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ABSTRACT

Owing to the relatively short hole diffusion length, severe charge recombination in the bulk of bismuth vanadate (BiVO,) is the
key issue for photoelectrochemical water splitting. Herein, we design a nanoporous MoOs_,/BiVO, heterojunction photoanode to
promote charge separation. The efficient electron transport properties of oxygen deficient MoO,_, and the nanoporous structure
are beneficial for charge separation, leading to a significantly enhanced PEC performance. The optimized MoO,_,/BiVO,
heterojunction photoanode exhibits a photocurrent density of 5.07 mA-cm for Na,SO; oxidation. By depositing FeOOH/NiOOH
dual oxygen evolution cocatalysts to promote surface kinetics, a high photocurrent density of 4.81 mA-cm™ can be achieved for
PEC water splitting, exhibiting an excellent applied bias photon-to-current efficiency of 1.57%. Moreover, stable overall water
splitting is achieved under consecutive light illumination for 10 h. We provide a proof of concept for the design of efficient BiVO,-

based heterojunction photoanodes for stable PEC water splitting.
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1 Introduction

Bismuth vanadate (BiVO,) has attracted great attention as a
promising photoanode material for photoelectrochemical (PEC)
water splitting due to its narrow bandgap (2.4 eV) for visible light
absorption, suitable band edge positions for water oxidation,
relatively good stability in aqueous solutions, and low cost [1-4].
Based on the bandgap of 24 eV, the theoretical maximum
photocurrent density of BiVO, under air mass (AM) 1.5 G
illumination is as high as 7.5 mA-cm™, corresponding to a solar-to-
hydrogen (STH) conversion efficiency of 9.2% [5]. However, the
hole diffusion length of BiVO, is only around 70 nm [6], leading
to poor charge transport and separation properties within the film.
Consequently, the actual photocurrent densities achieved for
pristine BiVO, photoanodes are much lower than the theoretical
value. Since charge separation efficiency in a photoanode
determines the number of photogenerated holes reaching the
photoanode/ electrolyte interface for oxygen evolution reaction
(OER), the development of proper strategies to promote charge
separation is essential to achieve a high PEC performance.
Generally, reducing the film thickness of a BiVO, photoanode
can shorten the carrier transport distance, and thus a higher
charge separation efficiency can be achieved. However, a relatively
thick film is required to guarantee sufficient light absorption. To
achieve a high charge separation efficiency in a relatively thick
BiVO, film, various strategies such as the formation of
nanoporous structure [7-9], crystal facet engineering [10-13],
creation of oxygen vacancies [14-16], elemental doping [17-19],
and heterojunction construction [20-23] have been developed in

the past decades. In particular, the formation of WO,/BiVO,
heterojunction has been confirmed as a great success to achieve
excellent PEC performance [24-26]. This is because WO; has a
carrier mobility of 12 cm®V™"s™ [27,28], which is at least two
orders of magnitude higher than that of BiVO, (0.044 cm*V™"s™)
[6]. In addition, the band structure of WO, is matchable with
BiVO,, which can form a type-II heterojunction that promotes the
separation of photogenerated electrons and holes [29]. Based on
the above analysis, it is reasonable to deduce that other
semiconductors with higher carrier mobility and suitable band
structure can be coupled with BiVO, to form a type-II
heterojunction to improve its charge separation efficiency.

Owing to the intrinsic wide bandgap (> 2.7 eV), the carrier
concentration of MoOjs is low that hinders its application for
electronic devices [30]. Interestingly, the electrical conductivity of
MoO; can be significantly improved by the formation of oxygen
vacancies. For example, few-layer MoO;_, with enriched oxygen
vacancies exhibits ultrahigh mobility (> 1,100 cm*V™"s™) [31],
which is two orders of magnitude higher than that of WO,
Therefore, electron transport in MoOs_, should be much faster
than in WO; which is beneficial for charge separation.
Considering that the bandgaps of MoO;_, and WO; are similar,
and the work function of MoO,_, (6.6 €V) is similar to that of
WO, (6.3-6.7 eV) [32-34], the band alignment between BiVO,
and MoO,_, should also be similar to that between BiVO, and
WO,. Thus, proper design of the MoO,_,/BiVO, heterojunction
may potentially achieve a new breakthrough in the PEC
performance.

Herein, we develop a hydrothermal process to in-situ covert
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electrodeposited BiOI nanosheet arrays into Bi,MoOg nanosheet
arrays, followed by calcination with vanadyl acetylacetonate
(VO(CsH,0,),). After removing the excess V,0s, a nanoporous
MoO;_,/BiVO, heterojunction film can be obtained. The film
thickness can be tuned by changing the electrodeposition time of
the BiOI nanosheet arrays. The optimized MoO,_/BiVO,
photoanode with surface deposition of FeOOH/NiOOH dual
cocatalysts exhibits an excellent photocurrent density of 4.81
mA-cm™ at 1.23 V vs. the reverse hydrogen electrode (RHE) under
AM 15 G illumination, delivering an applied bias photon-to-
current efficiency (ABPE) of 1.57%. In addition, the obtained
MoO;_,/BiVO,/FeEOOH/NIiOOH photoanode can achieve stable
overall water splitting under consecutive light illumination for 10
h. This work demonstrates the possibility of using MoO;_,/BiVO,
heterojunctions as efficient photoanodes for PEC water splitting.

2 Experimental

2.1 Preparation of BiOl films

BiOI films were prepared by a typical three-electrode
electrochemical deposition method with fluorine-doped tin oxide
(FTO) substrates (1.5 cm x 2.0 cm) as the working electrode, Pt
wire as the counter electrode, and saturated Ag/AgCl as the
reference electrode according to a previous report with some
modifications [8]. The BiOI precursor solution was prepared by
dissolving 0.04 M Bi(NO;);-5H,0 (Sigma-Aldrich, > 98.0%) in 50
mL of 040 M potassium iodide (KI, Sigma-Aldrich, > 99.5%)
solution with a pH adjusted to 1.7 by HNO,. The obtained
solution was mixed with 0.23 M p-benzoquinone (Sigma-Aldrich,
> 98%) dissolved in 20 mL of ethanol. Electrodeposition was
carried out at -0.1 V vs. Ag/AgCl for 1-5 min at room
temperature. The obtained BiOI films with different
electrodeposited time were rinsed with deionized water and
denoted as BOI-x (x refers to the electrodeposited time of 1, 3 and
5 min).

2.2 Preparation of Bi,MoQs films

The BOI-x films were immerged in 15 mL of 01 M
(NH,)sMo0,0,,4H,0 solution and transferred to a Teflon-lined
stainless autoclave, which was placed in an oven at 180 °C for 8 h.
After cooling down to room temperature, the samples were rinsed
with deionized water and dried in air. The obtained samples were
denoted as BMO-x (x refers to the electrodeposited time of 1, 3
and 5 min for the BOI precursor films).

2.3 Preparation of MoO; ,/BiVO, films

0.1 mL of 0.2 M VO(C;H;0,), dissolved in methanol was placed
on the surface of the obtained BMO-x films. After the methanol
was evaporated, the films were annealed in a muffle furnace at 500
°C for 2 h. Then, the films were immerged in 1 M KOH
(Sigma-Aldrich, > 90.0%) solution for 30 min to remove the
excess V,0Os. After rinsing with deionized water and drying in air,
the obtained MoQ,_,/BiVO, films were denoted as MO/BVO-x (x
refers to the electrodeposited time of 1, 3, and 5 min for the BOI
precursor films). For comparison, another BOI-3 film was also
treated with VO(C;H,0,), under the same conditions shown
above, and the converted sample was denoted as BVO-3.

24 Cocatalyst deposition on the MoO;_,/BiVO, films

The FeOOH/NiOOH cocatalysts were deposited using a photo-
assisted electrodeposition (PED) process under AM 15 G
illumination according to a previous report with some
modification [8]. Briefly, FeFOOH was deposited from a 0.1 M
Fe(SO4),7H,0O (Sigma-Aldrich, 99%) solution previously purged
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with N, for 20 min at 0.25 V vs. Ag/AgCl. Then, NiOOH was
deposited from a 0.1 M Ni(SO,),-6H,0 (Sigma-Aldrich, 99%)
solution (pH = 7.0, adjusting by 0.1 M KOH) at 0.11 V vs.
Ag/AgCl. To achieve the optimized PEC performance, the
deposition times for FeOOH and NiOOH were 15 and 5 min,
respectively. For both cocatalysts, after the PED process, additional
electrodeposition was conducted in the same solution for 1 min in
the dark to completely cover the possible pinholes in the films.

2.5 Characterizations

Morphologies and crystal structures of the films were
characterized by field emission scanning electron microscopy
(FESEM, JSM-7100F, JEOL), transmission electron microscopy
(TEM, F20 FEG-STEM, FEI), and X-ray diffraction (XRD, D8
Advance, Bruker) with Cu Ka (A = 0.15406 nm) radiation,
respectively. The surface chemical states and composition of the
films were characterized by X-ray photoelectron spectroscopy
(XPS) with an Al Ka (hv = 1,253.6 eV) radiation source. All the
binding energies were calibrated using C 1s (284.8 eV) as the
reference. Ultraviolet-visible (UV-Vis) absorption spectra of the
films were obtained on a spectrophotometer (UV-2600i,
Shimadzu).

2.6 Photoelectrochemical performances

PEC performances of the obtained films was measured using a
typical three-electrode cell with a Xe 150 W lamp as the light
source. Light was illuminated through an AM 1.5 G filter and the
light intensity was carefully calibrated to ca. 100 mW-cm™ by a
thermopile optical detector (Beijing China Education Au-Light
Co., Ltd.). A platinum wire and an Ag/AgCl (saturated KCl)
electrode were used as the counter electrode and reference
electrode, respectively. A 1 M borate buffer solution was prepared
by dissolving 0.1 mol of H;BO; (Sigma-Aldrich, 99.5%) in 100
mL of Milli-Q water, followed by adding KOH (Sigma-Aldrich,
90%) to achieve a pH of 7, which was then used as the electrolyte
for all PEC measurements, while the charge separation efficiencies
of the films were measured in the presence of 0.2 M Na,SO; by
keeping the pH at 7. Photocurrent-potential curves were obtained
using linear sweep voltammetry (LSV) in a voltage window of
0.1-1.3 V vs. RHE with a scan rate of 50 mV s on an
electrochemical workstation (CHI700e, CH Instruments, Inc.).
Long-term stability of the photoanode was evaluated at 1.23 V vs.
RHE under AM 1.5 G illumination for 10 h. To evaluate the
overall water splitting performance, the photocurrent densities of
the MoOs_,/BiVO,/FeEOOH/NiOOH films were measured in an
air-tight cell at 1.23 V vs. RHE under AM 1.5 G illumination for
10 h and the number of gases was detected with a gas
chromatograph (Beijing China Education Au-Light Co., Ltd., GC-
7920) every 2 h.

3 Results and discussion

The preparation of MoO; ,/BiVO, heterojunction films was
schematically illustrated in Fig. 1(a). BiOI films were prepared
according to a previous report with some modifications [8]. The
film thickness was tailored by changing the electrodeposition time,
and the obtained samples were denoted as BOI-x (x refers to the
electrodeposition time of 1, 3, and 5 min). As shown in Figs.
1(b)-1(d), BiOI nanosheet arrays with a film thickness from 200
to 600 nm can be achieved by changing the electrodeposition time
from 1 to 5 min. However, the sizes of the nanosheets are similar.
XRD patterns shown in Fig. 1(e) reveal that along with the FTO
signals, all peaks can be assigned to BiOI (PDF#10-0445) [35].
Interestingly, after hydrothermal treating the BOI-x films with a
(NH,)¢Mo,0,,-4H,0 solution, the nanosheet array structures can
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Figure1 (a) Schematic illustration for the preparation of MoO;.,/BiVO, heterojunction films. SEM images of (b) BOI-1, (c) BOI-3, and (d) BOI-5. Insets in (b)—(d):

the corresponding cross-sectional views. () XRD patterns of BOI-1, BOI-3, and BOI-

5. SEM images of (f) BMO-1, (g) BMO-3, and (h) BMO-5. (i) XRD patterns of

BMO-1, BMO-3, and BMO-5. SEM images of (j) MO/BVO-1, (k) MO/BVO-3, and (I) MO/BVO-5. (m) XRD patterns of MO/BVO-1, MO/BVO-3, and MO/BVO-5.

be maintained (Figs. 1(f)-1(h)). According to the XRD patterns
shown in Fig. 1(i), the BOI-x films have been successfully
converted to Bi,MoOg4 (PDF#33-0208, the corresponding samples
were denoted as BMO-x) [36]. With the elongation of the
electrodeposition time for BiOI precursor films, the XRD peaks of
the converted Bi,MoO, become stronger. We found that the
(NH,)¢Mo,0,,-4H,0 solution during hydrothermal reaction was
essential to keep the nanosheet array structure for the obtained
BMO-x. To investigate the effect of the molybdenum solution on
the morphology of the obtained Bi,MoQOy, another BOI-3 film was
hydrothermally treated with a Na,MoO, solution, and the
obtained sample was denoted as BMO-3N. As shown in Fig. S1 in
the Electronic Supplementary Material (ESM), BMO-3N exhibits a
nanoplate array structure rather than the nanosheet array
structure. The thickness of the nanoplate is approximately 90 nm.
In addition, numerous nanoparticles attached on the nanoplates
can be observed.

By dropping 70 uL of VO(CsH;0,), solution, the BMO-x films
were annealed in a Muffle furnace at 500 °C for 2 h. After cooling
down to room temperature, the excess amount of V,05 was
washed out with a NaOH solution. As revealed in the SEM images
(Figs. 1()-1(1)), the nanosheet array structures disappeared and
numerous nanoparticles ranging from 200 to 600 nm can be
observed, which is beneficial for charge migration and transfer.
According to the XRD patterns (Fig. 1(m)), both BiVO, and
Mo,;0,; signals can be observed [37, 38], indicating the formation
of Mo;0.,/BiVO, heterojunctions. With the increase of the
electrodeposition time for the BiOI precursor films, the Mo,,O,;
peaks become stronger, indicating the formation of more
Mo;0y. The formation of Mo;O,, with oxygen vacancies is
beneficial for electron transport, which is expected to efficiently
promote charge separation in the Mo,,0,,/BiVO, heterojunction.

To confirm the interfacial contact between Mo,,0,; and BiVO,,
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the MO/BVO-3 sample was scratched out from the MO/BVO-3
film, which was observed by high resolution transmission electron
microscopy (HRTEM). Figure 2(a) shows a broken particle with a
length of around 600 nm and a width of around 300 nm, which is
consistent to the particle size shown in the SEM image (Fig. 1(k)).
HRTEM image of the selective area (red square in Fig.2(a))
demonstrates two different kinds of lattice fringes with a clear
boundary (white dash line in Fig. 2(b)), which is the interface
between Mo,;O,; and BiVO,. More specifically, the lattice fringe
of 0.48 nm can be assigned to the d-spacing value of the (110)
facet for BiVO, [39], whereas the lattice fringe of 0.36 nm
corresponds to the d-spacing value of the (440) facet for Mo,,O,;.
In addition, an amorphous-like area can be observed in the
Mo,;,0,; part (red dash rectangle in Fig. 2(b)), which is due to the
formation of oxygen vacancies [40].

To confirm the formation of heterojunction between Mo,O;
and BiVO,, XPS was carried out to study the surface chemical
composition of the MO/BVO-3 and BVO-3 photoanodes. As
shown in Fig. 3(a), in addition to the Sn signals that is attributed
to the FTO substrates, only Bi, V, and O signals can be observed
for the BVO-3 sample. The MO/BVO-3 sample exhibits Mo
signals, which is due to the presence of Mo,,O,,. It is obvious that
the Bi 4f, V 2p, and O 1s peaks of MO/BVO-3 are all positively
shifted to higher binding energy compared to those of BVO-3
(Figs. 3(b)-3(d)), which is due to the electron transfer from BiVO,
to Mo,,O,; at the interfaces [41]. Therefore, Mo,,0,; and BiVO,
can form a heterojunction to promote charge separation.

As shown in Fig. 3(c), along with the typical V 2p,,, and V 2p,,
peaks, a shoulder peak located at approximately 515.1 eV can be
observed for BVO-3, which is a satellite peak for V 2p (denoted as
V), due to a strong hybridization between V 3d and O 2p levels
[42]. Owing to the electron transfer from BiVO, to Mo,,O,; at the
interfaces, the Vg, peak for MO/BVO-3 is positively shifted to

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2022, 15(8): 7026-7033

Figure2 (a) TEM image of a MO/BVO-3 particle and (b) HRTEM image of
the selective area (red square in (a)).

around 5157 eV. In addition, the oxygen vacancy (O,)
characteristic peak can be observed in both MO/BVO-3 and BVO-
3 (Fig. 3(d)), indicating the presence of oxygen vacancies, which is
beneficial for charge separation [43]. As listed in Table S1 in the
ESM, the surface O, ratios of BVO-3 and MO/BVO-3 are 58.8%
and 37.9%, respectively. It should be mentioned that this is only
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the surface chemical information, which may be different from
that in the bulk of the samples. The Mo 3ds, peak of MO/BVO-3
can be deconvoluted into two peaks located at 236.3 and 235.7 eV
(Fig. S2 in the ESM), corresponding to Mo* and Mo™, respectively
[44]. It is obvious that the area of the Mo* peak is much larger
than that of the Mo peak, indicating that the surface of Mo,,0,;
is enriched with oxygen vacancies, which is consistent with the
HRTEM results (Fig. 2(b)).

Charge separation properties of the obtained MO/BVO-1,
MO/BVO-3, and MO/BVO-5 photoanodes were measured in a
typical three-electrode system using 1 M KBi electrolyte in the
presence of 0.2 M Na,SO; as the sacrificial agent. Since the
oxidation of SO5* can consume all photogenerated holes reaching
the photoanode/electrolyte interfaces [45], photocurrent densities
of the samples reflect the charge separation efficiencies of the
photoanodes. As shown in Fig. 4(a), the MO/BVO-1 photoanode
exhibits a photocurrent density of 4.24 mA-cm™ at 1.23 V vs. RHE
under AM 1.5 G illumination, whereas the MO/BVO-3
photoanode can reach a photocurrent density of 5.07 mA-cm™.
However, the photocurrent density of MO/BVO-5 photoanode
decreases to 3.24 mA-cm™ at 1.23 V vs. RHE under AM 1.5 G
illumination. To confirm the MO/BVO-3 heterojunction for
promoting charge separation, the PEC Na,SO; oxidation
performance of BVO-3 was also measured. The BVO-3 exhibits a
typical nanoporous structure (Fig. S3(a) in the ESM), exhibiting a
photocurrent density of 3.82 mA-cm™ at 1.23 V vs. RHE under
AM 1.5 G illumination (Fig. S3(b) in the ESM), which is only
753% that of its MO/BVO-3 counterpart. Therefore, the
MO/BVO-3 heterojunction photoanode is efficient to promote
charge separation.

To investigate the PEC water splitting performance,
photocurrent densities of the MO/BVO-1, MO/BVO-3, and
MO/BVO-5 photoanodes were also measured in 1 M KBi
electrolyte without Na,SO;. As shown in Fig. 4(b), the MO/BVO-1
photoanode exhibits a photocurrent density of 1.38 mA-cm™ at
1.23 V vs. RHE, while the MO/BVO-3 photoanode exhibits a
higher photocurrent density of 221 mA-cm™ However, the
MO/BVO-5 photoanode exhibits a decreased photocurrent
density of 1.12 mA-cm™. Obviously, the photocurrent densities of
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Figure 3 (a) XPS survey spectra. (b) Bi 4f, (¢) V 2p, and (d) O 1s spectra of MO/BVO-3 and BVO-3.
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Figure4 (a) Photocurrent density vs. potential of the MO/BVO-1, MO/BVO-3, and MO/BVO-5 photoanodes in a 1 M borate buffer electrolyte containing 0.2 M
Na,SO; under AM 1.5 G illumination. (b) Photocurrent density vs. potential and (c) ABPE curves of the MO/BVO-1, MO/BVO-3, MO/BVO-5, and MO/BVO-
3/FeOOH/NiOOH photoanodes in a 1 M borate buffer electrolyte under AM 1.5 G illumination. (d) J-t curve of the MO/BVO-3/FeOOH/NiOOH photoanode at
1.23 V vs. RHE under AM 1.5 G illumination in a 1 M borate buffer electrolyte. (e) Gas evolution from PEC water splitting of the MO/BVO-3/FeOOH/NiOOH

photoanode at 1.23 V vs. RHE under AM 1.5 G illumination.

all samples measured in the presence of Na,SO; are much higher,
indicating that oxygen evolution cocatalysts (OECs) are required
to accelerate OER at the photoanode/electrolyte interfaces. By
depositing approximately 10 nm of a FeFOOH/NiOOH ultrathin
layer as the dual OECs for the MO/BVO-3 photoanode (Fig. $4 in
the ESM), the obtained MO/BVO-3/FeOOH/NiOOH
photoanode exhibits a significantly enhanced photocurrent
density of 4.81 mA-cm™ The ABPE values of the MO/BVO-1,
MO/BVO-3, MO/BVO-5, and MO/BVO-3/FeOOH/NiOOH
photoanodes were calculated according to Eq. (S2) in the ESM. As
shown in Fig. 4(c), the MO/BVO-1 photoanode exhibits a very
low ABPE of 0.21% at around 0.90 V vs. RHE, while the
MO/BVO-3 photoanode shows a much higher ABPE of 0.38%. In
comparison, the MO/BVO-5 photoanode exhibits the lowest
ABPE of 0.15%. With the deposition of FeOOH/NiOOH dual
OEC:s to promote surface OER, the MO/BVO-3/FeOOH/NiOOH
photoanode exhibits a much higher ABPE of 1.57% at a lower
applied potential of 0.71 V. Therefore, FeFOOH/NiOOH dual
OEC:s are efficient to promote OER.

Long-term stability of the MO/BVO-3/FeOOH/NiOOH
photoanode was measured at 1.23 V vs. RHE under AM 1.5 G
illumination for 10 h. As shown in Fig. 4(d), the photoanode
exhibits a high photocurrent density of around 4.8 mA-cm?
which is very stable under consecutive illumination for 10 h. To
demonstrate the overall water splitting performance, the
MO/BVO-3/FeOOH/NiOOH photoanode was applied as the
working electrode in an air-tight cell using Pt as the counter
electrode and Ag/AgCl electrode as the reference electrode. The
produced gases were measured every 2 h. As shown in Fig. 4(e),
834.2 ymol-cm™ of hydrogen and 407.8 umol-cm™ of oxygen can
be generated in 10 h at 123 V vs. RHE under AM 15 G
illumination, which is close to the 2:1 ratio for the water splitting
reaction. The Faradaic efficiency for oxygen evolution is around
95.1%.

To understand the underlying mechanism for the improved
PEC performances, the optoelectrical properties of the MO/BVO-
1, MO/BVO-3, MO/BVO-5, and MO/BVO-3/FeOOH/NiOOH
photoanodes were studied. As shown in Fig. 5(a), the MO/BVO-1
photoanode exhibits a light absorption edge at around 500 nm,
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while the light absorption edge of the MO/BVO-3 and MO/BVO-
5 photoanodes are decreased to approximately 490 nm. According
to the UV-Vis light absorption curves, the bandgaps of the
MO/BVO-1, MO/BVO-3, and MO/BVO-5 photoanodes were
calculated to be 2.51, 2.53, and 2.58 eV, respectively (Fig. 5(b)). It
should be mentioned that the bandgaps of all samples are larger
than that of BVO-3 (Fig. S5 in the ESM), which is due to the
incorporation of MoOs_, that has a larger bandgap than BiVO,.
Incident-photon-to-current conversion efficiency (IPCE) curves of
the MO/BVO-1, MO/BVO-3, MO/BVO-5, and MO/BVO-
3/FeOOH/NiIOOH photoanodes were measured in a 1 M borate
buffer electrolyte at 1.23 V vs. RHE under AM 1.5 G illumination.
As shown in Fig. 5(c), the MO/BVO-1 photoanode exhibits a
maximum IPCE value of 30.1% at 400 nm, whereas a much
higher IPCE value of 56.7% is achieved for the MO/BVO-3
photoanode. The MO/BVO-5 photoanode shows the lowest IPCE
value 26.5%. As expected, the MO/BVO-3/FeOOH/NiOOH
photoanode exhibits a high IPCE value of approximately 85%.
These results confirm that the MO/BVO-3 photoanode is efficient
to enhance the charge separation efficiency in the bulk, but severe
charge recombination still occurs at the photoanode/electrolyte
interfaces. With the deposition of FeOOH/NiOOH dual OECs,
the surface charge transfer efficiency can be significantly
improved, resulting in the much higher IPCE values and
photocurrent densities.

To wunderstand the interfacial kinetics during OER,
electrochemical impedance spectroscopy (EIS) curves of the
MO/BVO-1, MO/BVO-3, and MO/BVO-5 photoanodes were
measured at the open circuit potential under AM 15 G
illumination. As shown in Fig. 5(d), all three films exhibit a typical
EIS curve consisting of only one semicircle, and an equivalent
circuit model (inset in Fig. 5(d)) consisting of a series resistance
(Ry), a charge transfer resistance (R), and a constant phase angle
element (CPE) is employed to gain more insights of the EIS results
[46]. Generally, R, reflects the OER kinetics at the
photoanode/electrolyte interfaces. As listed in Table S2 in the
ESM, R, values of the MO/BVO-1, MO/BVO-3, and MO/BVO-5
photoanodes are 560.1, 441.2, and 708.2 ), respectively. Therefore,
the electron transfer at the MO/BVO-3 surface is faster than that
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Figure5 (a) UV-Vis absorption curves and (b) estimated bandgaps of MO/BVO-1, MO/BVO-3, and MO/BVO-5. (¢) IPCE curves of MO/BVO-1, MO/BVO-3,
MO/BVO-5, and MO/BVO-3/FeOOH/NiOOH. (d) EIS plots and (e) MS curves of MO/BVO-1, MO/BVO-3, and MO/BVO-5. (f) Charge transfer efficiencies of
MO/BVO-1, MO/BVO-3, MO/BVO-5, and MO/BVO-3/FeOOH/NiOOH. Inset in (d): the equivalent circuit model.

in the MO/BVO-1 and MO/BVO-5 photoanodes.

To gain more insight of the electronic properties,
Mott-Schottky (MS) curves of the MO/BVO-1, MO/BVO-3, and
MO/BVO-5 photoanodes were measured in a 1 M borate buffer
electrolyte (pH 9.5) under darkness. As shown in Fig. 5(e), all
samples exhibit a positive slope in the MS curves, indicating the n-
type characteristics [47]. Moreover, the MO/BVO-3 photoanode
exhibits the smallest slope among all samples, suggesting that the
MO/BVO-3 photoanode has the highest charge carrier density.
According to Eq. (S4) in the ESM, carrier densities of the
MO/BVO-1, MO/BVO-3, and MO/BVO-5 photoanodes were
calculated. As listed in Table S3 in the ESM, the carrier density of
the MO/BVO-3 photoanode is 2.47 x 10® cm™, which is around 2
and 2.8 times higher than that of MO/BVO-1 and MO/BVO-5
photoanodes, respectively. Thus, the electronic conductivity of the
MO/BVO-3 photoanode is better than the other samples, leading
to better electron-hole separation, which is consistent with the
photocurrent densities shown in Fig. 4(a).

According to Eq. (S5) in the ESM, the surface charge transfer
efficiency (#.,,) values for the MO/BVO-1, MO/BVO-3,
MO/BVO-5, and MO/BVO-3/FeOOH/NiOOH photoanodes at
different applied potentials were calculated. As shown in Fig. 5(f),
the MO/BVO-3 photoanode exhibits a higher 7, value of 43.3%
at 1.23 V vs. RHE comparted to that of the MO/BVO-1 and
MO/BVO-5 photoanodes. With the surface deposition of
FeOOH/NiOOH dual OECs, the MO/BVO-3/FeOOH/NiOOH
photoanode exhibits a much higher 7, of 93.6% at 1.23 V vs.
RHE, implying that the FeOOH/NiOOH dual OECs can
efficiently promote surface charge transfer from the photoanode
to the electrolyte for OER.

We further found that our strategy can also be applied for the
preparation oxygen deficient WO, ,/BiVO, heterojunction
photoanodes to boost the PEC performance. As shown in Fig.
S6(a) in the ESM, the nanosheet arrays can be maintained after
hydrothermally treating the BOI-3 film with a Na,WO, solution.
The XRD pattern confirms the successful formation of B, WOy
(Fig. S6(b) in the ESM) [48]. After annealing the obtained Bi, WOy
film with VO(C;H,0,), and the subsequent removal of excess
V,0s, nanoparticles with a size of 200-400 nm can be observed
(Fig. S6(c) in the ESM). As revealed in the XRD pattern (Fig. S6(d)

in the ESM), the obtained film is composed of oxygen deficient
WO,, and BiVO,. The obtained WO, ,,/BiVO, film (denoted as
WO/BVO-3) exhibits a photocurrent density of 4.53 mA-cm™ at
123 V vs. RHE under AM 1.5 G illumination for Na,SO,
oxidation (Fig. S7 in the ESM), which is higher than its BVO-3
counterpart (Fig. S3 in the ESM). Therefore, our strategy of using
a Bi,MOg; (M = Mo, W) precursor film to form oxygen deficient
MO;_,/BiVO, heterojunction film may be applicable for the
design of other efficient photoanodes for PEC water splitting.

4 Conclusions

In conclusion, we have reported a MoO,_/BiVO, heterojunction
that can efficiently promote charge separation. The formation of
oxygen vacancies in MoOs_, can improve the electron mobility,
providing an electron “highway” for charge separation and
transport in the MoO;_,/BiVO, heterojunction. The content of
MoO;_, can be tailored by tuning the electrodeposition time of the
BiOI  precursor films. The optimized MoO,_/BiVO,
heterojunction photoanode exhibits a nanoporous structure,
which is efficient to promote charge separation, exhibiting a high
photocurrent density of 5.07 mA-cm™ at 1.23 V vs. RHE under
AM 1.5 G illumination in the presence of Na,SO; as the hole
sacrificial agent. By depositing FeOOH/NiOOH dual OECs to
accelerate the surface reaction kinetics for OER, the optimized
MoO,_/BiVO,/FeOOH/NIiOOH photoanode can achieve a
photocurrent density of 4.81 mA-cm™ and a high ABPE of 1.57%
for PEC water splitting. Stable overall water splitting is realized for
10 h. This work provides a rational strategy for the design of
MoO;_/BiVO, heterojunction photoanodes to promote charge
separation, providing an alternative avenue for efficient PEC water
splitting.
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