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Piezo-photocatalysis has emerged as a promising strategy to address environmental pollution and the fast-
growing energy shortage. Unfortunately, current efficiencies of piezo-photocatalysts are still far from ideal,
and improving their catalytic efficiency remains challenging. In this paper, we introduce oxygen vacancies (OVs)
in Bi4Ti3O12 (BIT) nanosheets to boost their piezo-photocatalytic performance. Compared to pristine BIT
nanosheets, BIT with an optimized OV concentration exhibit excellent piezo-photocatalytic activity, with an
enhancement of 2.2 times the degradation rate constant (k = 0.214 rnin’l) for Rhodamine B (RhB). The effect of
OVs on the adsorption energy and Bader charges was also investigated using density functional theory (DFT)
calculations, which shed light on the underlying mechanism that improves the piezo-photocatalytic process in
the presence of OVs. Specifically, the introduction of OVs increases the adsorption energy and Bader charges,
resulting in an enhancement of charge transfer between O/H>0 and BIT, thus facilitating the catalytic process.
This study provides a deeper understanding into the regulation mechanism of OV enhanced piezo-photocatalytic
activity and opens new avenues for designing high-performance piezo-photocatalysts.

1. Introduction

Over the last decades, long-standing industrialization processes have
resulted in global energy misuse and severe environmental crises, thus
posing a threatening challenge to the sustainable development of human
society. To tackle this challenge, considerable attention has been
focused on developing catalytic technologies that can utilize renewable
and clean energy [1-6]. Among these catalytic technologies, photo-
catalysis has received extensive attention due to the pervasiveness and
accessibility of light irradiation [7-13]. However, this promising cata-
lytic technique still suffers from high recombination of photo-generated
carriers [14,15], which significantly hampers the performance of

photocatalysts. Therefore, developing a technique to efficiently separate
photo-generated carriers is critically important for improving the ac-
tivity of photocatalysts. A relatively recent strategy consists of using
catalysts that display both piezoelectricity and photocatalytic activity, a
process known as piezo-photocatalysis, in which catalysts are simulta-
neously stimulated by mechanical vibrations and light irradiation. This
approach allows for an efficient separation of the photo-generated car-
riers by means of piezoelectrically induced polarization. The piezo-
electric field causes band bending at the solid-liquid electrolyte
interface, which also favors the generation of free radicals. As a result,
several piezoelectric semiconductors, such as BaTiOs [16], ZnO [17],
BiFeO3 [18], NaNbOg3 [19], and BiOCI [20], have been investigated for
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their piezo-photocatalytic activity. Unfortunately, their catalytic effi-
ciency is still far from ideal.

Several approaches have been proposed to enhance the activity of
piezo-photocatalysts, such as by introducing heterojunctions [2],
co-catalysts [21], or by changing the morphology of the catalysts [22].
These different approaches represent substantial progress in the
research and development of piezo-photocatalysis. Defect engineering,
particularly oxygen vacancy (OV) defect engineering, is an alternative
route that has recently drawn considerable attention as it can alter en-
ergy band structure, enhance light absorption, and increase carrier
concentration [23]. However, the influence of OVs on
piezo-photocatalysis remains unclear, and understanding how OVs in-
fluence the piezo-photocatalytic performance is crucial for designing
catalysts with improved piezo-photocatalytic activity.

BisTi3012 (BIT) is one of the most appealing materials for applica-
tions in piezo-photocatalysis. BIT possesses a unique layered perovskite
structure that is composed of (Biz02)*" and (BiyTiz010)>~ layers stacked
alternately along the c axis, which allows growing BIT as a two-
dimensional (2D) shape. This is a suitable architecture for maximizing
deformation under mechanical vibrations [24]. Because of the hybrid-
ized valence band composed by Bi 6s and O 2p orbitals, BIT has a narrow
bandgap, which facilitates the generation of electrons and holes [25].
Given its superior piezoelectric performance, layered crystal structure,
and narrow band gap, BIT is considered a promising candidate for
piezo-photocatalysis. In this work, we synthesized a series of BIT
nanosheets with different OV concentrations and investigated their
photocatalytic, piezocatalytic, and piezo-photocatalytic activities. With
an optimum OV concentration, BIT showed a piezo-photocatalytic
degradation rate of up to 0.214 min !, which is 2.2 times that of pris-
tine BIT. Subsequently, the mechanism for enhanced catalytic activity
was elucidated by density functional theory (DFT) calculations and
active radical trapping experiments.

2. Experimental section
2.1. Preparation of catalysts

The BiyTi3O12 nanosheets with adjustable OV concentrations were
fabricated using a modified molten salt method [26]. NaCl and KCI were
chosen as the cosolvents. Bi;O3 and TiO; were bismuth and titanium
sources, while urea was used to create OVs [27]. The typical preparation
procedure is described as follows: NaCl and KCl powders with the same
mole ratio (62.5 mmol) were mixed and ground in a mortar for 10 min.
Subsequently, BizO3 (5 mmol), TiOs (7.5 mmol), and an appropriate
amount of urea were added and ground for another 1.5 h. The mixture
was then transferred into an alumina crucible and calcined at 700 °C for
2 hin air. The final product was washed repeatedly with distilled water,
ethanol, and dried at 70 °C overnight. According to the amount of urea
added (0, 0.6, 1.2, and 1.8 g), the prepared BIT samples were labeled as
BIT, BIT-OV1, BIT-OV2, and BIT-OV3.

2.2. Material characterization

The crystalline structures of the prepared samples were collected by
X-ray diffraction (XRD, Bruker AXS D8 Advance, Cu Ka). The surface
morphology was characterized using a scanning electron microscope
(SEM, JSM-7100 F, JEOL). TEM images and elemental distribution data
were obtained from transmission electron microscopy (TEM, Talos
F200X, FEI) at an accelerating voltage of 150 kV. X-ray photoelectron
spectra (XPS) were recorded on a Phoibos 150 analyzer (SPECS EAS10P
GmbH) to confirm the chemical state. Electron paramagnetic resonance
(EPR, JEOL JES-FA200) spectra were performed to detect the oxygen
vacancies. Piezoresponse force microscopic (PFM) measurements were
carried out by a commercial atomic force microscope (Ntegra Prima, NT-
MDT). Temperature-programmed desorption of oxygen (O,-TPD) was
performed on an AutoChem II 2920 (Micromeritics, USA) using a TCD
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detector. The sample (0.1 g) was loaded into a U-shaped quartz micro-
reactor, dried in He at 473 K (heating rate = 20 K/min, holding time
= 60 min, total volumetric flow (Fr) = 20 ¢m?/min) and cooled to 313 K.
Subsequently, Oy adsorption was carried out by flowing Oy at 313 K
(hold time = 60 min, Fr = 50 cm3/min), followed by heating of the
sample to 873 K (heating rate = 10 K/min) in flowing He (Fp = 20 cm®/
min). The piezo-photoelectrochemical tests were carried out on an
electrochemical workstation (PGSTAT204, Metrohm, Zofingen,
Switzerland) using a standard three-electrode system with a working
electrode, a carbon rod as the counter electrode, and Ag/AgCl as the
reference electrode, respectively. 2.5 mg of sample was dispersed into
30 pL of ethanol and 70 pL of Nafion. The mixture was completely drop-
coated on the surface of indium tin oxide (ITO) glass and dried in the air
for 24 h. The measured sample-coated electrode area is 1 em? and
NaySO4 (0.5 M) was selected as the electrolyte.

2.3. Degradation of dye pollutants

The degradation of rhodamine B (RhB) dye molecules was used to
assess the piezo-photocatalytic activity of the BIT catalysts. Typically,
80 mg of the catalysts were dispersed into 80 mL of RhB aqueous solu-
tion (5 mg/L). Prior to reaction, the suspension was subjected to an
ultrasonic bath to make the catalyst disperse well, and then stirred for
30 min in the dark to reach an adsorption-desorption equilibrium be-
tween the catalysts and RhB molecules. The suspension was subjected to
visible light (Asahi Spectra, MAX-303, 300 W, 300 nm < A < 600 nm)
and ultrasonic vibration (Prima, PM1-300TD, 120 W, 40 kHz) simul-
taneously. The catalytic reaction system was kept at 25 + 1 °C. At a
specific time interval, 1 mL of residual suspension was centrifuged for
UV-vis absorption analysis through a UV-Vis spectrophotometer (Tecan
Infinite 200 Pro).

2.4. Detection of free radicals

To explore the role of active species in the catalytic process, radical
scavengers, including tert-butyl alcohol (0.2 M, TBA), benzoquinone
(0.15 M, BQ), and disodium ethylenediaminetetraacetate (0.2 M, EDTA-
2Na), were added into the catalytic system to capture hydroxyl radicals
(eOH), superoxide radicals (eO3) and holes (h"), respectively. The
concentration of eOH, ¢O3, and H;05 in an aqueous solution was further
quantified by terephthalic acid photoluminescence (TA-PL) [3,28],
nitroblue tetrazolium (NBT) transmission [29,30], and iodide method,
respectively [31].

2.5. DFT calculations

In this work, all density functional theory (DFT) with spin polari-
zation calculations were implemented in the Vienna Ab Initio Simula-
tion Package (VASP) code. The Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation (GGA) was
adopted to describe electronic exchange-correlation energy. The ionic
cores were described with the projector augmented wave (PAW)
method. The calculated 2 x 2 supercell structures were the periodic
boundary conditions in the x- and y-directions. And in the z-direction,
the structure was separated by 15 A vacuum height from its neighbors. A
basis set of plane waves was determined by an energy cutoff of 450 eV.
For the structure optimization and energy calculations, the K-points
were set at 2 x 2 x 1. All of the calculations were continued until the
force and energy converged at less than 0.02 eV A~! and 107° eV,
respectively. The O; and HyO adsorption processes were also investi-
gated with DFT calculations to obtain the adsorption energy (AE,qs), and
using the following formula:

AEygs = Epase-ads — (Ebase + Eads)

where Epase-adss Ebase, and Egqs represent the total energy of
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base—adsorption species, base, and adsorption species, respectively.
3. Results and discussion
3.1. Synthesis and characterization

The crystalline structure of the prepared BIT samples was investi-
gated and confirmed by XRD analysis. As shown in Fig. 1a, all the
diffraction peaks can be well-indexed to the orthorhombic phase of
BisTi3012 (JCPDS 72-1019), indicating the high crystallinity and purity
of the prepared samples without the existence of other phases such as
TiO5 and BizOs. Unlike the standard pattern where (117) shows the
highest peak intensity, the main diffraction peaks in our BIT samples are
(00n) (n=4,6, 8,12, 14 et al.), implying that the main exposed surface
of the BIT samples is {00 n} [32]. This is mainly because the layered
crystal structure of BIT creates low bonding energy between layers along
the c-axis, driving the growth units to spread outwards along a plane
perpendicular to the c-axis, thus showing the large exposure of {00 n}
facets. To further verify the samples’ morphology and obtain insightful
information from the microstructures, SEM and TEM images were ac-
quired. As shown in Figs. 1b-f and S1, all the prepared BIT samples
display similar square nanosheet shapes with a length of 2-4 um and a
width of 1.5-2.5 ym. The high-resolution TEM (HRTEM) image of
BIT-OV1 in Fig. 1g displays two sets of lattice fringes with an average
spacing of 0.275 and 0.278 nm, which index well with the interplanar
distance of (020) and (002) crystal plane of orthorhombic BisTi3O12.
The corresponding selected area electron diffraction (SAED) pattern
(Fig. 1h) further confirms the single crystalline nature of BIT-OV1. To
have a clear understanding of the elemental distribution, the
energy-dispersive spectroscopy (EDS) elemental mapping was carried
out. As seen in Fig. 1i, Bi, Ti, and O elements were detected and
dispersed throughout the whole nanosheet. The corresponding EDS
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profile demonstrates that no other elements or impurities were
observed, with the exception of the Cu from the sample holder.

XPS analysis was carried out to investigate the surface chemical
states and OVs in the as-prepared BIT samples. The signals of Bi, Ti, O
and C were observed in the survey spectra (Fig. 2a), confirming the
chemical composition of BisTizO;2. The additional C element may
originate from the adventitious carbon in the air or instrument. As
shown in Fig. 2d-g, the O 1s peak can be deconvoluted into two peaks at
529.4 and 531.2 eV, corresponding to lattice oxygen and OVs, respec-
tively [20,33]. As expected, with the increased usage of urea, the pro-
portion of OVs peak gradually increased from 5.2% to 9.8%. In contrast
to previously reported XPS spectra of Bi®" [34], two new peaks that
belong to Bi suboxide (an oxidation date of (+3-x) state) were observed
near 158.1 and 163.5 eV (Fig. 2b), which are typically attributed to the
existence of OVs in the vicinity of bismuth cations [33,35]. As for the Ti
2p spectra (Fig. 2c), the sharp peak at 457.8 eV can be assigned to Ti
2p3/2, while the broad peak can be split into two peaks at 462.6 and
465.6 eV, referring to Ti 2p; /5 and Bi 4dg/», respectively [20]. To pro-
vide direct evidence for the existence of OVs, EPR analysis was also
carried out. As displayed in Fig. 2h, the BIT samples possess obvious EPR
signals centered at g = 2.001, which is typically identified as the char-
acteristic signal of electrons trapped in OVs [36,37]. Based on the EPR
signal intensity, the concentration of OVs in BIT samples can be deter-
mined in the following order: BIT-OV3 > BIT-OV2 > BIT-OV1 > BIT,
which is consistent with the tendency shown in XPS patterns. These
results indicate that OVs were successfully generated into the BIT, and
their concentration gradually increased with the addition of urea.

Theoretically, due to the asymmetric crystal structure of BIT,
piezoelectric potential can be detected on the surface of BIT when
external pressure or stress is applied. To understand how the piezo-
electric potential drives the piezo-photocatalysis, the piezoelectric
response of the BIT and BIT-OV1 nanosheet was investigated by PFM in
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Fig. 1. Characterization of the prepared BIT samples: (a) XRD patterns, (b-e) SEM images of BIT, BIT-OV1, BIT-OV2, and BIT-OV3. (f) TEM image, (g) HRTEM image,

(h) SAED pattern, and (i) EDX mapping images of BIT-OV1.
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Fig. 2. (a) The full survey spectra, (b) XPS high-resolution Bi 4f, (c) Ti 2p, (d-g) O 1s, (h) EPR spectra.

contact mode. From the morphology image in Fig. 3a, a regular rect-
angular shape of BIT-OV1 was observed, which is consistent with the
SEM and TEM images. The corresponding piezo-response amplitude
(Fig. 3b) and phase images (Fig. 3c) exhibit distinct contrast variations,
suggesting that BIT-OV1 possesses superior piezoelectric response.
Moreover, a typical amplitude-voltage butterfly curve (Fig. 3d) and a
well-defined hysteresis of 180° phase change were identified by
applying a &+ 10 V ramp voltage loop. The PFM results provide reliable
proof that BIT-OV1 exhibits piezoelectricity.

The optical properties of BIT-based nanosheets were investigated by
diffuse reflectance UV-vis spectra (DRS) spectra. As shown in Fig. S2, all
the BIT samples have the same photo-absorption edges around
450-500 nm. According to the Kubelka-Munk model, the optical

bandgaps of BIT, BIT-OV1, BIT-OV2, and BIT-OV3 are determined to be
3.16, 3.19, 3.16, and 3.18 eV, respectively.

3.2. Catalytic activity performance

Encouraged by the adjustable OVs concentration in BIT, the effect of
OVs on piezocatalytic, photocatalytic, and piezo-photocatalytic perfor-
mance for RhB degradation was carried out. As shown in Fig. 4, with the
application of light or ultrasonic vibration, almost no change in C/Cy
value was observed, suggesting that photolysis and sonolysis make little
contribution to the degradation of RhB. In contrast, when BIT samples
working together with external excitation (light or ultrasonic vibration),
obvious degradation was detected, in which RhB was completely
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Fig. 3. Piezoelectric properties of BIT-OV1: (a) Morphology image. (b) Amplitude image. (c) Phase image. (d) Amplitude butterfly loop and phase hysteresis loop.
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degradation.

degraded over BIT-OV1 in 60 min, 30 min, and 15 min through piezo-
catalysis, photocatalysis, and piezo-photocatalysis with rate constants k
of 0.057 min~!, 0.105 min’l, and 0.214 min’l, respectively. The rate
constant k of piezo-photocatalysis is significantly enhanced compared to
the sum of piezocatalysis and photocatalysis, indicating the strong
coupling effect between piezoelectric effect and photocatalysis. In
addition to this, OVs also show a significant enhancing effect on the
catalytic performance. As illustrated in Fig. 4b, d, and f, the catalytic
activities of BIT display a maximum with increasing concentration of
OVs. Compared to other BIT samples, the BIT-OV1 possesses an optimal
k value, which is about 2 times higher than that of pristine BIT, implying
the significant role of OVs in promoting catalytic performance. It is also
important to note that, as the OVs concentration increased, the catalytic
activity of BIT-OV2 and BIT-OV3 gradually decreased rather than
increased. The above results indicate that only appropriate OVs con-
centration was aided to boost the catalytic performance, whereas high
OVs concentration may instead weaken catalytic performance. A similar
effect of OVs on piezocatalytic performance, also known as “volcano-
type”, was reported in BaTiO3 [38]. This may originate from the dual
effect of OVs on catalytic performance. That is, OVs can have some
positive effects on catalytic performance, such as increasing adsorption
energy and decreasing reaction energy; however, they may also bring
some negative effects that weaken the catalytic performance, such as
decreasing piezoelectric performance and forming electron-hole com-
plex centers. A more detailed discussion will be carried out later in the
DFT  theoretical calculation  section. In  addition, the
piezo-photocatalytic stability of BIT-OV1 was also investigated in
cycling runs, and the results were shown in Fig. S3. No obvious decrease
in degradation efficiency was observed after recycling three times. The
change in morphology and crystalline structure of BIT-OV1 before and
after the piezo-photocatalytic reaction were characterized by SEM
(Fig. S4), XRD (Fig. S5), and XPS (Fig. S6), respectively. These results
indicate no noticeable change after cycling piezo-photocatalysis, sug-
gesting the BIT-OV1 is stable. To investigate the effect of pH values on
the piezo-photocatalytic degradation of RhB over BIT-OV1, NaOH or

BIT-OV1, BIT-OV2, and BIT-OV3 for RhB

HCl was added in the catalytic system to adjust the pH values. As
depicted in Fig. S7, the degradation of RhB shows an increasing trend in
acidic environments (pH < 6.5) and a decreasing trend in alkaline en-
vironments (pH > 6.5). The difference in BIT’s degradation efficiency
may be explained by the adsorption capacity of BIT on RhB under
different pH values [39]. That is, in alkaline environments, the
adsorption ability between RhB molecules and BIT decreases sharply,
thus leading to a lower piezo-photocatalytic degradation efficiency.
These results indicate that BIT-based samples are more suitable for
piezo-photocatalysis in neutral or acidic environments.

Dye degradation during catalysis is caused by reactive oxygen spe-
cies, such as hydroxyl radicals and superoxide radicals. [40,41].
Therefore, we investigated the role of radicals in the catalytic mecha-
nism by performing trapping experiments using scavengers. Typically,
scavengers, including TBA, BQ, and EDTA-2Na, were chosen to capture
#OH, 03, and h*, respectively. As shown in Fig. 5a and b, the piezo-
catalytic degradation of RhB was vastly inhibited by adding the
above-mentioned scavengers, indicating that both eOH, e0O; and h*
were the main active species. Similarly, the addition of BQ and
EDTA-2Na also resulted in a significant suppression of the photo-
catalytic degradation, while a slight effect was obtained when TBA was
added (Fig. 5c and d). As for piezo-photocatalysis (Fig. 5e and f), the
effect of scavengers on the catalytic performance was similar to that of
photocatalysis, with the exception of the enhanced inhibitory ability of
TBA. These results confirm that both eO3 and h" have a major role in
piezocatalysis, photocatalysis, and piezo-photocatalysis, with the dif-
ference being that ¢OH shows a significant suppression on piezocatal-
ysis, weak on photocatalysis, and moderate on piezo-photocatalysis.

To elucidate the differences in the mechanism between piezocatal-
ysis and photocatalysis, the reactive oxygen species (ROS) production,
including ¢O3, «OH, and H,0,, was conducted and presented in Figs. 6,
S8, and S9. First, NBT was employed to evaluate the concentration of
¢0; over the prepared BIT samples. As shown in Fig. 6a and d, ¢O3 was
continuously generated with the application of ultrasonic vibration and
light irradiation, and the production rate also shows a maximum with
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increasing OVs, which agrees well with the RhB degradation results.
Second, the concentration of eOH was monitored by the terephthalic
acid photoluminescence (TA-PL) method (Fig. 6b and e). It is interesting
to note that almost no eOH was detected in the photocatalytic process
[42], while the yield of eOH increased rapidly in the piezocatalytic
process. The generation of HyO, was detected by the iodide method
using ammonium molybdate (Fig. 6¢ and f). Similarly, a low production
of HyO, was obtained under light irradiation, whereas a high Hy0,
production was observed under ultrasonic vibration. This phenomenon
indicated that the light-induced photocatalysis over BIT cannot generate
eOH and H30,, whereas piezocatalysis does. Theoretically, the valence
band (VB) position of BIT is more negative than the potentials of
eOH/H30 (2.27 eV vs. NHE) [43], which prevents electron transfer
between VB and H,O (Fig. 6i). In the case of piezocatalysis, the electric
field can tilt the energy band, and bring VB closer to ¢OH/H30, thus
allowing the electron transfer and the generation of eOH. In addition,
the production of ¢03, ¢OH, and H,05 under piezo-photocatalysis was
investigated. As shown in Fig. S10, the production rate of ¢O3, ¢OH, and
H0; show the highest for BIT-OV1, which is consistent with the trend in
piezocatalysis and photocatalysis. Interestingly, under simultaneous
light and ultrasound stimulation, the yield of eO3 shows a synergistic
enhancement effect, while the yield of «OH and Hy0, were lower than
that under individual ultrasonic irradiation. This phenomenon might be
related to the fact that little «OH and H,O5 was generated by BIT when
exposed to light irradiation. However, the specific mechanism need to be
further explored in the future.

To further understand the charge transport characteristics, the
transient current measurements of BIT-OV1 were performed under light
with or without ultrasonic vibration applied. As shown in Fig. S11, the
photocurrent was obviously enhanced with the application of ultra-
sound, indicating a higher separation efficiency of interfacial charge
carriers. Both the generated photocurrent and piezo-photocurrent were
reproducible as the external stimulations (light or light + ultrasonic

vibration) were switched on and off during three circulations. Moreover,
the higher piezo-photocurrent value reveals that piezoelectric action
promotes the efficiency of charge carriers’ separation.

3.3. The mechanism for enhanced catalytic activity

To understand the influence of OVs on the piezo-photocatalytic ac-
tivity of BIT, the charge difference distribution, absorption energy, and
Bader charges were calculated by DFT. The BIT with different OVs
concentration was constructed by removing one (BIT-OV1), two (BIT-
OV2) or three oxygen atoms (BIT-OV3) from the BIT, respectively. The
charge difference of O and H,0 on ideal BIT and BIT-OV1 are illustrated
in Figs. 7a-b and 7d-e, in which the blue and yellow regions represent
electron accumulation and depletion. Compared with ideal BIT, the
charge interaction between BIT-OV1 and Os/H20 is much stronger,
which can facilitate the following ROS generation reaction. Considering
the important role of adsorption and electron transfer in the formation of
free radicals, we also calculated the adsorption energy and Bader
charges of Oy and Hy0 with different OVs concentrations. As shown in
Fig. 7c and g, the adsorption energy (E,4s) of O on BIT enhanced from
0.035 to — 0.847 eV with increasing the OVs concentration, whereas the
Eags of HoO increased from — 1.325 to — 1.504 eV. The increasing
negative E,gs indicates that OVs can significantly enhance the thermo-
dynamic priority for HoO and Oz adsorption. Additionally, the Bader
charge analysis in Fig. 7d and h shows a positive proportional increase
between Bader charge and OVs concentration, implying that OVs
contribute to the charge transfer between the BIT and Oo/H20. Next, the
O, temperature-programmed desorption (O2-TPD) was performed to
complement DFT calculations. As illustrated in Fig. S12, the O,-TPD
curves could be classified into two kinds of oxygen species following the
temperature range of 250-450 and 450-600 °C, which could be
assigned to surface active oxygen ions O3 and O, respectively [44].
Compared with the pristine BIT, it is clear that the BIT with more OVs
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sonic vibration.

exhibits stronger desorption peaks, indicating that BIT with more OVs
can adsorb and activate more O, to form free radicals.

Based on these theoretical and experimental results, it is reasonable
to expect that the introduction of OVs may result in a sustained
enhancement in the catalytic activity. However, the reality is that while
OVs can certainly enhance the catalytic performance but can also reduce
it. The reason for the reduced catalytic activity may originate from the
following factors: OVs may clamp the switching of electric dipoles,
resulting in a low piezoelectric performance [38,45]; OVs may generate
electron-hole recombination centers, limiting the separation of
electron-hole pairs [46,47]. Consequently, OVs is a double-edged sword
for catalytic activity, and introducing appropriate OVs is critical to
optimizing the catalytic performance. To provide direct evidences for
the decreased performance in piezo-responses of the pristine BIT and
BIT-OV, the piezoelectric properties of both pristine BIT and BIT-OV
were performed by PFM in the same parameters. As shown in Fig. S13
and Fig. S14, the amplitude and phase images of both BIT and BIT-OV1
display the clear contrast, indicating that both pristine BIT and BIT-OV1
are piezo-responsive. The representative amplitude-voltage butterfly
curve and phase hysteresis loops were also recorded, verifying their
piezoelectric nature. The intensity distribution of the amplitude signal is
further provided to compare the piezoelectric properties between BIT
and BIT-OV1. As shown in Fig. S15, the most probable distribution of
piezoresponse amplitude for BIT is around 260 pA, which is much higher

than that of the BIT-OV1 (~195 pA).

Finally, a diagram showing the possible piezo-photocatalytic
degradation mechanism of BIT-OV nanosheets is presented in Fig. 8.
Under ultrasonic vibration, the BIT nanosheets were deformed by
cavitation pressure and an electric field was built by accumulating
positive and negative charges on opposite crystal surfaces. Under both
light and ultrasonic vibration, the piezoelectric polarization and photo-
generated carriers were generated simultaneously in BIT. Driven by
piezoelectric polarization, the photo-generated carriers can effectively
separate and rapidly migrate to the surface, which greatly lowers the
recombination rate. Moreover, the piezoelectric polarization can also tilt
the energy band, making the valence band more negative and the con-
duction band more positive. Therefore, when piezocatalysis and pho-
tocatalysis work together, a large number of electrons and holes can
engage in the redox reaction with oxygen or water molecules, resulting
in more free radicals and higher catalytic efficiency.

4. Conclusions

In this work, we have prepared BisTi3O;2 nanosheets with tunable
OVs concentration using a modified molten salt method and systemat-
ically investigated the influence of OVs on piezo-photocatalytic RhB dye
degradation. With increasing OVs concentration, the piezo-
photocatalytic activity exhibited a maximum for BIT-OV1 with the
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highest k value (0.214 min’l), which was about 2.2 times higher than
that of pristine BIT (0.097 min!). The DFT calculations demonstrated
that the introduction of OVs can effectively enhance the adsorption
energy and increase the Bader charges, facilitating the activation of ROS,
such as ¢O3, ¢OH, and H,05. By combining with light irradiation and
ultrasonic vibrations, the BIT-OV1 exhibited an extraordinary piezo-
photocatalytic degradation rate of 0.214 min~!, which was about 2.1
and 4.1 times higher than that of photocatalysis and piezocatalysis,
respectively. This work is expected to prompt a deeper understanding on

the influence of OVs on piezo-photocatalytic activity and may also
provide a new approach for designing highly efficient catalysts that
combine mechanical vibration and solar irradiation for pollutant
degradation and ROS generation.
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