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Heterojunction Cr2O3/CuO:Ni photocathodes for enhanced 

photoelectrochemical performance 
Siti Nur Farhana Mohd Nasir,a* Mohd Khairul Najib Yahya,b Norfaizzatul Wahidah Mohamad 

Sapian,b Norasikin Ahmad Ludina, Mohd Adib Ibrahima, Kamaruzzaman Sopiana and Mohd Asri Mat 

Teridia* 
Heterojunction p-type photoelectrode consist of chromium oxide, Cr2O3 and copper oxide, CuO-doped nickel, Ni were 

prepared using aerosol-assisted chemical vapour deposition (AACVD) and spin-coating. All samples were photoresponsive 

and showed photocathodic current in 0.5 M Na2SO4 under simulated solar illumination. The photocathode with optimal 

composition of 3 layers of CuO and 0.5 % Ni showed enhanced photoactivity relative to bare Cr2O3. Based on the optical 

characterization and the flatband potentials calculation, the fabricated Cr2O3, Cr2O3/CuO and Cr2O3/CuO:Ni can absorb 

visible light that allow water reduction reaction. Moreover, the electrochemical impedance spectroscopy revealed that the 

charge transfer resistance of Cr2O3/CuO:Ni was decreased. Thus, in heterojunction structure, the photogenerated 

electrons in Cr2O3 are transferred to CuO:Ni layer which then contribute to high photoactivity. The combined advantages 

of the two strategies (heterojunction and doping) provide favourable charge transport characteristics of the materials. 

Introduction 

Investigation of photoelectrochemical (PEC) water splitting has long 

been studied for renewable energy sources. Particularly, the study 

is focussed on semiconductor materials which have great potential 

to split water molecule into oxygen and hydrogen gas. Metal oxides 

have been chosen for decades to drive photocatalytic reaction. 

However, one major problem may arise from using metal oxides. 

Most of the metal oxides have wide bandgap energy which cannot 

utilize sufficient solar photons to split water efficiently unless 

modifications are made to these photoelectrodes.1 Several 

attempts include nanostructure morphology control,2,3 

substitutional doping of metal cations 4,5 and formation of 

heterojunction6,7 have been made to address this limitation in order 

to improve the photoelectrochemical performance. In contrast to a 

single component photocatalyst, heterojunction of two 

semiconductors has been recognized as an attractive solution to 

create high efficiency device by extending the light absorption. It 

can combine merits of each component to show synergistic 

effects.8,9 Additional benefit can be expected by creating a junction 

structure that can enhance electron-hole separation preventing 

energy loss during electron transfer in the electrolyte.10 Ever since 

the pioneering work of n-type TiO2 electrode by Fujima and  

 

Honda11, numerous studies have primarily concentrated on n-type 

metal oxide semiconductors such as BiVO4,12-15 Fe2O3
16-19

 and 

WO3
20-23 in photoelectrolysis. On the other hand, research efforts in 

the p-type semiconductor photoelectrode materials such as 

Co2O3,24,25 NiO,26-27 Cr2O3
7,28 and CuO29,30 have been seldom 

reported. Among these materials, Cr2O3 and CuO are the most 

promising materials to be applied in photoelectrodes. Cr2O3 has 

been studied extensively in the field of photocatalytic,31 

homogeneous catalysis,32 and hydrogen absorption.33 Under visible 

light irradiation, Cr2O3 exhibited weak photocatalytic activity due to 

wide bandgap energy (3.45 eV)31 which allows this material only to 

be activated by UV light. Therefore, the formation of heterojunction 

with matching band potentials is expected to improve the photo-

conversion efficiency of photogenerated charge carriers. For p-type 

photoelectrode material, CuO with narrow bandgap energy (1.4-1.8 

eV) was found to be much more active under visible light and has 

suitable band position for water reduction reaction (H+ to H2).4,34-37 

Aside from that, CuO has long been a candidate as a photocathode 

because of several reasons including low production cost, natural 

abundance, non-toxic material, good electrical properties and more 

importantly it can produce faster electron transfer compared to 

other photocatalysts.38  

 In the past years, some metal oxide semiconductors have been 

modified by forming junction structure to promote efficient 

electron-hole separation. For example, the ZnO/CuO heterojunction 

branched nanowires photoelectrodes was found to exhibit higher 

photocurrent due to broadband photoresponse from UV to near IR 

region.39 Recently, it was shown that higher photocatalytic activity 

could be obtained from CuO/TiO2 heterojunction. The performance 

enhancement are attributed to the photoelectron transfer from the 

more negative conduction band of TiO2 to CuO.40 On top of that, 

due to the relatively high resistance of CuO, the movement of 
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photon-excited electrons to the electrode and electrolyte interface 

may be limited.41 Hence, to reduce the resistance of CuO, and to 

improve the photo-responsiveness of CuO is by doping with metal 

ions.41 Doping the impurity metal ions with semiconductor is a 

useful technique to change the electrical, magnetic and optical 

properties of the material.42 Recently, Ni has received increased 

interest as a dopant in the studies of thin films.43,44,45 In previous 

work, the electronic properties of CuO was altered when doping 

with Ni. The increase in photocurrent density and conductivity by 

0.76 % and 1.5 % respectively was realized after 2 % of Ni 

concentration was added as a dopant into CuO.5 Therefore, we can 

say that incorporation of Ni ion into CuO nanostructure can affect 

the conductivity of the host material depending on the amount of 

dopant inserted. Herein, we applied both concepts of 

heterojunction and doping as useful approach to enhance the 

photoelectrochemical properties. First, we fabricated the 

heterojunction Cr2O3/CuO thin film photocathodes through AACVD 

and spin-coating. In a separate experiment, Ni dopant was added 

into CuO sol-gel which later coated on Cr2O3 through spin-coating. 

These two strategies were combined together in order to have 

better utilization of solar irradiation to improve the photocatalytic 

activity. Structural characterizations and photoelectrochemical 

behavior of the fabricated samples are also examined.  

 

Experimental 
Deposition of Cr2O3 thin films by AACVD 

Conducting glass of fluorine-doped tin oxide (FTO, TEC 8, ~8Ω/sq 

Pilkington) was cleaned with acetone, iso-propanol and deionized 

water for 15 minutes respectively in the ultrasonic bath and dried in 

air. To prepare Cr2O3 by AACVD, modification of previously 

published method was employed.12 An ultrasonic dehumidifier was 

used to generate the aerosol from a mixture of 50 mM chromium 

(III) acetylacetonate, Cr(C5H7O2)3 in 100 ml toluene which was then 

transported by a carrier gas to the heated substrate (~ 460 ᵒC). The 

deposition time was optimized from 15, 30, 45 and 60 minutes. The 

as-deposited Cr2O3 thin films are greenish, uniform and adhere 

strongly onto the FTO substrate as tested by “scotch tape test”. 

 

Synthesis of sol-gel Ni-doped CuO solution 

All the CuO layers were prepared based on a previously published 

method with some modifications.30 To prepare 0.3 M CuO sol, 

copper (II) acetate monohydrate, Cu(CO2CH3)2.H2O was added in 

ethanol under vigorous stirring for 20 minutes. At this time, 

diethanolamine was dripped slowly until the solution was 

completely dissolved. Subsequently, minimum amount of propylene 

glycol was added into the solution and then stirred for 60 minutes. 

The solution was allowed to age for 2 days at room temperature. 10 

mM nickel (II) nitrate hexahydrate, Ni(NO3)2.6H2O in minimum 

amount of ethanol was prepared as dopant. Then, 0.25 %, 0.5 % 

and 1 % of Ni solution was dripped into CuO sol and stirred in 

ultrasonic bath before use.  

CuO: Ni layer deposition 

The as-prepared CuO and CuO:Ni sol were spin coated (1500 rpm, 

25 seconds) onto Cr2O3 films and then dried in air at 100 ᵒC for 15 

minutes for each coating to remove the organic solvent. This 

process was repeated three times before the substrates were 

subjected to a final thermal annealing at 450 ᵒC for 1 hour. 

 

Materials Characterization 

Structural and optical characterizations 

X-ray diffraction (XRD) spectra were obtained using (model Bruker 

D8 Advance) in the range from 20 to 60ᵒ. The average grain size of 

the samples was calculated based on the following Scherer’s 

equation: 

�����	���	 =
��


����
 

 

where, λ is the X-ray wavelength of 0.15406 nm, β is the full width 

at half-maximum (FWHM) at (110) for Cr2O3 and (111) for 

Cr2O3/CuO and Cr2O3/CuO:Ni respectively, θ is the Bragg angle, and 

k is a constant. The surface roughness and topographic images of 

thin films were identified using NanosurfeasyScan 2 Atomic Force 

Microscopy (AFM). For ultraviolet-visible spectroscopy (UV-Vis) 

absorbance studies, samples were measured using PerkinElmer 

UV/VIS/NIR spectrophotometer Lambda 950. The thin films 

morphology was characterized using a field-emission scanning 

electron microscope (FESEM) and energy dispersive X-ray 

spectroscopy (EDX) on (FE-SEM SUPRA VP55). 

 

Photoelectrochemical (PEC) measurements 

The steady state photocurrent density, electrochemical impedance 

spectroscopy (EIS) as well as Mott-Schottky analysis were 

performed in a 3-electrodes configuration consisting of SCE 

(saturated KCl) as reference electrode, a Pt plate as the counter 

electrode, and the Cr2O3, Cr2O3/CuO, Cr2O3/CuO:Ni thin films as 

working electrodes. The samples were measured in 0.5 M Na2SO4 

aqueous electrolyte solution with 1 cm2 of active area. A Metrohm 

potentiostat / galvanostat Autolab PGSTAT 204 was used to supply 

the desired potential and frequency to the electrodes. The 

measurements were conducted under dark, chopped and light 

conditions with a xenon lamp (light intensity of 100 mWcm-2). The 

EIS and Mott-Schottky characterizations were performed using the 

same experimental setup as above. The applied frequency for EIS 

was 100 kHz-10 mHz under dark and illumination. The Mott-

Schottky plots were performed in the absence of light at -0.5 to 0.4 

V vs. SCE. 

 

Results and Discussion 
Structural properties 

Structural characteristic of the as-deposited Cr2O3, Cr2O3/CuO and 

Cr2O3/CuO:Ni films analysed using X-ray diffraction are presented in 

figure 1. For Cr2O3 (figure 1a), the peaks at 24.5ᵒ, 33.6ᵒ, 36.2ᵒ, 41.5ᵒ, 

50.2ᵒ and 54.8ᵒ correspond to (012), (104), (110), (113), (024) and 

(116) planes. All the Cr2O3 peaks on the XRD pattern can be indexed 

to the rhombohedral structure (JCPDS 70-3765). After CuO was 
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coated upon the Cr2O3 layer (figure 1b), new peaks are observed at 

32.5ᵒ, 35.6ᵒ, 38.8ᵒ and 48.7ᵒ. These peaks are attributed to (110), (-

111), (111) and (-202) planes which represent CuO base-centered 

monoclinic structure (JCPDS 73-6023). The XRD pattern of the 

Cr2O3/CuO:Ni (figure 1c) has the same crystal structure to that 

Cr2O3/CuO except that the new peaks of Ni appear at planes (111) 

and (200). The other peaks shown to have no significant changes 

suggesting that the mass loading of Ni is very small. In addition, the 

reduction of grain size observed in Table 1 is attributed to the 

lattice distortion induced by Ni doping.46 From XRD, the formation 

of Cr2O3, CuO and Ni were confirmed and no impurity peaks were 

detectable.  

Figure 1:  XRD patterns of (a) Cr2O3, (b) Cr2O3/CuO and (c) 

Cr2O3/CuO:Ni thin films.

Atomic Force Microscopic (AFM) 

Surface roughness and grain size of each sample were compared 

and presented in table 1. Figure 2 displays the 3D view of the thin 

films. Although the AFM images show less noticeable changes in 

thin films topology, Cr2O3/CuO:Ni recorded the highest surface 

roughness and smallest grain size compared to Cr2O3 and 

Cr2O3/CuO. Hence, this indicate that the formation of CuO:Ni layer 

onto Cr2O3 alter the topology of the films. Generally, high surface 

roughness and small grain size can significantly affect the PEC 

performance as more sites are exposed in the photocatalytic 

reaction. It was found that the grain size of the films decreased in 

the presence of Ni. The reduction of grain size is attributed to the 

substitution of Ni2+ (0.69 Å) with Cu2+ (0.73 Å) onto CuO lattice 

which further caused the lattice distortion and change in ionic 

radii.45   

 

Table 1: Surface roughness (obtained from AFM), grain size 

(calculated from XRD) and particle size (taken from FESEM) of Cr2O3, 

Cr2O3/CuO, and Cr2O3/CuO:Ni thin films. 

Samples 

Grain 

size 

(Å) 

Surface 

roughness 

(nm) 

Particle 

size 

(nm) 

Cr2O3 453.10 45.64 840.00 

Cr2O3/CuO 283.90 49.59 94.12 

Cr2O3/CuO:Ni 209.60 54.56 58.83 

 

 
Figure 2: AFM images of (a) Cr2O3, (b) Cr2O3/CuO and (c) 

Cr2O3/CuO:Ni thin films. 

 
Morphological properties  

Elemental and topographical characteristic of the thin films were 

carried out through Field Emission Scanning Electron Microscopy 

and the result are shown in figure 3.  
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Figure 3:  FESEM images of (a) Cr2O3, (b) Cr2O3/CuO and (c) 

Cr2O3/CuO:Ni and d) EDX of Cr2O3/CuO:Ni thin film photocathode. 

 
Cr2O3 thin films grown over the substrate exhibited a stone-like 

structure (figure 3a). Whereas, after being coated by CuO layer, the 

surface morphology of Cr2O3/CuO thin films revealed a porous 

surface with some large particles appeared to be a plate-like shape. 

The same porous structure was also recorded from Cr2O3/CuO:Ni. 

This structure can improve the electrode/electrolyte interfacial 

area. As charges are generated at the electrolyte interface, the 

photogenerated holes have to travel through less bulky material. As 

a result, chances of recombination can be reduced during the 

photo-oxidation reactions.47 In the case of Cr2O3/CuO:Ni, more 

charges are generated than Cr2O3 and Cr2O3/CuO, thereby 

increasing the charge mobility. Moreover, after Ni was added in the 

CuO, most of the particles viewed in figure 3c) have small size 

compared to the particles size in figure 3b). This result was 

tabulated in table 1. Note that, the decrease in particle size 

observed in FESEM images is consistent with the XRD results 

calculated using Scherrer’s equation. Furthermore, some of the 

particles seemed to agglomerate and forming rougher surface 

consistent with results obtained from AFM analysis. From FESEM 

images, the thickness of Cr2O3, Cr2O3/CuO and Cr2O3/CuO:Ni films 

were 0.88, 1.13 and 1.25 µm respectively (figure S1). Energy 

dispersive X-ray image of Cr2O3/CuO:Ni (figure 3d) confirms the 

elemental existence of Cr, Cu, O, and Ni. 

 

Optical properties  

Optical absorption measurements of Cr2O3, Cr2O3/CuO and 

Cr2O3/CuO:Ni thin films are shown in figure 4. Nearly similar peak 

pattern with the absorption peaks at ~450 and ~600 nm were 

observed in all samples. The similar trend of Cr2O3 absorption is also 

consistent with the previous study.48 Note that, as for all samples, 

the dominant peak was exhibited by Cr2O3, hence the peaks of CuO 

and Ni cannot be seen. Initially, Cr2O3 showed moderate light 

intensity, however, after layers of CuO and CuO:Ni were deposited 

on the Cr2O3 film, the light intensity increase by ~ 10 % and ~15 % 

respectively. This suggests that the absorbance peaks of CuO and Ni 

fall in the same wavelength region of Cr2O3. Small difference in the 

absorption intensity of Cr2O3/CuO and Cr2O3/CuO:Ni films may be 

attributed to the variation in thickness as well as scattering from 

different morphology of the deposited films.49   

 The optical bandgap energy of the samples was estimated from 

Tauc plots (figure 5). The best fit for the optical bandgap was found 

for direct bandgap transition rather than indirect transition. The 

bandgap energy estimated for Cr2O3 is 3.21 eV (figure 5a). This 

value is smaller than previously reported for bulk counterpart (3.5 

eV) 31 which can be ascribed to the quantum confinement effect.50 It 

can be seen that, heterojunction Cr2O3/CuO:Ni has bandgap energy 

of 2.23 eV. The incorporation of CuO:Ni with Cr2O3 led to a decrease 

in the bandgap energy which confirm the substitution Cu2+ ions by 

Ni2+ ions in the host lattice. This facilitates an easy passage of 

electrons from the conduction band to the valence band as 

compared to the Cr2O3 sample.  

 
Figure 4: UV-Vis spectrum of Cr2O3, Cr2O3/CuO and Cr2O3/CuO:Ni 

thin films.

 
 

 
Figure 5: Tauc plots of a) Cr2O3 and b) Cr2O3/CuO:Ni thin films.

PEC characterization 

The PEC performance of the thin film photoelectrodes was carried 

out in 0.5 M Na2SO4 electrolyte between 0.5 to -0.6 V vs. SCE under 

dark and simulated conditions. As the potentials sweep from 

positive to the negative direction, cathodic photocurrents are 

observed for all samples. Moreover, the chopped pattern displays a 

good initial photocurrent spike. The photocurrent spike occurs 

before a sharp decay to a steady-state photocurrent which 

generally is assigned to the electron-hole recombination at 
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immediate time or corrosive effects.51 Initial experiment was carried 

out to determine the optimum time to deposit Cr2O3. Figure 6a) 

shows the time-dependence of photocurrent density of Cr2O3. Cr2O3 

prepared for 30 minutes showed the highest performance with 0.1 

mAcm-2 at -0.6 V vs. SCE. It is known that, short deposition time 

result in thinner films whereas long deposition time corresponds to 

thicker films. As the film thickness increases, the sample produces 

the lowest photocurrent density. This might be due to greater 

distance travelled by the charge carriers, thereby, increasing the 

rate of recombination of electron-hole pairs.51 On the contrary, the 

lowest photocurrent density recorded by the thinnest films (15 

minutes) might be due to the shortest distance travelled by the 

charge carriers compared to its diffusion length. So, the charge 

carriers have not had enough time to diffuse to electron-hole pairs.  

 
Figure 6: The photocurrent density-potential curves of a) Cr2O3 and 

b) Cr2O3/CuO:Ni (0.5 %) thin film photocathodes

 
The low photocurrent magnitude exhibits by Cr2O3 is due to its 

wide bandgap, thus limiting the electron excitation rate from 

valence band to the conduction band.24 By coupling Cr2O3 with CuO 

forming heterojunction, the photocurrent density of Cr2O3 was 

increased from 0.1 to 1.33 mAcm-2. The photocurrent enhancement 

is assigned to the subsequent increase of minority carriers of 

electrons under illumination.51 In order to determine the improved 

property of Cr2O3, the photocurrent measurements of single CuO 

and CuO:Ni were conducted under the same condition (figure S2 

and table S1). Interestingly, the results prove that the 

photocatalytic activity was enhanced in heterojunction structure 

rather than in a single-layer thin film electrode. Further, different 

percentage of Ni dopant was optimized in order to study its effect 

towards the conductivity of the prepared electrodes. Table 2 

represents the photocurrent density as a function of Ni content at -

0.6 V vs. SCE. The photocurrent density of Ni-doped CuO was 

enhanced as the amount of Ni increased from 0.25 to 0.5 % and 

then decreased with 1 % Ni. The Ni ions have similar size to Cu2+ 

ions which can make it more easily substituted into CuO lattice,5 

therefore, the conductivity increased due to higher concentration 

of carriers available (Cu2+ and Ni2+). Among other samples, the 

Cr2O3/CuO:Ni thin film photoelectrodes exhibited higher 

photocurrent density of 2.6 mAcm-2
. Based on the FESEM result, it 

shows that the effect of Ni doping is to reduce the particles size 

resulting in large surface area for reaction. 

 

Table 2: Photocurrent density of Cr2O3, Cr2O3/CuO and 

Cr2O3/CuO:Ni photocathodes with different percentage of Ni 

content. 

 

Samples 

Ni content 

(%) 

Photocurrent Density 

vs. SCE at -0.6 V (mAcm-2) 

Cr2O3 (30 min) - 0.10 

Cr2O3/CuO - 1.33 

 0.25 1.42 

Cr2O3/CuO:Ni 0.50 2.55 

 1.00 1.90 

 

 
Figure 7:  Nyquist plots of all samples under simulated 1 sun (air 

mass 1.5G, 100 mWcm-2). 
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Electrochemical impedance spectroscopy (EIS) was carried out 

under illumination at bias potential -0.2 V. The characteristic of 

charge transfer resistance Rct can be represented in the semicircle 

of the Nyquist plot. Clearly, a smaller arc radius was observed for 

Cr2O3/CuO:Ni compared to those of Cr2O3 and Cr2O3/CuO (figure 7). 

This suggests that the charge transfer resistance of Cr2O3 was 

reduced due to higher electron conductivity after the formation of 

Ni-doped CuO heterojunction. In other words, heterojunction of 

Cr2O3 with CuO:Ni promotes the interfacial charge transport and 

facilitates the photoinduced charge separation.52  

Mott-Schottky plots for Cr2O3 and CuO:Ni electrodes in 0.5 M 

Na2SO4 are displayed in figure 8a). The flatband potentials were 

determined from the intersection of the line fit to the 1/C2 with x-

axis. The flatband potentials of Cr2O3 and CuO:Ni were 0.6 and 0.7 V 

vs. SCE respectively. By converting the obtained flatband potential 

with respect to NHE, the calculated values were 0.84 and 0.94 V vs. 

NHE. Based on the optical bandgap energy (see figure 5 and figure 

S3), and flatband potentials, we sketched the energy band diagram 

of heterojunction Cr2O3/CuO:Ni in figure 8b. The conduction band 

and valence band of Cr2O3 are more negative than the 

corresponding bands of CuO:Ni. Therefore, this condition favours 

the facile injection of photogenerated electrons from the 

conduction band of Cr2O3 to that CuO:Ni. When the photoelectrode 

is illuminated with simulated solar light, the photogenerated charge 

carriers are generated at the conduction band of both Cr2O3 and 

CuO:Ni. The excited electrons in Cr2O3 migrate to the conduction 

band of CuO:Ni easily due to the potential difference, and then 

accumulate with the existing photogenerated electrons of CuO:Ni. 

Finally these electrons move to the semiconductor/electrolyte 

interface whereas holes are collected onto FTO.  

 

Figure 8:  Mott-Schottky plots of a) Cr2O3 and CuO:Ni thin film 

photocathodes b) Schematic representation of the Cr2O3 and 

CuO:Ni films in aqueous medium under illuminated condition. 

 

Conclusion  
Cr2O3, Cr2O3/CuO and Cr2O3/CuO:Ni photocathodes were 

successfully prepared via AACVD and spin-coating. The performance 

of these photoelectrodes toward PEC was studied with 

photocurrent density-voltage curve, EIS and Mott-Schottky analysis. 

The photoresponse of a single Cr2O3 photoelectrode was increased 

after the formation of heterojunction with CuO and Ni-doped CuO 

(CuO:Ni). The thin films with the composition; Cr2O3 (30 minutes), 

CuO layer and Ni content (0.5 %) gave the best photocurrent 

performance of 2.6 mAcm-2 vs. SCE at -0.6 V. In a nutshell, by 

combining these two strategies (heterojunction and doping) in a 

single photoelectrode may provide an effective way to enhance the 

photoelectrochemical properties. 
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