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Highlights 

 Heterojunction structure of α-Fe2O3 with porous CuO enhanced PEC water splitting. 
 Porous nanostructured CuO was prepared on α-Fe2O3 films using a new approach. 
 19 × more photocurrent at 1.0 V vs RHE recorded for α-Fe2O3/CuO compared to α-

Fe2O3. 
 The heterojunction and porous interface of α-Fe2O3/CuO enhanced charge 

separation. 
 Reduced bandgap of α-Fe2O3/CuO improved light absorption and PEC water splitting. 

 
Abstract 
 
In this research, nanostructured heterojunction of hematite (α-Fe2O3) and porous copper (II) 
oxide (CuO) composites represented as α-Fe2O3/CuO was prepared and used as photoanode 
for photoelectrochemical (PEC) water splitting. X-ray diffraction (XRD) and Raman 
spectroscopy studies confirmed the high purity of α-Fe2O3/CuO heterostructures produced. 
Enhanced photocurrent density of 0.53 mA/cm2 at 1.0 V versus reversible hydrogen electrode 
(vs. RHE) was achieved for α-Fe2O3/CuO photoanodes, representing a 19-fold increase 
compared to the value recorded for α-Fe2O3. The formation of a heterojunction coupled with 
the porous surface morphology of α-Fe2O3/CuO heterostructure facilitated charge separation 
of photogenerated electron-hole pairs, enhancing PEC water splitting.  The reduced bandgap 
recorded for α-Fe2O3/CuO resulted in increased absorption of photon in the visible spectrum 
by the heterostructure, which also influenced the improvement of the photocurrent density. 
Furthermore, increase in charge carrier density and the reduction of charge transfer resistance 
at the liquid/solid interface achieved for α-Fe2O3/CuO were additional evidence associated with 
the improvement in the recorded current density. This research presents the formation of α-
Fe2O3/CuO heterojunction structure with porous surface as a viable route to achieving notable 
improvement in the photo response of α-Fe2O3 photoanodes for PEC water splitting. 
 
Keywords: α-Fe2O3, CuO, heterojunction structure, photocurrent, water splitting. 
 
1 Introduction 
 
In recent years, there has been an increasing global need for renewable energy sources in order 
to mitigate the environmental challenges associated with the burning of fossil foils. Solar 
energy is regarded as a renewable energy source, which is clean, abundant and can be harvested 
and stored as fuels in the form of hydrogen [1] and hydrocarbon compounds [2] via PEC water 
splitting and photoreduction of carbon dioxide respectively. The production of hydrogen 
through PEC water splitting has attracted the attention of researchers globally since its first 
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demonstration in 1972 by Fujishima and Honda [3]. Fujishima and Honda use TiO2 as a 
semiconductor photoanode and achieved a low quantum efficiency of 0.1%. One reason for the 
low quantum efficiency was the inability of TiO2 to absorb photons in the visible spectrum due 
to its large bandgap of 3.0 eV.  Their research suggested the need to utilize semiconductors that 
are able to use the photons in the visible region and stable in aqueous media, for PEC water 
splitting. Over the years, semiconductors which are stable in aqueous solution and are able to 
harvest light in the visible spectrum such as BiVO4, WO3 and α-Fe2O3  have been vastly 
investigated for use as a photocatalyst for PEC water splitting [4]. Among these, α-Fe2O3 is 
one of the most investigated because it is capable of harvesting considerable number of photons 
in the visible spectrum because of its bandgap of  ̴ 2.0 eV [5] and theoretical solar to hydrogen 
(STH) efficiency of 17.0% [6]. However, the efficiency of α-Fe2O3 is yet to attain the 
theoretically predicted value due to its poor conductivity, short hole diffusion length leading to 
high electron-hole recombination and inefficient charge separation [7, 8]. 
 
Numerous approaches have been employed in dealing with the challenges associated with the 
use of hematite for PEC water splitting which include nanostructuring, doping, and the 
formation of heterojunction materials. Nanostructuring of hematite have been widely used to 
promote charge separation on films surfaces where water oxidation reaction occurs during 
photocatalysis [9]. Different nanostructured hematite with surface morphologies of 
nanoparticles [10], nanorods [11], nanotubes [12], and nanoflowers [13] among others have 
been reported to have played a role in improving charge carrier separation during 
photocatalysis. The concept of doping has also been utilized to boost the charge carrier density 
of hematite films thereby improving their conductivity leading to enhanced PEC efficiency. 
Doping of hematite with elements such as tin (Sn) [9], manganese (Mn) [14], and sulphur (S) 
[15] among others, have yielded improvement of photo response during water splitting. The 
formation of heterojunction structures is one promising approach that has been widely utilized 
to limit charge recombination, enhance charge separation and also improve photon absorption 
of hematite photocatalyst for efficient PEC water splitting [16-19].  
 
The formation of a heterojunction can create an electric field at the interface that is formed 
between the heterostructures which can  help to facilitate charge transport and separation as 
well as limit electron-hole recombination [4]. More so, a heterojunction allows for the 
incorporation of materials that can absorb photons at different wavelengths in the visible 
region, thereby increasing the number of photogenerated electron-holes pairs and PEC 
performance. Depending on the semiconductor materials used to form the heterostructure (n-
type or p-type), an n-n, p-p or p-n junction structure could be formed. The p-n junction 
heterostructures is a commonly used architecture for PEC water splitting [20]. Several hematite 
base p-n junction heterostructures such as NiO/α-Fe2O3 [21], α-Fe2O3/Cu2O [19], CaFe2O4/α-
Fe2O3 [22] and α-Fe2O3/CuO [23] have been applied towards PEC water splitting. Besides the 
formation of a p-n heterojunction, α-Fe2O3/CuO can significantly enhance the absorption of 
photons in the visible spectrum because of the low bandgap of CuO given as 1.55 eV [24]. 
However, the use of α-Fe2O3/CuO heterostructure for PEC water splitting has been scarcely 
reported in literature. Pastrana et al. (2019) prepared α-Fe2O3/CuO heterostructures, used as 
photocatalyst  for water splitting and reported a cathodic photocurrent density of -0.19 mA/cm2 
at 0.18 V vs RHE [23]. 
 
In this research, α-Fe2O3 and α-Fe2O3/CuO heterojunction photoanodes were prepared by dip 
coating and the enhancement of PEC water splitting resulting from the formation of the 
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heterostructure was studied. A new approach of preparing porous CuO developed in this project 
was used in formation of the heterostructure with α-Fe2O3.The photocurrent density recorded 
for α-Fe2O3/CuO at 1 V vs. RHE was 19-fold more than the value recorded for pristine 
hematite. The absorption onset of α-Fe2O3/CuO relative to that of α-Fe2O3 was red-shifted. This 
led to improved absorption of photons in the visible spectrum which influenced the 
enhancement in the photocurrent density achieved for α-Fe2O3/CuO photoanode. Also, the 
formation of α-Fe2O3/CuO heterojunction structure produced an in-built electric field at the p-
n junction that facilitated the movement of photoexcited charge carriers which significantly 
reduced the recombination of electron-hole pairs and impacted positively on its water splitting 
capability. The morphology of CuO deposited on α-Fe2O3 to form the heterostructure was 
porous and may have played a significant role in boosting charge separation, and consequently 
photocatalytic efficiency. In addition, increased charge carrier density as well as the lowering 
of charge transfer resistance at the solid/liquid interface recorded for α-Fe2O3/CuO explained 
the enhancement of photocurrent density achieved. 
 
2 Experimental 
 
2.1 Preparation of α-Fe2O3 films 
 
Hematite films were deposited on FTO substrates following a procedure that has been reported 
in detail elsewhere [25]. In summary, iron(III) nitrate nonahydrate (Fe(NO3)3.9H2O) and oleic 
acid were mixed in a mass ratio of about 2:1 and heated for 2.5 hrs at 110°C to yield a red-
brown mass. The mass was then treated with 80 mL of tetrahydrofuran, sonicated for 15 min 
with an ultrasonic bath and centrifuged for 3 mins at 5000 rpm. The supernatant solution 
collected was used for the deposition of hematite films on cleaned FTO substrates via the dip 
coating approach. In the dip coating process, the FTO substrate was immersed for 2 mins in 
the precursor, removed at a withdrawal rate of 30 mm/min, dried for 15 min at 70°C and 
annealed for 30 mins at 500°C. The process was repeated thrice to produce four layers of dip 
coated thin films of hematite. 
 
2.2 Preparation of α-Fe2O3/CuO films 
 
The α-Fe2O3 films prepared on FTO were used as the substrate for the deposition of porous 
CuO nanostructures to form α-Fe2O3/CuO heterojunction. The precursor used for the 
deposition of CuO was prepared by mixing 0.25 M copper acetate in 90% propan-2-ol, 5% 
diethanolamine and 5% polyethylene glycol 400.The copper acetate was first dissolved in 
propan-2-ol and stirred for 1 hr. Afterwards, diethanolamine was added and continuously 
stirred for another 1 hr. Finally, polyethylene glycol was poured into the solution in a dropwise 
manner and further stirred for 1 hr. The solution obtained was aged for 70 days and used as the 
precursor solution for the deposition of CuO films. The α-Fe2O3 films prepared on FTO was 
immersed into the solution for 60 s, withdrawn at the rate of 1 mm/s and dried using a two-step 
method; at 110°C and 250°C for 10 and 5 min respectively. The dip coating process was 
repeated twice after which the films were introduced into the furnace at 300°C, heated to 550°C 
at the rate of 10°C/min and annealed at that temperature for 1 hr. Thereafter, the films were left 
to cool down to room temperature naturally producing a heterojunction structure of α-
Fe2O3/CuO films. Fig. 1 presents a chart that summarizes the procedure for the preparation of 
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CuO on FTO/α-Fe2O3 films. Following the same procedure, CuO films were prepared on FTO 
substrates for comparative purpose. 

 
 
Fig. 1. A chart showing the summary of the procedure used for the preparation α-Fe2O3/CuO heterostructure. 
 
2.3 Characterization  
 
XRD technique was employed to investigate the structural properties of pristine α-Fe2O3, CuO 
and α-Fe2O3/CuO films Bruker D2 PHASER-e diffractometer of Cu-Kα radiation at 
wavelength of 0.15418 nm. Zeiss Ultrafast 540 instrument was used to examine morphology 
of the films by field emission gun scanning electron microscopy (FEG-SEM). The cross-
section view of α-Fe2O3/CuO film was also examined using FEG-SEM to obtain approximate 
film thickness of the composite materials in the heterostructure. Energy dispersive X-ray 
Spectroscopy (EDS) which is coupled to the Zeiss Ultrafast 540 instrument was engaged to 
study the constituent elements in the films as well as the chemical distribution across the cross-
section of α-Fe2O3/CuO heterostructure. The optical properties of the films were examined 
using CARY 100 BIO Ultraviolet-Visible (UV-Vis) spectrometer. Raman spectroscopy study 
of the films were performed using a WiTec alpha300 RAS+ Confocal Raman Microscope with 
excitation laser of 532 nm at 5 mW. 
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2.4 PEC measurements 
 
The pristine α-Fe2O3, CuO and α-Fe2O3/CuO films produced were used as photocatalyst in a 
three-electrode electrochemical system and their PEC properties were studied. The 
electrochemical cell consists of Na2SO4 as the electrolyte (pH=5.8) while the photoelectrodes, 
2 × 2 cm platinum mesh and Ag/AgCl in 3M of KCl were utilized as the working, counter and 
reference electrodes respectively. VersaSTAT 3F potentiostat from Princeton Applied 
Research coupled to the electrochemical cell was used to carry out the PEC measurements. 
Voltammetry scan was performed on the films in dark and under illumination at the scan rate 
of 50 mV/s to observe their photocurrent response. Newport 𝑂𝑟𝑖𝑒𝑙® 𝐿𝐶𝑆 − 100𝑇𝑀 solar 
simulator was calibrated using a Newport 91150V reference cell to 1 sun and utilized as the 
light source. The surface area of the photoelectrodes exposed to illumination was 0.49 cm2. 
Electrochemical impedance spectroscopy (EIS) measurements were performed on the 
photoanodes under dark conditions at 0.5 V vs. Ag/AgCl, frequency range of 10, 000 - 0.1 Hz 
and at an excitation amplitude of 10 mV. Furthermore, EIS was conducted on α-Fe2O3/CuO in 
Na2SO4 electrolyte containing 15% methanol (pH=5.8) as sacrificial reagent (SR). The EIS 
experimental data obtained was fitted to an equivalent circuit model using the ZView software 
purchased from Scribner Associates. Mott-Schottky analysis were performed on the films 
under dark conditions at a single frequency of 1000 Hz, AC potential amplitude of 10 mV and 
a DC potential interval of -1.0 to 1.0 V vs. Ag/AgCl. Chronoamperometry measurement were 
performed on the photoanodes at 0.5 V vs. Ag/AgCl to investigate their stability in electrolyte. 
The potential against Ag/AgCl reference were all converted to RHE scale using the Nernst 
equation:  
 

V V / 0.059 pH 0.1976 V    (1) 
 
where, 𝑉  is the potential in RHE scale, 0.1976 V is the value of Ag/AgCl reference electrode 
standard potential vs. NHE at 25°C, and V /  represents the potential used in the 
experiment against Ag/AgCl reference electrode [26, 27]. 
 
3 Results and discussion 
 
3.1 Structural properties 
 
XRD study was performed on the films prepared to obtain information on their structural 
properties. Fig. 2 shows the XRD pattern for α-Fe2O3, CuO and α-Fe2O3/CuO film. The XRD 
pattern for α-Fe2O3 films revealed diffraction peaks at (110) and (104) planes which indicates 
that hematite’s rhombohedral crystal structure with lattice parameters a = b = 5.032, c = 13.733; 
R c space group has been formed. The pattern also revealed weak reflections at (012), (113), 
(024), (122) and (310) planes corelating with those of α-Fe2O3 according to the JCPDS file no. 
33-0664. Other forms of iron oxide were not observed, confirming high quality of prepared α-
Fe2O3 films. The diffraction pattern of CuO films revealed peaks at (111) and (111) planes 
which is indexed to the monoclinic crystal structure with lattice parameters a = 4.64 Å, b = 3.4 
Å, c = 5.09 Å, β = 99.5° according to JCPDS no 05-0661. Bragg reflections for copper (Cu) 
and copper (I) oxide (Cu2O) were not observed, confirming high purity of CuO. The XRD 
pattern for α-Fe2O3/CuO confirmed the presence of the composite materials with the detection 
of the diffraction peaks observed for both α-Fe2O3 and CuO films.  
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Fig. 2. XRD pattern of α-Fe2O3, CuO and α-Fe2O3/CuO films. Note: the * symbol represent the XRD peaks of 
FTO substrates. 

 
A shift of about 0.173 and 0.186° towards higher 2θ values was observed for the (104) and 
(110) peaks of the α-Fe2O3/CuO heterostructure relative to that of α-Fe2O3 respectively, as 
shown in Fig. S1 of the supplementary data. The shift may have been caused by unintentional 
doping of α-Fe2O3 through the diffusion of some Cu ions into α-Fe2O3 during the annealing 
process of the Cu-based precursor to form the heterostructure. Depending on the preparation 
process of doped hematite, the lattice volume may increase or decrease causing the XRD peaks 
to shift to lower or higher 2θ values respectively [28]. XRD peak shifts to lower [13, 29, 30] 
and higher [28, 31] 2θ values have been observed in literature for Cu doped α-Fe2O3. The XRD 
peak shifts observed for α-Fe2O3 in the heterostructure may have been caused by the reduction 
of lattice size due to the doping effect. The substitution of Fe3+ by Cu2+ can result in charge 
imbalance and for charge neutrality, some oxygen vacancies are created causing a reduction in 
the lattice size and the shift of XRD peaks to higher 2θ values  [28, 31]. 
 
Furthermore, additional structural information was obtained by characterizing α-Fe2O3, CuO 
and α-Fe2O3/CuO composite using Raman spectroscopy; a probe that is sensitive to the phonon 
vibrations in materials. Raman scattering gives information on the bonds of a material and is 
able to ascertain the presence of unwanted phases such as magnetite (Fe3O4) and Cu2O in α-
Fe2O3 and CuO respectively [32]. The Raman spectra of the films studied are presented in Fig. 
3. The spectra for the α-Fe2O3 films confirmed the 2A1g and 5Eg vibrational phonon modes of 
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the films. The peaks observed at 230 and 504 cm-1 have been indexed to the A1g modes while 
the ones at 250, 297, 305, 414, 614 cm-1 are alloted to the Eg modes, similar to what has been 
reported for α-Fe2O3 in literature [33]. The phonon modes belonging to Fe3O4 or other forms 
of iron oxide were not detected, confirming high purity of the produced hematite films. The 
spectra for CuO films revealed the 2Bg and 1Ag Raman active phonon modes for the films. The 
peak at 302 cm-1 is indexed to the Ag mode and ones at 250 and 638 cm-1 are assigned to the 
Bg modes. The phonon modes belonging to copper (Cu) or other forms of copper oxide were 
not detected, confirming high quality of the CuO films prepared. The spectra of α-Fe2O3/CuO 
composite revealed all the phonon vibrational modes detected for both α-Fe2O3 and CuO 
further confirming the composite materials in the heterostructure. The peaks at 302, 297 and 
305 cm-1 for Ag and 2Eg modes of CuO and α-Fe2O3 respectively overlapped with each other 
resulting to a single peak been observed in the Raman spectra of the α-Fe2O3/CuO 
heterostructure.  
 

 
 

Fig. 3. Raman spectra of α-Fe2O3, CuO and α-Fe2O3/CuO films. 

 
The Raman intensities of the vibrational phonon modes of α-Fe2O3 in the spectra of α-
Fe2O3/CuO decreases relative to those of pristine α-Fe2O3, as clearly shown in Fig. S2 of the 
supplementation data. The decreased Raman intensities is attributed to lattice distortions and 
reduce crystallization of α-Fe2O3 films that may have resulted from the unintentional doping 
of α-Fe2O3/CuO by Cu during the heat treatment of Cu-based precursor to form the 
heterostructure [34, 35].  The substitution of Fe3+ by Cu2+ will lead to the creation of oxygen 
vacancies to compensate for the resulting charge imbalance, decreasing the lattice volume and 
crystal size of the films [28, 31]. Reduction in crystal size of nanostructured materials has been 
linked with decreasing Raman peaks intensities in previous studies [36, 37]. The indication of 
Cu doping from Raman spectra analysis further support the claim in XRD analysis. 
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3.2 Morphology and elemental composition 
 
Surface morphology of pristine α-Fe2O3, α-Fe2O3/CuO and CuO were characterized using 
FEG-SEM and the results are given in Fig. 4 (a), (b) and (c) respectively. The morphology of 
the hematite films revealed some larva-shaped and spherical nanostructures. The larva-shaped 
nanostructures may have resulted from the agglomeration of some of the spherical 
nanoparticles. The α-Fe2O3/CuO revealed spherical nanoparticles for CuO at the film’s surface 
which are porous and more inhomogeneous compared to the α-Fe2O3 films. FEG-SEM analysis 
was carried out on CuO films prepared on FTO in order to understand the influenced of using 
FTO/α-Fe2O3 substrate on the surface morphology observed for α-Fe2O3/CuO heterostructure. 
The morphology of pure CuO nanostructures revealed porous surface and spherical particles 
that are similar with those of α-Fe2O3/CuO. This indicates that the FTO/α-Fe2O3 used to prepare 
α-Fe2O3/CuO composite did not influence the surface morphology observed. The particle 
diameter of the nanostructures of the samples were estimated using ImageJ software. The 
particle size estimated for α-Fe2O3, CuO and α-Fe2O3/CuO nanostructures were 35.3, 37.3 and 
38.8 nm with standard deviation of 6.1, 6.2 and 7.0 nm respectively. The histogram of the 
particle size distribution of the α-Fe2O3, CuO, α-Fe2O3/CuO nanostructures are presented in 
Fig. S3 of the electronic supplementary information. The difference in the particle size of α-
Fe2O3 and α-Fe2O3/CuO was not quite significant and may have no influence on PEC 
performance. However, the porous nature of α-Fe2O3/CuO surface can be helpful in enhancing 
charge separation during PEC water splitting and consequently its performance [38]. 
 

 
 
Fig. 4. Surface micrographs of (a) α-Fe2O3, (b) α-Fe2O3/CuO and (c) CuO films: with the insets showing their 
images at higher magnifications respectively. 

 
The cross-sectional image of the α-Fe2O3/CuO was investigated to obtain the estimated film 
thickness of the composite materials in the heterostructure. The cross-sectional view of the α-
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Fe2O3/CuO composite is presented in Fig. 5(a). Film thickness of 425 ± 26 and 133 ± 16 nm 
were estimated for the α-Fe2O3 and CuO layers of the heterostructures respectively. α-Fe2O3 
requires film thickness of about 400-500 nm for complete complete absorption because of its 
poor absorption coefficient [39]. This gives an indication that the total film thickness of 558 ± 
42 nm recorded for the heterostructure may be effective for light absorption for PEC 
applications. The cross-section showed uniform distribution of CuO on α-Fe2O3 and a distinct 
junction formation at the interface between them. 
 

 
 
Fig. 5. (a) cross-sectional view of α-Fe2O3/CuO films with the inset showing corresponding EDS mapping: (b), 
(c) and (d) shows the signal distribution of the mapping for Cu, Fe and Sn respectively. 

 
EDS mapping was carried out on the SEM cross-section of α-Fe2O3/CuO to ascertain elemental 
distribution in the core of the heterostructure. The inset of Fig. 5 (a) shows the EDS elemental 
mapping on the SEM cross-section while (b), (c) and (d) disclosed the signal distribution for 
tin (Sn), iron (Fe) and copper (Cu) across the map, respectively. A strong signal for Sn was 
noticed at the edge of the films, towards the substrate. This is a confirmation of the FTO 
substrate used for film deposition which contains Sn as one of its constituent elements. A well 
pronounced signal of Fe was noticed after that of Sn indicating the formation of α-Fe2O3 films 
on FTO. The distribution of Cu was observed on the surface of the films indicating the 
formation of CuO on α-Fe2O3 to form α-Fe2O3/CuO heterostructure. The results of the EDS 
measurement performed on the surface morphology of α-Fe2O3/CuO is given in Fig. S4 of the 
electronic supplementary information. Oxygen (O), Fe, Cu and silicon (Si) were detected in 
the analysis. Hight content of O was detected in the analysis due to its presence in SnO, α-
Fe2O3, and CuO which made up the entire sample. Fe was detected due to its presence in α-
Fe2O3 films. The presence of Cu resulted from the formation of CuO on the surface of α-Fe2O3 
while Silicon (Si) was detected due to the quarts contend of glass from the glass/FTO substrates 
used. 
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3.3 Optical properties 
 
Optical studies were performed on the films using UV-Vis spectroscopy to analyse the 
absorption pattern and the bandgaps of the films. The absorption spectra of α-Fe2O3 and α-
Fe2O3/CuO films are presented in Fig. 6(a). The absorption peak obtained for hematite at 390 
nm got red-shifted to 412 nm by the α-Fe2O3/CuO heterostructure. The difference in the band 
gap of α-Fe2O3 and CuO will cause the realignment of the conduction band (CB) and valence 
band (VB) in the energy band structure of α-Fe2O3/CuO resulting in the red-shift observed for 
the absorption spectra of the heterostructure [40]. In addition, the grain boundaries at the 
interface formed between the composite materials will lead to the generation of many 
intermediate energy levels below the CB of α-Fe2O3 allowing for easier movement of electrons 
from the VB to the CB of the heterostructure [41, 42].  This will lead to improve absorption in 
the visible spectrum by the heterostructure which is significant for improving PEC performance 
[43]. 
 

   
 

Fig. 6. A plot of (a) UV-Vis normalized absorption spectra and (b) Tauc approximation for indirect bandgaps of 
α-Fe2O3 and α-Fe2O3/CuO films. 

 
From the absorption spectra of α-Fe2O3 and α-Fe2O3/CuO, the approximate optical bandgaps 
of the films were extracted from the Tauc plots for indirect transitions shown in Fig. 6(b). The 
estimated optical bandgap for α-Fe2O3 and α-Fe2O3/CuO films were approximately 1.98 and 
1.83 eV respectively. The reduced bandgap of α-Fe2O3/CuO resulted to the red-shifting of its 
absorption onset relative to that of α-Fe2O3. This led to the improved photon absorption in the 
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visible spectrum observed for α-Fe2O3/CuO which will enhance the number of photogenerated 
electron-hole pairs in the films during PEC water splitting and consequently enhance 
performance. 
 
3.4 Photoelectrochemical properties 
 
Linear sweep voltammetry measurements were done under dark and illumination conditions 
on the α-Fe2O3 and α-Fe2O3/CuO photoelectrodes to obtain their photocurrent response. Fig. 
7(a) presents the results of the voltammetry scan done on the photoelectrodes under dark 
conditions. Dark current density of 0.1 mA/cm2 was observed at 1 V vs. RHE for α-Fe2O3/CuO 
films whereas no noticeable value was recorded for α-Fe2O3 film at the same reference 
potential. The improved dark current was caused by improved charge transport in the 
heterostructure and slower recombination of charge carrier’s due to the large surface area of 
the porous α-Fe2O3/CuO interface, which will provide more active sites for water oxidation 
[44]. Improvement in charge transport in the bulk of the films due the formation of the 
heterojunction structure will allow for more holes to get to the surface of the films where water 
oxidation occurs [1, 45]. In the presence of increased number of holes at the solid/liquid 
interface, slower recombination of charge carrier’s due to the increased interfacial surface area 
will improve the extraction of holes for water oxidation, increasing the dark current [44, 46, 
47]. Similar large dark current has been reported for α-Fe2O3/NiO where the solid/liquid 
interface consist of nanowires providing large surface area for water oxidation [44]. 
 

 
 

Fig. 7. Current density for α-Fe2O3 and α-Fe2O3/CuO photoanodes for measurements done under (a) dark and (b) 
illumination conditions: (c) and (d) shows the cathodic current response of CuO and α-Fe2O3/CuO films 
respectively. 
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Photocurrent density is one of the direct parameters that reflects the PEC performance of 
photoelectrodes [4]. Fig. 7(b) presents the current response of α-Fe2O3 and α-Fe2O3/CuO for 
measurements done under illumination. Photocurrent density of 0.53 mA/cm2 at 1 V vs. RHE 
was recorded for α-Fe2O3/CuO, representing a 19-fold increase compared to the value obtained 
for α-Fe2O3 photoanodes (0.027 mA/cm2). The formation of a heterojunction structure 
produced an in-built electric field at the p-n junction that facilitated the movement of 
photoexcited charge carriers which significantly reduced recombination of electron-hole pairs, 
leading to the improved photocurrent observed [45]. The reduction in the optical bandgap 
observed for α-Fe2O3/CuO enhanced its photon absorption in the visible region, increasing the 
number of photogenerated electron-hole pairs thereby contributing to the improved 
photocurrent response achieved [43]. Also, the porous nature of the films surface for α-
Fe2O3/CuO may have helped in enhancing charge separation and the photo response recorded 
for the films [38]. In addition, the unintentional doping of α-Fe2O3 by Cu during the heat 
treatment of Cu-based films to form α-Fe2O3/CuO as explained in section 3.1 can improve the 
conductivity and enhanced charge transport, contributing to the increased photocurrent 
response of the heterostructure [13, 30]. In order to observe the cathodic current response of 
CuO and α-Fe2O3/CuO films, a negative voltammetry scan was conducted and the results are 
presented in Fig. 7(c) and (d) respectively. CuO been a p-type semiconductor produced a 
cathodic photocurrent of -1.15 mA/cm2 at 0.45 V vs. RHE. However, no noticeable cathodic 
photocurrent was observed for α-Fe2O3/CuO, indicating that the heterostructure possesses an 
n-type property, further validating the anodic current response observed for the films. 
 
The mechanism of PEC water oxidation using heterojunction materials has been reported in 
previous literature [45, 48-50]. In summary, if a heterostructure is formed between a p-type 
and an n-type semiconductor material, a space charge layer is created at the interface between 
them. The formation of the space charge layer is caused by the diffusion of majority charge 
carriers from the p-type and n-type materials in opposite direction, leading to the creation of a 
p-n junction and an electric field at the interface of the semiconductors [45]. Depending on the 
position of the valence band (VB), conduction band (CB) and fermi level of the semiconductor 
materials, the energy diagram and charge transfer process of the heterostructure can be 
illustrated. Fig. 8 present an illustration of the charge transfer process and energy diagram of 
α-Fe2O3/CuO heterostructure. The optical band gap estimated for α-Fe2O3 is  ̴ 2.0 eV while the 
calculated VB and CB edges has been reported as 0.3-0.6 and 2.4-2.7 eV respectively. The 
approximate bandgap for CuO is 1.55 eV with VB and CB edge values as -0.51 and 1.04 eV 
respectively [24]. The CB edge for CuO is higher compared to that of α-Fe2O3 while its Fermi 
energy level is lower and less negative [23]. Upon formation of α-Fe2O3/CuO heterostructure, 
the fermi levels will adjust and achieve equilibrium through the diffusion of majority charge 
carries from each of the semiconductors as earlier explained. This will lead to the creation of 
space charge layer, an internal electric field and energy band bending at the interface joining 
the α-Fe2O3/CuO composites as shown in Fig 8. Upon photoexcitation of α-Fe2O3/CuO, the 
photogenerated holes from the VB of α-Fe2O3 are moved to that of CuO which then goes on to 
perform water oxidation at the solid/liquid interface. Also, photogenerated electrons from the 
CB of CuO is transferred to that of α-Fe2O3. The electrons in the CB of α-Fe2O3 are then 
transferred to FTO from where they move to the counter electrode through the back contact to 
reduce H+ into H2. The movement of photoexcited holes and electrons between α-Fe2O3 and 
CuO is facilitated by the electric field at the p-n junction enhancing effective charge separation 
and significantly reducing recombination of electron-hole pairs [1, 45]. This served a critical 
role in enhancing the photocurrent density recorded for α-Fe2O3/CuO relative to that of α-Fe2O3 
photoanodes. 
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Fig. 8. Energy diagram and charge transfer processes for α-Fe2O3/CuO heterojunction structure. 
 
Additional reasons behind the improved photo response recorded for α-Fe2O3/CuO 
heterojunction material over α-Fe2O3 was extracted from the EIS studies of the photoanodes. 
EIS was engaged to study the charge transport processes occurring at the surface and bulk of 
the films. Fig. 9. shows the Nyquist plots of the EIS measurements done on α-Fe2O3 and α-
Fe2O3/CuO photoanodes. The equivalent circuit model used to fit the experimental data 
obtained is presented in the inset of Fig. 9. The Rs in the circuit model stand for the series 
resistance due to FTO, the electrolyte and the conducting wires of the external circuit [51, 52]. 
In the two RC-circuits of the model, Rb and the constant phase element 1 (CPE1) stands for 
the charge transport resistance and the space charge capacitance in the bulk of the films while 
Rct and CPE2 represents the charge transfer resistance and the capacitance of the double layer 
at the surface of the photoanodes respectively. CPE was used to represent capacitive 
behaviours. This is because the inhomogeneous nature of the films surface as revealed in their 
morphology will result to a capacitive behaviour that is non-ideal [53].  
 
The values obtain for the circuit components after fitting of the raw experimental data to the 
modelled circuit are given in Fig. 9(b). In the bulk of the films, charge transport resistance 
decreased while the space charge capacitance significantly increased for α-Fe2O3/CuO relative 
to α-Fe2O3 photoanodes. Lowered charge transport resistance and increased capacitance in the 
bulk of α-Fe2O3/CuO can result to easier movement of photogenerated holes to the surface of 
the films where water oxygen reaction takes place. At the surface of the films, the charge 
transfer resistance notably reduced for α-Fe2O3/CuO by a factor of about 29 and the double 
layer capacitance increased by over 6 times compared to the value recorded for α-Fe2O3, 
respectively. The significant reduction of charge transfer resistance achieved have been 
associated to two main factors. First, the electric field developed at the interface of α-
Fe2O3/CuO due to the formation of a heterojunction structure significantly supports charge 
transport and decreased recombination of electron-hole pairs, leading to decreased charge 
transfer resistance [45]. Secondly, the porous surface of the α-Fe2O3/CuO provided a larger 
contact area with more active sites for OER at the photoanode/electrolyte interface which 
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significantly improved interfacial charge transfer, leading to the reduced Rct value recorded 
[38]. The reduced charge transfer resistance and increased capacitance of the double layer 
recorded for α-Fe2O3/CuO photoanodes is linked to the improvement in photocurrent density 
achieved for the films over those of α-Fe2O3. Similar observation has been reported for other 
heterostructure materials in literature [1, 54-56]. The use of 15% of methanol in the electrolyte 
as SR further resulted in a drop in the Rct value of the α-Fe2O3/CuO photoanode by 73.3%. 
This is an indication of further improvement in charge separation efficiency at the 
photoanode/electrolyte interface due to the presence of SR in the electrolyte acting as hole 
scavengers. More so, the electric field at the interface between the heterostructure allowed for 
more holes to get to the surface which are easily separated in the presence of SR, further 
confirming the suppression of charge recombination by α-Fe2O3/CuO relative to α-Fe2O3. 
 

 
 

Fig. 9. (a) the Nyquist plot for EIS measurements done on α-Fe2O3 and α-Fe2O3/CuO and α-Fe2O3/CuO (using 
15% methanol as SR in the electrolyte) with the modelled circuit employed to fit the raw data presented in the 
inset and (b) shows the recorded values for the circuit elements used in fitting the data. 

 
The Bode plot of log frequency (Hz) vs. phase (°) delay presented in Fig. S6(b) of the 
supplementary information was used to estimate the electron lifetime (τe) of the films using the 
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relation 𝜏 1 2𝜋𝑓⁄  where fmax represents the peak frequency [57, 58]. The fmax recorded 
for α-Fe2O3 and α-Fe2O3/CuO was 12.6 and 100.0 Hz corresponding to lifetimes of 1.6 and 
12.6 ms respectively. The lifetime of α-Fe2O3/CuO increased by 7.9-fold compared to that of 
α-Fe2O3 suggesting a significant improvement in charge carriers transport due to the formation 
of the heterojunction structure. 
 
In order to relate the donor density (ND) and the position of the flat band potentials (Vfb) of the 
photoanodes with their photocurrent response, Mott-Schottky measurements were done on the 
films. Fig 10(a) shows the results of the Mott-Schottky investigation done on the photoanodes. 
The positive slope obtained for α-Fe2O3 and α-Fe2O3-CuO confirmed their properties as n-type 
materials and justifies their photoanodic response [59, 60]. The Mott-Schottky measurement 
done on CuO film shown in Fig 10 (b) yielded a negative slope, an indication of its p-type 
property [61]. This further validates the n-type behaviour observed for the α-Fe2O3/CuO 
heterostructure. The Mott-Schottky relation for an n-type material given in equation 2 was used 
to calculate the Nd and Vfb values for the photoanodes. 
 

Ɛ₀Ɛ
 V V             (2) 

 
where e denotes the electronic charge, K represents the Boltzmann constant, T denote the 
temperature, V stands for the applied potential, A is the electrode’s surface area,  Ɛ denotes the 
dielectric constant whose value is 80 for hematite, Ɛ₀ denote the vacuum’s permittivity, and C 
denotes the capacitance of the space charge layer [62]. In line with equation 2, the ND values 
for the photoanodes where calculated using equation 3. The value of A used for each of the 
electrodes was about 1.8 cm2: the surface area of the photoanodes dipped into the electrolyte. 
 

N
Ɛ₀Ɛ

                 (3) 

 

The donor density calculated for α-Fe2O3/CuO (1.75 × 1020 cm-3) was 3.9 times more than the 
value obtained for α-Fe2O3 (4.5 × 1019 cm-3). The increased in ND for α-Fe2O3/CuO 
photoanodes was an indication of reduced charge recombination resulting from the formation 
of a heterojunction structure [63]. The reduced Rct value obtained for α-Fe2O3/CuO relative to 
that of α-Fe2O3 as presented in Fig. 9(b) is an indication of the decrease charge recombination 
which contributed to the increased ND value observed. A similar trend of reduce charge 
recombination was observed for α-Fe2O3/CuO when 15% methanol was used as sacrificial 
reagent in the electrolyte resulting in further drop in Rct value by a factor of about 0.73 (Fig. 
9(b)). This further confirmed the suppression of charge recombination by the heterostructure 
which contributed to the increased ND value obtained for α-Fe2O3/CuO. Similar increase in 
donor density for p-n junction heterostructure materials have been observed in other studies [4, 
45]. In addition, possible doping of α-Fe2O3 by Cu during the annealing of the Cu-based films 
to form α-Fe2O3/CuO may have contributed to the increased donor density obtained for the 
heterostructure [14, 64]. The improvement in donor density contributed to the enhance 
photocurrent density recorded for α-Fe2O3/CuO films.  
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Fig. 10. Mott-Schottky analysis for (a) α-Fe2O3 and α-Fe2O3/CuO, and (b) CuO films. 

 
The Vfb of the photoanodes were obtained through fitting the linear part of the MS plots, and 
using their intercept on the potential axis at 1/C2 = 0 to estimate the Vfb values. The flat band 
potential shifted positively from 0.30 V vs. RHE for α-Fe2O3 to 0.64 V vs. RHE for α-
Fe2O3/CuO photoanodes. Since fermi level of CuO is less negative than that of α-Fe2O3 [23], 
the formation of heterojunction by the two semiconductors pulled the equilibrated fermi level 
to a more positive direction relative to that of α-Fe2O3 resulting in the flat band potential shift 
observed [65]. Similar positive shifts in Vfb for heterojunction materials have been reported in 
previous studies [55, 65]. The positive shift of Vfb is accompanied by the formation of an 
electric field at the interface between α-Fe2O3/CuO heterojunction which supports charge 
transport and limit recombination of electron-hole pairs. 
 
Chronoamperometry measurement was performed on the α-Fe2O3 and α-Fe2O3/CuO films to 
study their stability in 0.5M Na2SO4 electrolyte. Hematite films shows good stability in the 
electrolyte during a current-time scan of 100 s, consistent with other observations in literature 
[6, 66]. The α-Fe2O3/CuO films was relatively unstable in electrolyte retaining 49.1 and 25.7% 
of it’s photocurrent after 50 and 100 s respectively. The instability of α-Fe2O3/CuO films in 
electrolyte is attributed to photocorrosion of the CuO films deposited on the surface of the 
heterostructure [67]. The stability of photocatalyst in electrolyte solution is very significant for 
its real-life use in PEC applications [49, 68]. The α-Fe2O3/CuO photoanode achieved enhanced 
light harvesting and photocurrent density, however, its poor stability in electrolyte will inhibit 
its practical application in photocatalytic hydrogen production. Previously, the stability of 
CuO-based photoelectrodes has been greatly improved through the deposition of a thin layer 
of activated carbon [69], metal nanoparticles such as platinum [67] and thin protective layer of 
TiO2 [70] on the surface of the films to limit photocorrosion in CuO. Future work on α-
Fe2O3/CuO should priorities the enhancement of its stability in electrolyte by exploiting one or 
more of the possible routes of limiting photocorrosion in CuO. 
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Fig. 11. The stability measurements of α-Fe2O3 and α-Fe2O3/CuO films. 

 
4 Conclusion 
 
In this research, α-Fe2O3/CuO heterojunction photoanode was prepared by dip coating and the 
impact of the formation of the heterostructure on the PEC properties of α-Fe2O3 films was 
studied. A new approach of preparing porous CuO developed in this project was used in 
formation of the heterostructure with α-Fe2O3. XRD and Raman spectroscopy studies 
confirmed high purity of α-Fe2O3/CuO heterostructures produced. The photocurrent density of 
0.53 mA/cm2 at 1 V vs. RHE was recorded for α-Fe2O3/CuO denoting a 19-fold increment 
when compared to the value obtained for pristine α-Fe2O3 films. The formation of a 
heterojunction structure produced an in-built electric field that facilitated the movement of 
photoexcited charge carriers which significantly reduced recombination of electron-hole pairs 
and impacted positively on PEC water splitting. The reduced band gap of α-Fe2O3/CuO 
heterostructure enhanced absorption of photons in the visible region which influenced the 
improvement in the photocurrent density achieved. The porous surface morphology observed 
for α-Fe2O3/CuO can lead to improved charge separation of photogenerated electron-hole pairs 
and helped in enhancing PEC water splitting. Furthermore, increase in charge carrier density 
and the lowering of charge transfer resistance at the photoelectrode/electrolyte interface 
recorded for α-Fe2O3/CuO photoanodes were additional evidence associated with the 
improvement in photocurrent density for the films. This study presents the formation of α-
Fe2O3/CuO heterojunction structure with porous surface as a viable route for achieving notable 
enhancement in the photo response of hematite photoanodes in PEC water splitting. 
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