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a b s t r a c t

Bifunctional photocatalysts for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
have attracted growing interest to understand the mechanisms governing different evolution reactions,
and the bifunctional activity of a single type of crystalline photocatalyst has gained especial attention.
We herein report the high photocatalytic OER and HER activities of Bi2WO6 nanoplates (BWO NPs) which
are synthesized by a simple hydrothermal method, and the switchable OER and HER performances con-
trolled by the pH value of the precursor solvent. In the pH range from 4 to 9, the thickness of BWO NPs
along the [001] direction exhibits interesting dependence on the pH value, which decreases as the pH
value increases. Correspondingly, the BWO NPs obtained at the pH value of 7 (BWO-7) show the highest
photocatalytic OER activity, while the BWO NPs synthesized at the pH value of 9 (BWO-9) exhibit the
highest photoactivity towards HER. The electronic band structure analysis indicates that the highest pho-
tocatalytic OER activity is related to the band alignment of the valence band maximum of Bi2WO6, which
determines the efficient separation of photogenerated electrons and holes as well as the fast charge
transfer kinetics. The crystal facet evolution resulting from thickness reduction promotes the exposure
of {001} facets for HER and decreases the exposure of {100} and {010} facets for OER. This work provides
new insights into the combined effects of crystal facets and electronic band structures on photocatalysis.
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1. Introduction

Solar-driven water splitting on semiconductors is a promising
green solution to relieve increasingly energy crisis and environ-
mental issues [1–6]. The water splitting process contains two
half-reactions: hydrogen and oxygen evolution reactions (HER
and OER). Due to the requirement of potential match between
band edge positions and half-reactions as well as the overpoten-
tial of reactions, most of single-component semiconductors can-
not work well for both of the two reactions. Generally, some
semiconductors show high photocatalytic activity towards one
half-reaction but low photoactivity to the other one so that addi-
tional different semiconductors are needed for completing whole
photocatalysis process [7–12]. Alternatively, it is an interesting
topic that whether or not to activate photoactivity of single
semiconductors towards two reactions and even to make a
switching of the best photocatalytic activity between the two
reactions.

The photocatalytic activity of semiconductors towards a specific
reaction is associated with their electronic band structure. Taking
photocatalytic HER and OER as examples, HER can be driven only
if the energy level of conduction bandminimum (CBM) of semicon-
ductors is more negative than the potential of proton reduction
(0 V versus reversible hydrogen electrode, RHE), while the activa-
tion of OER requires more positive level of valance band maximum
(VBM) than the potential of water oxidation (1.23 V versus RHE)
[13–16]. Previous studies suggest that for compounded semicon-
ductors, the CB is generally composed of electronic orbitals of
cations, while the VB is mainly attributed by the electronic orbitals
of anions [17]. Since crystal planes of different indices in a specific
crystal structure such as orthorhombic systems may have different
cation/anion density, they can exhibit more CB or VB characteris-
tics for photocatalysis. As a typical example, different crystal facets
in nanocrystals are employed to bear different cocatalysts for spa-
tially separating reduction and oxidation half-reactions, thus
boosting the whole photoactivity of semiconductors [18,19].
Besides, the photodeposition experiments are usually employed
to identify the electron- or hole- accumulated crystal facets in pho-
tocatalytic process [20–24]. Alternatively, whether crystal facet
engineering is also engaged to adjust the exposure of different
crystal facets to switch the highest photocatalytic activity towards
OER and HER. To the best of our knowledge, there is no report on
these issues to date.

To shed light into these issues, we take the two-dimensional
(2D) layered Bi2WO6 nanoplates (BWO NPs) as model materials
and change their thickness along the [001] direction by varying
pH value in hydrothermal process to adjust exposure of different
crystal facets. As pH increases from 4 to 9, the exposure of the
{001} facets is gradually promoted and that of the other two
{100} and {010} facets declines. Photocatalytic water splitting
experiments on the BWO NPs indicate that the BWO with pH of
7 (BWO-7) possesses the highest photoactivity towards OER, while
that with pH of 9 (BWO-9) has the highest photoactivity towards
HER. That is, the highest photocatalytic activity towards OER and
HER are successfully switched in single semiconductors via mor-
phology control. The related mechanism is discussed by combining
the effects of electronic band structure and crystal facet evolution
caused by thickness reduction.
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2. Experiments

2.1. Material preparation

Synthesis of BWO NPs: 1 mmol of Bi(NO3)3�5H2O was dissolved
in 15 mL HNO3 solution (1 M) with the assistance of ultrasonica-
tion to form solution A. Solution B was prepared as follows:
0.5 mmol of Na2WO6�2H2O was dissolved in 25 mL of distilled
water and sonicated for 5 min to obtain a homogeneous solution.
Under vigorous stirring, solution B was dropwise added to solution
A, and the resulting mixture was stirred for 20 min. Afterwards, the
pH value of mixture solution was adjusted with NH3�H2O (25 wt%),
the pH range available is from 1 to 9. Finally, the mixture was
transferred to a stainless-steel autoclave with a 50 mL of Teflon
liner and kept at 200 �C for 20 h. After cooled to room temperature,
the final product was collected by centrifugation, repeatedly
washed with distilled water and ethanol, and then dried at 60 �C
for a whole night. Four samples obtained at pH of 1, 4, 7, and 9
were depicted as BWO-x (x = 1, 4, 7, and 9, respectively).

Loading co-catalysts on BWO-x NPs: CoOx as an active OER co-
catalyst is attached to the surface of BWO-x NPs via photodeposi-
tion methods. Detailly, 0.02 g of BWO-x NPs, 1.0 mg of Co(NO3)2-
�6H2O, and 20 mg of NaIO3 were dispersed in 50 mL of distilled
water. Here, the role of NaIO3 is timely consuming the photoelec-
trons excited to CB of Bi2WO6 NPs by a moderate and easy reduc-
tion process of IO3

� to I� ions, leaving photogenerated holes in the
VB for the oxidation of Co2+ to form CoOx. The resulting mixture
was irradiated with a 300 W Xe lamp under magnetic stirring for
3 h. Afterwards, the final product was obtained by centrifugation,
washed with deionized water and ethanol, and dried in an oven
at 60 �C. Pt as a popular HER co-catalyst is attached to the surface
of BWO-x NPs by the same procedures to loading CoOx except the
replacement of Co(NO3)2�6H2O and NaIO3 by H2PtCl6 (1 mg/mL,
600 lL) and triethanolamine (10 mL), respectively, and the amount
of distilled water was changed to 90 mL.

2.2. Photodeposition experiments

The above photodeposition methods were also employed to
identify the crystal facets for electron and hole accumulation in
photocatalysis process. MnOx was deposited on the BWO-x NPs
to identify the hole accumulation facets, where 0.05 g of BWO-x
NPs, 5 mg of MnCl2, 20 mg of NaIO3, and 50 mL of distilled water
were used. For the distinction of electron-accumulation facets,
the deposition of Ag nanoparticles was carried out under the con-
ditions: 0.05 g of BWO-x NPs, 5 mg of AgNO3, 10 mL of tri-
ethanolamine, and 90 mL of distilled water.

2.3. Sample characterizations

X-ray diffraction (XRD) (a Philips PW3040/60 X-ray diffrac-
tometer) was perfomed to investigate the crystal structures and
phase purity of samples. The morphology and microstructure were
analyzed by field emission scanning electron microscopy (FESEM)
(Hitachi S-4800), transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM, JEOL
JEM-2100F). The surface composition and chemical state of sam-
ples were recorded by X-ray photoelectron spectra (XPS) with an
ESCALab MKII X-ray photoelectron spectrometer, and all of the
binding energies were referenced to the C 1s level at 284.8 eV.
Ultraviolet–visible diffuse reflectance spectra (UV–vis DRS) were
measured on a Thermo Nicolet Evolution 500 UV–vis spectropho-
tometer. The photoluminescence (PL) spectra were acquired on a
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FLS 920 fluorescence spectrophotometer with an excitation wave-
length of 375 nm. The surface photocurrent and photovoltage (SPC
and SPV) measurements were carried out at room temperature on
a surface photovoltage spectrometer (PLSPS/IPCE1000, Beijing Per-
fectlight Technology Co., Ltd.) consisting of a source of monochro-
matic light with a mechanical chopper (SR 540, Stanford research,
Inc.). Raman measurements were performed on a LabRAM HR Evo-
lution Raman spectrometer (excitation wavenumber:
k = 514.5 nm).
2.4. Photoelectrochemical measurements

The Mott-Schottky experiments were conducted on a Zennium
electrochemical workstation (ZAHNER, Germany) with a standard
three-electrode system where a saturated calomel electrode (SCE,
saturated KCl) and a Pt wire were used as the reference and coun-
ter electrode, respectively. The photocatalyst-coated glassy carbon
electrode was employed as the working electrode with 0.5 M Na2-
SO4 aqueous solution as the electrolyte. Electrochemical impe-
dance spectra (EIS) were also acquired on the same device with
the three-electrode system by applying an ac voltage of 10 mV
with frequency ranging from 0.1 Hz to 100 KHz in the aqueous
solution of K3[Fe(CN)6] (5 mM) and KCl (1 M). The photocurrent
measurements were carried out on an electrochemical station
(CHI 660E, China), which was similar to the EIS measurements
except using the photocatalyst-coated fluorine doped tin oxide
(FTO) glass as the working electrode. The working electrode was
prepared by dropping 8 mL photocatalyst suspension (5 mg photo-
catalyst powder was added into the mixture of 30 mL ethylene gly-
col, 50 mL ethanol, and 10 mL Nafion) on the surface of FTO with
1.5 cm2 areas, then natural drying at room temperature.
2.5. Photocatalytic OER experiments

The photocatalytic OER tests were conducted on a Labsolar-III
AG system (Beijing Perfectlight Technology Co., Ltd.), with a Pyrex
reaction vessel connected to an online gas chromatograph (Agilent
Technologies GC-7890B, TCD, Ar carrier) at room temperature. A
300 W Xe lamp (MicroSolar 300, Beijing Perfectlight) equipped
with an optical filter at 420 nm to cut off the ultraviolet light is
employed to give rise to the visible light. In general, 20 mg of pho-
tocatalysts was dispersed in 50 mL aqueous solution containing
0.1 M NaOH and 0.02 M Na2S2O8 as the sacrificial agents. Before
the photocatalytic experiments, the reaction vessel was bubbled
in argon atmosphere for at least 60 min to remove the air and
the reactor was connected to a water bath to maintain the reaction
temperature at 25 ± 2 �C. The reactant gas were collected every
hour for 5 consecutive hours and analyzed on the gas chromato-
graph. The apparent quantum efficiency (AQE) was calculated by
the following Equation (1):

AQE ¼ Thenumber of evolvedO2 molecules� 4
Thenumber of photons

� 100% ð1Þ
2.6. Photocatalytic HER experiments

The photocatalytic HER experiments were also carried out on
the Labsolar-III AG system used for the photocatalytic OER. The
detail test conditions are as follows: 20 mg catalyst was dispersed
in 100 mL aqueous solution containing 10 mL triethanolamine as
the sacrificial agents by magnetic stirring. A 300 W Xe lamp with
a 420 nm-cut off optical filter was used as the visible light source.
870
3. Results and discussion

3.1. Composition and phase analysis of BWO-x NPs

The XRD patterns of as-prepared BWO-x NPs were represented
in Fig. 1a. It can be seen that the diffraction pattern is almost same
for all BWO samples, and the diffraction profiles consist with the
orthorhombic BWO phase with lattice parameters a = 5.457 Å,
b = 16.435 Å, and c = 5.438 Å (JCPDS NO. 39–0256) [25]. It is worth
noting that the intensity ratio of (131) and (002) diffraction peaks
is gradually enhanced with pH increasing (Table S1), indicating the
pH-dependent preferred growth of BWO NPs along the {001}
facets [26]. With the pH value lastly increases in the hydrothermal
reaction, the {001} facets would be exposed more relative to the
other two facets, appearing the plate-shaped morphology. This
result indicates that the as-obtained BWO-x samples with mor-
phology evolution are synthesized.

Fig. 1b illustrates the Raman spectra of BWO-x NPs obtained at
different pH values. According to the previous reports [27,28], all
Raman bands can be well assigned to the orthorhombic BWO
phase. Detailly, the bands at 145 and 151 cm�1 are assigned to
the lattice modes of bismuth ions. The bands in 200–600 cm�1 cor-
respond to two modes: one is the bending of WO6 octahedra
located at 207, 225, 261, 284, 308, and 419 cm�1, while the rest
one at 332 cm�1 results from the bending of Bi–O polyhedra. The
peaks in the range of 600–1000 cm�1 were assigned to the
stretches of W-O bands, where the bands at 790 and 820 cm�1

are associated with antisymmetric and symmetric Ag modes of
the WO6 octahedra. There are no non-index or impurity peaks
observed as well.

XPS analysis is conducted on the BWO-7 NPs to further identify
the element composition and chemical states. The survey XPS
spectrum shown in Fig. 1c depicts that there are Bi, W, and O ele-
ments well-contained in the BWO NPs and no impurity elements
are detected. The high-resolution XPS spectra illustrate that the
Bi elements has a doublet located at 163.9 and 158.7 eV with a
splitting energy of 5.2 eV, corresponding to Bi3+ (Fig. 1d) [29]. Sim-
ilarly, the W elements with a doublet at 35.4 and 37.9 eV could be
assigned to W5+ (Fig. 1e) [30]. The O elements have two peaks
located at 529.6 and 531.8 eV, corresponding to lattice oxygen
and adsorbed oxygen closely related to hydroxyl or adsorbed
H2O species on the surface, respectively (Fig. 1f) [31,32]. The above
analyses indicate that a series of BWO-x NPs with pure orthorhom-
bic phase and structure evolution are well fabricated by varying
the pH value of the precursor solvents in hydrothermal reactions.
3.2. Morphology and structure analysis of BWO-x NPs

The FESEM characterization reveals the pH-dependent mor-
phology evolution of BWO-x NPs. As shown in Fig. S1, the as-
prepared BWO-1 NPs appear a sphere-like morphology, which is
formed via the self-assemble of BWO NPs. Increasing pH value
would suppress the assemble process, resulting in the formation
of separated NPs for BWO-4 through BWO-9 (Fig. 2a-f). These
results are consistent with those in previous reports [33–36].
Where, the as-obtained Bi2WO6 appears a hierarchical nest-like
structure or 3D flower-like spherical superstructure made of nano-
plates at low pH of � 2, while it seems to be separated plate-like
morphology at higher pH of � 4. Different with the previous
reports, the thickness of the as-obtained BWO NPs is finely tuned
by varying the pH value of the precursor solvent, which is deter-
mined to be about 37, 26, and 20 nm for BWO-4, BWO-7, and
BWO-9, respectively. This result indicates that the facet character-
istic of BWO-x NPs is gradually reduced with pH increasing.



Fig. 1. (a) XRD patterns and (b) Raman spectra of the as-prepared BWO-x NPs. (c-f) Survey and high-resolution XPS spectra of the BWO-7 NPs: (d) Bi, (e) W, and (f) O.
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The reduction in thickness might be associated with the selec-
tive adsorption of H+/OH� on specific crystal facets of BWO. In pre-
vious studies [15,37], it was suggested that the nanoscale layer-
structured compounds usually take 2D plate/sheet-like morphol-
ogy with the bottom and top facets corresponding to slabs in crys-
tal cells such as [BiO]+ and [WO4]2� in BWO. That is, the
nanostructures of layered compounds are prone to growth along
the slabs, i.e., the {001} facets, forming a plate-shaped morphol-
ogy. For the BWO-x NPs, at the medium of lower pH value, a mass
of H+ were likely to be preferentially adsorbed on the {001} facets
of BWO NPs, reducing the surface energy of {001} facets and sup-
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pressing the growth of BWO NPs along these facets. As pH
increases, the concentration of H+ adsorbed on the {001} facets
declines, the growth of BWO NPs along the facets revived and even
was promoted at higher pH value, resulting in the decrease of
thickness with pH increasing.

To this end, the TEM analysis is conducted for the BWO-7
NPs. As illustrated in Fig. 3a and b, the TEM images reveal the
plate-like structure, and the HRTEM image displays two sets of
crystal fringes perpendicular to each other (Fig. 3c). The spacings
of 0.273 and 0.272 nm are assigned to the (200) and (020)
planes of BWO, respectively [38]. Considering the orthorhombic



Fig. 2. FESEM images of the as-obtained (a,b) BWO-4, (c,d) BWO-7, and (e,f) BWO-9 NPs.
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structure of BWO, the observed crystal plane is identified to be
the {001} facets, corresponding to the top and bottom surfaces
of BWO NPs. According to the relationship between crystal plane
angles in the orthorhombic systems, it can be inferred that the
lateral exposure surfaces of BWO NPs are assigned to {100}
and {010} facets. Collectively, the increase of pH from 4 to 9
promotes the exposure of {001} facets but reduces the exposure
of the other two facets in single WBO NPs. In addition, the STEM
and STEM-EDS mapping analysis shows the presence and uni-
form distribution of Bi, W, and O elements in whole BWO NPs
(Fig. 3d-g).
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3.3. Photocatalytic HER and OER performances of BWO-x NPs

The effects of thickness reduction on the photocatalytic activity
of BWO NPs are assessed by the photocatalytic HER experiments
with the presence of sacrificial agent under visible-light irradiation
(k > 420 nm). As shown in Fig. 4a, all BWO-x NPs are active in pho-
tocatalytic HER with triethanolamine as the hole scavengers and
display steady H2 production rate in 5 h. The H2 production rate
gradually increases with the x, reaching the highest value of
148.4 mmol g�1h�1 on BWO-9 (Fig. 4b). The photocatalytic HER
activity is comparable to those of the BWO-based photocatalysts
reported in previous studies, as shown in Table 1. Interestingly,
when 0.1 M NaOH and 0.02 M Na2S2O8 instead of triethanolamine



Fig. 3. (a,b) TEM, (c) HRTEM, (d) SEM, and (e-g) element mapping images of the BWO-7 NPs.
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are employed as the sacrificial agents, all the BWO-x NPs are also
active in steadily photocatalytic OER (Fig. 4c). The O2 production
rate takes a volcano-like profile from BWO-1 to BWO-9, achieving
the highest value of 732.6 mmol g�1h�1 on BWO-7 (Fig. 4d). The
photocatalytic OER activity is also enough excellent relative to
the previously reported BWO-based photocatalysts (Table 2). In a
word, the highest photocatalytic activity of BWO NPs towards
OER and HER could be switched between BWO-7 and BWO-9. To
the best of our knowledge, such switching in single semiconduc-
tors has not been reported to date.

Furthermore, the durability of photocatalytic HER and OER is
also assessed on all BWO-x NPs. As illustrated in Fig. 4e and f,
the H2 and O2 production rates are well maintained during three
cyclic tests with each run for 5 h, indicating good stability of the
as-prepared photocatalyst. The AQE of photocatalytic OER on
BWO-7 gradually decreases with longer wavenumber and has the
highest value of 3.1% at 420 nm (Fig. S2).
3.4. Enhanced charge separation and transfer kinetics by thickness
reduction

To address the switching photocatalytic activity, a series of pho-
toelectrical and (photo)electrochemical characterizations were
carried out for all BWO-x NPs. As shown in Fig. 5a, all the BWO
NPs display evident difference in photocurrent density under visi-
ble light irradiation, with the first and second highest current den-
sity on BWO-7 and BWO-9, respectively, which indicates that the
photoelectrical efficiency of the two samples outperforms that of
both BWO-1 and BWO-4 [52]. The cyclic measurements of pho-
tocurrent reveal high stability of charge separation and transfer
properties. In addition, the EIS as shown in Fig. 5b display that
the BWO-7 and BWO-9 NPs also have the first and second smallest
radius, indicating fast charge transfer kinetics at the interface
between catalyst electrode and electrolyte [53]. Moreover, SPV
spectrum is effective to characterize the separation efficiency of
photogenerated carriers [15]. As shown in Fig. 5c, all BWO-x NPs
show apparent SPV signals under irradiation, among which
BWO-7 and BWO-9 give rise to the first and second highest signal
intensity, indicating the best charge separation and transfer.
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Accordingly, the SPC intensity of BWO-7 significantly outperforms
the others, corresponding to the highest photoelectrical efficiency.
The response range of visible light mainly cover the wavenumbers
of 420–550 nm (Fig. 5d), being consistent with the response of
AQE. These results above support the conclusion that the highest
photocatalytic OER activity on BWO-7 could be attributed to the
best photoelectric separation efficiency, However, there are two
issues to address as follows: (i) Why is the highest activity to
OER rather than HER observed on the BWO-7 NPs? (ii) The reasons
for that the BWO-9 NPs with the second highest photoelectrical
efficiency possesses the highest photocatalytic HER activity.
3.5. Electronic band structures of BWO-x NPs

The electronic band structures of BWO-x NPs were investigated
by UV–vis DRS and Mott-Schottky measurements. As shown in
Fig. 6, all BWO-x NPs display similar adsorption profile in the
wavenumber range of 200–800 nm, indicating that the band gap
(Eg) value of BWO-x NPs was not changed significantly (Fig. 6a).
The (ahm)r versus hm curve converted from UV–vis DRS reveal that
the Eg of these BWO-x NPs is slightly increased from BWO-1 to
BWO-9 and located at a narrow range of 2.88–2.98 eV with a small
increment of 0.1 eV (Fig. 6b).

The Mott-Schottky measurements were performed at three dif-
ferent frequencies, as illustrated in Fig. 6c-f. The flat band potential
(Efb) is determined to be �0.14, �0.15, �0.17, and �0.21 eV (versus
RHE) for BWO-1, BWO-4, BWO-7, and BWO-9, respectively. Due to
negligible difference between CBM energy (ECB) and Efb for n-type
semiconductors, the Efb is regarded as the ECB [12]. The VBM energy
(EVB) is thus estimated from ECB + Eg, as shown in Fig. S3.

Among the BWO-x NPs, the BWO-7 has the most positive VBM,
while the BWO-9 has the most negative CBM, corresponding to the
highest photocatalytic OER and HER activity, respectively. How-
ever, the small difference of ECB and EVB between the two samples
makes us believe that there might be other factors promoting the
photocatalytic HER activity of BWO-9 NPs exceeding the BWO-7
NPs.



Fig. 4. (a) Time-dependent photocatalytic H2 production, (b) average H2 production rates, (c) time-dependent photocatalytic O2 production, (d) average O2 production rates,
and cyclic tests of photocatalytic (e) H2 evolution and (f) O2 evolution on BWO-x NPs under visible-light irradiation.

Table 1
Comparison of photocatalytic HER activity between the BWO-9 NPs and previously reported BWO-based photocatalysts.

Samples Sacrificial agent Co-catalyst Light source H2 evolution rates (lmol g�1 h�1) Reference

BWO-9 NPs TEOA Pt 300 W Xe lamps (k > 420 nm) 148.4 This work
Ag/Bi2WO6 Methanol Pt 300 W Xe lamps (k > 420 nm) 46.67 [39]
BP/MBWO TEOA Pt 300 W Xe lamps 4208.4 [40]
SUC-Bi2WO6 Methanol Pt 300 W Xe lamps 5.6 [41]
Gr–BWO-T Methanol None 300 W Xe lamps (k > 420 nm) 159.2 [42]
2D Bi2WO6 nanosheets EDTA Pt 300 W Xe lamps 56.9 [43]
Bi2WO6/ZnIn2S4 Methanol None 150 W Xe lamps 131.8 [44]
Bi2WO6/C3N4/ Ti3C2 TEOA None 300 W Xe lamps 54.4 [45]
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Table 2
Comparison of photocatalytic OER activity between the BWO-7 NPs and previously reported BWO-based photocatalysts.

Samples Sacrificial agent Co-catalyst Light source O2 evolution rates (lmol g�1 h�1) Reference

BWO-7 NPs Na2S2O8 CoOx 300 W Xe lamps (k > 420 nm) 732.6 This work
3D Bi2MoxW1-xO6 PBMs Na2S2O8 5% Co3O4 300 W Xe lamps (k > 420 nm) 147.2 [46]
SCL-Bi2WO6 AgNO3 None 300 W Xe lamps (k > 420 nm) 84.8 [47]
VBi-rich Bi2WO6 AgNO3 None 300 W Xe lamps (k > 420 nm) 100.13 [48]
CCO/BWO Na2S2O8 None 300 W Xe lamps (k > 420 nm) 953 [49]
MoOx/Bi2WO6 Ce(SO4)2 MoOx Hg lamps Xe lamps 288 53 [50]
BWO/PDI AgNO3 None 500 W Xe lamps (k > 420 nm) ~7.6 [51]

Fig. 5. Photoelectrical and electrochemical characterizations of the BWO-x NPs: (a) photocurrent responses, (b) EIS spectra, (c) SPV and (d) SPC spectra in terms of irradiation
wavelength.
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3.6. Effects of crystal facets on photocatalytic activity

The thickness difference among the BWO-x NPs motivates us to
focus on the effects of crystal facets on photocatalytic activity. To
this end, the photodeposition experiments were carried out on
the BWO-7 NPs. As illustrated in Fig. 7, the MnOx was formed
through the photooxidation of Mn (II) species and tended to aggre-
gate on the lateral surfaces corresponding to the {100} and {010}
facets (Fig. 7a), while the Ag nanoparticles were formed through
the photoreduction of Ag (I) species and prone to accumulate on
the top and bottom surfaces, i.e., the {001} facets (Fig. 7b) [16].
These results demonstrate that the photogenerated electrons and
holes are most accumulated on the {001} and the other two facets,
respectively. Considering more exposure of the {001} facets in
BWO-9 than in BWO-7, it is well explained that the BWO-9 has
higher photocatalytic HER activity than BWO-7. That is, the
increased exposure of {001} facets might be an important com-
pensation for the BWO-9 with the second highest photoelectrical
875
efficiency, making additional contribution to the highest photocat-
alytic HER activity achieved on the BWO-9 NPs.

The crystal facet effects could be further rationalized in terms of
the energy band theory. Previous studies suggest that the VB of
BWO is mostly composed of O 2p orbitals, and the CB is formed
dominantly by W 5d state [33,54]. Considering the layered struc-
ture of BWO with lattice parameters a – b – c, the atomic density
of Bi, W, and O in three principal crystal facets was different. As
shown in Fig. 8, a 2 � 2 supercells were employed to institutively
show the atomic distribution in three facets. Along the direction of
h001i, it can be seen that the {100} and {010} facets are mainly
occupied by metal (W and Bi) and O atoms, respectively (Fig. 8a).
In contrast, along the h010i direction, we can see that the {001}
facets only contain the W and Bi elements (Fig. 8b). According to
our previous work, the atomic planes density is intimately related
to crystal surface properties [15]. The specific atomic densities on
three principal crystal planes were calculated (Table 3). It is found
that the atom density of W and O is the highest in the {001} and



Fig. 6. (a) UV–vis DRS and (b) Tauc plots of the as-prepared BWO-x NPs. (c-f) Mott-Schottky plots of (c) BWO-1, (d) BWO-4, (e) BWO-7, and (f) BWO-9 NPs.
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{010} facets, respectively. Accordingly, the {001} facets have the
strongest CB nature, while the {010} facets have the strongest
VB nature. As the thickness of BWO NPs decreases, the BWO NPs
grow laterally and exposes more W-enriched {001} facets provid-
ing more sites for electronic accumulation and HER. In this regard,
the BWO-9 NPs have advantages of photocatalytic HER over the
BWO-7 NPs. In a word, the effects of crystal facets together with
suitable band structure and higher photoelectrical efficiency
account for the highest photocatalytic HER activity on BWO-9
rather than BWO-7.

Based on the above analysis, the switching photocatalytic
activity is illustrated in Fig. 9. The increase of pH in hydrothermal
876
reactions reduces the thickness of BWONPs and two effects on pho-
tocatalysis are caused. One is the band structure refinement for pho-
tocatalytic OER and HER processes. Detailly, the BWO-7 with the
most positive VBM energy among all BWO-x NPs favors for the
OER process, while the BWO-9 with the lowest CBM benefits for
the HER process. Combining with photoelectrical efficiency, the
BWO-7 exhibits altissimo photocatalytic OER activity. The other
effect is the crystal facets modulation for surface reactions. That is,
the surface ratio of the {001} facets from BWO-7 to BWO-9 greatly
enlarges with the decrease of thickness along the <001> direction.
Owing to the highest W and Bi atomic density of the {001} facets,
which possesses more CB nature than the other two facets, and plus



Fig. 7. FESEM images of photo-deposition tests: (a) MnOx nanosheets on lateral surfaces and (b) Ag nanoparticles on the top and bottom surfaces of BWO-7 NPs.

Fig. 8. Atomic structures of {001} and {010} facets in a 2 � 2 supercells of BWO.

Table 3
Atomic density of elements on three principal crystal facets of BWO unit cells (Å�2).

Elements {100} {010} {001}

Bi 0.01673 0 0.0336
W 0.0223 0 0.0224
O 0 0.1348 0

Fig. 9. Switching mechanism of the photocatalytic activity towards OER an
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photogeneratedelectronic accumulateon this facet. Therefore,more
exposure of {001} facets in BWO-9 than BWO-7 accelerate the HER
processes, which enhances the photocatalytic activity. Because of
the intrinsic combination of energy band theory and crystal facet
engineering, the extrinsic transformation from the optimal oxygen
production performance of BWO-7 to the supreme hydrogen evolu-
tion of BWO-9 was successfully realized.
d HER of BWO NPs governed by pH-induced hydrothermal synthesis.
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4. Conclusion

In summary, the BWO NPs with control thickness have been
synthesized via a facile pH-induced hydrothermal method. The
thickness of BWO NPs gradually decreases from 37 to 20 nm with
increase of pH value. All the BWO NPs show evident photocatalytic
activity towards water splitting with the highest OER and HER
activity on the BWO-7 and BWO-9, respectively. The highest pho-
tocatalytic OER activity is attributed to relatively positive CBM,
efficient separation of photogenerated electrons and holes, as well
as fast charge transfer kinetics in BWO-7 NPs. However, the trans-
formation of the highest photocatalytic activity from OER to HER
on the BWO-9 NPs is associated with the effects of crystal facet
evolution by thickness reduction, which enhances the exposure
of {001} facets for HER and reduces the exposure of the other
two facets for OER. That is, the composite effects of band structure
and crystal facet evolution switch the highest photocatalytic activ-
ity towards from OER on BWO-7 to HER on BWO-9. These results
provide new platforms for improvements of photocatalysts via
morphological control and crystal facet engineering.
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