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We demonstrate fabrication of ﬁlms of highly textured bismuth oxide (Bi2O3) pillars via electrostatic
spray deposition and test the performance of these ﬁlms as photoanodes in photoelectrochemical water
splitting. The b-Bi2O3 and a-Bi2O3 phases were identiﬁed and distinguished using X-ray diffraction,
Raman spectroscopy, and transmission electron microscopy. The b-Bi2O3 pillars of optimized thickness
exhibited a photocurrent density of 0.97 mA,cm2 at 0.5 V vs Ag/AgCl. The tetragonal b-Bi2O3 pillars had
enhanced visible light absorbance compared to a-Bi2O3 as well as other metal oxides like ZnO and TiO2.
Tauc plot analysis of ﬁlm absorbance showed a decrease in the bandgap of the b-Bi2O3 phase to 2.5 eV. In
Na2SO3 electrolyte, a hole scavenger, the onset voltage for the b-Bi2O3 phase was shifted to a more
negative value (0.4 V), which increased photocurrent density. The electron concentration reached its
highest value of 9.1  1020 cm3 for the ﬁlm with the highest photocurrent density.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
The use of semiconductors in photoelectrochemical (PEC) devices coupled with photovoltaics provides a means of producing
hydrogen from water using only solar energy. The most common
semiconducting materials for solar water splitting include ZnO,
TiO2, BiVO4, CuO, and Fe2O3 [1,2]. Widely used metal oxides such as
ZnO and TiO2 have bandgaps of ~3 eV, and therefore capture only
ultraviolet (UV) light, which makes up a small portion of the solar
spectrum. However, bismuth oxide (Bi2O3) polymorphs (a-, b-, g-,
d-, u-, and ε-Bi2O3) have lower bandgaps, and can capture both UV
and visible light. Among them, b-Bi2O3 has a bandgap near 2.5 eV,
and can therefore absorb a greater portion of the solar spectrum
than oxides like ZnO and TiO2 [3,4]. In addition, Bi2O3 is nontoxic
and has high refractive index, dielectric permittivity, and ionic and
photonic conductivity, suggesting promise as a candidate anode
material for photo-induced water splitting [5,6]. However, its highrefractive index may also lead to high reﬂection and optical losses
[7]. Nanostructuring can reduce optical losses by enhancing the
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optical mode density over a broad range of wavelengths. Furthermore, pillars comprised of nanoparticles can improve the light
absorbance signiﬁcantly [7,8].
In all polymorphs of Bi2O3, the valence band is composed of O 2p
and Bi 6s orbitals, while the conduction band is comprised of Bi 6p
levels. Compared to other polymorphs, the valence band of b-Bi2O3
is shifted to higher energy, yielding a smaller bandgap value. This
phase also exhibits enhanced electron transport arising from its caxis oriented tetragonal structure [9,10]. The electron mobility
under irradiation is also enhanced by the lone-pair electrons (Bi 6s)
present in the valence band [11]. The high photoconductivity of bBi2O3 is attributed to its intrinsic polarizability and tetragonal
structure, both of which favor the separation of photogenerated
electronehole pairs. Moreover, the lone pair in Bi provides a
channel for photo-excited electron transport and reduces
electronehole recombination. Along with the many advantages of
b-Bi2O3 as a semiconducting PEC material, the b-Bi2O3 phase has
one key disadvantage. The b-Bi2O3 is metastable at ambient conditions and thus may not be maintained over long periods of use
[1,9,12,13].
Light absorbance is highly dependent on the morphology of
Bi2O3 ﬁlms. Bi2O3 nanostructures including nanotubes [14,15],
nanoparticles [16,17], nanowires [18], and nanorods [19,20] have
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been produced by techniques including hydrothermal methods [1],
microwave-assisted assembly [21], atomic layer deposition [22],
microemulsion [23], and sol-gel processing [24]. However, most of
these processes require multiple complex steps, harsh reaction
conditions, and long synthesis times to achieve the desired morphologies and photocatalytic activities. A simple yet effective
nanostructure fabrication route is necessary for the practical use of
Bi2O3 for PEC applications.
Here, we demonstrate for the ﬁrst time the fabrication of pillarshaped Bi2O3 nanostructures using a simple and scalable nonvacuum electrostatic spray deposition (ESD) technique. The features and advantages of ESD have been described in our previous
studies [8,25e28] which showed that ESD can consistently produce
pillar-shaped BiVO4 and Bi2WO6 by combined diffusive, thermophoretic, and electrophoretic transport of electrosprayed precursor
droplets [25,28,29]. Post-annealing treatment of electrosprayed
Bi2O3 induces phase transformation into the a- or b-Bi2O3 phase,
depending on the annealing temperature. We focus on producing
the b-Bi2O3 phase, which is known to permit the highest photocurrent density (PCD) among Bi2O3 polymorphs. Then, the thickness of ﬁlms comprised of these nanopillars was tuned by varying
the electrospraying time between 15 and 120 min to identify the
optimal thickness. Results are also compared to PCD values from
prior studies [30e34].
2. Experimental section
2.1. Deposition of Bi2O3 ﬁlms
The precursor solution for the Bi2O3 ﬁlms was prepared by
mixing 1.08 g of bismuth(III) nitrate pentahydrate (Bi(NO3)3$5H2O,
98%, Sigma-Aldrich) in 10 mL acetic acid (CH3COOH, 99.7%,
Samchun Chemicals) at 25  C (room temperature, RT) with stirring
at 500 rpm for 30 min. The complete dissolution of Bi(NO3)3 in
CH3COOH produced a transparent solution. The precursor solution
was then deposited on a pre-cleaned indium tin oxide (ITO) glass
substrate measuring 2.5  2.5 cm2, by the ESD process. The solution
was delivered at a ﬂowrate of 45 mL/h through a 4 mm diameter
nozzle. The nozzle-to-substrate distance was 4.5 cm and the substrate temperature was maintained at 50  C. A stable Taylor cone
was achieved upon application of a high voltage of 11.1 kV. ESD
coating times of 15, 30, 60, 90, and 120 min were tested. Fig. 1a
schematically illustrates precursor preparation, ESD, and annealing.

The as-deposited (as-dep) Bi2O3 was white in color. To investigate
the effect of annealing, samples were annealed at 370, 400, 430,
and 460  C for 1 h. Fig. 1b shows samples before and after annealing. The Bi2O3 ﬁlm annealed at 430  C became yellow in color and
scanning electron microscopy (SEM) imaging showed the pillar-like
morphology of the ﬁlm.
2.2. Characterization of Bi2O3 ﬁlms
The crystalline structures of the ﬁlms were analyzed by X-ray
diffraction (XRD, Rigaku, Japan, D/max-2500) with Cu Ka radiation over a diffraction angle (2q) range of 20 e65 . The absorbance of ﬁlms was measured by UVevis spectroscopy (Optizen
POP Mecasys Co. LTD, Korea). X-ray photoelectron spectroscopy
(XPS, X-TOOL, ULVAC-PHI) was employed to determine the surface
chemical states of the ﬁlms. Raman spectra of the ﬁlms were acquired using a LabRam ARAMIS IR2 spectrometer (Horiba Jobin
Yvon) with a 532 nm laser source. The Bi2O3 ﬁlms were characterized by transmission electron microscopy (TEM, JEM 2100F,
JEOL Inc.) to obtain high-resolution TEM (HRTEM) images and
selected-area electron diffraction (SAED) patterns. The morphologies of the Bi2O3 ﬁlms were also analyzed using high-resolution
SEM (HR-SEM, XL30 SFEG, Phillips Co., Holland) at 15 kV. PEC
performance of Bi2O3 ﬁlms was assessed by measuring PCD during
water splitting. The annealed Bi2O3 ﬁlms were used as working
electrodes, with a Ag/AgCl reference electrode and Pt wire counter
electrode. The PEC measurements were performed in 0.5 M
Na2SO4 (pH ¼ 7) or 1 M Na2SO3 (pH ¼ 9) as the electrolyte. A Xe arc
lamp (Newport, Oriel Instruments, USA) equipped with an AM 1.5
ﬁlter was used to mimic sunlight with a light intensity of 100 mW/
cm2. The PCD was measured using a potentiostat (VersaSTAT-3,
Princeton Applied Research, USA) for applied voltages of 0.4 to
1.2 V (vs. Ag/AgCl) at a scan rate of 10 mV/s. MotteSchottky and
electrochemical impedance spectroscopy (EIS) measurements
were performed using the aforementioned potentiostat and the
same electrode conﬁguration.
3. Results and discussion
3.1. Film characterization
The crystallographic phases of the as-deposited and annealed
Bi2O3 ﬁlms were characterized by X-ray diffraction (XRD). Fig. 2a

Fig. 1. (a) Schematics showing the ESD setup for Bi2O3 deposition and annealing, (b) photograph of as-deposited and annealed ﬁlms and (inset) cross-sectional micrograph of ﬁlm
morphology.
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Fig. 2. (a) XRD patterns and (b) Tauc plots of (ahv)2 vs. hv for as-deposited ﬁlm and a- and b-Bi2O3 ﬁlms produced by annealing at 430 and 460  C, respectively.

shows two XRD patterns with well-deﬁned peaks, from the ﬁlms
annealed at 430  C (blue) and 460  C (red), which correspond to the
b and a-Bi2O3 phases, respectively. The black XRD pattern from the
as-deposited ﬁlm shows that it is amorphous. The substrate temperature of 50  C is insufﬁcient for Bi2O3 crystallization; hence, only
peaks associated with the ITO substrate are visible. This amorphous
phase remained unchanged with annealing at 370 and 400  C, as

shown in Fig. S1. The peaks observed for the ﬁlm annealed at 430  C
can be indexed to the tetragonal crystal structure of metastable bBi2O3 (JCPDS No. 27-0050). At the annealing temperature of 460  C,
restructuring occurs and b-Bi2O3 is transformed to the stable
monoclinic a-Bi2O3 phase, as observed by peaks matching JCPDS
No. 41-1449. The results are consistent with references [1,35] that
report similar metastable-to-stable Bi2O3 phase transitions over

Fig. 3. XPS spectra: (a) survey and core-level spectra of: (b) Bi 4f and (c) O 1s. (d) Raman spectra of amorphous, b-Bi2O3, and a-Bi2O3 ﬁlms.
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similar temperature ranges, with some variation depending on the
synthesis method.
The bandgap energies of different phases of Bi2O3 were determined from the Tauc plot ((ahv)2 vs. hv) shown in Fig. 2b, based on
the absorption spectra in the UVevisible region (see Fig. S2). In this
analysis, the band gap is estimated as the x-intercept of the line
tangent to the (ahv)2 vs. hv curve. The ﬁlms annealed at 430  C and
460  C, corresponding to the b and a phases of Bi2O3, show
bandgaps of 2.5 and 2.8 eV, respectively. The as-deposited amorphous Bi2O3 shows the highest bandgap of 3.1 eV. The bandgaps for
the different phases obtained here are consistent with previous
reports [4,12]. The narrower bandgap of b-Bi2O3 permits absorbance of more visible light to generate charge carriers. The asdeposited ﬁlm without heat treatment is white in color, but is
transformed to yellow and beige with annealing at 430  C and
460  C, respectively, as depicted in the inset of Fig. 2b. This change
is due to the transformation in the crystal structure of Bi2O3 and is
consistent with previous reports [31].
XPS was performed to identify the chemical states of the Bi2O3
polymorph ﬁlms. Fig. 3a shows the survey spectra of the samples;
the presence of Bi and O peaks conﬁrms the formation of Bi2O3 in
all ﬁlms. The Bi 4f core-level XPS spectrum in Fig. 3b shows two
characteristic narrow Gaussian-shaped near-symmetrical peaks at
157.7 and 163 eV, corresponding to Bi 4f7/2 and Bi 4f5/2 in the bBi2O3 ﬁlm, which match prior reports [36e38]. Further, no peaks of
bi-, tetra-, or pentavalent Bi states are observed on the Bi 4f7/2
shoulder, and the binding energy difference of 5.3 eV conﬁrms that
Bi exists in the Bi3þ oxidation state in all samples [38]. However, the

as-deposited ﬁlm shows higher binding energies of 158.5 and
163.8 eV, indicating higher electronegativity, as Bi is connected to
more O atoms and impurities [6]. Fig. 3c shows the O 1s core
spectra, which indicate that increasing the annealing temperature
decreases the O content [39]. In the as-deposited ﬁlm, wellresolved peaks at 529.5 and 531.5 eV are observed from functional impurities and OeH components, arising from non-volatile
reactants remaining after deposition [40]. However, after annealing, the BieO lattice O is evident from the peaks at 528.4 and
528.6 eV for a- and b-Bi2O3, respectively [41].
The Raman spectra of the amorphous, b-, and a-Bi2O3 ﬁlms were
recorded under 532 nm excitation over the wavenumber range of
100e700 cm1, as shown in Fig. 3d. The as-deposited ﬁlm exhibits
broad Raman bands at 175, 250, and 410 cm1, possibly from nonvolatile impurities and the broad distribution of BieO bond lengths.
For b- and a-Bi2O3, distinct Raman modes are observed. The spectrum of b-Bi2O3 shows prominent Raman bands at 124, 142, 157,
228, 313, and 464 cm1, corresponding to the displacement of O
atoms bonded with Bi, i.e. the stretching of BieO bonds [42,43]. The
spectrum of a-Bi2O3 shows Raman features at 117, 137, 150, 210, 227,
312, 410, and 467 cm1. The 117 cm1 mode arises from Ag symmetric motion of Bi atoms. Modes of 137 (Ag) and 150 cm1 (Bg)
arise from displacements of both Bi and O atoms in a-Bi2O3. The
Raman peaks at higher frequencies (210, 312, 410, and 467 cm1)
are attributed to the displacement of the O atoms in a-Bi2O3. Thus,
similar to the XRD patterns, the Raman features also conﬁrm the
formation of b- and a-Bi2O3 at annealing temperatures of 430 and
460  C, respectively [44,45].

Fig. 4. (a, b) HRTEM images and (c, d) SAED patterns of (a, c) b-Bi2O3 and (b, d) a-Bi2O3.
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Local structural information for b-Bi2O3 and a-Bi2O3 was provided by HRTEM imaging and SAED pattern analysis. The HRTEM
images in Fig. 4a and Fig. 4b clearly depict lattice fringes showing
the crystallinity of Bi2O3. The lattice spacings of 0.272 and 0.323 nm
correspond to the (201) and (220) planes, respectively, of b-Bi2O3
(Fig. 4a). The lattice spacing of 0.319 nm, observed in Fig. 4b, is
attributed to the (120) planes of a-Bi2O3. Fig. 4c shows diffuse
diffraction rings in the SAED pattern of b-Bi2O3, corresponding to
the (201) and (220) planes and demonstrating the polycrystalline
nature of the ﬁlm. The SAED pattern in Fig. 4d of a-Bi2O3 shows a
distinct dot pattern indexed to the (120) and (122) crystal planes of
a-Bi2O3.
Fig. 5aee presents cross-sectional images of the b-Bi2O3 ﬁlms
deposited for 15, 30, 60, 90, and 120 min. The images show that,
with increasing coating time, the thickness of the ﬁlm as well as the
grain size increases. Initially, the deposited particles form a layer of
~200 nm; then, subsequent particles are adhered to the ﬁrst accumulated particles to form pillar shapes. Distinct pillar formation
occurs after 30 min of ﬁlm coating. Formation of this morphology
results from simultaneous diffusive, thermophoretic, and electrophoretic transport of evaporating charged droplets as discussed in
our prior studies [25]. These pillars are expected to increase the
number of available reaction sites because they are separated by
lateral uncoated spaces, which can provide greater access to the
electrolyte and thus increase O2 evolution during PCD testing. Top
surface view SEM images of the b-Bi2O3 ﬁlms obtained at different
coating times are presented in the insets of Fig. 5, and illustrate the
2D to 3D transformation of the surface due to pillar growth. The
effect of deposition time on ﬁlm thickness is presented in Fig. 5f.
The thickness is increased from 0.2 mm for a 15 min deposition to
6.5 mm for a 120 min deposition. The superlinear increase in ﬁlm
thickness with deposition time arises from the open, pillared
morphology of the ﬁlm, in which average ﬁlm density decreases
with increasing thickness and deposition time.
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3.2. PEC properties
To achieve clean energy from PEC systems, the photoanode
must demonstrate fast charge transfer and efﬁcient
electronehole pair separation with a slow electronehole
recombination rate at the surface. The photoanode demonstrated here has a distinctive pillar morphology that enhances
photocatalytic performance by providing short hole-transport
pathways to the surface for O2 evolution. The monoclinic aBi2O3 and tetragonal b-Bi2O3 ﬁlms obtained after annealing were
tested by measuring PCD during water splitting in a 0.5-M
Na2SO4 electrolyte, as presented in Fig. 6a. Although both samples had the same spraying time of 90 min, a-Bi2O3 shows a PCD
of 0.025 mA,cm2 at 1.2 V (vs. Ag/AgCl), which is a modest increase from the dark current, while b-Bi2O3 shows a PCD of
0.1 mA,cm2, approximately four times greater than that of aBi2O3. We attribute the lower PCD of a-Bi2O3 to its lower absorption coefﬁcient and higher bandgap compared to those for bBi2O3, as shown in Fig. 2b. The performance of the photoanode
fabricated with tetragonal b-Bi2O3 is superior to that of monoclinic a-Bi2O3. The dark current is negligible in both cases. The
increased visible-light harvesting by b-Bi2O3 is attributed to its
lower bandgap and tetragonal structure, which facilitates fast
hole transport. The potentials shown are with reference to the
Ag/AgCl electrode. They can be converted to potentials relative to
a reversible hydrogen electrode (RHE) through the following
expression: ERHE ¼ EAg/AgCl þ 0.059 pH þ 0.1976, where ERHE is the
potential vs the RHE, EAg/AgCl is the potential vs. the Ag/AgCl
electrode, and pH is the numeric scale potential of hydrogen for
the Na2SO4 electrolyte solution. The peak at 0.33 V appearing
during the PEC testing of tetragonal b-Bi2O3 could be due to
oxidative dissolution of Bi to Bi3þ in presence of 0.5 M Na2SO4
electrolyte were Bi3þ can react with 2 hþ to form Bi5þ [46,47].
However, in the presence of Na2SO3, electrolyte holes are scavenged and formation of Bi5þ is avoided [47].

Fig. 5. SEM cross-sectional views of b-Bi2O3 ﬁlms deposited for (a) 15, (b) 30, (c) 60, (d) 90, (e) and 120 min; insets show surface views of each ﬁlm. (f) Comparison of ﬁlm
thicknesses for each deposition time.
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Fig. 6. Plots of PCD vs. applied potential (vs. Ag/AgCl) (a) for different phases of Bi2O3 deposited for 90 min, (b) for b-Bi2O3 deposited for different times, (c) MotteSchottky graph,
and (d) electron concentration (ND) determined from slopes of MotteSchottky plots for ﬁlms obtained after different deposition times.

The thickness optimization of b-Bi2O3 to achieve the optimum
PCD is presented in Fig. 6b. The dark currents for the samples of
various thicknesses were almost identical. Fig. 6b reveals that, with
increasing ﬁlm deposition time from 15 to 90 min, the PCD increases to a maximum of 0.1 mA,cm2. However, the sample with
120 min deposition time shows a decreased PCD, possibly from the
increased pillar height, which decreases the electric ﬁeld and
subsequently induces faster charge recombination before holes can
reach the pillar surface. The better performance of the sample
produced by 90 min of deposition can also be attributed to
enhanced lifetime as deduced from photoluminescence (PL) measurements. PL measurements showing the emission intensities or
transition probabilities are presented in Fig. S3. The PL lifetime
increased with increasing deposition time as shown in Fig. S3.
However, for deposition time of 120 min the lifetime began to
decline, perhaps due to the bulk-like characteristics of the very
thick ﬁlm (see Fig. 5f), which could reduce surface-trapping of
separated charge carriers and promote recombination at bulk defects [48,49]. The ﬁlm samples deposited for 15 and 30 min were
thin, as shown in the SEM images (see Fig. 5), which could permit
fast electron tunneling at the electrode/electrolyte surface, thus
hampering electronehole separation. Of course, thinner ﬁlms also
absorb less light. The gradual increase in thickness was accompanied by a decrease in capacitance at the Helmholtz layer, as

observed from the MotteSchottky (MS) plot in Fig. 6c, suggesting
an increased electron concentration for b-Bi2O3.
MotteSchottky plots show the dependence of the space charge
capacitance (Csc) generated by the Helmholtz layer at the electrode/
electrolyte interface on various semiconductor parameters,
including the conduction-band potential E(V) and the ﬂat-band
potential Efb(V), as expressed in the following equation:

1
¼
2
CSC



2
eεε0 ND



E  Efb  kT
e

(1)

where k is the Boltzmann constant, T(K) is the absolute temperature, e is the charge of an electron (C), ε is the relative permittivity,
ε0 is the permittivity of vacuum, and ND is the donor concentration
per unit volume (cm3). The x-axis intercept of the tangent of the
MotteSchottky curve indicates the Efb of the sample. The slope of
the MotteSchottky curve allows determination of ND for the material. ND values for the b-Bi2O3 samples shown in Fig. 6d display
signiﬁcant variance, attributed to the increasing thickness of the
ﬁlms (see Fig. 5) in accordance with deposition time. However,
regardless of the ﬁlm thickness, the photoanodes show gradual
increases in slope with increasing applied potential. This increase in
slope suggests that ND increases with increased biasing through
ionization of donor levels. These MotteSchottky plots support the
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enhancement of PCD. The sample with the 120 min deposition time
shows a decrease in both PCD and ND. The decreased donor concentration of this sample may arise from the high crystallinity of
the sample [50]. We also determined the carrier concentration
through Hall-measurements, as shown in Fig. S4. The carrier concentrations obtained by Hall measurement are lower compared to
those obtained from MotteSchottky analysis. The higher carrier
concentrations from MotteSchottky analysis could be due to the
presence of electrolyte under applied bias condition and the
nonplanar surface of the nanostructured photoanodes. Interactions
at the photoanode-electrolyte junction can result in the accumulation of the charges the interface [51].
PEC measurements for the b-Bi2O3 ﬁlms were also performed in
the presence of a sacriﬁcial reagent, Na2SO3, which acts as a hole
scavenger through preferential oxidation of sulﬁte rather than
water [52]. Fig. 7a shows the photocurrentepotential curve using
1-M Na2SO3 to reduce the impact of hole adsorption and the slow
transfer kinetics under illumination at the interface region, which
should increase the PCD of b-Bi2O3 [53]. In sulﬁte oxidation, the
photocurrent initiation potential shifts to a negative value of
approximately 0.4 V, compared to ~0 V in Na2SO4. Thus, the
presence of Na2SO3 enhances the PEC performance by lowering the
onset potential, which induces rapid electron transfer from the
valence band to the conduction band under visible light. At 0.5 V vs.
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Ag/AgCl, the PCD of b-Bi2O3 is 0.97 mA$cm2 in the Na2SO3 electrolyte. Fig. 7b shows results of a stability test in Na2SO3 electrolyte
at an applied voltage of 0.3 V vs Ag/AgCl. Initially, the electrode
shows a PCD of 0.5 mA,cm2, which decreases over time. Over
12000 s of voltage application, the PCD shows little evidence of
photocorrosion. Fig. 7c shows the impedance response for frequencies from 100 kHz to 0.1 Hz. As reﬂected in the ﬁgure, the
impedance of the b-Bi2O3 ﬁlm in Na2SO4 is greater than that in
Na2SO3. The lower impedance response of the sample in Na2SO3
indicates the lower recombination rate promoted by the holescavenging characteristics of Na2SO3, relative to that in Na2SO4.
This result further corroborates the improvement in PCD for bBi2O3 with the Na2SO3 electrolyte, as shown in Fig. 7a. The Nyquist
plot data were ﬁtted using a Randle equivalent circuit model (see
inset of Fig. 7c). The resistance of the photoelectrode is denoted Rsi,
while the charge transfer resistance (Rct) is associated with Faradaic
processes. The b-Bi2O3 photoelectrode solution resistance and
charge transfer resistance with respect to different electrolytes are
presented in the table shown as an inset of Fig. 7c.
MotteSchottky analyses were performed without illumination
in 0.5-M Na2SO4 and 1-M Na2SO3, as shown in Fig. 7d. In the
presence of Na2SO3, the ﬂat-band potential shifts to a more negative value (0.26 V) compared to that in Na2SO4 (0.01 V). Therefore, the electron concentration increases with applied potential at

Fig. 7. (a) PEC response under dark and light conditions, (b) long term stability curve in Na2SO3 electrolyte at a potential of 0.3 V, (c) Nyquist plots, and (d) MotteSchottky curves of
b-Bi2O3 photoanodes. Na2SO4 and Na2SO3 are the two electrolytes used for respective measurements.
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Table 1
Comparison of PCDs of various reported Bi2O3 ﬁlms with present ESD-coated pillared ﬁlm.
2

Materials

Electrolyte

PCD (mA$cm

Bi2O3
Bi2O3 (UV illumination)
Bi2O3/Bi
(UV illumination)
Bi2O3
Bi2O3
Bi2O3

0.5 M KOH
0.2 M Na2SO3
0.5 M (NH4)2SO4

0.025 @ 0.5 Va
0.00125 @ 0.6a
0.021 @ 1.0 Vb

[30]
[31]
[32]

0.5 M Na2SO3
1 M KOH
1 M Na2SO3

0.67 @ 1.23 Vc
0.97 @ 1.53 Vd
0.97 @ 0.5 Va
0.97 @ 1.23 Vd

[33]
[34]
Present

a
b
c
d

vs.
vs.
vs.
vs.

)

[3]

Reference
[4]

[5]

Ag/AgCl.
SCE.
NHE.
RHE.

much lower potential in Na2SO3. The electron concentrations for
the photoanode produced at a deposition time of 90 min are
49.3  1019 and 90.9  1019 cm3 in Na2SO4 and Na2SO3, respectively. The enhancement of PCD with the hole-scavenging electrolyte can be attributed to lower hole absorption at the interface,
higher electron concentration, and lower ﬂat-band potential.
The PCD values of the Bi2O3 ﬁlms produced by ESD in this study
are compared with those of previously reported ﬁlms in Table 1.
Few reports are available on the PCD performance of Bi2O3, despite
Bi2O3 being a well-studied photocatalyst in dye degradation
[36,54e57]. The ﬁlms synthesized in this study exhibit signiﬁcantly
better PEC performance than previously reported ﬁlms.

[6]

[7]
[8]

[9]

[10]

[11]

[12]
[13]
[14]

4. Conclusions
[15]

We report for the ﬁrst time the fabrication of pillar-structured
Bi2O3 by a non-vacuum ESD technique. Films of the pillarstructured Bi2O3 show improved PCD of 0.97 mA$cm2 and
enhanced visible light harvesting. The photoanode showed only
slight PCD decay, with excellent stability over 12000 s. In this study,
we conﬁrmed that Bi2O3 ﬁlms can be fabricated in different phases
by controlling the annealing temperature after ESD. The PEC performance of b-Bi2O3 is superior to that of a-Bi2O3. Additionally, the
tetragonal b-Bi2O3 demonstrates fast charge-transfer capability in
EIS measurements performed in Na2SO3. The pillared morphology
of b-Bi2O3 delivers a shorter charge-transfer pathway and a lower
bandgap (2.5 eV). Thus, this optimized photoanode exhibiting high
PCD and good stability shows promise for use in water splitting and
clean energy applications.
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