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Comparison of Sandwich and Fingers-crossing Type WO3/BiVO,
Multilayer Heterojunctions for Photoelectrochemical Water
Oxidation

Cong Liu, Jinzhan Su* and Liejin Guo

WO; and BiVO, thin films were spincoated on FTO in a intersected way with WO; and BiVO, overlapped only in the center
part, resulting in multilayer fingers-crossing thin films (fingers-crossing heterojunction). Samples with only overlapped area
(sandwich heterojunction) were obtained by cutting off the un-overlapped area of both WO; and BiVO, layers (node) as a
The
photoelectrochemical (PEC) water splitting performance under simulated solar light for the obtained heterojunctions were

counterpart for comparison. influences of layer number, layer thickness and junction type on the

investigated. XRD, SEM, XPS and Uv-vis absorption measurements were conducted to investigate its structural properties
and morphology. The photocurrent density of sandwich heterojunction is higher than that of fingers-crossing
heterojunction at low applied bias. The IPCE shows that both fingers-crossing heterojunction and sandwich heterojunction

can utilize effectively light up to 510 nm. Mott-schottky plots shows that the sandwich heterojunction has a more negative
flat band potential, which is desirable for water splitting, than fingers-crossing heterojunction. In addition, the mechanism

of photogenerated carriers separation in these two heterojunctions was discussed.

1 Introduction

Photoelectrochemical (PEC) water splitting for hydrogen
production has been considered as one of the most promising
artificial photosynthesis1 to utilize solar energy and address
critical energy security and environmental sustainability
issues.” Although many semiconductor materials such as
TiO,, ZnO, Fe,03, CdS, SrTiO36'9 have been reported to be
effective for PEC hydrogen production, most of them are
limited in utilization due to serious photocorrosion, high
charge carrier recombination, or large band gaplo. In order to
take full advantage of each material merits and avoid their
weakness, many composite semiconductor materials such as
Si/Fe,05", Ti0,/Ccds"?, zno/cds®®, BivO,/Ti0,**, BivO,/zn0O",
WO3/Fe20316 have been designed and tested to address those
issues. In a typical semiconductor heterojunction with type Il
band alignment, photogenerated electron-hole pairs tend to
be spatially separated on different sides of the heterojunction,
achieving efficiently photogenerated electron-hole pair
separation 17,18

Recently, BiVO, photoelectrodes have emerged as a popular
semiconductor for photoelectrochemical application and
1924 The BiVO, owing to its

5
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band gap of 2.4eV (monoclinic) is capable of sufficiently
absorbing the solar spectrum and stable against
photocorrosion in an aqueous electrolyte with mild pH
(between 3 and 11)25"27, but unfortunately its charge carrier
recombination rate is relatively high4’ 2 In order to improve
the charge carrier separation in BiVO,, combining with other
semiconductor with a suitable band gap energy level and good
carrier mobility have been adopted. For example, WO;
conduction band (CB) level is more positive than that of BiVO,
and possesses a good carrier mobilityls’ 8,29 Many types of
WO3/BiVO, heterojunctions were fabricated in past five years.
For example, Jae Sung Lee et al®® fabricated the flat
WO;/BiVO, heterojunction photoelectrodes on FTO with the
BiVO, layers optimized. Hyeok Park et al.® fabricated the
WO3/Mo-BiVO, heterojunction photoelectrodes by atomic
doping. Ligang Xia et al.*® fabricated BiVO,/WOs/W
heterojunction photoanode on the nanoporous WO; film.
Core/shell WO3/BiVO, nanowire and nanorod photoanodes
were fabricated by Zheng et al*®* and Pihosh et al*
respectively. To further improve the PEC performance of the
WO3/BiVO, heterojunction, cobalt phosphate (Co—Pi)zg' 3 35,
FeOOH?® and NiOOH*® *’ oxygen evolution catalysts (OECs)
were deposited on the WO5/BiVO, heterojunction through
different technologies. The dynamics of photogenerated
charge carriers in WO3/BiVO, heterojunction photoanodes was
also studied by Ivan Grigiono and his co-workers®. In our
previous studym' 39, nanostructural WO3/BiVO, heterojunction
with efficient carrier separation was realized. It is desirable to
further study this efficient heterojunction to maximize the
ability of charge separation in the heterojunction.
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However, most reported WO3/BiVO, heterojunctions are
single heterojunction which yet don’t have efficient light
absorption or charge transfer. Fatwa F. Abdi et al.®® reported a
charge carrier diffusion length of 70nm for BiVO,. Reducing the
thickness of BiVO, layers could be a solution but its light
absorbance is insufficient. Using multilayer heterojunctions
may avoid these deficiencies via controlling the layer thickness
and layer number.

In this study, we fabricated fingers-crossing and sandwich
type multilayer heterojunction photoelectrodes and compared
their PEC performance to investigate the junction type effect
on PEC water oxidation. Although the maximum photocurrent
of the films is much less than the recent record value of core-
shell WO./BiVO, nanorods (6.72 mA/cm?® at 1.23 V)
reported by Pihosh and his co-workers34, the effect of
heterojunction structure including layer numbers and
connecting way on its performance is rarely investigated. So
we tried to discuss the carrier separation in these two types of
multilayer heterojunction, and investigated the influences of
layer number and layer thickness on PEC performances. At last
a possible mechanism for the influences of junction node on
PEC water splitting was proposed.

2 Experimental
2.1 Film preparation

For WOj; precursor solution (0.125M), 0.01mol Tungsten acid
(H,WO,) and 25 ml H,0, (30 wt.%) were dissolved in 15 ml de-
ionized water (H,0) then mixture with 40 ml PVA (poly vinyl
alcohol) precursor solution (0.5 g PVA dissolved in 10 ml H,0).
For BiVO, precursor solution (0.125M), 0.01mol Bi(NO3);'5H,0,
0.01mol NH4VO; and 10 ml concentrated nitric acid (HNOj3)
were dissolved in 30 ml de-ionized water then mixture with 40
ml PVA solution. Fluorine-doped SnO, (F:Sn0O,, FTO)-coated
glass substrates (TEC-15, 15 Q /sq) were cleaned by successive
ultrasonic cleaning in acetone, de-ionized water and ethanol
for 30 min, and then dried in nitrogen flow. Intersected
overlapped WO3; and BiVO, was synthesized on FTO substrates
by spin-coating of WO; and BiVO, layer by layer, the spin rate
was controlled in 3000 rpm for 30s. For fingers-crossing
heterojunction, each layer covered undesired part via scotch
tape was coated on the top of previous layers after
calcinations (500 C /2h) between coatings. For sandwich
heterojunction, cut off both WO; node and BiVO, node of
fingers-crossing heterojunction.

2.2 Film characterizations

Employ X’'pert PRO diffractormeter (PANalytical, using Cu Ka
irradiation, A=15.4184 nm) in performing X-ray diffraction
(XRD) analysis and determining the structure and phase of the
samples. Employ JSM-7800FE instrument (JEOL) in performing
field emission scanning electron microscopy (FE-SEM). Employ
X-ray photoelectron spectroscopy (XPS, Axis UltraDLD, Kratos)
with monochromatic aluminum K a radiation obtaining atomic
ratio of samples by etching. Employ Hitachi U-4100 UV-vis-NIR
spectrophotometer equipment in recording optical UV-vis
absorption spectra of the samples.

2| J. Name., 2012, 00, 1-3

2.3 Photoelectrochemical measurements

The PEC measurements were performed by a scanning
potentiostat (CH Instruments, model CHI 760D) using a
standard three-electrode system in 0.5 M Na,SO, as
electrolyte with Ag/AgCl, Pt plate as reference electrode,
counter electrodes, respectively. The applied bias was
converted to the value against a reversible hydrogen electrode
(RHE) by using the equation (1) below.
Erug = Eag/agcr + Efg ager + 0.0591V X pH (1)
(Egg/Aga = 0.1976 V vs.NHE at 25 °C)

The simulated solar spectrum generated by a fiber optic
spectrometer (AvaSpec-2048) using 350 W xenon lamps set
100mW/cm2 as light source. The electrochemical impedance
spectroscopy (EIS) was performed at 1.1 Vgye with a frequency
of 100 kHz-1 Hz under illumination. Apart from above, a
Newport monochromator 74126 and a burning glass made of
quartz were used to measure incident photon to current
conversion efficiency (IPCE).

3 Results and discussion

To compare the PEC performances of sandwich heterojunction
and fingers-crossing heterojunction, we prepared bare WOs;,
fingers-crossing/sandwich WO3-BiVO,-n (n = 1, 2, 3, 4, 5)
heterojunctions and bare BiVO, photoelectrodes via spin-
coating method. The number n is denoting the repeat number
of WO3/BiVO, layers in fingers-crossing or sandwich
heterojunctions. Sandwich heterojunction photoelectrodes
were made by cutting off the WO; node and BiVO, node area
of fingers-crossing heterojunction with only multijunction area
left to form clean cross sections. All WO3; and BiVO, layers
were prepared with same condition. The configuration of
samples is represented in Scheme 1.

a Fingers-crossing Heterojunction b Sandwich Heterojunction
3 - ‘ - 2BIVO.
c . | WOs
<]
=
@
FTo FTo

Scheme 1 Geometric illustration of finger-crossing heterojunction and
sandwich heterojunction. The yellow layer represents BiVO, and light blue
layer stands for WO;.

3.1 Structure and morphology

The crystal structures of the bare film or heterojunctions were
examined by XRD analysis. For comparison, the XRD pattern
obtained from FTO is also shown in Fig.1. The XRD patterns of
all photoelectrodes exhibited strong peaks corresponding to
FTO on the substrate. The crystal phase of the bare WO;
photoelectrode was identified to be monoclinic (JCPDS Card
No. 01-071-2141). The bare BiVO, photoelectrode exhibited a
monoclinic scheelite type crystal structure (JCPDS Card No. 00-
014-0688). For the WO;-BiVO,-n (n=1, 2, 3, 4, 5)
photoelectrodes, the exhibited peaks corresponding to WO;
and BiVO, indicates the absence of any new compound

This journal is © The Royal Society of Chemistry 20xx
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formation. The X-Ray diffraction patterns of WO3-BiVO,-n
(n=2, 4) were shown in Fig.S1.

WO3-BIVO,-5
El WO3-BiVO,4-3
<
2 -
a l A A WO4-BiVO,4-1
o A
£
\ \ WO,
A FTO
~ Y
T T T T T T
10 20 30 40 50 60 70 80
2 theta (deg)

Fig.1 X-Ray diffraction patterns of FTO, bare W03, WO3-BiVO,-n (n=1, 3, 5)
and bare BiVO, sample.

The surface morphologies of the multilayer heterojunctions
were presented in Fig.2. Bare WOjs, bare BiVO, and WO;-
BiVO,4-5 show similar porous morphology but smaller grain
sizes compared to that reported by Jae Sung Lee et al.*® This
could corresponding to different binder used for spin-coating
(PVA in our work and polyethyleneimine (PEIl) in Lee’s work).
For the bare WO; film, the porous network with 50 nm grain
size provides a large number of reaction sites and short
distance for holes to travel to the surface®” . For bare BiVO,
film, larger grain size (~ 150 nm) was observed. There is no
significant grain size change for BiVO, layer in the WO3-BiVO,-5
film as shown in Fig.2c. The thickness of WO3-BiVO,-5 film is
ca. 324 nm as shown in Fig.2d. As five cycles of coating-anneal
steps was conducted in the preparation of WO3-BiVO,-5 film,
the thickness of a single WO3/BiVO, heterojunction is
calculated to be ca. 65 nm by dividing 324 nm with 5. All the
surface morphologies of multilayer heterojunctions have little
difference since the same synthetic condition except layer
number was prepared.

100nm
-—

100nm
—

100nm
-—

Fig.2 SEM images of different samples (a) bare WOs3; (b) bare BiVO,; (c) WOs-
BiVO,-5; (d) cross-sectional views of sample WOs-BiVO,-5

This journal is © The Royal Society of Chemistry 20xx
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The distribution of Bi/W atomic ratio as a function of
etching time for multilayers heterojunctions (taking WO3;-
BiVO,-3 (F) as a representative sample) was illustrated by Fig.3.
The etching ratio was controled at 0.1nm/s. As etching time
increasing, obvious Bi/W ratio changing was found along the
different layers, confirming a successful fabrication of
multilayer heterojunction. The thickness of a single WO;/BiVO,
bi-layer is determined to be 66 nm by averaging 64 nm with 68
nm, which is consistent with the SEM result.

BilW (a.u.)

1500 2000 2500

Time (s)

500 1000 3000

Fig.3 XPS etching profile of sample WO3-BiVO,-3 (F)

3.2 optical properties

The optical behavior of heterojunction photoelectrodes were
investigated by UV-Vis absorbance spectra as shown in Fig.S2.
The onset of light absorption by the bare WO; photoelectrode
started at 450 nm (Fig.S2a) in correspondence with its band
gap energy of 2.76 eV (Fig.S2b). The bare BiVO,
photoelectrode exhibited an absorption edge at 500 nm,
commensurate with a band gap of 2.56 eV. For the fingers-
crossing heterojunction photoelectrodes, the absorption edges
were between at 450 nm and 500 nm. All the absorbance
intensity increased with layer number increasing while the
band absorption edges, which closely resemble the bandgap of
BiVO,, were identical. Similar absorbance spectra were
observed for sandwich heterojunction photoelectrodes.

3.3 PEC performance of multilayer heterojunction photoelectrodes

Photocurrent densities were measured in a three electrodes
system. It was found that the photocurrents of both fingers-
crossing heterojunctions and sandwich heterojunctions (Fig.4)
increased first and then decreased with layer number
increasing. In the label of the curves, number 1 to 5 indicates
layer number of WO;-BiVO, bi-layers, F stands for fingers-
crossing heterojunction and S stands for sandwich
heterojunction. The maximum photocurrent densities for the
samples of WO;-BiVO,-3(F) and WO;-BiVO,-3(S) were 1.08 mA
/em® and 1.05 mA /em” at 1.60 Vrue, respectively. This can be
explained as the number of photogenerated carriers gradually
achieved saturated with the layer number increasing while the
internal recombination started to play a major role when the
layer number is higher than 3. At the rising part of the curve,
the increase of layer number lead to higher light absorption
and thus higher photocurrent. While at the dropping part of

J. Name., 2013, 00, 1-3 | 3
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the curve, further increase of layer number increased the
distance for charge transport and thus gave a higher
recombination rate. The trade-off between the light
absorption and charge transport distance was also reported by
Kazuhiro Sayama et al.”®
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Fig.4 Current density—potential curves under chopped simulated AM 1.5G
light irradiation of (a) fingers-crossing heterojunctions and (b) sandwich
heterojunctions with different number of bi-layers.

Fig.5a shows the photocurrent densities of the three bi-layers
heterojunction photoelectrodes of WO;-BiVO,-3(F) and WO;-
BiVO,4-3(S). As applied bias increasing, a faster photocurrent
density increase was observed for sample WO3-BiVO,-3(S). The
photocurrent density of WO3-BiVO,-3(S) was greater than that
of WO;3-BiVO,-3(F), approximately 1.1 times at 1.4 Vgye. This is
ascribed to the presence of nodes reduced the performance of
separating photogenerated electron-hole pairs. While with
applied bias increased, close saturated photocurrents were
obtain for both samples. This could be ascribed to the larger
applied bias promoted charge carrier separation20 and the
influence of WO;3; and BiVO, node on photocurrent was
reduced.

In order to compare the photoactive wavelength regime for
for various photoelectrodes and make a quantitative
between fingers-crossing heterojunction and
sandwich heterojunction, incident photon to conversion
efficiency measurements were conducted under 1.4 Vg in 0.5
M Na,SO, aqueous solution. The IPCE can be expressed as®’:

pce = 12401 (1)

light

correlation

Where ; is the photocurrent density, ; is the incident light
wavelength, and Jjig, is the measured irradiance. Fig.5b shows
the comparison of IPCE for WO3-BiVO,-3(F) and WO;3-BiVO,-

4| J. Name., 2012, 00, 1-3

3(S). The IPCE characteristics show similar dependence on
wavelength with the optical band onsets at 510 nm. The
highest efficiency 31% at 400 nm for WO;-BiVO,-3(S) was
approximately 1.41 times to 22% at 400 nm for WO;3-BiVO,-
3(F). This improvement is much higher than that under white
light illumination which possible due to the low light intensity.
To have a better insight into the efficient water oxidation, the
charge separation efficiency ( 7 separation) and injection
efficiency ( 7 injection) test were conducted in the 0.5 M Na,SO,
electrolyte containing 0.5 M Hy0,. 7 separation OF 77 injection are
the fractions of photogenerated holes that do not recombine
with electrons in the bulk or at surface traps, respectively. The
relationship of water splitting photocurrent (J4,0), photon
absorption photocurrent density (Jopsorved), 7 separation @and 77
injection €an be expressed as follows** **:
]H20 :]absorbed X nseparation X ninjection (2)
H,0, as a hole scavenger in the electrolyte makes the 7 ection
becomes 100% ( 77 jpjection=1). So, the photocurrent measured
with H,0, in the electrolyte (J4,0,) can be expressed as follows:
]H202 = Jabsorbeda X Nseparation (3)
Hence, the 7 paration @aNd 7 jpection are achieved by dividing
1202 BY Japsorved @nd dividing Jy,0 by Jus0,, respectively. The
details can be expressed as follows:
Nseparation :]HZOZ/]absorbed (4)
Ninjection :]HZO/]HZO2 (5)
By measuring the light absorption of the sample WO3-BiVO,-3
and integrating it with respect to the AM 1.5G solar spectrum,
Jabsorbed Was calculated to be 6.17 mA/cmz. Fig.5c and Fig.5d
present the charge separation efficiency and injection
efficiency, respectively. The WO3-BiVO,-3(F) and WO;-BiVO,-
3(S) show the same 77 sporarion @s applied bias increasing
indicates that the nodes show no effect on the recombination
between electrons and holes in the bulk. While the obtained
different 77 jpjecion between WO3-BiVO,-3(F) and WO3-BiVO,-
3(S) suggested that nodes influenced the recombination
behaviour at the surface. At a low applied bias of 0.6 Vgug,
7.6% and 45.7% were achieved for the WO;-BiVO,-3(F) and
WO;3-BiVO,-3(S) respectively. However, at a high bias of 1.85
VRue, @ SaMe 77 jpiecrion (97.2%) was achieved for both the films.
These results can be explained as that the sandwich type
structure of WO;3/BiVO, multi-layer heterojunction possess a
better surface reaction activity, while for the finger-crossing
structure, a higher applied bias is required to achieve an
efficient surface reaction.

Q

FS
3

——WO_-BiVO,-3 (F)
——WO,_-BiVO,-3 ()

Photocurrent Density (mA/cm 2)
DERE B SO N Al
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Fig.5 (a) Current density—potential curves under chopped simulated AM
1.5G light irradiation, (b) IPCE performance, (c) charge separation efficiency
and (d) charge injection efficiency of sample WO3-BiVO,-3 (F) and WO3-
BiVO4-3 (S).

Fig.6 shows the relationship of layer number and
photocurrent difference value (DV) between samples WO;-
BiVO,-n (F) and samples WO3-BiVO,-n (S) at 1.1 Vgye. The
photocurrent difference is the value obtained by deducting
photocurrent of sandwich
samples at 1.1 Vgye. With layer number increasing, the
photocurrent difference increased first then decreased and got
its maximum value 0.322 mA/cm2 at three bi-layers. When the
layer number is below 3, the photogenerated holes are easily
transfer to the electrode/electrolyte interface to oxidize water
as the carrier diffusion length of BiVO, is ca. 70nm”®. When the
layer number is over 3, the thick thickness of films inhibit the
hole transfer and reduce the photocurrent.

samples with fingers-crossing

This journal is © The Royal Society of Chemistry 20xx
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Fig.6 the relationship of layer number and photocurrent difference value
(DV) between samples WO3-BiVO,-n (F) and WO;-BiVO4-n (S) at 1.1 Vgye.

In order to investigate the influence of thickness of each
layer on their photocurrent densities, we kept bi-layers
number of heterojunctions at two and adjust the thickness of
each layer by changing the spin-coating circle number for each
layer. The layer controlled
simultaneously with the same spin-coating circle number. The
samples were labelled as Double-n (n=1, 2, 3, 4, 5, n indicates
spin-coating circle number). Fig.7a shows the photocurrent

thickness of each was

density of fingers-crossing heterojunction (Double-n (F)) and
sandwich heterojunction (Double-n (S)) at applied bias of 1.2
Vrue- As layer thickness increasing, photocurrent densities for
both structures were decreased. This can be interpreted as the
enhancement of the recombination with the thickness of each
layer thickness increasing. The photocurrent density decay
with layer for the sandwich
heterojunction is slower when compared to that of the fingers-
crossing heterojunction. 76% of the photocurrent (at 1.2 Vgye)
is remained for sandwich heterojunction while only 31% of

increase thickness of each

photocurrent is left for that of fingers-crossing heterojunction.
This rate of
photogenerated electron-hole pairs with the presence of

can be due to a higher recombination
nodes in the fingers-crossing heterojunction. These results
mean the thin thickness of each layer could reduce the effects
of nodes. When reduced the concentration of precursors to
half (0.0625 M), the BiVO, layer cannot cover all the FTO
substrate (Fig.S3). Thus, the optimum thickness of each layer is
controlled at one spin-coating cycle with a single thickness of
WO;/BiVO, heterojunction is ca. 65 nm. It is found that the
photocurrent performances of all fingers-crossing
heterojunction are worse than that of sandwich
heterojunction with same layer number and thickness. Fig.7b
shows the photocurrents of the fingers-crossing
heterojunction and sandwich heterojunction of Double-5. The
photocurrent density of the Double-5 (S) is 2.8 times to that of
Double-5 (F) at 1.6 Vgye.-

J. Name., 2013, 00, 1-3 | 5
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Fig.7 The relationship of layer thickness and photocurrent performance (a)
photocurrent densities of heterojunctions at applied bias of 1.2 Vgye; (b)
comparison of photocurrent performances of Double-5 (F) and Double-5 (S)

In order to study the effects of WO; node and BiVO, node
toward flat band potential, impedance measurements
conducted at different frequencies ( 1, 2, 5, 10 kHz) on
prepared samples in 0.5 M Na,SO, electrolyte in the dark
allowed the construction of Mott-Schottky plots based on the
following equation 2:%

12 -p,-T w®
C., eeg)N, : e

Where Csc is the space charge capacitance in F; e is the
electronic charge in C; ¢ is the dielectric constant of the
semiconductor; & is the permittivity of free space; Ny is the
carrier density in cm’; Eis the applied bias in V; Ep is the flat
band potential in V; k is the Boltzmann constant; T is the
temperature in K.

The x intercept and the slope of the linear region in plot of
CSC'Z versus E are usually used to determine the flat band
potential and the density of carriers. The plot of impedance
versus frequency (Fig. S4) was plotted to check the validity of
the Mott-Schottky results. As shown in Fig.8, the flat band
potential values of WO3-BiVO,-5(F) and WO;3-BiVO,-5(S) were
determined to be 0.55 Vgye and 0.08 Ve, respectively, both
values are between that of pure WO; and BiVO, (1.14 Vg and
0.01 Vgyg, respectively) and are similar to reported results®® *°,
It can be found that the existence of nodes have effects on the
flat band potential and the density of carriers. The sandwich
heterojunction possess a more negative flat band potential
than fingers-crossing heterojunction. From the slope it was
found that all the deposited films possessed a nature of n-type
semiconductor. For an n-type semiconductors, a smaller slope
value of WO;-BiVO,-5(S) than that of WO3-BiVO,-5(F) indicates

6 | J. Name., 2012, 00, 1-3

the WO3-BiVO,-5(S) have a larger density of carriers compared
to the latter.
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Fig.8 Mott—Schottky plots of (a) WO3-BiVO,-5(F) and (b) WO;-BiVO,-5(S) at
different frequencies.

The electrochemical impedance spectroscopy (EIS) was also
carried out under front illumination at 1.1 Vg to further
compare the charge transfer properties between fingers-
crossing and sandwich heterojunction. The Nyquist plots of EIS
results were shown in Fig.9. The circle dots in the plot
represent the experimental data, and the solid lines represent
the fitting curve using the equivalent circuit model shown
inside the plot. In the equivalent Randle circuit, Ry is the
solution resistance, Q; and Q, are the constant phase elements
(CPE) which stand for the electrolyte-photoelectrode interface
and WO0;-BiVO, interface. The R.; and R, are the charge
transfer resistances across the interfaces of electrolyte-
photoelectrode and WO;-BiVO,. The parameters extracted
from the equivalent circuit fitting were shown in Table 1. The
semicircle at high frequency end in the Nyquist plot
corresponds to the charge transfer resistance (Rct)4’ 47 As can
be seen in Fig.9, sandwich heterojunction WO3-BiVO,-3(S)
shows a smaller Ry, and Q, than WO;3-BiVO,-3(F), presumably
resulted from the absence of WO; node and BiVO, node. The
smaller Ry, and Q, of WO;3-BiVO,-3(S) than WO;-BiVO,-3(F)
indicates that the sandwich heterojunction is a structure more
favourable for charge transfer than fingers-crossing
heterojunction. While the extracted parameters of R, and Q;
for fingers-crossing and sandwich heterojunctions are close
indicating that both WO; node and BiVO, node have little
effect on the electron transport at the interface of
semiconductor/electrolyte.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 simulated parameters of equivalent circuit model

Samples s Rett Q Ret2 Q,
(@) (kQ) Yol(lors) Ny (kQ) Yoz(lors) N
WO05-BiVO,-3(F) 78.19 1.01 6.68 0.80 3.03 2.68 0.89
WO3-BiVO,-3(S) 80.12 1.32 5.36 0.74 0.19 1.89 1.00

For the WO;-BiVO, heterojunction in the Na,SO, solution
the energy band positions of BiVO,(Vc=0.02 eV, V,5=2.53 eV,
V vs NHE) and WO; (V=0.41 eV, V,g=2.77 eV, V vs NHE) were
reported by Lee?. It was widely accepted that the bottoms of
the conduction bands in several n-type semiconductors are
more negative by 0.1V ~0.3 V than the flat band potential37’ 8
Based on band positions, optical band gap energies and the
experimental results discussed above, we propose a band
structure model for our two different types of multilayer
heterojunctions as shown in Scheme 2. We take
BiVO,/WO3/BiVO, as a one cycle junction (shown in Scheme
2c) and discuss the band structures of each outermost cycle
junction (shown in Scheme 2a and Scheme 2b). Both the
conduction band and valence band edge of BiVO, are more
negative than the corresponding band edges of WOj;. This
band structure facilitates the injection of photogenerated
electrodes from the conduction band of BiVO, to that of WO;.
For the heterojunctions under light irradiation, symmetrical
space charge fields E.i and E.: should generate two voltages ( A
V,1 and AV,,)in opposite directions™. For the fingers-crossing
heterojunction, the WO; node connects all the WO; fingers
resulting in equipotential within all WO3 layers. The same
situation should be expected in all BivVO, layers. The
equipotential connections contribute to the same amplitude of
AV, and A V,,. This indicates that the total voltage
difference (A V,) in one cycle junction should be zero (A V,+
A V,,=0) at the adjacent junctions. However, underlaying
junctions will generate smaller photovoltage ( AV, ) as less
light was absorbed. While the case for the sandwich
heterojunctions without WO; or BiVO, node is different. With
absence of equipotential connection, there is additional Fermi
level drop in the outer BiVO, layer induced by electrons flowed
to the double layer across the BiVO,/electrolyte. Thus, the
space charge region at BiVO,/WO; was strengthened while
that at WO3/BiVO, was weakened, resulting in AV,; < AV,,.
As to the next BiVO,/WO3/BiVO, cycle, the space charge region
of WO;/BiVO, was weakened because that of BiVO,/WO; in

This journal is © The Royal Society of Chemistry 20xx
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the previous cycle was strengthened. With repeat of
BiVO,/WO05/BiVO, cycles, the conduction band edges of
semiconductors in each layer in sandwich heterojunction
gradually shifted to negative values, as shown in Scheme 2b.
That is why the flat-band potential of sandwich heterojunction
is more negative compared to that of fingers-crossing
heterojunction, and this flat-band potential shift is beneficial
for charge separation and thus the photoelectrochemical
activity.

a

WOs3 W03

BiVO4 BiVO4

BiVO« WOs

Scheme 2 Schematic illustration of interfacial band edge structure within (a)
two cycle junctions of fingers-crossing heterojunction, (b) two cycle
junctions of sandwich heterojunction

4 Conclusions

Fingers-crossing heterojunction and sandwich heterojunction
WO;/BiVO, photoelectrodes were fabricated on FTO
substrates. Both the as prepared WO; layer and BiVO, layer
possess monoclinic phase. The layer number and layer
thickness influences on the PEC performance were
investigated and optimal layer number was found as 3 layers
and the best thickness for each layer was the thinnest
thickness used. It is also found that the flat band potential in
the sandwich heterojunction shifted negative compared to
fingers-crossing one and an enhancement of PEC performance
for hydrogen production was observed especially when
applied with low bias. This work compared two different types
of heterojunction and showed that the PEC property is
sensitive to their junction types. With regard to further
improve the PEC performance of heterojunctions, optimizing
structure the electrode remains a promising approach, and it
can also inspire ideas for investigating other heterostructures.
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were deposited to investigate the influence of junction structure on their PEC
photoelectrochemical performances.
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