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Enhanced Piezocatalytic Performance of BaTiO3 
Nanosheets with Highly Exposed {001} Facets

Qiao Tang, Jiang Wu,* Donghoon Kim, Carlos Franco, Anastasia Terzopoulou, 
Andrea Veciana, Josep Puigmartí-Luis, Xiang-Zhong Chen, Bradley J. Nelson, 
and Salvador Pané*

Piezocatalysis has gradually come into the limelight due to its great potential 
for solving energy shortages and environmental pollution problems. However, 
limited piezocatalytic efficiency is a severe bottleneck for its practical applica-
tions. Here, well-defined BaTiO3 nanosheets with highly exposed {001} polar 
facets are successfully synthesized to enhance the piezocatalytic activity. The 
[001] piezoelectric polarization can drive the carriers to migrate to the surface 
along the out-of-plane direction. The polar surface provides abundant active 
sites for the piezocatalytic reaction. As a result, a superior piezocatalytic 
degradation ratio of organic pollutants is obtained with a high first-order 
rate constant k of 0.0835  min−1, which is 2.7 times higher than the BaTiO3 
nanoparticles. Furthermore, BaTiO3 nanosheets display an outstanding H2 
production capability, with the rate of 305 µmol g−1 h–1, which is almost two 
times higher than that of BaTiO3 nanoparticles. This work thus provides a 
novel and comprehensive strategy for designing high-performance piezocata-
lysts with an out-of-plane polarization, and also provides novel insights for 
the optimization of the piezocatalytic activity by regulating the polar facet of 
piezocatalysts.
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1. Introduction

Piezocatalysis is a recently developed 
technology that exploits mechanical 
energy to trigger chemical reactions.[1] 
In a typical piezocatalytic process, an 
external mechanical stimulus (e.g., ultra-
sonic vibration, ball milling) applied to 
the catalyst forces its centroids of positive 
and negative charges to separate, gener-
ating an internal electric field that drives 
charge transfer from the catalysts to the 
surrounding medium to initialize chem-
ical reactions.[2] Piezocatalysis has been 
explored for sterilization,[3] tumor treat-
ment,[4] neurodegenerative therapy,[5] H2 
production,[6] pollutant degradation,[7] N2 
fixation,[8] and organic synthesis.[9] Among 
these applications, pollutant degradation, 
and H2 production have gained increasing 
attention due to their prospects of solving 
increasingly severe energy and environ-
mental problems through sustainable 
mechanical energy. Increased catalytic per-

formance is key to translating piezocatalysts into practical appli-
cations, and one indispensable way to achieve this is to design 
and fabricate piezocatalysts with optimal catalytic activity.

An excellent piezocatalyst should display a high piezoelectric 
coefficient, superior deformability, a large surface area for expo-
sure to mechanical impact, and abundant catalytic active sites.[10] 
These requirements impose significant challenges to the piezo-
catalysts currently used, such as nanoparticles and nanowires. 
For instance, nanoparticles usually suffer from a low deforma-
tion, which is crucial for the generation of a large piezoelectric 
potential. In contrast, nanowires can be highly deformable and 
usually shows the highest piezoelectric potential due to pre-
ferred crystalline (and thus polarization) orientation. However, 
nanowires can only provide limited active sites for the catalytic 
reactions. In view of the shortcomings of both nanowires and 
nanoparticles, efforts have been recently dedicated to exploring 
2D piezoelectric materials, which are considered to exhibit 
high deformability and large surface area. For example, Zhang 
et al. reported that ZnS nanosheets[10] exhibited superior piezo-
catalytic performance due to their excellent flexibility and large 
surface area for receiving mechanical impact. Subsequently, 
other 2D piezoelectric materials, such as BiOCl,[11] g-C3N4,[12] 
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and Bi4Ti3O12
[13] have also been reported. These 2D piezocata-

lysts possess in-plane polarization, along whose direction the 
strongest electric fields are assumed to be generated under 
mechanical vibration. Driven by the in-plane piezoelectric fields, 
the charge carriers travel a long way toward the lateral sides to 
participate in catalytic reactions. Note that a long traveling dis-
tance will lower the catalytic performance due to an increased 
probability of recombination of charge carriers. Besides, only a 
small surface of active sites is available on the lateral sides. To 
overcome these limitations, piezocatalysts with increased active 
sites and reduced carriers migration distance would signifi-
cantly promote the piezocatalytic reaction performance. A way 
to address these features is the realization of 2D piezoelectric 
catalysts with out-of-plane polarization through crystallographic 
engineering. Presumably, the migration distance along the 
thickness direction is much shorter than the in-plane direction. 
A shorter migration length will increase catalytic performance, 
as indicated by previous studies.[14] Besides, there will be plenty 
of active sites on the flat surface of the 2D materials.

Here, we report for the first time the synthesis of uniform 
BaTiO3 nanosheets with out-of-plane polarization. The crystal 
structure investigation demonstrates that the as-prepared 
BaTiO3 are single-crystalline nanosheets with highly exposed 
{001} facets, implying a superior polarization along the out-
of-plane direction. Owing to this unique property, BaTiO3 
nanosheets exhibit a superior piezocatalytic activity for organic 
pollutant degradation and H2 production, surpassing the cata-
lytic action of the previously reported piezoelectric nanoparticles.

2. Results and Discussion

2.1. Fabrication and Structure Characterization

As a layer-structured perovskite, Bi4Ti3O12 can be easily fab-
ricated into nanosheets. Therefore, we employed Bi4Ti3O12 
nanosheets as templates, and Ti sources for the growth of 

BaTiO3. As illustrated in Figure 1a, Bi4Ti3O12 nanosheets were 
synthesized by a molten salt method.[15] After 2 h of annealing, 
rectangular Bi4Ti3O12 nanosheets with smooth surfaces were 
obtained (Figure  S1a, Supporting Information). XRD pat-
terns (Figure S1b, Supporting Information) confirmed that the 
main exposed facet is {001}. Rectangular BaTiO3 nanosheets 
(denoted as BTO NSs) were obtained by reacting the Bi4Ti3O12 
nanosheets with BaCl2 under hydrothermal conditions, as 
illustrated in Figure 1b. During the in situ hydrothermal reac-
tion, abundant Ti(OH)6

2− fragments can be formed by the dis-
solution of Bi4Ti3O12.[16] Then, Ba2+ ions gradually react with 
Ti(OH)6

2− fragments and crystallize into BaTiO3 by the fol-
lowing process:

36
2 2

3 2( ) + → +− +Ti OH Ba BaTiO H O  (1)

EDX maps show that Ba, Ti, and O are uniformly distri buted 
in BTO NS (Figure 2a). Further information on the purity of 
BTO NSs was evaluated by XPS. As depicted in Figure  S2a 
(Supporting Information), no elements other than C (back-
ground), Ba, Ti, and O were observed in the full XPS spectrum. 
The high-resolution spectrum of Ba 3d displays two split peaks, 
Ba 3d5/2 at 778.5 eV and Ba 3d3/2 at 793.8 eV, which are referred 
to as Ba2+ (Figure  S2b, Supporting Information).[17] The Ti 2p 
peaks can be resolved into two peaks at 457.7 and 463.5  eV, 
which correspond to the Ti 2p3/2 and Ti 2p1/2 of Ti4+ (Figure S2c, 
Supporting Information).[17,18] The broad peak of O 1 s spectrum 
(Figure S2d, Supporting Information) can be resolved into two 
separated peaks of 529.1 and 530.9  eV, which are ascribed to 
lattice oxygen and surface absorbed oxygen, respectively.[17b] The 
detection of Ba and Ti, as well as the absence of Bi, indicates 
the complete transformation of Bi4Ti3O12 to BaTiO3.

XRD was carried out to provide fingerprint evidence that 
BTO NSs are in the correct crystalline phase. As shown in 
Figure  2b, all the diffraction peak positions correspond well 
with pure BaTiO3 (JCPDS data No. 05–0626). A distinctly asym-
metric peak was observed at ≈2θ = 45°, indicating the existence 

Figure 1. Preparation of BTO NSs: a) Schematic illustration of the synthetic route. b) Diagram of the Bi4Ti3O12-to-BaTiO3 transformation.
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of a tetragonal phase in BTO NSs (Figure S3, Supporting Infor-
mation). Notably, the relative intensity ratio of the (001) peak 
to that of the (110) peak is 1.46, a value much higher than the 
standard ratio 0.25. This result suggests that the as prepared 
BTO samples grow with a preferred <001> orientation, resulting 
in highly exposed {001} facets. Raman spectroscopy (Figure 2c) 
reveals the tetragonal symmetry of BaTiO3, as evidenced by 
the weak peak at 306  cm−1 representing the scattering mode 
E(3TO) + E(2LO) + B1, confirming the piezoelectric nature of the 
as-prepared BTO samples.[19] The high-resolution transmission 
electron microscope (HRTEM) image (Figure 2d) viewed from 
the c-axis (out-of-plane) direction displays two sets of fringes 
with an interplanar distance of 3.963 ± 0.009 and 3.957 ± 0.015 Å,  
corresponding to the spacing of (100)/(010) crystal planes of 
tetragonal BaTiO3. The corresponding selected area electron 
diffraction (SAED) displays a set of ordered diffraction spots, 
suggesting the single-crystalline characteristic of BTO NSs. The 
diffraction spots could be well indexed to (100), (010), and (110) 
facets. The evidence clearly proves that we have synthesized 
tetragonal-BTO NSs with highly exposed {001} facets.

2.2. Piezoelectric Property

The piezoelectric response of the BTO NSs was investigated 
along the out-of-plane and in-plane directions using PFM, respec-
tively. Along the out-of-plane direction (perpendicular to the NS), 
both PFM amplitude (Figure 3a) and phase images (Figure 3c) 

present a distinct contrast with the background, representing 
a strong piezoelectric response. However, only very weak con-
trast is observed along the in-plane direction (Figure 3b,d). The 
intensity distribution of the amplitude signal is displayed in 
Figure 3e. After subtracting the background signal (shaded area), 
the most probable distribution of piezoresponse amplitude for 
out-of-plane is ≈24.5 pA, which is much higher than that of the 
in-plane direction (≈0.5 pA). The local piezoelectric response and 
polarization switching behaviors in the out-of-plane mode were 
investigated by sweeping a DC voltage. As shown in Figure 3f, a 
typical hysteresis loop with 180o phase-reversal and a well-shaped 
amplitude butterfly loop were obtained. The PFM measurements 
confirm that the BTO NSs possess a strong piezoelectric polari-
zation along the out-of-plane direction. This feature is consistent 
with the highly exposed {001} facet in the BTO NSs, as previ-
ously suggested by the XRD and HRTEM.

2.3. Piezocatalytic Activity

Given the highly exposed {001} polar facet and superior out-of-
plane piezoelectric property, promising piezocatalytic activity of 
these BTO NSs is expected. To fully investigate the piezocata-
lytic activity, degradation of organic pollutants and decompo-
sition of water under ultrasonic vibration was performed. As 
shown in Figure S4 (Supporting Information), the peak intensi-
ties of the model pollutants in the UV–vis absorption spectra 
decrease significantly with reaction time. It is reported that 

Figure 2. Characterization of BTO NSs: a) TEM with corresponding EDX mapping images, b) XRD pattern, c) Raman spectra, and d) HRTEM image 
and SAED pattern.
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most organic pollutants can be degraded to smaller, harmless 
products.[20] In contrast, negligible degradation of the pollutants 
was observed under ultrasonic stimulation when no BTO NSs 
were added (Figure S5, Supporting Information), ruling out the 
possibility that ultrasonic cavitation induced dye degradation. 
The relative concentration change (C/C0) over time and the 
pseudo-first-order rate constant k extracted from these experi-
ments are presented in Figure 4a,b. Specifically, the degrada-
tion efficiency of MO, MB, phenol, BPA, TH, and RhB reach 
97.1%, 91.3%, 63.1%, 61.3%, 54.9%, and 47.2%, with a rate of 
0.0835, 0.0638, 0.0265, 0.026, 0.0224, and 0.0156 min–1, respec-
tively. For comparison, the degradation experiments with BTO 
nanoparticles (denoted as BTO NPs, also in tetragonal phase, 
as evidenced in Figure  S6, Supporting Information) were car-
ried out. The piezocatalytic degradation experiments of MO 
over BTO NPs and NSs are shown in Figure 4c. While it takes 
only 40 min for the BTO NSs to degrade >97% of the dye, the 
BTO NPs need more than 120  min to achieve this. To clarify 
the effect of specific surface area on piezocatalytic activity, the 
nitrogen (N2) adsorption/desorption isotherms were measured. 
As shown in Figure S7 (Supporting Information), the isotherms 

show a single and narrow hysteresis loop. The specific sur-
face areas of BTO NSs and NPs were calculated to be 11.9 and 
10.3 m−2 g−1, respectively. The small difference in BET surface 
suggests that the enhanced piezocatalytic activity of BTO NSs 
is not caused by the larger specific surface area in NSs. With 
the same weight concentration of catalysts, the k value for the 
BTO NSs (0.0835 min−1) is 2.7 times higher than that for BTO 
NPs (0.0307 min–1). To evaluate the reusability of BTO NSs, the 
MO degradation experiment was repeated with recycled sam-
ples (Figure S8, Supporting Information). Similar piezocatalytic 
activities were observed in three consecutive cycles, demon-
strating the stability of the BTO NSs catalyst.

The piezocatalytic H2 production experiment with BTO NSs 
and BTO NPs was also performed. As shown in Figure 4d, the 
H2 production rate of the BTO NSs is 305 µmol g−1 h–1, which 
is twice that of the BTO NPs (157  µmol g–1 h–1). We repeated 
the H2 production experiments three times (Figure  S9, Sup-
porting Information), and observed a stable H2 production 
activity, indicating the good recyclability of BTO NSs. Methanol 
is usually added to the catalytic reaction system as a hole scav-
enger to accelerate the reaction.[21] The BTO NSs displayed 

Figure 3. Piezoelectric properties of BTO NSs: a) Out-of-plane, and b) in-plane PFM amplitude images. c) Out-of-plane, and d) in-plane PFM phase 
images. e) Distribution of the amplitude signal. Statistics were made with at least 60 000 data points for each part. f) Out-of-plane amplitude butterfly 
loop and phase hysteresis loop.
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a dramatically enhanced H2 evolution activity with a rate of 
1486 µmol g–1 h–1 (Figure S10, Supporting Information), which 
is approximately five times higher than that of pure water. To 
our knowledge, this value is also much higher than that of the 
most reported 2D piezocatalysts, such as CdS,[22] Bi2WO6,[23] 
BiFeO3,[24] and MoS2

[25] (Table  S1, Supporting Information). 
These results strongly suggest that the introduction of out-of-
plane polarization is an effective approach to enhance the pie-
zocatalytic activity.

2.4. Kinetics and Mechanism

To gain an insight into the piezocatalytic mechanism, we per-
formed scavenger-quenching experiments on the main reactive 
species. As shown in Figure 5a,b, the degradation of MO is sig-
nificantly inhibited upon the addition of tert-butyl alcohol (TBA) 
or benzoquinone (BQ), while moderate weakening is observed 
by adding disodium ethylenediaminetetraacetate (EDTA-2Na, 
trapping h+). The above results suggest that •O2

− and •OH radi-
cals are the most probable reactive species responsible for the 
degradation of organic dye, which is in line with several recent 
reports.[26] However, it has been reported that under certain cir-
cumstances, BQ can also react with •OH in addition to •O2

−.[27] 
In order to further confirm the predominant radical produced 
during piezocatalysis, the concentration of •O2

−, •OH radicals, 
and H2O2 were investigated by the UV–vis absorption spectra 

or fluorescence spectra.[28] As shown in Figure S11a (Supporting 
Information), the absorption peak intensity of NBT solution at 
259 nm decreases with the reaction time, indicating a constant 
generation of •O2

−.[28b] Based on the rule that 1  mol NBT can 
react with 4  mol •O2

−,[29] the concentration of •O2
− radicals is 

quantified. As shown in Figure  5c, the average evolution rate 
of •O2

− is 8.14 µmol g−1 h–1. Furthermore, 2-hydroxyterephthalic 
acid was employed to detect the concentration of •OH radicals, 
as •OH can react with terephthalic acid and emit fluorescence 
at 425 nm.[28a] With the application of ultrasonic vibration, pro-
gressively enhanced fluorescence intensity was observed, sug-
gesting the continuous production of •OH radicals (Figure S11b, 
Supporting Information). According to the linear relationship 
between •OH concentration and fluorescence intensity,[28a] the 
generation rate of •OH was determined to be 150.21 µmol g–1 h–1  
(Figure 5c), which is much higher than that of the reported BTO 
nanocubes (≈40 µmol g–1 h–1).[28b] The concentration of •OH is 
also much higher than that of •O2

−, indicating that the former 
plays a more important role in our piezocatalytic process. 
Similarly, the concentration of H2O2 was examined by iodide 
method (Figure S11c, Supporting Information).[28c] The average 
H2O2 production rate was calculated to be 125.59 µmol g−1 h−1 
based on the standard curve (Figure S12, Supporting Informa-
tion). In comparison, the evolution rates of •O2

−, •OH radicals, 
and H2O2 of BTO NPs are 6.55, 107.99, and 79.30 µmol g–1 h–1 
(Figure S13, Supporting Information), which are all lower than 
those of BTO NSs.

Figure 4. The piezocatalytic pollutant degradation and H2 production activity: a) Degradation dynamic curves, and b) corresponding first-order rate 
constants of the degradation reaction when BTO NSs are used as piezocatalysts. Comparison of the performance of BTO NSs and BTO NPs in c) MO 
degradation efficiency, and d) H2 evolution from pure water under ultrasonic vibration. Each data point was measured at least 3 times. The data are 
presented as mean value  ±  the SD.
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Considering that •OH made a major contribution to the 
piezocatalytic degradation of MO, we further evaluated its 
inhibitory performance by the steady-state approximation anal-
ysis method,[30] where various doses of •OH scavenger (TBA) 
were introduced into the degradation process (Figure  5d,e). 
According to the literature,[28b] the generation rate of •OH ( ·R OH

f )  
can be determined by Equation 2.

·OH
f TBA,·OH

MO MO

R
k

ak C
=  (2)

Here, kTBA,·OH (6 × 108 M−1 s−1), and kMO (≈2 × 1010 M−1 s−1) 
are second-order rate constants of •OH with TBA and MO, 

respectively.[28b,31] The value of “a” can be calculated by consid-
ering the relationship between the concentration of TBA (CTBA) 
and degradation rate of MO (RMO

d ) with the following equation:
1

R
aC b

MO
d

TBA

=
+

. As shown in Figure 5e, the value of “a” is deter-

mined to be 4.76 × 1010 M−2 s. Hence, the generation rate of •OH 
(

·R OH
f ) is calculated to be 3.44 × 10−6 M s−1, which is much higher 

than that of the reported BTO nanocubes (2.3 × 10−8 M s−1).[28b] 
These results show that BTO NSs with highly exposed {001} 
facets can efficiently activate the generation of •OH and H2O2.

Based on the above results, a mechanism to explain the 
enhanced piezocatalytic activity of BTO NSs is proposed in 
Figure 6. The finite element simulation demonstrated that BTO 

Figure 6. Piezocatalytic mechanism diagram of BTO NSs: a) Illustration of out-of-plane polarization process and highly exposed {001} facets.  
b) Mechanism diagram of charge transfer and subsequent dye degradation and H2 production.

Figure 5. Piezocatalytic reactivity of BTO NSs for free radical generation: a) MO degradation efficiency with and without free radical scavengers, and 
b) corresponding first-order rate constants. c) Concentration dynamic curves of generated •O2

−, •OH, and H2O2. d) Effect of •OH scavenger dosage 
on MO degradation, and e) degradation rate of MO as a function of •OH scavenger dosages over BTO NSs. Each data point was measured at least 
three times. The data are presented as mean value ± the SD.

Adv. Funct. Mater. 2022, 32, 2202180
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NSs exhibit a noticeable out-of-plane piezoelectric response, 
which can drive electrons and holes to separate quickly along 
the direction perpendicular to the nanosheets. The out-of-plane 
migration path greatly reduces the carrier migration distance. 
In addition, the highly exposed {001} facets function as catalytic 
reaction surfaces, providing abundant active sites. Hence, the 
enriched carriers and the shortened migration distances collec-
tively lead to the boost in piezocatalytic activity of BTO NSs.

3. Conclusions

In summary, well-defined BaTiO3 nanosheets with highly 
exposed {001} facets were first synthesized via a template-based 
hydrothermal method, and their piezocatalytic activity was 
fully investigated. Benefiting from the superior out-of-plane 
piezoelectric property and highly exposed {001} facets, the as-
prepared BaTiO3 nanosheets showed excellent piezocatalytic 
performance for pollutant degradation and H2 production, 
which is much higher than that of the nanoparticle coun-
terparts and most of the two-dimension piezocatalysts. This 
work provides a novel and efficient route to prepare high-per-
formance piezocatalyst with out-of-plane polarization, and will 
open a new avenue for improving piezocatalytic activity.

4. Experimental Section
BaTiO3 nanosheets were prepared using a template-based hydrothermal 
method in which Bi4Ti3O12 nanosheets were used as the templates and 
Ti source. The specific process is described in the following sections.

Synthesis of Bi4Ti3O12 Nanosheets as Templates: Bi4Ti3O12 nanosheet 
templates were prepared using a one-step molten salt synthesis 
method.[15] First, 3.625 g of NaCl and 4.659 g of KCl were taken as 
cosolvents, and ground for 10 min in an agate mortar. Next, stoichiometric 
amounts of Bi2O3 and TiO2 nanopowders were added as starting 
materials at a molar ratio of NaCl:KCl:Bi2O3:TiO2 = 62.5:62.5:5:7.5. This 
mixture was ground thoroughly for 1.5 h and transferred to a corundum 
crucible. Subsequently, the synthesis was performed in a furnace at 
700 °C for 2 h (heating rate: 10 °C min–1). After naturally cooling to room 
temperature, the obtained precipitates were washed with deionized 
water and ethanol several times and dried at 70 °C overnight.

Synthesis of BaTiO3 Nanosheets: The conversion reaction of Bi4Ti3O12 
to BaTiO3 nanosheets was carried out through a hydrothermal method. 
Specifically, Bi4Ti3O12 was used both as the template and Ti source, 
while BaCl2·2H2O was employed as the Ba source. In addition, sodium 
oleate (NaOL) was added to regulate the morphology of the BaTiO3 
nanostructures. First, 0.12  g of NaOL was dissolved in 160  mL of 
12 m NaOH aqueous solution and stirred for 30  min. Next, 2.198  g of 
BaCl2·2H2O and 0.4  g of Bi4Ti3O12 nanosheets were added and stirred 
for another 1.5 h. The final dispersion was poured into a 200 mL Teflon 
autoclave and heated at 240  °C for 20  h. Finally, the precipitate was 
washed with 2 m HNO3 solution and ethanol several times and dried at 
70 °C overnight to obtain BaTiO3 nanosheets.

Material Characterization: The crystalline phase was confirmed by 
X-ray diffraction (XRD, Bruker AXS D8 Advance, Cu Ka). Scanning 
electron microscopic (SEM) images were obtained on a JSM-7100F 
electron microscope. Raman spectrum was obtained on a laser 
micro-Raman spectrometer (Renishaw inVia). Transmission electron 
microscopic (TEM) images and energy-dispersive X-ray (EDX) data 
were recorded using FEI Talos F200X (Chem S/TEM) operated at 150 kV. 
X-ray photoelectron spectroscopy (XPS) spectrum was conducted 
on a Phoibos 150 analyzer (SPECS EAS10P GmbH). The Brunauer–
Emmett–Teller (BET) specific surface area (SBET) of the samples 

were determined by nitrogen adsorption on an ASAP 2020 nitrogen 
adsorption apparatus (Micromeritics Instruments). Piezoresponse 
force microscopic (PFM) measurements were characterized by a 
commercial atomic force microscope (NT-MDT Ntegra Prima).

Piezocatalytic Performance: The piezocatalytic activity was evaluated 
by the degradation of organic pollutants and decomposition of water. 
A cooled ultrasonic cleaner (Bandelin SC-255, 180  W, 35  kHz) was 
employed to provide mechanical vibration. To avoid interference 
from photocatalysis and pyrocatalysis, the catalytic experiments were 
performed in the dark at 25 °C.

For the degradation measurements, 50 mg of BaTiO3 was dispersed 
in 50  mL of 2  mg L–1 organic pollutants aqueous solution (methylene 
orange (MO), methylene blue (MB), rhodamine B (RhB), bisphenol A 
(BPA), tetracycline hydrochloride (TH), and phenol). The suspension 
was continuously stirred in the dark for 30 min to reach the adsorption–
desorption equilibrium. Subsequently, the dispersion was irradiated 
by ultrasonic vibration. At regular intervals, aliquots were taken from 
the reactor and the dye concentration was determined with a UV–vis 
spectrophotometer (Tecan Infinite 200 Pro).

For H2 production, 50 mg of BaTiO3 was added to 50 mL of deionized 
water or a mixture of methanol/deionized water (1:9). The suspension 
was continuously purged with Ar for 10 min to remove air. Mechanical 
vibration was then applied. The amount of evolved H2 was evaluated by 
a gas chromatograph (Shimadzu GC 2014) with Ar as a carrier gas.

Detection of Free Radicals: To reveal the active species participating in 
the piezocatalytic process, tert-butyl alcohol was introduced (0.2 M, TBA), 
benzoquinone (0.15 M, BQ), and disodium ethylenediaminetetraacetate 
(0.2 M, EDTA-2Na) into the catalytic system as the scavengers of hydroxyl 
radicals (•OH), superoxide radicals (•O2

−), and holes (h+), respectively. 
The amount of •OH, •O2

−, and H2O2 generated under mechanical 
vibration was determined by terephthalic acid photoluminescence 
(TA-PL),[28a,32] nitroblue tetrazolium (NBT) transmission,[28b] and iodide 
method,[28c] respectively.

COMSOL Simulation: The piezoelectric potential in BTO NSs was 
simulated by the finite element method with the aid of COMSOL 
Multiphysics software package. During the simulation, the pressure 
induced by ultrasonic cavitation was set as ≈108 Pa, the size was set the 
same as the prepared BTO samples (length = 2  µm, width  =  1.5  µm, 
and thickness   =   100  nm). The spontaneous polarization of BTO was 
oriented along the z-axis.

Statistical Analysis: Each data point in the dye degradation, H2 
production, and free radicals detection experiments was measured at least 
three times. The data were presented as mean ± standard deviation (SD).
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