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Abstract. The relationship between the morphology of the photo-electrode of copper bismuth oxide
(CuBi2O4) and the activity to generate cathodic photo-current in a deoxygenated aqueous electrolyte was
investigated. The electrodes were fabricated by the electrodeposition of the precursor on a conductive
substrate following heat treatment. As a simple comparison, a randomly porous electrode was compared with
a dense electrode. A dense electrode and a porous electrode were fabricated by selecting the potential to
deposit the precursor; formation of the electrode was confirmed by measuring X-ray diffraction patterns and
scanning electron microscope images. The values of the absorbed photon to current efficiency were calculated
by measuring steady photocurrents in a deoxygenated electrolyte at a constant potential under irradiation of
monochromatic visible lights. The dense electrode shows larger values than the porous electrode. To consider
the difference in the values between the electrodes, the values were also calculated for the current generated
in the electrolyte of dissolved oxygen to scavenge electrons. Eventually, it is considered that for CuBi2O4
electrodes, dense morphologies are more suitable than porous morphologies to produce hydrogen by photoelectrochemical water reduction in terms of charge separation inside the electrode.
Keywords. CuBi2O4; anodic electrolysis; dense electrode; porous electrode; charge separation; APCE.

1. Introduction
Photo-electrodes have been expected as a promising
material for photoinduced water splitting to convert
solar energy into chemical energy of hydrogen. To
utilize solar energy efficiently, photo-electrodes to
respond to visible light have been investigated by
using various photocatalysts.1–3 For example, Ladoped NaTaO3,4 SrTiO3,5 TiO2,6 CdS,7 TaON,8
Cu2O9,10 and Cu2ZnSnS4 (CZTS)11,12 have been
investigated. Almost these photocatalysts respond to
the light only in the range of wavelength between
ultraviolet and the middle of visible light. Cu2O and
CZTS can respond to visible light in a wider range of
wavelength; the thresholds of light absorption of Cu2O
and CZTS is at the wavelength of *600 nm and

*890 nm, respectively. Cu2O is deactivated by
reduction into metallic copper during water reduction
without protective layers,9,10 while CZTS is oxidized
by air exposure.12 A binary metal oxide of Copper
bismuth oxide (CuBi2O4) is one of the candidates for
water reduction under irradiation of visible light, due
to the threshold of light absorption at the wavelength
of *700 nm,13,14 the potential of the bottom of the
conduction band (- 0.98 V vs. SHE),13 and durability
against deactivation by reduction of CuBi2O4 during
water reduction.13 Additionally, hydrogen production
by CuBi2O4 has been confirmed by photocatalytic or
photo-electrochemical water reduction.14–17 For efficient water reduction, the effects of the atomic ratio of
CuBi2O4,17–20 heterojunction17,21,22 and co-catalysts15–17,22 have been investigated for the electrode.
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The morphology of the electrode is also expected to
influence the efficiency of the water reduction by the
change of the magnitude of charge recombination.
Roughly, dense morphologies and porous morphologies can be the representatives. Porous morphologies
can give a larger area for photo-electrochemical
reactions than dense morphology by the decrease of
charge recombination on the surface of photo-electrodes.23,24 In contrast, porous morphology can also
narrow the passes to transfer electrons at the boundaries among photocatalyst particles to increase charge
recombination inside the electrodes.25–29 To consider
which morphologies, dense or porous, are suitable for
photo-electrode of CuBi2O4, it is necessary to investigate the relationship between the morphology of the
electrode and the activity for photo-electrochemical
water reduction. To date, both the electrodes of dense
morphologies and porous morphologies have been
fabricated16,17,20,22,30–34 while the relationship has
hardly been investigated. As far as we know, only the
study of Endarko et.al., has investigated the relationship by measuring cathodic photo-current for the
electrodes in deoxygenated aqueous electrolytes,35 in
which water reduction will be the only reaction to
generate the current.13,16,17,35 The previous study has
not normalized the amount of the current with the
amount of photons absorbed by the electrodes in
incident lights, indicating that the difference in the
amount of photons has not been eliminated. When the
relationship is investigated, the amount of the current
has to be normalized by the amount of photons to
calculate the values of absorbed photon to current
efficiency (APCE).17,22,32 If the values distinctly differ
between the electrodes, it is valuable to consider the
reason to generate the difference in the values. The
difference can be derived from the magnitude of
charge recombination inside or on the surface of the
electrodes,
considering
the
previous
stud23–29,34,36,37
The charge recombination on the suries.
face is suppressed by addition of scavengers of
electrons in the electrolytes.17,21,22,30,32,33 If the difference in the values become negligible by the addition of the scavengers, the charge recombination on
the surface will largely contribute to generating the
difference. In contrast, if the difference is still distinct
even in the presence of the scavenger, the charge
recombination inside the electrodes will largely contribute to generating the difference.
In the present study, we investigated the relationship
between the morphology for the electrode and the
activity to generate photo-current in a deoxygenated
electrolyte. As a simple comparison, a randomly porous electrode was compared with a dense electrode.
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Simple electrodeposition was carried out to fabricate
the electrodes, in which the precursor of copper oxide
(II) (CuO) and bismuth oxide (III) (Bi2O3) were codeposited on a conductive substrate by anodic electrolysis and then heated to fabricate CuBi2O4 films.13
As an aqueous electrolyte is employed, a side reaction
of water oxidation is also caused on the surface of the
substrate and/or deposited precursor, depending on the
potential to deposit the precursor. The electrodeposition of the precursor will be predominant at the
potential without the water oxidation, in which the
precursor will be deposited homogeneously (Figure 1(a-c)), leading to fabricate dense electrodes after
heat treatment (Figure 1(d)). When the water oxidation is caused only on the surface of the substrates, the
efficiency of the electrodeposition on the surface will
become smaller than that on the surface of deposited
precursor, in which the precursor will be deposited less
homogenously (Figure 1(e-g)), leading to fabricate
porous electrodes (Figure 1(h)). Based on the consideration, the potential to deposit the precursor was
selected carefully, and then both a dense electrode and
a porous electrode were successfully fabricated; fabrication of the electrodes was confirmed by measuring
XRD pattern and SEM images. The values of APCE
were calculated by measuring steady photo-currents in
a deoxygenated aqueous electrolyte at a constant
potential under irradiation of monochromatic lights
(kC420 nm). The values distinctly differed between
the dense electrode and the porous electrode. The
difference in the values between the electrodes was
discussed by considering the values for the photocurrent generated in the electrolyte of dissolved oxygen (DO) to scavenge electrons.21,32 Eventually, it was
considered which morphologies, dense or porous, are
more suitable for CuBi2O4 electrodes to produce
hydrogen by photo-electrochemical water reduction.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

CuO
Bi2O3
O2
CuBi2O4

Figure 1. Prospective morphologies of the precursor and
the CuBi2O4 electrodes by the electrodeposition without (ad) and with (e-h) a side reaction of water oxidation; the
precursor is deposited homogenously without the water
oxidation in the process of (a-c), leading to fabricate dense
electrodes (d), while the precursor is deposited less
homogenously by the water oxidation only on the surface
of FTO substrates in the process of (e-g), leading to
fabricate porous electrodes (h).
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optical spectrophotometer (Shimadzu, UV3150), which was
equipped with an integrating sphere using BaSO4 powder as
a reference with high reflectance in the range of visible light
(*100%).

2. Experimental
2.1 Chemical reagents
Bismuth (III) nitrate pentahydrate (Bi(NO3)35H2O,
C99.5%), copper (II) sulfate pentahydrate (CuSO45H2O,
C99.5%), L-(?)-tartaric acid (C99.5%), sodium sulfate
(Na2SO4, C99.0%), and sodium hydroxide (NaOH, C97.0%)
were purchased from Nacalai Tesque Inc. in Japan and used
without further purification. All the electrolytes in the present
study were prepared with pure water treated with a Milli-Q
system. Transparent conducting glass substrates of the sheet
glasses (2 cm 9 4 cm), which were coated with fluorine-doped
tin oxide (FTO), were purchased from AGC Fabritec, Inc.

2.2 Fabrication of CuBi2O4 film electrode
To fabricate the CuBi2O4 films, the precursor was deposited
on an FTO substrate, in which the substrate was connected
with a lead wire by soldering and covered with an epoxy
adhesive to regulate the area into 1 cm 9 1 cm. The electrodeposition of the precursor was carried out in a homemade electrochemical cell of a three electrodes system; the
details were explained previously.13 The cell was operated
by using a potentiostat (Princeton Applied Research, VersaSTAT3). The precursor was deposited by anodic electrolysis for 20 min in a static electrolyte of 0.02 M
Bi(NO3)3, 0.03 M CuSO4, 0.05 M tartaric acid, and 0.1 M
Na2SO4 and NaOH to adjust pH13.0, in which the electrolyte was heated up to 65 °C. Just before the electrodeposition, the surface of the FTO substrate was cleaned under
air plasma by using the same way as to the previous study.13
The precursor was rinsed carefully by using pure water and
then heated at 500 °C for 4 h, in which the surfaces of the
CuBi2O4 film (1 cm 9 1 cm) and bare FTO were obtained
on the substrate. To fabricate the electrode, only the surface
of bare FTO was connected with a lead wire by soldering
and covered with an epoxy adhesive.

2.3b Photo-electrochemical evaluation:

The photoelectrochemical activity was evaluated by an
electrochemical cell shown in Figure 2(a). The reference
electrode of an Ag/AgCl electrode (BAS, Inc., RE-1C) was
located nearby the working electrodes of the CuBi2O4 film.
The counter electrode of Pt coil was separated from the
CuBi2O4 electrodes by an ion-exchange membrane (Aldrich
Science, NafionÒ117) and contained in an electrolyte of
0.1 M Na2SO4 solution (pH6). The cell was operated by
using a potentiostat (Hokuto Denko, HSV100). Photocurrent was measured in a static 0.1 M Na2SO4 solution
(pH6) under irradiation of the incident light of 500 W xenon
arc lamp (Ushio Inc., UXL500SX) from the front side of the
CuBi2O4 electrodes; the wavelength of the light was
regulated into kC420 nm by a sharp cut filter (Sigma
Koki Co., Ltd, SCF50S42L), and the shield of the light
source was *2 cm distant from the CuBi2O4 electrodes.
The electrolyte was employed after mixing with bubbles of
nitrogen (N2), air or oxygen (O2), and the temperature of the
electrolyte was kept at *25 °C. To calculate the values of
APCE, current-time curves were recorded at constant
potentials under irradiation by monochromatic lights of
the incident lamp. The wavelength was checked by a
spectrometer (Avantes, AvaSpec2048USB), and the light
Ag/AgCl electrode
Silicone rubber block
Teflon tube
Tube
Tube
Gas phase

(a)
Tube

2.3a XRD patterns, SEM images, Spectra
of absorptance: Fabrication of CuBi2O4 films was
confirmed by measuring X-ray diffraction (XRD) patterns
recorded with a diffractometer (Mac Science Co., MO3X
HF) using a Cu Ka source. The morphology of the films was
observed by scanning electron microscope (SEM) with
Tiny-SEM (Model 1710, Technex workshop, Inc.). The
spectra of absorptance for the films were calculated by
following Equation 1.
ð1Þ

A, T and R in Equation (1) indicate absorptance, transmittance and reflectance for the films, respectively. The spectra
of transmittance and reflectance were measured with an

Tube
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2.3 Evaluation of CuBi2O4 film electrode
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Figure 2. Electrochemical cells to evaluate photo-electrochemical properties of the CuBi2O4 electrodes (a); the
electrolyte was mixed with bubbles of nitrogen, air or
oxygen from a gas tube (b), and then the same gas as to the
bubbles flowed continuously above the electrolyte to obtain
a static electrolyte (c).
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power was measured by an optical power meter (Advantest
Co.,TQ8210). The value of APCE at each wavelength was
calculated by the following Equation 2.22–24,26

APCEðkÞ ¼

Number of photocurrent electrons ðkÞ
Number of incident photon ðkÞ  Absorptance ðkÞ



 100ð%Þ

ð2Þ
The number of electrons in photo-current (s-1 cm-2) was
calculated from the currents at steady-state under irradiation
of incident light (mA cm-2). The number of incident photons (s-1 cm-2) was calculated from the power of incident
light (mW cm-2). A DO meter (Metter Toledo Inc.,
MO128) was employed to monitor the concentration of DO
in the electrolyte of 0.1 M Na2SO4 solution. The concentration was changed by mixing the electrolyte with bubbles
of N2, air or O2 from a gas tube inserted into the
cells (Figure 2(b)). DO was decreased up to *0.03 mg L-1
(*1 lmol L-1) by using bubbles of N2 and increased up to
*8 mg L-1 (*0.25 mmol L-1) by using bubbles of air.
The concentration could not be monitored after using bubbles of O2, due to the limit of the DO meter (\20 mg L-1);
the concentration of DO was estimated to be *40 mg L-1
(*1.3 mmol L-1) by considering the molar fraction of O2
in the air (0.2) and pure O2 gas (1). After mixing the
electrolyte with the bubbles, the same gas as to the bubbles
flowed continuously above the electrolyte in the cell to
obtain a static electrolyte (Figure 2(c)).

3. Results and Discussion
As mentioned in Figure 1, when the precursor of metal
oxides (CuO and Bi2O3) is deposited homogeneously
at the potentials without a side reaction of water oxidation (Figure 1(a-c)), it leads to fabricating dense
electrodes (Figure 1(d)). In contrast, when the precursor is deposited less homogenously by the water
oxidation only on the surface of FTO substrates (Figure 1(e-g)), it leads to fabricating porous electrodes
(Figure 1(h)). To fabricate both a dense electrode and
a porous electrode, the potentials for the electrodeposition of the metal oxides and the water oxidation on
the surface of the substrate and/or the precursor were
estimated. In our previous study, the potentials for the
electrodeposition and the water oxidation were estimated for an FTO substrate in an electrolyte by
sweeping toward positive potentials; the current-voltage curve was shown previously.13 It was estimated
that the metal oxides were deposited in the range of
potentials more positive than 1.0 V, and the water
oxidation was caused by applying potentials more
positive than 2.2 V. As the surface of the substrate was
covered with the metal oxides by sweeping the

potential from 1.0 to 2.2 V, the water oxidation was
caused on the surface of deposited metal oxides. The
potentials for the water oxidation on the surface of
FTO substrates were also estimated for an FTO substrate in the electrolyte of 0.1 M Na2SO4 and NaOH
adjusted at pH13.0 by sweeping toward positive
potentials, in which the electrolyte was heated up to
65 °C (Figure 3). A monotonically increasing current
was generated by applying potentials more positive
than 1.1 V with the evolution of bubbles, suggesting
that water was oxidized to evolve O2 on the surface of
FTO substrates at the potential of 1.1 V.
The potentials for the electrodeposition and the
water oxidation are estimated, as illustrated in
Figure 4. Any electrochemical reactions are not
caused in the range of potentials less positive than
1.0 V (E B1.0 V) (Figure 4(a)). The metal oxides are
deposited without the water oxidation at the potentials
of 1.1 V (Figure 4(b)). The water oxidation is caused
only on the surface of FTO substrates with the electrodeposition in the range of potentials from 1.1 and
2.2 V (1.1 V \ E B 2.2 V) (Figure 4(c)). By applying
potentials more positive than 2.2 V (2.2 V \ E), water
is also oxidized on the surface of deposited metal
oxides (Figure 4(d)). Therefore, the precursor will be
deposited homogeneously in the range of potentials
of 1.0 V \ E B1.1 V to fabricate the dense
films (Figure 4(b)), according to the process of
Figure 1(a-d). In contrast, the precursor will be deposited
less homogenously in the range of potentials of 1.1 V \
E B 2.2 V to fabricate the porous films (Figure 4(c)),
according to the process of Figure 1(e-h).
Previously, the CuBi2O4 films were fabricated by
the electrodeposition of the precursor at a potential of
2.2 V in the range of Figure 4(c).13 In the present
50
Current density (mA cm-2)
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Figure 3. The current-voltage curve for an FTO substrate
in the electrolyte of 0.1 M Na2SO4 and NaOH adjusted at
pH13.0 by sweeping toward positive potentials at the rate of
1 mV s-1, in which the electrolyte was heated up to 65 °C.
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Figure 4. Potentials for the electrodeposition of metal
oxides (CuO and Bi2O3) and a side reaction of water
oxidation; any electrochemical reactions are not caused in
the range of (a), and the electrodeposition is caused without
the water oxidation in the range of (b), and the water
oxidation is caused only on the surface of FTO substrates
with the electrodeposition in the range of (c), and in the
range of (d), water is also oxidized on the surface of
deposited metal oxides.

study, the films were also fabricated by the electrodeposition at the potential of 1.1 V in the range of
Figure 4(b), as confirmed by the XRD pattern in
Figure 5, in which only the peaks of CuBi2O4 (ICDD,
# 01-080-2589) and FTO were observed. It suggests
that CuO and Bi2O3 were deposited with a molar ratio
of 1:1 by the electrodeposition and completely combined into crystalline CuBi2O4 after heat treatment.
Figure 6 shows the SEM images from top side the
precursors (Figure 6(a, b, e, f)) and the CuBi2O4 films
(Figure 6(c, d, g, h)). As far as the images, the precursor deposited at the potential of 1.1 V (Figure 6(a,
b)) has a more smooth morphology than that deposited
at the potential of 2.2 V (Figure 6(e, f)); only the latter
shows aggregation and voids of a few micrometer.
After heat treatment, CuBi2O4 films were fabricated
with similar morphologies to those of the precursors
(Figure 6(c, d, g, h)); when the films were fabricated
from the precursor deposited at the potential of 2.2 V,
crevices were also formed in the films (Figure 6(g, h)).
The difference in the morphologies of the precursors
and the films would be derived from the homogeneity
of the electrodeposition, as mentioned in Figure 1. In
the present study, when the precursor was deposited at
the potential of 1.1 V, the film was named as dense
CuBi2O4 film, in which the electrode of the film was
named as dense CuBi2O4 electrode. In contrast, when
the precursor was deposited at the potential of 2.2 V,
the film was named as porous CuBi2O4 film, in which
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Figure 5. XRD pattern for the CuBi2O4 film fabricated by
the electrodeposition of the precursor at the potential of 1.1
V, in which only the peaks of CuBi2O4 (red circles) or FTO
(violet triangle) are shown; the peaks of CuBi2O4 were
referred from ICDD of # 01-080-2589.

the electrode of the film was named as porous
CuBi2O4 electrode.
The spectra of absorptance for the films (solid lines)
were calculated by using the spectra of transmittance
(dotted lines) and reflectance (broken lines) (Figure 7).
Based on the spectra, the thresholds of light absorption
(*700 nm) were estimated to select the range of
incident lights (kC420 nm) to measure photo-current.
In addition, the amounts of photons absorbed by the
films in incident lights were calculated by using the
spectra of absorptance. The thickness of the dense film
was estimated to be *2.4 lm, based on the crosssectional image in Figure S1 (Supplementary Information). In contrast, the thickness of the porous film
was estimated to be *3 lm, as estimated in our previous study.13
The degree of the porosity of the CuBi2O4 films was
roughly estimated, based on the values of absorbance
and the thickness of the films. Based on Lambert-Beer
law, the value of absorbance is proportional to the
length of the pass of light inside the films. In the
present study, the values of absorbance were almost
same for both the dense CuBi2O4 film and the porous
CuBi2O4 film, as the values of absorptance of the films
were almost same (Figure 7). It indicates that the
length of the pass of light inside the films were almost
the same. In contrast, the thickness of the porous film
(*3 lm) was about 1.3 times thicker than that of the
dense film (*2.4 lm), based on the cross-sectional
SEM image for the porous film13 and the dense film
(Figure S1, Supplementary Information). Considering
that the length of the pass of light are almost same for
both the films, as mentioned above, the density of the
porous CuBi2O4 film is estimated to be about 20%
(2.4/3.0=0.8) lower than that of the CuBi2O4 film. The
lower density of the porous film than that of the dense
film corresponds to the degree of porosity. Currentvoltage curves were measured for the CuBi2O4 electrodes of the dense film (Figure 8(a)) or the porous
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Figure 6. SEM images from top side of the precursors (a, b, e, f) and the CuBi2O4 films (c, d, g, h); the precursor was
deposited at the potential of 1.1 V (a-d) or 2.2 V (e-h).
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Figure 7. Spectra of absorptance (solid lines), transmittance (dotted lines) and reflectance (broken lines) for both the
CuBi2O4 electrodes of the dense film (a) and the porous film (b).

film (Figure 8(b)) in a 0.1 M Na2SO4 solution mixed
with bubbles of nitrogen (N2), air (Air) or oxygen (O2)
by sweeping toward positive potentials at the rate of
10 mV s-1; the irradiation by the incident light in the
range of kC420 nm (ON) and the suspension under
dark condition (OFF) were exchanged by the interval
of 5 sec, and the currents for the porous electrode in
the electrolyte mixed with bubbles of N2 under irradiation of the incident light (red broken line) and dark
condition (red dotted line) were represented in
Figure 8(b), based on our previous study.13 Both the
dense electrode (red solid line in Figure 8(a)) and the
porous electrode (red broken line in Figure 8(b))
generated cathodic photo-current in the electrolyte
mixed with bubbles of N2, in which the current could
be derived from water reduction to produce hydrogen
in deoxygenated electrolytes.13,16,17 The photo-current
for the porous electrode was increased after mixing the
electrolyte with bubbles of air (blue solid line) or O2
(green solid line) (Figure 8(b)). The increase of the
current could be derived from the reactions of DO with
photo-excited electrons on the surface of the electrode.21,32 The amount of photo-current was hardly

increased by replacing the bubbles of air with those of
O2, in which the concentration of DO could be
increased from *0.25 mmol L-1 up to *1.3 mmol
L-1. It suggests that photo-excited electrons on the
surface of the electrode almost react with DO in the
electrolyte mixed with bubbles of air or O2.
The values of APCE were calculated by measuring
steady photo-currents for the electrodes of the dense
film (Dense) or the porous film (Porous) in a 0.1 M
Na2SO4 solution mixed with bubbles of N2, air or O2
at the potential of -0.3 V under irradiation by
monochromatic lights (Figure 9). The dense electrode
shows larger values of APCE (red cycle) than those for
the porous electrode (blue triangle) in the electrolyte
mixed with bubbles of N2; at the wavelength of
550 nm, the values of 6.9% and 3.3% are shown for
the dense electrode and the porous electrode, respectively. It indicates that the dense electrode is more
efficient to generate the photo-current than the porous
electrode. The values for the porous electrode were
increased by mixing the electrolyte with bubbles of air
(green diamond) or O2 (violet square); at the wavelength of 550 nm, the values of 3.5% and 3.6% were

J. Chem. Sci. (2021)133:12
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(a)

12

(b)

Figure 8. Current-voltage curves for the CuBi2O4 electrodes of the dense film (a) or the porous film (b) in a 0.1 M
Na2SO4 solution mixed with bubbles of nitrogen (N2), air (Air) or oxygen (O2) by sweeping toward positive potentials at the
rate of 10 mV s-1; the irradiation by the incident light in the range of kC420 nm (ON) and the suspension under dark
condition (OFF) were exchanged by the interval of 5 sec, and the currents for the porous electrode in the electrolyte mixed
with bubbles of N2 under irradiation of the incident light (red broken line) and dark condition (red dotted line) were
represented in (b), based on our previous study.13

shown in the electrolyte mixed with bubbles of air and
O2, respectively. The increase of the values could be
derived from the reaction of DO, and the value is
hardly increased by replacing bubbles of air with those
of O2. It suggests that photo-excited electrons on the
surface of the electrode almost react with DO in the
electrolyte mixed with bubbles of air or O2, as mentioned for Figure 8(b). In other words, charge recombination on the surface is almost suppressed in the
electrolyte mixed with the bubbles, while the difference in the values between the dense electrode
(e.g. 6.9% at 550 nm) and the porous electrode (e.g.
3.5-3.6% at 550 nm) is still distinct. The difference
24
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Porous (Air)
Porous (O 2 )

20

APCE (%)

16
12
8
4
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400
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600
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Figure 9. Spectra of APCE for the CuBi2O4 electrodes of
the dense film (Dense) or the porous film (Porous) in a 0.1
M Na2SO4 solution mixed with bubbles of nitrogen (N2), air
(Air) or oxygen (O2) under irradiation by monochromatic
lights; to calculate the spectra, steady photo-currents were
measured at the potential of - 0.3 V.

would become negligible by using the bubbles to
increase DO enough to scavenge almost all electrons
on the surface of the charge recombination on the
surface largely contributes to generating the difference
in the values. It indicates that the difference in the
values between the dense electrode and the porous
electrode is mainly generated by the charge recombination inside the electrodes.
Based on the previous study,25–29 formation of
porous morphologies can narrow the passes to transfer
electrons, leading to increase charge recombination
inside the electrodes. In the case of CuBi2O4 electrodes, forming the morphology results in the increase
of the charge recombination to decrease photo-excited
electrons on the surface of the electrode, as illustrated
in Figure 10. As the electrons decreased, the increase
of the area for photo-electrochemical reactions by
forming the porous morphology did not contribute to
facilitating the reactions. Therefore, the porous electrode showed smaller values of APCE than those for
the dense electrode even in the presence of DO (Figure 9). The consideration is consistent with the previous studies, in which dense or porous CuBi2O4
electrodes have been evaluated in an aqueous electrolyte containing hydrogen peroxide (H2O2) as an
electron scavenger.17,22–26 The electrode by A. Song
has exhibited larger the values of APCE in the group
of dense CuBi2O4 electrodes; the values of 38, 34, 27,
23% are exhibited at the wavelength of 460, 500, 560,
600 nm, respectively.22 In contrast, the electrode by Y.
Xu has exhibited larger the values in the group of
porous CuBi2O4 electrodes; the values of 31, 21, 13,
10% are exhibited at the wavelength of 460, 500, 560,
600 nm, respectively.26 Therefore, it is considered that
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Figure 10. Relationship between morphologies of CuBi2O4 electrodes and recombination of electrons (e-) and holes (h?)
inside the electrodes in dense electrodes (a) and porous electrodes (b).

for CuBi2O4 electrodes, dense morphologies are more
suitable than randomly porous morphologies to produce
hydrogen by photo-electrochemical water reduction in
terms of charge separation inside the electrodes.

4. Conclusions
Relationship between the morphology of the photoelectrode of copper bismuth oxide (CuBi2O4) and the
activity to generate cathodic photo-current in a
deoxygenated electrolyte was investigated. As a simple comparison, a randomly porous electrode was
compared with a dense electrode. The electrodes were
fabricated by anodic electrolysis in an aqueous electrolyte to deposit the precursor on a conductive substrate and following heat treatment. A dense electrode
was fabricated by selecting the potential to deposit the
precursor homogenously without a side reaction of
water oxidation. In contrast, a porous electrode was
fabricated by selecting the potential to deposit the
precursor less homogenously with the water oxidation
on the surface of the substrate; the water oxidation
proceeded until the surface was fully covered with the
precursor. Fabrication of the electrodes was confirmed
by measuring XRD patterns and SEM images. The
values of an absorbed photon to current efficiency
(APCE) were calculated by measuring steady photocurrents at a constant potential under irradiation of
monochromatic lights. The dense electrode shows
larger values of APCE (e.g. 6.9% at 550 nm) than the
porous electrode (e.g. 3.3% at 550 nm) in a deoxygenated electrolyte, indicating that the dense electrode
is more efficient to generate the photo-current than the
porous electrode. The porous electrode shows larger
values in the electrolyte mixed with bubbles of air or
oxygen (e.g. 3.5-3.6% at 550 nm), in which charge
recombination on the surface of the electrode is almost
suppressed by the reaction of dissolved oxygen (DO).
The values in the electrolyte mixed with the bubbles
were not comparable with those for the dense

electrode, indicating that the difference in the values
between the electrodes is derived from the charge
recombination inside the electrodes. The formation of
porous morphology can narrow the passes to transfer
electrons, leading to increase charge recombination
inside the electrodes. In the case of CuBi2O4 electrodes, the formation of the morphology results in the
increase of the charge recombination to decrease
photo-excited electrons on the surface of the electrode.
As a result, the porous electrode shows smaller values
of APCE than those for the dense electrode even in the
presence of DO. The consideration is confirmed by
comparing the values of APCE between dense electrodes and porous electrodes in the previous studies.
Therefore, it is considered that for CuBi2O4 electrodes,
dense morphologies are more suitable than porous
morphologies to produce hydrogen by photo-electrochemical water reduction in terms of charge separation
inside the electrodes.
Supplementary Information (SI)
Cross-sectional SEM image to estimate the thickness of the
dense CuBi2O4 film (Figure S1) is available at www.ias.ac.
in/chemsci.
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