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Abstract: Balancing the piezoelectric coefficient and carrier concentration of materials is key in the field of piezocatalysis.
In this work, Bi,WOg material with both piezoelectric and semiconductor properties was chosen as a model material. A one-
step ethylene glycol (EG)-assisted solvothermal method was used to synthesize Bi,WOgz with oxygen vacancies. By
controlling the solvothermal time and temperature, the oxygen vacancy concentration (Cpy) was regulated. As Cpy
increases, the piezoelectric coefficient decreases, the carrier concentration increases, and the hydrogen production rate
first increases but then decreases. When Cgy, reaches 1.45x10" spins-mg™, the corresponding piezoelectric coefficient and
carrier concentration are 13.9 pm-V™" and 2.90x10% cm?, respectively. The optimal hydrogen production rate per power of
2.21 ymol-g"-h™"-W-" is equivalent to or even better than that of most reported piezocatalysts. The piezoelectric coefficient
and carrier concentration, as two factors, jointly determine the piezocatalytic performance. The findings of this research can
provide important and deep-seated insights for better piezocatalysts in the future.
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its surface, and q reacts with H* in water to form H, [12]. From
the perspective of economic development, energy shortages, and
environmental protection, the production of hydrogen by
piezocatalysis without light or electricity dependence is of strategic
importance and practical value [13].

The piezocatalytic effect is the product coupling of the
piezoelectric effect and the electrochemical redox effect of
materials [14,15]. Therefore, the piezocatalytic efficiency depends
on the piezoelectric properties of the material, the carrier
concentration (Ny) and mobility, the number of active sites, etc.
The piezoelectric potential is a prerequisite for the piezocatalytic
reaction [16]. For the water splitting reaction, the piezoelectric
potential generated by the piezoelectric material must be greater
than the Gibbs free energy change of 123 V [17]. The

1 Introduction

As a renewable energy source, hydrogen has a series of
advantages, such as being green and low-carbon, highly efficient,
and convenient to store, and it is gradually becoming an
important carrier for the development of global energy
transformation [1-5]. Vibration energy, such as water flow, tides,
and human activities, is a common form of clean energy in nature
[6-9]. The use of mechanical energy is not limited by geography
or time. Therefore, using piezoelectric materials to collect
vibration energy for electrochemical redox reactions and realizing
piezocatalytic water splitting is a promising method for hydrogen
production [6,10,11]. The principle of piezocatalytic hydrogen
evolution is that when external vibration acts on a piezoelectric

material, positive (q") and negative (q") charges are generated on

Corresponding authors.
E-mail: X. Xu, xiaolixu@cjlu.edu.cn;
L. Qin, ginlaishun@cjlu.edu.cn;
D. Chen, chenda@cjlu.edu.cn

https://doi.org/10.26599/JAC.2024.9220970

piezoelectric potential (V,,,) can be described by Eq. (1) [18]:

dpiezo 0w

Voo =
piezo €

(1)

where d,,, is the piezoelectric coefficient of the material, o is the
applied stress, w is the thickness of the material, and ¢ is the
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dielectric constant of the material. It can be inferred that the
greater the piezoelectric coefficient of the material is, the greater
the output piezoelectric potential under vibration, which is
conducive to improving the piezocatalytic efficiency.

Yuan et al. [19] used a Sm-doped Pb(Mg,;sNb,;;)O;_PbTiO,
piezoelectric solid solution (with a piezoelectric coefficient (ds;)
of ~1500 pCN™) to study piezocatalysis and reported that its
piezocatalytic activity changed almost linearly with d;;.
Sun et al. [20] built a room-temperature multiphase coexistence
system by reducing the phase transition temperature of lead-free
K 5Nay sNbO;-based piezoelectric materials, which improved their
piezoelectric performance and finally increased the piezocatalytic
reaction rate by 2.12 times. High piezoelectric performance can
enhance the built-in electric field of a material, which is conducive
to carrier separation and transport, and realize improved
piezocatalytic performance. However, current research focuses on
how to improve the piezoelectric properties of materials to obtain
higher piezocatalytic activity. Although traditional ferroelectric
materials have relatively high d;, their intrinsic Ny is relatively
low, which is not conducive to the generation of free charge in the
piezoelectric process, thus affecting their piezocatalytic activity
[21-23]. Defect engineering can adjust the electrical properties of
materials by introducing atomic defects, which is an effective
method to significantly improve N, of materials [24-27]. Among
them, the positive role of oxygen vacancy regulation in defect
engineering has been proven in the field of catalysis, which can
1) facilitate carrier separation. Oxygen vacancies promote exciton-
to-carrier conversion, accelerate surface reduction half-reactions,
and promote carrier separation. For example, Zhang’s team [28]
prepared Sr,Bi,Nb,TiO,, nanosheets with oxygen-rich vacancies
for photocatalytic CO, reduction. The CO formation rate reached
17.11 umol-gh™, and the reaction performance improved nearly
58-fold with the introduction of oxygen vacancies. In addition, the
introduction of oxygen vacancies can also 2) increase the number
of reaction active sites. Wu’s team [29] introduced oxygen
vacancies on ZnSnO; nanowires to increase the number of
reactive sites, improving the piezocatalytic hydrogen production
rate to 3453.1 umol-gh™". However, the introduction of oxygen
vacancies may affect the ordered arrangement of electric dipoles in
ferroelectric materials, thus destroying their piezoelectric
properties to a certain extent. Therefore, balancing d;; and Ny
values of materials is a key scientific problem in the field of
piezocatalysis.

Bismuth tungstate (Bi,WOg) is the simplest oxide in the
bismuth layer perovskite family, with an energy band gap (E,) of
approximately 2.75 €V; it is a semiconductor material with an
indirect bandgap transition, and its special layered perovskite
structure is conducive to carrier transport [30,31]. Moreover,
Bi,WOq has good piezoelectric properties. ds; of Bi, WO, ceramics
is 15 pC:N", and d;; of Bi; WOy single crystal is 40 pC-N, which
has obvious advantages over other piezoelectric semiconductors
such as ZnO (ds; = 22.5 pm-V™) and is comparable to that of
ferroelectric barium titanate (d;; of barium titanate nanowire is
45 pCN™) [32]. In addition, the conduction band (CB) position of
Bi,WOy is more negative than the hydrogen reduction potential
[32], indicating the feasibility of water splitting for hydrogen
production. To study the relationship between ds; and Ny on the
piezocatalytic performance, Bi, WOy, which has both piezoelectric
[32] and semiconductor properties [33], was chosen as a model
material.

In this work, a simple one-step ethylene glycol (EG)-assisted
solvothermal method was used to prepare Bi,WOj_, nanoparticles
with original oxygen vacancies. By controlling the solvothermal
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time and temperature, the oxygen vacancy concentration (Cgy)
was regulated. The correlation and influence between oxygen
vacancies and the piezocatalytic performance of hydrogen
generation were comprehensively analyzed from the aspects of ds;,
Ny, carrier separation and migration mechanisms, and surface
catalytic activity. The optimal hydrogen production rate per power
of 2.21 pmol-g™-h™-W™ is equivalent to or even better than that of
most reported piezocatalysts. ds; and Ny as two factors, jointly
determine the piezocatalytic performance. The findings of this
research can provide important and deep-seated insights for better
piezocatalysts in the future.

2 Experimental

21 Chemical reagents

All materials and solvents were of analytical grade and used
without any further purification. Sodium tungstate dihydrate
(Na,WO,2H,0; > 99.5%), ethanol, C;H;OH (= 99.7%), and
ethylene glycol (C,H(O, (EG); = 98.0%) were supplied by
Shanghai Macklin Biochemical Co., Ltd.,, China. Bismuth(III)
nitrate pentahydrate (Bi(NO,);2H,0; > 99.0%) was purchased
from Sinopharm Chemical Reagent Co., Ltd., China. Anhydrous
sodium sulfate (Na,SO; > 99.0%) was acquired from Hangzhou
Gaojing Fine Chemical Industry Co., Ltd., China. Deionized water
was procured from Meek Chemical Co. Ltd, China, and
methanol (MeOH; > 99.5%) was obtained from Aladdin, China.

2.2 Catalyst fabrication

Common methods of introducing oxygen vacancies include
solvothermal reduction methods, high-temperature hydrogen
reduction, atomic doping, plasma etching, etc. [34]. Considering
cost, operation, and safety issues, solvothermal reduction methods
have been extensively investigated [35]. In this work, ethylene
glycol (EG) was used as a reducing agent to synthesize the original
Bi,WO,_, with oxygen vacancies. By controlling the solvothermal
time and temperature, the concentration of oxygen vacancies can
be easily regulated. The fabrication procedures are shown in Fig. S1
in the Electronic Supplementary Material (ESM). In summary, 1.6
mmol of Na, WO ,2H,0 was dissolved in 24 mL of EG and stirred
until clear, which was denoted as solution A. Then, 56 mL of EG
solution containing 3.2 mmol of Bi(NO,);:5H,0 was similarly
stirred to a clear state and denoted as the solution B. The solution
A was slowly dropped into solution B, stirred for 1 h at room
temperature, and transferred to 100 mL teflon-lined stainless steel
autoclaves. By controlling the solvothermal time and temperature,
the Coy was regulated, which was maintained at 180 °C for 12 h,
160 °C for 20 h, and 180 °C for 20 h (denoted Bi,WO,_,-1,
Bi,WOg_,-2, and Bi,WOq_,-3, respectively). The obtained products
were collected by centrifugation, washed three times with
deionized water and ethanol, and dried in a vacuum oven (D2F-
6050 ABF, Shanghai Kuntian Experimental Instrument Co., Ltd.,
China) at 60 °C for 12 h. The oxygen vacancy-free sample Bi, WOy,
was obtained through annealing treatment at 400 °C for 4 h in an
air-rich atmosphere.

2.3 Material characterizations

An X-ray diffractometer (XRD; Smart Lab-SE, Rigaku, Japan)
collected data with Cu Ka (A = 0.15406 nm) radiation at a
scanning rate of 10 (°)min™. A high-resolution transmission
electron microscope (HRTEM; JEM-2100Plus, JEOL, Japan)
obtained images. The surface morphology and corresponding
mapping of the as-synthesized samples were investigated by a
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scanning electron microscope (SEM; German Sigma 300, ZEISS,
Germany). Energy dispersive X-ray spectroscopy (EDS) element
mapping was used to analyze the types and contents of the
microcomponent elements in the material. Adsorption—
desorption isotherms were measured on a gas adsorption analyzer
(ASAP 2460, Micromeritics, USA) at 77.30 K. Photoluminescence
(PL) spectra were obtained from a photoluminescence
spectroscope (F97Pro19057, Shanghai Lengguang Technology
Co., Ltd,, China) with a gas lamp as the excitation source and an
excitation wavelength of 292 nm. The chemical composition, state,
stress, vibration, and other information of the materials were
obtained via a Raman spectrometer (Jobin Yvon, Horiba, France)
with a He-Ne laser with a wavelength of 663 nm. An X-ray
photoelectron spectroscope (XPS; K-Alpha, Thermo Scientific,
USA) was used to record spectra under Al Ka (hv = 1486.6 V)
irradiation. All binding energies were determined via the use of
the C peak (284.8 eV) as a reference for calibration. An electron
paramagnetic resonance (EPR) spectroscope (EMXplus-6/1,
Bruker, Germany) was conducted to monitor the oxygen vacancy
signals of the samples. Piezoresponse force microscopy (PFM)
amplitude butterfly loops and Kelvin probe force microscopy
(KPFM) were carried out via an atomic force microscope
(Dimension Icon, Germany). Ultraviolet-visible (UV—Vis) diffuse
reflectance spectrometer (UV-3600i Plus, SHIMADZU, Japan)
performed within the range of 200-800 nm. The bandgap widths
were calculated from Tauc plots; that is, (ahv)-(hv) plot can
obtain a linear absorption edge, and the intercept of the linear
absorption edge extending in the reverse direction on the X axis is

the band gap.

24 Electrochemical measurements

The specific experimental process was as follows: 10 mg of
piezocatalyst was uniformly mixed first with 10 pL of ethanol and
then with 10 pL of nafion. The paste was then uniformly coated
onto one side of an indium tin oxide (ITO) glass. The area of the
electrode coated with the catalysts was 1 cm” Mott-Schottky plots
were measured at a frequency of 1 kHz in a conventional three-
electrode cell on an electrochemical workstation (CHI660E,
China) with piezocatalysts loaded on ITO glass as the working
electrode, a saturated calomel electrode (SCE) as the reference
electrode, a platinum plate as the counter electrode, and a Na,SO,
solution (0.5 M) as the electrolyte. The electrochemical impedance
spectra (EIS) Nyquist curves under no vibration and piezocurrent
under vibration at a frequency of 40 kHz were measured with
Ag/AgCl as a reference electrode. A double-sided conductive
copper adhesive was used between the ITO glass and the samples
to strengthen the adhesion.

25 Evaluation of piezocatalytic water splitting

The piezocatalytic performance of the catalysts was evaluated by
hydrogen production from water splitting with an ultrasonic
machine (KQ-100VDV, 60-100 W, and 45 kHz). The specific
experimental process was as follows: 20 mg of piezocatalyst was
added to 13.5 mL of deionized water and 1.5 mL of MeOH in
glass bottles. The glass bottles were ventilated with Ar gas for
10 min to eliminate the effect of air and then sealed. The sealed
bottle was subsequently placed in an ultrasonic machine, and the
system temperature was maintained at 30-35 °C in the dark.
Hydrogen production was measured through off-line sampling
with a needle tube on a gas phase chromatography (GC-7820,
Beijing Zhongke Huifen Instrument Co. Ltd., China). The
comparative experiment of piezoelectric hydrogen production for
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each group of samples was repeated at least three times to avoid
human error as much as possible.

3 Results and discussion

3.1 Material characterization

To synthesize Bi,WOq_, with different Cyy, the solvent-thermal
synthesis and high-temperature annealing methods were adopted
(see the Experimental Section, written as Bi,WO,, Bi,WO,_,-1,
Bi,WOg_,-2, and Bi,WO,_,-3, respectively). The noncentro-
symmetric crystal structures of Bi,WOg and Bi,WO,_,-2 are
presented in Figs. S2(a) and S2(b) in the ESM. Figure 1(a) shows
the XRD patterns of Bi,WOq_, from 26 values of 20° to 90° with
different Coy. All the diffraction peaks agree with the
characteristic peaks of orthorhombic-phase Bi,WOg (PDF#79-
2381, Pca2l space group, mm?2 point group) and indicate high
crystallinity and purity [32]. Compared with those of B, WOq_,,
the main diffraction peaks of Bi,WO, samples are dramatically
greater in intensity. XRD patterns of Bi,WOj_,-2 and Bi,WOg_,-2
after being annealed in Ar and air atmospheres (Fig. S3 in the
ESM) clearly show that the XRD peak intensity of Bi,,WOg_,-2
after annealing in Ar gas is stronger than that of BL,WO,_,-2 but
relatively weaker than that after annealing in air. After annealing
in Ar, oxygen vacancies were introduced into the Bi,WO,_,-2
samples [36]. Both the annealing treatment and the introduction
of oxygen vacancies affect the crystallization properties of
materials [34,37]. However, annealing is the primary factor for
enhanced crystallinity in this work. In addition, the XRD
diffraction peak width narrows sequentially from Bi,WOg_, to
Bi,WO, owing to the larger grain size of Bi, WOy after high-
temperature annealing through an Ostwald ripening process [38].
The adjacent partially enlarged XRD patterns (Fig. 1(b)) clearly
show that the 26 value corresponding to (131) has the following
relationship: Bi,WOj -3 < B,WO,_-2 < Bi,WO, -1 < B, WO,
Owing to the presence of oxygen vacancies, the lattice spacing
becomes larger, resulting in a smaller 26 value [39]. Therefore, it
can be preliminarily concluded that the Cyy of the four samples
are in the order of Bi,WO, < Bi,WO, -1 < Bi,WO,_,-2 <
Bi,WO¢_,-3. The microstructure details of the samples can be
obtained from the HRTEM images (Figs. 1(c) and 1(d)). The
marked fringes with d spacings of 0.31 and 0.33 nm can be
indexed to the (131) crystallographic planes of orthorhombic-
phase BL,WO, and Bi,WO,_,, respectively. The larger lattice
spacing of Bi,WO,_,-2 than Bi,WOyq corresponds well with the
XRD results. In addition, clear lattice fringes are observed at the
edges of Bi, WO, however, Bi,WO,_,-2 has a disordered layer of
approximately 3.0-4.0 nm thickness at the sample edges (Fig. 1(d)).
This phenomenon can be attributed to surface damage owing to
the loss of oxygen and the formation of oxygen vacancies during
the glycol-assisted solvothermal reaction process [37,40,41].

SEM images reveal the small grain sizes of the samples;
however, accurate values cannot be obtained directly (Figs. S4(a)
and S4(b) in the ESM). Therefore, HRTEM was adopted to
visualize the samples more clearly (Figs. S5(a) and S5(c) in the
ESM). The corresponding diameter distributions are shown in
Figs. S5(b) and S5(d) in the ESM. Error analysis was performed to
determine the average particle size of BL,WO,_,-2 (10.26+0.25 nm),
which was smaller than that of Bi,WO; (23.41+£0.38 nm). The
smaller the particle size is, the larger the specific surface area of the
sample [42]. Here, the specific surface areas of Bi,WO, and
Bi,WO,_,-2 are 23.68 and 88.90 m*g™, respectively (Fig. 1(e)). In
catalysis, the size of the specific surface area is critical to the
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number of reactive sites, as well as to the contact area between the
catalyst and the reactants. In general, a material with a larger
surface area has a relatively larger number of active sites and a
larger contact area with the reactants, in turn leading to better
catalytic activity [43,44]. Jia et al. [45] reported that the
amorphous structure of a catalyst surface contains a significant
number of unsaturated atomic dots or dangling bonds, thereby
providing numerous active sites and increasing the catalytic
activity. In addition, the elemental composition of Bi,WOg with
and without oxygen vacancies was investigated via EDS element
mapping analysis, in which Bi, W, and O were uniformly
distributed on the surfaces of Bi, WO, and Bi, WOy _,-2 (Figs. S6(a)-
S6(h) in the ESM). The mappings reveal homogeneous
distributions of all the elements, further indicating that the oxygen
vacancy-introducing process does not induce other factors, such
as chemical inhomogeneity [25,46].

PL signals are derived mainly from oxygen vacancies and
surface defects [47] and are based on the complexation of
additional carriers, which is closely related to the density of
material defects [35]. The introduction of oxygen vacancies can be
reflected by the PL signals, which affect the PL peak intensity. The
photoemission spectra have different intensities in the band range
of 360-480 nm, among which the spectral intensities at
wavelengths of 425 and 470 nm are relatively strong (Fig. 1(f)).
Both peaks of Bi,WOj_,-2 are significantly stronger than those of
Bi,WO,, indicating an increased density of oxygen vacancies [48].
The incorporation of oxygen vacancies can stimulate the
recombination of charged carriers to a certain degree, ultimately
resulting in increased PL emission intensity [49]. In addition, the

incorporation of oxygen vacancy defects in the material can also
affect the vibrational modes [35]. The Raman characteristic peaks
of Bi,WO, and Bi,WOg_,-2 are displayed (Fig. 1(g)). The strong
peak at 796 cm™ is attributed to the antisymmetric Ag stretching
modes of the terminal O-W-O groups [41,50,51]. The peak at
715 cm™ corresponds to the asymmetric stretching vibration
between the W plane and O atoms [52]. The peak at 153 cm™
originates from the external vibration of the WOq octahedron
[41,52]. A slight redshift is observed in the peaks in the range of
87-550 cm™ for Bi,WO,_,-2. All the other peaks at 170-520 cm™
are attributed mainly to the stretching or bending vibrations of the
WOy octahedron, BiO4 polyhedron, and Bi-O bonds [52]. All the
Raman peaks of Bi,WOq_,-2 are wider and weaker than those of
Bi,WOq. These results ultimately indicate that the crystallinity and
symmetry of BL,WO,_,-2 decrease because some oxygen atoms
are removed from Bi, WO, resulting in the formation of oxygen
vacancies [53].

The atomic chemical microenvironments of the as-prepared
Bi,WO,_, samples were examined via XPS analysis (Fig. S7(a) in
the ESM). In addition to the characteristic peaks ascribed to Bi, W,
O, and C, no peaks corresponding to other elements can be
observed (Figs. 1(h)-1(j) and Figs. S7(b)-S7(d) in the ESM). All
the binding energies are calibrated using the binding energy of
C 1s. On the basis of the Bi 4f spectra of Bi, WO, and B, WO,_,-2
(Fig. 1(h)), the peaks of Bi,WOy at 164.0 and 158.7 eV can be
attributed to Bi 4f,, and Bi 4f;, spin-orbit splitting in the Bi**
chemical state, respectively. Bi,WO,_,-2 demonstrates a 0.1 eV
shift to a higher binding energy than Bi,WOg owing to the
formation of neighboring oxygen vacancies with higher electron-
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Fig.1 (a) XRD patterns of Bi, WOy, Bi,WO;_,-1, Bi, WOq_,-2, and Bi,WOs_,-3, and (b) their partially enlarged XRD patterns. HRTEM images of (c) Bi,WOg and
(d) Bi,WO4_,-2. (e) N, adsorption/desorption isotherms of Bi,WOg and Bi, WO,_,-2. (f) PL spectra and (g) Raman spectra of Bi, WO, and Bi,WOy_,-2. (h—j) XPS Bi 4f, W

4f, and O 1s core spectra of Bi,WOg and Bi;WO,_,-2, respectively.
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attracting ability [41]. The opposite tendency is observed in the
W 4f spectrum, which shifts to a lower binding energy (Fig. 1(i)).
The above discussions suggest that the existence of oxygen
vacancies increases the electron density around W* ions, thus
decreasing the binding energy of W* ions [54,55]. Furthermore, a
similar phenomenon of reduced binding energy is observed in the
high-resolution O 1s spectra [56] (Fig. 1(j)). The asymmetric O 1s
peak of Bi,WOy can be deconvoluted into three peaks at 529.8,
531.2, and 532.8 eV, corresponding to lattice O, oxygen vacancies,
and chemisorption of oxygen, respectively [57,58]. On the basis of
the proportion of the oxygen vacancy peak area O 1s, Bi,WO,_,-2
has Coy of 12.5%, which is higher than that of Bi,WOg (10.4%)
[57]. The successful introduction of oxygen vacancies will lay a
foundation for subsequent research on the mechanism of
piezocatalytic water splitting for hydrogen production.

In general, EPR can measure unpaired electrons such as O sites
[59]. To further quantitatively determine the Cqy of the four
samples, EPR spectroscopy was conducted (Figs. 2(a) and 2(b)).
The EPR signal from Bi,WOj, did not obviously change, indicating
that almost all the oxygen vacancies were effectively healed by the
high-temperature annealing treatment. In addition, a gradually
increased EPR signal of approximately g = 2.003 for Bi, WO, and
Bi,WO,_, can be attributed to the combination of electrons
trapped in oxygen vacancies [34,53]. Figure 2(b) shows the
calculated Cyy of the four samples according to the EPR spectra.
Cov increases significantly by 0.05x10% 0.97x107, 1.45x10", and
2.98x10" spinsmg™ for Bi,WO,, Bi,WOq -1, Bi,WO, -2, and
Bi,WOj_,-3, respectively, which agrees well with the XRD results.
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From the samples of Bi,WO, Bi,WO_,-1 (180 °C for 12 h), and
Bi,WOg_,-3 (180 °C for 20 h), it can be inferred that the longer the
solvothermal time is, the greater the concentration of oxygen
vacancies produced. From the samples of Bi,WO,, Bi,WO,_,-2
(160 °C for 20 h), and Bi,IWO¢_,-3 (180 °C for 20 h), it can be
inferred that the higher the solvothermal temperature is, the
greater the concentration of oxygen vacancies produced.

Generally, piezoelectric performance is a nonnegligible element
of the piezocatalytic activity of samples. To further investigate the
effect of oxygen vacancies on the piezoelectric performance of
materials, PFM measurements were performed. (Figs. 2(c) and
2(d) and Figs. S8(a) and S8(b) in the ESM). As presented in the
typical amplitude-voltage butterfly loops, a +12 V DC bias field
was applied, illustrating the existence of a local piezoelectric field.
According to the amplitude-voltage butterfly loops, the effective
piezoelectric coefficient (d'5;) values of BL,WO, Bi,WOg -1,
Bi,WOq_,-2, and Bi,WO,_,-3 can be calculated as 16.9, 15.2, 13.9,
and 135 pm-V", respectively (Fig. 2(e)). Therefore, the
relationship between d';; and Cgy can be described in Fig. 2(f).
With increasing Coy, d'3; of the sample decreases. This is due to
the following two reasons. First, the construction of oxygen
vacancies leads to the aging of the material and a decrease in
domain wall mobility due to the domain wall pinning effect,
which weakens the piezoresponse of the material [60,61]. Second,
the introduction of oxygen vacancies increases the carrier
concentration of materials, which can enhance the screening effect
to hinder polarization reversal behavior, thereby adversely
affecting the material’s piezoelectricity [21,62]. In regard to
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centrosymmetric materials or ferroelectric materials, which do not
exhibit ferroelectric performance at room temperature,
introducing atomic defects [63] or asymmetric centers through
nonstoichiometric engineering [64] can, in contrast, build
piezoelectric/ferroelectricity. Wang et al. [65] realized the
piezoelectric response of SrFeO, through enhancing its
centrosymmetric breaking by introducing oxygen vacancies.

The electrical properties of the B,WO,_, samples with and
without oxygen vacancies were measured through Mott-Schottky
curves (Fig. 3(a)). Ny under different reaction conditions can be
determined according to Eq. (2) [66]:

()
€o€o

where e, &, and ¢ represent the electronic charge unit (1.6x10” C),
the vacuum permittivity (8.85x10"* F-m™), and the dielectric
constant of the materials, respectively [67]. C and V are
capacitance and voltage. 1/C* and V are the vertical and horizontal
coordinates of the Mott-Schottky curves. d(1/C’)/dV is the slope
of the Mott-Schottky plot. Generally, the smaller the slope of the
Mott-Schottky plot is, the greater the Ny [68—70]. The Ny values of
Bi, WO, Bi,WOq_,-1, BL,WO,_,-2, and Bi,WO,_,-3 are calculated
as 1.97x10%, 2.63x10”, 2.90x10%, and 4.11x10® cm”, respectively,
which show a linear trend with increasing Coy (Fig. 3(b)). Oxygen
vacancies can generate free electrons or holes in a material
depending on the chemical stoichiometry and electronic structure
of the material [29]. In metal oxides, oxygen vacancies usually
carry a positive charge because when the oxygen atoms in the
lattice leave, two electrons that originally belong to other atoms
are removed, forming a positively charged defect [71]. This
positively charged defect can attract electrons, thereby increasing
the electron concentration of the material, which in turn increases
the carrier concentration [68,72]. Moreover, oxygen vacancies
introduce additional energy level states in the band structure,
which can serve as centers for the generation or recombination of
charge carriers. Under appropriate conditions, these energy levels
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can serve as traps for electrons or holes, thereby increasing the
carrier concentration of the material [24,25].

The carrier separation and transfer efficiency of the samples
were further investigated via EIS (Fig. 3(c)) and the transient
piezocurrent response (Fig. 3(d)). The semicircular arc of the
Nyquist diagram reflects the charge transfer dynamics of the
electrode [73]. The smaller curvature radius of the impedance arc
of Bi,WO,_,-2 than that of Bi,WOy indicates a smaller interfacial
resistance and stronger charge transfer efficiency (Fig. 3(c)).
Oxygen vacancy defects can significantly alleviate the low
conductivity and high charge transfer resistance of Bi,WOj [55].
The piezocurrent results indicate that both B, WO, and B, WO,_,-2
exhibit sensitive piezoresponses under vibration, and when the
vibration is turned off, the piezocurrent decreases sharply
(Fig. 3(d)). Additionally, Bi,WO_,-2 has a larger piezocurrent
value than Bi,WOg does because of efficient carrier separation and
transfer. As depicted above, the introduction of oxygen vacancies
further increases the piezocurrent density due to the efficient
enhancement of carrier transferability [55].

3.2 Piezocatalytic ~water splitting for hydrogen

generation

To better test the effect of oxygen vacancy on piezocatalytic
performance, a series of piezocatalytic water splitting experiments
were conducted on as-synthesized Bi,WOg,. As shown in
Fig. 4(a), it can be observed that the overall hydrogen production
shows a volcanic pattern with the increase of Cqy, and Bi,WO,_,-2
behaves with the best average hydrogen production efficiency of
~157 pmol-g™h™. However, with a further increase in Cyy,
Bi,WOg_,-3 has the lowest average hydrogen production rate of
~20 pmol-g™h™. The introduction of oxygen vacancies at certain
concentrations can effectively promote carrier transport; however,
when the Cpy is too high, it becomes a trapping center and leads
to charge recombination [74]. Therefore, an optimal Cgy has
more advantages and fewer drawbacks for catalytic performance.
In addition to the solvothermal time and temperature, the
annealing time can also regulate the Cgy, thus affecting the
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piezocatalytic hydrogen production efficiency. To obtain a more
obvious comparative effect, Bi,WO,_,-3, with the largest Cyy of
2.98x10" spinsmg™” was selected as the experimental object to
study the influence of the annealing time and Cpy on the catalytic
performance. As shown in Figs. 4(b)-4(d), with increasing
annealing time, Coy of BL,WOq -3 decreases gradually, and
hydrogen production reaches its highest value at an annealing
time of 2 h. When the annealing time reaches 4 and 6 h, the EPR
signal intensity remains almost unchanged, suggesting that the
oxygen vacancies are nearly filled after 4 h of annealing; therefore,
hydrogen production also reaches a stable value. The excess
oxygen vacancies can be oxidized during annealing in air,
achieving a state of Coy equilibrium, which is conducive to
improving the efficiency of piezocatalytic hydrogen production.
However, with increasing annealing time, the Coy decreases, and
the role of the oxygen vacancy as the active site can be ignored,
which inevitably affects the piezocatalytic activity.

In addition, the piezoelectric coefficient (ds;) and the extra
mechanical pressure (T) affect the quantity of piezoelectric charges
(q) in piezoelectric materials (q = ds3T) [75]. As ultrasonic stress
plays a crucial role in piezocatalysis, increasing power can assign
more mechanical energy to piezocatalysts, exciting a stronger
piezoelectric potential in the whole reaction to trigger more active
electric charges and hinder charge recombination [76,77]. As
presented in Fig. 4(e), with increasing applied vibration power
from 60 to 100 W, the performance of the piezocatalytic hydrogen
production rate increases gradually, reaching ~221 pumol-g"-h™ at
100 W. A comparison of the hydrogen production rates of other
reported piezocatalysts under different conditions and strategies is
shown in Table S1 in the ESM, the hydrogen production rate per
power of 2.21 pmol-g™-h™-W™ is equivalent to or even better than
that of most reported piezocatalysts.

To further understand the effects of (piezoelectrically active
charges and catalysts in generating H,, the following series of
comparative experiments were carried out. In the case of water
and MeOH, only a small amount of hydrogen is produced, which
can be negligible (Fig. 4(f)). In the presence of catalyst and water,
the hydrogen production rate increases slightly but not
significantly, which is mainly due to the rapid recombination of
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piezo-induced q" and q. When MeOH is added to the reaction
mixture as a sacrificial agent, a part of the piezoelectric q" is
captured, and more unrecombined negative charges react with H*
to produce more hydrogen. In addition, XRD analysis of Bi, WO,
and Bi,WO,_,-2 before and after the reaction was performed to
explore the crystal structure stability (Fig. S9 in the ESM). After
the reaction, all the characteristic peaks of B, WO, and B, WO,_,-2
remain unchanged from those before the reaction (PDF#79-2381),
indicating the strong crystal structure stability of both samples.
However, both intensities of the diffraction peaks of the samples
weaken slightly after the reaction, which can be caused by the
decreased crystallinity of the catalyst after ultrasonic vibration. An
EPR test was subsequently performed on Bi,WOg -2 after the
reaction to explore the stability of the oxygen vacancies. After the
reaction, a relatively weaker oxygen vacancy signal of Bi,WO,_,-2
appears (Fig. S10 in the ESM), suggesting a reduced concentration
of oxygen vacancies, which could be caused by oxidation and
occupation by various reactant molecules, leading to deactivation
of the oxygen vacancies [78-80]. The deactivation of oxygen
vacancies also leads to poor catalytic stability over several cycles
(Fig. S11 in the ESM). In the future, maintaining the stability of
oxygen vacancies may also be an issue that needs attention.

3.3 Piezocatalytic mechanism exploration

To the best of our knowledge, the energy level distribution of
catalysts is particularly important for investigating the
piezocatalytic reaction mechanism. UV-Vis diffuse reflectance
spectra of Bi,WOy (yellowish white in color) and B, WO,_,-2
(gray in color) were measured to obtain band gap information
(Fig. 5(a)). By tangential to the absorption spectra, the point of
intersection with the horizontal coordinate is the absorption limit
of the wavelength. The absorption at the edge of the band can be
expressed by Eq. (3) [76,81]:

(ahv)"? = A(hv—E,) (3)

where a, h, v, A, and E, refer to the absorption coefficient, the
PlancK’s constant, the frequency of the irradiated light, a constant,
and the bandgap, respectively. Hence, by plotting (ahv)*~hv and

making tangential lines, E, values of Bi,WO4 and Bi,WOq_,-2 of
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291 and 2.85 eV can be obtained (the inset of Fig. 5(a)).
Obviously, E, of Bi,WO4 -2 is smaller than that of Bi,WO,.
Defect engineering is one of the most effective strategies for
reducing the bandgap width, among which the use of oxygen
vacancies is one of the simplest methods. The phenomenon of
oxygen vacancy-induced band gap narrowing has also been
confirmed by other researchers [82—84]. The introduced defects
can produce new energy levels in the band gap, which can act as
traps or donors for electrons, forming freely moving charge
carriers or providing additional transition paths for electrons, thus
narrowing the band gap width [24,25].

In addition, Mott-Schottky curves were also measured to
determine the flat band energy (Ey) of the materials (Fig. 3(a)). The
measured E; values of Bi, WO, and Bi,WO,_,-2 are —0.816 and
—0.873 V vs. SCE, respectively. The reversible hydrogen electrode
(RHE) potential (E¢gye) can be measured as Eq. (4) [85]:

where the pH value of the Na,SO, electrolyte is 6.8. The calculated
E¢gee values of Bi,WOg and Bi,WOy_,-2 are —0.174 and —0.231 V
vs. RHE (pH = 6.8), respectively. The results can also be proven by
the surface function of the materials through KPFM (Figs. S12(a)-
S12(f) in the ESM). The average surface contact potential
difference (CPD) value of Bi,WOq_, (~407.98 mV) is lower than
that of Bi,WO; (~92821 mV). The work function ¢ of the
samples can be determined via Eq. (5) [86,87]:

(Pnp +e¢sample _ VCPD (5)
where Vipp is CPD between the tip and sample; ¢y, and ¢y are
the work functions of the tip and the sample, respectively; and e
represents the elementary charge. A lower CPD value results in a
reduced surface work function. The work function can be
expressed as the difference between the vacuum level and the
Fermi level. The smaller the work function is, the more negative
the Fermi level is at the energy band position.

The positive slope indicates that Bi,WO, is an n-type
semiconductor [88]. The reported Egpyy is approximately 0.3 V
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below the minimum CB for typical n-type semiconductors [89].
Hence, the CB potentials of Bi, WOg and BL,WO,_, are —0.474 and
-0.531 V, respectively. Moreover, the CB level of H/H, (pH =
7.0) is approximately —0.01 V vs. RHE (pH = 6.8), and the energy
band positions of Bi, WO, and Bi,WO,_,-2 support H* reduction
into H, [90]. Simultaneously, according to Eq. (6) [81],

Eg = EVB - ECB (6)
The valence band (VB) potentials of Bi, WO, and B, WOq_, are
calculated as 2.436 and 2.319 V, respectively. According to band
tilt theory, the detailed energy band positions of Bi,WO, and
Bi,WOq_,-2 are shown in Fig. 5(b) [91,92]. Obviously, the CB of
Bi,WOq_,-2 after oxygen vacancy regulation is more negative than
that of Bi, WOy, resulting in more efficient hydrogen production.
On the basis of the above analysis, a possible mechanism of
piezocatalytic hydrogen production over Bi,WOq_, is illustrated
clearly in Fig. 5(c). With the exertion of external ultrasonic
vibration, B,WOy_, is obliged to deform, inducing sufficient
piezoinduced q* and q" electric charges.

Bi2W067X Vibration BizWO67x+q+ +q* (7)

The piezoinduced q* and q electric charges are separated and
migrated to the opposite surfaces of Bi,WO,,, thereby
establishing an internal polarized electric field over the entire
piezoelectric body. The intrinsic polarization of Bi,WOs_, is
considered to be the main driving force during the piezocatalytic
process, which can trigger the tilting of their energy bands and
thus drive the active q to perform hydrogen evolution Eq. (8) [90].

2H'+2q" >H, (8)

The piezoinduced q is consumed by MeOH to form H* and
hydroxyalkyl radical intermediates (-CH,OH). Moreover, the
presence of oxygen vacancies on Bi,WOy_, can also offer more
active sites for the catalytic reaction, accelerate the H* reduction
reaction, and thus increase the hydrogen production rate.

A correlation diagram of the piezoelectric coefficient, carrier
concentration, and piezocatalytic performance can be drawn
(Fig. 5(d)). As Coy increases from 0.05x10" to 2.98x10" spins-mg™,
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d'3; decreases from 169 to 13.5 pm-V', Ny increases from
1.97x10” to 4.11x10* cm™, and the hydrogen production rate first
increases and then decreases, with the best effect observed in
Bi,WO,_,-2. Although the introduction of oxygen vacancies
weakens the piezoelectric response of Bi, WO, due to the domain
wall pinning effect [60,61] and the screening effect [21,62], the
carrier concentration of materials increases instead [93]. The
inverse relationship between the carrier concentration and
piezoelectric output performance is also applicable in
nonferroelectric piezoelectric materials, such as ZnO [94]. When
the Coy increases from 8.0x10" to 1.6x10%, d'; significantly
decreases, whereas N; only slightly increases; however, the
hydrogen production still increases substantially. Some other
factors that may affect catalytic performance. Zhao et al. [22]
compared the efficiency of piezocatalytic dye decomposition via
the high-conductivity ~piezoelectric material BijsNaysTiO;
(conductivity of 10° Sm™) and reported that conductivity has a
greater impact than the piezoelectric coefficient on piezocatalytic
activity. Moreover, researchers in the field of electrocatalysis
reported the crucial role of surface oxygen vacancies in enhancing
electron transport, reducing the charge transfer resistance by more
than an order of magnitude [95]. In addition, the ultrasonic
cavitation effect causes small cavitation bubbles to rupture and can
form a piezoelectric potential on the local surface of the material,
thereby affecting the migration efficiency of charge carriers
[96-98]. Factors affecting the efficiency of the ultrasonic cavitation
effect include the ultrasonic frequency, dissolved gas, ultrasonic
power, and water temperature [99,100].

When the concentration of oxygen vacancies reaches 1.45x10"
spins-mg™, the corresponding piezoelectric coefficient and carrier
concentration values are 13.90 pm-V' and 2.90x10° cm?
respectively. The optimal hydrogen production rate per power of
221 pmol-g™h™ W™ is equivalent to or even better than that of
most reported piezocatalysts. In the catalytic reaction, the number
of carriers plays a decisive role in the catalytic efficiency. However,
an excess number of carriers may become trapping centers and
lead to charge recombination [74]. Therefore, only a medium Cqy
can obtain an appropriately elevated carrier concentration and
effectively offset the negative effects caused by a reduction in the
piezoelectric coefficient. The piezoelectric coefficient and carrier
concentration, as two factors, jointly determine the piezocatalytic
performance.

4 Conclusions

In this work, the piezoelectric coefficient and carrier concentration
of Bi,WOy were adjusted by introducing oxygen vacancies, and
the corresponding effects on the performance of piezocatalytic
hydrogen generation were studied. Although increasing Coy
inhibits d';;, it increases Ny inverse, and the hydrogen production
rate exhibits a volcanic pattern. The piezoelectric coefficient and
carrier concentration, as two factors, jointly determine the
piezocatalytic performance. The optimal hydrogen production
rate per power of 221 umol-gh™-W™ is equivalent to or even
better than that of most reported piezocatalysts. This work not
only offers technical and mechanistic support for the research and
application of oxygen vacancy defect engineering but also
provides a scientific reference for the exploration of additional
excellent piezocatalytic materials in the future.
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