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Roberto Comparelli f, Angela Dibenedetto g,h,**, Michele Aresta a 

a Innovative Catalysis for Carbon Recycling-IC2R, via Camillo Rosalba 49, 70124, Bari, Italy 
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A B S T R A C T   

Low activity and a short lifetime are the main weaknesses of photocatalysts. The photoactivity of copper oxide, 
which is known as one of the most promising materials for H2 evolution and CO2 reduction, can be improved by 
coupling with other semiconductors. This effect is based on a mutual charge transfer. The photocathode 
developed in this work, based on a CuO–ZnO composite with mutual self-doping, exhibits attractive photo
electrochemical properties, in particular a high density of generated photocurrent lasting for 24 h. Under visible 
light irradiation, the composite produces water-splitting, while in the presence of carbon dioxide it is able to 
perform CO2 reduction to methanol with good selectivity coupled to water oxidation. The high activity of the 
CuO-based cathode is due to the presence of zinc oxide, which is progressively leached, causing a slow decrease 
of the photoactivity of the material.   

1. Introduction 

The use of sunlight to convert carbon dioxide and/or water into fuels 
might contribute in moving away from fossil-carbon with the double 
benefit of saving fossil resources and mitigating the CO2 atmospheric 
level [1–4]. In this aspect, photoelectrochemical (PEC) and photo
catalytic (PC) water splitting coupled to CO2 reduction appear a stra
tegic approaches investigated with growing interest in recent years. The 
production of so called Solar Fuels is relevant to carbon-recycling and 
sustainable development [5–9]. Despite the considerable efforts, the 
characterization of photo(electro)catalytic materials lacks completeness 
and the used photocatalysts do not fulfill the requirements of high ef
ficiency, long-term stability and low cost, while reasons for their deac
tivation are not always clarified. In fact, semiconductors are usually 
characterized by sluggish photoelectrochemical (photocatalytic) 

reaction kinetics, thus limiting the overall system efficiency. To over
come this limitation, the coupling of electrocatalysts and semiconductor 
surfaces has been attempted. The most active materials are semi
conductors coupled to noble metal electrocatalysts such as platinum, 
ruthenium, gold, iridium oxide, or palladium [13,18] which afford a 
better light absorption due to a surface plasmon resonance and an 
improved activity because noble metals can work as electron traps and 
active reaction sites, in Hydrogen Evolving Reaction (HER), CO2 
reduction (CO2R) or Oxygen Evolving Reaction (OER) [10]. The devel
opment of cheap and efficient photocathodes is still a huge challenge 
and thus, in order to implement PEC water splitting or carbon dioxide 
reduction at an industrial scale, new stable, cheap materials should be 
developed based on abundant elements able to efficiently and selectively 
drive the HER or CO2R coupled to OER. Consequently, it is important to 
develop novel cheap PEC materials that are fully characterized, generate 
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a high photocurrent density and provide a large photovoltage and to 
understand the reasons for their deactivation with time. 

Copper oxide (CuO) is an example of a material for PEC water 
splitting or CO2 reduction [11–16]. It is a p-type semiconductor, abun
dant and cheap, that can produce high photocurrents, has the correct 
band gap energy for visible light utilization and the potential for both 
HER and OER. Due to such properties, CuO has been intensively studied 
for solar light induced H2-production [13,17,18]. On the other hand, the 
photo-stability of copper oxide is not high enough for long term appli
cation [18]. As a consequence of photocorrosion, a part of measured 
photocurrent may not be relevant to H2-generation. For making its use 
as a H2-evolution photocathode practical, the protection of CuO has 
been attempted through the formation of oxide-composites. For 
example, the CuO/CuFe2O4 core− shell structure affords a 100% fara
daic efficiency for hydrogen evolution [19]. Recently, we have 
demonstrated the improved activity and stability of Cu2O/CuO com
posites, in which mutual transfer of photogenerated charges occurs be
tween CuO and Cu2O [11,20]. 

Literature reports few examples of copper-zinc composites for HER 
or CO2 reduction, such as a core shell CuO/ZnO [21–24] and ZnO/
Cu2O–CuO [25], a simple mixed oxide ZnO–CuO [26–29], and CuO 
doped with Zn ions [30]. Similarly, we have recently described the 
improved photocatalytic activity of copper-zinc nanoflowers toward 
hydrogen evolution [31]. It has been reported, that coupling CuO with 
ZnO produces effects such as significant improvement in the photo
cathodic current [23], improved selectivity of CO2 reduction to C2 
products [22], or enhanced hydrogen evolution [23,28]. Such hetero
structures can prolong the electron-hole pair lifetime and prevent un
favorable recombination of photogenerated carriers because of the 
well-matched energy-band positions, which facilitate reverse transfer 
of positive and negative charges across the p-n interface [23,24]. 

The main objective of the present work was to study a low-cost 
approach based on charge transition for improving the activity of a 
copper oxide-based photocathode. The novel aspect of this work is the 
simple methodology used for the preparation of materials that does not 
involve any organic precursors, stabilizers, or surfactants so to avoid 
that residual organics during the application of the catalyst may be 
converted into molecules that can eventually be generated from CO2, 
leading to a false positive result [32]. Copper – zinc materials analogous 
to our photocatalysts were usually prepared in literature papers by using 
organic compounds such as EDTA, acetates, alcohols, and other organic 
solvents [21,26–29,31] that we have avoided. The goal of this paper has 
been achieved by coupling CuO with ZnO in a mutual-self-doped com
posite, even easily prepared by drop-casting of the mixture of Cu2+ and 
Zn2+ onto a conductive support, followed by annealing in air. This 
approach has allowed us to obtain a much better contact between CuO 
and ZnO in comparison with mixed oxides or doped materials, because 
the lattices of both oxides contain the host cation. The 
photo-electrocatalytic activity of the copper-zinc cathode has been 
studied towards the dual application under visible light: reduction of 
water to H2 or CO2 to methanol (with water oxidation). We have found, 
that ZnO in the host CuO lattice increases and stabilizes the photo
activity of the latter that remains active for as long as 24 h continued 
operation. 

2. Experimental 

2.1. Synthesis of materials 

The CuO–ZnO electrode was prepared by a simple drop-casting 
method followed by annealing in air. Therefore, 0.05 mol of Zn 
(NO3)2⋅6H2O (Alfa Aesar) were dissolved in 0.01 M nitric acid (1 mL). 
The so obtained solution was dropped to Cu(NO3)2 (Sigma-Aldrich) 
aqueous solution (0.05 mol, 4 mL). The resulting mixture was stirred for 
3 h. Fluorine-doped tin oxide (FTO) coated glass (Sigma Aldrich, ~8 
Ω/sq) substrates (1 cm × 2 cm) was cleaned by taking it through RCA 

treatment (FTO in 1:1:5 vol ratio of NH3, 30% H2O2 and H2O was heated 
at 70 ◦C for 15 min, thereafter it was rinsed with double deionized-DI 
water 3–4 times under ultrasound). The precursor Cu + Zn aqueous 
(0.25 mL/cm2) was drop-cast onto FTO substrate lying flat at warm plate 
(40 ◦C). After drop-casting the electrode was left for ca. 20 min to 
complete the evaporation of the solvent. Subsequently, it was heated to 
450 ◦C (unless otherwise stated) in a muffle furnace with a ramp rate of 
10 ◦C/min and held for 2 h. To increase the electrode-thickness, the 
drop-casting procedure was repeated up to drop-cast 4 layers. Such 
electrodes will be denoted as “CuO–ZnO”. 

2.2. Characterization of the materials 

UV–Vis Diffuse Reflectance Spectra (DRS) were recorded using a UV- 
2600 spectrophotometer (Shimadzu) equipped with an integrating 
sphere (ISR-2600Plus). Barium sulfate was used as a reference material. 
The spectra of CuO–ZnO photocathode were obtained directly from the 
electrode. 

XRPD (X-ray powder diffraction) data were collected at the ID03 
beamline of the ESRF (European Synchrotron Radiation Facility in 
Grenoble) using a six-circles diffractometer operating in grazing inci
dence geometry. Data were collected with a Maxipix detector [32] using 
an incident energy of 24 keV (equivalent to 0.5166 Å). The data were 
collected using an ‘in-plane’ scan geometry with the detector positioned 
at 0.4◦ above the sample horizon, the images were processed with the 
BINoculars software [33] in order to obtain Intensity/2θ curves. During 
the experiment the samples were maintained under a nitrogen atmo
sphere and a set of slits positioned in the proximity of the samples 
allowed to cut the scattered intensity from the entrance and exit win
dows of the sample environment. The samples were measured using 
various incident angles (0.1◦, 0.2◦, 0.5◦ and 1◦). The comparison be
tween the different data sets allowed the identification of the crystal
lographic structures present in the film and the signal of the SnO2 phase 
(FTO glass) generated by the substrate. Noteworthy, as the penetration 
depth of the beam below the sample surface is depending on the angle of 
incidence (higher angles implies deeper penetration) it is possible to 
decouple the contributions of the film and the substrate by confrontation 
of the diffraction patterns obtained in different experimental conditions. 

Elemental analysis was performed by using Energy-dispersive X-ray 
spectrometry (EDX) using a EDX-7000P spectrometer (Shimadzu). 

Field emission scanning electron microscopy (FE-SEM) was per
formed by using a Zeiss Sigma microscope operating in the range 0.5–20 
kV and equipped with an in-lens secondary electron detector and an 
INCA Energy Dispersive Spectroscopy (EDS) detector. Samples were 
mounted onto stainless-steel sample holders by using double-sided 
carbon tape and grounded by silver paste. 

XAS measurements were performed at the Deutsches Elektronen- 
Synchrotron. Samples were measured in total fluorescence yield mode 
using a Canberra PIPS diode detector, with the coated side facing the 
incoming X-ray beam. Cu K-edge and Zn K-edge measurements were 
performed. The parameters of measurements were: scan range: 150 eV 
to +1000 eV around respective edge; time per single scan equal to 180 s; 
beam-size on sample equal to 0.2 * 1.2 mm2 (v*h); double crystal 
monochromator: Si 111 for Ni, Cu, Zn K-edge always detuned to 85 % of 
maximum intensity for additional higher harm-suppression. Higher 
harmonics suppressing mirrors: plane, Si/Si 2 mrad. 

2.3. Electrochemical characterization 

A three-electrode quartz cell was used in photoelectrochemical 
measurements for applying potentials profile at the photocathode 
equivalent to linear voltammetry or constant potential. Photo
electrochemical measurements were controlled by BioLogic SP-150 
potentiostat. CuO–ZnO cathodes were the working electrode and a sil
ver chloride electrode (Ag–AgCl) and a platinum spiral were used as the 
reference and the counter electrodes, respectively. The scan rate was 10 
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mV/s. A LED (λ = 400 nm) was used as light source (unless otherwise 
stated). The illumination was from the frontside. The electrolyte was 
bubbled with nitrogen prior to each measurement and a N2-blanket was 
kept on top of the solution during all experiments. Concentration, 
composition and pH of the electrolytes are specified per each experi
ment. Electrochemical potentials were converted to the reversible 
hydrogen electrode (RHE) scale. The hydrogen product from the head 
space above the reaction solution was analyzed by gas chromatography 
(Nexis GC-2030, Shimadzu) with thermal conductivity detector (TCD) 
operating at 250 ◦C and a current of 35 mA. Molecular sieve 5A capillary 
column was used for the separation. The carrier gas was high purity 
argon. Tests towards CO2 reduction was performed in 0.5 M sodium 
hydrogencarbonate, that act as an electrolyte and CO2 source. Electro
lyte was deoxygenated prior to the test. The 3-electrode setup was 
prepared as described above. Tests were performed as a chro
noamperometric run under chopped light (3 s light and 4 s dark), with 
the electrode biased at 0.55 V vs RHE. The reaction progress was 
monitored using GC-BID analysis, injecting the sample in a headspace 
mode. 

Electrochemical impedance spectroscopy (EIS) measurements were 
performed in the deoxygenated electrolyte (by means of N2 bubbling) - 
1 M NaOH, pH = 14. Impedance spectra were recorded at a constant 
potential in the frequency range 100 kHz to 100 mHz using a SP-150 
BioLogic analyzer. The potential was stepped by 0.05 V with a waiting 
time of 200 s before the next spectrum was recorded. The equivalent 
circuit used to fit the impedance spectra contains the solution resistance, 
the polarization resistance and the constant phase element (CPE) asso
ciated to the space charge capacitance, CSC (vide infra). The impedance 
of the CPE, ZCPE, is given by 

ZCPE =
1

Q(jω)
α (1)  

where ω is the frequency and α equals unity for an ideal capacitor. When 
α equals 1, the CPE simplifies to a capacitor, while when α is 0, the CPE 
represents a pure resistor, and when α equals − 1, the CPE behaves as a 
pure inductor. The CPE is a flexible circuit element, but its physical 
meaning is still controversial [34]. Since in the present case α was close 
to 1, we assigned the numerical value of Q to the CSC. 

Spectroelectrochemical measurements were carried out in a three- 
electrode system with Drop-Sens 110 screen-printed carbon-electrode 
(carbon and silver) as a reference and counter electrode, while CuO–ZnO 
deposited onto FTO was used as a working electrode (the electrodes 

were at least partially transparent). The electrodes were placed in a 
quartz cuvette filled with 0.1 M phosphate buffer (pH = 7). Oxygen was 
thoroughly removed from the solution by bubbling pure nitrogen before 
experiments. The cuvette was placed inside the spectrophotometer (UV- 
2600 Shimadzu) chamber with working electrode facing the light source 
(Fig. S1). The electrode potential was controlled by a potentiostat (Bio- 
Logic, SP-150). The applied potential was lowered every10 min by 50 
mV. Scan rate was 2 mV/s. Changes in the absorbance were observed at 
370 nm. 

3. Results 

3.1. Structure, elemental analysis and morphology of the cathodes 

CuO–ZnO cathodes were prepared by a simple drop-casting of a so
lution of zinc and copper salts. The chemical composition and structure 
of the as-prepared photocathode were investigated by using EDX and 
synchrotron XRPD techniques. CuO–ZnO is composed only of copper, 
zinc and oxygen as demonstrated by EDX spectrometry (Fig. S2). XRPD 
measurements carried out at 0.1◦ angle (Fig. 1) showed three phases 
present: the Tenorite C2/c phase of CuO [wf = 0.155(3)], the hexagonal 
Zincite P63mc phase of ZnO [wf = 0.227(2)] and the tetragonal P42/ 
mnm phase of SnO2 (fluorine doped tin oxide glass support) [weight 
fraction wf = 0.618(2)]. With increasing the incident angle, the 
contribution of tin oxide phase (FTO support) increased (Fig. S3). The 
refined parameters for the pattern collected at the lowest incident angle 
(0.1) on the CuO–ZnO system are summarized in Table 1, while all 
patterns are in Table S1 in SI. In Fig. 1 B a detail of the experimental 
patterns is shown. Experimental data (crosses) are displayed together 
with the calculated contributions of the SnO2, CuO and of the ZnO 

Fig. 1. (A) Experimental XRPD pattern (black lines) of CuO–ZnO photocathode collected at 0.1◦ together with the best fit (red trace) and the residuals (blue trace). 
The inset highlights the high 2θ range. (B) Detail of the experimental data (black lines) together with the calculated contributions of the SnO2, CuO and ZnO phases 
shown as red, blue and green lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 1 
Structural parameters extracted from Rietveld refinement of synchrotron XRPD 
patterns for CuO–ZnO. Data for SnO2 are not shown. U = 0.0202(3) Å2, Rp 
0.0518.   

0.1◦ Literature 

a CuO/Å 4.739(1) 4.653(10) [37] 
b CuO/Å 3.405(1) 3.41(1) [37] 
c CuO/Å 5.137(2) 5.108(10) [37] 
β CuO/◦ 99.87(2) 99.48(33) [37] 
a ZnO/Å 3.2591(3) 3.2417 [38] 
c ZnO/Å 5.2207(8) 5.1876 [38]  
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phases, the red, blue and green lines, respectively. The diffraction peaks 
of both CuO and ZnO phases are well identified. Indexed patterns are 
shown in Fig. S4 in SI. 

XRPD results show that CuO and ZnO form each a separated phase. 
As shown in Table 1 and Table S1, their cell constants are larger with 
respect to the single oxide literature data. The presence of zinc in a CuO 
cell leads to its enlargement, due to the larger ionic radius of Zn2+(IV) =
0.60 Å with respect to Cu2+(IV) = 0.57 Å [35]. As to the ZnO phase, the 
effect should be the opposite because the ionic radius of copper is 
smaller than that of zinc. As a matter of fact, the observed enlargement 
of the cell parameters matches literature data [36] and is explained as 
Cu doping of ZnO induces an expansion of the ZnO thin film parameters 
due to the increased crystallinity of ZnO. K. Joshi et al. [36] have 
explained such effect on the basis of the removal of external stress 
arising from the lattice mismatch between substrate and film. Systematic 
effects (e.g. photon energy offsets) can be safely excluded since SnO2 cell 
constants are indeed shrunk with respect to literature references (see 
Table S1). SnO2 can be, thus, considered as a reference material that 
allows to distinguish systematic effects from real changes that occur in 
material. 

SEM micrographs given in Fig. 2 shows that the obtained material is 
composed micrometric aggregates of nearly spherical nanoparticles in 
the range of several nanometers (20–200 nm) distributed over the FTO 
surface. The EDS mapping highlights the presence of copper mainly in 
the flower-like aggregates, while Zn is distributed on the whole surface 
of FTO although a higher density of yellow spots can be observed on the 
flower-like aggregates (Fig. 2C and D,E). Thy typical mechanism of 
flower-like materials formation includes a few steps: nucleation, self- 
aggregation, Ostwald ripening and dissolution and recrystallization 
[39,40]. We assume that our flower-like materials are formed according 
to such mechanism. 

3.2. Optical absorption properties and a band structure 

The most important parameters of a semiconducting material, 
determining its utility in photoelectrochemical or photocatalytic pro
cesses are the band gap energy and the potential of conduction and 
valence bands. The light absorption is the first stage of the photo
catalytic and photoelectrochemical water splitting. Before a photoactive 
material can generate an electron-hole pairs, it must efficiently catch the 
light energy. To assess the light absorption of the CuO–ZnO photo
cathode and materials, we performed a UV–Vis analysis with an inte
grating sphere. The material absorbs light in a broad wavelength range 
with maximum in UV. The reflectance spectra for CuO–ZnO films pre
pared directly on FTO glass substrates using various numbers of 
deposited layers are shown in Fig. 3. The reflectance (%) decreases with 
increasing the number of layers, thus the amount of light absorbed by 
the photoelectrode is higher in case of larger amount of material 
deposited on the FTO, in accordance with Beer–Lambert law. Typical 
DRS measurements have been carried out using a 1–2 mm thick layers 
materials deposited on FTO glass. Reflectance spectra of the photo
cathodes have been converted to Kubelka-Munk function (KM), defined 
as in Eq. (1): 

FKM(R∞)=
(1 − R∞)

2

2R∞
=

α(hv)
S

(1)  

where R∞ is the diffuse reflectance referred to a layer of infinite 
thickness, S the scattering coefficient and α(hν) the absorption coeffi
cient. Kubelka-Munk function was used to determine the band gap en
ergy of semiconductor from Tauc plot (Fig. S5). Both direct and indirect 
bandgap Tauc plots have been created. However, only direct plot shows 
a straight line with a sharp onset. Regardless of the number of layers the 
band gap energy of CuO–ZnO is 2.43 eV (see Fig. S5). 

Mott-Schottky measurements (from EIS) were performed to estimate 

Fig. 2. SEM micrographs (A,B) and EDS mapping (C,D,E) of CuO–ZnO photocathode. (A,B) Secondary electron images recorded at 10 kX and 100 kX, respectively. 
(C) Electron image and false color spatial distribution of Cu (D) and Zn (E). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

T. Baran et al.                                                                                                                                                                                                                                   



Materials Today Advances 21 (2024) 100477

5

the location of the Fermi level. To this end, the space charge capacitance 
(Csc) of the CuO–ZnO/solution interface was measured in a selected 
range of frequencies and various applied potentials at pH 14. The results 
are shown in Fig. 4 as Nyquist curves and Mott-Schottky plot, where the 
linear portion is described by Eq. (2): 

1
/

C2
SC = 2

/
eεε0N(E − EFB − kt / e) (2)  

where ε is the dielectric constant of the sample, ε0 is the vacuum 
permittivity, e is the elementary charge, N is the acceptors concentration 
(for a p-type semiconductor), EFB is the flat band potential, k is the 
Boltzmann constant, T the temperature [41]. The capacitances of the 
electrochemical double-layer in the case of electrodes polarized with 
various potentials were calculated using the equivalent circuit shown in 
Fig. S6 and used to obtain the Mott-Schottky plot. The Mott-Schottky 
plot of CuO–ZnO exhibits a negative slope, indicating that the mate
rial has a p-type semiconducting character – the same as CuO, different 
than ZnO. The straight-line extrapolation leads to 1.20 V vs RHE. 

3.3. Photoelectrochemical activity 

The performance of a photoelectrochemical material can be judged 
by the photocurrent density. Photocathodes were tested in a variety of 
electrochemical and photoelectrochemical measurements, including 
cyclic and linear sweep voltammetry, electrochemical impedance spec
troscopy (EIS) as well as incident photon to current efficiency (IPCE) 
measurements, and spectro-electrochemical experiments. Fig. 5A shows 
chopped (light 3s/dark 4s) linear sweep voltammetry results for 
CuO–ZnO photocathodes under nitrogen bubbling. Nitrogen was used to 
purge dissolved oxygen and suppress the O2 reduction reaction, which 
may affect the observed photocurrents. Under irradiation, materials 
showed cathodic photocurrents in a broad potential range. At 0.35 V vs. 
RHE the CuO–ZnO photocathode generates a photocurrent density of 
~1.5 mA cm− 2. However, upon potential higher than 0.84 V vs RHE, 
anodic photocurrents (up to 150 μA cm− 2) were observed. The potential 
induced photocurrent switching effect can be most likely explained in 
terms of the presence of the two phases, namely Zn@CuO and Cu@ZnO 
which can be responsible of the photocurrent under cathodic and anodic 
conditions, respectively. It is well known, that n-type semiconductors 
generate anodic photocurrents, while p-type produce cathodic photo
currents [42]. A noticeable dark current, most likely from corrosion, was 
observed at negative potentials. 

Data shown in Fig. 5A, demonstrate the huge influence of the number 
of layers on photocurrent density in the range from 2 to 4 layers. Pho
toelectrodes composed of 5 or 6 layers showed a noticeable lower 
photocurrent density in comparison with 4 layers (Fig. S7). Such 
behavior can be explained assuming that increasing the thickness of 
photocathode, photons cannot reach deeper layers of photocathodes. On 
the other hand, a thicker photocathode may absorb more light, but in the 
thicker electrode the migration of photogenerated charges to the FTO 
support is more difficult and takes a longer time [43]. Since calcination 
temperatures can affect the structural properties of photocatalyst, the 
photoelectrochemical features of CuO–ZnO at different calcination 
temperatures were investigated. Fig. 5B shows the comparison of pho
tocurrents generated by electrodes calcined at 450 ◦C and 550 ◦C, 
depending on the number of layers. According to these results, the 
calcination at 450 ◦C produces significantly more active photocathodes. 
The differences in photoactivity can be explained on the basis of struc
tural changes occurring at higher calcination temperature, that may 
affect co-doping CuO/ZnO, however, these changes are still under study 
and will be matter of a forthcoming paper. 

Fig. 5C shows the chopped (light/dark) linear sweep voltammetry 

Fig. 3. The normalized diffuse reflectance spectra and the influence of the 
number of layers on the spectrum of CuO–ZnO. 

Fig. 4. Electrochemical impedance measurements carried out for CuO–ZnO prepared at 450 ◦C. A - Nyquist plots measured (frequency sweep mode) in the dark at 
various potentials (each line represents one potential; not all curves are shown to keep the chart clear) in the range of 0.51–1.23 V versus RHE. B - Mott-Schottky plot 
for CuO–ZnO at pH 14. EFB calculated from linear fitting (blue curve in fig B). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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scans for CuO–ZnO photocathodes with nitrogen purging (A) and with 
methanol added as a hole scavenger (C). CuO–ZnO photocathode shows 
miniscule cathodic transient spikes, which can be caused by surface 
recombination or back reaction of the photogenerated species. Accord
ing to the literature, it can presumably result from a high density of 
charge surface traps [44]. Noteworthy, the addition of methanol only 
faintly increases the density of photocurrents suggesting that the po
tential of photogenerated holes is such to effectively oxidize water, 
making superfluous the addition of sacrificial donors such as methanol. 

Photocurrent measurement in an atmosphere of carbon dioxide 
(Fig. 5D) shows increased density of generated photocurrent in the 
whole potential range. At the same time, the dark current also shows 
higher density but only for the lowest potentials. Increased photocurrent 
density suggests that the photogenerated electron from conduction band 
of irradiated materials can participate in cathodic reaction, namely the 
reduction of carbon dioxide. In this sense, CO2 can serve as an acceptor 
of electron in competition with water molecule. 

The photocurrent density strongly depends on the wavelength of 
incident light and the dependence correlates with the UV–Vis absorption 
spectrum of materials. The IPCE of CuO–ZnO photocathodes was 
measured at 0.4 V vs RHE (chronoamperometric measurements for each 
wavelength) at pH = 7, using equation (3) 

IPCE(%)=

(
1240 • Iph

J • λ

)

• 100. (3)  

where λ is the wavelength of the incident light, Iph and J are the 
measured photocurrent density and the measured irradiance at the 
selected wavelength, respectively. As shown in Fig. 6, IPCE exceeds 25% 
for ultraviolet and reaches a value of up to 20% for visible light, a much 
higher value than that found for the mixed oxide ZnO/CuO, that showed 
an IPCE up to 12% [29,45,46]. Such features clearly shows that the two 
materials (the literature and that described in this work) have a different 
structure. 

Aside from the solar-to-hydrogen efficiency, the most important 
feature of a water splitting system is the life span of the PEC devices. The 
long-term stability at pH = 14 was investigated under chopped light 
(light/dark frequency 0.12 Hz) at a constant potential of 0.4 V vs. RHE 
with nitrogen atmosphere. As demonstrated in Fig. 7, the efficiency of 
light conversion slightly decreases during the first 3 h and then the 
material reaches a nearly stationary condition since the photocurrent 
density does not change significantly with time, up to 24 h generating 
relatively high photocurrents, approximately 0.65 mA. This represents a 
large improvement with respect to CuO–ZnO systems described in the 
literature that are able to generate photocurrents in the range from 
minutes up to 1 hour [29,47,48]. 

In addition to having appropriate potentials of conduction and 
valence bands, a photocathode should also possess a large internal 
photovoltage in order to evolve hydrogen at positive potentials (higher 
than 0 V). Photovoltage can be understood as a thermodynamic driving 
force of the photoelectrode [49]. The differences between open circuit 

Fig. 5. Chopped (light/dark) linear sweep voltammetry measurements for CuO–ZnO photocathodes composed of 2, 3 and 4 layers of deposited material. Scans 
performed in 1 M NaOH (pH 14) with nitrogen bubbling (A). Comparison of the effect of the calcination temperature and the number of layers (B). Chopped (light/ 
dark) linear sweep voltammetry scans for CuO–ZnO (4 layers) in 1 M NaOH with or without 5 vol% addition of methanol (C). Chopped (light/dark) linear sweep 
voltammetry scans for CuO–ZnO (4 layers) in 1 M NaOH in N2 or CO2 atmosphere (D). 
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potential in the dark and under illumination (ΔOCP) can estimate the 
photovoltage and reflect the change in the Fermi level of the majority 
carriers although it is affected by the redox properties of the solution. 
Fig. 8 shows the results of OCP measurement in dark-illumination-dark 
sequence. In the dark, noticeable differences between the system in the 
air or nitrogen atmosphere were observed. Under light, OCP increases 
due to the shift in the Fermi level. If the rate of electron-hole pairs 
generation under light is faster than the rate of intrinsic recombination, 
the bands can completely flatten [49]. The change of open circuit po
tential reflects the amount of band bending in the material occurring in 
dark. The ΔOCP was 0.26 V when bubbling N2 and 0.23 V in presence of 
oxygen. The difference between the two conditions is very small. This 
suggests that the bands flattening is not dependent on the presence of 
oxygen in the electrolyte. 

3.4. Photoelectrochemical activity towards H2 and CH3OH formation 

The photoactivity of material towards H2O reduction to H2 and CO2 
reduction to CH3OH was studied in photoelectrochemical conditions. 
Biased working electrodes immersed in deoxygenated electrolyte 
showed the ability to evolve the hydrogen or, in the presence of CO2, to 
methanol formation. The photoactivity of CuO–ZnO towards H2 evolu
tion was determined using gas chromatography measurements. PEC 
tests were performed in a classic electrochemical cell, in which oxygen 
was excluded at the maximum extent. However, obtained data (Fig. 9A) 
clearly point at H2 formation, at a rate equal to ca. 80 μmol gcat

− 1h− 1. The 
calibration curve is reported in Fig. 9A - inset). 

Taking into account the increased photocurrent density observed in 
the presence of carbon dioxide (Fig. 5D) the PEC test of CO2 reduction 
was performed. Density of measured photocurrents under chopped light 
(Fig. 9B) decreased during 30 min test under bias at 0.55 V vs RHE. GC 
analyses performed on samples taken at 10 min interval clearly proved 
the formation of methanol as the only product of CO2 reduction 
(Fig. 9C). The electrolyte did not contain other organic compounds, thus 
CO2 was the only possible source of carbon for CH3OH formation. The 
formation of methanol was confirmed by GC-MS (Fig. 9D), and its 
quantitative measurement was performed using the highly sensitive GC- 
BID technique. The obtained kinetic curves correspond to the observed 
density of photocurrents – with a decrease of the photoactivity of the 
material, producing both the lowering of the photocurrent density and 
flattening of the kinetic curve. The yield of methanol can be estimated, 
considering the amount of catalyst and non-continuous irradiation (3 s 
light and 4 s dark), at 56.7 μmol g− 1 h− 1. 

3.5. Studies under operation conditions 

Cyclic voltammetry (CV) in the dark was measured in the range from 
1 V vs RHE to 0 V and back to 1 V. While sweeping the potential, the 
electrode was oxidized or reduced, leading to changes of absorbance of 
material (directly observed by using the spectro-electrochemical setup 
shown in SI – Fig. S1). As shown in Fig. 10, voltammetry peaks corre
spond to the changes at ΔA curve. Going from a more positive potential 
to 0 V, the material seems to be stable and the absorbance of photo
cathode does not change significantly. Just small reduction peaks at CV 
curve between 0.3 and 0.1 V (zinc and copper reduction [50]) were 
observed. Strong cathodic peak at 0 V, in absence of CO2, is related to the 
hydrogen evolution reaction and does not change the optical properties 
of the material. Opposite, an anodic scan (from 0 V to 1 V), resulted in a 
large decrease of the absorbance indicating the oxidation of CuO–ZnO. 
Anodic peak at +0.55 V vs RHE results from the copper oxidation (CuI to 
CuII) [50]. (vide infra). 

To examine the elemental changes that take place during photo- 
corrosion of the CuO–ZnO photocathode, we performed XAFS mea
surements on an area of photocathode that was PEC tested (for 24 h at 
0.4 V vs RHE) and on the freshly prepared photocathode. Fig. 11A shows 
the X-ray absorption near edge spectroscopy (XANES) spectrum of the 

Fig. 6. IPCE spectra for CuO–ZnO photocathodes (4 layers, 450 ◦C). The 
chronoamperometric measurements were performed at a potential of 0.4 V vs. 
RHE in a 1 M NaOH with nitrogen bubbling. The illumination was from 
the backside. 

Fig. 7. Stability test at 0.4 V vs. RHE in 1 M NaOH (pH = 14) under chopped 
illumination with LED (λ = 400 nm). Upper graph: zoom on initial time scale 
(300 s). 

Fig. 8. Open-circuit potential (OCP) measurements in the dark and light for a 
CuO–ZnO photocathode (4 layers, 450 ◦C) in air or with N2 bubbling. 
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fresh film together with the respective spectrum of pure CuO. The two 
spectra show a perfect conformity, proving that the Cu in the fresh films 
is pure CuII oxide. The XANES of the used film (Fig. 11B) shows signif
icant contributions of another Cu-species with Cu in lower oxidation 
state than +2, suggesting a reduction of copper in PEC conditions. The 
XANES region of the spectrum shows a linear combination of the spectra 
of pure CuO and Cu2O (Fig. S8 in SI). A very good fit is achieved with a 
ratio of ca. 1:3 CuO to Cu2O. Addition of the spectra of other species such 
as elemental Cu did not improve the fit. 

Zn K-edge EXAFS were measured on two samples: a fresh and a used 
CuO–ZnO electrodes. Both samples were measured in total fluorescence 
yield mode using a PIPS diode. The fresh sample contains a significant 
amount of Zn. A comparison with the height of the Cu K-edge in the 
same sample suggests that the Zn content is about 3–5 times smaller than 
the Cu content. Noteworthy, in used samples the Zn-content was so low 
that an edge is hardly visible (Fig. 11C). Because of this low Zn-content 
no attempt was undertaken to measure the sample using an energy- 
dispersive detector. The height of the Zn K-edge in the spectra of the 
used films is minuscule indicating the almost complete loss of the Zn 
during the use of the electrodes. The Fourier transformed EXAFS spec
trum (Fig. 11D) shows a first large peak at ~1.5 Å− 1. A peak at this 
position is typical for small atoms neighbours like oxygen. The second 
peak at ~2.8 Å-1 is probably caused by backscattering from a metal shell 
(probably Zn, but due to the very small differences between Zn and Cu, 
this backscattering could be also caused by Cu). The literature reports a 
close resemblance to Zn and Cu Fourier transformed EXAFS [51]. 

Flat band potentials were also determined in operando conditions 
based on the well-established method - open-circuit photovoltage 

Fig. 9. Photoelectrochemical activity of CuO–ZnO. A – gas chromatograms of gas phase from above the cell with PEC in deoxygenated electrolyte (pH 7), inset – 
calibration curve for H2 determination. B – chronoamperometric scan under chopped light, electrode biased at 0.55 V vs RHE. C – gas chromatograms of headspace of 
electrolyte during PEC test towards CO2 reduction, inset – calibration curve for CH3OH determination. D – MS spectrum (from GC-MS analysis) confirming the 
formation of CH3OH. E – kinetic curves of PEC test using CuO–ZnO electrode and blank test performed in dark under bias at 0.55 V vs RHE. 

Fig. 10. Spectro-electrochemical measurements of CuO–ZnO in the dark. 0.1 
M K2HPO4 + KH2PO4 (pH = 7) was used as an electrolyte. Black curve: cyclic 
voltammetry (left axis); blue curve: changes of absorbance in time during CV 
scan (right axis). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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measurements [52]. After the contact of the semiconductor surface with 
the electrolyte, the Fermi level of the semiconductor EF is adjusted to the 
Fermi level of the electrolyte EF,redox [53]. This process has the effect of 
charging the semiconductor, while the diffuse charge in the material is 
counterbalanced basically by a sheet of charge in the electrolyte [41]. 
External changing the voltage of the semiconductor results in the sep
aration of EF and EF,redox, and hence the level of band bending due to 
electron depletion in the semiconductor depends on the applied voltage. 
If this external voltage is such that there is no band bending, the semi
conductor is at its flat-band potential, VFB, and there is no net transfer of 
charge. Under OCP conditions, the photogenerated holes are accumu
lating at semiconductor surface, which with increasing light intensity 
lowers the barrier for photogenerated electrons until the electrons can 
reach the surface at the same rate as holes. Simultaneously, the 
quasi-Fermi level increases due to the higher occupancy of the con
duction band. The quasi-Fermi level can be measured as a OCP, which in 
case of high enough irradiation intensity (Fig. 12A), becomes constant 
and this value is very close to the potential of the valence band edge (for 
p-type semiconductor) [52,54]. Fig. 12B shows the measured 
open-circuit photovoltage of CuO–ZnO under increasing light intensity 
(each stair represents a 5% increase of relative intensity of light). Under 
illumination, the OCP shifts to a positive values. At pH = 7, with increase 
of the illumination intensity, the OCP approaches a limit of 0.45 V 
(Fig. 12C), and OCP becomes independent of intensity when the light 
intensity exceeds relative values of 70%. The determined EFB was +1.07 
V vs RHE (pH = 7). In case of measurements in sodium hydroxide 
electrolyte (pH 14) EFB of was +0.89 V vs RHE, thus it does not follow 
the Nernst relation. 

4. Discussion 

The main goal of this work was to prepare a CuO–ZnO photoactive 
composite, in which a mutual charge transfer between oxides improves 
the efficiency and stability of the photocatalyst. As proved by XRPD and 
other techniques, the CuO–ZnO photomaterial described in this work 
shows a better contact between CuO and ZnO in comparison with mixed 

oxides or doped materials reported in the literature, that facilitates the 
charge transfer. The potential of conduction band of CuO (− 3.66 eV 
respect to the vacuum [55]) lies higher in the energy scale in comparison 
with ZnO [56]. As a consequence, one can expect that, upon irradiation, 
photogenerated electrons from CB of CuO may migrate to CB of ZnO and 
subsequently towards the electrolyte, while holes move in the opposite 
direction, towards the biased support. However, the material here 
described does not correspond to the described model. Due to the strong 
interaction between CuO and ZnO proved by XRPD and the mutual 
co-doping, the composite imitates a single-phase material considering 
properties such as a band gap energy and flat band potential. The esti
mated energy of band gap of composite is 2.43 eV, which is lower than 
the band gap energy of bare ZnO (typically 3.2 eV [56]) and higher than 
that of neat CuO (reported in the range 1.2–1.8 eV [13]). Obtained DRS 
data suggest that the interfaces are combined closely and the band edges 
are matched well between these two semiconductors. Matching of band 
edges is not abnormal behavior and it was previously reported, for 
example in TiO2/Cu2O or CuO/g-C3N4 heterojunctions and many others 
[57,58]. In typical heterostructure, the crystals of one semiconductor 
grow on another one and the width of the transition region between 
these semiconductors is as little as a single atomic layer [59]. In parallel 
to matching of band structures the band bending in two semiconductors 
occurs, so that the Fermi level has the same value on both sides of 
semiconductor interface. 

CuO–ZnO heterostructure was used as a photocathode in the water 
splitting reaction and CO2 reduction. Upon irradiation the electrode 
generates photocurrents: under potentials lower than ca. 0.8 V a 
cathodic photocurrent (density up to 1.7 mA cm− 2) while under higher 
potentials, anodic photocurrents are generated. The switching potential 
corresponds to the flat band potential. Photocurrents are generated 
under irradiation by a broad range of light wavelength, from UV up to 
ca. 600 nm. Calculated Incident Photon to Current Efficiency is high and 
it reached the interesting value of 26%, with respect to 5 − 20 % for neat 
CuO [60,61], and 12% for CuO/ZnO [29,47,48], even if still lower than 
the value found for copper oxide covered with metallic platinum [12]. 
The measured cathodic photocurrents depend on the number of layers 

Fig. 11. X-ray absorption spectroscopy analysis. A – XANES spectrum of CuO–ZnO – Cu-edge together with standard of CuO. B – XANES analysis of the fresh and 
used CuO–ZnO – Cu-edge C- XANES analysis of the fresh and used CuO–ZnO films – Zn-edge. No Zn K-edge visible in the used film. The edges just before 9000 eV are 
the Cu K-edges. D - Fourier transformed EXAFS spectra of the fresh CuO–ZnO film and of a Zn foil. The spectrum of the film is the result of merging 10 spectra. 
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and the calcination temperature. The highest photocurrent density was 
observed in an alkaline solution in case of a photocathode composed of 4 
layers of material annealed at 450 ◦C. Cathodic photocurrents are just 
slightly affected by the presence of sacrificial electron donor (methanol), 
proving a correct band potential for OER. PEC experiments performed in 
the deoxygenated electrolyte led to the formation of hydrogen at the 
surface of the photocathode. In turn, in presence of carbon dioxide (in 
aqueous solution as HCO3

− at the operative pH) electrons from irradiated 
photocathode can drive the reduction of CO2 to methanol. 

In addition to high activity, the material also shows a relatively high 
stability. In long time chronoamperometric measurements, the effi
ciency of light conversion decreases during the first hour, and then the 
material reaches a nearly stationary condition because the photocurrent 
density does not change significantly over time up to 24 h. The reason of 
the decrease of light conversion efficiency was investigated by XAS 
measurements. Zn K-edge EXAFS measurement points at the leaching of 
zinc from the sample: after having been used for 24 h in PEC conditions 
the content of zinc is clearly reduced. The far-reaching changes of ma
terial was suggested also by spectro-electrochemical measurements, in 
which redox reactions of both copper and zinc species were discovered. 

The activity of the materials produced in this work looks to be very 
promising and much improved with respect to similar systems described 
in the literature (Table 2). First of all, the density of generated photo
currents (ca. − 1 mA/cm2 as shown in Fig. 5A at applied bias 0.5 V vs 
RHE) is higher than that reported for neat CuO (ca. − 0.4 mA/cm2 [62]) 
even if somehow comparable with that of other ZnO/CuO composites 
[29,63,64]. With respect to the latter, our materials generate high 

photocurrents for at least 24 h, while described ZnO/Cu2O–CuO com
posites show activity for not more than 12 h [25]. Regarding the CO2R, 
the literature reports examples of photocatalytic or 
photo-electrochemical systems based on copper or CuO/ZnO under a 
variety of experimental conditions. K.-L Bae has reported the concomi
tant production of methane and H2 (1080 μmol⋅gcat

− 1 h− 1) [65]. However, 
concerning the production of methanol the yield we have observed with 
our photo-materials (56.7 μmol g− 1 h− 1) is significant even for the high 

Fig. 12. Open-circuit photovoltage measurements. A- Fermi levels and quasi-Fermi levels of electrons for an n-type semiconductor and holes electrons for an p-type 
semiconductor under illumination – the number of yellow arrows indicates the intensity of light. B– OCP measurement of CuO–ZnO under an increasing light in
tensity (each stair represents a 5% increase of relative intensity of light) in a phosphate buffer pH = 7. Changes of OCP under an increasing light intensity in case of 
CuO–ZnO immersed in electrolyte at pH = 7 (squares plot, left axis) or pH = 14 (circles plot, right axis). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 2 
Comparison of obtained results with literature data.  

Material & conditions H2 

evolution 
CH3OH 
production 

References 

CuO/ZnO without sacrificial 
electron donor 

80 μmol h⁻1 

g⁻1 
57 μmol h⁻1 

g⁻1 
this study 

ZnO/CuO supported in a zeolitic 
framework, synthesis 
involving organic compounds 

62 μmol h⁻1 

g⁻1 
– Luévano- 

Hipólito et al. 
[27] 

ZnO–ZnS/graphene 
photocatalyst in glycerol 
solution 

1070 μmol 
h⁻1 g⁻1 

– Chang et al. 
[68] 

CuO@ZnO with the sacrificial 
electron donors 

2353 μmol 
h− 1 g− 1 

– Prabhu et al. 
[28] 

Copper on graphene oxide, 
synthesis involving organic 
compounds  

7 μmol g− 1 

h− 1 
Shown et al. 
[67] 

CuO/ZnO-embedded 
carbohydrate polymer 

– 400 μmol 
g− 1 h− 1 

Belay Getahun 
et al. [66]  
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selectivity (no other C1 products nor H2 were formed) and certified for a 
record lifetime of ca. 24 h. A CuO/ZnO-embedded carbohydrate poly
mer film showed a yield of ca. 400 μmol g− 1 h− 1 [66] for only 3 h, while 
Shown et al. reported a yield of methanol of a few μmol⋅g− 1⋅h− 1, using 
copper oxide composites [67]. Please note that photosystems reported in 
Table 2 were tested in the presence of organic sacrificial electron donors, 
or materials were prepared in the presence of organic compounds, 
whose residuals can play a role as sacrificial agents. 

To summarize, we have described in this paper a CuO–ZnO photo
cathode, in which a mutual-self-doping occurs. The photo-material 
shows a very high density of generated photocurrent, high IPCE value 
and a record 24+ h photoactivity. Photocathodes can be used for H2 
evolution in neat water or for reduction of CO2 to methanol in presence 
of hydrogencarbonate anions, depending of the operative conditions. 
Interestingly, by using synchrotron techniques we have determined the 
reason of the gradual lowering of the photoactivity, that is represented 
by a slow leaching of zinc from the composite. The findings described in 
this paper from one side clarify the role of zinc in the composite (the 
mutual charge transfer) from the other help to better understand how 
the photo-materials work, which will allow to design more efficient 
photo-electrocatalysts. 
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ology. Edmund Welter: Investigation, Methodology. Roberto Com
parelli: Investigation, Methodology. Angela Dibenedetto: Supervision, 
Writing – original draft, Writing – review & editing. Michele Aresta: 
Conceptualization, Methodology, Writing – original draft, Writing – 
review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgments 

This work was financed by EU within Horizon Europe Research – 
DESIRED project (project code: 101083355). The authors acknowledge 
beamline ID03 at the European Synchrotron Radiation Facility and 
beamline P65 at the PETRA III facility in DESY Deutsches Elektronen- 
Synchrotron for providing beam time. Measurements in DESY (work 
order INDU-18-K09) was supported by the Baltic TRAM project, which is 
in part financed by the Interreg Baltic Sea Region Programme funded by 
the European Union. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mtadv.2024.100477. 

References 

[1] P. Lianos, Appl. Catal. B Environ. 210 (2017) 235–254. 
[2] G. Liu, N. Hoivik, K. Wang, H. Jakobsen, Sol. Energy Mater. Sol. Cells 105 (2012) 

53–68. 
[3] T. Baran, S. Wojtyła, A. Dibenedetto, M. Aresta, W. Macyk, ChemSusChem 9 (2016) 

2933–2938. 

[4] J. Highfield, Molecules 20 (2015) 6739–6793. 
[5] M. Aresta, A. Dibenedetto, A. Angelini, Philos. Trans. R. Soc. Math. Phys. Eng. Sci. 

371 (2013) 20120111. 
[6] N. Fajrina, M. Tahir, Int. J. Hydrogen Energy 44 (2019) 540–577. 
[7] T. Jafari, E. Moharreri, A.S. Amin, R. Miao, W. Song, S.L. Suib, Molecules 21 (2016) 

900. 
[8] A.K. Ringsmuth, M.J. Landsberg, B. Hankamer, Renew. Sustain. Energy Rev. 62 

(2016) 134–163. 
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