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Synthesis of BiVO, photoanode with improved photoelectrochemical

performance by W-doping and surface electrochemical pretreatment

WAN Li-Juan'?, YANG Ming®
(1. Nanjing Vocational Institute of Transport Technology, Nanjing 211188, China; 2. Jiangsu Engineering Technology
Research Center for Energy Conservation and Emission Reduction of Transportation, Nanjing 211188, China;

3. School of Transportation, Southeast University, Nanjing 210096, China)

Abstract; W-doped BiVO, photoanode was obtained through drop-casting method. The physical and pho-
tophysical properties of the BiVO, photoanode were investigated by X-ray diffraction (XRD), UV-vis ab-
sorption spectroscopy and scanning electron microscopy (SEM). Photo-electrochemical performance was
evaluated for the W-doped BiVO, photoanode. In terms of maximizing the photoelectrochemical perform-
ances of the W-doped BiVO, photoanodes, the synthesis conditions were optimized. The W-doped Bi-
VO, photoanode exhibits improved photoelectrochemical performance after the electrochemical surface
pretreatment. The photoelctrochemical response of BiVO, photoanode can be improved by both tungsten
doping and the electrochemical surface pretreatment. A possible mechanism was also proposed to explain
the reason for the photocurrent enhancement.
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1 Introduction

Photocatalysis technique has a promising ap-
plication for water splitting for hydrogen genera-
tion, removal of contamination " and ezc. Photo-
electrochemical splitting water for hydrogen pro-
duction by utilizing solar energy represents a
clean and renewable strategy to solve future ener-
gy challenges. However, to apply this technolo-
gy, a photoelectrode should have characters of
low cost, high quantum efficiency, narrow band
gap and good photochemical stability. Some sim-
ple oxides with narrower band gaps due to their
visible light response and fairly good stability,
such as WO, and Fe,O;, have been studied inten-

231 In com-

sively as photoelectrode materials *
parison with simple oxides, multi-metal oxides
have more possibilities to adjust the chemical sta-

[ Among the sys-

bility and electronic structure
tems explored to date, as a multi-metal oxide
photoanode, monoclinic BiVO, (band gap ~ 2. 4
eV) has received high expectations and become
the most promising photoanode material candidate
with high photoelectrochemical (PEC) perform-
ances in theory™ . BiVO, which was suggested
by Kudo et al. in 1998 as visible light-driven sem-
iconductor, exhibited high activities for water ox-
idation'”. BiVO, as photoanode material with its
composition of earth abundant elements has the
advantages of the efficient light absorption due to
a relatively small band gap., and the oxidation of
water to form O, (OER) due to the sufficiently

L-9) " However,

positive valence band edge and etc
due to the poor electron and hole mobility, ineffi-
cient interfacial charge separation, the retarded
OER kinetics and etc. , the water-splitting activi-
ty for bare BiVO, photoanode is quite low*!7,
Among the methods to optimize the PEC per-
formances, doping with ions is one desirable ap-
proach to resolve extensive carrier accumulation
and recombination due to poor carrier transport
properties. For BiVO,, the carrier concentration
is often increased by nonisovalent substitutional
L, Wer, Sitt,

doping Various ions ( Mo‘",

Ti'", Ta"t, Zr'", Fe'", La’", Zn*", Sr*' and
Ag"') have been doped into the sites of V of Bi-
VO, to improve the PEC performance and investi-
gate the effects of nonisovalent substitutional do-
ping, and only doping with Mo®" or W*" can ob-
viously bring the most noticeable enhancement in
the photocurrent'®?’. Therefore, doping with
tungsten can promote the increase of carrier con-
centration and the separation of photo-generated
carriers©™, and the photoelectrochemical per-
formances of BiVO, photoelectrodes doped with
tungsten may be improved by optimizing the do-
ping concentration and etc.

A suitable preparation method is also crucial
for a photoelectrode material to realize the high
PEC performance. On account of the application
in a large scale and high PEC performance, the
preparation method should be cheap, simple and
easy to dope. Up to now, various methods have
been used to prepare BiVO, photoelectrodes, such

[14]

as metal-organic decomposition method "', chem-

ical bath deposition (CBD)M, powder sprea-

ding™ ', (ultrasonic spray pyrolysis) USPM™!,
electrodeposition'™, reactive ballistic deposi-
tion'®*1 | drop-casting method “* and etc. A-

mong the synthesis methods, drop-casting meth-
od which eases doping is a facile method to pre-
pare BiVO, photoelectrodes with good crystallini-
ty. smaller grain size and high PEC performance.

To improve the photoelectrochemical per-
formance of photoelectrodes, the surface modifi-
cation of cocatalysts, such as Pt, Co;0,, Co-Pi,
and RhO,, is another desirable approach™ >,
Recently, the surface pretreatment by electro-
chemical cyclic voltammetry (CV) in the dark as a
simple pretreatment process has been reported to
remove the surface recombination center of the
Mo-doped BiVO, , which is also expected as a uni-
versal way to increase the photoelectrochemical

performances of the photoelectrode .

However,
to the best of our knowledge, there has been no
report regarding the improvement of the photo-
current of BiVO, photoanode by both W-doping

and the electrochemical surface pretreatment. In
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the present study, W-doped BiVO, photoanode
With

changing preparation conditions, the photoelec-

was prepared via drop-casting method.

trochemical performances of the W-doped BiVO,
photoanodes were analyzed. The preparation con-
ditions were optimized in terms of maximizing the
photoelectrochemical performances of the BiVO,
photoanodes. The W-doped BiVO, photoanode
exhibits improved photoelectrochemical perform-
ance after the electrochemical surface pretreat-
ment and the possible mechanism was also dis-

cussed.

2 Experimental

2.1 Materials
The starting materials utilized are Bi,O,,
NH,VO,, (NH,);,W;,04

col and nitric acid (analysis purity grade, Sinop-

* 5H,0, ethylene gly-

harm Chemical Reagent Co. Ltd. ).

2.2 Synthesis of W-doped BiVO, photoanode
W-doped BiVO, photoelectrodes were syn-

This sol-gel

synthesis technique is simple, scalable and repro-

ducible. Bi;O,, NH,VO; and (NH,),, W;, O, -

5H,O were dissolved in ethylene glycol with

thesized by drop-casting method.

proper amount of nitric acid to form 0.1 M Bi, V
and W precursor solution respectively. Proper a-
mount of these solutions were mixed according to
the stoichiometric ratio. 70 ul of the precursor so-
lution were dropped on the FTO (SnO,: F on
glass) substrates (2 ecm X 1 cm). The samples
were dried in a hot plate at 120 °C for 25 minutes
and subsequently calcined at different tempera-
tures in a tube furnace for a certain period of
time. A pure BiVO, thin film was prepared by the
same process as the reference.
2.3 Characterization

The products were characterized by X-ray
diffraction (XRD) for phase identification on a
Rigaku Ultima III diffractometer with Cu Ka ra-
diation (A = 0. 154 nm, 40 kV, 40 mA) and a
scan rate of 10 ° « min '. Ultraviolet visible

(UV-vis) transmission spectra were measured

with a Varian Cary 50 spectrophotometer and the

absorption spectra were obtained using the Kubel-
ka - Munk method. The microstructure of the
sample was observed by scanning electron micros-
copy (SEM) Philips XL.30 with an electron accel-
erating voltage of 5 kV.

2.4 Photoelectrochemical (PEC) measurements

The photoelectrochemical properties were
characterized by linear scanning voltammetry
(LSV) technique performed on a CHI633C elec-
trochemical workstation system. The LSV meas-
urements were performed in a 0. 5 M Na,SO, a-
queous solution (pH = 6.5) from —0. 20 to 1. 10
V with a scan rate of 20 mV « s ' in a standard
three-electrode configuration coupled with the
sample films (working electrode), an Ag/AgCl e-
lectrode (reference electrode) and a high purity
platinum (counter electrode). Before photoelec-
trochemical properties of the samples were meas-
ured, the pretreatment was carried out as follows
221 The sample was scanned by cyclic voltamme-
try for 30 cycles in the electrolyte in the dark.
The cyclic voltammetry scans were performed at
the scan speed of 30 mV « s~ ! and with threshold
reduction potential (—0.9 V). The sample with-
out surface electrochemical pretreatment was the
reference. For photoelectrochemical measure-
ment, an AM 1. 5 G sunlight simulator (Oriel
92251A-1000) was used as a light source. The
samples were illuminated from the front side (e-
lectrolyte/semiconductor interface). The mask-
off irradiated area was 0. 28 cm®.

An AM 1. 5 G sunlight simulator (Oriel
92251A-1000) was used as the light source to test
the photostability of the W-doped BiVO, elec-
trode. The light was illuminated from the front
side of the BiVO, film photoelectrode. 0. 5 M
Na, SO, aqueous solution (pH = 6.5) was used as
the electrolyte. The electrode potential was 0. 65
V vs. Ag/AgCl. The samples before and after il-

lumination were investigated by XRD.

3 Results and discussion

The XRD patterns of the pure BiVO, and W-
doped BiVO, films are shown in Fig. 1. The XRD
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patterns indicate that all peaks in the BiVO, sam-
ples agree well with the characteristic pattern ari-
sing from a sheelite monoclinic structure (JCPDS
No. 14-0688). The XRD pattern characteristic of
WO, was not observed in W-doped BiVO, film,
and no noticeable peaks appeared from any sec-
ondary phases such as Bi,O;, V,0; in the XRD
patterns, suggesting that tungsten was probably
incorporated with BiVO,. Furthermore, it is
noteworthy that all peaks of W-doped sample has
a slightly monotonically shift to low angel direc-
tion. The shifts have been assumed to be caused
by the difference ion radii of W*" and V°" in the
solid solutions which can slightly increase the

[¥] since it has been reported that

crystal lattice
the dopants occupy the V sites by using X-ray ab-
sorption spectroscopy®. Crystal deformation
might be caused by a substitutional defect of V*"
ions being replaced by W°* , which has larger tet-
rahedral ionic radii than V°" (tetrahedral ionic ra-
dii for V7" and W' are 0. 35 and 0. 42 A, respec-
tively)?J. From Fig. 1, the peaks at 34. 5° and
35.2° are indexed to the (200) and (002) lattices
of the monoclinic scheelite-like BiVO, and the two
peaks shift toward each other upon addition of W
to the synthesis. Similar behavior is also observed
for the peaks at 46. 7° and 47. 3° which are in-
dexed to the (240) and (042) lattices of the mon-
oclinic scheelite-like BiVO, upon addition of W to
the synthesis. Similar shifts have been reported
previously to arise from W doping in BiVO{'"" 2!,

The optical absorption of the pure BiVO, and
W-doped BiVO, films,amples was investigated u-
sing UV -
shown in Fig. 2. The BiVO, films possessed a

scheelite-monoclinic structure with good absorp-

vis absorption spectroscopy and

tion to visible light. It has been reported that for
BiVO,, the conduction band minimum and va-
lence band maximum consists of V-3d and the hy-
bridization between the Bi-6s and O-2p orbitals
respectively and the visible light absorption is rel-
ative to the Bi-6s electron lone pairs"'?. Com-
pared with the pure BiVO, sample, the W-doped

BiVO, sample shows blue shift to shorter wave-

length. The absorption edge of the pure BiVO,
and W-doped BiVO, sample occurs at ca. 500 and
492 nm, and the optical band gaps are evaluated
to be about 2. 48 and 2. 52 eV respectively.

mFTO

Intensity / a.u.

15 20 25 30 35 40 45 50
20/°
Fig. 1 XRD pattern of pure BiVO, film (a) and 2%

W-doped BiVO, film (b) calcined at 500 °C
for 30 min, (D FTO substrates

Absorbance (a.u.)

350 400 450 500 550 600 650 700
Wavelength (nm)

Fg.2 The UV-vis absorption spectra of the pure
BiVO, (a) and W-doped BiVO, (b)

SEM image of the W-doped BiVO, film pre-
pared by drop-casting method is shown in Fig. 3.
Porous structures consisting of particles with si-
zes of 100 - 500 nm are observed by SEM on the
surface of the W-doped BiVO, film. The porous
structures can allow the electrolyte to easily dif-
fuse within the BiVO, network, increasing the
contact area between the electrolyte and the pho-
toanodes, and shortening the hole diffusion dis-

tancet? ",

The photocurrent curves of W-doped BiVO, before
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Fig. 3 SEM image of the surface of W-doped Bi-

VO, film
and after surface pretreatment samples are shown in
Fig. 4. The result shows that compared with the W-
doped BiVO, sample without electrochemical pretreat-
ment, the sample after the pretreatment shows the ob-
vious enhancement of photocurrent. The pretreatment
make the photocurrent of W-doped BiVO, sample at
0.9 V vs. Ag/AgCl three times more than that of the
sample without pretreatment. It has been reported pre-
viously that the pretreatment can make some metal ions
on the surface become reduced and others dissolved into
the electrolyte and the photocurrent enhancement is
mainly attributed to the dissolution of doping ions.,

21 From the above

which can be kept at high potential
results, it is proven that the electrochemical pretreat-
ment is also a efficient method to improve the photo-
current of the W-doped BiVO, sample for the removal
of surface recombination center.

Through optimizing the doping concentration
or other preparation conditions, the photocurrent
of W-doped BiVO, photoelectrodes may be im-
proved. After the surface pretreatment, the Bi-
VO, samples prepared at different conditions are
investigated. The photocurrent curves of the pure
and W-doped BiVO, samples with different doping
concentrations are shown in Fig. 5. Compared
with the pure BiVO, film, the photocurrent of the
doped film shows a significant increase. The im-
proved photoelectrochemical performance may
come from the extending electron lifetime by dra-
matically altering the nature of the trap states for

the reduced dimension and less distorted local

structure at Bi center™® . The result shows that
the photocurrent is obviously improved at poten-
tial higher than 0.5 V when the doping concentra-
tion is increased from 1 % to 2 %. At potential of
1.0 V, the photocurrent of the W-doped BiVOj is
increases to 1. 2 times after the doping concentra-
tion is increased from 1 % to 2 %. The increase
of the photocurrent may be contributed to the im-
proved conductivity and quite different surface
properties induced by tungsten doping. Doping
with tungsten can also promote the separation of
photo-generated carriers which can improve the
photocurrent™™, While for the sample with the
doping concentration of 3 %, the photocurrent is
lower than those with the doping concentration of
1 % or 2 %. That indicates that higher doping
concentration may induce the increase of the re-
combination of photo-generated carriers and thus
decrease the photocurrent because the dopant can
also form recombination sites for photo-induced

U3J . Furthermore, doping can raise issues

carriers
that counteract the enhanced carrier transport,
for example, the incorporation of dopants can in-
troduce trap states usually serving as recombina-
tion centers and then hinder interfacial charge
separation?* ; doping can also decrease the width
of the depletion layer and thus enhance carrier re-

combination and decrease the photocurrent*.

21
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Fig. 4 Photocurrent curves of the BiVO, sample by
2 % W-doped and calcined at 500 ‘C for 30
min. a. After surface pretreatment; b, Before sur-

face pretreatment

The influence of calcination temperatures on the
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Fig. 5 Photocurrent curves of the W-doped BiVO,

samples calcined at 500 °C for 30 min with
different doping concentrations. a. 1 % W; b.
2% W; c. 3% W; pure BiVO, sample under
light irradiation (d) and in dark Ce)

photo-electrochemical property of W-doped BiVO,
samples is investigated. The photocurrent curves of
the W-doped BiVO, samples calcined at different tem-
peratures are shown in Fig. 6. The result shows that
the photocurrent obviously increases when the calci-
nation temperature is increased from 450 to 550 C,
which may be due to the improvement of the crystal-
lization. While for the W-doped BiVO, sample cal-
cined at 550 “C, the photocurrent is lower than that
calcined at 500 ‘C. The decrease of photocurrent may
be due to the easier recombination of photo-generated
carriers induced by the relatively larger crystal size of

the sample after calcination at higher temperature.

21
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Fig. 6  Photocurrent curves of the BiVO, samples

with 2 % W-doped and calcined at different
calcination temperatures. a. 450 ‘C; b. 500
‘Cs c. 550 °C for 30 min

The influence of calcination time on the pho-

to-electrochemical property of W-doped BiVO,

samples is also investigated. Photocurrent curves
of the BiVO,samples with 2 % W-doped and cal-
cined at 500 C for different time are shown in
Fig. 7. When the calcination time is increased
from 30 min to 2 h, the photocurrent obviously
decreases. The crystal size of the BiVO, sample
grows with the increase of calcination time, which
may induce the easier recombination of photo-gen-
erated carriers. Thus, proper calcination temper-
ature and time are crucial to obtain high photocur-

rent.
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Fig. 7 Photocurrent curves of the BiVO, samples

with 2 % W-doped and calcined at 500 ‘C
for different time. a. 30 min; b. 1 h; c¢. 2 h

The photochemical stability of a photoelec-
trode is another crucial point for a photoelectro-
chemical cell. Since the photocurrent of the W-
doped BiVO, can be enhanced after the surface
pretreatment, the stability of the photocurrent af-
ter the surface pretreatment should be investiga-
ted for practical application. The photocurrent -
time (i - t) curve of W-doped BiVO, after sur-
face pretreatment in 0. 5 M Na, SO, aqueous solu-
tion is shown in Fig. 8. The photocurrent of W-
doped BiVO, is initially about 0. 95 mA « cm® and
decreases to about 0. 76 mA * cm” after 60 min of
illumination. The photocurrent of W-doped Bi-
VO, increases to 3 times after the pretreatment,
while the photocurrent only deceases to 80 % in
air after 60 min and still much higher than the
photocurrent before the surface pretreatment.
XRD of the W-doped BiVO, samples before and

after illumination was also used to demonstrate
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the photostability of the W-doped BiVO, photoan-
ode in 0. 5 M Na, SO, aqueous solution (Fig. 9).
Thus, the results suggest that the W-doped Bi-
VO, photoanode after surface pretreatment is as-
sumed to be stable in 0. 5 M Na, SO, aqueous so-
lution for 60 min, and the photocurrent reduction
during illumination may come from some oxidized
species on the photoelectrode surface or extremely

low surface corrosion .,
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Fig. 8 Chronoamperometry (i - ¢) curve of 2 %
W-doped BiVO, electrodes in a 0. 5 M
Na, SO, aqueous solution (pH = 6.5); a
AM 1. 5 G sunlight simulator ( Oriel
92251A-1000), a three-electrode system,
the potential: 0.65 V vs. Ag/AgCl
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Fig. 9 XRD patterns of the W-doped BiVO, before
(a) and after (b) illumination in a 0. 5 M
Na, SO, aqueous solution, potential; 0. 65
V vs. Ag/AgCl

4 Conclusions

In summary, W-doped BiVO, thin films were
deposited by drop-casting method. The BiVO,

thin films possessed a monoclinic structure. 2 %
W-doped BiVO, sample calcined at 500 C for 30
min after the electrochemical surface pretreatment
showed the highest photoelectrochemical per-
formance. Both tungsten doping and the electro-
chemical surface pretreatment can improve the
photoelctrochemical response of the BiVO, thin
films, which is attributed to the improvement of
the conductivity and the separation of photo-gen-
erated carriers and the removal of surface recom-

bination center.
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