°, which correspond to the diffractions of the 

(002) and (110) planes for the hexagonal wurtzite phase of CdS 

(JCPDS 89-2944). However, in the case of the ternary 

CdS/ZnIn2S4/TiO2 heterostructure (Fig.2e), suppressed peak 

intensity with a slight shift in the peak positions of ZnIn2S4 and 

TiO2 compared to Fig. 2d. This confirms that the CdS 

nanograins are distributed randomly on the surface of the 

ZnIn2S4/TiO2/FTO structure and that a small amount is also 

filled in the interstices.  

To further confirm the composition, the valance states of 

ZnIn2S4/TiO2 (ZT) and CdS/ZnIn2S4/TiO2 (CZT) heterostructure 

films are characterized by XPS measurement. The survey XPS 

spectra (Fig. S1, Supporting Information) depict the presence 

of Cd, Zn, In, Ti, O, and S elements in the samples. Meanwhile, 

high-resolution XPS peaks of Cd3d, S2p, Zn2p, and In3d are 

investigated in detail. All of the peaks are calibrated using C 1s 

as the reference peak at 284.6 eV. The Cd 3d high-resolution 

spectrum (Fig. 3a) has two sharp peaks at 411.7 eV (Cd 3d3/2) 

and 404.9 eV (Cd 3d5/2), which are attributed to the Cd2+ state 

in CdS. The typical splitting energy difference of Cd 3d5/2 and 

Cd 3d3/2 is 6.8 eV, which corresponds to the presence of Cd 3d 

with an oxidation state of +2 at the surface.29, 30 

 

Fig. 3  XPS spectra of (a) Cd 3d, (b) S 2p, (c) Zn 2p, and (d) In 3d for 

CdS/ZnIn2S4/TiO2/FTO heterostructure photoanodes. 

Fig. 3b shows an asymmetric S2p peak that can be 

deconvoluted into two peaks at 162.61 eV (S2p1/2) and 161.39 

eV (S2p3/2), which also correspond well with the respective 

literature values.31,32 This suggests the presence of divalent 

sulfide ions (S2-) in CdS and ZnIn2S4.25 XPS reveals the atomic 

ratio of Cd/S to be 1.3.A deviation from the 1:1 atomic ratio of 

Cd/S is consistent with the observed shift in binding energy 

values of Cd 3d and S 3p, and is considered to be due to the 

presence of S2- between the ZnIn2S4 and CdS.33 The high-

resolution XPS spectra of Zn 2p in ZT and CZT, shown in Fig. 3c, 

shows that the signals of Zn 2p occur at binding energies of 

1021.67 eV (Zn 2p3/2) and 1045.12 eV (Zn 2p1/2). This confirms 

that Zn is present in the Zn2+ state, which is in good agreement 

with the results obtained by Hou et al.34 In the high-resolution 

XPS spectra of In 3d, two sharp peaks are observed at 444.6 eV 

(3d5/2) and 452.27 eV (3d3/2) (Fig. 3d); these correspond to In3+. 

Thus, the presence of Zn, In and S having chemical states of 2+, 

3+, and 2– confirms the formation of ZnIn2S4 product. 

However, in the case of the CZT film, the XPS signals of In 3d 

and Zn 2p are much less intense (compared to the ZT film), 

which confirms the occurrence of CdS on the surface of ZT. 

These results are in good agreement with the XRD results. 

Figs. 4 (a-j) depict the TEM images, element mappings, and 

EDX spectrum of CdS/ZnIn2S4/TiO2 heterostructure thin films.  

 

Fig. 4 (a-b) TEM images of the CdS/ZnIn2S4/TiO2 photoanode and (c) the element 

distribution maps of a scanning TEM (STEM) images. The presence of (d) Cd, (e) S, (f) 

Zn, (g) In, (h) Ti, and (i) O elements on the CdS/ZnIn2S4/TiO2 photoanode. (j) A typical 

EDX spectrum of CdS/ZnIn2S4/TiO2. 
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TEM characterization was carried out by scratching the 

CdS/ZnIn2S4/TiO2 film from the FTO glass. Careful scrutiny of 

the surface revealed that nano-scale CdS layers were 

successfully coated on ZnIn2S4 (orange dotted circle in Fig. 4b) 

and TiO2 (small white circles in Fig. 4b) to form a multi-

heterojunction architecture. This CZT structure can absorb the 

maximum amount of visible light and provides multi-steering 

charge transfer, which can enhance the concentration of 

photogenerated charge carriers and increase the 

photoelectrochemical performance. Furthermore, the 

elemental composition of CdS/ZnIn2S4/TiO2 was investigated 

by EDX mapping images. Figs. 4 (c-h) show scanning TEM 

(STEM) images and several elemental mapping images; the 

STEM measurement indicates that the TiO2 nanorods clearly 

contrast with and possess clear interfaces from the ZnIn2S4 and 

CdS layers. However, the homogeneous distribution of Cd, S, 

Zn, and In (Fig. 4d-g) suggests that CdS is grown 

homogeneously onto the ZnIn2S4 nanosheets. The width of the 

Ti and O mapping images are smaller compared to the others, 

which also provides direct proof that the ZnIn2S4 and CdS 

layers are present on the surface of the TiO2 nanorods. Thus, 

the elemental mapping analysis of CdS/ZnIn2S4/TiO2 confirms 

the coexistence of CdS, ZnIn2S4, and TiO2, which are evenly 

distributed in the CdS/ZnIn2S4/TiO2 architecture. Additionally, 

the coexistence of CdS, ZnIn2S4, and TiO2 is also confirmed 

from TEM EDX analysis (Fig. 4j). The stoichiometric formation 

of CdS is confirmed from the EDX data (Table S1) and agrees 

well with the XPS data in Fig. 3. As seen from Table S1, the 

atomic % values of 0.29 for Zn, 3.22 for In, and 25.16 for S 

were observed for CZT sample. The higher atomic % of S is due 

to the sharing of S2- ions between CdS and ZnIn2S4. At times, it 

is very difficult to realize the exact chemical composition of the 

heterojunction involving ternary compounds from EDS. 

Although EDS reveals zinc deficiency, a phase-pure formation 

of ZnIn2S4 is previously confirmed from the XRD and XPS 

analyses. Thus, TEM elemental mapping and EDX results reveal 

the homogeneous distribution of Cd and S as well as Zn, In, 

and S in the composition. 

 

Morphological study  

The surface morphologies of the as-synthesized TiO2, 

ZnIn2S4/TiO2, and CdS/ZnIn2S4/TiO2 are depicted in Fig. 5. 

FESEM images of TiO2/FTO show that the entire surface of the 

FTO-coated glass substrate is uniformly covered with ordered 

TiO2 nanorods. The tetragonal TiO2 nanorods are typically 100 

to 175 nm in diameter, have square top facets, and consist of 

many small grids. After the second hydrothermal process, the 

top surface of the TiO2 nanorods array is covered by a ZnIn2S4 

thin film nanosheet with an average thickness about 10 nm, as 

shown in the Fig. 5b. The cross-sectional image of ZnIn2S4/TiO2 

indicates that the ZnIn2S4 nanosheets are distributed randomly 

on the surface and within the interstices of the TiO2 nanorods, 

thereby reducing the gaps between TiO2 nanorods. However, 

in CdS/TiO2 (Figure S2), the top and cross-sectional views of 

the CdS/TiO2 bilayer film show spherical grains of CdS attached 

to TiO2 nanorods up to the FTO substrates; this provides a  

 

Fig. 5 SEM top (left) and cross-sectional (right) images of (a) TiO2/FTO, (b) 

ZnIn2S4/TiO2/FTO, and (c) CdS/ ZnIn2S4/TiO2/FTO. 

maximum surface with little aggregation of the CdS grains on 

the top surface of TiO2. Additionally, the surface morphology 

of pristine ZnIn2S4 and CdS on FTO shows ZnIn2S4 films with 

uniform nanosheets that have an average sheet thickness of 

about 20 nm. However, the CdS nanograins on FTO possess a 

low thickness (near 64 nm), as shown in Fig. S3 (Supporting 

Information). The SEM top and cross-sectional views of 

CdS/ZnIn2S4/TiO2 indicate that a small amount of CdS 

nanograins are incorporated into the lattice of ZnIn2S4/TiO2 

while a majority of CdS nanograins remain on the surface of 

ZnIn2S4 nanosheets; this adds to the thickness of the 

photoanode and increases the surface area, which enables 

prospective applications in energy conversion devices as well 

as photocatalysis. The presence of CdS on the surface of 

ZnIn2S4/TiO2 is also confirmed from the XPS results. 

 

Optical properties 

The UV-Vis diffuse reflectance spectra and Tauc plots of the 

TiO2, ZnIn2S4/TiO2, CdS/TiO2, and CdS/ZnIn2S4/TiO2 samples are 

shown in Fig. 6. The optical absorption of the pristine TiO2 is 

found to be in the wavelength range from 300 to 410 nm. 

However, due to the dark yellowish color of CdS in the 

CdS/TiO2 and CdS/ZnIn2S4/TiO2 nanostructured films, the 

absorption edges were shifted in the visible region of the solar 

spectrum to about 515 and 522 nm (2.39 and 2.37 eV, 

respectively) relative to the pristine TiO2 (3.2 eV)35  and 

ZnIn2S4/TiO2 (2.97 eV) thin films. This is in good agreement 

with the results obtained by Chi36 and Dang37. Additionally, the 

Tauc plots38,39 of pristine CdS/FTO and ZnIn2S4/FTO are shown 

in Fig. S4. 

Page 5 of 10 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal of Materials chemistry A 

6 | J. Mater. Chem. A, 2015, 00, 1-9 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

Fig. 6 UV-Vis absorption spectra of (a) pristine TiO2, (b) ZnIn2S4/TiO2, (c) CdS/TiO2, and 

(d) CdS/ ZnIn2S4/TiO2 photoanodes. Inset shows the corresponding Tauc plots. 

In comparison to CdS/FTO and ZnIn2S4/FTO, it can be seen that 

the heterostructured photocatalysts (CdS/TiO2 and 

ZnIn2S4/TiO2) exhibit enhanced absorption in the visible range, 

implying that CdS and ZnIn2S4 are successfully deposited on 

the surface of the TiO2 photoanodes. Furthermore, in the 

ternary CdS/ZnIn2S4/TiO2 architecture, the CdS influences the 

energy bandgap of ZnIn2S4/TiO2, which causes a shift in the 

absorption edge from 2.97 eV to 2.37 eV. Thus, the ternary 

architecture achieves the maximum light absorption in the 1D 

CdS nanograins and multiple light scattering in the 2D ZnIn2S4 

nanosheets, which increases the interaction sites for 

generated charge carriers. This combination of light trapping 

and multiple interaction sites may contribute to the enhanced 

photocurrent in the CdS/ZnIn2S4/TiO2 nanostructure.40 

 

Photoelectrochemical properties 

To investigate the photocurrent response of TiO2 upon 

addition of ZnIn2S4 and CdS layers, the photoelectrochemical 

(PEC) measurements were performed under visible-light 

irradiation. As shown in Fig. 7 (A), poor photocurrent density 

(Jph) observed for TiO2 nanorod electrode (42 μAcm−2) can be 

easily explained by their poor optical light absorption 

properties as well as weak crystallinity that causes faster 

recombination of photogenerated electrons and holes.41 Upon 

formation of ZnIn2S4/TiO2 heterostructure electrode, the Jph 

value is remarkably improved to 369 μA cm−2. This 

enhancement can be attributed to the higher light absorption 

due to multiple light scattering resulting from ZnIn2S4 

nanosheets and faster electron transfer due to higher 

conduction band position of ZnIn2S4 in comparison with TiO2.42 

Relatively higher Jph value for CdS/TiO2 than ZnIn2S4/TiO2 can 

be again ascribed to lower band gap energy as well as 

optimum coverage of visible light active nanoparticles on TiO2. 

Such coverage facilitates immediate interaction of 

nanoparticles with TiO2 nanorods results in higher absorption 

of incident light leading to enhanced photoelectrochemical 

performance.43 As a result, the electron−hole pairs are 

generated and separated effectively at the interface of the 

CdS/TiO2. These results are in agreement with the previous 

literature.44,45 Interestingly, when ternary CdS/ZnIn2S4/TiO2 

heterostructure is formed, its Jph value is about 60 times higher 

than pristine TiO2, 5.6 times higher than ZnIn2S4/TiO2 and two 

times higher than the CdS/TiO2 electrode. The significant 

improvement in the photocurrent of CdS/ZnIn2S4/TiO2, 

compared to CdS/TiO2 and ZnIn2S4/TiO2 electrodes is due to 

the fact that ZnIn2S4 improves the photogenerated electron–

hole separation through the efficient cascade charge transfer 

at the interface of CdS and TiO2 as well as high surface area 

essential for interaction of light at the electrode-electrolyte 

interface. The cascade electron-transfer phenomenon results 

from the down-hill conduction band alignment (explained 

further from Fig.9). To study the electronic interactions 

occurring in the photoanodes, the photoresponse of 

electrodes with visible light switching (on and off) was 

measured. Fig. 7B depicts the corresponding photocurrent 

stability of the different electrodes, maintained after 300 s, 

and for the next four on–off light cycles.  The CdS/ZnIn2S4/TiO2 

heterostructure exhibited relatively better photocurrent 

stability than CdS/TiO2. The prompt change observed between 

the on and off cycles indicates that the separation rate of 

photogenerated electron–hole pairs increased due to the 

formation of the heterojunction in CdS, ZnIn2S4, and TiO2.46 To 

determine the position of the band edges in ZnIn2S4, CdS, and 

TiO2, the hydrothermally prepared photoanodes were 

characterized by Mott-Schottky (M-S) analysis. The Vfb can be 

calculated by extrapolating the linear region in the M-S plots 

(1/C2 vs. V) to the voltage axis, as shown in Fig. 8. The shift in 

the Vfb values of CdS and ZnIn2S4 in the negative direction (as 

compared to TiO2) might be attributed to the higher carrier 

concentration relative to that of the TiO2.47 

 

Fig. 7 (A) J–V curves and (B) photocurrent stability and transient photocurrent 

response to on–off cycles for (a) pristine TiO2, (b) ZnIn2S4/TiO2, (c) CdS/TiO2, and (d) 

CdS/ ZnIn2S4/TiO2 photoanodes under 1sun light illumination (scan rate, 50 mV s−1).  
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Fig. 8 Mott-Schottky plots of bare TiO2, ZnIn2S4, and CdS on FTO measured in a 0.1 M 

Na2S + 0.02 M Na2SO3 electrolyte. 

A proposed cascade charge transfer mechanism in the ternary 

CdS/ZnIn2S4/TiO2 heterojunction is depicted in Fig. 9. To 

understand the suggested mechanism, which is based on the 

experimental flat band potential data and the complementary 

band gap values of CdS, ZnIn2S4, and TiO2, the conduction band 

(CB) and valence band (VB) positions can be plotted on an 

energy scale. The magnified view in Fig.9 shows a possible 

cascading electron hole transfer.48,34,49 The CB of CdS is more 

negative than ZnIn2S4, which is again more negative than TiO2. 

Subsequently, due to such down-hill energy scenario, the 

photogenerated electrons are quickly transferred sequentially 

from CB of CdS to ZnIn2S4 to TiO2. Meanwhile the 

photogenerated holes on the VB side of TiO2 directly move to 

ZnIn2S4 and then to VB of CdS. Thus, the electrons and holes 

move in a cascading fashion toward the surface of the 

platinum electrode (via external circuit) and the electrode-

electrolyte interface. It was reported that the Fermi energy 

levels of individual components in the heterojunction tend to 

descend and rise up, which can form an electric field at the 

interface of the heterojunction system.43 This also helps 

photoinduced electrons and holes to transfer 

thermodynamically from the conduction band of CdS to 

TiO2/FTO.50 As a result, recombination between electrons and 

holes is repressed, increasing the probability that electrons 

and holes will contribute to the oxidation–reduction reactions. 

The separated electrons arriving at the Pt electrode combine 

with the H+ ions to produce H2. Additionally, holes transported 

at the heterojunction-electrolyte interface take part in 

oxidation reactions, in that, holes oxidize the SO3
2- and S2- ions 

 

Fig. 9 Schematic mechanism of the cascading electron and hole transfer in the ternary 

CdS/ZnIn2S4/TiO2 heterojunction system. 

to form SO4
2- and S2

2-, respectively. The presence of excess S2- 

ions in the reaction solution also stabilizes the photocatalyst 

surface because the formation of sulfur defects can be 

suppressed.51 However, small amounts of photogenerated 

charge carriers react with sacrificial reagents at the VB of each 

photoanode in the CdS/ZnIn2S4/TiO2 architecture. Therefore, 

both CdS and ZnIn2S4 play significant roles in light absorption 

and facilitate the separation of electrons-holes, leading to 

improved photoelectrochemical performance. 

 

Electrochemical characterization studies 

To gain a deeper understanding about the charge transfer and 

recombination processes in ZnIn2S4/TiO2, CdS/TiO2, and 

CdS/ZnIn2S4/TiO2 heterojunction photoanodes, we measured 

and analyzed the electrochemical impedance spectra (EIS). EIS 

is a powerful tool for characterizing the performance of each 

component in PEC cells. It can be used to investigate the 

interior resistance, recombination, and charge transfer 

kinetics.52 Nyquist plots of ZnIn2S4/TiO2, CdS/TiO2, and 

CdS/ZnIn2S4/TiO2 heterojunction photoanodes are shown in 

Fig. 10. The measurements were carried out under light 

conditions at an applied forward bias of -0.1 V in order to 

study the interface resistance behavior of the different films. 

The ZnIn2S4/TiO2, CdS/TiO2, and CdS/ZnIn2S4/TiO2 

heterojunction photoanodes were best-fitted to series 

resistance (RS) and two RC-circuit models. The corresponding 

equivalent circuit model, shown in the inset of Fig. 10, was 

reported previously.53,54 The RS comes from the sheet 

resistance of the substrate and the contact resistance in the 

external cell circuit. These RC circuits correspond to two major 

interfaces within photoanodes and predominantly consist of 

impedance elements that are assigned to bulk 

CdS/ZnIn2S4/TiO2 and the CdS/ZnIn2S4/TiO2||electrolyte. Rf and 

CPE1 represent the resistance and constant phase element of 

the CdS/ZnIn2S4/TiO2 electrode and the FTO interface, 

respectively, while the charge transfer resistance (Rct) and 

interfacial capacitance (CPE2) are related to the 

photoanode/electrolyte interface. Fitting of the semicircles 

into Nyquist plots gives the impedance parameters and various  

 
Fig. 10 Nyquist plots of (a) ZnIn2S4/TiO2, (b) CdS/TiO2 and (c) CdS/ZnIn2S4/TiO2 

photoanodes under 1 sun illumination (Z′ and Z′′ denote the real and imaginary parts, 

respectively). The inset shows an equivalent circuit model used to fit the Nyquist plots. 
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resistance values, which are listed in Table 1. It can be clearly 

seen that Rf, which represents the interfacial resistance of the 

photoanode and FTO, is much lower in CdS/ZnIn2S4/TiO2 

compared to the pristine TiO2, CdS/TiO2, and ZnIn2S4/TiO2 

photoanodes. It is noted that the lower interfacial resistance 

can result in higher interfacial electron transfer, which is 

beneficial to the interfacial electron transfer from CdS to the 

TiO2 layer through the ZnIn2S4 nanosheet.  

Furthermore, the Rct values drastically decrease upon the 

synergistic addition of CdS and ZnIn2S4 onto TiO2, and the 

order of the Rct values are measured as 31047 Ω (TiO2) < 29634 

Ω (CdS/TiO2) < 21662 Ω (ZnIn2S4/TiO2) < 363 Ω 

(CdS/ZnIn2S4/TiO2). Generally, electrodes with large Rct values 

cause slow charge transfer in the electrochemical system. The 

higher Rct value of the CdS/TiO2 heterojunction, relative to 

ZnIn2S4/TiO2, confirms that it is irresponsible for the effective 

charge separation, despite the fact that CdS/TiO2 absorbs the 

maximum amount of light. However, the lower Rct value in 

ZnIn2S4/TiO2 might be caused by the 2D morphology of ZnIn2S4, 

which can provide multiple electron-hole transfer sites for 

photoexcited charges, leading to an increase in the lifetime of 

electrons and holes. The most interesting result of the EIS 

fitting data is that the thin layer of ZnIn2S4 provides multiple 

pathways for carrying charges via its low resistive nanosheet 

structure and significantly affects the charge transfer 

characteristics of CdS/TiO2 in CdS/ZnIn2S4/TiO2 photoanode. 

These EIS results imply that both CdS and ZnIn2S4 can promote 

charge separation at any position (i.e., multi-steering charge 

transfer mechanism) in the photoanode and enhance the 

photocurrent ability.  

Table 1. Parameters determined from EIS fitting of ZnIn2S4/TiO2, CdS/TiO2, and CdS/ 

ZnIn2S4/TiO2 photoanodes. 

Samples/ 

Parameters 

Rs Rf Rct C[CPE1] C[CPE2] 

Ω Ω Ω μF μF 

TiO2 33 1220 31047 0.4 8.3 

CdS/TiO2 36 521 29634 530.5 8.6 

ZnIn2S4/TiO2 31 257 21662 115.5 6.2 

CdS/ZnIn2S4/TiO2 39 150 363 3.8 16.9 

 

Fig. 11 Evolution of H2 and photocurrent density as a function of time form the 

CdS/ZnIn2S4/TiO2 photoanode under 100 mW cm
−2 

light illumination. Inset shows a 

picture of the simple photoelectrochemical cell setup used for hydrogen generation 

(WE: working electrode, CE: counter electrode, and RE: reference electrode). 

The EIS data is well correlated with PEC performance of 

CdS/ZnIn2S4/TiO2 photoanode. The CdS/ZnIn2S4/TiO2 

photoanode was further tested for photoelectrochemical 

hydrogen generation at a bias of 0.1 V (vs. Ag/AgCl) in an 

electrolyte consisting of a solution of 0.1 M Na2S and 0.02 M 

Na2SO3 under 1 sun illumination. Fig. 11 shows the 

photoelectrochemical hydrogen evolution analyzed by gas 

chromatography (GC) and the photocurrent density with 

respect to time. The picture of the simple 

photoelectrochemical cell setup used for hydrogen generation 

is shown in the inset of Fig. 11. It can be seen that the 

hydrogen evolution linearly increased with the solar light 

irradiation time and that the total amount of H2 produced by 

the CdS/ZnIn2S4/TiO2 photoanode was 248 μmol after 3 h (82.6 

μmol h-1). The photostability of the photoanode was also 

investigated during hydrogen production. It can be seen that, 

during photoelectrochemical hydrogen generation, the 

photocurrent density increased for the first 7000 s of 

irradiation before becoming stable. This increased current 

density can be attributed to the modification of the surface of 

CdS/ZnIn2S4/TiO2; a similar phenomenon was previously 

reported for the TiO2/RGO/Cu2O heterostructure.20 The long-

term instability of the CdS/ZnIn2S4/TiO2 photoanode 

necessitates future investigation into the optimization 

conditions (e.g., heat treatment, surface modifications, etc.), 

the mechanism of charge transfer, and the continued study of 

the factors that limit the photocurrent of CdS/ZnIn2S4/TiO2 

photoanodes for solar hydrogen generation.  

Conclusions 

In conclusion, we have successfully developed a highly 

efficient, visible light-active, ternary CdS/ZnIn2S4/TiO2 

architecture on FTO via the hydrothermal synthesis of TiO2 

nanorods, CdS nanograins, and ZnIn2S4 nanosheets. Both the 

CdS nanograins and the ZnIn2S4 nanosheets in the 

CdS/ZnIn2S4/TiO2/FTO photoanode can aid in light absorption 

and exhibited efficient hierarchical cascading during electron 

and holes transfer. The CdS/ZnIn2S4/TiO2 architectures 

demonstrated an enhanced photocurrent density (1.4 mA 

cm−2, AM1.5), which is 5.6 times higher than that of pristine 

ZnIn2S4/TiO2 and nearly 2.3 times higher than that of CdS/TiO2. 

EIS data also showed that the CdS/ZnIn2S4/TiO2 

heterostructure provides the lowest charge-transfer resistance 

amongst the photoanodes that were studied. The relatively 

higher photoelectrochemical performance of the 

CdS/ZnIn2S4/TiO2 heterostructure is mainly associated with (i) 

the significantly broadened visible light absorption capacity of 

the CdS layer and (ii) the highly efficient cascading that occurs 

during electron and hole transfer, which reduces 

recombination during the transfer process. This work not only 

demonstrates that ZnIn2S4 and CdS are promising candidates 

for the development of high efficient architectures, but also 

opens new possibilities to provide insight into the design of 

new modified photoanodes with high activity for solar 

hydrogen generation. 
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