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A B S T R A C T   

Photoelectrochemical cells are at the forefront of promising methods of direct solar hydrogen production. It may 
become the best solution to produce storable chemical energy in a sustainable way and an alternative for 
combining photovoltaics with expensive storage systems like batteries. This environmentally friendly system 
based on an earth-abundant kesterite monograins with low processing cost and the outstanding semiconductor 
properties of single crystals, enables large-scale commercialization. This study aims to evaluate Cu2ZnSn(SxSe1- 

x)4 monograins with x = 0 to x = 1 for photovoltaic and photoelectrochemical water splitting applications.   

1. Introduction 

Photovoltaics (PV) is the most promising and already today cheapest 
solution for the future renewable energy supply. However, the use of 
solar energy-based electricity-producing systems needs completion by a 
storage system. Photoelectrochemical (PEC) cells, which convert solar 
energy directly into chemical energy, are promising solutions to the 
storage problem in PV. Direct production of clean and storable chemical 
fuels such as hydrogen from solar energy is of utmost importance for 
future sustainable post-carbon energy systems [1]. It is therefore vital to 
develop efficient processes to convert the sunlight into chemical energy 
to meet the commercial-scale demand. The theoretical background of 
photoelectrochemistry, i.e. the development of theories describing the 
processes occurring at the semiconductor/electrolyte interface, was 
developed already in the 1960s, mainly by Heinz Gerischer and Rüdiger 
Memming [2]. Nevertheless, until now, various problems and challenges 
have been encountered in terms of the material selection, stability, and 
efficiency of PEC cells. Ordinarily, materials with a high bandgap (Eg) 
would be preferred to account for overpotentials and other losses within 
the device [3]. But these materials either have poor chemical stability 
under working conditions or suffer from limited light absorption, as is 
the case for TiO2 [4]. Platinum (Pt) or similar metals are often added to 
the surface to prevent degradation and act as co-catalysts to lower the 
overpotentials for hydrogen evolution reaction (HER). But this in turn 
has pronounced economic and environmental costs. The development of 
efficient, stable, and low-cost material is an essential prerequisite for 

achieving the desired electrochemical hydrogen production from water 
splitting. Thereupon, kesterites as earth-abundant materials with low 
processing cost and outstanding light absorption properties, are inter-
esting candidates for PV and photoelectrochemical application in 
particular in the form of monograin membranes. The latter membranes 
consist of separately grown mono-crystalline absorber crystals 
embedded into an organic resin foil so that every grain sticks out on both 
sides. For PV application, the solar cells are finished by adding a CdS 
buffer layer followed by sputtering of a bilayer i-ZnO/ZnO: Al as a front 
contact and graphite paste as a back contact. The latter structure leads to 
versatile flexible, and lightweight solar cells, which exhibit numerous 
advantages compared to the major technologies used nowadays for 
manufacturing solar cells, i.e. the planar and the thin-film technologies. 
The greatest benefit of monograin technology lies in the simplicity of 
making unlimited areas and shapes of single-crystalline absorbers. In 
addition to the advantage of growing the material at a relatively high 
temperature, the chemical in-composition and the size of the powder 
grains can be easily controlled leading to a uniform distribution of 
chemical composition and doping concentration after the synthesis. 
Moreover, the separation of thermal and chemical processes for absorber 
production from the device production, has made the monograin tech-
nology one of the cheapest technologies for continuous, high throughput 
roll-to-roll technology. In addition, long accelerated heat tests of 
monograin-based kesterite cells did not show any significant degrada-
tion, which makes this technology quite advanced, and in particular 
ready for flexible PV applications [5]. The disadvantage of the 
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monograin based kesterite technology is the limited devices efficiency 
which is a general challenge for the kesterite community. 

The kesterite based monograin membranes can also be used as 
photocathodes. In recent years, Cu2ZnSnS4 (CZTS) became widely used 
as a photocathode for the production of hydrogen from solar water 
splitting. Yokoyama et al. first demonstrated in 2010 the application of 
CZTS as a photocathode [6]. The CZTS photocathode performance and 
stability were enhanced through a series of surface modifications by 
adding CdS and TiO2 layers to accelerate charge transfer and to protect 
the lower layer from corrosion in acid/alkaline solution, respectively 
[6]. Another type of band structure that was studied uses a 
CZTS/CdS/TiO2/Pt photocathode, so the photogenerated electrons 
easily migrated from the CZTS to the CdS, and then, through TiO2, into 
the Pt catalyst to generate H2 gas [6]. Using this structure, the highest H2 
production to solar energy efficiency of about 1.2% was presented, 
corresponding to a photocurrent density of about 9 mA/cm2 [7]. By 
improving the quality of the CZTS layer, Yang et al. reported a photo-
current using a similar structure of about 13 mA/cm2 [8]. 

Further improvement of H2 generation efficiency of about 7% was 
achieved by optimizing the thickness of the additional TiO2 protecting 
layer on CZTS, deposited by atomic layer deposition [9]. More recent 
work demonstrated an efficiency of about 3.5% for a CdS/CZTS based 
thin film photocathode using surface plasmon resonance effect of a 
Pt-nano-particles-modified TiO2 nanoball [10]. 

Due to the toxicity of Cd and the instability problem of CdS, an In2S3/ 
CdS double layer on top of the CZTS film was proposed in conjunction 
with a Pt catalyst [11]. The photocathode showed a significant 
improvement of stability and achieved a half-cell solar-to-hydrogen ef-
ficiency of 1.63% [11]. The authors further demonstrated a bias-free 
PEC water splitting system by combining the above CZTS cathodes 
with a BiVO4 counter photoanode. Another protective layer was sug-
gested by Dingwang et al. based on HfO2 photocorrosion-resistant film 
deposed by atomic layer deposition to protect the CdS-covered CZTS 
photocathode surface. The authors reported over 1% efficient unbiased 
stable solar water splitting based on a sprayed CZTS photocathode and 
reported a significant stability improvement after adding HfO2 [12]. 

Another strategy to upgrade the PEC performance of kesterite pho-
tocathodes is by adjusting the Eg and the position of conduction (ECB) 
and valence (EVB) bands without adding additional layers that could be 
unstable like CdS or precious like Pt. The band position could be 
adjusted by appropriate cation or/and anion substitution [13,14] and 
could be an efficient and low-cost way to improve the PEC performance 
of the kesterite photocathode. Ying et al. reported an improvement of 
CZTS photocathode bulk properties using the partial Cd substitution 
method [15]. A Cu2Cd0.4Zn0.6SnS4 photoabsorber coated with CdS/Ti-
Mo/Pt is reported to yield a photocurrent of 17 mA cm− 2 comparing to 4 
mA cm− 2 at 0V versus reversible hydrogen electrode using pristine CZTS 
coated with CdS/TiMo/Pt . [15]. 

In this work, we study the anion substitution effect in the kesterite 
material Cu2ZnSn(SxSe1-x)4 (CZTSSe) on the PEC and the PV perfor-
mance. The work is based on a promising approach consisting of 
implementing kesterite material as monograin membranes, in which 
semiconductor particles are embedded into a polymer film so that they 
stick out from one side and act as an active layer (Fig. 1a). The band 
positions of CZTSSe with different sulphur content are important pa-
rameters for PV and PEC cells. We sought to extract the flat-band posi-
tion EFB, ECB and EVB for our kesterite materials with different Sulphur 
content using the Mott–Schottky method. We offer complete sets of 
experimental data obtained with each fabricated material, and we finish 
by plotting the extracted parameters in one energy diagram scheme. 

2. Experimental 

The investigated absorber layers consist of single-crystalline powder 
so-called “Monograins” synthesized using elemental precursors Cu, Zn, 
Sn, Se, and S, in form of powder with a purity of 99.999% purchased 

from Alfa Aesar. The precursors were mixed with potassium iodide (KI) 
and inserted into quartz ampoules. Then, the ampoules were degassed 
and sealed under vacuum conditions. The kesterite monograins can be 
obtained at temperatures above the melting point of the used salt KI 
(681 ◦C) and at temperatures lower than the melting point of the 
semiconductor (CZTSSe) itself (~ 940 ◦C). The sealed ampoules were 
heated up to 740◦C with a heating rate of about 4◦C/min and the kes-
terite monograins were synthesized at the optimized temperature 740◦C 
in molten KI flux material for 88 h. Then, the ampoules were taken out of 
the oven and naturally cooled to room temperature. The final product 
consists of single crystals kesterite material grown in different sizes and 
stick to each other by the solidified flux KI. The KI was removed by 
washing the materials with deionized water at room temperature. After 
that the monograins were dried and sieved to the narrow fractions of 
about 100 to 120 µm. An isothermal heat treatment step at 740◦C for 35 
min is needed to heal the monograin’s surface after washing and sieving 
steps. 

The [S]/([S]+[Se]) ratio is varied in this study and presented as x 
throughout the manuscript, referring to the input compositional ratio 
introduced to the system. The compositional ratios used in the synthesis 
mixture investigated here are x = 0, 0.2, 0.4, 0.6, 0.8 and 1 given in the 
figures and in the text as initial x, where the samples x = 0 and x = 1 
represent the pure phases CZTSe and CZTS, respectively. 

The fabrication of the photocathode and solar cell devices started 
with the formation of a photoactive membrane so-called monograin 
layers (MGL). An organic resin (epoxy) layer stripe with a controlled 
thickness was applied by the doctor blade method on a temperature 
stable plastic foil. The applied thickness is approximately 40% of the size 
of the sieved monograins. A monolayer of the synthesized grains was 
immersed into the epoxy layer to form the MGL. The upper part of the 

Fig. 1.. Scheme (a) and SEM picture (d) of Monograin layer (MGL) finished as 
photocathode for water splitting application, (b) Scheme of a three-electrode 
cell configuration using MGL photocathode. (C) SEM picture of a MGL. Photo 
of the working electrode (e) back-side (f) front-side. 
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grains (approximately 60% of the grain size) remained uncovered by the 
epoxy as shown in Fig. 1c, and it is photoactive. 

The fabricated MGL membranes from each investigated material 
were cut in two parts. The first half membrane was finished as a classical 
solid state solar cell by adding a CdS buffer layer by chemical bath 
deposition to form the p-n heterojunction followed by sputtering of a 
bilayer i-ZnO/ZnO:Al as a front contact. Once the front contact is 
established, the plastic foil substrate was removed. Then, by mechanical 
abrasion, the epoxy covering the grains from the backside was polished 
away. The opened grains surface was covered by graphite paste to form 
the back contact. A more detailed description of monograin synthesis 
and solar cell preparation can be found elsewhere [13,14]. 

The second half membrane was finished as a photocathode. As in the 
case of making the solid state solar cell, the epoxy covering the grains 
from the backside of the MGL is removed by mechanical abrasion. After 
this polishing, a graphite and silver paste are applied through a mask 
with a 1 cm2 area and an electric wire is attached to it to form the back 
contact. Finally, the whole backside area is encapsulated with epoxy 
ensuring that the only charge conductivity from the backside is through 
the attached electrical wire. The working electrode structure is illus-
trated in the scheme presented in Fig. 1a and the scanning electron 
microscope (SEM) picture presented in Fig. 1d. Photos of the back and 
the front side of the working electrode are provided in Fig. 1e and Fig. 1f 
respectively. 

The composition of the monograins was characterized using Energy 
Dispersive X-ray Spectroscopy (EDX) using Zeiss MERLIN scanning 
electron microscope operated with an accelerating voltage of 20 kV 
using a Röntec EDX XFlash 3001 detector. 

The current-voltage (J-V) measurements at room temperature were 
performed under AM1.5 illumination conditions using a Newport Oriel 
solar simulator system. The external quantum efficiency (EQE) was 
measured in short circuit condition using a calibrated halogen lamp and 
an SPM-2 prism monochromator. Monochromatic chopped light is 
focused on the active surface of the fabricated solar cell and the resulting 
current was detected using a DSP Lock-In amplifier (SR 810). 

The PEC properties of the fabricated CZTSSe photocathodes were 
investigated in a three-electrode cell using the photocathodes as work-
ing electrodes (WE), a Pt counter electrode (CE) and a saturated calomel 
electrode as reference electrode, respectively. H2SO4 aqueous solution 
(0.1M, pH = 1.4) was used as an electrolyte. The schematic diagram of 
the three-electrode cell is indicated in Fig. 1b. The potential-current 
characteristics were carried out by means of an electrochemical 
analyzer (PGZ100 Voltalab). All the photocurrent curves were measured 
under 100 mW/cm2 illumination using calibrated intensity from a 
halogen lamp and given with respect to the normal hydrogen electrode 
(NHE) reference scale. The measurement was performed under three 
conditions, namely: dark, steady illumination, and chopped light. 

The same three-electrode configuration described above was used to 
measure the electrochemical impedance of the investigated photocath-
odes. H2SO4 aqueous solution (0.1M, pH = 1.4) was used as an elec-
trolyte. The potentiostat used in this case is the modular electrochemical 
instrument Autolab PGSTAT30. The measurements were carried out in 
the dark and the impedance-frequency data were recorded from 0.1 Hz 
to 105 Hz at 0 V/VNHE, whereas the impedance-voltage measurement 
was carried out at 30 kHz. 

3. Results and discussion 

EDX analysis confirmed that the ratio of [S]/([S]+[Se]) in synthe-
sized was similar to input values. The synthesized CZTSSe monograins 
were slightly Cu-poor and Zn-rich as presented in table 1. A compre-
hensive photoluminescence and Raman study of CZTSSe monograins 
with different x amounts can be found elsewhere [16]. 

The first half of the prepared membranes were finished as solar cells. 
A current-voltage characterization of the solar cells was carried out, and 
the values of the open-circuit voltage VOC, short-circuit current JSC, fill 
factor FF, conversion efficiency η, Eg, VOC deficit of the solar cells, are 
summarized in Table 2. From each material with different x amounts, 
four cells are fabricated. In total, 24 solar cells were included in this 
study. Standard variations of J-V parameters were calculated and pre-
sented in table 2, and they show a minor variation between the pa-
rameters of the solar cells. The J-V curve of the best solar cells for each 
material is presented in Fig. 2a. The area of the solar cells is about 3.8 
mm2, and the presented ηactive values are adjusted to the active area of 
the material. The ηactive of solar cells show a maximum for the CZTSSe 
material with x = 0.4 and 0.6, although those devices don’t exhibit the 
lowest VOC deficit. For the high Se content material (x < 0.6), the solar 
cells show a tendency for lower performance due to the lower FF values. 
The decrease in FF with increasing Se content suggests that the band 
alignment is inappropriate for the kesterites with high Se content and 
the CdS buffer layer, whereas the voltage-loss seems to be the main 
limiting factor for kesterite material with the high S content. VOC and JSC 
showed the tendency expected for the change in x. 

The EQE was measured under chopped light in the wavelength range 
between 350 nm and 1450 nm. The normalized EQE spectra of the 
investigated cells are presented in Fig. 2b. All the devices show losses in 
the short wavelength region due to the absorption in the CdS buffer 
layer. The maximum carrier collection is seen at a wavelength of around 
540 nm for the samples with x = 1, 0.8, and 0.6, and declining in the 
longer wavelength region defining the material Eg. The cells fabricated 
from materials with high Se content show maximum carrier collection at 
a longer wavelength region suggesting better charge collection for 
photons absorbed deeper in the material. For more precise estimation of 
the Eg, (EQE*E)2 was plotted versus the photon energy. The Eg is 
extracted from the interception of the linear part with the energy axis 
[14]. Depending on the x, the Eg of the kesterite monograins is found to 
be tuned between 0.98 and 1.55 eV. The VOC deficit are calculated using 
the extracted Eg from the EQE data and presented in Table 2. 

The second half of the prepared membranes were finished as pho-
tocathodes. The current- potential measurement of the photocathode 
using monograins with different x is presented in Fig. 3. The negative 
current observed in the dark (black line) was not expected to occur as the 
current should theoretically be zero. Possible reasons could be: (i) 
possible electrochemical reaction at the metal backside contact, 
although it is unlikely since we made sure it was properly sealed during 
the course of fabrication, (ii) electrochemical reaction occurring at the 
surface of the WE caused by elemental metals or secondary phases (ZnS, 
CuxS, SnSx) on the kesterite surface; (iii) direct diffusion (or tunneling) 
of electrons from the valence band to protons at the hydrogen formation 
potential. In the latter case water is reduced in the dark due to a non- 
ideal valence band position (slightly positive of the hydrogen 

Table 1. 
The chemical composition and the corresponded ratios after synthesis as measured by EDX.  

x Cu Zn Sn S Se Cu/Zn+Sn Zn/Sn (S+Se)/M S/(S+Se) 

x ¼ 1 1.89 1.11 1.00 4.01 0.00 0.90 1.11 1.00 1.00 
x ¼ 0.8 1.91 1.02 1.00 3.16 0.76 0.95 1.02 1.00 0.81 
x ¼ 0.6 1.95 1.05 1.00 2.46 1.51 0.95 1.05 0.99 0.62 
x ¼ 0.4 1.88 1.03 1.00 1.63 2.33 0.92 1.03 1.01 0.41 
x ¼ 0.2 1.88 1.00 1.00 0.82 3.11 0.94 1.00 1.01 0.21 
x ¼ 0 1.74 0.99 1.00 0.00 3.75 0.87 0.99 1.01 0.00  
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formation potential). This was confirmed by the flatband potential 
measurements given below. The highest dark current is seen in the case 
x = 0 whereas the lowest appears for x = 1. Under illumination (red 
line), a more pronounced negative photocurrent at negative potentials 
reveals the ability of the investigated materials to conduct photo- 
electrochemical water reduction reaction. An exponential decrease of 
the light current was observed at potentials negative of the hydrogen 
formation potential (0 V/VNHE). The latter is a characteristic of a photo- 
electrochemical reaction that occurs on the interface electrode/elec-
trolyte related to HER. Since the exponential increase of current density 
occurs only at negative potentials, the cells do not provide a photo-
voltage to operate as photoanodes. This means a large overpotential is 
needed for hydrogen evolution using kesterites. 

For better photocurrent evaluation, the chopped light condition is 
presented (blue line) for all the x cases. A higher current step reveals a 
higher generated photocurrent (light current minus dark current). In the 
case of x = 0, the saturated dark current is the lowest, which corresponds 
to the lowest charge transfer-ability at the electrode/electrolyte inter-
face. These high overpotentials indicate the importance of adding a 
catalyst to the electrodes surfaces. 

At the semiconductor-electrolyte interface, space charge regions are 
formed in the semiconductor as well as the electrolyte due to the 
equilibration of the chemical potentials of semiconductor and electro-
lyte (here called redox potential) [17]. The junction can be modeled as a 
double capacitor. The first capacitor models, the space charge region 
(depletion layer) in the semiconductor side at equilibrium, and the 
second models, the electrical double layer of opposite sign in the elec-
trolyte (Helmholtz layer). Therefore, the total capacitance of the inter-
facial double layer, Cinterface, includes contributions from semiconductor 
capacitance (CSC) and the capacitance of the Helmholtz layer in the 
electrolyte (CH) in series with each other 1/Cinterface = 1/(CSC +1 /CH)

[18]. For most cases, the semiconductor-electrolyte interface has a finite 
resistance value, and the equivalent circuit commonly used for modeling 
consists of the two capacitances in series with a (series) resistor, in 

parallel to a (parallel) resistor [18]. The semiconductor capacitance will 
vary with the extent of band bending, i.e. with the applied voltage, while 
the CH is expected to remain constant. Hence, it is often assumed that CH 
>> CSC such that CSC is approximately Cinterface [18]. Through this 
manuscript, the experimentally calculated capacitance is considered as 
CSC, and the insert in Fig. 4b represents the used equivalent circuit. 

During an electrochemical impedance spectroscopy experiment, the 
impedance in the dark is recorded while applying an alternating current 
signal for various frequencies, f (0.1 Hz < f< 105 Hz), superimposed on 
a bias voltage. In Fig. 4a, the capacitance steps function of frequency is 
presented and shows a monotonic decrease until it reaches a plateau at 
frequencies higher than 1 kHz. Therefore, the chosen frequency for the 
evaluation of the impedance versus voltage is f = 30 kHz, assuming that 
there is no contribution of deep defects at the chosen frequency. 

The EFB, one of the important characteristic parameters of the 
semiconductor-electrolyte junction, has been estimated using various 
techniques [18]. The most popularly used technique is the 
Mott-Schottky method based on the following equation for p-type ma-
terial [19]: 

1
C2

SC
=

− 2
εε0qNA

(

E − EFB −
kT
q

)

(1) 

Where ε is the relative permittivity, ε0 is the electrical permittivity of 
free space, q is the elementary charge, NA is the acceptor doping levels, 
EFB is the flatband potential, E is applied potential, k is the Boltzmann 
constant and T is the temperature. 

For determining the flat band potential, the impedance is measured 
as function of the applied potential at 30 kHz for all the investigated 
electrodes. 1/C2

interface is plotted as a function of the applied potential, as 
shown in Fig. 4b for the electrode with x = 1. The Mott-Schottky plots 
show a linear behavior for a range of applied potential, and the EFB is 
determined from the interception with the potential axis [18]. Another 
important parameter extracted from the Mott-Schottky plot is the NA, 
which is inversely proportional to the slope of the linear part. The latter 

Table 2. 
Summary of the photovoltaic and the electrochemical behaviors of Cu2ZnSn(SxSe1-x)4 cells.   

Photovoltaic Behavior Electrochemical Behavior 
x RS, 

±0.5 [Ω*cm2]  
RSh, 
±25[Ω*cm2]  

VOC,  
±15[mV]  

FF,   
± 1 [%]  

JSC,  
±0.5 [mA/cm2]  

ηactive,  
±0.2 [%]  

Eg  

±0.02 [eV]  
VOC deficit, 
[mV] 

EFB  

±0.01[ENHE]  
EVB 

±0.01[ENHE]  
NA/cm3 

1 1.7 1124 723 65.2 18.1 8.5 1.55 827 0.25 0.43 9.2 × 1015  

0.8 2.1 675 665 59.1 20.3 8.0 1.46 795 0.08 0.29 2.9 × 1015  

0.6 1.3 551 597 62.9 23.2 8.7 1.39 793 0.06 0.20 4 × 1016  

0.4 1.6 344 513 58.0 30.0 8.9 1.26 747 − 0.03 0.16 6.3 × 1015 

0.2 1.1 224 441 52.4 32.4 7.4 1.11 669 − 0.08 0.10 7.4 × 1015  

0 1.6 158 364 51.9 33 6.23 0.98 616 − 0.01 0.14 2.7 × 1016   

Fig. 2.. J-V curves measured under AM1.5 illumination (a) EQE curves (b) of Cu2ZnSn(Sx,Se1− x)4 based monograin solar cells as a function of input x concentration.  

S. Oueslati et al.                                                                                                                                                                                                                                 



Thin Solid Films 739 (2021) 138981

5

parameters are vital to calculate the valence band edge positions on the 
NHE reference scale. For a p-type semiconductor, EVB is calculated as 
[17]: 

EVB = EFB +
kT
q

ln
(

Nv

NA

)

(2)  

where EVB is the valence band position, EFB is flat band potential, k is 
Boltzmann constant, NV is the effective density of states at the valence 
band edge (typically ∼ 1019 cm− 3 [12]) and NA is the acceptor con-
centration obtained from Mott-Schottky plot. 

The negative slope in Fig. 4b confirms the p-type conductivity of the 
investigated materials, which is in good agreement with the cathodic 
photocurrent. EVB and doping levels were calculated using equations (1) 
and (2), respectively. The results are summarized in Table 1. 

The change of the slope when reaching the redox potential of the 
solution and starting to reduce protons indicates the shift of flat band 
potential with changing the pH at the kesterite interface to the solution. 
Considering the extracted parameters above, it is imperative to present 
the ECB and EVB on the energy scale for all the investigated materials, as 
presented in Fig. 5. 

Considering that the band edge position of the conduction and 
valence band should straddle the water redox potential, a reasonable 

amount of overpotential is needed to pilot the hydrogen and oxygen 
formation reaction. Fig. 5 shows the values for our kesterite electrodes of 
different ratio of [S]/([S]+[Se]), a case where the conduction bands are 
much more negative than the hydrogen formation potential. Even the 
valence band are getting close or even above the hydrogen potential (far 
negative of the oxygen formation potential). For x = 0 to 0.4 the valence 
band even is negative of the hydrogen potential, which explains the 
hydrogen formation in the dark. Nevertheless, starting only at around 
− 600 mV indicates the high overpotentials needed at the non-modified 
kesterite interface. 

4. Conclusion 

Kesterite monograins with different ratios of [S]/([S]+[Se]), were 
fabricated and evaluated for PV and PEC water splitting applications. 
The highest solar efficiencies are measured using CZTSSe materials (x =
0.6, 0.4) and decrease when using the pure phases CZTS and CZTSe. All 
the investigated electrodes possess valence band positions close to the 
hydrogen potential formation, which even leads to the injection of 
electrons from the valence band to the electrolyte for the electrodes with 
higher selenium content, which leads to a shift of the flat band potential 
for negative potentials. Very high overpotentials indicate a need for a 
catalyst to the active surface of the kesterite electrodes. Modifying the 

Fig. 3.. Current-potential (J-V) characteristics of Cu2ZnSn(SxSe1-x)4 PEC were measured for every working electrode with different x values.  
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surface of the kesterite by introducing a hole barrier for the valence band 
such as SnO2, and adding a catalyst for the electron transfer, is vital for 
the investigated electrodes. Without modification all kesterite photo-
cathodes investigated do not provide a photovoltage for CE added for a 
water splitting device due to their too negative band position. 
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[19] M. Metikoš-Huković, Z. Grubač, S. Omanovic, Change of n-type to p-type 
conductivity of the semiconductor passive film on N-steel: enhancement of the 

Fig. 4.. (a) Capacitance values versus frequency for electrodes with different x 
contents. (b) example of a Mott–Schottky plot of the x = 1 case at 30 kHz. 

Fig. 5.. Positions of energy band edges for all x with respect to the normal 
hydrogen electrode (NHE) potential and vacuum energy (eV) and the ideal 
band position for water splitting reaction. 

S. Oueslati et al.                                                                                                                                                                                                                                 

https://doi.org/10.1021/cr100246c
http://doi.wiley.com/10.1002/9783527613069
http://doi.wiley.com/10.1002/9783527613069
https://doi.org/10.1039/b718969a
https://doi.org/10.1039/b718969a
https://doi.org/10.1039/c8cs00997j
https://doi.org/10.1088/2515-7655/ab7cee
https://doi.org/10.1143/APEX.3.101202
https://doi.org/10.1143/APEX.3.101202
https://doi.org/10.3390/su12125138
https://doi.org/10.3390/su12125138
https://doi.org/10.1021/acsenergylett.6b00453
https://doi.org/10.1021/acsami.8b00062
https://doi.org/10.1021/acsami.8b00062
https://doi.org/10.1016/j.cej.2020.125264
https://doi.org/10.1016/j.cej.2020.125264
https://doi.org/10.1021/jacs.5b09015
https://doi.org/10.1021/acsenergylett.8b01005
https://doi.org/10.1016/j.tsf.2018.11.020
https://doi.org/10.1016/j.solener.2020.02.002
https://doi.org/10.1016/j.joule.2018.01.012
https://doi.org/10.1016/j.joule.2018.01.012
https://doi.org/10.1016/j.tsf.2010.12.099
https://doi.org/10.1016/j.tsf.2010.12.099
https://doi.org/10.1088/0022-3727/46/23/235108
https://doi.org/10.1039/c9ta09569a


Thin Solid Films 739 (2021) 138981

7

pitting corrosion resistance, J. Serbian Chem. Soc. 78 (2013) 2053–2067, https:// 
doi.org/10.2298/JSC131121144M, https://doi.org/. 

S. Oueslati et al.                                                                                                                                                                                                                                 

https://doi.org/10.2298/JSC131121144M
https://doi.org/10.2298/JSC131121144M

	Kesterite monograins for solar cells and water splitting applications
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	References


