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n-type ZnO:Cu photoanodes were fabricated by simple spray pyrolysis deposition technique. Influence of low concentration (range
∼10−4–10−1%) of Cu doping in hexagonal ZnO lattice on its photoelectrochemical performance has been investigated. The doped
photoanodes displayed 7-time enhanced conversion efficiencies with respect to their undoped counterpart, as estimated from
the photocurrents generated under simulated solar radiation. This is the highest enhancement in the solar conversion efficiency
reported so far for the Cu-doped ZnO. This performance is attributed to the red shift in the band gap of the Cu-doped films and
is in accordance with the incident-photon-current-conversion efficiency (IPCE) measurements. Electrochemical studies reveal an
n-type nature of these photoanodes. Thus, the study indicates a high potential of doped ZnO films for solar energy applications, in
purview of the development of simple nanostructuring methodologies.

1. Introduction

Ever growing environmental imbalances as “green house
effect” and an ever increasing energy demands of man have
accelerated the search of the photoactive materials for water
splitting under solar light irradiation [1–5]. At present, the
development of an efficient and a stable photoanode is one of
the key issues in the solar photon-induced photoelectro-
chemical (PEC) water-splitting research. Transition metal
oxides are the promising candidates for the PEC hydrogen
production due to their high stability in an aqueous solu-
tion, their low cost, and their scalability for the large-scale
applications [6–9]. Further, the important parameters as their
appropriate band energetics, low electrical resistance, and the
good corrosion resistance in an electrolyte make them the
best suited candidate for the PEC photoanode applications
[2, 10]. However, most of the metal oxides studied in the
past exhibit a large band gap, thus making them ineffi-
cient in absorbing the visible light photons, which form
the major portion of sun light [11–13]. Thus, it becomes
necessary to explore the new processing methods to reduce

the photoanodematerial band gap, and they efficiently utilize
the solar light reaching earth surface and generate the useful
energy.

Zinc oxide (ZnO) is one of the most important and a
well-studied metal oxide that received considerable attention
for various applications, such as pigment, photoluminescence
device, sensors, piezoelectric element, and varistor [14, 15].
Nevertheless, it has also been extensively studied as a pho-
toanode system due to its high electron mobility, and as it
possesses a good resistance to photocorrosion [16].This wide
band gap semiconductor exhibits a direct band gap of 3.2–
3.36 eV at room temperature and an exciton binding energy
of 60meV [17]. The band energetics required to photosplit
water are quite similar to TiO

2
[1], which is the first material

reported for PEC splitting of water; however, the large band
gap remains a key concern. Despite ZnO is a poor absorber of
visible light photons (Eg∼ 3.2 eV), its higher electronmobility
[15, 18–20] which is even larger than TiO

2
(155 cm2 V−1 s−1

versus 10−5 cm2 V−1 s−1) makes it superior and well-suited
material for current generating device applications in PEC
solar cells.
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Metal and nonmetal ion doping in ZnO lattice has
received tremendous attention during the past few decades.
This is because transition metal-ion doping is known to sig-
nificantly red shift its host lattice optical absorption in visible
light [21–23], as well as it yields a photoluminescent material.
In one such report, ZnO was modified to achieve a material
showing the capability of solar light-induced photoelectro-
chemical water splitting [18]. Recently, Sharma et al. [22, 23]
studied the effect of incorporation of chromium, nickel, and
ruthenium ions in ZnO lattice to understand its effect on
the PEC behavior of the nanocrystalline films. Dong et al.
[24] reported deposition of ZnO:Fe array thin films using
simple sol-gel hydrothermal technique, which exhibited 1.6
times enhancement inmethylene blue photodegradation effi-
ciency. Further, Zhang et al. [25] also reported an enhanced
photocatalytic activity of Fe-doped ZnO nanowires synthe-
sized using hydrothermal technique. Wu et al. [26] showed
that chromium-doped ZnO nanowires show a better photo-
catalytic activity for decoloration of methyl-orange than P25
(TiO
2
) as well as ZnO nanomaterial. The report on cobalt-

doped ZnO nanorod photocatalysts by Lu et al. [27] demon-
strated an increased photocatalytic activity for the decompo-
sition of Alizarin red dye under the visible light as compared
to the pure ZnOnanorods. Bahadur andRao [28] reported on
the doping of cobalt ion in ZnO lattice to enhance the photo-
electrochemical properties. Further, the 2% La-doped ZnO
nanowires have shown an increased activity in the degra-
dation of Rhodamine B (RhB) [29]. Recently, Ishihara et al.
[30] reported the visible light emission due to luminescence
from Cd-doped ZnO films and associated it with the band-
gap narrowing. There are also reports on the improved pho-
tocatalytic performance using Ag-doped ZnO [31, 32]. How-
ever, with Ag being expensive, utilization of a low cost metal
ion for doping ZnO is more desirable. With copper being
an economic alternative to Ag, it has been sought by several
researchers. It is an abundant metal on the earth, which pos-
sesses a tremendous application potential as a catalyst. Atom-
ically, copper shows analogous physical and chemical proper-
ties as to Zn. Cu2+ can substitutionally occupy Zn2+ site of the
hexagonal ZnOcrystal lattice and thus induce a deep acceptor
state. Such acceptor state and O vacancy states may improve
the electrical transport properties aswell as the photocatalytic
properties. Thus, it is an important dopant with respect to
PEC hydrogen production application.

Inspite of high potential of Cu-doped ZnO photocata-
lysts, there are limited reports on Cu-doped photocatalysts.
Few significant reports focusing on the photocatalytic and
photo-electrocatalytic application are described here. It is
well known that heavy copper doping is known to yield p-
type lattice. Öztas and Bedir reported a study on the spray
deposited ZnO:Cu films of different film thickness [33] for
gas sensor application. As far as conductivity is concerned,
Rahmani et al. [34] showed a Cu-doping concentration-
dependent transition of ZnO films electrical conductivity
from n-type to p-type conductivity for such films deposited by
spray pyrolysis technique. Further, they reported the applica-
tion of these films in NO

2
gas sensing. Similarly Mari et al.

[35] reported, p-type Cu-doped ZnO films obtained by
electrodeposition method.Thus, it can be clearly understood

that a variation in Cu-doping concentration renders either n-
type or a p-type conductivity to host ZnO lattice. Such tuning
of conductivity is highly useful for photocatalytic applica-
tions. Especially, there are few reports on the photocatalytic
application of Cu-doped ZnO. Jongnavakit et al. reported the
highest photodegradation rate of methylene blue by using
Cu-doped ZnOfilms deposited by sol-gel dip coatingmethod
[36]. Mohan et al. showed that the Cu-doped ZnO nanorods
showed an enhanced performance in degrading Resazurin
dye [37]. Sharma et al. reported an enhancement in the PEC
currents due to Cu doping [38] in the ZnO lattice. In another
report, Hsu and Lin showed a 2-fold enhancement in the PEC
efficiency for n-type Cu-doped ZnO nanorods obtained by
electrodeposition technique [39]. Scarcity of reports on solar
photoelectrochemical water splitting by using Cu-doped
ZnO initiated our interest in producing n-type Cu-doped
ZnO electrode using economic spray pyrolysis deposition
technique. In order to necessarily obtain an n-type conduc-
tivity [34], we restricted the initial Cu-doping concentration
to a very low concentration. To the best of our knowledge, in
the past, there is no specific report on the doping of low Cu
concentrations and its utilization for PEC electrode.

In the present work, Cu doping is carried out for different
doping concentrations in the concentration range of 10−4 to
10−1 during a simple spray pyrolysis deposition of ZnO films.
As-deposited films were characterized to study their struc-
tural, optical, and the morphological properties. Further, the
effect of Cu-doping concentration on the PEC performance is
optimized. The study demonstrates the development of solar
radiation absorbing Cu-doped ZnO films by using a simple
deposition technique.

2. Experimental

2.1. Film Deposition and Photoanode Fabrication. Simple
spray pyrolysis technique was adopted to deposit the Cu-
doped ZnO films. An aqueous solution of Zn(NO

3
)
2
⋅6H
2
O

was used as precursor for zinc source. Zinc nitrate was
dissolved in deionised water to prepare an aqueous solution
of 0.25 molarity. To induce and to control the Cu doping con-
centration, equimolar aqueous solution of Cu(NO

3
)
2
⋅3H
2
O

was mixed with the Zinc nitrate solution by volume ratio.
Fluorine-doped tin oxide (FTO—12Ω-cm Pelkington) glass
substrates were used during the deposition of the ZnO films.
On the priori the substrates were thoroughly cleaned and
dried in an oven. The deposition temperature was kept
at 450∘C. Films of different thickness were deposited by
variation in the number of spraying cycles. Undoped ZnO
films were also deposited to be a standard reference in the
study. In order to measure the photoactivity, electrode fabri-
cation was carefully carried out by using the deposited films.
An electrode of unit area 1 cm2 was used that was connected
via Cu wire to apply the external bias. High purity Ag paste
was used formaking the contacts. Neatly sealed electrode was
used for PEC measurements.

2.2. Characterization. Structural studies were carried out
using X-ray diffraction studies. Advanced XRD equipment
(Bruker AXS D8), equipped with a Lynx eye detector, and
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X-ray gun generating monochromatic CuK
𝛼
radiation (𝜆 =

1.54 Å) at 40 kV and 40mA were used for X-ray diffraction
(XRD) studies.The scanswere recorded in the 2𝜃 range of 20–
90∘ with a step size of 0.001∘ at 2 sec/step. The film morpho-
logical studies were carried out by scanning electron micro-
scopy using FESEM (Hitachi model S4300SE/N) with the
instrument operated at 20 kV and equipped with energy-
dispersive X-ray analyzer (EDAX USA, PV7747/36ME).
Additionally, studies were carried out to investigate the opti-
cal properties using aUV-Visible spectrophotometer (Perkin-
Elmer 6500 model).

2.3. Photoelectrochemical Study. Photoelectrochemical mea-
surements were carried out in a specially designed and fabri-
cated PEC cell consisting of a quartz window. The photocur-
rents were recorded under simulated solar light (AM1.5G
Newport-91160-1000 model). The photoelectrodes of area 1
× 1 cm2 fabricated using the deposited films were used as
working electrodes, and the graphite (or Pt) was used as
counter. Saturated calomel electrode (SCE) was used as refer-
ence electrode in all measurements. An aqueous solution of
0.5M NaOH was used as electrolyte during the experiments.
The electrochemical workstation (Potentiostat Galvanostat
PARSTAT 2273 model EG&G Princeton Applied Research
fitted with an impedance analyzer) was used to record the
photocurrent variation with applied potential under differ-
ent light sources. For the estimation of the wavelength-
dependent efficiency, that is, incident photon-to-current con-
version efficiency (IPCE), a monochromator (Oriel model
74125) fitted with a 300WXenon lamp was used.The spectra
were recorded in the wavelength range of 250 to 700 nmwith
an interval of 10 nm.

3. Results and Discussions

3.1. Structural Properties. The structural properties of the
as-deposited films of ZnO with different concentrations of
Cu doping were investigated from X-ray diffraction studies.
Figure 1 displays the XRD patterns of pure and the doped
ZnO films. All the films exhibit crystalline wurtzite structure
of ZnO (JCPDS 036-1451), demonstrating that there is no dis-
tortion of ZnO host lattice due to such low level of Cu doping.
Themajor reflection from (002) plane was observed in all the
films; however, there was an increase in (002) peak intensity
with an increase in the Cu concentration. Peaks correspond-
ing to FTO substrate are also detected in all the spectra.
No characteristic reflections of the Cu

2
O, CuO, or other

impurity phases were detected. Expectedly, as there is neg-
ligible difference in the ionic radii of Cu and Zn, the doping
shows no effect related to ZnO host lattice distortion. Similar
results have been reported in the literature for Cu-dopedZnO
films [33–35].The crystallite size of all the filmswas estimated
by using the Debye-Scherrer analysis [40]. It was found to
lie in the range 14–18 nm. This study thus indicates that the
doping has no effect on the crystallite size in present doping
concentration range. In order to have a deep insight of the
possible effect on lattice microstrain, a detailed analysis was
carried out. Figure 2 shows the magnified view of (002) peak
for all the films; those are discussed in Figure 1. A negligible
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Figure 1: X-ray diffraction spectra of doped ZnO films with
different concentrations of doping. (a) ZnO, (b) 0.1 𝜇M Cu2+, (c)
0.3 𝜇MCu2+, (d) 1.3 𝜇MCu2+, and (e) 26.4 𝜇MCu2+ concentrations.

shift in “2𝜃” (nearly 0.04∘) with respect to undoped film was
observed for all the films.Nonetheless, though suchnegligible
variation in “2𝜃” was insufficient to induce lattice distortion,
however, doping-induced microstrain was investigated to
rule out if any damaging effect occurs at such low doping
concentrations. It may be worth recalling that the doping-
induced lattice defects and their interaction with the host-
lattice consequently result in the introduction of an inhomo-
geneous strain field, which exists even without application
of any external force [41]. Such inhomogeneous strain fields,
produced by various defects, strongly influence the X-ray
diffraction profiles.

The microstrain (𝜀) can be estimated from the following
formula [23]:

𝜀 =

𝛽 cos 𝜃
4

,
(1)

where 𝛽 is the full width at half maxima for diffraction peak
exhibiting the diffraction angle of 2𝜃. Table 1 displays the
result of microstrain calculation for all the films. It clearly
shows that though themagnitude ofmicrostrain is very small,
the samples with comparatively high Cu (1.3 and 26.4) in
concentration show a reduction in microstrain, thus demon-
strating the copper doping. Further, reduction of the micros-
train can be attributed to the possible decrease in lattice
defects density at the grain boundary. It is also believed that
variation ion in the crystallite sizemay not contribute to affect
the microstrain. The structural study thus demonstrates the
formation of hexagonal phase where the high Cu-doping
concentration (1.3 and 26.4 𝜇M) can ably affect the doping-
induced microstrain in the ZnO host lattice.
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Figure 2: Peak intensity of (002) plane in doped ZnO films with
different concentrations of Cu doping. (a) ZnO, (b) 0.1 𝜇MCu2+, (c)
0.3 𝜇MCu2+, (d) 1.3𝜇MCu2+, and (e) 26.4 𝜇MCu2+ concentrations.

Table 1: Crystallite size and microstrain estimated from XRD
studies for all ZnO films.

(Cu2+) initial
content (𝜇M) Crystallite size (nm) Microstrain 𝜀 (10−3)

0 14 0.15
0.1 14 0.15
0.3 14 0.15
1.3 18 0.11
26.4 17 0.12

3.2.Optical Properties. Figure 3 shows the result of the optical
characterization of the doped and undoped ZnO films.
Figure 3(a) displays the absorption spectra of the undoped
and doped films, thus demonstrating the doping-induced red
shift in the band-gap of ZnO host lattice. It clearly shows that
there is a shift in the absorption onset of ZnO lattice with
an increase in the doping concentration from 0.1 to 26.4𝜇M.
Further, an in-depth optical analysis was carried out and the
band-gap was estimated using Tauc analysis [42]. Figure 3(b)
shows Tauc analysis for all the films, which clearly indicates a
major red-shifted band-gap of host lattice for the film doped
with high Cu concentration.This clearly reveals that the ZnO
lattice is doped by Cu-ions, which is in similar agreement
with the conclusion made from the structural investigations.
The result of band-gap estimation is tabulated in Table 2
for the later discussions. This band-gap narrowing extends

Table 2: Photocurrent density, band gap, and flat band potential of
undoped and ZnO films.

(Cu2+) initial
content
(𝜇M)

Photocurrent
density (𝜇A/cm2)

Band gap
(eV)

Flat band potential
(Volts versus SCE)

0 48 3.25 −0.367
0.1 203 3.23 −0.415
0.3 350 3.23 −0.388
1.3 350 3.17 −0.358
26.4 15 3.08 −0.426

the optical response of UV-active semiconductor, that is,
dopedZnO to the visible region of electromagnetic spectrum.

It is important to mention that the efforts made to
estimate the quantitative analysis of dopant (Cu) failed, as the
X-ray photoelectron spectroscopy carried out was unable to
detect very low concentration of Cu in the doped ZnO films.
Reduction in the band gap thus facilitates excitation of an
electron from the valence band to the conduction band, even
under illumination of visible light photons. This is beneficial
for achieving an improved PEC performance from a UV-
active material [34–38]. This study confirms that the incor-
poration of an optimal concentration of Cu in ZnO can yield
an efficient solar light absorbing optical system, which can be
useful for the solar energy applications.

3.3. Morphological Study. Figure 4 shows the surface mor-
phology of the ZnO films doped with different Cu-doping
concentrations. All the films exhibited a similar morphology,
but with a variation in the features of grain.This is an indica-
tive that with an increase in the Cu-doping concentration
from 0.1 𝜇M to 1.3 𝜇M, the finer grains are obtained; however,
the crystallite size estimated from XRD studies was found
to remain unaltered. Interestingly, Jongnavakit et al. [36]
reported that Cu doping of ZnO lattice reduces the grain
size after doping. We can assume that such fine grains would
render a favorable effect to the PEC performance in view of
possible enhancement in the catalytic site over the film sur-
face.

3.4. Photoelectrochemical Studies. Figure 5(a) shows the pho-
tocurrents generated from undoped and Cu-doped ZnO
films under simulated solar light. The dark current is shown
as reference for the comparison. It clearly shows that even
at a low level of Cu doping, the film shows a considerable
enhancement in the photocurrent. Surprisingly, a 5-time
enhanced photocurrent was generated by the doped film in
comparison to the undoped counterpart at an applied bias
of 1 V versus SCE. This is one of highest enhancement as
compared to that reported by Hsu and Lin [39] for Cu-doped
ZnO nanorods. Such nanorods showed an enhancement of
1.5 times. Further, our study clearly demonstrates amaximum
enhancement of around 7 times at 0.6V of applied bias, at
desirably lower biasing voltage. This is the one of the maxi-
mum enhancement reported so far under the present applied
bias.
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Figure 3: (a) Absorption spectra of doped ZnO films with different concentrations of doping. (b) Tauc plots of the same films.
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Figure 4: FESEM images showing the surface morphology of the doped ZnO films with different Cu doping concentrations. (a) 0.1 𝜇MCu2+,
(b) 0.3 𝜇MCu2+, (c) 1.3𝜇MCu2+, and (d) 26.4 𝜇MCu2+ concentrations.
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Figure 5: (a) Photocurrent potential curves under solar simulator (AM1.5G) for doped ZnO films with different doping concentrations. (b)
Photocurrent transients of the same films at an applied bias voltage of 0.6V versus SCE under ON/OFF conditions.

Figure 5(b) displays the photocurrent transients of
respective photoanodes at an applied voltage of 0.6V.
It clearly shows that the photoanodes with the doping
concentrations 0.3𝜇M and 1.3 𝜇M generate nearly the same
photocurrent under 0.6V bias. Both films show a rather
stable performance as compared to the other films. This
confirms that the doping not only yields a high photocurrent
but also yields a rather stable photocurrent generation. This
result and the conclusions drawn from structural and optical
characterizations indicate that doped film is well suited
for solar hydrogen generation as well as for electric power
generation. It is worth stating here that our initial hydrogen
evolution measurements to estimate evolved hydrogen
clearly demonstrate that under simulated solar radiation
the rate of hydrogen evolution increased from 18 𝜇M/h (for
ZnO) to 377𝜇M/h (for 0.3 𝜇MCu+2).

Figure 6 displays the Solar-to-Hydrogen conversion effi-
ciency of undoped and Cu-doped ZnO photoanodes (con-
centration range 0 to 26.4𝜇M). The conversion efficiencies
are estimated using the following equation [43]:

STH% =
(1.23 − 𝑉

𝑏
) ∗ 𝐼ph

𝑃

𝑖𝑛

,
(2)

where 𝐼ph is the photocurrent density, 𝑃 is the input power
irradiance of the light source, and 𝑉

𝑏
is the bias voltage (here

0.6V versus SCE). A maximum of 0.28% STH conversion
efficiencywas displayed by photoanodeswith the dopant con-
centration being equal to 1.3𝜇M. As the order of “initial Cu
doping concentration” was varied, the STHwas found to vary
as shown in the figure. The study clearly demonstrates that at
an optimumCu-doping (1.3𝜇M) concentration, the photoan-
ode shows improved and efficient STH performance. This is
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Figure 6: STH conversion efficiency of the doped ZnO films with
different doping concentrations in the range 0–26.4 𝜇M.

also in line with the observations from the other charac-
terizations. This clearly indicates that a photoanode with
best absorption properties, low defect density, and high
photocurrent is achieved. It is necessary to recall that this
optimum Cu-doped concentration photoanode yielded the
highest hydrogen during PEC water-splitting experiments.

Further, we investigated the wavelength-dependent con-
version efficiency of these photoanodes. The incident-
photon-current conversion efficiency (IPCE) is estimated
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from the generated photocurrents using the following for-
mula [6]:

IPCE% =
1240 ∗ 𝐼ph

𝜆 ∗ 𝐽

𝑠𝑠

, (3)

where 𝐼ph is the photocurrent density (mA/cm2), 𝜆 the inci-
dentwavelength (nm), and 𝐽

𝑠𝑠
is the incident irradiance (mW/

cm2).
Wavelength dependence of IPCE displayed in Figure 7

clearly shows that in contrast to undoped film, optimum Cu-
doped film shows IPCE curve, which extends to the larger
wavelengths encompassing the visible light part of the elec-
tromagnetic radiation. As undoped ZnO exhibits large band
gap (3.2 eV), thus expectedly it is active in the ultra-violet part
of electromagnetic radiation. Overall, the IPCE performance
of all the films showed superior performance as seen from
the IPCE intensity. The photoanode with the 1.3 𝜇M Cu
exhibited IPCE of 43% at 360 nm wavelength. The study
confirms that the Cu doping has tuned the optical absorption
properties of the films, which resulted in the red shift of the
IPCE onset in a similar as shown in the optical absorption
studies. The results show a direct implication of doping on
improvement of the PEC performance of photoanode.

Electrochemical impedance spectroscopy measurements
were carried out on pure and doped ZnO photoanodes under
dark conditions. Mott-Schottky (M-S) plot [44] of Figure 8
shows the variation in the functional of capacitances at the
semiconductor-electrolyte interface as deduced from respec-
tive equivalent circuit.The flat-band potential of the undoped
and doped photoanodes is estimated from M-S plots and
the results are tabulated in Table 2. Additionally, the results
from optical and PEC measurements are shown for the sake
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Figure 8:Mott-Schottky plots of the undoped anddopedZnOfilms.

of completeness.These plots clearly reveal then-typenature of
the films.This observation is similar to the report in the liter-
ature [39] which shows that low Cu-doping concentration in
ZnO films yields an n-type film. The results shown in Table 2
thus demonstrate that as the initial Cu-doping concentration
increases, there is a reduction in the band-gap for Cu-doping
concentrations of 1.3 and 26.4 𝜇M. On the other hand, the
photocurrents show an increasing trend up to 1.3 𝜇M film,
but further they show a decrease in photocurrent beyond this
point.

In brief, the study reveals that the doping of Cu into the
ZnO lattice at a very low concentration did not alter the host
lattice structure as confirmed from the XRD studies. On the
contrary, an increase in the Cu-doping concentration yielded
a red-shifted band gap expectedly due to the incorporation of
Cu into the ZnO lattice. Doping yielded enhanced photocur-
rents of around 7 times, thus yielding an efficient hydrogen-
producing film. The red shift in the band gap as well as the
IPCE onset with the increase in Cu content indicates that
these photoanodes are efficient solar absorbers and thus may
be feasible for several other solar conversion applications.

4. Conclusions

Simple spray pyrolysis deposition technique was adopted to
obtain ZnO films with Cu doping. The influence of doping
concentration on different properties was investigated. XRD
analysis verified the wurtzite structure of ZnO films without
any secondary phase formation or strain produced by Cu
doping. The optical studies revealed a red shift in the band
gap of the Cu-doped films with high concentration of doping
which was well in accordance with the IPCE measurements.
Film deposited using initial Cu2+ concentration of 1.3𝜇M
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concentration yielded high photocurrents under solar simu-
lator. The film displayed an enhancement of nearly 7 times as
compared to the undoped film under 0.6V bias condition.
STH conversion efficiencies estimated for the films with
doping concentration in the range 10−4–10−1 indicated higher
efficiencies for the films with 10−3% doping which is again
7 times than the undoped film. This is the highest enhance-
ment in the conversion efficiency under solar light reported
so far which indicates high potential of the deposited ZnO
films for solar energy applications.
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