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Efficiency enhancement in photoelectrochemical water splitting: Defect passivation and boosted
charge transfer kinetics of zinc oxide nanostructures via chalcopyrite/chalcogenide mix sensitization
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ZnO thin films in nanorod (NR) and nanoflower (NF) morphologies were used as photoelectrode scaffolds
for efficient visible-light-driven photoelectrochemical (PEC) water splitting process, where their decoration with
copper indium gallium sulfide (CIGS) and indium sulfide (In2S3) layers resulted in significant PEC performance
enhancement. ZnO NF/CIGS/In2S3 photoelectrodes exhibited a remarkably high PEC efficiency (∼6.0% applied
bias photon-to-current efficiency, 83% incident photon-to-current efficiency) due to the negligible dark current,
while ZnO NR/CIGS/In2S3 generated a photocurrent density of 30.0 mA.cm–2 at 0.4 V (vs Ag/AgCl), being
one of the highest performances reported in the literature for copper-based chalcopyrite photoelectrodes so
far. The interfacial photoelectrode-electrolyte charge transport dynamics, investigated via intensity-modulated
photocurrent spectroscopy, exhibited a sevenfold increase in charge transfer efficiencies with a significant drop in
surface recombination kinetics for ZnO NF after CIGS/In2S3 decoration. The obtained results show consistency
with numerically modeled electric field distribution profiles and electron paramagnetic resonance results of ZnO
NF, rationalizing the enhanced charge transfer rates for decorated samples and confirming the defect passivating
nature of CIGS/In2S3.

DOI: 10.1103/PhysRevMaterials.5.125403

I. INTRODUCTION

Humankind must instantly hasten the progress of renew-
able energy to reduce greenhouse gas emissions caused by
fossil fuel consumption [1]. In this regard, the utilization of
solar radiation as a high-capacity energy source to achieve
sustainable energy for replacing fossil fuels has been con-
sidered as a feasible method to unravel environmental issues.
The photoelectrochemical (PEC) water splitting process, em-
ploying semiconducting materials for the direct conversion
of solar energy into hydrogen gas, has been considered as
an alternative renewable energy conversion technique to de-
crease the consumption of traditional fuels [2–5]. Optical and
electrical properties, as well as the efficiency and stability of
the photoelectrode materials, are the key factors to achieve
successful PEC water splitting [6–8].

Zinc oxide (ZnO) is one of the most promising and
thoroughly investigated photoanode materials owing to its

*msankir@etu.edu.tr
†nsankir@etu.edu.tr; ndsankir@gmail.com

excellent properties, such as nontoxic nature, the direct
bandgap of ∼3.3 eV, and high photosensitivity [9–11]. Addi-
tionally, the cost-effective manufacturing routes of ZnO at low
temperatures result in various morphologies such as nanorod
(NR), nanowire (NW), nanotube, nanosheet, and nanoflower
(NF) structures depending on the growth conditions [9,12,13].
Previously, the effect of morphology of the metal oxide nanos-
tructures on PEC performance has been reported [9,12]. Based
on the literature, it can be concluded that nanostructured
photoelectrodes resulted in better solar water splitting perfor-
mance due to the enhancement of light trapping and surface
interactions. However, there is still a need to further increase
the PEC energy conversion efficiency of metal-oxide-based
electrodes. Hence, intensive effort is put into the design of
visible-light-active photoelectrodes with high efficiency and
stability for utilizing maximum sunlight. Metal doping and
sensitizing with another semiconductor having a narrower
bandgap are some of the commonly encountered ways to
increase the light activity of ZnO-based photoelectrode ma-
terials [14].

Copper-based semiconductors in the chalcopyrite crys-
tal phase such as CuInS2, CuGaS2, Cu(In, Ga)S2, and
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Cu(In,Ga)S,Se are considered auspicious light absorber mate-
rials in photovoltaic (PV) applications [15–18]. Additionally,
for copper indium gallium sulfide (CIGS)-based PV devices,
cadmium sulfide (CdS), which is found to be extremely
supportive in diminishing the recombination for enhanced
efficiencies, is the most commonly encountered buffer layer
material [19–21]. Consequently, CIGS-based solar cells with
a CdS buffer layer have been reported to reach record efficien-
cies [22,23]. After these fruitful results obtained in the PV
area, chalcopyrite members have started to be implemented
in PEC water splitting systems [24–32]. Like PV devices, in
PEC applications of chalcopyrite-based photoelectrodes, CdS
has also been used to form p-n junctions [29,33,34]. However,
the highly toxic nature of Cd metal has led researchers to
pursue alternative materials for responding to environmental
concerns. In this regard, indium sulfide (In2S3) has been re-
ported as a possible predominant material over CdS to be used
as a buffer layer for chalcopyrite-based photoelectrodes due
to its stability and more ecofriendly nature with high carrier
mobility (∼17.6 cm2 V−1 s−1) and optimum bandgap energy
(2.0–2.8 eV) [30,35,36].

Herein, thin film photoanodes containing ZnO NR and
NF morphologies exhibit significant differences in optical
properties and hence eventuate in ultraviolet (UV)-originated
maximum incident photon-current efficiency (IPCE) values of
10 and 40% for NR and NF structures, respectively. Further
performance improvement has been achieved by introducing
CIGS/In2S3 layers to enhance the PEC activity throughout
the visible spectrum. The improvement in water splitting
performances has been expounded via electron paramag-
netic resonance (EPR) and intensity-modulated photocurrent
spectroscopy (IMPS) analyses, which examined the surface
defect activity and charge transport/recombination dynamics
after CIGS/In2S3 decoration. Furthermore, the electromag-
netic waves module of COMSOL Multiphysics has been
implemented as a fortiori numerical analysis to simulate the
electric field distribution of both pristine and CIGS/In2S3-
decorated ZnO nanostructures.

II. EXPERIMENTAL SECTION

A. Fabrication of photoelectrodes

Thin film photoelectrodes were prepared via chemical bath
deposition (CBD) and ultrasonic spray pyrolysis (USP) meth-
ods in a sequence as depicted in Fig. S1 in the Supplemental
Material [37]. Briefly, CBD deposition of ZnO nanostructures
on the fluorine-doped tin oxide (FTO) coated glass substrates
resulted in NF and NR morphologies by altering the anionic
species [9]. However, before the CBD process, we deposited
the ZnO seeding layer on FTO glass substrates via ra-
diofrequency magnetron sputtering (ZnO target with 99.999%
purity, Plasmaterials) at 60 W for 7 min followed by rapid
thermal annealing at 300 °C for 30 min (3 °C/s). The growth
of ZnO NF morphology on processed substrates was attained
using a 100 mL aqueous solution of urea [CO(NH2)2, 0.1
mol, 6.03 g] and zinc nitrate hexahydrate [Zn(NO3)26H2O,
0.005 mol, 1.48 g]. The pH of the CBD solution was set to
5.4 by adding nitric acid dropwise. The substrates were kept
vertically in CBD solution at 80 °C for 3 h to form ZnO NF

thin films. The reaction was ended by rinsing the substrates in
distilled water followed by calcination at 300 °C for 30 min.
On the other hand, ZnO NR morphology was obtained in a
100 mL aqueous solution of zinc chloride (ZnCl2, 0.003 mol,
0.41 g) and hexamethylenetetramine (HMTA, 0.005 mol, 0.84
g) at 80 °C for 3 h. The reaction was quenched after placing
the reactor in an ice bath for 2 min followed by rinsing ZnO
thin films in water. The calcination step was not applied for
ZnO NR morphologies. CIGS and In2S3 layers were deposited
on the nanostructured ZnO thin films via the USP method
as described in our previous works [16,30,38]. A schematic
illustration for the fabrication of the inversely configurated
photoelectrodes is given in Fig. S1(a) in the Supplemental
Material [37].

B. Material characterization

Environmental scanning electron microscopy (ESEM)
analysis was performed via QUANTA 400F Field Emission
SEM. X-ray diffraction (XRD) analysis, which allows
us to identify the differences in crystallographic phase
and crystallinity of ZnO thin films, was performed with
PANalytical/Philips X’Pert MRD system. UV/Vis (Perkin
Elmer, Lambda 650S) was used to collect transmission (T )
and reflectance (R) data using the bare FTO coated glass
substrate as a reference. The absorbance spectra of the thin
films were obtained from the evaluation of R and T data
using the formula A = 1 − (T + R) [39]. X-ray absorption
spectroscopy measurements consisting of extended x-ray
absorption fine structure (EXAFS) and x-ray absorption near-
edge spectroscopy (XANES) of Zn K-edges were made at the
XAFS/XRF beamline at Synchrotron-light for Experimental
Science and Applications in the Middle East (SESAME)
synchrotron light source located in Allan, Jordan. Because
of the variation in sample thicknesses, room-temperature
EXAFS analysis data at the Zn K-edge were gathered from
9625 to 9800 eV in fluorescence and transmission modes for
both ZnO thin films. ATHENA and ARTEMIS software were used
for the raw x-ray absorption data processing. PHI VersaProbe
was used to conduct x-ray photoelectron spectroscopy
(XPS) analysis. The collected data were corrected with
respect to the C1s internal reference peak of graphitic
carbon (BE = 285 eV) [40]. Additionally, individual O1s
spectra of both nanostructures were fitted into corresponding
Gaussian peaks via ORIGINPRO 2018 software. Defect content
investigations and light emission performances of NR and NF
structured thin films were analyzed via a Horiba Jobin-Yvon
Florog-550 photoluminescence (PL) system under 325 nm
He : Cd laser excitation wavelength. Like XPS, the investiga-
tion of the origins of defect-related emissions was performed
via Gaussian distributions through ORIGINPRO 2018. Emis-
sion spectra of thin film samples excited under corresponding
laser energy were obtained under 1 nm slit number within
380–1000 nm wavelength range. EPR measurements were
performed with a Bruker Benchtop EMX Nano spectrometer
with an integrated referencing for g-factor calculation and an
integrated spin counting unit. The microwave frequency of
the resonator was 9.41 GHz, and all spectra were measured
with 2 mW microwave power, 50 dB receiver gain, and 2 G
modulation amplitude at room temperature. Powder samples
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were inserted into spin-free quartz tubes (Qsil, Germany).
EPR analyses were performed using nanostructures collected
from CBD solution to obtain sufficient signals. As for the
CIGS/In2S3-deposited ZnO samples were scratched from the
surface to collect powder samples for EPR analysis. Due to the
large surface area, we could obtain enough powder samples
by scratching ZnONF/CIGS/In2S3. However, it was not
possible to collect enough powder for ZnONR/CIGS/In2S3

owing to the small surface area of the NR structure.

C. PEC measurements

PEC performance of the photoelectrodes was explored
using a Gamry Potentiostat in a three-electrode system.
The fabricated thin films (1 cm2 of active area) were used
as the working, platinum wire as the counter, and Ag/AgCl as
the reference electrodes in 0.35 M Na2SO3/0.25 M Na2S (pH
12.5) electrolyte solution. The illumination condition was pro-
vided by a 100 W Xenon arc lamp with an AM 1.5G filter with
100 mW cm–2 intensity (1 sun illumination) at room temper-
ature. IPCE data were collected using a monochromatic light
source (FemtoTera, Femto-RD5) at 0V (vs Ag/AgCl) in the
standard electrolyte. IMPS analysis of the photoelectrodes
was performed under 382 nm modulated light with the AC
amplitude of 200 mA and the frequency ranging from 0.1 Hz
to 25 kHz (FemtoTera, Femto-RD25). All the related equa-
tions to evaluate efficiencies and electrochemical impedance
spectroscopy results are given in the Supplemental Material
[37].

III. RESULTS AND DISCUSSION

A. Morphological and structural properties of pristine
ZnO thin films

ZnO NR and NF nanostructured thin films were employed
as the substructures for spray pyrolyzed CIGS/In2S3 hetero-
junctions. To recognize the effects of these two morphologies,
which are quite different from each other, on PEC perfor-
mance, the morphological and structural properties of the
pristine-ZnO thin film electrodes were thoroughly analyzed.
Figures 1(a) and 1(b) depict the cross-sectional ESEM im-
ages of ZnO NF and NR, respectively. ZnO NF forms in the
diameter range of ∼2–20 μm are recognized to be grown
on the NW-like structures with smaller sizes (see Fig. S1(b)
in the Supplemental Material [37]). The completely different
nucleation-and-growth mechanism caused by the addition of
nitric acid shifts the pH value of the reaction solution from
slightly basic to acidic during the NF formation. On the other
hand, a dense and uniform ZnO NR formation with an average
length of ∼1.4 μm can be seen in Fig. 1(b). Additionally, as
evidenced by the energy dispersive x-ray analysis, both ZnO
structures have a higher atomic percentage of Zn, showing
that both structures are formed with oxygen vacancies (Vo;
see Fig. S2(a) in the Supplemental Material [37]). Figures
1(c) and 1(d) depict the high-resolution transmission electron
microscopy (HRTEM) and transmission electron microscopy
(TEM) (inset) images of ZnO NF and NR nanoparticles, re-
spectively. The TEM image belonging to ZnO NF [Fig. 1(c),
inset] confirms a neat flowerlike structure with ∼2.0 μm
diameter while ZnO NR forms appear with an average di-

ameter of 0.5 μm and length of 1.4 μm. The clear lattice
fringe spacings (d spacing) of 0.24 and 0.26 nm confirm the
hexagonal wurtzite structure of ABAB … stacking for NF and
NR, respectively [Figs. 1(c) and 1(d)] [39–41]. Moreover, the
grains and domains arising in the HRTEM image of ZnO NF
indicate that the NF structure of ZnO is composed of small
crystal grains, while no grains and domains could be observed
in that of ZnO NR, demonstrating its consecutive crystallite
orientations. Both XRD patterns of ZnO NR and NF thin films
given in Figs. 1(e) and 1(f) indicate the hexagonal wurtzite
structure of ZnO (JCPDS No. 36-1451) [12,42,43]. However,
diffraction intensities of various crystal planes are observed,
indicating various crystal orientations in the NF sample owing
to the multidirectional nature of the leaves of the flowers. On
the other hand, for the NR structure [Fig. 1(f)], the diffraction
intensity of the (002) polar plane is dominant, as compared
with the (100) nonpolar plane, indicating growth in the c-axis
[44]. Additionally, strong reflexes, together with the HRTEM,
indicate a high degree of crystallinity for NR structure.

Further structural investigation of pristine ZnO thin films
was performed via Raman analysis [Fig. 2(a)]. The vibrational
modes of the corresponding ZnO nanostructures were stud-
ied to detect structural disorders and defects. ZnO, having
a wurtzite crystal structure, has four atoms in the unit cell
with the symmetry space group of C4

6v(P63mc) [45]. In group
theory, the optic modes exist for a wurtzite structure according
to the given equation �opt = A1(TO) + 2B1 + E1(TO) + 2E2.
Here, polar A1 and E1 modes split into transverse optical (A1

TO and E1 TO) and longitudinal optical (A1 LO and E1 LO)
modes. Conversely, E2 mode consists of low and high E2

and relates with the vibration of heavy sublattice Zn and O
atoms, respectively. Also, E2 (high) is observed as the most
intense peak at 439 cm–1 for both morphologies belonging
to the intrinsic characteristic Raman active mode of wurtzite
hexagonal ZnO. This peak is much more intense for NR mor-
phology. Additionally, the broadband detected at ∼584 cm–1

fits A1(LO) and is regarded as crystal structural disorders,
such as Zn interstitial and oxygen vacancies. Further, E1(LO)
mode is present at ∼1155 cm–1, while the A1(TO) band ap-
pears at 331 cm–1. Since the E1(LO) mode is also linked with
the defect structure, which could include oxygen vacancies
and interstitial Zn, both Raman spectra exhibited defect and
oxygen vacancy in crystal structures [46].

XAFS spectroscopy results were collected for the inves-
tigation of structural disorder around Zn atoms caused by
morphological variation. The K-edge absorption signals of the
Zn atom, which occur by the transition of 1s core electron to
the final state (unoccupied 4p level) can be seen in Fig. 2(b).
The absorption edge for both NR and NF begins to rise at
∼9660 eV and has a maximum of 9668 eV (denoted as A
and B). This main peak can be attributed to the Zn2+ dipole
that allowed electron transitions from 1s to the 3d final states
[47]. It has been previously reported that the intensity of this
peak could be increased by the local atomic configuration
lacking centrosymmetry [48]. The broadening in the main
peak at 9668 eV NR might be the result of eliminating the heat
treatment (calcination step) on the NR structure after CBD
growth. On the contrary, the NF thin film was calcinated at
300 °C after CBD growth to convert loosely bound Zn(OH)2
to ZnO, which also changes in bond lengths. Thus, the
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FIG. 1. Cross-sectional environmental scanning electron microscopy (ESEM) images for (a) ZnO nanoflower (NF) and (b) ZnO nanorod
(NR). High-resolution transmission electron microscopy (HRTEM) image with transmission electron microscopy (TEM) (inset) of (c) ZnO
NF and (d) ZnO NR. X-ray diffraction (XRD) patterns of (e) ZnO NF, and (f) ZnO NR thin films.

signals above the absorption edge at 9680 eV which are linked
to the scattering contribution from high coordination shells
show distinction [48]. The slight shift in K-edge absorption
obtained for the energies >9670 eV could be due to the ionic
Zn atoms resulting from electron share during the bonding in-
teractions [49]. The effect of heat treatment on XAFS spectra
was revealed for ZnO for causing a decrease in intensity of the
peaks consistent with the previously reported study [48].

FIG. 2. (a) Room-temperature Raman shifts obtained under 525
nm line excitation, (b) x-ray absorption fine structure (XAFS), (c)
x-ray absorption near-edge spectroscopy (XANES), and (d) extended
x-ray absorption fine structure (EXAFS) analysis results obtained
from ZnO NR and NF samples.

Despite the slight shift, it is possible to conclude that, in
XANES, the intensity of the white line (denoted as A and
B) related to charge-transfer effects is almost the same for
both structures. The data for the extended EXAFS analysis
obtained from the measured XAFS spectra by using ATHENA

and ARTEMIS software are given in Fig. 2(c). Both NR and
NF thin films display similar signal behavior. The radial dis-
tribution function of the EXAFS χ data in Fig. 2(d) shows
that bond lengths of O and Zn in both wurtzite structures are
quite similar as 0.15 and 0.29 nm for Zn-O and Zn-Zn bonds,
respectively. As a result, the x-ray absorption measurements
indicated that both morphologies of ZnO thin films have sim-
ilar electronic structures and bond lengths.

The elemental composition and detailed defect content
inspection of ZnO thin films were performed via XPS, PL,
and EPR analyses. Previously, it has been reported that
the elemental composition and the defect properties of the
ZnO-based photoelectrodes strongly affect the PEC and pho-
tocatalytic performances [50,51]. XPS data, which served
to elaborate the elemental composition of pristine ZnO thin
films, are given in Fig. 3. The survey spectra of individual
ZnO NR and NF films show the presence of characteristic
Zn and O peaks [Fig. 3(a)]. The investigation of the chemical
state of each film was performed via analyzing the Gaussian
distribution of their O1s peaks, separately. ZnO NR, which
was analyzed in our previous study, comprised a significant
shoulder formation at ∼530.8 eV; the O1s spectrum was fit-
ted into three Gaussian peaks marked as O1, O2, and O3
[52]. Here, considering the presence of an apparent shoulder,
a threefold deconvolution was preferred as a better fit. The
peak located at 530 eV belongs to the oxygen ions of the
wurtzite ZnO structure whose intensity denotes the number of
oxygen atoms in the completely oxidized surrounding [53].
The secondary peak appearing at ∼531 eV represents the
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FIG. 3. (a) X-ray photoelectron spectroscopy (XPS) survey spec-
tra and (b) deconvoluted O1s curve for ZnO nanoflower (NF). (c)
Photoluminescence (PL) spectra of ZnO nanorod (NR) and NF thin
film photoelectrodes. Deconvoluted PL curves for the ZnO (d) NR
and (e) NF defect identification. (f) Electron paramagnetic resonance
(EPR) spectra of ZnO NR and NF nanoparticles.

oxygen ions residing in the oxygen-deficient parts of the ZnO
matrix. Hence, the intensity of this peak gives a clue about
the amount of oxygen vacancy defects within the structure.
The latter peak (O3), appearing at higher binding energies
(532 eV), is ascribed to loosely bound, dissociated oxygen
or −OH species. The O1s spectrum of the ZnO NF struc-
ture, on the other hand, was successfully deconvoluted into
two fitting Gaussian peaks marked as O1 (530 eV) and O2
(531 eV) [Fig. 3(b)] [9,54]. Here, the low binding energy
peak stands for the O2– ions of Zn-O bonding, while the
higher binding energy peak represents the intensity of oxygen-
deficient regions [50,55]. Studies interpret interpret this kind
of a two-peak fitting as a relatively higher oxygen content due
to having more O2 molecules adsorbed to oxygen vacancy
regions [56,57]. Moreover, in contrast to NR structures that
are not exposed to a high-temperature calcination step, after
their CBD growth, NF thin films are annealed at 300 °C. This
annealing step ensures the conversion of loosely bound −OH
species into ZnO, therefore quenching the origin of the third
deconvolution peak. To interpret the evaluated data, a compar-

ison was established between the intensities of deconvoluted
O1s peaks (O1 and O2). This way, a clear image of the oxygen
vacancy concentration within both structures may be obtained.
Hence, the ratio of O2/O1 calculated for both nanostructures
was evaluated as ∼1.09 for NF and ∼0.98 for NR, showing
a more dominant presence of oxygen vacancy defects within
NF formations.

PL was conducted as an a fortiori analysis to better in-
terpret the defect content of ZnO NF and NR, individually.
The given technique also served as the detection of emission
ranges of both nanostructures. Analyzing the overall PL spec-
tra of ZnO nanostructures given in Fig. 3(c), two characteristic
peaks at wavelengths �380 and �550 nm are observed. The
primary peak appearing at the UV region represents the exci-
tonic emissions due to the presence of Coulombic forces in the
ZnO lattice. The next emission peak generating in the yellow-
green region is caused by the defects present in the ZnO
nanostructures. For the detailed analyses of the defect content
of both NR and NF structures, each individual PL peak at
the yellow-green region was deconvoluted into three Gaussian
bands [Figs. 3(d) and 3(e)], and detailed fitting data are given
in Table S1 in the Supplemental Material [37]. These corre-
sponding Gaussian bands are labeled as (i) OI for the 530–580
nm range, (II) OII for the 580–640 nm range, and (III) OIII for
640–800 nm range. According to the previous comments on
deconvoluted ZnO Gaussian bands reported in the literature,
peaks located within the 530–640 nm wavelength range of
OI and OII correspond to singly and doubly charged oxygen
vacancies denoted as V+

o and V++
o , respectively [58–60]. The

latter Gaussian band residing at the 640–800 nm region was
found to represent zinc vacancies (VZn) or oxygen interstitials
(Oi). Examining both nanostructures, it can be observed that,
for NF morphology, the total area remaining under the bands
representing the Vo (i.e., OI + OII) exceeds the area repre-
senting other types of defects (OIII) by 1.3-fold. The situation
is the opposite for NR structures containing higher amounts
of VZn/Oi than the total amount of oxygen vacancies [61,62].
Hence, a comparatively more Vo-rich defect content of ZnO
NF was confirmed via PL and XPS techniques.

Further investigation of the defects in pristine ZnO nanos-
tructures was performed via EPR. The EPR analysis was
performed on the powder samples which were collected from
CBD reaction solution to obtain reliable signals. A typical
defect signal observed for both pristine ZnO nanostructures
is generated due to singly ionized oxygen vacancies, as sup-
ported by the XPS and PL. These vacancies are the major
defect centers in ZnO, whereas ionized zinc vacancies, oxy-
gen, and zinc interstitials also contribute to this EPR signal
as a minor amount of defect centers. It is also known that the
theoretical first-principles calculation via density functional
theory suggests the lowest formation energy for the oxygen
vacancy defect center. In general, the bounded state defects
on the bulk volume give g-factors ∼1.96. As can be seen from
Fig. 3(f), there is a slight difference in g-factors between NF
and NR structures. This is closely related to spin-orbit inter-
action, morphology, and the synthesis route. All three facts
have an impact on the g-factor, eventually affecting the local
configuration and concentration of vacancies. This results in a
shift in the g-factor and the intensity of the EPR signal. The
ZnO NR powder shows a stronger EPR signal than that of
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FIG. 4. X-ray diffraction (XRD) patterns of the thin film pho-
toanodes with inset environmental scanning electron microscopy
(ESEM) images of (a) ZnO nanorod (NR) and (b) nanoflower (NF)
thin films after introducing CIGS/In2S3 layers. (c) Electron para-
magnetic resonance (EPR) spectra of pristine ZnO NF and ZnO
NF/CIGS/In2S3.

NF, which was caused by trapped electrons on the surface.
Oxygen vacancy on the surface inclines to adsorb atmospheric
O2 molecules and form reduced O−

2 to generate an intense
EPR signal [63].

B. Structural and optical properties of ZnO/CIGS/In2S3

thin films

The XRD patterns of the ZnO-based thin films after in-
troducing CIGS/In2S3 heterojunctions [Figs. 4(a) and 4(b)]
indicate the presence of characteristic chalcopyrite CIGS
(JCPDS No. 35-1102) and β-In2S3 (JCPDS No. 65-0459)
signals for ZnO NR and NF, respectively [30,64]. The char-
acteristic signals belonging to the FTO substrate observed
in Figs. 1(e) and 1(f) disappeared with the suppression of
the additional peaks of the CIGS/In2S3 heterojunction. In
addition, we confirmed that the morphologies of ZnO thin
films remain almost unchanged after spray pyrolyzing the
CIGS/In2S3 heterojunction, with the ESEM images given
as insets in Figs. 4(a) and 4(b). The results of the EDAX
analysis obtained before and after CIGS/In2S3 heterojunction
deposition are displayed in Figs. S2(a) and S2(b) in the Sup-
plemental Material [37]. Figure S2(a) in the Supplemental
Material [37] displays the Zn and O contents for both ZnO
nanostructures, indicating the higher content of Zn. After de-
position of CIGS/ In2S3, Cu, In, Ga, and S contents can be
observed in Fig. S2(b) in the Supplemental Material [37]. The
higher contents of In and S were observed due to the higher
pass number of In2S3 deposition during the spray pyrolysis
process.

The change in defect content after introducing the CIGS/
In2S3 layer was investigated via EPR analysis. As mentioned

before, the powder sample for ZnO/CIGS/In2S3 which was
obtained from the thin film surface was preferable to conduct
a more reliable EPR analysis. Thus, the surface of the thin
film was scratched to collect powder samples for EPR analysis
[Fig. 4(c)]. Due to the large surface area, we could obtain
enough powder samples by scratching ZnONF/CIGS/In2S3.
However, it was not possible to collect enough powder for
ZnONR/CIGS/In2S3 owing to the small surface area of NR.
In general, defects like vacancies and interstitials are mostly
diamagnetic. However, ZnO can trap electrons that ionize the
defects, and these singly or doubly ionized defects become
paramagnetically active and detectable by EPR. A typical
defect signal observed for both pristine ZnO nanostructures
[Fig. 3(f)] is generated due to singly ionized oxygen vacan-
cies. These vacancies are the major defect centers in ZnO,
whereas ionized zinc vacancies, oxygen, and zinc interstitials
also contribute to this EPR signal as a minor amount of defect
centers. In Fig. 4(c), the change in defect centers of NFs
are tested by scratching the thin film from the surface. Once
the NFs form the composite together with CIGS/In2S3, the
defect concentration reduces dramatically. Such a reduction
of defects shows that CIGS/In2S3 layers play the role of sur-
face passivating agents, therefore positively affecting the PEC
performance, as discussed later.

The optical absorbance of the ZnO/CIGS/In2S3 thin film
photoelectrodes is summarized in Fig. 5(a), indicating that
the absorbance in the visible region is comparatively better
for ZnO NF thin film photoanode owing to the multiple
reflections and light scattering, which later supports the
superior PEC performance compared with that of ZnO NR.
Moreover, both ZnO NR and NF photoanodes exhibited an
effective absorption edge ∼382 nm. The absorbance behavior
of the inversely configurated thin films exhibited a wide
range of UV-Vis absorption due to the CIGS/In2S3 layers.
It was also noted that the ZnO NF/CIGS/In2S3 thin film
has comparatively better absorbance in the entire visible
spectrum, possibly due to multiple reflections and scattering.
Figure 5(b) displays the steady-state PL spectra for the thin
film for ZnO/CIGS/In2S3 photoelectrodes. Both PL emissions
at ∼420 and ∼690 nm which are observed for ZnO NR and
NF thin films appear with a quenching effect after introducing
CIGS/In2S3 layers due to the enhanced charge separation
rendered by the CIGS/In2S3 decoration. It is also noted
that the emission at ∼560 nm, which is observed for the
ZnO NR/CIGS/In2S3 photoelectrode, appears possibly due
to radiative recombination between the VS and VIn defect
levels of In2S3, which has been reported for spray pyrolyzed
In2S3 [65,66]. In contrast to ZnO NR, ZnO NF/CIGS/In2S3

thin film does not exhibit this sharp defect-based emission,
possibly due to the suppression of PL emission resulting
from V+

o of the NF morphology explained in Fig. 3(e).
Figures 4(c)–4(g) display the XPS survey and high-resolution
XPS profiles of Cu 2p, In 3d , Ga 3d , and S 2p regions of
ZnO/CIGS/In2S3 thin films. In the In 3d region [Fig. 5(d)],
two characteristic signals, observed at ∼444.5 eV (In 3d5/2)
and ∼452.1 eV (In 3d3/2), are in good agreement with In+3.
The two signals residing at higher (951.8 eV) and lower
BE (931.9 eV) in the Cu 2p region having 19.9 eV of the
spin-orbit splitting is evidence of the Cu+ ion [Fig. 5(e)] [67].
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FIG. 5. (a) Ultraviolet (UV)-visible (Vis) absorption spectra, (b) photoluminescence (PL) curves, (c) x-ray photoelectron spectroscopy
(XPS) survey, and high-resolution XPS profiles of (d) In 3d , (e) Cu 2p, (f) Ga 3d , and (g) S 2p regions of ZnO/CIGS/In2S3 thin films.

C. Photo- and electrochemical performances of ZnO-based
thin films

The photocurrent density (J) vs applied potential (V )
curves acquired by linear sweep voltammetry measurement
are given in Figs. 6(a) and 6(b). Despite the comparatively
low photocurrent density (∼0.3 mA cm–2 at 0 V vs Ag/AgCl),
pristine ZnO photoelectrodes are still quite favorable for water
splitting reaction (see Fig. S3(a) in the Supplemental Material
[37]). Chronoamperometric tests performed under chopped

FIG. 6. J-V curves of the inverted (a) ZnO nanoflower
(NF)/CIGS/In2S3 and (b) ZnO nanorod (NR)/CIGS/In2S3 photoelec-
trodes. (c) Applied bias photon-to-current efficiency (ABPE%) and
(d) incident photon-current efficiency (IPCE%) obtained for pristine
and CIGS/In2S3 deposited ZnO nanostructures.

light at 0 V (vs Ag/AgCl) indicated that 74% of the initial
J remains for NF photoelectrodes after 2 h (see Fig. S3(b)
in the Supplemental Material [37]), while 57% of the initial
J remains for ZnO NR. Additionally, direct photocatalytic
hydrogen production from water indicates significantly im-
proved activity over ZnO NF. The initial H2-evolution rate
reaches 276.6 μmol h–1 g–1 over ZnO NF, which is ∼30
times higher than that of ZnO NR (see Fig. S3(c) in the
Supplemental Material [37]). This extreme enhancement in
photocatalytic performance of ZnO NF would be the result
of a higher surface-to-volume ratio that contributes to the
effective light absorption and quenched PL given in Figs. 5(a)
and 5(b). Indeed, the efficiency of the photogenerated charge
carrier density and recombination of the electron-hole pair
can be revealed by PL spectra since there is a direct rela-
tionship between PL intensity and photocatalytic efficiency
[68,69]. On the other hand, CIGS is known as a strong light
absorber material that can boost light absorption, resulting
in high photocurrent density. However, the lack of favorable
energetic alignment of the bare CIGS with the electrolyte
solution leading to inefficient charge separation of carriers
results in low PEC performance. Additionally, copper-based
chalcopyrites suffer from severe photocorrosion. Therefore,
the deposition of the In2S3 buffer layer on top of CIGS
supplied a better alignment between the photoelectrodes
and electrolyte solution. ZnO NF/CIGS/In2S3 photoelec-
trodes generated photocurrent density of 5.5 mA cm–2 at 0.4
V (vs Ag/AgCl) under 1 sun illumination [Fig. 6(a)]. On
the other hand, a record photocurrent density generation of
30.0 mA cm–2 at 0.4 V (vs Ag/AgCl) was achieved from
the photoelectrode with ZnO NR/CIGS/In2S3 configuration
[Fig. 6(b)]. However, a significant increase in dark current
was also noticed with increasing the potential, which based
on the previously reported works, has been attributed to the
electro-/photocorrosion of S2− and Cu+ [70]. It is important
to note that we have completely overcome the dark current
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FIG. 7. Mott-Schottky plots obtained for (a) ZnO nanoflower (NF), (b) ZnO nanorod (NR), (c) ZnO NF/CIGS/In2S3, and (d) ZnO
NR/CIGS/In2S3 thin films with corresponding Vf b and Nd values. Nyquist plot of (e) ZnO NF, (f) ZnO NR, (g) ZnO NF/CIGS/In2S3, and
(h) ZnO NR/CIGS/In2S3.

issue by using the three-dimensional (3D) ZnO NF electrode
beneath the CIGS/In2S3 layer [Fig. 6(a)]. Additionally, ad-
vantages of the inverted structure of the semiconductor layers
for solar cell applications have been reported [70]. Basically,
sandwiching the small bandgap absorber in between large
bandgap semiconductors increases the conversion efficiency
due to the enhancement in the absorption of the incident light,
charge generation, and collection in the active layer [70].
The stability test which was performed at 0 V (vs Ag/AgCl)
exhibited a rapid decline in photocurrent within the first four
cycles for both photoelectrodes, indicating the degradation
of the CIGS/In2S3 layers with time (see Fig. S3(e) in the
Supplemental Material [37]). However, after the fourth cycle,
photocurrent density stayed almost constant. Additionally,
electrodes based on ZnO NF performed with better stability
than ZnO NR. The PEC efficiency evaluation equations of
the photoelectrodes are given as Eqs. (S1)–(S3) in the Sup-
plemental Material [37]. The applied bias photon-to-current
efficiency (ABPE%) comparison data displayed in Figs. 4(c)
and S3(d) and S3(f) in the Supplemental Material [37], in-
dicate that the photoelectrodes with the CIGS/In2S3 layer
coating were boosted to 5.14 and 5.96% for ZnO NR and
NF, respectively. The lower ABPE was observed for ZnO
NR/CIGS/In2S3 configurated photoelectrode due to the high
dark current generation, despite very high photocurrent gen-
eration by this photoelectrode, as shown in Fig. 6(b). Figure
6(d) displays the IPCE% of all photoelectrodes before and
after decoration of the CIGS/In2S3 layers. The ZnO NF pho-
toelectrode exhibited four times higher IPCE than that of
ZnO NR-based photoelectrode, supporting the optical spec-
troscopy measurements. Consequently, the maximum IPCE%
value was evaluated as 83% at 382 nm illumination for the
ZnO NF/CIGS/In2S3 photoelectrode. We also note that each
layer of the photoelectrodes enhanced the IPCE% on their

individual active light absorption wavelengths, resulting in a
fluctuation in the overall IPCE measurement. All equations
used in evaluating ABPE% and IPCE% measurements with
related conversions are specified in the Supplemental Material
[37].

Electrochemical impedance spectroscopy (EIS) was used
as a nondestructive analysis for the characterization of the
interaction between semiconductor electrodes and electrolyte
solution. Additionally, EIS measurements were conducted
as as a fortiori analysis to validate the improvement in
photoelectrode-electrolyte interfaces after CIGS/In2S3 depo-
sition. Once the photoanode is submerged into the electrolyte,
significant changes occur in both the intrinsic and electrical
properties of the materials. Mott-Schottky analyses were per-
formed to evaluate the intrinsic parameters, which are the flat
band potential (Vf b) and density of charge carriers (Nd ), of
both pristine and CIGS/In2S3-deposited ZnO thin films [Figs.
7(a)–7(d)]. The well-known details of the flat band calcula-
tion and the charge density are given in the Supplemental
Material [37]. The obtained results show strongly negative
Vf b values for pristine ZnO NR and NF films with a sig-
nificant positive shift after CIGS/In2S3 deposition. Hankin
et al. [71] report that the reason for this sharp negativity
may arise due to the intense doping of n-type semiconduc-
tors. In other words, taking a closer look at Nd values of
both pristine and CIGS/In2S3-deposited ZnO NF, a distin-
guishable decrease in charge carrier concentration can be
observed after the deposition step. This shows that, in their
bare forms, ZnO NFs act as strongly doped semiconductor
materials (Nd =∼ 1020 cm–3), generating more negative Vf b

values, while after the incorporation of CIGS/In2S3 layers,
Vf b values increase, consequently resulting in a decrease in
Nd (∼ 1019). Moreover, it is highly important to note that it is
specifically the positive shift of Vf b that strongly increases the
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FIG. 8. (a) Charge transfer efficiency, (b) charge transfer rate, and (c) surface recombination rates of ZnO nanoflower (NF) and ZnO
NF/CIGS/In2S3 composite structures calculated using intensity-modulated photocurrent spectroscopy (IMPS) measurements.

charge transfer kinetics, which is in good agreement with the
increase in IPCE% and J-V performances after CIGS/In2S3

deposition on ZnO NFs [72]. A different situation applies for
ZnO NRs, which possess a strongly negative Vf b value but, on
the contrary, have a much smaller charge carrier concentration
(Nd =∼ 1018 cm−3). Przezdziecka et al. [73] report that the
low Nd value in ZnO thin films grown under low reaction
temperatures (<100 ◦C) is attributed to a higher ratio of oxy-
gen to zinc. This statement agrees with PL responses obtained
for ZnO NRs showing an increased amount of Oi. Analyzing
the Nd value for ZnO NR/CIGS/In2S3 thin films, a significant
positive shift in the Vf b value confirms an improved charge
transfer kinetics after the chalcopyrite/chalcogenide deposi-
tion. However, for these thin films, the Nd value also increases
from ∼1018 to ∼1019, which is assumed to be affected by the
postannealing step of ZnO NRs during consecutive CIGS and
In2S3 depositions.

Nyquist plots given in Figs. 7(e)–7(h) were used for the
evaluation of changes in electrochemical impedances of ZnO
thin films before and after CIGS/In2S3 deposition. The ob-
tained plots were fitted into suitable equivalent circuits (ECs)
containing basic circuit elements such as resistors and ca-
pacitors. The standard Randles EC with the addition of the
Warburg element was selected as the suitable circuit for the
obtained plots where series resistance (RS), representing the
solution resistance and capacitor (C), are connected in parallel
to charge transfer resistance (RCT), symbolizing the resis-
tance between semiconductor and electrolyte solution. [9]
The detailed elaboration of each circuit element specified in
the tabulated form of Figs. 7(e)–7(h) shows approximately
close RS values for all four photoelectrodes (see Eqs. (S4)
and (S5) and Table S2 in the Supplemental Material [37]).
However, a distinguishable decrease can still be observed for
RS values because of CIGS/In2S3 incorporation. Moreover,
higher RCT was evaluated for pristine ZnO NR, proving a
more resistive charge transfer mechanism between electrodes
and electrolyte solution. On the other hand, a very strong
RCT drop can be reported for the CIGS/In2S3-deposited thin
films. These results, being in remarkably good agreement with
the obtained performance values, evidence that the increas-
ing current densities and efficiencies are strongly connected
to the improved charge transfer kinetics because of the in-
corporation of inverted configuration. Thus, the conducted
EIS analyses were used as additional crosscheck charac-
terization proving the occurrence of an appreciable change
in electrical properties of ZnO thin films after CIGS/In2S3

deposition.

Since the PEC performances of the pristine and
CIGS/In2S3-heterojunction-decorated ZnO NF thin film pho-
toelectrodes were found to be more efficient, we focused
on the investigation of the charge transport and recombi-
nation rates of these photoelectrodes in detail. IMPS is a
very powerful technique to understand the charge transport
and recombination rates between the photoactive electrode
and electrolyte solution [74,75]. Thus, IMPS was used to
determine the charge transport and recombination rates be-
tween the ZnO NF electrodes and electrolyte solution. The
schematic illustration of the processes at an illuminated n-type
semiconductor/electrolyte solution interface is given in Fig.
S4(a) in the Supplemental Material [37]. The transfer function
(H) is calculated by dividing the modulated photocurrent by
the modulated photon flux. Here, H is also defined as the
frequency-dependent external quantum efficiency, which is
used to determine PEC kinetics and mechanisms. Generally,
charge transfer and surface recombination mechanisms are
considered. The rates of charge transfer (ktr) and surface
recombination (ksr) can be calculated by using the Im H
vs Re H plot, as shown in Fig. S4(b) in the Supplemental
Material [37]. The charge transfer efficiency (ηtrans) can be
calculated by dividing the high-frequency intercept to the
low intercept of the Im H vs Re H plot, as described in
Eq. (S6) in the Supplemental Material [37]. The Nyquist
plot of Im H vs Re H of the pristine and CIGS/In2S3-
deposited ZnO NF under 0 V applied bias (vs Ag/AgCl),
382 nm modulated light with the AC amplitude of 200 mA,
and the frequency ranging from 0.1 Hz to 25 kHz, can be
seen in Figs. S4(c) and S4(d) in the Supplemental Mate-
rial [37], respectively. The charge transfer efficiency (ηtrans)
of the ZnO NF electrode enhanced by more than sevenfold
after CIGS/In2S3 decoration and reached 75% at 0 V bias
(vs Ag/AgCl) [Fig. 8(a)]. Additionally, IMPS results prove
that the CIGS/In2S3 decoration increased the charged trans-
fer rate while the surface recombination kinetic is lowered
[Figs. 4(b) and 4(c)]. As a result, it can be concluded that
spray pyrolysis of CIGS/In2S3 reduced the surface defects
of ZnO NF electrodes. As previously evidenced, the applied
heat during the pyrolysis process, chlorine-based metal salts
used in the spray solution, and electron transfer from a more
conductive layer through the ZnO surface can be reasons
for the reduction of the concentration of oxygen vacancies
[33].

Table I compares the performances obtained from this pa-
per with the related Cu-based chalcopyrite photoelectrodes
reported in the literature recently. As can be seen from
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TABLE I. Comparison of the literature reporting ternary sulfide photoanodes with cadmium- and cadmium-free configurations. NA =
not available.

Photoanode Electrolyte Jphoto (mA cm−2) ABPE% IPCE% Ref.

ZnONR/CIGS/In2S3 Na2S/Na2SO3 30 (@1.3 V vs RHE)a 5.14 65 at 0 V (Ag/AgCl) This paper
ZnONF/CIGS/In2S3 Na2S/Na2SO3 5.5 (@1.3 V vs RHE) 5.96 83 at 0 V (Ag/AgCl) This paper
ZnONW/In2S3/CIS Na2S/Na2SO3 2.4 (@0V vs RHE) NA 60 at 0.4 V (Ag/AgCl) [76]
CIS/ZnIn2S4 Na2SO4 0.7 (@1.23 V vs RHE) 0.08 NA [77]
CdIn2S3 Na2S/Na2SO3 5.7 (@1.23 V vs RHE) 2.49 60 at 0.6 V (RHE) [78]
CISe/Al2O3 Na2SO4/KOH 12.7 (@1.23 V vs RHE) NA 75 at 1.3 V (RHE) [79]
ZnONW/Ag/CIS Na2SO3/Na2S 0.07(@1.23 V vs RHE) 0.05 NA [80]
ZnONW/CdS/CIS Na2SO3/Na2S 13.8 (@0.3 V vs SCE)b NA NA [81]

aRHE is the reversible hydrogen electrode.
bSCE is the standard calomel electrode.

this table, CIGS and CIS photoelectrodes can act both as
photoanode and photocathode. Inverted configuration of ZnO
NR/CIGS/In2S3 and NF/CIGS/In2S3 photoanodes proved to
be highly efficient compared with the photoelectrodes fab-
ricated with high-cost noble metals and/or time-consuming
fabrication processes.

D. Electric field distribution of ZnO-based thin
film photoelectrodes

Finally, the electric field distribution of CIGS/In2S3-
decorated ZnO NR and NF structures were simulated by
COMSOL Multiphysics (License No.: 17077178). Simu-
lation of electric field distribution in both pristine and
CIGS/In2S3-decorated ZnO nanostructures was performed via

Wave Optics/Electromagnetic Waves Module. Modeling in
NR structures was performed via frequency domain interface,
while beam envelopes were applied on more complex NF ge-
ometries. The given module utilizes the finite element method
(FEM) to solve the frequency domain form of Maxwell’s
equations. FEM can be described as a “numerical method”
which provides an approximate solution for a boundary value
problem. In more detail, a FEM converts the differential equa-
tions into a much simpler linear system of equations. The
solution of both interfaces is based on the solution of modified
Maxwell’s equations:

∇x
(
μ−1

r ∇xE
) − ω2

c2
0

(
εr − iσ

ωε0

)
E = 0. (1)

FIG. 9. The electric field distribution model of (a) bundle and (b) single ZnO nanorod (NR)/CIGS/In2S3 with its corresponding cross-
sectional scanning electron microscopy (SEM) image. Electric field distribution model of (c) bundle, and (d) single-petal ZnO nanoflower
(NF)/CIGS/In2S3 with a zoomed view representing the upper chalcopyrite-chalcogenide layers and a cross-sectional SEM image.
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Figures 9(a)–9(d) and S5 in the Supplemental Material
[37] depict the distribution of the magnitude of the elec-
tric field, as indicated by the color scale, for CIGS and
In2S3-decorated single and bundle ZnO NR and ZnO NF,
respectively. The required optical functions (refractive index n
and extinction coefficient κ) of the CIGS and In2S3-deposited
glass substrates were calculated from spectroscopic ellipsom-
etry measurements (see Fig. S6 in the Supplemental Material
[37]). As can be seen from these figures, ZnO NF samples
present a higher magnitude of the electric field distribution
than the ZnO NR, most probably due to the greater light-
scattering obtained for the NF structure. Similarly, Shi et al.
[82] reported that the tungsten trioxide helix nanostructures
resulted in higher electric field intensity with more complex
distribution than other structures like NRs due to the greater
light-scattering cross-section. Additionally, ZnO NR arrays
decorated with CIGS/In2S3 had a more complex electric field
distribution than that of single NRs. On the other hand, ZnO
NF structures had a more homogenous distribution with a
higher amplitude, consistent with the higher charge transfer
rates calculated for CIGS/In2S3-decorated ZnO NFs using
IMPS measurements.

IV. CONCLUSIONS

The enhancement in PEC performance by increasing the
surface-to-volume ratio of ZnO nanostructures that results
in a more efficient light absorption has been presented.
Accordingly, spray pyrolyzed CIGS/In2S3 heterojunctions on
ZnO NR and NF nanostructures have been introduced as
light absorber materials acting simultaneously as a defect
passivation layer. PEC performance outcomes have shown
that the heterojunction photoelectrodes are extremely effi-
cient, generating very high photocurrent densities of 30.0
and 5.5 mA cm–2 (at 0.4 V vs Ag/AgCl) for NR and NF
morphologies, respectively. However, the increase in dark
current has lowered the photoconversion efficiency for ZnO
NR/CIGS/In2S3 photoelectrodes. On the other hand, almost

zero current density under dark conditions has been ob-
served for ZnO NF, resulting in remarkably high IPCE and
ABPE of 83 and 5.96%, respectively. EPR analysis, show-
ing a drastic diminishment in the defect concentration with
the decoration of a CIGS/In2S3 heterojunction on ZnO NF,
explains the outstanding enhancement in PEC performance.
In addition, IMPS outcomes have proven that the charge
transfer rate increased while the surface recombination kinetic
has been lowered with CIGS/In2S3 decoration. Numerical
calculations of the pristine ZnO nanostructured thin films
showed that NF exhibited a higher magnitude of the electric
field distribution than ZnO NR, supporting the experimen-
tal outcomes. More complex electric field distribution has
been observed after the addition of the CIGS/In2S3 layer
on NR. Consequently, with this paper, we have proven that
the CIGS/In2S3 mixed sensitization of the ZnO nanostruc-
tured thin films not only enhances the light absorption but
also improves the charge transfer rate and surface defect
passivation. Furthermore, in this paper, we have revealed
the key physical parameters, such as surface recombination
and charge transfer mechanisms and rates, in understand-
ing the use of chalcopyrite/chalcogenide mixed sensitization
of metal oxide nanostructured thin films not only for
solar water splitting but also many other photoelectric related
applications.
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