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Abstract

The effective utilization of abundant visible solar light for photoelectrochemical water splitting is
a green approach for energy harvesting, to reduce the enormous rise of carbon content in the
atmosphere. Here, a novel efﬁcient design strategy for p–n type nano-heterojunction
photoanodes is demonstrated, with the goal of improving water splitting efﬁciency by growing
low band gap p-CuFeO2 nanolayers on n-ZnO nanorods by an easy and scalable electrochemical
route. The photoconversion efﬁciency of p–n CuFeO2/ZnO photoanodes is found to be ∼450%
higher than that of pristine ZnO nanorod electrodes under visible solar light illumination
(λ > 420 nm, intensity 10 mW cm−2). The p–n CuFeO2/ZnO nano-engineering not only boosts
the visible light absorption but also resolves limitations regarding effective charge carrier
separation and transportation due to interfacial band alignment. This photoanode also shows
remarkably enhanced stability, where the formation of p–n nano-heterojunction enhances the
easy migration of holes to the electrode/electrolyte interface, and of electrons to the counter
electrode (Pt) for hydrogen generation. Therefore, this work demonstrates that p–n nanoengineering is a potential strategy to design light-harvesting electrodes for water splitting and
clean energy generation.

Keywords: photoelectrochemical cell, novel photoelectrode, NHs, energy harvesting, solar water
oxidation

1. Introduction
Photoelectrochemical (PEC) cells, which exhibit signiﬁcant
promise in the direct conversion of enormous quantities of
solar energy into electricity and chemical fuels (hydrogen and

hydrocarbons) is a remarkable approach to reduce environmental pollution caused by fossil fuels, and to the proper
utilization of renewable and green solar energy [1, 2]. Recent
studies on PEC water splitting reveal that the electrical
assembly of an n-type photoanode and a p-type photocathode

in series, forming a tandem cell, provides immense promise to
remarkably enhance solar energy conversion efﬁciency [3–5].
Since the PEC water splitting property of titanium dioxide
was reported [6], various n-type metal oxides, like TiO2, ZnO,
Fe2O3, WO3, BiVO4 etc, have been extensively investigated
as photoanodes for water oxidation [3, 7–13]. Among these,
ZnO is a very well-known photoanode, having excellent
photocatalytic and solar energy conversion properties due to
its favorable band edge energy position, remarkable electrochemical and thermal stability, non-toxicity and relatively low
cost [14–16]. Lacking high electron mobility and good stability, its poor light absorption outside the UV region of the
solar spectrum and high surface recombination of the charge
carriers reduce the photocurrent density and photocurrent to
hydrogen conversion efﬁciency in ZnO [16, 17]. Hence,
proper engineering is required to maximize the solar energy
harvesting properties of ZnO, along with the efﬁcient charge
carrier separation and transportation [16, 18–21].
On the other hand, various copper oxide based p-type
materials such as CuAlO2 [22], CuFeO2, CuRhO2 and
CuGaO2 etc have recently been explored as promising photocathodes for water reduction [22–26]. These novel p-type
materials are found to exhibit superior performance over
conventional CuO and NiO based photocathodes [24]. Most
interestingly, CuFeO2 has drawn intense interest as photocathode because of good light absorption properties (band gap
energy ∼1.5 eV), suitable band edge energy positions and
good stability in aqueous medium [23, 24, 27, 28]. Still,
CuFeO2 suffers from poor conductivity leading to recombination of photogenerated holes and obvious poor electron–
hole separation [24]. Hence, different strategies have been
adopted to overcome these problems, including doping and
the formation of hybrid structures based on CuFeO2 [24, 29].
In this context, here we have proposed a novel strategy to
design a p–n type CuFeO2-ZnO nano-heterostructure (NH) by
employing a facile low cost electrochemical technique to
enhance the PEC properties of the electrode material. The
p-type CuFeO2 nanolayer was electrodeposited on the ordered
arrays of n-type ZnO nanorods (NRs) grown on FTO substrate (see ﬁgure S1, available online at stacks.iop.org/
NANO/28/325401/mmedia in supporting information). It is
expected that, in this specially designed ZnO-CuFeO2 NH,
the low band gap p-type CuFeO2 is suitable to absorb the
whole spectrum of solar light to generate photoelectrons. Due
to the formation of a favorable p–n junction at the
CuFeO2-ZnO interface, the photogenerated electrons in the
thin CuFeO2 nanolayer will readily move towards the ZnO
NR core, resulting in efﬁcient charge carrier separation. The
electrons ﬁnally transfer towards the Pt electrode through the
FTO and generate hydrogen by reducing protons. Because of
the high generation rate of charge carriers, and low recombination rate of the same in this nano-engineered electrode the
photogenerated holes in the CuFeO2 will effectively diffuse to
the electrode/electrolyte surface and oxidize water. As
expected, the ZnO-CuFeO2 NH photoanode exhibits
enhanced PEC performance along with good stability and
enhanced solar to hydrogen conversion efﬁciency because of
the improved visible solar light absorption for electron−hole

pair generation, better charge carrier separation, and reduced
electron−hole recombination. The demonstration of the
inherent PEC mechanism of this p–n type photoelectrode
opens up new possibilities to design such nanostructures for
improved solar energy harvesting.

2. Experimental section
2.1. Reagents

FTO (Fluorine doped tin oxide) coated glass (Sigma Aldrich),
Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, Loba Chemie),
hexamethylenetetramine ((CH2)6N4), Loba Chemie), Ethanol
(C2H5OH), Copper Nitrate (Cu(NO3)2, Loba Chemie), Iron
(III) perchlorate hydrate (Fe(ClO4)3·xH2O, Alfa Aesar),
Potassium perchlorate (KClO4, Merck) and Dimethylsulfoxide (DMSO, Merck). All the chemicals are of analytical
grade and used without further puriﬁcation.
2.2. Fabrication of ZnO NRs on FTO

ZnO NRs were synthesized on the conducting FTO glass
substrate by a two step aqueous chemical growth process. In
this process, a ZnO seed layer was ﬁrst grown on the cleaned
conducting surface of FTO by employing a spin coating
technique using 0.1 M zinc acetate solution prepared in
ethanol; this process was repeated ﬁve times. Afterwards, the
substrate was subjected to heat treatment in air for 1.5 h at
350 °C. Then the FTO containing the ZnO seed layer was
dipped into a chemical bath containing a solution of 20 mM
zinc acetate and 20 mM hexamethylenetetramine at 90 °C for
2 h to grow vertically aligned thick arrays of ZnO NRs [21].
2.3. Fabrication of p–n CuFeO2/ZnO nano-heterojunction

The p–n CuFeO2-ZnO nano-heterojunction was fabricated by
electrochemically depositing p-type CuFeO2 on ZnO NRs at
−0.4 V using ZnO NRs/FTO as the working electrode, Ag/
AgCl as the reference electrode, and a platinum wire as the
counter electrode. In this cathodic electrodeposition process, a
DMSO solution containing 1 mM copper (II) nitrate, 3 mM
iron (III) perchlorate and 100 mM potassium perchlorate were
used as the electrolyte. Here, CuFeO2 was electrodeposited
for 3, 6 and 10 min on different ZnO NRs substrates. Finally,
the CuFeO2/ZnO nano-heterojunction ﬁlms were prepared by
annealing at 600 °C in an argon atmosphere.
2.4. Material characterization

In order to ﬁnd out the crystalline structure, x-ray diffraction
analysis was performed using grazing angle incidence (2°) of
the Cu Kα line (λ = 1.54 Å) with a step size of 0.15°
(GIXRD, Panalytical X’pert pro diffractometer). The
morphology of the nanostructures was examined by ﬁeld
emission scanning electron microscopy (FESEM, FEI Quanta
200) and atomic force microscopy (AFM, Bruker, INNOVA);
the compositions of the materials were analyzed by the energy
dispersive x-ray spectroscopy (EDAX) attachment of the
2

Figure 1. (a) FESEM micrograph of CuFeO2/ZnO (6 min) nano-heterostructure, (b) TEM image of nano-heterostructure, (c) HRTEM image

and (d) SAED pattern for the marked region of the heterostructure (C:CuFeO2 and Z:ZnO). (e)–(h) EFTEM micrographs of nanoheterostructure showing the presence of Zn, O, Cu, and Fe respectively. (i) GIXRD pattern of nano-heterostructure. (j)–(m) XPS core level
spectra for Zn 2p, Cu 2p, Fe 2p and O 1s respectively.

same instrument. Transmission electron microscopy (TEM)
and high resolution TEM (HRTEM) were performed with a
JEOL JEM 2100 to get a clear idea about the formation of
heterojunctions. Energy ﬁltered TEM (EFTEM) was
employed to get the elemental distribution in the as-prepared
nano-heterojunctions. The ionic states of the constituent
elements were also examined by the x-ray photoelectron
spectroscopy (XPS, VG Microtech VGX 900-W) with Mg Kα
beam line having a resolution of 0.9 eV at a vacuum level of
2.2 × 10−10 mbar. Light absorption and the band gap of the
materials were determined using the UV-Visible spectroscopy
(PerkinElmer Lambda 1050 UV/Vis spectrometer). The
electronic transition of the materials and carrier recombination
were analyzed using the PL spectroscopy (Horiba, FluoroLog-3 spectrometer).

material (p–n heterojunctions) as the working electrode, platinum as the counter electrode and Ag/AgCl as the reference
electrode in a 0.5 M aqueous solution of Na2SO4 of pH 6.4.
Linear sweep voltammetry was measured from 1.6 to 0 V
versus Ag/AgCl under a consecutive light on/off cycle with a
visible light (λ > 420 nm) source, having the intensity of
10 mW cm−2 at a sensitivity of 10−1A/V. Photoswitching
activities of the materials were envisioned by the I–t amperometry curve at 0.5 V external bias, for all the samples with the
same light source. The ﬂat-band potential was determined by
Mott–Shottky measurement from 0 to 1 V versus Ag/AgCl at
1 KHz frequency of the input signal for CuFeO2/ZnO electrode. Electrochemical impedance was recorded at 5mV of AC
perturbation, without applying any external DC bias.

2.5. Photoelectrochemical studies

3. Results and discussion

The photoelectrochemical performance of the photoelectrodes
were studied using a three electrode electrochemical workstation (CHI 660E, CH Instruments) by using the as-prepared

The top view FESEM image of the as-prepared arrays of
1D CuFeO2/ZnO (6 min) NHs is shown in ﬁgure 1(a). The
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as-grown NHs over a large surface area on FTO are presented
in ﬁgure S2 (supporting information), which clearly indicates
well-ordered homogeneous arrays of the same. However, the
distinct change in the morphology of the as-prepared NHs due
to the coating of CuFeO2 on the ZnO NRs can be found from
the FESEM image for CuFeO2/ZnO (6 min) presented along
with the FESEM image of pristine ZnO NRs in ﬁgure S3
(supporting information). The increase of surface roughness
of the NHs after the coating of CuFeO2 outer layer is also
evident from the AFM image of the surface (ﬁgure S3(c), in
supporting information). The FESEM micrographs also signify the uniform fabrication of nano-heterojunctions, where
the typical dimension of the 1D structure is about ∼100 nm.
Figure 1(b) shows a TEM image of mechanically broken parts
of the nano-heterostructure, which conﬁrms the retention of
nearly rod-like structure even after the electrodeposition of
CuFeO2. The formation of crystalline nano-heterojunctions is
further clariﬁed by the HRTEM micrograph (ﬁgure 1(c)) and
SAED pattern (ﬁgure 1(d)) recorded for the selected area of
the TEM image. The thickness of CuFeO2 on ZnO NRs is
found to be about ∼10 nm for CuFeO2/ZnO (6 min) sample
(see ﬁgure 1(c)). The HRTEM image clearly depicts the
polycrystalline nature of the nanostructure; the spacings
between adjacent crystal planes are 2.85, 2.59 and 1.91 nm
which correspond to the distance between crystal planes of
CuFeO2 (222), CuFeO2 (100) and ZnO (102) respectively.
The EFTEM images (ﬁgures 1(e)–(h)) of the nano-heterostructure again clearly demonstrate the uniform formation
of ultrathin CuFeO2 nanolayer on ZnO NRs core. The
thin distribution of elemental ‘Zn’ conﬁned to the core
(ﬁgure 1(e)) of the heterostructure, clearly indicates the presence of ZnO NRs at the core. On the other hand, the broad
elemental distribution of O, Cu and Fe over the domain of
elemental Zn demonstrates the good coverage of ZnO NR by
CuFeO2. Figure 1(i) shows the representative GIXRD pattern
of the as-prepared CuFeO2/ZnO (6 min) sample. It is notable
that for all the CuFeO2/ZnO samples the GIXRD pattern is
found to be identical. It is evident from ﬁgure 1(i), that both
the ZnO and CuFeO2 are polycrystalline in nature, where the
ZnO NRs have a preferential growth direction of (002), which
matches the hexagonal wurtzite structure of ZnO (JCPDS ﬁle
no. 89-1397) with P63mc space group. The XRD pattern of
CuFeO2 coincides well with the hexagonal structure of the
R3m space group (JCPDS ﬁle no. 85-0605) [27]. The broad
nature of the diffraction peaks of the CuFeO2 suggests the
nanocrystalline nature of the material. EDS studies have been
conducted for elemental information, and to get an idea about
the distribution of different elements on the surface of NHs
(ﬁgures S4 and S5, supporting information). The XPS core
level spectra (ﬁgure S6(a) in supporting information) of the
CuFeO2/ZnO NHs give useful information about the chemical composition and oxidation state of the material. The Zn
2p core level XPS spectrum (ﬁgure 1(j)) consists of doublets
positioned at 1022.3 and 1045.4 eV having the spin–orbit
energy splitting of 23.1 eV, and indicates the +2 oxidation
state of Zn [30]. However, the XPS spectrum of Zn 2p core
level of pristine ZnO NRs is found to consist of a doublet
positioned at 1021.8 and 1044.9 and eV (ﬁgure S6(b),

supporting information). Therefore, the shift of the Zn 2p
core level spectrum towards the higher binding energy in
CuFeO2/ZnO nano-heterostructure compared to pristine ZnO
NRs clearly indicates the change in the electronic structure of
Zn due to the formation of p–n heterojunctions [31, 32]. The
core level XPS spectra of Cu (ﬁgure 1(k)) shows two strong
peaks positioned at 932 and 952 eV, corresponding to Cu
2p3/2 and Cu 2p1/2 respectively, which indicates that the Cu
ion only exists in the +1 oxidation state [33]. The Fe 2p XPS
spectra (ﬁgure 1(l)) of CuFeO2 shows the presence of two
distinct peaks situated at 710.5 eV for Fe 2p3/2 and 724.7 eV
for Fe 2p1/2 and a weak satellite peak ∼719.9 eV indicates the
presence of Fe3+ in the material [33]. In ﬁgure 1(m), the O 1 s
core level XPS spectra appears at 529.4 eV, is attributed to
O2−, which also signiﬁes the binding of oxygen atom with
Zn, Fe and Cu.
The effect of the electrochemically deposited p-type
CuFeO2 on the PEC performance of the ZnO NRs photoanode is investigated using the linear sweep voltammetry
(LSV) under the illumination of visible light (10 mW cm−2,
wavelength >420 nm). Figure 2(a) shows the photocurrent
density versus potential (J−V ) curve of ZnO NRs and various
CuFeO2/ZnO NHs recorded in the potential window of 1.6 to
0 V under chopped light at the scan rate of 100 mV s−1. The
signiﬁcantly enhanced photocurrent in the CuFeO2/ZnO NH
samples compared to bare ZnO NRs under illumination
suggests the improvement of visible light absorption, photo
generation and conduction of carriers in the NHs. Here, to
maximize the collection of the photogenerated carriers and to
minimize the recombination of the carriers in CuFeO2/ZnO
NHs, the thickness of the p-type CuFeO2 nanolayer has been
tailored by changing the electrodeposition time of CuFeO2 on
ZnO NRs. It is evident that the thickness of the p-CuFeO2
nanolayer has a crucial role in controlling the photocurrent,
and this suggests the obvious inﬂuence of coating layer
thickness on the photogeneration of carriers and carrier collection. The dependence of the photocurrent density on the
deposition time of the p-CuFeO2 nanolayer on ZnO NRs is
shown in ﬁgure 2(b), recorded at 0.6 and 1.2 V versus Ag/
AgCl. It is evident that with the increase of the thickness of
the coating layer the photocurrent has increased signiﬁcantly
to 54 μA cm−2 (CuFeO2/ZnO (6 min)) from 12.34 μA cm−2
(CuFeO2/ZnO (3 min)), whereas the further increase in the
photocurrent for CuFeO2/ZnO (10 min) is not remarkable
(59 μA cm−2 only) compared to that of CuFeO2/ZnO (6 min)
NHs at a bias of 1.2 V versus Ag/AgCl. This indicates that
there is a critical thickness of the coating layer above which
the photocurrent cannot be improved; in our work we have
found that CuFeO2 nanolayers grown beyond 12 min of
electrodeposition reduce the photocurrent of the electrode. In
general, the increasing CuFeO2 thickness will enhance photon
absorption, and hence contribute to the generation of more
photocarriers. On the other hand, as the thickness of the outer
layer increases above a critical limit, the charge carriers
generated at the CuFeO2/electrolyte interface have to travel a
long path to reach the ZnO and FTO, and this enhances the
probability of recombination of the carriers as the driving
4

Figure 2. (a) Linear sweep voltammetry curves for the photoelectrodes performed under chopped visible light. (b) Variation of photocurrent

density with the thickness of the p-type nanolayer for the as-designed NHs. (c) photoconversion efﬁciency of the electrodes under
investigation. (d) photoswiching activity of the electrodes. (e) ln D versus transient decay time plot and (f) UV–vis absorption spectra of the
as-prepared electrodes.

force for carrier separation gradually becomes weaker with
the increase of the outer layer thickness [8].
The photoconversion efﬁciency or solar to hydrogen
(STH) efﬁciency, the measure of PEC water splitting performance of the photoelectrodes that requires an applied
voltage upon the illumination of light is evaluated by the
following equation [2]:
h% =

Jph ´ (1.229 - V )
Pin

the transient photocurrent decay occurring immediately upon
light illumination in I−t curves provide qualitative understanding about the charge recombination characteristics of the
photoelectrodes. When the light is switched on, the photocurrent increases immediately with a spike due to the sudden
generation of charge carriers on absorption of light by the
photoelectrodes. Immediately after the photocurrent spike,
photocurrent decay occurs, which is attributed to the recombination processes at the electrodes. The transients in photocurrents in the NH electrodes are thus attributed to the
accumulation of electrons due to the poor electron conduction
in CuFeO2 and electron–hole pair recombination occurring at
the electrode surface [10, 24, 34]. Transient decay time can be
evaluated from logarithmic plot of the parameter D, deﬁned as
[10, 35, 36]:

´ 100%,

where Jph is the photocurrent density at measured voltage, V
is the applied voltage versus Ag/AgCl, Pin is the power of the
illuminating light (10 mW cm−2). The photoconversion efﬁciency of the electrodes as a function of the applied voltage is
shown in ﬁgure 2(c). However, a comparison of the photoconversion efﬁciency of various ZnO nanostructure-based
photoelectrodes is summarized in table S1 (supporting
information). The as-prepared ZnO NRs show a maximum
photoconversion efﬁciency of 0.02% at 0.7 V versus Ag/
AgCl, whereas the optimal conversion efﬁciency of the
CuFeO2/ZnO (10 min) NH is about 0.11%, which is ∼450%
higher than the bare ZnO NRs. Interestingly, the
CuFeO2/ZnO (10 min) NH maintains a steady photoconversion efﬁciency (∼0.11%) within the potential window of 0.4
to 0.8 V versus Ag/AgCl.
The amperometric I−t curves obtained from ZnO NRs
and the various CuFeO2/ZnO NH photoelectrodes with
visible light on/off cycles (2 cycles) at 0.5 V versus Ag/AgCl
are shown in ﬁgure 2(d). The I−t curves for the same electrodes recorded with visible light on/off cycles for 400 s are
shown in ﬁgure S7 (supporting information). The studies on

D = (It - IF ) (IM - IF) ,

where It is the photocurrent at time t, IM is the maximum
photocurrent spike and IF is the steady state photocurrent
(when the recombination and charge generation reaches
equilibrium). The transient decay time for the electrodes is
deﬁned as the time at which ln D = −1 [10]. Figure 2(e)
shows the plots of ln D versus transient decay time for the
various electrodes. The transient decay time for CuFeO2/ZnO
(3 min) NHs electrode is 6.3 s, which is ﬁve times longer than
the transient decay time of bare ZnO NRs (1.2 s). For the
CuFeO2/ZnO NHs it is found that with the increase of the
CuFeO2 nanolayer thickness on ZnO NRs the transient decay
time gradually decreases from 6.3 s (CuFeO2/ZnO (3 min), to
4.6 s (CuFeO2/ZnO (6 min) to 2.4 (CuFeO2/ZnO (10 min)).
However, the longer transient decay time observed for the
5

CuFeO2/ZnO NHs compared to bare ZnO NRs indicates the
lower charge carrier recombination rate of the NHs compared
to the ZnO NRs, which is because of the reduction of surface
states in ZnO due to the coating of CuFeO2. The gradual
decrease in the transient decay time in the NHs electrodes
with the increase of CuFeO2 layer thickness suggests the
accumulation of electrons in the outer layer due to the
increase of the thickness of poorly conducting CuFeO2
nanolayer on ZnO NRs.
To gain a clearer idea about the charge carrier generation
in the electrodes, the light absorption property of the
electrodes has been studied. Figure 2(f) shows the UV–vis
absorption spectra for ZnO NRs and the various
CuFeO2/ZnO NHs. It is evident that the ZnO NRs exhibit
sharp band edge absorption in UV region ∼381 nm (3.26 eV).
All the CuFeO2/ZnO NHs show very similar band edge
absorption like the bare ZnO NRs except for signiﬁcantly
enhanced absorbance in the visible region, particularly within
the wavelength region of 400–600 nm. As usual, the visible
light absorption behavior for the NHs increases with the
increase of the thickness of the CuFeO2 nanolayer. The
CuFeO2/ZnO (10 min) electrode exhibits six times higher
light absorption than bare ZnO NRs at 450 nm. The remarkably enhanced visible light absorption property of the
CuFeO2/ZnO (10 min) compared to other NHs electrodes
conﬁrms the generation of large number of charge carriers in
the same. Although the charge carrier recombination rate in
the CuFeO2/ZnO (10 min) electrode is higher compared to
other electrodes (based on the transient decay time studies),
still the generation of the largest numbers of carriers in the
same due to visible light absorption makes it the most
effective electrode, with maximum photocurrent and STH
efﬁciency. All the electrodes also exhibit sharp absorption
edges in the UV region, which is found to be red shifted
compared to the pristine ZnO NRs; this is probably due to the
formation of shallow defect levels/interfacial states near the
band edge as a result of the formation of heterojunctions
[9, 37]. The UV–vis absorption spectrum of the p-CuFeO2
thin ﬁlm grown on FTO substrate shown in the inset of
ﬁgure 2(f) demonstrates the shape absorption edge of the
same around ∼800 nm, which corresponds to the band gap
(∼1.55 eV) of CuFeO2 [23]. This indicates that CuFeO2,
having favorable optical band gap energy, is suitable for
enhanced visible light absorption to generate large concentrations of electron–hole pairs.
For detailed understanding of the inherent mechanism of
charge carrier generation, carrier separation and carrier
transportation in the p–n type NH electrode, the electronic
energy levels of the as-prepared ZnO and CuFeO2 on FTO
have been investigated using the electrochemical impedance
measurements. The position of the ﬂat-band potential (Vfb) for
ZnO and CuFeO2 grown on FTO has been determined from
the Mott−Schottky plots (ﬁgures 3(b) and (c)) using the Mott
−Schottky equation [9, 21, 23, 24]:

where Cs is space charge layer capacitance, e is the electronic
charge, ò is the dielectric constant of the semiconductor, ò0 is
the permittivity of free space, V is applied potential, A is the
area of the electrode, Nd is the majority carrier density and
kT/e is a temperature dependent correction term. Vfb can be
determined by setting 12 to be zero, which is found by
Cs

extrapolation of the x-axis intercepts in the Mott−Schottky
plots. The positive slope for the ZnO NRs on FTO
(ﬁgure 3(a)) indicates the n-type behavior of the semiconductors with electrons as majority charge carriers. The
value of Vfb is −0.21 V versus NHE [38], for the as-prepared
ZnO NRs, where E(NHE) = E(Ag/AgCl) + 0.197 (unit in
V). On the other hand, the Mott–Schottky plot for CuFeO2
(ﬁgure 3(b)) indicates a typical p-type behavior, where the
near zero value of 12 in the ﬁrst region (accumulation region)
Cs
of the curve is because of the anodic voltages of the Vfb [27].
The second region the 12 shows a negative slope from which
Cs
the ﬂat-band potential of CuFeO2 is estimated to be +1.01 V
versus NHE, close to the reported value [23]. The position of
the Vfb in the n-type semiconductors indicates the position of
the bottom of the conduction band of the semiconductor
[39, 40]. Similarly, the position of the valence band maxima
edge in p-type semiconductors is assumed to be 0.1–0.2 eV
(versus vacuum) below the ﬂat-band potential [23, 41]. Now,
based on the calculated values of Vfb and the band gap energy
for ZnO and CuFeO2, obtained from the UV–vis absorption
study, the position of the corresponding conduction and
valence band edges are estimated and shown schematically in
ﬁgure 3(c) (for details see ﬁgure S8, supporting information),
where the redox potential of water splitting is shown at the
pH = 6.4 in aqueous solution, as the redox potential for water
splitting is found to be shifted −0.059 V pH−1 with the
change in pH value [42, 43]. Now, because of the formation
of a favorable p–n CuFeO2/ZnO junction the photogenerated
electrons in the conduction band of the p-CuFeO2 spontaneously transfer to the ZnO NRs and ﬁnally to the FTO.
Generally, for p-type semiconductors the photogenerated
electrons move into the electrolyte because of the favorable
band bending at p-type electrode/electrolyte interfaces [24],
but in this experiment the corresponding band position and
band bending at the p–n heterointerface is more suitable for
electron transport towards the ZnO NRs from the p-CuFeO2
rather than towards the electrolyte from p-CuFeO2 as shown
in ﬁgure 3(c). Therefore, here the p-CuFeO2/n-ZnO NHs act
like a photoanode with enhanced charge carrier separation,
which considerably reduces the electron–hole pair recombination in p-CuFeO2 along with its enhanced light absorption
property. The photogenerated electron will eventually reach
the Pt electrode via FTO and contribute to H2 generation. The
photogenerated holes in the valence band of p-CuFeO2 will
easily reach the electrode surface and contribute to O2 generation through water oxidation. Therefore, this unique design
strategy for p–n type NH photoanodes provides enhanced
photoelectrochemical performance based on the engineering
of the band structure at nano-heterointerfaces.
More information about the charge transfer process at the
semiconductor/electrolyte interface can be obtained from the

⎛
1
2
kT ⎞⎟
⎜V - Vfb ,
=
e 0 A2 Nd ⎝
e ⎠
Cs2
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Figure 3. Mott−Schottky plots of (a) pristine ZnO NRs and (b) CuFeO2 thin ﬁlms grown on FTO. (c) Approximate band position of the FTO,
ZnO and CuFeO2 along with the charge carrier separation and transportation in the heterojunction electrode with the redox potentials of water
splitting at pH = 6.4 in aqueous solution. (d) Photographs of the as-prepared electrodes.

Figure 4. (a) Nyquist plots for different photoelectrodes recorded at 0 V versus Ag/AgCl. Inset of ﬁgure 4(a) shows the equivalent circuit

corresponding to the Nyquist plots of CuFeO2/ZnO NH electrodes. (b) Photocurrent stability of different photoelectrodes under visible light
illumination.
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EIS studies on the electrodes [44]. Figure 4(a) shows the
Nyquist plots for the ZnO NRs and CuFeO2/ZnO NHs
photoanodes, plotted at a bias of 0 V versus Ag/AgCl, with
5 mV AC perturbation over the frequency range of 10 Hz to
1 MHz under the illumination of visible light. The EIS measurements vividly demonstrate the change in the interfacial
charge carrier dynamics of ZnO NRs after coating with
p-CuFeO2 nanolayers. Generally, the shape of the Nyquist
plots strongly depends upon the applied voltage used for the
measurement, and we have also noticed such variation in
shape with applied voltage. However, from the J−V curve
(ﬁgure 2(a)) it is also evident that the rate of charge transfer in
the NH photoanodes is signiﬁcantly higher than the rate of
charge recombination in the same compared to pristine ZnO
NRs. Hence, as expected, at the applied bias of 0 V versus
Ag/AgCl the Nyquist plot of the photoanodes shows only
one large arc (semicircle) [45], which corresponds to the
charge transfer process at electrode/electrolyte interface; here
the arc diameter in the Nyquist plot is the measure of charge
transfer rate. The gradual reduction of the arc diameter in EIS
spectrum in the CuFeO2/ZnO NHs compared to ZnO NRs
indicates signiﬁcant improvement in the charge transfer at the
electrode/electrolyte interface due to the formation of
p-CuFeO2 nanolayers on ZnO NRs. The equivalent circuit
corresponding to the Nyquist plots of the CuFeO2/ZnO NH
electrodes is shown in the inset of ﬁgure 4(a). Here, Rs is the
resistance of the electrolyte solution between the working
electrode and the Pt electrode. Rct is the charge transfer
resistance of CuFeO2 nanolayers for the CuFeO2/ZnO NH
electrodes. For the CuFeO2/ZnO NH (10 min) electrode, Rct
is measured to be 18.05 Ω cm2. C1 is the capacitance of the
CuFeO2 layer. R2 and C2 are the resistance and capacitance of
ZnO NRs, respectively.
Considering the practical application of the photoanodes,
the stability of the same has been tested for 10 h as shown in
ﬁgure 4(b). The as-prepared ZnO NRs photoanode exhibits
very unstable photocurrent where the photocurrent is found to
decrease constantly over the time frame; the photocurrent
decreases about 58% after 600 min. This result indicates
signiﬁcant recombination of the photogenerated carriers at the
surface of ZnO NRs due to surface defects. In contrast, all the
CuFeO2/ZnO NH photoanodes show remarkably enhanced
photocurrent stability—the photocurrent decreases only about
14%, 2% and 2% for CuFeO2/ZnO (3 min), CuFeO2/ZnO
(6 min) and CuFeO2/ZnO (10 min) respectively, after
600 min. Therefore, the p-CuFeO2 nanolayer also improves
the stability of the photoanodes remarkably. From ﬁgure 4(b),
it is found that the photocurrent decreases after the initial peak
current because of light illumination and this is due to the
recombination of the photocarriers immediately after photogeneration. However, it is also found that after a long run, the
photocurrent density of the CuFeO2/ZnO (6 min), and the
CuFeO2/ZnO (10 min) electrodes increases a little and this
might be because of thermal liberation of electrons from the
available shallow trap states near the conduction band edges
upon long time light illumination [46]. In fact, it is found that
the CuFeO2/ZnO NHs electrodes contain more interfacial

trap states than others as evidenced by the UV absorption
studies.

4. Conclusions
In summary, this work demonstrates an effective strategy for
the easy and cost effective fabrication of well-distributed
regular arrays of a novel p–n CuFeO2-ZnO NH by combining
electrodeposition and chemical synthesis, for potential
application in visible light PEC devices. The thickness of the
p-CuFeO2 outer layer has a crucial role in controlling the PEC
properties of the photoelectrodes; electrodeposition of
p-CuFeO2 for 10 min provides the optimal thickness of the
outer layer to maximize the PEC performance of the NH. The
same sample exhibits the maximum light absorption efﬁciency and photocurrent density (58 μA cm−2 at 1.23 V versus Ag/AgCl). The photoconversion efﬁciency of the
CuFeO2/ZnO (10 min) NH photoanode is also maximum
among the photoelectrodes, being ∼450% higher than that of
pristine ZnO NRs. The large transient decay time for the
CuFeO2/ZnO NHs compared to pristine ZnO NRs indicates
the lower charge carrier recombination rate in the NHs
compared to the pristine NRs, leading to enhanced charge
carrier separation in the NHs. The transient decay time for the
CuFeO2/ZnO NHs decreases with the increase of the thickness of CuFeO2 nanolayers. Still the CuFeO2/ZnO (10 min)
shows the best PEC performance, mainly because of the
improved light absorption resulting in large numbers of
photogenerated charge carriers, where the number of photogenerated electrons at the conduction band is still higher than
other electrodes after the initial recombination of the electron
−hole pair just after the illumination of the light. Furthermore, the EIS study demonstrates the most efﬁcient charge
transfer at the electrode/electrolyte interface for the
CuFeO2/ZnO (10 min) electrode. Based on the experimental
results and the proposed p−n junction band engineering it is
evident that the CuFeO2-ZnO NHs exhibit excellent visible
light absorption, large charge carrier generation, low electron
−hole recombination rate and good transportation of electron
towards the Pt electrode because of favorable energy band
tuning, resulting in enhanced PEC performance for solar
water oxidation. Overall, this nano-engineering design strategy could also be employed to other solar energy harvesting
devices where large charge carrier generation, low carrier
recombination and good charge transportation are the basic
requirements to enhance the PEC efﬁciency.
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