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A B S T R A C T

To date, most metal oxide-based photocathodes used in photoelectrochemical cells for water splitting contain
copper cations in its composition, which can be reduced to metal Cu under cathodic bias leading to deactivation
of the photoelectrode. Here, a Cu-free photocathode composed by a ternary heterostructure of Bi2O3/
Al2Bi24O39/Al2Bi48O75 nanowires is reported with a narrow band gap energy (1.83 eV) and suitable conduction
band edge potential (−0.98 VRHE) for water reduction to hydrogen. Photoelectrochemical measurements display
that the highest photocurrent density of − 4.85mA cm−2 at 0 VRHE under simulated sunlight is achieved by
tuning the Bi:Al molar ratio of photocathode to 21:1. The photocurrent onset potential of the Bi2O3/BiAl oxides
photoelectrode was estimated to be 0.57 VRHE at pH 7, which is comparable to that of silicon. Controlled po-
tential photoelectrolysis at 0 VRHE showed a stable photocurrent of about − 2mA cm−2 for 2 h of continuous
operation. The H2 measured at this time was 696 μmol cm−2, which corresponds to a Faradaic efficiency of 93%.
Finally, this work gives a new generation of Cu-free photocathodes and demonstrates a promising future of BiAl
oxides in constructing photoelectrochemical devices for water splitting.

1. Introduction

Hydrogen fuel production from sunlight and water in photoelec-
trochemical (PEC) devices is a promising approach to supply renewable
and carbon-free energy [1–3]. In PEC devices, the photoanode (n-type
semiconductor) and/or photocathode (p-type semiconductor) use light
to produce oxygen and hydrogen from water splitting, respectively
[4–9]. A techno-economic analysis shows that the cost of hydrogen
produced by silicon solar cells with a solar-to-hydrogen (STH) effi-
ciency of 9.8% still is expensive compared to the hydrogen produced by
steam reforming of natural gas [10]. Therefore, new earth-abundant
semiconductors need to be synthesized with less cost than crystalline
silicon, while sustaining high STH efficiency and stability.

Earth-abundant n-type metal oxides such as BiVO4 (Eg = 2.4 eV)
[11–17], Fe2O3 (2.2 eV) [18–22], ZnO [23,24], and WO3 (2.6 eV)
[25–27] have been widely studied as photoanodes, while p-type Cu2O
(2.0 eV) [28–31], CuBi2O4 (1.5 eV) [32–35], and CuFeO2 (1.5 eV)
[36–38] have been used as photocathodes in PEC cells. Metal oxide
photoelectrodes have the advantage of simpler synthesis methods than

its non-oxide counterparts, but they have commonly smaller optical
absorption coefficients, poor charge-carrier mobility, and short charge-
carrier-lifetime, which results in lower photocurrents and energy con-
version [29]. Notably, most p-type metal oxides utilized in PEC cells
contain copper, which is known to cause the deactivation of Cu-based
photocathodes due to copper reduction under cathodic bias [28]. Thus,
the development of new p-type photoelectrodes that do not contain
copper in its composition is of interest.

Bismuth-based oxides are good alternatives to make visible-light
photocathodes [39] due to their electronic structures are formed by
hybridized Bi 6 s and O 2p orbitals in the valence band, which favors
the good dispersion of charge carriers and decreases the band gap en-
ergy [39]. However, to date, a limited number of Bi-based oxide pho-
tocathodes can perform photoelectrochemical hydrogen evolution, in-
cluding α-Bi2O3 [40], CuBi2O4 [41–45], BaBiO3 [46], BiFeO3 [47], and
Bi2FeCrO6 [48]. Among these Bi-based photocathodes, CuBi2O4 exhibits
the better photoelectrochemical performance for H2 evolution from
water splitting due to its small bandgap energy in the range of
1.5−1.8 eV, conduction band with a more negative potential than the
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reduction potential of H+/H2, and photocurrent onset potential near
+ 1 VRHE. Although, CuBi2O4 undergoes photocorrosion in aqueous
electrolyte due to Cu reduction, which limits its practical use as a
photocathode [35,41].

Here we demonstrate a p-type Cu-free photoelectrode composed by
a ternary heterostructure of Bi2O3/Al2Bi24O39/Al2Bi48O75 nanowires
fabricated by spray pyrolysis, exhibiting a small band gap energy (Eg =
1.83 eV), a proper conduction band edge potential (−0.98 VRHE) for
proton reduction at neutral pH, and a high cathodic photocurrent for
photoelectrochemical water splitting. The role of Bi/Al ratio on the
photoabsorption and PEC performance is also assessed.

2. Materials and methods

2.1. Fabrication of photocathodes

Five photoelectrodes composed of Al2O3, Bi2O3, and composites of
BiAl oxides with Bi:Al molar ratios of 14:1, 21:1, and 23:1 were pre-
pared. The photoelectrodes were fabricated on conductive fluorine-
doped tin oxide (FTO)-coated glass substrates
(10mm×20mm×2mm, 16Ω cm−2), previously cleaned in an ul-
trasonic bath using acetone and ethanol. Before deposition, two dif-
ferent solutions of Al and Bi were made by dissolving 20mmol Al
(NO3)3·9H2O (solution 1) and 20mmol Bi(NO3)3·5H2O (solution 2) each
in 100mL glacial acetic acid (99.7%,) under stirring at 60 °C for 40min.
The solutions were directly sprayed down onto the FTO glass substrates
at 130 °C using a commercial airbrush (0.3 mm nozzle) at 14 cm dis-
tance of FTO, with 20 cycles of spray deposition for 5 s. Then, the
substrates were annealed in a muffle furnace at 500 °C for 2 h in an air
atmosphere to produce crystalline films of Al2O3 and Bi2O3. The pre-
cursor solutions 1 and 2 were mixed to achieve Bi:Al molar ratios of 1:1,
2:1, and 3:1, respectively in order to obtain films of BiAl oxides.
Subsequently, the resulting solutions were stirred at 60 °C for 40min to
form stable and homogeneous solutions. These solutions were used for
the film deposition onto FTO as described above. After spray deposi-
tion, the films were annealed in air at 500 °C for 2 h to produce the
composite photoelectrodes.

2.2. Characterization of the photocathodes

The structural analysis of the photoelectrodes was carried out by X-
ray diffraction (XRD) measurements using an X-ray diffractometer
(Rigaku Smartlab, Japan) with a scanning speed of 0.03° min−1 and
CuKα radiation (λ=1.54056 Å). The morphology of the films was
evaluated by field emission scanning electron microscopy (FE-SEM)
using a Supra 35-VP (Carl Zeiss, Germany) microscope. High-resolution
transmission electron microscopy (HRTEM) images were collected with
an FEI TECNAI G20 F20 microscope operating at 200 kV. The electronic
structure of the films was assessed by diffuse reflectance measurements
using a UV/Vis spectrophotometer (Cary 5 G). MgO was used as re-
ference material (100% transmission). The Bi and Al contents in the
films were analyzed by X-ray fluorescence (XRF) spectrometer (Phillips
PW 1480).

2.3. Photoelectrochemical measurements

The performance of the photocathodes for water reduction was
monitored with a potentiostat (AUTOLAB Potentiostat-Galvanostat
PGSTAT 128 N) using a standard three-electrode configuration, with
Ag/AgCl (3.0 M KCl) as reference electrode, platinum plate as counter
electrode, and Al, Bi, and BiAl oxides as working electrodes with irra-
diation areas of 0.5 cm2, and scan rate of 20mV s−1. A 0.5M Na2SO4

aqueous solution (pH 7.2) was used as the electrolyte. The current-
potential (J-V) curves were obtained in the dark and under simulated
solar spectrum generated by a Xe source (Xenolux 300). The light in-
tensity of the xenon lamp was calibrated to 1 sun (100mW cm−2) using

a pyranometer (APG-MP-200). For converting the obtained potential
versus Ag/AgCl to RHE, Eq. (1) was used:

= + +E E 0.059pH 0.197RHE Ag/AgCl (1)

The electrochemical impedance spectra (EIS) were obtained using a
potentiostat-galvanostat (AUTOLAB PGSTAT 128 N) equipped with the
FRA32M module. The Nyquist plots were measured at 0 V vs. RHE with
an AC amplitude of 20mV, frequency of 100 kHz− 100mHz in the dark
and under a 100mW cm−2 Xe light. The 0.5M Na2SO4 solution was
used as the electrolyte. The EIS data were fitted with NOVA 1.11
software.

The incident photon-to-current efficiency (IPCE) spectra of Bi:Al
films were calculated from photocurrent measurements in a two-elec-
trode configuration using the Eq. (2).

Fig. 1. XRD patterns of the photocathodes produced by spray pyrolysis of the
precursor of Bi:Al solutions with a molar ratio of 1:1 at 130 °C and annealing at
different temperatures.

Fig. 2. Current density-potential curves collected from low to high potentials
for the photocathodes produced by spray pyrolysis of Bi:Al solutions with molar
ratio of 1:1 at 130 °C and annealing at different temperatures. Measurement
conditions: illuminated area =0.5 cm2, 0.5M Na2SO4 electrolyte (pH = 7.2),
light source =300W Xe lamp (100mA cm−2), scan rate = 20mV s−1, back
illumination for all photocathodes.
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=IPCE
(1240 eV nm)I

λP
ph

irr (2)

The Iph is the photocurrent density in mA cm−2, λ is the wavelength
of the incident radiation in nm, and the Pirr is the incident photon flux
in mW cm−2. The light excitation was performed using a 300W Xe
lamp in a Newport/Oriel housing. The photon flux was determined by a
Newport 1919-R power meter equipped with an 818-UV/DB sensor
before and after photocurrent measurements. The Bi:Al films were used
as photocathodes and a platinized FTO as the counter electrode. 0.5 M
Na2SO4 was used as the electrolyte.

2.4. Faradaic efficiency for H2 and O2 evolution

The faradaic efficiency measurements were performed by using
Unisense hydrogen (H2–500), and oxygen (OX-500) probes controlled
by a Microsensor Multimeter (4-CH) with sensor trace Logger software.
The amperometric H2 measurements were carried out by using an H2

microsensor connected to a multimeter polarized at +1 V for 1 h. After
a stable current in the pA range was achieved, the microsensor was
ready for use. For calibration, high-purity H2 gas was bubbled through
the 0.5 M Na2SO4 solution until H2 saturation was reached. Then, the
H2-saturated Na2SO4 solution was diluted to various concentrations in a
calibration chamber. The current was estimated from the average of the
data points taken during each measurement. The detection limit for H2

using the microsensors is 0.3 µM. The O2 microsensor was pre-polarized
at −0.8 V for 2 h and calibrated with a CAL300 (Unisense) microprobe
calibration chamber. Finally, the H2 and O2 produced in the photo-
cathode and counter-electrode was divided by the theoretical amount of
hydrogen and oxygen gas respectively to obtain the faradaic efficiency.

3. Results and discussion

The photoelectrodes used in this study were fabricated by spray
pyrolysis of Bi:Al solutions. First, precursor solutions with Bi:Al molar
ratio of 1:1 were deposited at 130 °C directly on FTO-coated glass
substrates and then annealed at different temperatures to evaluate the
effect of phase formation on the photoelectrochemical performance of
the photocathodes. The X-ray diffraction (XRD) pattern of the as-grown
Bi:Al particles at 400 °C (Fig. 1) indicate the formation of monoclinic α-
Bi2O3 (JCPDS File No. 41-1449) and cubic Al2Bi24O39 (JCPDS File No.

42-184) as a minority phase. At 450 °C, cubic γ-Bi2O3 (JCPDS File No.
45-1344) and cubic Al2Bi24O39 (JCPDS File No. 42-184) were the
phases formed. The photocathodes produced at 500 °C are constituted
by cubic Al2Bi24O39 (JCPDS File No. 42-184) and tetragonal Al2Bi48O75

(JCPDS File No. 42-199), while tetragonal β-Bi2O3 (JCPDS File No. 42-
199) and tetragonal Al2Bi48O75 are produced at 550 °C.

To evaluate the photoelectrochemical activity of the hetero-
structures above for water reduction, we employ the as-grown Bi:Al
films as the photocathodes. The photocurrent density versus potential
(J × V) curves (Fig. 2) were obtained under simulated sunlight

Fig. 3. XRD patterns of the photocathodes produced by spray pyrolysis of dif-
ferent Bi:Al molar ratio at 130 °C and subsequent annealing at 500 °C.

Fig. 4. High-resolution transmission electron microscopy (HRTEM) image of a.
Bi:Al (14:1), b. Bi:Al (21:1), and c. Bi:Al (23:1) photocathodes.
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illumination at 100mW cm−2 from a 300W Xe lamp using a conven-
tional three-electrode configuration. The photocurrent density

measured at 0 VRHE for the photocathode annealed at 500 °C
(−3.29mA cm−2) was significantly higher than the photocurrents
produced by other heterojunctions annealed at 400 (−0.45mA cm−2),
450 (−0.12mA cm−2), and 550 °C (−0.11mA cm−2), respectively,
suggesting the coupling between Al2Bi24O39 and Al2Bi48O75 favors the
photoelectrochemical water reduction. It should be observed that the
photocurrent density described in this work corresponds to the differ-
ence between the current densities obtained under illumination and in
the dark at 0 VRHE.

Subsequently, the photocathode annealed at 500 °C was optimized
by varying the Bi:Al molar ratios of the precursor solutions used for the
film deposition. Hence, three photoelectrodes were fabricated by spray
pyrolysis of solutions with initial Bi:Al molar ratios of 1:1, 2:1, and 3:1
at 130 °C followed by annealing in air at 500 °C for 2 h. The Bi and Al
contents determined by XRF was found to be 88.3 wt% Bi and 0.8 wt%
Al for the Bi:Al (1:1), 88.8 wt% Bi and 0.6 wt% Al for the Bi:Al (2:1),
and 88.9 wt% Bi and 0.5 wt% Al for the Bi:Al (3:1), which correspond to
Bi:Al molar ratios of 14:1, 21:1, and 23:1, respectively. It suggests the Bi
is preferentially spray deposited on the FTO-coated glass substrates
because it is much heavier than Al. Thus, the films were labeled Bi:Al
(14:1), Bi:Al (21:1), and Bi:Al (23:1). The XRD patterns of the photo-
electrodes (Fig. 3) revealed the photocathode Bi:Al (14:1) is formed by
cubic Al2Bi24O39 (JCPDS File No. 42-184) and tetragonal Al2Bi48O75

(JCPDS File No. 42-199). Increasing the Bi content in the Bi:Al (21:1)
and Bi:Al (23:1) photoelectrodes results in the formation of monoclinic
α-Bi2O3 (JCPDS File No. 41-1449) in addition to Al2Bi24O39 and
Al2Bi48O75 phases. The formation of Bi2O3/AlBi heterojunctions was
evidenced by HRTEM (Fig. 4). The lattice fringes of d = 0.26 nm and d

Fig. 5. (a, b) Top-view and (c, d) cross-section SEM images of Bi:Al (21:1) photocathode.

Fig. 6. UV–Vis diffuse reflectance spectra of Bi:Al photocathodes. (a) Al2O3, (b)
Bi:Al (41:1), (c) Bi:Al (21:1), (d) Bi:Al (23:1), (e) Bi2O3.
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=0.29 nm agree well with the crystallographic planes of α-Bi2O3 (022)
and Al2Bi48O75 (002), respectively. The d values of 0.25, 0.29, and
0.32 nm correspond to the (400), (222), and (310) planes of Al2Bi24O39,
respectively. Fig. 5 shows the SEM images of the top- and cross-sec-
tional views of Bi:Al (21:1) film. The heterostructured photocathode
presents self-organized nanowire arrays with a mean diameter of
100 nm and length of about 920 nm.

For comparison, photoelectrodes composed of bare Al2O3 and Bi2O3

were also prepared by spray pyrolysis of solutions of Al and Bi at 130 °C
followed by annealing in air at 500 °C for 2 h. The XRD patterns (Fig. 3)
confirmed the rhombohedral and monoclinic structures of Al2O3 and

Bi2O3 according to the JCPDS Files No. 46–1212 and 41–1449, re-
spectively.

UV–vis diffuse reflectance spectra of Al2O3, Bi2O3, and the different
Bi:Al heterostructures (Fig. 6) were collected to assess the optical ab-
sorption features of the films. The Al2O3 film absorbs light in the ul-
traviolet region as evidenced by the two intense absorption bands
centered at 199 and 256 nm. On the other hand, the Bi and Bi:Al films
absorb light over a wide range of wavelengths, from 800 to 200 nm. The
optical band gap energies of Al2O3, Bi:Al (14:1), Bi:Al (21:1), Bi:Al
(23:1), and Bi2O3 films estimated from the Tauc plots (Fig. 7) were
4.17, 1.92, 1.83, 2.03, and 2.02 eV, respectively. Thus, the theoretical
maximum photocurrent densities from the AM 1.5 G spectrum expected
for the Bi:Al (14:1), Bi:Al (21:1), Bi:Al (23:1), and Bi2O3 films are ap-
proximately 16.5, 18.8, 13.9, and 14.1mA cm−2, respectively.

The J ×V plots of Al2O3, Bi2O3, and Bi:Al heterojunctions are
shown in Fig. 8a. The Al2O3 photoelectrode shows no photoactivity

Fig. 7. Tauc's plots for the Al, Bi:Al (14:1), Bi:Al(21:1), Bi:Al (23:1), and Bi
photocathodes. For the band gap determination, the diffuse reflectance data
were used. The fraction of light transmitted was measured as reflectance, and
the Kubelka-Munk radiative transfer model was employed to extract α. In this

model, = =f(R) (1-R)2

2R
α
s , where f(R) is the Kubelka-Munk function and s is the

scattering coefficient. If the scattering coefficient is wavelength independent,
then f(R) is proportional to α, and the Tauc plots can be made using f(R) in the
place of α.

Fig. 8. (a) J-V plots obtained using three-electrode cells for the Bi:Al photocathode. (b) Photocurrent density as a function of the number of layers of Bi:Al (21:1)
films. (c) HC-STH efficiency for the Bi:Al photocathodes. Measurement conditions: active area = 0.25 cm2, 0.5M Na2SO4 electrolyte (pH 7.2), Xe light (100mW cm-

2), scan rate = 20mW s−1, back illumination for all photocathodes.

Fig. 9. Mott-Schottky plots for the bare Bi2O3 and Bi:Al heterostructures ob-
tained at 1 kHz. The measurement was done in 0.5M Na2SO4 (pH = 7.2) in the
dark.
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under the studied conditions. On the other hand, the cathodic photo-
currents of Bi2O3 and Bi:Al heterojunctions increased as the potential
was swept into the negative direction, which suggests the p-type nature

of the photoelectrodes. The Mott-Schottky plots for the Bi2O3 and Bi:Al
photoelectrodes (Fig. 9), in which 1/C2 (C = capacitance of the space
charge layer) is plotted against the potential, gave straight lines with
negative slopes corresponding to accumulation regions typical of p-type
semiconductors. The conductivity type of films can also be determined
by OCP measurements. If OCP shifts towards more anodic potentials
(positive) under illumination, the film is p-type. If OCP moves towards
more cathodic potentials (negative) under illumination, the film is n-
type [49]. Thus, the positive shift in OCP of Bi:Al photoelectrodes
(Fig. 10) upon illumination confirms the films have p-type conductivity.
The photocurrent onset potentials (Eonset) of Bi:Al (14:1) (0.53 VRHE),
Bi:Al(21:1) (0.57 VRHE), and Bi:Al (23:1) ( 0.54 VRHE) heterojunctions
estimated at current density of − 0.1mA cm−2 (Fig. 8a) for the water
reduction were higher than that determined for Bi2O3 (Eonset = 0.51
VRHE). Therefore, the Bi2O3 film produced the lowest photocurrent
density of − 0.54mA cm−2 at 0 VRHE, while the highest photocurrent
of −4.85mA cm−2 was obtained with the Bi:Al (21:1) photoelectrode
followed by Bi:Al (23:1) (−4.13mA cm−2) and Bi:Al (14:1)
(−3.29mA cm−2).

Fig. 8b displays the photocurrent of Bi:Al (21:1) photocathode at 0
VRHE as a function of film thickness under illumination. Films of 920 nm
(20 layers) provided the highest photocurrent under 100mW cm−2

light irradiation. It is due to the strong correlation between light ab-
sorption and charges transport with the film thickness. Increasing the

Fig. 10. Open circuit potential measurements of Bi:Al photocathodes. Measurement conditions: active area of 1 cm2, 0.5M Na2SO4/0.1M K3Fe(CN)6/0.1 M K4Fe
(CN)6 electrolyte, light source: Xe (100mW cm−2).

Fig. 11. IPCE spectra of Bi:Al films collected at −0.6 V vs. Pt in 0.5M Na2SO4

under front-side illumination.

Fig. 12. Electrochemical impedance spectra of
Bi:Al photocathodes at 0 VRHE (a) in the dark
and (b) under illumination at a frequency
range of 100mHz–10 kHz. Measurement con-
ditions: active area = 0.25 cm2, 0.5M Na2SO4

electrolyte (pH 7.2), Xe light (100mW cm−2),
scan rate = 20mW s-1, back illumination for
all photocathodes.
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film thickness increases the light absorption but simultaneously de-
creases the charge separation. On the other hand, decreasing the film
thickness increases the charge separation but decreases the light ab-
sorption. Thus, 920 nm is the optimal thickness that balances both light
absorption and charges separation.

Energy conversion of the bare Bi2O3 and Bi:Al photocathodes were
estimated by calculating their half-cell solar-to-hydrogen (HC-STH)
efficiencies using Eq. (2′) [50].

= − ×+( )HC-STH J E E 100/PH /H sun2 (2′)

where J is the photocurrent density, E is the applied potential, EH+/H2

is the equilibrium redox potential of hydrogen (0 VRHE), and Psun is the
power density of the incident light (100mW cm−2). As shown in
Fig. 8c, the Bi:Al (21:1) photocathode had the highest HC-STH of 0.33%
at 0.16 VRHE. At the same potential, the Bi:Al (23:1), Bi:Al (14:1), and
Bi2O3 photocathodes achieved HC-STH efficiencies of 0.27%, 0.22%,
and 0.05%, respectively.

The IPCE spectra of Bi:Al films collected at −0.6 V vs. Pt in a two-
electrode setup are shown in Fig. 11. The Bi:Al (21:1) film exhibited the
highest IPCE value of 3.2% at 340 nm against 2.39% at 350 nm of Bi:Al
(23:1) and 0.73% at 330 nm of Bi:Al (14:1) films.

The kinetics of charge transfer in the photocathodes was evaluated
by electrochemical impedance spectroscopy (EIS) measurements. The
charge transfer resistance (Rct) of films under illumination (Fig. 12b)
was significantly smaller than those obtained in the dark (Fig. 12a) due
to higher electron conductivity of photocathodes under light irradia-
tion. Among the photoelectrodes, Al2O3 exhibited the higher Rct of 110
and 67 kΩ in the dark and under illumination, respectively, followed by
the Bi2O3 film that presented Rct values of 25 kΩ in the dark and 2.5 kΩ
under light irradiation. Notoriously, the Bi:Al heterojunctions showed
the lowest Rct values, following the order: Bi:Al (21:1) (1.5 kΩ in the

dark; 0.3 kΩ under illumination)< Bi:Al (23:1) (1.7 kΩ in the dark;
0.4 kΩ under illumination)< Bi:Al (14:1) (1.8 kΩ in the dark and
0.93 kΩ under light illumination).

To further investigate the stability of Bi:Al (21:1) film, the short-
term stability was investigated by a standardized protocol in which the
controlled-current water splitting is monitored by chronoamperometry
measurements for 2 h of continuous operation [51]. The Bi:Al (21:1)
photocathode showed a stable photocurrent of approximately
− 2mA cm−2 at 0 VRHE for 2 h of continuous operation under light
irradiation (Fig. 13a), which corresponds to an H2 production of
752 μmol cm−2 according to Faraday's law (Fig. 13b). To evaluate
whether the obtained cathodic photocurrent comes from the hydrogen
generation rather than any other undesirable side reactions, in situ
determination of the hydrogen evolved was carried out by using Uni-
sense hydrogen (H2–500) probes controlled by a Microsensor Multi-
meter (4-CH) with sensor trace Logger software. The amount of H2

measured in situ was equal to 696 μmol cm−2 in 2 h (Fig. 13b). Thus,
the Faradaic efficiency is estimated to be 93%, which confirms that the
photocurrent indeed comes from the water reduction reaction. The O2

production in the counter-electrode was also monitored by oxygen (OX-
500) probe. The amount of O2 generated in the counter-electrode was
322 μmol cm−2, which corresponds to a Faradaic efficiency of about
87%. Thus, the overall water splitting is the primary reaction that takes
place in the photoelectrochemical cell. The Bi and Al contents de-
termined by ICP-MS in the electrolyte after the photoelectrochemical
tests were smaller than 0.05 μg L−1, suggesting the photocathode is
stable against photocorrosion under the studied conditions. To the best
of our knowledge, Bi2O3/BiAl ternary oxide photocathode exhibited a
stable photocurrent density at 0 VRHE and pH 7 superior to those re-
ported to date for Bi-based photocathodes such as α-Bi2O3 [40],
CuBi2O4 [41–45], BaBiO3 [46], BiFeO3 [47], and Bi2FeCrO6 [48],
which makes the BiAl photocathodes promising for constructing PEC
devices for water splitting.

The proposed mechanism for the water-splitting PEC cell operation
at pH 7 under back-side illumination is shown in Fig. 14. Under si-
mulated sunlight, electrons and holes are generated in the BiAl pho-
tocathode. From the Mott-Schottky measurements and DRS data, it was
seen that the conduction band (CB) level and valence band (VB) of
Bi2O3 are more negative than the corresponding bands of BiAl oxides,
which favors the band-to-band charge transfer. Thus, electrons from the
CB of Bi2O3 are injected into CB of BiAl oxides while holes in the VB of
BiAl oxides are transferred to the VB of Bi2O3, improving the charge
separation in the photocathode. Indeed, the J×V curves (Fig. 8a)
showed that the ternary heterostructure of BiAl oxides is photoelec-
trochemically more efficient than the bare Bi2O3 or binary hetero-
structure of BiAl oxides for water splitting. After photogeneration and

Fig. 13. (a) Stability test for the Bi:Al (21:1)
photocathode polarized at 0 VRHE using a
three-electrode cell setup. (b) H2 evolved in the
Bi:Al (21:1) photocathode. The black and blue
dotted lines represent the amount of H2 and O2

expected for a faradaic efficiency of 100% (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article).

Fig. 14. Schematic representation of the water-splitting PEC cell and working
principle of the BiAl oxides photocathode under illumination.
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separation of charges, the photoexcited holes in photocathode are
transferred to the Pt anode and oxidize water to form O2 and H+ ions
(Eq. (3)):

+ ⟶ +
+ +2H O 4h 4H O2 2 (3)

Then, the H+ ions formed in the half-reaction of water oxidation
migrate to the photocathode and are reduced to form H2 (Eq. (4)). It
should be noted that the pH of the electrolyte was unchanged during
the photoelectrochemical tests.

+ ⟶
+4H  4e 2H-

2 (4)

Thus, the overall water splitting (Eq. (5)) is the primary reaction in
the PEC cell. H2 and O2 are produced with 93% and 87% Faradaic ef-
ficiency.

⟶ +2H O 2H O2 2 2 (5)

4. Conclusions

A Cu-free photocathode composed by a ternary heterostructure of
Bi2O3/Al2Bi24O39/Al2Bi48O75 nanowires with a small band gap energy
(Eg = 1.83 eV) and suitable conduction band edge potential (−0.98
VRHE) for the proton reduction to hydrogen under simulated sunlight
was synthesized for the first time by spray pyrolysis. We found that the
photoelectrochemical performance of the photocathode can be tuned
by changing the Bi:Al molar ratio in the precursor solution. PEC mea-
surements revealed that the highest photocurrent of − 4.85mA cm−2

at 0 VRHE and pH ≈ 7 was achieved for the Bi:Al (21:1) photocathode,
which exhibited the highest photocurrent onset of 0.57 VRHE and lowest
charge transfer resistance of 0.3 kΩ under illumination. The HC-STH
efficiency of Bi:Al (21:1) photocathode was estimated to be 0.33% at
0.16 VRHE. Controlled photoelectrolysis experiments at 0 VRHE show a
stable photocurrent of − 2mA cm−2 for 2 h of continuous operation.
The measured hydrogen production was estimated to be
696 μmol cm−2, which corresponds to a Faradaic efficiency of 93%.
Finally, this approach provides insights into a new generation of Cu-free
photocathodes for photoelectrochemical water splitting.
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