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The need for sustainable energy sources has directed intensive research efforts to solar water 

splitting for the production of hydrogen.[1] To date, this strategy has largely been enabled by 

the use of inorganic semiconductor materials in photoelectrochemical (PEC) cells.[2] In this 

approach, incident light is absorbed in the semiconductor layer at the photocathode to 

generate electron-hole pairs, and these electrons are used to drive H2O reduction. The 



     

2 

 

performance of this process is determined by the semiconductor’s bandgap, energy levels, and 

light absorption coefficient. The simultaneous achievement of high performance combined 

with stability is a grand challenge for photo water splitting. 

Among various materials investigated as photocathodes, the Cu-chalcopyrite family has 

received considerable attention. This is due to their high absorption coefficients, high carrier 

mobilities and tunable band gap values (1.0–2.43 eV).[3,4] The conduction band of these 

semiconductors is particularly well positioned above the reduction potential of water, making 

them promising candidates for H2 generation photocathodes.[5−8]  

Within this family, CuInGaS2 has received considerable attention as a photocathode for solar 

water splitting, given its high photocathode voltage, efficient light absorption, and outstanding 

optoelectronic properties.[9,10] Recently, n-type CdS was deposited onto CuInGaS2 thin films 

to form a p–n junction to assist charge separation in PEC water splitting. Competitive 

photocurrents were demonstrated for the CdS and Pt modified CuIn0.7Ga0.3S2 photocathodes 

for PEC water splitting.[11] Unfortunately, due to poor stability (<2 hours), the application of 

CdS/CIGS photoelectrodes has been limited. 

The modification of CdS/CIGS materials using a stable but band-aligned protecting layer 

could fulfill the requirement for highly-efficient water reduction materials. 

Previous reports have demonstrated that n-type graphitic C3N4 (g-C3N4) possesses excellent 

photocatalytic activity for H2 production from water splitting.[12] Its relatively low band-gap 

energy Eg (~2.7 eV) provided significant absorption of visible light, and the strong covalent 

bonds between carbon and nitrogen atoms led to a high chemical stability in acidic and basic 

conditions.[13,14]  

Attempts to incorporate g-C3N4 into heterostructured complexes (g-C3N4/CuInS2) have been 

shown to produce stable photocurrent generation.[15] However, in this approach, g-C3N4 did 

not contribute to photocatalytic activity, and no significant improvements in performance 
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were observed. 

The controlled doping of g-C3N4 with suitable anions such as sulfur (S) has been reported as 

means to tune its electronic structure via quantum confinement effects. In this way, the 

energetics, light absorption, and photoreactivity of g-C3N4 can be tailored.[16-19]  

We took the view that S doping could be used as a powerful tool to tailor the optoelectronic 

and photochemical properties of g-C3N4. We posited that the incorporation of this engineered 

layer into C3N4-xS3x/2/CdS/CIGS heterocomposites could potentially result in (i) an optimally 

aligned energy landscape that increases photocatalytic activity, (ii) a superior electrochemical 

stability, and, (iii) a protective layer that prevents CdS segregation into the electrolyte.  

Herein we report the design and fabrication of C3N4-xS3x/2/CdS/CIGS heterojunctions that 

achieve efficient PEC water reduction. The record photocurrent (-5 mA cm-2 at -0.3V vs. RHE) 

and stability (up to 20 h) represent a new record for CdS/CIGS composites in neutral 

electrolytes without co-catalysts. 

The energy band-structure of the C3N4-xS3x/2/CdS/CIGS heterojunction, and the proposed 

mechanism of PEC water oxidation, are shown in Figure 1a. Excited electrons in the CIGS 

are driven toward C3N4-xS3x/2 through CdS. Photogenerated holes from the C3N4-xS3x/2 layer 

migrate to the surface of CIGS due to favorable band alignment. Thus, the C3N4-

xS3x/2/CdS/CIGS heterojunction photocathode can potentially improve efficient charge 

separation across the favorable band-structure to enable the PEC hydrogen evolution.  

The morphologies of CIGS and modified-CIGS electrodes (CdS/CIGS and C3N4-

xS3x/2/CdS/CIGS) were analyzed using top-view scanning electron microscopy and energy 

dispersive X-ray fluorescence spectroscopy (SEM-EDX) (Figure 1b,c and Figure S1). Rough 

surface features are observed for CIGS (Figure 1b), in accordance with previous literature.[11] 

The surface of each CIGS grain is partially covered with small CdS particles, in contrast to 

the surface image of bare CIGS (Figure 1c). After the deposition of C3N4-xS3x/2, CdS/CIGS 
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grain boundaries are covered, delivering efficient protection of CdS from corrosion during 

PEC measurement (Figure S1).  

To assess further the presence of C3N4-xS3x/2, energy dispersive spectroscopy (EDS) was 

conducted (Figure S1). This revealed that C, N and S elements can be observed on the top of 

the C3N4-xS3x/2/CdS/CIGS film. XRD patterns of each of the various samples were obtained to 

ascertain the crystalline structure of the CIGS, CdS/CIGS and C3N4-xS3x/2/CdS/CIGS samples 

(Figure 2a). The four main peaks located at 28.3°, 32.9°, 46.9° and 55.6° in the four samples 

are assigned to the diffraction of the (112), (004)/(200), (204)/(220) and (116)/(312) planes of 

CuInGaS2, respectively.[11] Peaks from the SnO2 substrate (JCPDS No. 46-1088) were also 

observed in all samples. After the deposition of g-C3N4, the C3N4/CdS/CIGS exhibited the 

same crystal structure as that of the CIGS sample, indicating that no obvious change took 

place in the crystal structure for C3N4/CdS/CIGS. Moreover, the one distinct peak located at 

27.5° was indexed from the C3N4-xS3x/2/CdS/CIGS sample, showing a slight shift of 0.1° 

toward the pure g-C3N4 sample, in agreement with previous reports.[20] 

According to the experimental characterization by Liu et al.,[16] C-S bonds are formed in the 

framework of C-N bonds by replacing N with S. The doping configurations are shown in 

Figure 2b.  The presence of C3N4-xS3x/2 and different C-bonds were further confirmed using 

X-ray photoelectron spectroscopy (XPS) (Figure 2c-f). All the binding energies were 

calibrated using adventitious carbon (C 1s) 284.6 eV as a reference. By means of XPS-peak-

differentation-imitating analysis, two peaks at ~284.6 eV and ~288.0 eV were obtained in the 

C 1s peak of the C3N4/CdS/CIGS sample, and these can be assigned to C-N-C bonding and C-

C bonding, respectively (Figure 2c).[21] Another S 2p-peak centered at ~286.2 eV was 

observed, and it is ascribed to the formation of C-S bonds[22] and confirms the existence of 

C3N4-xS3x/2.  

The remaining S-peaks can be used to discern the different layers of the heterostructure 
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(Figure 2e). S 2p3 peak were fit into six peaks at 161.2 eV, 161.5 eV, 162.4 eV, 162.8 eV, 

163.9 eV and 168.5 eV. The binding energies of S 2p2/3 and S 2p1/2 at 161.5 and 162.8 eV, 

respectively, are ascribed to S2- in the CuIn0.7Ga0.3S2.
 [11] Peaks centered at 161.2 eV (S 2p3/2) 

and 162.4 eV (S 2p1/2) are consistent with S2- in CdS. [23] The two S 2p peaks at 163.9 and 

168.5 eV are analogous to the S 2p peaks of the pristine surface of C3N4-xS3x/2.
 [22]  

We then proceeded to investigate the PEC water reduction properties of the C3N4-

xS3x/2/CdS/CIGS photoanode. We measured current density versus potential curves of pristine 

and modified CIGS electrodes under simulated sunlight (AM 1.5G) illumination (Figure 3a). 

The photocurrent of a bare CIGS film was negligible (below -1.5 mA.cm-2 at -0.3V vs. RHE). 

An appreciable enhancement of the photocurrent is achieved by the incorporation of a 

chemical-bath-deposited CdS layer to form a CdS/CIGS structure (-2 mA cm-2 at -0.3V vs. 

RHE), consistent with similar systems reported previously.[11] The dramatic improvement in 

photocathodic properties is ascribed to enhanced charge separation driven by the resulting 

p−n junction established between the CIGS and CdS layers.[24]  

After the deposition of C3N4, the photocurrent was further increased compared to that of 

CdS/CIGS films. The optimized C3N4-xS3x/2 layer accounts for the large improvement in 

current density achieved, with reached -5 mA cm-2 at -0.3 V vs RHE. This current density is 

three times higher than that of a bare CIGS film. We attribute this to the facilitation of hole-

electron separation and charge transfer using CdS and C3N4-xS3x/2. 
 

The benefits of the C3N4-xS3x/2/CdS/CIGS heterojunction are also observed in the onset 

potentials. Positively shifted onset potentials (+0.2 V) for water reduction are observed in all 

samples modified with C3N4 or C3N4-xS3x/2.  

We then sought to perform a mechanistic study to understand how a C3N4-xS3x/2 overlayer 

improves the photocathode performance in different phases. The enhanced heterojunction not 

only reduces surface charge recombination otherwise occurring in CdS; but it also increases 
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the accumulation of electrons at the electrode surface. This result is consistent with Mott-

Schottky analysis (Figure 3b) where in the onset potential of the C3N4-xS3x/2/CdS/CIGS is 200 

mV more positive than that of CIGS. We have calculated the donor densities according to the 

following equation: Nd = (2 / eoεεo) [d (1 / C2) / dV]-1, where eo is the electron charge, ε is the 

dielectric constant, εo is the permittivity of vacuum, Nd is the dopant density, and C is the 

capacitance derived from the electrochemical impedance obtained at each potential (V) with 

200Hz frequency. With an ε value of ca. 10 for CuInGaS2,
[25-27] the donor density of C3N4-

xS3x/2/CdS/CIGS, C3N4/CdS/CIGS, CdS/CIGS and CIGS electrodes are calculated to be 8.4 × 

1019, 2.8 × 1019, 1 × 1019 and 5.8 × 1018, respectively. The hybrid exhibits a flatter Mott–

Schottky plot compared to CIGS and CdS/CIGS. The variation in the flat band induced by the 

change in the surface interfacial dipole with the different overlayers what causes significant 

differences in the developed band bending for the same applied bias. The C3N4-xS3x/2 

accelerates in this way water reduction kinetics and facilitates charge transfer between the 

different layers of the hybrid.  

We then carried out electrochemical impedance spectroscopy (EIS) measurements to 

investigate the interfacial charge transfer process (Figure 3c). The semicircle at a low 

frequency is indicative of the interfacial charge transfer at the electrode/electrolyte 

interface.[28,29] The diameter of the semicircle becomes smallest after the deposition of C3N4-

xS3x/2, proving that modification with C3N4-xS3x/2 significantly enhance electron transfer by 

reducing the recombination of electron-hole pairs. We offer a schematic band diagram at the 

electrolyte-electrode interface for the C3N4-xS3x/2/CdS/CIGS electrode at 0 VRHE in Figure 3d. 

The UV-Vis plots of CIGS and CdS the band gap energy determined by plotting (αhν)2 versus 

hν were 1.51eV and 2.42 eV. For C3N4-xS3x/2 and g-C3N4 the band gap energy determined by 

plotting (αhν)1/2 versus hν were 2.75eV and 2.80eV respectively (Figure S7). In addition, the 

conduction band offset (CBO) of the CdS/CIGS junction was estimated to be ca. 0.45 (±0.15) 
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eV and 1.06(±0.15) eV for VBO.[30] Such a cliff-type alignment in agreement with several 

reports regarding the CdS/CuInS2 heterojunction.[30−33] Moreover, the value of the VBM offset 

between CdS and C3N4-xS3x/2 was 0.6eV (Figure S8). 

These data, together with the band gap energy estimated from UV-visible spectra, allow us to 

present the absolute energy scheme, including conduction band (CB) and valence band (VB) 

positions (Fig. 3). 

In sum, the matched energy levels of C3N4-xS3x/2, CdS and CIGS facilitate photogenerated 

charge separation and transfer across the interfacial domains of the hierarchical heterojunction.  

We then turned our attention into the optical properties of the hybrid materials and performed 

UV-Vis absorption spectroscopy measurements (Figure 4a). The C3N4-xS3x/2/CdS/CIGS 

electrode exhibits a higher absorption coefficient at wavelengths between 500 nm and 780 nm 

compared to other samples. This arises from the synergistic effect of C3N4-xS3x/2 and 

CdS/CIGS. This finding confirms the enhanced light harvesting properties of C3N4-xS3x/2 

modified composites.  

The incident photon-to-current efficiency (IPCE) values collected for various CIGS 

photocathodes as a function of wavelength under bias of 0 V vs. RHE are reported in Figure 

4b. The C3N4-xS3x/2/CdS/CIGS electrode shows a dramatic improvement over the entire 

spectral range compared to the other three, with an IPCE of over 40% at wavelengths ranging 

from 400 to 700 nm. The IPCE decreases steeply at wavelengths longer than 700 nm, in 

agreement with the obtained bandgaps. The increased IPCE value for the C3N4-xS3x/2 

correlates the enhanced absorption with the improved charge separation that gives rise to the 

observed increase in PEC performance. 

Lastly, we assessed the stability of the hybrid photocathodes. Stability measurements were 

conducted using chronoamperometry at a fixed potential of 0 V versus RHE. The C3N4-xS3x/2/ 

CdS/CIGS electrode shows <= 5% loss over 20 hours of operation (Figure 4c), and this 
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surpasses the stability of previously reported CdS/CIGS photocathodes.[11,34] 

Chronopotentiometric curves obtained at a constant current density of 1 mA cm-2 and the 

corresponding Faradaic efficiency for H2 evolution reveal an efficiency (96%) that closing 

approaches unity (Figure 4d). The quantitative analyses of the dissolved Cd in 1 M 

K2HPO4/KH2PO4 solution after 20h operation of CdS/CIGS and C3N4-xS3x/2/CdS/CIGS 

photocathodes were obtained using ICP-MS (see Table S2). These confirm that the C3N4-

xS3x/2/CdS/CIGS heterocomposites result in a protective layer that prevents CdS segregation 

into the electrolyte. 

We have demonstrated for a new and efficient photocathode for solar water splitting. An n-

type C3N4-xS3x/2 layer deposited on a CdS/CIGS photocathode significantly enhances PEC 

water splitting performance, including providing a higher photocurrent density and an 

improved onset potential. This strategy also results in unprecedent long-term stability in this 

materials system. Detailed characterization shows that the C3N4-xS3x/2 layer synergistically 

interacts with CdS/CIGS layer, facilitating improved charge transport and enhancing light 

harvesting; and also acting as a protective layer that avoids contact between the outer 

electrolyte solution and the CdS layer. These findings pave the way for hybrid 

photoelectrodes that combine high performance and stability for solar fuels devices. 

 

Experimental Section  

Preparation of CIGS Films: In a typical experiment,[11] copper (II) nitrate trihydrate (0.5843 

g), indium (III) nitrate hydrate (0.6461 g), and gallium (III) nitrate hydrate (0.1856 g) were 

dissolved in 4 ml methanol, and then 3.5 mL methanol with 0.375 g polyvinyl acetate was 

added into the above solution and stirred for 30 minutes. The precursor solution was spin-

coated on fluorine-doped tin oxide (FTO) glass substrates at 2500 rpm for 30 s, then dried at 

150 °C for 3 minutes followed by annealing at 250 °C for 8 minutes in air. The coating step 

was repeated six times to obtain an optimum thickness. After annealing at 350 °C in Muffle 
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furnace for 1 h, the electrodes were then sulfurized in the presence of 40 mg of pristine sulfur 

powder in a tube furnace at 500 °C for 30 min.  

Surface Modification with n-Type CdS Thin Layer: As previously reported, surface 

modification of the as-prepared CIGS film with CdS layer was achieved via facile chemical 

bath deposition method.[2] Specifically, the CIGS film on FTO was immersed in an aqueous 

solution containing 12.5 mM CdSO4, 0.22 M SC(NH2)2, and 11 M NH4OH(28–30%) at 60°C 

for 7 min to yield CdS-covered CIGS (CdS/CIGS) sample. 

Preparation of the C3N4 powders: C3N4 powders were fabricated by directly heating low-cost 

melamine, as previously reported.[35] In details, 5 g melamine powder in an alumina crucible 

with a cover, then thermal decomposition was performed at 500 °C in a muffle furnace for 4 h 

with a heating rate of 20 °C/min and cooled down to room temperature automatically. 

Electrophoretic Deposition (EPD) of C3N4-xS3x/2: Before conducting EPD experiment, 20 mg 

as-prepared C3N4 powders were added to a 25 ml solvent of acetone with 40 mg iodine and 20 

mg pristine sulfur powder as additives, sonicating for 30 min and served as the precursor 

solution. The electrophoresis deposition occurred in a two-electrode system with a Ti sheet as 

the anode and the CdS-covered CIGS film as the cathode. The potential was set to 20 V and 

the time of the deposition was set to 5 min using KEITHLEY 2400 (SN 006416). After the 

deposition of C3N4-xS3x/2 by EPD, the films were annealed at 500 °C for 2 h under argon 

atmosphere. The solution processed superstrate type CIGS solar cell with C3N4-

xS3x/2/CdS/CIGS configuration is obtained. 

Structural Characterizations: The morphology and structure of the samples were observed by 

SEM (Hitachi S4800) and TEM (JEOL JEM-2010F, F20, 200 kV). The crystal structures of 

the samples were measured with an X-ray diffractometer (Bruker D8 Advanced 

Diffractometer, Cu Kα radiation, 40 kV). The optical absorption spectras of the samples were 

recorded in a UV/Vis spectrophotometer (CARY 500). Hematite MSCs were also analyzed 
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using X-ray photoelectron spectroscopy (Thermo ESCALAB 250, Al Kα exciting radiation). 

All binding energies were referenced to the C 1s peak (284.6 eV).  

PEC and EC measurements: All linear sweep voltammograms were measured by a CHI 660e 

electrochemical workstation in a three-electrode configuration using a Pt foil (2 cm2) as 

counter electrode and an Ag/AgCl as reference electrode with an aqueous solution of 

K2HPO4/KH2PO4 (1 M) as the electrolyte. The linear sweep voltammetry was scanned from  

-1 to -0.2 V vs. Ag/AgCl at a speed of 10 mV s-1. The measurements were performed under 

one sun condition using a solar light simulator (Oriel, 91160, AM 1.5 globe). The power of 

the simulated light was adjusted to 100 mW cm-2. 

The electrochemical impedance spectra (EIS) and Mott-Schottky plots were measured under a 

Xe lamp illumination by using an electrochemical workstation (Parstat 2273, Princeton). The 

frequency range of EIS experiments was from 100 kHz to 100 mHz. Electrolyte: 1 M 

K2HPO4/KH2PO4 solution (pH=7). Potential: 0VRHE. The Mott-Scottky calculations were 

derived from impedance measurements in the dark sweeping from -1 to -0.2 V vs. Ag/AgCl at 

a speed of 10 mV s-1. The alternating current (AC) potential frequency was 200 Hz with the 

amplitude of 10 mV. 

Supporting Information  
Supporting Information is available online from the Wiley Online Library or from the author. 
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Figure 1. a) A three-dimensional energy band-structure of the C3N4-xS3x/2/CdS/CIGS 

heterojunction and proposed mechanism of photoelectrochemical water oxidation. b) Top-

view SEM–EDX elemental mapping images showing CIGS SEM image(I), Cu 

distribution(II), Ga distribution(III), In distribution(IV), S distribution(V), and superimposed 

distributions(VI). c) Top-view SEM–EDX elemental mapping images showing CdS/CIGS 

SEM image(I), Cd distribution(II), S distribution (III), and superimposed distributions (IV). 
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Figure 2. a) XRD spectrum of CIGS, CdS/CIGS, C3N4/CdS/CIGS and C3N4-xS3x/2/CdS/CIGS 

photocathodes. b) Atomic structure model of a perfect graphitic C3N4 sheet consisting of 

melem units, and schematic view of the doping sites (1 and 2). The C, N, and S atoms are 

depicted using purple, yellow, and green balls, respectively. c-f) XPS spectra of C 1s for 

C3N4/CdS/CIGS(a) and C3N4-xS3x/2/CdS/CIGS(b), S 2p3 for  C3N4/CdS/CIGS(c) and C3N4-

xS3x/2/CdS/CIGS(d) photocathodes. 
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Figure 3. a) Current–potential plots for CIGS, CdS/CIGS, C3N4/CdS/CIGS and C3N4-xS3x/2/ 

CdS/CIGS photocathodes in a 1 M K2HPO4/KH2PO4 solution (pH=7) irradiated with chopped 

AM 1.5G illumination. b) Mott–Schottky plots of CIGS, CdS/CIGS, C3N4/CdS/CIGS and 

C3N4-xS3x/2/CdS/CIGS photocathodes. The AC amplitude is 10 mV and the frequency is 

200Hz.  c) Electrochemical impedance spectroscopy of CIGS, CdS/CIGS, C3N4/CdS/CIGS 

and C3N4-xS3x/2/CdS/CIGS photocathodes under a Xe lamp illumination. Electrolyte: 1 M 

K2HPO4/KH2PO4 solution (pH=7). Potential: 0VRHE. d) The schematic band diagram at 

electrolyte−electrode interface for C3N4-xS3x/2/CdS/CIGS electrode at 0 VRHE.                                   
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Figure 4. a) UV-vis diffuse reflectance spectra of CIGS, CdS/CIGS, C3N4/CdS/CIGS and 

C3N4-xS3x/2/CdS/CIGS. b) Incident photon to current efficiency (IPCE) spectrum of CIGS, 

CdS/CIGS, C3N4/CdS/CIGS and C3N4-xS3x/2/CdS/CIGS photocathode in a 1 M K2HPO4/ 

KH2PO4 solution (pH=7) at 0 VRHE. c) Stability of CdS/CIGS and C3N4-xS3x/2/CdS/ CIGS 

photocathode as indicated by the steady-state photocurrent characterization with a device held 

at 0 V versus RHE under 100 mW.cm−2 illumination in 1 M K2HPO4/KH2PO4 solution 

(pH=7). d) Chronopotentiometric curves obtained with the C3N4-xS3x/2/CdS/CIGS 

photocathode with constant current densities of 1 mA.cm-2, and the corresponding Faradaic 

efficiency from gas chromatography measurement of evolved H2. 
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The C3N4-xS3x/2/CdS/CIGS electrodes exhibites a reduction of 200 mV in the onset potential. 

They also showes a doubled photocurrent at 0 V versus RHE, and a broadband 20% 

enhancement of incident photon to current efficiency (IPCE) in noble-metal-free system. 

Remarkably, the C3N4-xS3x/2/CdS/CIGS electrode shows <= 5% loss over 20 hours of 

continuous operation, whereas bare CdS/CIGS shows a rapid degradation within the first 4 

hours.  
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