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Solar hydrogen evolution using metal-free
photocatalytic polymeric carbon nitride/CuInS2
composites as photocathodes

Florent Yang,*a Vadym Kuznietsov,a Michael Lublow,b Christoph Merschjann,ac

Alexander Steigert,a Joachim Klaer,d Arne Thomase and Thomas Schedel-Niedriga

Polymeric carbon nitride (g-C3N4) films were synthesized on polycrystalline semiconductor CuInS2
chalcopyrite thin film electrodes by thermal polycondensation and were investigated as photocathodes

for the hydrogen evolution reaction (HER) under photoelectrochemical conditions. The composite

photocathode materials were compared to g-C3N4 powders and were characterized with grazing

incidence X-ray diffraction and X-ray photoemission spectroscopy as well as Fourier transform infrared

and Raman spectroscopies. Surface modification of polycrystalline CuInS2 semiconducting thin films with

photocatalytically active g-C3N4 films revealed structural and chemical properties corresponding to the

properties of g-C3N4 powders. The g-C3N4/CuInS2 composite photocathode material generates a

cathodic photocurrent at potentials up to +0.36 V vs. RHE in 0.1 M H2SO4 aqueous solution (pH 1),

which corresponds to a +0.15 V higher onset potential of cathodic photocurrent than the unmodified

CuInS2 semiconducting thin film photocathodes. The cathodic photocurrent for the modified composite

photocathode materials was reduced by almost 60% at the hydrogen redox potential. However, the

photocurrent generated from the g-C3N4/CuInS2 composite electrode was stable for 22 h. Therefore,

the presence of the polymeric g-C3N4 films composed of a network of nanoporous crystallites strongly

protects the CuInS2 semiconducting substrate from degradation and photocorrosion under acidic

conditions. Conversion of visible light to hydrogen by photoelectrochemical water splitting can thus be

successfully achieved by g-C3N4 films synthesized on polycrystalline CuInS2 chalcopyrite electrodes.
Introduction

Photocatalytic and photoelectrochemical (PEC) water splitting
using semiconductor materials have attracted considerable
attention because of the potential to produce H2 from H2O by
utilizing the abundant solar energy.1 One approach to achieve
solar-induced water splitting is to employ two photo-
electrochemical half-cells, with one cell acting as the photo-
cathode and the other as the photoanode.2

For such systems, the use of relatively small band gap mate-
rials (i.e., 1.1–1.7 eV) is desired in order to efficiently absorb light
in the rangeof the terrestrial solar spectrum. Simultaneously, the
respective positions of the conduction band minimum and
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valence band maximum have to be adapted to the standard
potentials ofH2 andO2 evolution to provide the necessary overall
photovoltage (>1.23 V) required for direct water splitting.

Polycrystalline chalcopyrite thin lms have been intensively
studied as a material for absorber layers in photovoltaic thin
lm devices.3 Semiconducting chalcopyrite thin lm absorbers
such as CuGaSe2, CuInS2, and Cu(Ga,In)Se2 are very attractive
candidates for solar-driven water splitting because they have
suitable band gap energies (ca. 1.0–1.7 eV),4–6 and can in prin-
ciple produce a signicant portion of the required photovoltage.
Moreover, the fabrication of efficient chalcopyrite thin lm
absorbers represents a state-of-the-art technology.7 According to
recent investigations, chalcopyrites can be successfully
employed as photocathodes, i.e. for reduction of protons by
light-induced photoelectrons.8 CuInS2 (CIS), for instance, is a p-
type semiconductor with a band gap of 1.5 eV providing large
photocarrier densities under illumination.5,9 The highest solar
energy conversion efficiency of photovoltaic cells based on CIS
materials has been reported to be 11.4%.5,9 An application for
the cathodic half-cell reaction of water splitting, i.e. hydrogen
evolution, therefore appears to be possible provided that a
stable operation can be achieved upon immersion into an
aqueous environment. Upon photoelectrochemical (PEC) water
J. Mater. Chem. A, 2013, 1, 6407–6415 | 6407
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Fig. 1 Schematic of the g-C3N4/CuInS2 heterostructure in 0.1 M H2SO4 solution
(pH 1) for conversion of solar energy into chemical energy. The light is incident
from above. The blue part of the solar spectrum is absorbed by the g-C3N4 film
with a band gap of �2.7 eV, while the red portion reaches the semiconducting
CuInS2 electrode with a smaller band gap of �1.5 eV.
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splitting, photoexcited electrons move towards the CIS–elec-
trolyte interface to induce the reaction 2H2O + 2e� / H2 +
2OH�. A majority of carriers (holes) move towards the back-
contact and through the outer circuit to the counter electrode
where oxygen evolves. To perform PEC water splitting, the
valence band maximum (VBM) and conduction band minimum
(CBM) of the semiconductor electrode have to straddle the
standard potentials of hydrogen and oxygen evolution [0 and
1.23 V vs. reversible hydrogen electrode (RHE), respectively]. In
acidic solutions, as used in our experiments, protons are
already present in the electrolyte, and the CIS interface is
employed for the evolution of hydrogen by 2H+ + 2e� / H2

while water splitting occurs at the Pt-counter electrode.
To date, to the best of our knowledge, no information has

been reported in the literature on the capability of g-C3N4/
CuInS2 thin lm composites as a photocathode material.

Over the past decade, considerable research efforts have
been made to investigate polymeric carbon nitride (g-C3N4) due
to its specic properties (thermal and chemical stability) pre-
dicted by theoretical results.10 Although this material has a high
band gap of �2.7 eV, as determined by UV/Vis diffuse reec-
tance measurements,11,12 many studies have been extensively
performed in growing research elds for applications in
photochemistry, photocatalysis, and sustainable chemistry, to
name a few.13–15 Very recently, non-precious metal g-C3N4 has
attracted increased interest as a potential material for photo-
catalytic overall water splitting.11 Metal-free g-C3N4 was shown
to produce both hydrogen and oxygen via water splitting under
visible light illumination in the presence of proper sacricial
donor and acceptor materials, respectively.11 However, most of
the studies have been performed on g-C3N4 powders.

In this study we report the application of polycrystalline
CuInS2 thin lm semiconducting absorber as a photocathode
for the production of H2 from acidic aqueous solutions and we
will show that the deposition of g-C3N4 lms, achieved by direct
synthesis on the CuInS2 substrates, has benecial effects in
both stability and charge carrier kinetics. A schematic illustra-
tion of the light converting device based on the heterostructure
g-C3N4/CuInS2 composite electrode in acidic aqueous solution
is shown in Fig. 1. Most of the blue part of the solar spectrum up
to 460 nm is captured by the g-C3N4 material due to its high
bandgap (2.7 eV), while the red portion of the visible light is
absorbed by the CuInS2 semiconducting electrode with a
smaller band gap (1.5 V). The synthesis of g-C3N4 materials is
carried out by thermal polycondensation from dicyandiamide at
a temperature of 550 �C. Structural and chemical properties of
g-C3N4 materials were investigated using grazing incidence X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
as well as Fourier transform infrared spectroscopy (FTIR) with
ATR mode and Raman spectroscopy. It is shown that synthe-
sized g-C3N4 lms on p-type CuInS2 substrates, in terms of
structural and chemical properties, are corresponding to the
properties of g-C3N4 powders. It is thereby proven that the
process of dicyandiamide polycondensation is a suitable
method for fabrication of g-C3N4 thin lms on semiconductor
supports. Moreover, the presence of g-C3N4 thin lms on CuInS2
electrodes is found to shi the cathodic photocurrent at
6408 | J. Mater. Chem. A, 2013, 1, 6407–6415
potentials up to +0.36 V vs. RHE in 0.1 M H2SO4 aqueous
solution (pH 1), which corresponds to a +0.15 V higher onset
potential of the cathodic photocurrent compared to the bare
CuInS2 electrodes. Furthermore, it will be shown that the
formation of g-C3N4 thin lms on CuInS2 electrodes results in
long-term stable photocurrent densities, monitored during a
22 h period upon hydrogen evolution from H2SO4 containing
solutions. The fabrication of g-C3N4 based heterostructures is
therefore a promising concept for the conversion of solar energy
to chemical energy.
Experimental section
Preparation of the g-C3N4/CuInS2 composite photocathode

Polycrystalline CuInS2 thin lms were prepared by sputtering of
metal precursors (Cu and In) followed by sulfurization on soda-
lime glass substrates coated with Mo layers, as reported previ-
ously.5,9 To remove the remaining segregated CuS, formed
during the process on the surface, the CuInS2 substrates were
etched in 10% KCN solution for 3 minutes. Device-grade chal-
copyrite CuInS2 thin lms have been prepared by using the well-
known RTP technique as described in ref. 5 and 9. Dicyandia-
mide (C2N4H4) was supplied by Sigma Aldrich. All other
chemical reagents used in this study were analytically pure and
used without further purication. Polymeric carbon nitride (g-
C3N4) lms were synthesized onto p-type semiconducting
CuInS2 chalcopyrite substrates by thermal polycondensation of
dicyandiamide (C2N4H4) powder at a temperature of 550 �C
under an inert nitrogen gas atmosphere.16 Dicyandiamide
powder was deposited on the CuInS2 chalcopyrite substrates
and heated from 25 �C to 550 �C at a rate of 50 �C min�1. Aer
reaching the maximum temperature, the samples were kept at
550 �C for 10 min by which the preparation of the g-C3N4/
CuInS2 thin lm composite electrodes was completed. Subse-
quent analyses were carried out immediately aer sample
preparation.
This journal is ª The Royal Society of Chemistry 2013
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Characterization

Fourier transform infrared (FTIR) spectroscopy with ATR mode
and Raman spectroscopy were carried out with FTIR Bruker
Equinox 55 and Raman Bruker FRA 106/S spectrometers,
respectively, to investigate the vibrational properties of the
material. FTIR and Raman spectra were measured with a reso-
lution of 2 and 4 cm�1, respectively.

X-Ray Diffraction (XRD) patterns were measured with a
Bruker AXS (D8 Advance) diffractometer by using Cu Ka radia-
tion (l¼ 1.5418 Å) to characterize the crystallographic structure
of the g-C3N4 material.

X-ray photoelectron spectroscopy (XPS) was performed with
a Phoibos spectrometer using a monochromatized Mg Ka (hn ¼
1253.6 eV) X-ray radiation source to investigate the chemical
and electronic states at the surface. The core level spectra have
been deconvoluted by a tting procedure using Voigt line
shapes (combination of Gaussian–Lorentzian functions) aer
Shirley background subtraction. XPS spectra of the g-C3N4

powder have been multiplied by a factor of ve for better clarity.
For UPS measurements, a helium lamp providing the He I

line at hn ¼ 21.21 eV was used. The secondary electron cutoff
region was recorded with a sample bias at �5 V. An uncertainty
error of �0.1 eV is estimated relative to the spectrum.

Scanning electron microscopy (SEM) was carried out with a
LEO GEMINI 1530 scanning electron microscope, with an
acceleration voltage of 10 kV.
Photoelectrochemical experiments

Photocurrent measurements were performed using a Biologic
potentiostat in a three-electrode conguration. For illumina-
tion, a tungsten–iodine (W–I) lamp was used (Fiber Lite MI-150
from Dolan–Jenner Industries) with a light intensity of 100 mW
cm�2 (corresponding to 1 sun, i.e. AM 1.5 G condition). The
Fig. 2 Scheme of the electrochemical cell, consisting of a typical three electrode
system: g-C3N4/CuInS2 and, respectively, bare CuInS2 substrates were used as
working electrodes, a Pt wire as a counter electrode, and an Ag/AgCl electrode as
a reference electrode. Front contact connection with the substrate was realized by
a steel back-plate to which two steel clips, in contact with the surface of the
sample, were connected. The simulated AM 1.5 G illumination was incident from
the top of the electrochemical cell. The surface area of the working electrode,
exposed to the electrolyte, was 0.5 cm2.

This journal is ª The Royal Society of Chemistry 2013
setup of the electrochemical cell consists of a Teon cell body
and three electrodes, such as a working electrode (as-prepared
polycrystalline CuInS2 with and without an additional g-C3N4

lm), a platinum wire as a counter electrode and a Ag/AgCl
electrode as a reference electrode, being in contact with satu-
rated KCl [0.197 V vs. normal hydrogen electrode (NHE)]. A
0.1 M sulfuric acid (H2SO4) solution (pH 1) was used as the
electrolyte for the photoelectrochemical investigations. At the
edges of the substrates, a part of the lm has been removed to
reach the Mo layer beneath. A front contact connection between
the Mo layer and the steel clips attached to the high-grade steel
back-plate of the electrochemical cell was thereby realized. The
schematic electrochemical setup is depicted in Fig. 2. Current–
potential measurements were performed in 0.1 M H2SO4

aqueous solution versus Ag/AgCl reference electrode and the
potential of the working electrode was continuously incre-
mented at a scan rate of 5 mV s�1 under intermittent illumi-
nation with a period of 5 s each.
Results and discussion

In Fig. 3, XRD analysis of the g-C3N4 powder as well as the g-
C3N4 lm synthesized on CuInS2 electrodes is shown. Two
prominent features are visible: (i) the small peak at 13.1�

corresponds to a lattice distance of d ¼ 0.676 nm which is
related to the in-plane structural packing of nitrogen-linked
heptazine units and (ii) the prominent peak at 27.5� is charac-
teristic of an interplanar stacking distance of aromatic units, as
known for the graphite lattice. The stacking distance of the
aromatic units is calculated to be d ¼ 0.324 nm. These two peak
positions are in good agreement with previously published
reports.11,13 Comparison of XRD data for the powder and the
lm proves that the polycondensation process of dicyandiamide
results in identical structural properties. Moreover, a compar-
ative investigation with UV/Vis diffuse reectance and photo-
luminescence spectra indicates similar optical properties for
both the powder and the lm (not shown here). For both
Fig. 3 XRD patterns of the g-C3N4 powder and a g-C3N4 film on the CuInS2
semiconducting electrode. Inset: schematic structure of an idealized graphitic
carbon nitride network constructed from tri-s-triazine based connection patterns.

J. Mater. Chem. A, 2013, 1, 6407–6415 | 6409
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materials the onset of the absorption has been deduced to be
2.7 eV.12 These results demonstrate the successful preparation
of g-C3N4 lms on semiconducting CuInS2 electrodes.

Fig. 4a displays the XPS survey scans of the g-C3N4 powder
and a g-C3N4 lm on the CuInS2 electrode. Core level analysis of
C 1s and N 1s, respectively, are shown in Fig. 4b and 4c. The
survey scans indicate the presence of carbon, nitrogen, and
oxygen in the g-C3N4 powder as well as in the g-C3N4 lm. As
reported earlier, oxygen contributions result from the exposure
of the samples to ambient atmosphere and can be removed
from the surface by an appropriate annealing process.17 The
inset in Fig. 4a shows the onset of secondary electrons upon
excitation with He I. The determination of the work function (F)
for the g-C3N4 lm on CuInS2 substrates is deduced graphically
from the linear extrapolation of the secondary electron cutoff
edge to the background emission intensity. The g-C3N4 modi-
ed CuInS2 electrode shows a work function of F ¼ 4.3 (1) eV
with a remaining small surface oxide layer aer the PEC
performance testing. Post-thermal treatment up to 300 �C
removes this surface oxide and the work function decreases to
4.0 (1) eV (not shown here; see ref. 17). Unmodied poly-
crystalline CuInS2 is characterized by a work function of F¼ 5.5
(1) eV. The difference in the respective values for F between the
g-C3N4 lm on CuInS2 and the unmodied CuInS2 substrate
induces a space charge region and, hence, an electric eld at the
interface leading to charge carrier separation under
illumination.
Fig. 4 XPS spectra of the g-C3N4 powder (data shown in red) and a g-C3N4 film
on the CuInS2 electrode (data shown in black): (a) survey spectra, (b) C 1s core
level spectra, and (c) N 1s core level spectra. The C 1s and N 1s spectra were fitted
with a Voigt function (convolution of Gaussian–Lorentzian sum functions) after
Shirley background subtraction. The inset in (a) shows the secondary electron
cutoff edge of the g-C3N4 film on CuInS2.

6410 | J. Mater. Chem. A, 2013, 1, 6407–6415
High-resolution XPS of the C 1s core level spectra of the g-
C3N4 lm synthesized on CuInS2 chalcopyrite substrates reveals
three main components. The peak at lower binding energy (BE),
centered at 285.1 eV, can be attributed to carbon contamina-
tion, i.e. C–C, C–H, and/or C]C bonds. The two other compo-
nents at higher BE at 287.2 and 290.4 eV, respectively, are also
observable on the C 1s core level spectrum of the g-C3N4

powder. The g-C3N4 powder only reveals these two peaks, indi-
cating no contamination of aliphatic carbons. The main
prominent peak at 290.4 eV is attributed to sp2 carbon–nitrogen
bondings of the aromatic ring system – i.e. the s-triazine unit –
pyridine-like structure.17 The peak at lower BE at 287.2 eV is
assigned to tertiary nitrogen N–(C)3 groups, i.e. nitrogen trigo-
nally bonded to three sp2 carbon atoms in the C–N network
(graphitic-like nitrogen structure).

The N 1s core level spectra show a broad peak centered at
401.2 eV with a shoulder at higher BE. Deconvolution of the
data for the g-C3N4 powder reveals contributions of three peaks
at 401.1, 403 and 406 eV, respectively. The small peak at 406 eV
can be attributed to residual nitrite-like (NO2) groups at the
surface/near-surface region. In the case of the g-C3N4 lm on
CuInS2 chalcopyrite substrates, a further contribution at lower
BE at 397.8 eV can be observed. The dominant nitrogen peak at
401.1 eV is attributed to nitrogen atoms in an sp2-conguration
and bonded to two carbon atoms (s-triazine rings, pyridine-like
nitrogen atoms). The other peak at higher BE at 403 eV is
ascribed to tertiary nitrogen N–(C)3 groups, i.e. nitrogen trigo-
nally bonded to three sp2 carbon atoms in the C–N network
(bridge, graphitic-like nitrogen structure). Here again, the N 1s
core levels of the g-C3N4 lm on CuInS2 substrates are in good
agreement with those of the g-C3N4 powder. The region at 401–
403 eV is generally referred to as quaternary nitrogen, i.e. as
“graphitic” nitrogen when the nitrogen atom is incorporated
into the graphene layer, replacing therein a carbon atom.18
Fig. 5 (a) FTIR spectra and (b) Raman spectra of the g-C3N4 powder (red curve)
and a g-C3N4 film on CuInS2 (black curve).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Surface morphology of the (a) CuInS2 electrode and (b) g-C3N4 film
deposited on the CuInS2 electrode investigated by SEM measurements. Upper
and lower micrographs represent the top view and cross-section of CuInS2 and
the g-C3N4/CuInS2 heterosystem, respectively. The inset in the lower micrograph
(b) of the g-C3N4/CuInS2 electrode depicts a magnification of the cross-section.
Additionally, the photographs of the measured CuInS2 and g-C3N4/CuInS2
composite electrodes are shown as insets of the respective upper micrographs.
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Fig. 5 depicts the (a) FTIR and (b) Raman spectra of the g-
C3N4 powder and a g-C3N4 lm on CuInS2, respectively. As
expected, FTIR and Raman spectra of both the g-C3N4 powder
and the g-C3N4 lm on CuInS2 are quite similar, indicating that
the g-C3N4 lm prepared on the CuInS2 chalcopyrite electrode
presents identical vibrational modes as the g-C3N4 powder.
FTIR and Raman spectra are in good agreement with previously
reported data.19–23

In the FTIR spectrum of the g-C3N4 powder, the broad set of
intense peaks between 900 and 1700 cm�1 is characteristic of s-
triazine derivatives' vibrational modes like C–N and C]N
stretchingmodes,20 indicating thatnitrogen is chemically bonded
to carbon in the g-C3N4material. Thepeak at 805 cm�1 is assigned
to the breathing vibrational modes of s-triazine units.21,24,25 At
higher wavenumbers, another broad set of low intensity peaks
between 3000 and 3300 cm�1 can be observed and is attributed to
the presence of the stretching vibrational modes of primary
(–NH2) and secondary (]N–H) amines suggesting the hydroge-
nation of somenitrogen atoms in the g-C3N4material.19,25,26These
peaks are also associated with amine bridges. Moreover, a small
absorption peak at 2157 cm�1 can be noticed, and is assigned to
the cyano terminal group (C^N) and cumulated double bond
(–N]C]N– and similar species) in the powder.27

Raman spectra of both the g-C3N4 powder and the g-C3N4

lm are quite similar, and show two major broad set of peaks.
The two peaks at�1370 and�1570 cm�1 are attributed to the D
(for disorder) and G (for graphite) peaks, respectively, which are
related to sp2 carbon materials.22,28 At higher wavenumbers, two
further broad peaks of low intensity can be observed and are
characteristic of the second-order Raman features of D and G
peaks, respectively, which arise from overtones of modes with
“in-plane” atomic displacements.22,29 A further set of peaks is
observable at lower wavenumbers, indicating the lattice vibra-
tional and the internal modes, respectively.

In Fig. 6, the surfacemorphologyof (a) theCuInS2 chalcopyrite
electrode and (b) the g-C3N4 lm deposited on CuInS2 is investi-
gated by SEM. The top view SEMmicrograph in Fig. 6a indicates
that the CuInS2 lm has a dense and rough surface, which
consists of compact agglomerates of angular-shaped crystallites.
From the cross-sectional SEM micrograph of the corresponding
CuInS2 electrode a lm thickness of 2–3 mm can be deduced.

The surface morphology of the g-C3N4 lm is observed to be
highly porous consisting of craters and ditches on the mm scale
(see Fig. 6b, upper SEM image). The thickness of the g-C3N4 lm
is typically in the range of 80–100 mm, as can be observed on the
cross-sectional micrograph (Fig. 6b, lower SEM image). As
shown in the inset of the cross-sectional micrograph in Fig. 6b,
the deposition of the g-C3N4 lm does not result in a homoge-
neous coverage of the CuInS2 surface. However, due to its high
porosity, which realizes a large surface area, the modied
CuInS2 electrode is promising as a photocathode material since
a large surface area can considerably improve the photo-
electrochemical performance. Additionally, photographs of the
measured CuInS2 chalcopyrite and the g-C3N4/CuInS2
composite electrodes are inserted on the upper micrograph of
the respective SEM images. One can observe with the naked eye
the color changes of the electrode surface from dark-grey to
This journal is ª The Royal Society of Chemistry 2013
yellow, which indicates good coverage of the CuInS2 electrode
by g-C3N4 lms.

Current density–potential curves of the bare CuInS2 elec-
trode and g-C3N4 on the CuInS2 electrode immersed in 0.1 M
H2SO4 aqueous solution under intermittent light irradiation of
1 sun, are shown in Fig. 7. Additionally, the typical cathodic
polarization curves of both CuInS2 and g-C3N4 modied CuInS2
electrodes in the dark (solid line) and under light irradiation of
1 sun (dash-dotted line), respectively, are also presented in
Fig. 7. The potential was swept at a scan rate of 5 mV s�1

towards more positive potentials. The unmodied CuInS2
electrode reveals a current density of about 50 mA cm�2 at an
J. Mater. Chem. A, 2013, 1, 6407–6415 | 6411
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Fig. 7 Current–potential (J–E) curves of CuInS2 (black curve) and g-C3N4/CuInS2
electrodes (red curve), respectively, in 0.1 M H2SO4 aqueous solution (pH 1) under
intermittent solar-simulated irradiation of 1 sun conditions (1 sun ¼ AM 1.5 G
condition ¼ 100 mW cm�2). Additionally, the J–E curves in the dark (solid lines)
and under illumination of 1 sun (dash-dotted lines) are also shown. The potential
was swept from �0.6 to 0.2 V vs. Ag/AgCl reference electrode at a scan rate of 5
mV s�1 (anodic direction). The respective curves have been shifted vertically for
clarity. The x-axes are indicated by the dotted lines.
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applied potential of �0.6 VAg/AgCl in the dark. Under illumina-
tion of 1 sun, a cathodic photocurrent density of about�0.3 mA
cm�2 is reached, corresponding to a net photocurrent density of
�250 mA cm�2. This result emphasizes the applicability of
CuInS2 as a hydrogen evolving photocathode.

Many electrochemical studies on chalcopyrites (CuFeS2,
CuInS2, CuGaSe2, Cu(In,Ga)Se2, for instance) have already been
performed in a variety of aqueous electrolytes covering the
whole pH range in order to understand the electrochemical
processes which occur at the semiconducting electrode–liquid
interface.30–40

Several irreversible reactions can occur at the surface
resulting in degradation of the material. It is known that by
polarizing the electrode with anodic potential under light,
competitive reactions can occur, resulting in dissolution of the
metals as cations, aggregation of elemental sulfur at the surface
or formation of soluble oxygenated species. Those reactions can
cause signicant (photo)corrosion and considerably limit the
conversion of solar energy into chemical energy. Moreover,
some oxidative photodecomposition reactions of CuInS2 in
aqueous acidic solutions are listed in the report of Cattarin
et al.35 Thus, at the rest potential or higher anodic potential
range applied in this study, several reactions can occur leading
to the formation and/or the presence of several chemical species
such as covellite (CuS), chalcocite (Cu2S), cations (Cu+, Cu2+,
and/or In3+) or elemental sulfur (S) to name the principal
ones.31,34 However, the dissolution of metals from the chalco-
pyrite is slow, even in highly acidic solutions, and successful
methods are well-known in leaching copper.41,42 In order to test
if any dissolution or photocorrosion process at the semi-
conductor/electrolyte interface may interfere with the reduction
6412 | J. Mater. Chem. A, 2013, 1, 6407–6415
of protons, cyclic voltammetry studies were performed in the
dark and under illumination. The absence of reduction and
oxidation peaks in the cathodic and anodic regions, respec-
tively, suggests that soluble species like covellite and/or chal-
cocite (which are involved in the reduction and oxidation
processes) are not present or do not exceed negligible amounts
in our system. Charge transfer appears therefore not to be
dominated by (photo)corrosion even in this aggressive electro-
lyte. It is therefore assumed that the measured photocurrent
density predominantly results from light-induced hydrogen
evolution.37,38 These observations support the conclusion that
polycrystalline CuInS2 thin lms can act as a photocathode in a
PEC device for water splitting. Thus, the H+ protons are pho-
toelectrochemically reduced to hydrogen gas under acidic
conditions at cathodic potentials. Moreover, polycrystalline
CuInS2 was found to generate cathodic photocurrents at
potentials up to +0.21 V vs. RHE in 0.1 M H2SO4 aqueous
solution. This onset potential and the measured photocurrent
are higher than those of the Pt/CuInGaSe2 substrate in the same
electrolyte as reported by Domen et al.8 This result demon-
strates that the CuInS2 photoelectrode reveals a more positive
onset potential by about +0.11 V than the Pt/CuInGaSe2 het-
erojunction. It is known that the photocurrent onset is related
to the kinetics of the electron transfer at the solid–liquid
interface. Therefore, our observations provide clear evidence for
the improved rate of electron transfer at the interface of the
CuInS2 electrode.

With introduction of the g-C3N4 surface lm, this onset
potential is furthermore shied to a higher anodic potential by
about +0.15 V in comparison to the bare semiconducting
CuInS2 electrodes as shown in Fig. 7. Therefore, cathodic
photocurrents are generated at potentials up to +0.36 V relative
to the hydrogen redox potential which points to benecial band
alignment between the lm and the substrate, i.e. a negative
(downward) band bending in the chalcopyrite, corresponding to
the difference of the respective work functions. In a recent
report, the photoactivity of g-C3N4/CuGaSe2 composites has
been investigated.17 In comparison to this heterojunction, the g-
C3N4 lm on the CuInS2 electrode shows a strong enhancement
by a factor 50.17 However, in comparison to the bare CuInS2
substrate, the photocurrent response of the heterosystem
appears to be reduced by almost 60%. This observation suggests
considerable light absorption losses in the g-C3N4 lm. Those
losses have to be ascribed to the low charge carrier lifetimes in
the g-C3N4 lm which are discussed further below in more
detail. Transfer of electrons, photogenerated in the substrate, is
therefore presumably restricted to sites where the g-C3N4 lm is
ultrathin, reducing thus the effective electrode area and the
overall photocurrent density. The lms, as investigated here,
therefore act as protective surface coverage of the CuInS2
substrate and allow for shiing of the onset potential for
hydrogen evolution to more positive values. They limit,
however, the conversion efficiency of incident photons to
charge carriers.

It is expected that further improvements in lm fabrication
will help overcome this detrimental side-effect. Dwell time and
heating temperature rate, for instance, both play an important
This journal is ª The Royal Society of Chemistry 2013
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role in smoothness of the lm, adhesion to the substrate and
electronic properties. Moreover, deeper insight into the photo-
activity of the resulting g-C3N4 lms is required and will be
gained by wavelength-dependent photoelectrochemical
measurements with and without photoresponsive substrates.
These studies are underway and will be discussed in a future
report.43

To examine the stability of the cathodic photocurrent
generated by the g-C3N4/CuInS2 composite electrodes, a
constant potential of �0.5 V vs. Ag/AgCl was applied. The time
course of the photocurrent for g-C3N4/CuInS2 composite elec-
trodes immersed in 0.1 M H2SO4 aqueous solution under
continuous visible light irradiation of 1 sun is shown in Fig. 8.
The inset in Fig. 8 depicts themagnication of the change in the
photocurrent between 0 and 240 min. The composite electrode
was rst measured in the dark during the rst 5 min and then
the electrode was illuminated continuously by visible light (l >
400 nm) for 22 h. The cathodic photocurrent increased
constantly for about 3 h to reach about 50 mA cm�2 and then
kept constant at an almost steady value for more than 19 h. Aer
22 h the light was turned off to conrm that the observed
current was light-induced. The increase of the photocurrent
during the rst 3 h is probably arising from the time needed for
the acidic solution to remove remnant segregated materials
from the surface, which presents defect surface states and acts
as surface recombination centers of photo-generated electron–
hole pairs, as also reported for another system (InGaN elec-
trode).44 Aer this rst period of time, the heterostructure
system (g-C3N4/CuInS2) maintains a constant photocurrent
value for about 19 h. As pointed out above, no indications were
found for cathodic decomposition of the heterostructure. This
result indicates, therefore, that our heterostructure system is
highly resistant to reductive decomposition, and presents high
photocorrosion and degradation resistance under acidic
Fig. 8 Time course of the photocurrent for the g-C3N4/CuInS2 electrode in 0.1 M
H2SO4 aqueous solution (pH 1) under continuous irradiation of visible light (l >
400 nm). The potential was kept at �0.5 V vs. Ag/AgCl reference electrode. The
inset shows the magnification of the change in photocurrent for the g-C3N4/
CuInS2 electrode between 0 and 240 min.

This journal is ª The Royal Society of Chemistry 2013
conditions. Moreover, analysis of the evolved gaseous products
by an in-line systemmass spectrometer conrmed the evolution
of H2 and O2.45 The results of Fig. 8 are therefore interpreted as
proof for the long-term stability of the photocathode. This
stability is rst and foremost attributed to the presence of the
polymeric g-C3N4 network that allows – to a limited extent –

transfer of photogenerated electrons from the substrate to the
electrolyte while direct contact of the chalcopyrite to the acidic
solution is suppressed.

Finally, the electronic and optical properties of the investi-
gated heterostructure are discussed in more detail. Chalcopy-
rites are known to show high solar-to-electric conversion
efficiencies, which are attributed to strong optical absorption
(due to the direct bandgap) and their exceptional carrier
transport properties. Herein, CuInS2 electrodes with a bandgap
energy of 1.5 V closely match the visible part of the solar spec-
trum. Polymeric g-C3N4 with its bandgap of approximately
2.7 eV can solely absorb effectively a moderate fraction of the
solar spectrum. In practice, the operating point of an effective
PEC semiconductor lm (here, the heterostructure composite
device) depends on the energetics (band edge positions) and
electrode kinetics (overpotentials). In the photocathode
conguration, a proper band edge alignment is critical to
minimize the required additional voltage bias from underlying
junctions to achieve high-efficiency PEC water splitting.

In Fig. 9, an idealized energy band diagram of the hetero-
structure g-C3N4/CuInS2 composite is proposed. The band edge
alignment of the composite photocathode is based on the XPS/
UPS analysis (see Fig. 4). The electrochemical and the absolute
scale of both the hydrogen reduction potential, me

H+/H2, and the
water oxidation potential, me

O2/H2O, are also presented on the
right side. From the literature, me

H+/H2 is referred to the vacuum
level, Evac, with values in the range between 4.4 and 4.7 eV.46–49

Here, me
H+/H2 was chosen to be equal to 4.6 eV corresponding to
Fig. 9 Proposed energy band diagram of the g-C3N4–CuInS2 heterosystem. The
respective work functions, F, electron affinities, c, and the resulting band-edge
alignments are shown as deduced from the XPS/UPS analysis. The electrochemical
and the absolute scale are given on the right side. The hydrogen redox potential is
indicated as me

H+/H2, and the water redox potential as me
O2/H2O.46–49 The derived

energetic position of the CBM of �3 eV – i.e. the electron affinity, c – is negative
versus me

H+/H2, which allows the heterostructure composite electrode to operate
as the hydrogen evolving photocathode with reduced overpotentials. EFermi

n

denotes the quasi-Fermi level for excess minority electrons and VOC represents the
open circuit voltage under illumination.

J. Mater. Chem. A, 2013, 1, 6407–6415 | 6413
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the redox potential of the normal hydrogen electrode, NHE. For
the heterostructure based g-C3N4 lms, the electron affinity has
to be smaller than me

H+/H2 in order to efficiently transfer elec-
trons to protons in solution. Our very recent photoemission
results of g-C3N4 lms, covered with a thin surface oxide,
suggest a work function of F ¼ 4.3 � 0.1 eV aer photo-
electrochemical operation and an energetic distance between
the valence band maximum, EVBM, and the Fermi level, EF, of
DVBM�EF ¼ 1.4 � 0.3 eV. Considering the band gap energy of g-
C3N4 lms, Eg ¼ 2.7 � 0.1 eV, the electron affinity of g-C3N4

lms is deduced to be about 3 eV relative to Evac. These results
are indicative of an intrinsic g-C3N4 semiconductor and a
conduction band maximum, ECBM, of g-C3N4 energetically
positioned above the hydrogen redox potential me

H+/H2.
According to the different work functions, Fg-C3N4 and

FCuInS2, of the surface lm and substrate, Fermi-level equili-
bration takes place upon contact of the two materials, g-C3N4

and CuInS2. Due to the much higher conductivity of the
substrate, a space charge region is mainly created in the chal-
copyrite as shown in Fig. 9. The strength of the resulting band
bending can be approximately deduced from the difference DF

¼ Fg-C3N4 � FCuInS2. Under illumination, separation of photo-
generated carriers occurs at the interface of the heterostructure,
accelerating thereby electrons towards the solid–liquid inter-
face and holes towards the front-contact. With its protective
function, the g-C3N4 lm additionally suppresses defects
formation at the CuInS2 interface. At sites where the g-C3N4 lm
is thin enough, interface recombination is reduced and electron
transfer towards the electrolyte is enhanced. Therefore, g-C3N4

lms seem to act mostly as passivation layers in the study pre-
sented here and improve the stability of the composite electrode
(see Fig. 8) by reducing the surface and interface states, which
play an important role in photocurrent losses due to recombi-
nation processes.

In the case of the bare CuInS2 electrode with a bandgap
energy of 1.5 V, light with wavelength energy below 830 nm is
absorbed. In contrast, only a moderate fraction of the solar
spectrum can be effectively absorbed by the g-C3N4 lm due to
its bandgap of approximately 2.7 eV. Moreover, it is known that
a bandgap between 2.5 and 2.8 eV of the most common lms
used for PEC could limit achievable photocurrents. Therefore, it
is clear that the CuInS2 electrode beneath the g-C3N4 lm can
only absorb photons within the wavelength range of 460–830
nm (i.e., 1.5 eV < hn < 2.7 eV), i.e. below the bandgap of the
polymeric carbon nitride. Due to the short charge carrier life-
times in the g-C3N4 lm, photoelectrons excited by light with
wavelengths >460 nm can only contribute to the photocurrent
response where the lm thickness is in the nm range. Other-
wise, recombination takes place and attenuates the measured
photocurrent density.50,51 Transient photoluminescence studies
on g-C3N4 revealed recently an estimated value of the charge
carrier lifetimes of the order of 3 ns due to charge localization
and native defects.52 Therefore, the polymeric carbon nitride
structure is characterized by short minority carrier diffusion
lengths (<2 nm) that prevent efficient charge transfer in thick
lms. The thickness of the g-C3N4 lm is therefore the key issue
in designing an efficient heterostructured photocathode. For
6414 | J. Mater. Chem. A, 2013, 1, 6407–6415
this reason, controlling the lm thickness will be of major
importance for future device development. It is envisaged that
those ultrathin lms can simultaneously fulll the require-
ments as a protective layer and as an electronically active layer
without limiting the transfer of photoinduced electrons towards
the electrolyte.
Conclusions

For the rst time, we have provided clear evidence for the
benecial role of polymeric carbon nitride lms, g-C3N4, as a
protective layer on CuInS2 photocathodes. The photo-
electrochemical performance of the g-C3N4 lm/CuInS2 heter-
osystem under an illumination of 1 sun was observed to stably
operate for 22 h in acidic electrolytes. The conversion of solar
energy to chemical energy could be conrmed by mass spec-
trometric detection of evolving H2 and O2. Extensive analysis of
photoelectron spectroscopy results was used to devise a band
diagram of the junction with respect to the absolute as well as
electrochemical scale. From this analysis it follows that the g-
C3N4 lm assumes also an important electronic role upon
contact formation with the CuInS2 substrate. Fermi-level
equilibration leads to a downward band bending in the
substrate and, correspondingly, to a more positive onset
potential for hydrogen evolution than observed for the bare
substrate. On the other hand, the rate of electron transfer
towards the electrolyte is limited by short charge carrier life-
times in thicker regions of the g-C3N4 lm. Future develop-
ments will therefore focus on the design of ultrathin coverage
with a g-C3N4 lm in order to improve the overall photocurrent
output as well.
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