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Aerosol-Assisted CVD of Bismuth Vanadate Thin Films and
Their Photoelectrochemical Properties

By Paul Brack, Jagdeep S. Sagu, T. A. Nirmal Peiris, Andrew McInnes, Mauro Senili, K. G. Upul Wijayantha*,
Frank Marken, and Elena Selli

Thin film bismuth vanadate (BiVO,) photoelectrodes are prepared by aerosol-assisted (AA)CVD for the first time on fluorine-
doped tin oxide (FTO) glass substrates. The BiVO, photoelectrodes are characterised by X-ray diffraction (XRD), Raman
spectroscopy (RS), and energy-dispersive X-ray (EDX) spectroscopy and are found to consist of phase-pure monoclinic
BiVO,. Scanning electron microscopy (SEM) analysis shows that the thin film is uniform with a porous structure, and
consists of particles approximately 75—125nm in diameter. The photoelectrochemical (PEC) properties of the BiVO,
photoelectrodes are studied in aqueous 1M Na,SO4 and show photocurrent densities of 0.4mA cm ™2, and a maximum
incident-photon-to-electron conversion efficiency (IPCE) of 19% at 1.23V vs. the reversible hydrogen electrode (RHE).

BiVO, photoelectrodes prepared by this method are thus highly promising for use in PEC water-splitting cells.

Keywords: AACVD, BiVO,, Photoelectrochemical, Thin film, Water splitting

1. Introduction

The need for renewable, non-polluting sources of energy
is acute. One such energy source is the sun. There are many
successful systems currently available which can transform
solar energy to electrical energy. A key issue which must be
addressed in harvesting and utilising solar energy is the
storage of electrical energy. It is thus preferable to
transform solar energy directly into the more easily stored
and transported form of chemical energy through the
formation of chemical bonds in molecules such as hydrogen.

One way to achieve this is to use PEC cells."™! These
consist of electrodes made of light-absorbing semiconduc-
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tors dipped into an electrolytic solution, and use sunlight to
split water into oxygen (at the anode) and hydrogen (at the
cathode) as described by Equation 1 and 2, respectively
(under acidic conditions).’

H,0+2h" —1/20,+2H" (1)
2H' +2e¢ —H, )

BiVO, has risen to prominence of late as one of the most
promising anodic semiconductor materials for use in PEC
cells. The PEC properties of BiVO, are dependent upon its
band energetics and are determined by key parameters such
as its crystal structure (bulk) and surface properties. The
best PEC properties are exhibited by BiVO, in the
monoclinic scheelite crystal structure, which has a band
gap of 2.4eV.’! Although this is slightly larger than the
projected ideal band gap for a photoanode (typically around
2 eV), this minor disadvantage is more than counteracted by
the position of its band edges. The conduction band edge
(0V vs. the normal hydrogen electrode (NHE) at pH 0) is
almost sufficiently negative with respect to the hydrogen
evolution potential, whilst the valence band edge (2.4 V vs.
NHE at pH 0) is suitably placed to allow water oxidation.[®]
In addition, BiVO, is one of the few photoanodic materials
which are stable in mild, pH neutral conditions.®!

This interest in BiVO, has led to a considerable amount
of recent work on the preparation of nanostructured BiVO,
films by low-cost and scalable methods which include spray
pyrolysis, CVD, electrodeposition, dip coating, and seed
layer mediated growth.[9‘16] Many published methods to
date, however, produce films which are poorly adhered to
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the substrate or have large particle sizes, neither of which is
ideal for PEC processes, or require multiple synthetic steps
to produce the electrodes. We have previously reported on
the one-step fabrication of highly efficient nanostructured
thin film photoelectrode materials by the simple, low-cost,
and readily scalable method of AACVD."72* AACVD has
several advantages over conventional CVD techni-
ques.**?! Tt allows the use of non-volatile and thermally
unstable precursors, better control of deposit stoichiometry,
a higher rate of deposition, and a more flexible reaction
environment than CVD (as it can be operated under
atmospheric pressure in an open system). Several examples
of the deposition of other bismuth-containing films by
AACVD can be found in the literature.?*>") Herein we
report the extension of this methodology to the deposition
of high-performance nanostructured BiVO, thin film
photoelectrodes.

2. Results and Discussion
2.1. Materials Characterisation

In its natural mineral form (pucherite), BiVO, exists in an
orthorhombic crystal structure. Laboratory preparations of
BiVO,, however, crystallise in either a monoclinic or
tetragonal scheelite (band gap 2.4eV) or a tetragonal
zircon-type structure (band gap 2.9eV).!! The smaller size
of its band gap is what gives scheelite BiVO, improved
photocatalytic properties compared to zircon-type BiVOy,.
The difference in band gap arises from differences in the
electronic band structure of BiVO, in the two forms.
Specifically, in the scheelite structure, the 6s orbital of Bi**
is at higher energy than the O 2p orbital, allowing lower
energy transitions to the V 3d orbital and narrowing the
band gap compared to the zircon-type structure, where the
Bi®" 6s orbital is at lower energy than the O 2p orbital and
the photoinduced electronic transitions are thus of higher
energy and widen the band gap.BO]

Although the monoclinic and tetragonal scheelite forms
of BiVO, have the same band gap energy, the monoclinic
form is found to have superior PEC performance. This has
been ascribed to a greater distortion in the local environ-
ment of Bi** in the monoclinic structure causing increased
local polarisation which eases electron-hole separation and
thus enhances the photocatalytic properties.*!! Hence it is
desirable that BiVO, thin films for PEC applications be
formed in the monoclinic scheelite crystal structure.

Interestingly, XRD analysis confirmed that this was
indeed the case for the films made by AACVD in the
present work. In Figure 1, the peaks indicated by a red
triangle correspond to the FTO glass substrate. The other
two prominent peaks correspond to the (011) and (112)
reflections of monoclinic scheelite BiVO, (PDF 01-075-
1866), with shoulders corresponding to the (101) and (013)
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Fig. 1. XRD pattern of a BiVO, thin film fabricated by AACVD on a FTO
glass substrate. The reflections due to the FTO substrate are denoted by the
red triangles, and the reflections arising from the monoclinic BiVO, phase are
denoted by the green circles.

reflections. Notably, the (011) and (112) reflections are of
higher relative intensity than in the database pattern,
showing that the films have a preferred orientation in the
direction of these planes. The presence of minor peaks such
as (004), (200), (020), (015), (204), (024), (116), (303), and
(132) further confirms the presence of monoclinic BiVO,.
The films are highly crystalline and free from any other
phases of BiVO,.

The Raman spectrum shown in Figure 2 further confirms
the formation of monoclinic scheelite BiVO,. The strongest
peak at 827cm ! corresponds to antisymmetric stretching
modes of the VO, tetrahedra, whilst the shoulder peak at
718 cm ! is attributed to symmetric stretching modes of the
same. The peaks at 366 and 326 cm ' are due to the bending
modes of the VO, tetrahedra, and the peaks at 211 and 129
ecm™' correspond to the vibration of the crystal lattice
(external modes). The peaks in the spectrum show good
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Fig. 2. Raman spectrum of a BiVO, thin film fabricated by AACVD on a
FTO glass substrate.
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M Spectrum 2

Fig. 3. EDX spectrum of a BiVO, thin film fabricated by AACVD on a FTO glass substrate.

agreement with those previously reported for monoclinc
scheelite BiVO4.[32‘34]

EDX analysis (Fig. 3) further confirmed the presence of
BiVO,. The Bi/V ratio was found to be 1.05:1, which shows
that the Bi and V have been deposited by AACVD in the
correct stoichiometry. Combustion of the solvent during
the preparation of the electrode by AACVD is most likely
the origin of the carbon observed in the EDX spectrum. The
nanostructured BiVO, films deposited by AACVD were
translucent and yellow in colour (Fig. 4).

The band gap of a direct band gap semiconductor
material such as BiVO, can be estimated by use of a Tauc
plot, where the extrapolation to the x-axis (i.e., where
(hv)>=0) of the linear region of a plot of (ahv)® vs.
electron energy in eV (« is the absorption coefficient of the
material and Av the energy of light) gives the direct band gap
of the material.>! The optical band gap (Ey) of the film was
estimated by this method to be 2.44 eV (Fig. 4), which is in
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Fig. 4. A Tauc plot for a BiVO, thin film fabricated by AACVD. The band
gap of the material is estimated from this plot to be 2.44eV. The inset shows
an image of a typical BiVO, thin film electrode prepared on a FTO glass
substrate by AACVD. The adherence of the film was found to be excellent by
the Scotch tape test.

Chem. Vap. Deposition 2015, 21, 41-45

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reasonable agreement with the value of 2.4 eV reported in
the literature for monoclinic scheelite BiVO4.[G]

The volume average mean crystalline size was deduced
from the XRD by application of the Scherrer equation and
found to be 76 nm, which is in reasonable agreement with
the average particle diameter observed in SEM images
(Fig. 5), showing that the films are relatively porous and
made up of irregularly shaped particles approximately 75—
125nm in diameter. This porosity gives the films a
large effective surface area and an increased electrode/

7 . 0\

89, *
L X( b; " \V" ’/J.“
Fig. 5. SEM image of a BiVO, thin film at a magnification of a) 20 000 X and
b) 100 000 X.
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Fig. 6. J-V characteristics of a BiVO, thin film under chopped AM 1.5
100 mW cm 2 illumination measured in a three-electrode configuration, with
an Ag/AgCl reference electrode and a platinum wire counter-electrode in
1.0M Na,SO,. The inset shows the steady-state photocurrent stability
measurement of the BiVO, photoanode in 1.0M Na,SO,4 at 1.23V vs. RHE
for 20 min.

electrolyte interfacial area, leading to a reduction in
electron-hole recombination as the photogenerated hole
travels through less material before being collected at the
electrode/electrolyte interface. The diameter of the par-
ticles matches well with the hole diffusion length of ~70 nm
recently estimated for BiVOy films.*>! It is well known that
hole collection can be improved for electrodes in which the
feature size is comparable to the hole-diffusion length, and
hence recombination is reduced, compared to films with
larger features, and the PEC efficiency of the cell is
increased.!"”!

2.2. PEC Characterisation

PEC experiments were performed in 1.0M Na,SO, (pH
5.70) electrolyte by illuminating the BiVO, electrode from
the substrate side with AM 1.5 simulated light. The
photocurrent observed in this electrolyte corresponds to
water oxidation. Experiments were conducted in both
aerated and nitrogen-purged solutions, and there was no
difference in the measured photocurrents, demonstrating
that the oxygen produced by water oxidation has no effect
on the continuing water-splitting process. Measurements
were also carried out with electrolyte side illumination, but
these showed consistently lower photocurrents than sub-
strate side illumination, in line with what has previously
been reported in the literature.”**37] This suggests that
either holes diffuse more easily than electrons in these films,
or there is strong surface recombination due to the high
surface-area to volume ratio of these films. Further work is
currently underway in our laboratory to understand and
distinguish these effects. Photocurrent density (/) was
plotted against the applied bias potential, which was
corrected for solution pH and reported vs. RHE.
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Fig. 7. TPCE spectrum for a BiVO, thin film measured in a three-electrode
configuration, using a platinum wire counter-electrode and an Ag/AgCl
reference electrode in a 1.0 M Na,SO, electrolyte at 1.23V vs. RHE. The
inset shows the absorbance, transmission, and reflectance spectra for a BiVO,
thin film synthesised by AACVD.

1.23V vs. RHE is the thermodynamic potential at which
water oxidation (the anodic reaction in a PEC cell) occurs,
and thus the photocurrent generated at this potential is
commonly used as a standard for the comparison of
different photoanodic materials. A photocurrent density of
0.4mAcm 2 was obtained at 1.23V vs. RHE for water
oxidation, which compares favourably with values previ-
ously reported for unmodified bismuth vanadate films,>3!
with a photocurrent onset of ~0.6 V vs. RHE. As shown in
Figure 6, the observed photocurrent was found to decrease
as the electrode was illuminated at 1.23V vs. RHE. This
phenomenon has been observed in bismuth vanadate
photoanodes synthesised by other methods and is ascribed
to photocorrosion of the electrode, though the exact
mechanism is currently unknown.[*-16-3%40l

IPCE was calculated using the equation IPCE = (1240j,,/
Al) x100%, where jp, is the steady state photocurrent
density [wA cm™?], A is the wavelength of the incident light
[nm], and [ is the light intensity at the surface of the film
[W m2?.* A maximum IPCE of 19% was observed at
355nm at 1.23V vs. RHE in 1.0M Na,SO,, somewhat
higher than many of the reported values for an unmodified
bismuth vanadate thin film photoanode,[5 “Ibut rather lower
than the best reported value of 73%.**! IPCE rapidly
decreased between 440 and 500 nm before dropping to zero
at longer wavelengths, which is consistent with the
absorption spectrum in Figure 7, and this behaviour is
similar to that of BiVO, electrodes prepared by other
methods.[*>#4]

3. Conclusions

Herein we have presented the first report of the synthesis
of BiVOy thin film photoelectrodes by a simple, low-cost,

Chem. Vap. Deposition 2015, 21, 41-45
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and scalable AACVD method. These BiVO, electrodes
show photocurrent densities as high as 0.4mAcm™2 at
1.23 V vs. RHE for water oxidation, and a maximum IPCE
of 19% at 355nm in 1.0 M Na,SO, at 1.23 vs. RHE. These
electrodes, in conjunction with appropriate surface catalyst
incorporation, are highly promising for PEC applications
such as solar water splitting in appropriate PEC cell
configurations.

4. Experimental

To synthesise the films, bismuth nitrate pentahydrate (7.5 mmol) was
dissolved in the minimum amount of acetyl acetonate. To this was added a
solution of vanadyl acetyl acetonate (7.5mmol) in methanol, and further
methanol added until 250 mL of solution was obtained. The solution was then
gently heated for one hour to initiate a colour change from green to brown.
Commercially available FTO (TEC 8 Pilkington, 8 (/sq) was used as the
substrate. Substrate slides (1cm x 2cm) were cut by hand and ultrasonically
cleansed with doubly distilled water, acetone, propan-2-ol, and then stored in
ethanol. AACVD was used to fabricate the BiVOy thin films. The substrate
slides were removed from the ethanol and dried in air before being
transferred to the AACVD combustion chamber and heated at 500°C
for 15 min before the start of the deposition. In a typical deposition, 20 mL
of the precursor was added to a round-bottomed flask placed above
the piezoelectric modulator of an ultrasonic humidifier (PIFCO ultrasonic
humidifier) to generate the aerosol. Air was used as the carrier gas at a flow
rate of 175 cm® min~! to transfer the aerosol into a second flask, where it was
mixed with a secondary flow of air at a flow rate of 2340 cm® min~"'. This
drives the finer aerosol droplets towards the combustion chamber where they
decompose on the heated substrate to form a BiVO, thin film. The deposition
process was continued until all the 20mL of precursor solution had been
consumed.

The current-voltage (J-V) characteristics of the BiVOy, thin films were
tested using a galvanostat/potentiostat (Eco Chemie micro-Autolab type I1I),
under illumination by an AM 1.5 class A solar simulator (Solar Light
16S—300 solar simulator), at 100mW cm ™ light intensity, calibrated by a
silicon pyranometer (Solar Light Co., PMA2144 Class II). The films were
measured in a three-electrode configuration in a quartz cell, using a platinum
wire counter-electrode and Ag/AgCI/KCl as the reference electrode ina 1M
Na,SO, electrolyte at a scan rate of 10mV's~'. The Ag/AgCl was converted
to RHE by using the relation Erpg = Eagci+0.059pH + E°sgc1, Where
E°pgc1=0.1976'V at 25°C.[45]

The phase and crystallinity of the BiVO, thin films were evaluated by
conducting XRD measurements using a Bruker D8 XRD, operating with
monochromatic Cu Ka (k=154 A) radiation and Lynxeye detector. The
surface morphology was studied using a Leo 1530 VP field emission gun
(FEG)-SEM at an accelerating voltage of 5kV and a working distance of
Smm. EDX spectroscopy was also carried out in order to determine the Bi/V
ratio. RS was undertaken using a HORIBA Jobin Yvon LabRAM HR (with
632.8nm He-Ne laser) Raman spectrophotometer. The spectrum was
recorded in the range 100 — 1000 cm ™.
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