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Introduction

Photoelectrochemical H, evolution on WOz/BiVO,4
enabled by single-crystalline TiO, overlayer
modulationst

Eunoak Park,® Santosh S. Patil,* Hyeonkwon Lee,” Vijay S. Kumbhar*© and
Kiyoung Lee (2 *2

Tungsten oxide/bismuth vanadate (WOs/BiVO,4) has emerged as a promising photoanode material for
photoelectrochemical (PEC) water splitting owing to its facilitated charge separation state differing signifi-
cantly from single phase materials. Practical implementation of WO3/BiVOy, is often limited by poor stabi-
lity arising from the leaching of V>* from BiVO,4 during PEC operations. Herein, we demonstrate that the
synthesis of a tungsten oxide/bismuth vanadate/titanium oxide (WO3/BiVO4/TiO,) heterostructure onto a
fluorine-doped tin oxide-coated glass substrate through a combined simple hydrothermal-spin coating
strategy will advance PEC performance while slowing water oxidation kinetics and improving photostabil-
ity. We show that surface postmodification with a nanometer-thick layer of (1 0 1) monofacet-selective
single-crystalline TiO, provides stable photocurrent density, up to .04 mA cm™2 at 1.23 V (compared to a
reversible hydrogen electrode in 0.5 M NaySO,), with excellent quantum efficiency (45% at 460 nm) and
long-term photostability (24 h). Interestingly, crystalline TiO, activation layers behave differently from pre-
vious TiO, amorphous layers, blocking surface defects while improving corrosion resistance, photostabil-
ity, and the electron transfer process. These results indicate a 2.5 times enhancement in photoelectro-
catalytic activity related to referenced WO3/BiVO, photoanodes, encouraging the use of single-crystalline
TiO, modulations to develop a range of materials for PEC/photocatalytic applications.

and reduction of a H,O molecule into H, and O, fuels.’
However, the practical implementation of PEC cells remains

Converting solar energy into hydrogen (H,) energy via photo-
electrochemical water splitting is a cost effective and sustain-
able approach for mitigating overreliance on fossil fuels and
global warming issues.™” As H, energy is renewable, it can be
stored, transported, and even used in fuel cells to generate
power and/or is an important feedstock in the chemical indus-
try (e.g., in the catalytic conversion of CO, into hydrocarbons,
such as methanol, formic acid, methane, or ammonia
synthesis).>” Photoelectrochemical (PEC) water splitting (H,O
— H, + 1/2 O,) is based on photogenerated electron-hole pairs
in a semiconductor that subsequently catalyze the oxidation
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hindered by stringent material challenges that simultaneously
require (i) excellent light harvesting capability, (ii) long-term
stability, and (iii) charge-carrier separation and transfer. Since
Fujishima Honda’s” pioneering work on titanium dioxide
(TiO,) photocatalysts, various visible-light responsive metal
oxides (such as tungsten oxide (WOs;), bismuth vanadate
(BivO,), and iron(m) oxide (Fe,O;3)) have been examined to
absorb a major fraction of the solar spectrum and produce
green H,. However, those single materials are insufficient to
deliver high solar-hydrogen-conversion efficiency for practical
application.

A number of strategies have been developed by combining
two or more semiconductors, co-catalysts for constructing
heterostructures, integrated material designs, or composites
that provide an opportunity to achieve multiple catalytic func-
tionalities from different counterparts; these have enhanced
PEC/photocatalytic performance and stability regarding water
splitting and environmental remediation applications. For
instance, a combination of WO; and BiVO, creates a type II
heterojunction and enhances PEC performance,®® which
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mainly stems from the excellent transference of photogene-
rated electrons to produce a charge-separated state.'*™?
Nonetheless, while WO3/BiVO, is a relatively stable material, it
often suffers from severe V°* leaching out of the BiVO, core
during photoelectrocatalytic operations.™

Postmodification of a WO3/BiVO, heterojunction with a
surface protecting promoter is indispensable to realize poten-
tially high PEC performance with long-term durability.
Previous efforts have mainly relied on building an additional
passivation layer onto a WO,/BiVO, semiconductor pair.'*™"”
For example, Khoomortezaei et al.'* reported tungsten oxide/
bismuth vanadate/bismuth ferrite (WO;3/BiVO,/BiFeOj;) hetero-
junctions with a layered coating of BiFeOj; that lowered the
overpotential and charge transfer resistance of the photoelec-
trode. Baek et al.'' made a tin oxide/tungsten oxide/bismuth
vanadate (SnO,/WO;/BiVO,) triple-layer planar photoelectrode
that exhibited superior photoconversion efficiency during
water decomposition. Recently, Seo et al.'® added a photocata-
lytically inactive amorphous TiO, layer onto a WO3/BiVO, elec-
trode that reduced charge-carrier recombination by passivating
the surfaces. Although previous studies have made remarkable
developments, they used amorphous TiO, overlayers and met
with little success in attaining sufficient stability. Simple solu-
tion-processed synthesis of crystalline TiO, can offer a means
of creating intricately designed WO,/BiVO, heterostructures
that otherwise defy creation. We anticipate that depositing a
nanometer-thick layer of single-crystalline TiO, onto WO;/
BiVO, may grant proficient catalytic operations with long-term
durability.

Herein, we present the synthesis of a WO3/BivVO,/TiO, het-
erojunction using a simple hydrothermal-spin coating
method. Postmodification with crystalline TiO, was accom-
plished and played a key role in blocking surface defects in
BiVO, nanoparticles,"” leading to substantial improvements in
electronic properties and photostability. The WO3/BiVO,/TiO,
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heterojunction showed the best photocurrent density of
1.04 mA cm™? at 1.23 V when compared to a reversible hydro-
gen electrode (RHE), an incident photon-to-current conversion
efficiency (IPCE) of 25% in response to visible light at 460 nm,
and exceptionally high durability (24 h) in 0.5 M Na,SO, at
1.23 Vgyg under standard 1 sun illumination (100 mW cm_z).
According to gas chromatography analysis, the utmost H, evol-
ution rate of 78.8 pL cm > was achieved during PEC water
splitting.

Results and discussion

The surface morphologies of WO;, WO;/BiVO,, and WO,/
BiVO,/TiO, electrodes synthesized through a hydrothermal-
spin coating method were evaluated with scanning electron
microscopy (SEM) images (Fig. 1). The prepared WO; showed
rough nanoplate shapes with relatively dense distributions
ranging from nanometer to submicrometer scales (Fig. 1a).
Interconnected nanoplates were grown nearly vertical to the
fluorine-doped tin oxide (FTO) surface, creating several void
spaces between them. The average length and thickness of the
individual nanoplates were ~400-600 nm and 100-160 nm,
respectively, as confirmed by the cross-section and top view
SEM images (Fig. 1a and d). Fig. 1c and f depict the top and
cross-section views of SEM images after the deposition of
BiVO, nanoparticles (20 cycles) onto WO; via a spin coating
method and subsequent air annealing at 500 °C. While BiVO,
nanoparticles with diameters ~50-80 nm were uniformly
coated onto WO; nanoplate surfaces, overlayer thicknesses
seemed irregular, indicating a possible overgrowth of BiVO,
nanoparticles (Fig. S1b and c in the ESIT). A thin top layer of
TiO, was formed onto the WO5;/BiVO, by spin coating a tita-
nium butoxide (Ti(OCH,CH,CH,CHj3),) solution and sub-
sequent annealing at 500 °C for 1 h (Fig. 1c and f).
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Fig. 1 (a—c) Top view and (d—f) cross-sectional FE-SEM images of
WO5, WO3/BiVO,, and WO3/BiVO,4/TiO,, respectively.

Crystal structures were analyzed further by acquiring X-ray
diffraction (XRD) patterns. Fig. 2a shows the prominent diffr-
action peaks at 23.0°, 23.5°, 24.3°, 28.7°, 34.0°, 41.6°, 49.9°,
55.7°, and 76.4°; these can be assigned to the (0 0 2), (0 2 0), (2
00),(112),(220),(232),(-241),(402),and (0 6 1) planes,
respectively, representing monoclinic WO; (JCPDS #89-
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4476).>>*' The WO;/BiVO, heterojunction showed preservation
of the WO; phase and Bragg diffractions at 18.8°, 28.9°, 30.4°,
and 39.8°; these correspond to the (1 0 1), (1 1 2), (0 0 4), and
(2 1 1) planes, respectively, suggesting the generation of a
monoclinic BiVO, form (JCPDS #75-1866).>>*® As illustrated
in Fig. 2b (a magnified view of an XRD pattern), the one-cycle
coated TiO, shows a Bragg peak at 25.3°, confirming the
generation of (1 0 1) selective single-crystalline anatase TiO,
(JCPDS #89-4921) nanoparticles.”** The XRD pattern of a
five-cycle spin coated TiO, (Fig. S31) revealed a diffraction
peak at 48.1°, implying the (2 0 0) plane of anatase TiO,
together with the heightened peak intensity of the (1 0 1)
crystal plane.

High-angle annular dark-field STEM (HAADF-STEM) was
employed to investigate crystalline contacts between WO;/
BivO,/TiO, components. The area marked A in Fig. 3a illus-
trates a high-resolution transmission electron microscopy
(TEM) image with measured lattice spacings of 0.263 nm and
0.164 nm; this agrees well with the (2 2 0) and (4 0 2) planes of
WO;. The selected area electron diffraction (SAED) pattern
(Fig. 3d) confirms a polycrystalline nature, and the (2 2 0) and
(4 0 2) planes correspond to monoclinic WO;. Fig. 3e (the area
marked B in Fig. 3a) shows clear lattice fringes with lattice spa-
cings of 0.308 nm and 0.349 nm that correspond with the (1 1
2) and (1 0 1) planes of monoclinic BiVO, and anatase TiO,,
respectively. The corresponding SAED pattern (Fig. 3f) reveals
that single-crystalline TiO, is oriented along the (1 0 1) facet.
Energy dispersive X-ray spectroscopy (EDS) elemental maps
were acquired (Fig. 3b1-b5) to investigate the composition of
WO,/BiVO,/TiO,, demonstrating that five elements (W, O, Bi,
V, and Ti) were uniformly distributed throughout the entire
structure.
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Fig. 2 XRD patterns of (a) FTO, WOs, WO3/BiVO,4, and WO3/BiVO,4/TiO, samples and (b) the corresponding magnified view.

X-ray photoelectron spectroscopy (XPS) was performed to
verify chemical states and compositions. Fig. 4a depicts the
survey spectra, confirming the presence of Ti, W, Bi, V, and O
elements in the WO3/BiVO,/TiO, heterojunction. High-resolu-
tion XPS spectra of W 4f (Fig. 4b) show main peaks at binding
energies of 35.9 and 38 eV, which can be attributed to the
respective W 4f,,, and W 4f;, states of the W°®" valence state.>
Fig. 4c shows two peaks at binding energies of 159.6 and 164.8
eV, demonstrating that the respective Bi 4f,, and Bi 4f;),
orbits exhibit a 3+ valence state in BiVO,.>” The convoluted
signals of V 2ps,, and V 2p,,, peaks (shown in Fig. 4d) at 517.1
and 524.6 eV, respectively, clearly reveal an oxidation state of
V** in BivO,.”® The spin orbit coupling of Ti 2ps/, and Ti 2py/,
peaks (see Fig. 4e) showed binding energies of 459.4 and 465
eV, respectively, demonstrating the presence of TiO, with a

valence state of Ti**.>* The asymmetric peak of O 1s at ~530.7
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Fig. 3 (a) TEM image recorded in the HADDF mode of WOz/BiVO,/
TiOy; (b1-b5) corresponding elemental analysis by EDS mapping of W,
O, Bi, V, and Ti levels; (c) HR-TEM images of WO3/BiVO,/TiO, for areas
marked A in 3 (a); (d) corresponding SAED pattern; (e) HR-TEM images
of WOz/BiVO,4/TiO, for areas marked B in 3(a); and (f) corresponding
SAED pattern.
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Fig. 4 XPS survey of (a) full spectra, (b) W 4f, (c) Bi 4f, (d) V 2p, (e) Ti 2p, and (f) O 1s region of WO3/BiVO4/TiO,.
eV, shown in Fig. 4f, can be assigned to lattice oxygen (0*7) (a) (b) -
. —Wo, %
and surface hydroxyl species.*® ~ WO NG 301 —Wo,BiVo,
We employed ultraviolet-visible (UV-vis) absorption spec- & —Wwossvomof 2 —— Wo,/BNO/TIO,
troscopy to understand the light absorption characteristics. As 8 §
seen from Fig. 5a, the strong light absorption within a range of % & 104
325-460 nm was revealed for pristine WO; electrodes, whereas §
WO3/BiVO, and WO;/BiVO,/TiO, exhibited longer wavelength &
light absorption in the range of 360-500 nm, demonstrating 300 400 500 600 700 800 350 400 450 500 550 600
. . el e Wavelength (nm) A (nm)
enhanced light absorption ability in the latter. IPCE spectra vs.
wavelength was measured with various band-pass filters in a (c) (d)_ s —wo,
xenon (Xe) lamp, showing a red shift in the light absorption @ 5-_%?52‘”0
o — iVO,/TiO,
(Fig. 5b). The band gap values were ~2.60 €V, 2.46 eV, and 2.44 z "g
eV, for W03, WO3/BiVO, and WO3/BiVO,/TiO,, respectively, as Et v\;
shown by the plot in Fig. 5¢ of (IPCE-a)"? vs. hu; this is in & L o <
. . g 3 o~
close agreement with band gap values estimated by the Tauc ——Wo/BIVO, o
plot (ESI Fig. S471) acquired from previous optical absorption iy T VOBNOITO, 0 iy
Pig. 5 20 24 28 32 36 40 -0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
spectroscopy (Fig. 5a). hv (ev) Potential (V vs. RHE)

Considering the absorption in the visible region, we
measured photoelectrochemical performances of WO;/BiVO,/
TiO, electrodes for water splitting and compared them with
those of referenced WO;/BiVO, and WO; electrodes in 0.5 M
Na,SO, under standard simulated sunlight illumination (1
sun) at 1.23 Vgyg. Fig. 6a shows the linear sweep voltammetry
(LSV) curves of the prepared photoanodes, which were
recorded at room temperature under chopped light steps (10
s). The photocurrent density at 1.23 Vgyg followed the order
WO3/BiVO,4/TiO, (1.04 mA cm™?) > WO,/BiVO, (0.43 mA cm™?)
> WOj3; (0.23 mA cm™?), indicating a substantial improvement
in the photoelectrocatalytic performance with addition of
BivO, and TiO, layers. This ~2.5 times enhancement can be
associated with interparticle electron transfer between inte-
grated electrode materials and suppressed charge recombina-
tion due to the heterojunction effect.*’** In addition, WO3/

16936 | Nanoscale, 2021, 13, 16932-16941

Fig. 5 Optoelectronic characterization of (a) UV-vis absorption spectra,
(b) IPCE spectra, (c) (IPCE-hu)Y/2 vs. hv plots, and (d) Mott—Schottky plots
of WOz, WO3/BiVO,, and WO3/BiVO,4/TiO, photoelectrodes.

BiVO,/TiO, showed an onset potential of 500 mV vs. RHE,
which was lower than that of WO; (800 mV vs. RHE) and WO3/
BiVO, (550 mV vs. RHE). The shift of the onset potential
toward the negative further facilitates the electron drive from
the conduction band (CB) of TiO, to BiVO, and then BiVO, to
WO,.>* This enhancement in anodic photocurrents was con-
sistent with IPCE results (see Fig. 5b) of considerably higher
values (45%) for the WO3/BiVO,/TiO, electrode, indicating that
the photocurrent is dependent on light absorption and con-
sistent with improved performance. To determine the flat

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Photoelectrochemical performance of WOz, WOs3/BiVO, and
WO3/BiVO,4/TiO, photoelectrodes: (a) Linear sweep voltammetry curves,
(b) Nyquist plots and equivalent circuit, (c) plot of H, evolution as a
function of time, and (d) chronoamperometric current density—voltage
(J=T) curves.

band potentials and donor density, a Mott-Schottky analysis
was performed in 0.5 M Na,SO,. As seen in Fig. 5d, the elec-
trode has a positive slope, suggesting n-type semiconductor
behavior.>® The flat band potential values can be estimated
using eqn (4); they were 0.35 V, 0.39 V, and 0.46 V vs. RHE for
the WO3/BiVO,/TiO, WO3/BiVO,, and WO; electrodes,
respectively.

As a control experiment, an amorphous TiO, layer was
coated onto our WO;/BiVO, electrode by adopting a previously
reported procedure.'®?> Results showed reduced photocurrent
density, representing weaker interaction between host (WO3/
BivO,) and guest (amorphous-TiO,) counterparts (Fig. S57).
This reduction in the photocurrent density of WO3/BiVO,/TiO,
(amorphous) was presumably due to the low electric conduc-
tivity and defective amorphous TiO, reported previously.*®?”
In addition, a 5-cycle coated TiO, electrode exhibited low
photocurrent density (Fig. S61), presumably due to the pres-
ence of high thickness and defective polycrystalline TiO,, as
evident from previous XRD results.””

To gain more insights into charge transfer kinetics at the
interface of the photoanode/electrolyte, electrochemical impe-
dance spectroscopy (EIS) was performed. Fig. 6b shows the EIS
Nyquist plots of WO3z, WO53/BiVO,, and WO;/BiVO,/TiO,, which
were fitted to the equivalent circuit (Fig. 6b) and consisted of
solution resistance (R;), charge transfer resistance (R.), and
constant phase element (Qcpg).*® The equivalent circuit-fitted
values are summarized in Table 1. It is apparent that WO,/
BivO,/TiO, displays a smaller R, value (228.3 Q), when com-
pared to WO; (2063 ) and WO5/BiVO, (244.1 Q). This indi-
cates that charge transfer resistance was reduced after a
coating of TiO, nanoparticles was applied.

These features suggest that creating a heterojunction with
BivO, and crystalline TiO, is an effective way to optimize the
separation efficiency of electron-hole pairs, which would

This journal is © The Royal Society of Chemistry 2021
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Table 1 Fitted values of each parameter in EIS results
Parameter WO, WB WBT
R, (Q) 42.47 29.05 14.96
R (Q) 2063 244.1 228.3
Qcrr (F) 42.32x107° 0.18623 x 10~° 69.16 x 10™°
promote  overall  photoelectrocatalytic ~ performance.*”

Photoelectrochemical H, gas evolution was performed under
standard sunlight irradiation (1 Sun) for a 3 h duration. The
H, evolution rates were 78.8 pL cm > and 52.9 pL cm™> for
WO;/BiVO,/TiO, and WO3/BiVO, photoelectrodes, respectively,
at 1.23 V vs. RHE under simulated solar light (AM 1.5, 100 mW
em?); the larger HER rate represents the positive effect of crys-
talline TiO, deposition (Fig. 6¢). The durability test (J-T curve)
of WO3/BiVO,/TiO, displayed almost unchanged initial photo-
current density after 24 h of operation (Fig. 6d), whereas
unmodified WO;/BiVO, exhibited an initial drastic loss in
photocurrent that the latter managed to retain after 0.5 h of
operation, demonstrating robustness of ternary WO;/BivVO,/
TiO, as a photoelectrocatalyst for water splitting. The stable
photocurrent density value of ~0.76 mA cm™> (Fig. 6d)
obtained in this study is comparable to that of state-of-the-art
WO3/BiVO, photoanodes and other BiVO,-based photoanodes,
such as WO,/BiVO, (0.6 mA cm™> at 1.23 Vgyg, 0.1 M Kpi),**
Sn0,/WO5;/BiVO, (1.5 mA cm™> at 1.23 Vryp, Kpi with 0.1 M
Na,50;),*® WO3/BiVO,/BiFeO; (1.1 mA ecm™ at 1.5 Vgyg, 0.5 M
Na,580,),"* and SnO,/BiVO,/Co-Pi (0.8 mA cm™ at 1.23 Vgyg,
0.1 M Kpi)."* Please see Table S17 for more details.

Guided by observations and experimental results, a plaus-
ible electron transfer mechanism of a WO3/BiVO,/TiO, photo-
electrode is illustrated in Fig. 7. The band gap alignment was
assigned on the basis of estimated optical band gap values
and flat band potentials. Pristine WO; is a relatively weak
n-type material that can possess an optical absorption onset
~2.7 eV, while WO;/BiVO, has strong n-type behavior due to
the heterojunction effect, producing large built-in potential at
the interfaces and extended light absorption over wide band
gap ranges (2.4-2.7 eV). When BiVO, is in strong contact with
WO;, a type II band offset can be produced that transfers elec-
trons from the BiVO, CB (+0.02 V vs. RHE) to the WO; CB
(+0.41 V vs. RHE) and facilitates electron-hole separation.*?
Interestingly, since the CB edge potential is more negative in a
WO;/BiVO,/TiO, heterostructure, TiO, would begin by indu-
cing an electron transfer from the TiO, CB to the BiVO, CB
and then inject into WO; electrode’s CB. Thus, accumulated
electrons would be injected into a current collector and
migrate to the metallic cathode (Pt) electrode to participate in
the hydrogen evolution reaction. We assume that introducing
a thin crystalline TiO, overlayer would not allow hole accumu-
lation driving forces (higher valence band potential). However,
it could block surface defects that are centric to electron-hole
recombination and lower the overpotential of photoelectro-
chemical reactions, leading to improved reaction kinetics. As a
result, hole transfer going from the BiVO, valence band (VB) to
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Fig. 7 Electron transfer mechanism of a WOz/BiVO,4/TiO, photoelectrode.

the WO; VB would occur at the photoelectrode/electrolyte
interface, leading to an oxygen evolution reaction with water
molecules. In an account, the as-formed WO;/BiVO,/TiO,
photoelectrode with porous surface morphology produced
from nearly vertical nanoplate-like structures provides a more
accessible surface area, a type II heterojunction, and a thin
crystalline TiO, layer, which should synergistically boost the
charge-carrier separation efficiency, photostability, and overall
PEC performance without the aid of any co-catalyst or sacrifi-
cial agents.

Conclusions

We demonstrated an integrated design of WO;/BiVO,/TiO,
photoanode material by using a simple hydrothermal-spin
coating strategy, which exhibited enhanced photoelectrocataly-
tic activity and photostability under simulated sunlight illumi-
nation. The WO;/BiVO,/TiO, heterostructure displayed an out-
standing photocurrent density of 1.04 mA cm™> at 1.23 V vs.
RHE and photostability over 24 h of operation.
Postmodification with crystalline (1 0 1) TiO, resulted in a
~2.5 times improvement in PEC performance, substantially
better than referenced WO;/BiVO,. This improvement in PEC
performance can be attributed to fast electron transfer at the
interface due to a type II band alignment, a high light harvest-
ing ability, and excellent corrosion robustness (characterized
through EIS, HR-TEM, IPCE, and chronoamperometry ana-
lysis). A thin crystalline TiO, overlayer was beneficial to the
blocking of surface defects, increasing the surface charge-
carrier separation efficacy to hypothetically behave differently
from previous amorphous-TiO, passivation overlayers during
PEC water splitting operations. This work offers new avenues
for employing crystalline TiO, overlayer modulations when
developing commercially plausible visible-light driven photo-
catalyst materials.
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Experimental
Methods and materials

All chemicals were of reagent grade and used without further
purification. Sodium tungsten dihydrate (Na,WO,-2H,0,
>99%), oxalic acid (C,H,0,, 98%), sodium sulfate (Na,SOy,,
>99%), ammonium metavanadate (NH,VO3;, >99%), bismuth
(m) nitrate pentahydrate (Bi(NOj);-5H,0, 98%), citric acid
(C¢HgO5, >99.5%), polyvinyl alcohol ((C,H,0),), and titanium
(iv) butoxide (Ti(OCH,CH,CH,CHj3),, 97%) were bought from
Sigma Aldrich. Hydrochloric acid (HCl, 35-37%), nitric acid
(HNOj3, 60%), and isopropyl alcohol (C3HgO. 99.5%) were pur-
chased from Samchun Chemicals.

Synthesis of nanoplate-like WO,

WOj; nanostructures were fabricated on FTO coated glass sub-
strates using a hydrothermal method. Prior to deposition, the
substrates (2 x 4 cm?) were cleaned with acetone, ethanol, and
deionized (DI) water using an ultrasonicator before being
dried with N, gas. They were then placed in a polyparaphenol
(PPL)-lined reactor with their conducting sides facing down-
ward. In typical synthesis, 0.16 g of Na,WO,-2H,0 was dis-
solved in 20 mL DI water before adding 4 mL of 3 M HCI. Next,
20 mL of 35 mM C,H,0, and 0.05 g of Na,SO, (morphological
agent) was added. The entire solution (30 mL) was then trans-
ferred into a PPL-lined autoclave and maintained at 140 °C for
2 h. After the reaction, the reactor was allowed to cool naturally
to room temperature. The WO;-coated FTO electrode was
cleaned using DI water and air annealed at 500 °C for 2 h.

Synthesis of WO;/BiVO, heterojunction photoelectrodes

A BiVO, layer was deposited onto premade WO;/FTO (2 x
2 em?) by spin coating the precursor solution at 3000 rpm for
30 s (20 cycles). In a typical synthesis, 1.17 g of NH,VO3, 10 mL
of HNO;, and 20 mL of DI water were mixed together and
stirred for 30 min to dissolve the precursors. Then, 4.85 g of
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Bi(NO;);-5H,0 and 1.92 g of C4HgO,; were added to the
mixture before stirring to allow dissolution. When the solution
color turned blue, 6 mL of the solution was mixed with 2 mL
of (C,H,0), solution (0.4 g in 40 mL DI water) and kept under
sonication for 5 min. The as-obtained films were dried at
100 °C for 5 min and air annealed at 500 °C for 30 min.

Synthesis of TiO, thin layers onto the WO;/BiVO,
heterojunction

TiO, precursor solution was prepared by dissolving 0.1 M Ti
(OCH,CH,CH,CHj3), in a mixed solvent of 20 mL Cs3HgO,
0.18 g DI water, and 0.331 g HNO;. The resultant solution was
ultrasonicated for 1 h to allow complete dissolution. TiO, was
then deposited onto the as-obtained WO3/BiVO, by spin
coating the above solution mixture at 3000 rpm for 40 s and
annealing it at 500 °C for 1 h.

Characterization

The surface morphologies were examined by FE-SEM (JSM-6701
F, JEOL). Crystalline structures were characterized using an
X-ray diffractometer (X'Pert Pro MRD, PANalytical) with a Cu-Ka
radiation source and a high-resolution transmission electron
microscope (HR-TEM; Titan G2 ChemiSTEM, FEI Co.). XPS
(NEXSA, ThermoFisher) was used to analyze the elemental com-
position and oxidation states of the elements present within a
heterojunction. Optical absorption spectra were recorded with a
UV-vis spectrophotometer (UV-1900i, Shimadzu).

PEC measurements

All PEC measurements were performed with a potentiostat
(SP150, Bio-logic) under a solar simulator (LCS-100, Oriel
Instruments) with a 100 W xenon arc lamp (100 mW cm™2).
The electrolyte used was a 0.5 M Na,SO, solution and the light
exposed area of the photoanode was 1.5 cm”. A standard three-
electrode cell, consisting of silver/silver chloride (Ag/AgCl) and
Pt mesh, was used as reference and counter electrodes. The as-
prepared photoanodes were used as working electrodes. LSV
was performed at a scan rate of 5 mV s~ '. IPCE (%) was
measured at 1.23 V vs. RHE, using a light source and mono-
chromator (MonoRa200, DONGWOO OPTRON) and the follow-
ing equation:

he X Jph

IPCE(%) = ——

x 100, (1)

where % is the Planck constant, ¢ is the velocity of light, J,;, is
the photocurrent density, 4 is the incident wavelength, and P is
the power density of light which is measured at each
wavelength.

The measured potentials were converted into the RHE
using the following equations:

Eruiz = Eag/agar + (0.0591 % pH) + Eyy pey 2)
and

Eng/agct (3 M KCI) = 0.1976 V at 25°C. (3)
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The Mott-Schottky plots were obtained using
1o 2 (yoy- O (a)
C2  eeegNyg =" )

where C is the space charge layer capacitance, e is electron
charge, ¢ is the dielectric constant, ¢, is the vacuum permittiv-
ity, Nq is the electron donor density, V is the applied potential,
Vi, is the flat band potential, k is the Boltzmann constant, C~>
indicates applied potential, and T is the temperature. The x
intercept and the linear fit determine the flat band potential.

EIS measurements were performed within the frequency
range of 50 kHz-100 MHz at 1.21 V vs. RHE. To examine
evolved H, gas during the PEC process, 200 pL of gas was
taken from the sealed quartz tube system every half hour and
injected into a gas chromatograph (Agilent 6850, Agilent
Technologies).
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