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A new green method was developed to prepare nanoporous BiVO,4 films on ITO substrates for
photoelectrochemical (PEC) water-oxidation under visible light irradiation. The films can be prepared by
simple drop-casting of a stable aqueous solution of Bi** and V" complexes with tartaric acid and
ethylenediaminetetraacetic acid, followed by drying and calcination in air. Thanks to these ligands, the
aqueous precursor solution is remarkably stable over a wide range of pH (pH 4-9). The BiVO, films on
ITO substrates possess a 3D-network structure comprised of nanoparticles with a scheelite—monoclinic
phase and a diameter of ca. <100 nm, after calcination at 450-500 °C for 1 h. The PEC performance
clearly depended on the film thickness that can be controlled by coating times, and calcination
conditions (temperature and time). The CoPi-loaded BiVO, electrodes exhibited relatively high
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Introduction

Photoelectrochemical (PEC) water splitting using semi-
conductor photoelectrodes is a promising technology for
sustainable energy supply, equal with photocatalytic water
splitting using semiconductor particles.™ Development of
photoelectrodes that can harvest a wide range of visible light to
split water efficiently is indispensable for achieving practically
useful conversion of solar energy to H,. Among various visible-
light-responsive photoelectrode materials, BiVO, (ref. 5) has
attracted much attention as an efficient photoanode material
that can absorb light up to 520 nm.**” A lot of methods have
been reported to fabricate BiVO, thin films on conducting
electrodes. For example, Kim and Choi have reported that
nanoporous BiVO, electrodes can be prepared by applying
a DMSO solution of VO(acac), onto a surface of electrochemi-
cally synthesized BiOI electrodes, and calcining (Fig. S1(a)t).*
The electrode exhibits high photocurrent (ca. 2.7 and 5.0 mA
cm 2 at 0.60 and 1.23 V vs. RHE, respectively) under simulated
solar-light irradiation because the nanoporous BiVO, electrodes
have appropriate conductive paths for efficient electron transfer
as well as controlled pores allowing efficient reaction and
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transportation of substances. For practical use, however, it is
desired that such a controlled structure is prepared by more
facile processes. Various metal oxide thin films are prepared
from metal precursors, for example, via the sol-gel method.**°
However, the metal precursors are generally unstable in
aqueous solutions; therefore, organic solvents are commonly
used to dissolve corresponding metal sources. The use of
organic solvents is an obstacle for industrial processes from the
viewpoint of environmental pollution. Therefore, in order to
reduce volatilization of organic solvents, the use of water as
a solvent has been strongly demanded to widen the range of
application and also to reduce the environmental burdens.
Recently, it has been reported that BiVO, photoelectrodes can
be prepared by using highly acidic aqueous precursor solutions,
although it is also not environmentally friendly (Fig. S1(b)T).**"

We recently found that BiVO, nanoparticles can be prepared
via a newly-developed aqueous-chelate method using an
aqueous solution of Bi and V ions containing ethyl-
enediaminetetraacetic acid (EDTA) and tartaric acid (tart).?® In
these aqueous solutions, EDTA and tart can serve as good
chelators to stabilize Bi and V ions in aqueous solutions at pH 4
to 9. We also found that this new method affords BiVO, parti-
cles with scheelite-monoclinic (s-m) phase, which is known as
the most favourable crystal phase for water oxidation reaction,
and small particle sizes (<100 nm) and partly networked struc-
tures, even after calcination process. These findings have
motivated us to apply the precursor aqueous solution of mild
pH to the fabrication of BiVO, photoelectrodes that can effi-
ciently act under visible light. In this study, we have successfully
fabricated nanoporous BiVO, photoanodes via the
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environmentally friendly water-based method and applied them
for PEC water oxidation reaction under visible light.

Experimental

Materials

Ammonium vanadate(V) (NH,VO;, 99%) and bismuth(im)
nitrate pentahydrate (Bi(NOs);-5H,0, 99.9%) were purchased
from Kanto Chemical. EDTA, tart and ammonia solution (28.0-
30.0%) were purchased from Wako Pure Chemical Industries,
Ltd. All reagents were used as received, and all the experiments
were carried out under ambient conditions.

Preparation of BiVO, electrodes by using aqueous solutions
containing Bi and V ions

The aqueous precursor solutions containing V and Bi ions were
prepared via aqueous-chelate method, which was recently
developed by our group,*® as follows; A 10 mL aqueous solution
that contains Bi(NOj3);-5H,0 (0.17 M, 0.82 g), EDTA (0.34 M,
0.99 g) and 28% ammonia solution (10 mM, 1.0 g) was mixed
with a 10 mL aqueous solution of NH,VO; (0.17 M, 0.20 g) and
tart (0.17 M, 0.25 g). The simple addition of Bi(NOs);-5H,0 or
NH,VO; to water rapidly form precipitate due to rapid hydro-
lysis. In contrast, the combinations of Bi(NOj);-5H,0 with
EDTA, and of NH,VO; with tart produce a transparent aqueous
solution. As we previously reported,* we confirmed that EDTA
and tart make stable complexes with Bi** and V>" ions in
aqueous solution, respectively. BiVO, electrodes were prepared
by drop-casting method as follows; the aqueous precursor
solution containing V and Bi ions was diluted seven-fold and
then dropped on a cleaned tin-doped indium oxide (ITO)
transparent conductive glass substrate. The film was dried at
65 °C for 10 min. The as-prepared films were then calcined at
500 °C for 1 h to yield 1-coated BiVO, films, which were denoted
as 1-coated-500 °C-1 h. Films with more than two coats (n-coat)
were prepared by repeating drop casting, drying and calcina-
tions. Calcination was conducted basically at 500 °C for 1 hour,
while other temperatures (e.g. 450 and 550 °C) and calcinations
times (e.g. 2 and 3 hours) were applied in some cases.

Preparation of CoPi-loaded BivO, electrodes

A CoPi was electrochemically deposited on the BiVO, photo-
electrodes according to the literature.® The electrolyte was
prepared by dissolving 2 mM Co(NO3),-6H,0 (Wako, 99.5%) in
a 0.2 M potassium phosphate buffers solution (pH 7.0). The
potential of the working electrode was controlled by a poten-
tiostat (Hokuto Denko, HZ-7000) with a three-electrode cell
consisting of the BiVO, electrode, a Pt wire and a KCl-saturated
Ag/AgCl electrode as the working, counter, and reference elec-
trodes, respectively. The electrodeposition was performed at
a constant voltage of 1.1 V vs. RHE for 2 min.

Characterization

The resulting BiVO, fine particles were characterized by means
of an X-ray diffraction (XRD, PANalytical, X'Pert Pro, rotating
anode diffractometer, 45 kV, 40 mA) with Cu K, radiation (K, =
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1.5406 A), a UV-Vis-NIR spectrometer (UV-Vis. DRS, Jasco, V-
670), and a scanning electron microscope (SEM, HITACHI, S-
4100).

PEC measurements of BiVO, electrodes

PEC properties were evaluated in potassium phosphate buffers
(0.2 M, pH 7.0, 0.1 M K,SO,) using a potentiostat with a three-
electrode cell consisting of the BiVO, electrode, a Pt electrode,
and a KCl-saturated Ag/AgCl electrode as the working, counter,
and reference electrodes, respectively. The working electrode
was irradiated from the backside (ITO side) with simulated
sunlight (AM 1.5G, 100 mW c¢cm ).

Results and discussion

Characterization of BiVO, electrodes fabricated by using
aqueous solutions containing Bi and V ions

BiVO, electrodes were prepared by drop-casting the precursor
solution onto ITO transparent conductive glass substrates, fol-
lowed by drying and calcining at 450-550 °C for 1-3 h. The
prepared electrodes were yellow transparent thin films (see
Fig. 1, calcined at 500 °C for 1 h for example). The XRD analysis
revealed that the electrodes have pure scheelite phase of BivO,
(JCPDS-ICDD: 14-0688) regardless of calcination conditions. No
appreciable peak attributed to impurity phases was observed
(Fig. 2). The bandgap estimated from the UV-Vis spectra
(Fig. S21) was ca. 2.4 eV, which is characteristic of s-m phase
BivVO,.” The Raman signal attributed to V-O stretching was
observed at around 830 cm ™ '. The estimated value of V-O bond
length (ca. 1.69 A, see Table S1t) is in agreement with the re-
ported value for s-m BiVO, (1.72 A).* Judging from these
results, it can be concluded that all the electrodes consist of s—-m
BiVO,.

The SEM images of BiVO, electrodes, which were calcined at
450, 500 and 550 °C for 1-3 hour, are shown in Fig. 3 and S3.7}
The surface SEM images show nanostructures with particle-
networks and pores. The primary particle sizes became larger
as increasing calcination temperatures; the samples calcined at
450 and 500 °C consisted of relatively uniform particles with

Stable F ai
aqueous solution

pH4to9
% ry (65°C)

OdFOPcaSt 2 Calcmatlon

ITOglass
Fig. 1 Fabrication process of a BiVO,4 electrode, which was prepared
by coating an aqueous Bi and V solution (pH 7) onto an ITO glass
substrate (1.25 x 1.25 cm?), followed by drying (65 °C) and calcination
at 500 °C for 1 h.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 XRD patterns of BiVO, electrodes prepared (a) by coating an
aqueous precursor solution of various pH (pH 4 to 9) followed by
dryness and calcination at 500 °C for 1 h, and (b) by coating an
aqueous precursor solution of pH 9 followed by dryness and calci-
nation under different conditions.
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0°C1h"

!

Fig. 3 The surface SEM images of BiVO, electrodes (4-coat) prepared
by coating an aqueous Bi and V solution (pH 7) onto an ITO glass
substrate (1.25 x 1.25 cm?), followed by drying (65 °C) and calcination
at 450, 500 and 550 °C for 1-3 h.

a diameter of smaller than 100 nm (Fig. 3(a) and (b)), while the
sample calcined at 550 °C (Fig. 3(e)) was composed of larger
particles with a diameter of ca. 200 nm.

The photoanode fabricated in this study has 3D-porous
network structure as observed with BiVO, photoanode re-
ported by Kim and Choi; however, the particle size of our BiVO,

This journal is © The Royal Society of Chemistry 2018
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(a) 1 coat

Fig. 4 (a—c) Cross-sectional SEM images of BiVO, electrodes with
different coating times. (d) Magnified view of cross-sectional SEM
images of BiVO, electrodes (1 coat-500 °C-1 h).

film (primary particle size: <100 nm) is smaller than that of their
film (primary particle size: >100 nm)."> To the best of our
knowledge, our report is the first example of BiVO, film with
porous network structure consisting of such small particles.
The particle sizes also increased as the calcinations time
increased when compared at the same calcination temperature
(see Fig. 3(b)-(d) and S3%). In contrast, BiVO, films that were
prepared using aqueous precursor solutions of various pH
values (pH 4-9) were consisted of BiVO, particles with the same
s-m structure and similar particle size (<100 nm) (Fig. 2 and
S4%), presumably due to the use of appropriate ligands that
effectively stabilize metal ions in the aqueous solution at wide
range of pH.

The cross-sectional SEM analysis revealed that the film
thickness of n-coated-500 °C-1 h (n = 1 to 5) were about ca. 300,
600 and 900 nm, and 1.2 and 1.5 um, respectively (Fig. 4 and
S41). Thus, the film thickness constantly increased by ca.
300 nm with increasing numbers of the coating repetition (see
Fig. 4 and S57). In addition, the magnified view of the cross-
sectional images clearly showed that the BiVO, film had
porous structures with an aggregated network of particles
(Fig. 4(d)). As described above, the simple coating of aqueous Bi
and V solutions containing EDTA and tart is capable of
providing porous nanoparticulate BiVO, films with controllable
thickness.

PEC properties of BiVO, photoelectrodes for sulfite oxidation
under simulated solar-light

In order to examine the ability of BiVO, photoelectrodes
prepared under various conditions, the PEC properties of the
photoanodes were assessed in an electrolyte solution contain-
ing 0.2 M Na,SO; as a hole scavenger. Typical J-V curves for
sulfite oxidation over the BiVO, films are shown in Fig. 5. All the
BiVO, electrodes exhibited obvious photo-response under
simulated sunlight irradiation. The photocurrents depended on
the preparation conditions, while the onset potentials were

RSC Adv., 2018, 8, 31575-31580 | 31577
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Fig. 5 (a) J-V curves of nanoporous BiVO, electrodes for sulfite
oxidation. (a) Samples with different coating times. (b) Samples
prepared under different calcination conditions (450-550 °C for 1-3
hours). Conditions: in a 0.2 M phosphate buffer (pH 7) containing 0.2 M
Na,SOs as hole scavenger under AM 1.5 G, 100 mW cm™2 illumination
(scan rate, 10 mV s74).

located at about 0.3 V vs. RHE with all samples. In the case of
changing numbers of coating repetition, the photocurrent
increased with increasing numbers of coating repetition up to
fourth cycles (1.4 mA at 1.23 Vvs. RHE) and saturated at the fifth
coating cycle (Fig. 5(a)).

As described above, the film thickness increased with
increasing number of coating. The results suggest that almost
all of the particles in the films effectively can absorb the light up
to ca. 1 pm in thickness. The photocurrent was also dependent
on the calcination conditions (temperature and time); the
highest photocurrent was observed with the sample calcined at
500 °C for 1 h (Fig. 5(b)). The highest current density of the
sample calcined at 500 °C for 1 h is certainly due to the balance
of good crystallinity and high specific surface area of the
particles. In contrast, the photocurrent density was not affected
by the pH value of the precursor solutions (see Fig. 6, summa-
rized the photocurrent at 0.6 and 1.23 V vs. RHE), which is in
agreement with the observation that the film morphology did
not depend on the pH value of the precursor solutions (vide
supra).

PEC properties of BiVO, photoelectrodes for water oxidation
under simulated solar-light

We next examined water oxidation by the BiVO, photo-
electrodes. As an effective co-catalyst for water oxidation, small
amounts of CoPi were electrochemically deposited on the BiVO,
photoelectrodes.? The top view SEM elemental mapping images
(SEM-EDX) of the surface of CoPi-loaded BiVO, photoanode (4
coat-500 °C-1 h) indicate homogeneous loading of Co species
(see Fig. S67). Fig. 7 shows the J-V curves of the CoPi-loaded
BivO, photoelectrodes (4-coated-500 °C-1 h) prepared using
precursor solutions at pH 3, 7 and 9, which exhibited the best
PEC performance for sulfite oxidation. The onset potential of
CoPi-loaded BiVO, photoelectrodes was more negative than
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Fig. 6 Effect of the pH value of precursor solutions on the anodic
photocurrent density of BiVO, electrodes. PEC measurement was
carried out in a 0.2 M phosphate buffer (pH 7) containing 0.2 M Na,SOs3
as hole scavenger under AM 1.5 G, 100 mW cm™2 illumination (scan
rate, 10 mV s73).

that observed with bare BiVO, sample, which is in agreement
with the report with CoPi-loaded BiVO, photoelectrodes by van
de Krol and coworkers.” The CoPi-loaded BivVO, photo-
electrodes showed a photocurrent density of ca. 1.5 mA cm™> at
1.23 V vs. RHE for water oxidation, which was higher anodic
photocurrent than that of bare BiVO, sample (Fig. 7). The value
of photocurrent on present CoPi-loaded BiVO, photoanode
does not reach the high value reported by Kim and Choi (ca. 5.0
mA cm ™ at 1.23 V vs. RHE);*> however, the value was higher
than that reported with BiVO, anodes prepared by using highly-
acidic aqueous precursor solutions (<0.5 mA cm ™2 at 1.23 V vs.

E
(3]
E CoPi (pH9)
>
7
s
£ | CoPi (pH7)
€
o
5
O | CoPi (pH3)
none ]
0 02 04 06 038 1 1.2

Potential (V vs. RHE)

Fig. 7 J-V curves of CoPi-loaded BiVO,4 electrode (4-coated-500
°C-1 h) prepared from an aqueous Bi and V precursor solution of
different pH, and BiVO,4 electrode without CoPi loading (4-coated-
500 °C-1 h) prepared from an aqueous Bi and V precursor solution of
pH 7 for water oxidation measured in a 0.2 M phosphate buffer (pH 7)
under AM 1.5 G, 100 mW cm™2 illumination (scan rate, 10 mV s™3).

This journal is © The Royal Society of Chemistry 2018
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Fig.8 ABPE plots calculated by using CoPi-loaded BiVO4 photoanode
(4-coated-500 °C-1 h) prepared from a precursor solution of pH 7
under simulated sunlight irradiation.

RHE)."®?* The observed relatively high performance should be
attributed to the appropriate porous nanoparticulate structure
and contact interface. The 3D structure should be attained by
direct particle growth from precursor solution on the ITO
substrate.

We also examined the stability of BiVO, photoanodes with/
without CoPi loading. It has been reported that CoPi is stable
at pH > 6.>* Therefore, we conducted the stability test at pH 7
and 8. Fig. S7t shows the amperometric j~t curves of BiVO,
photoanodes with/without CoPi loading at pH 7 and 8 under
continuous illumination at 0.8 V vs. RHE. CoPi-loaded BiVO,
photoanode exhibited better stability at pH 8 than at pH 7;
however, about 50% of the initial photocurrent was retained for
CoPi-loaded BiVO, in the phosphate electrolyte of pH 8 after 2 h
illumination (Fig. S7(a)f). In contrast, the BiVO, photoanode
without co-catalyst loading (Fig. S7(b)t) did not show significant
pH dependence of photocurrent decay, and more than 80% of
the beginning current was retained after 2 h light irradiation.
Thus, the photocurrent decay of CoPi-loaded BiVO, photoanode
suggests the instability of CoPi, rather than BiVO, itself. The
stability of the present CoPi-loaded BiVO, photoanode is not
sufficiently high; however, there are some possibilities to
improve the stability by loading other co-catalysts.**"*

The applied bias photon-to-current efficiency (ABPE) was
calculated for the CoPi-loaded BiVO, photoelectrodes (4-coated-
500 °C-1 h) under simulated sunlight irradiation (100 mwW
cm ™ ?) using the following equation.

ABPE (%) = 100 x [photocurrent/mA cm ]
x [(1.23 = Vrue)/V)[photon flux/mW cm ]

In the range of 0.4 V to 1.2 Vvs. RHE, the CoPi-loaded BiVO,
photoelectrode gave the highest ABPE of 0.31% at 0.8 V vs.
RHE under simulated sunlight irradiation (Fig. 8). Thus,
highly efficient photoelectrodes for water oxidation can be

This journal is © The Royal Society of Chemistry 2018
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fabricated by drop-casting aqueous metal precursors and
calcination under environmentally friendly conditions.

Conclusions

In summary, BiVO, photoanodes were directly fabricated onto
ITO substrates by drop-casting using aqueous Bi and V solu-
tions containing EDTA and tart. The chelators stabilize the
precursor solutions in a wide range of pH. It should be noted
that the procedure described here possesses numbers of
desirable properties; no use of organic solvents, neutral pH,
and easy process to yield nanoporous BiVO, films. Especially,
it is possible to prepare BiVO, films with the same structure at
a wide range of pH if our aqueous precursor solutions are
employed, which would be a great benefit to many researchers
in this field. The essence of our present fabrication approach
using aqueous chelating solutions is expected to be widely
applicable to the preparation of other metal oxide films.
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