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The rapid development of society has exacerbated energy scarcity,
making water splitting a promising solution for humanity to produce
green hydrogen. Therefore, enhancing the relatively low catalytic per-
formance of piezoelectric bulk catalysts is crucial to unlocking their
potential for broader practical applications and potentially alleviating
contemporary energy demands. Here, we introduce a sustainable dop-
ing strategy that deliberately imprints dislocations and their associated
strain fields without additional elements into barium titanate single
crystals to address the challenges faced by bulk piezoelectric catalysts.
The presence of highly-oriented {100}(100) dislocations in plastically
deformed materials was observed utilizing bright-field transmission
electron microscopy. The strains induced by dislocations were mapped
using high-angle annular dark-field and geometric phase analysis tech-
niques. According to experimental observations and density functional
theory calculations, the deformed materials exhibit superior perfor-
mance in terms of electrical conductivity, ultrasonic response, and
hydrogen adsorption-free energy. As result a nearly fivefold increase
in piezoelectric catalytic performance, as compared to undeformed
reference materials, is achieved. Our work demonstrates the potential
of dislocation engineering to boost bulk piezoelectric catalysts, thereby
challenging the current reliance on powder-based catalysts.

1. Introduction

The extraction and use of fossil fuels, including petroleum, coal,
and natural gas, have led to energy shortages and significant
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Broader context

The potential of piezoelectric materials to utilize mechanical energy for
water splitting and hydrogen production offers a new approach to
addressing the energy crisis. While bulk piezocatalysts have high applica-
tion potential due to their ability to be easily retrieved and reused, the
need to improve the hydrogen production efficiency of bulk materials
remains a significant challenge. To address this issue, dislocations and
associated strain fields were deliberately introduced into BaTiO; single
crystals at high temperatures to produce high dislocation density materi-
als. The deformed BaTiOj; crystals, with high dislocation density, were
shown to exhibit high piezoelectric response currents, increased charge
carrier transport capabilities, and an ideal hydrogen adsorption free
energy, thereby significantly enhancing their water splitting efficiency
for hydrogen production. On conducting piezocatalytic experiments over
multiple cycles, the deformed BaTiO; crystals continued to demonstrate
stable water splitting and hydrogen production capabilities. This novel
form of retrievable and stable piezocatalyst has significant potential to
open new avenues in the field of water splitting for hydrogen production.

environmental pollution, which is exacerbating global warming."
As a result, hydrogen is attracting increasing interest as a versatile,
clean, and sustainable energy source with a high energy density,
which is beneficial to sustainable development.”™ In recent
years, photo-catalysis® and electrocatalysis® have been extensively
reported with regard to hydrogen production by water splitting.
However, photo-catalysis is limited due to its dependence on a
light source.” In addition, while electrocatalysis possesses a high
efficiency for hydrogen production, the consumption of electrical
energy significantly increases its costs.® Compared to these meth-
ods, piezocatalysis offers a stable and low-cost alternative for
water splitting by converting mechanical vibrations such as sound
waves, wind, and water flow into useful electric energy.”" The
approach has already demonstrated that multiple reactions can
be catalyzed or induced by the generation of a large piezopoten-
tial, including water splitting, organic reactions (including poly-
merization), sterilization, dye degradation, and even tumor
destruction.” Point-defect engineering is a prevalent method for
enhancing hydrogen production using powder-based catalysts,
however, the use of the catalytic material in powder form poses

This journal is © The Royal Society of Chemistry 2025
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challenges, such as difficulties in retrieval and reuse, potentially
leading to secondary water pollution. This issue currently limits
the practical application of piezoelectric materials in hydrogen
production. The use of catalysts in bulk form, which can be
readily retrieved for reuse, could address this problem and
achieve effective H, production."> Nevertheless, beyond
chemical doping, boosting the catalytic performance of piezo-
electric bulk catalysts remains a formidable challenge since
conventional wisdom suggests that powder-based materials,
with their higher specific surface area and more active sites,
are more effective for catalytic reactions.

Piezocatalysis essentially means exploiting a piezoelectric or
ferroelectric polarization to induce reactions at the surface of a
material.'*'* While the underlying mechanism remains elusive,
two mechanisms are hypothesized concerning redox reactions,
namely the energy band theory and the screening charge effect.'®
Band theory explains the regulation of the band structure by the
piezoelectric effect and the control of the flow direction of internal
charge carriers, thereby allowing the reaction to occur. The screen-
ing charge effect describes the piezopotential induced directly at
the material’s surface. Internal and external charges will eventually
lead to a screening of the respective potential. However, in a short
time frame, the potential at the surface can be sufficiently high to
induce a redox reaction if it is higher than the respective Gibb’s free
activation enthalpy of the reaction. Eventually, internal and external
charge carriers will lead to a screening of the piezoelectrically
induced potential for both mechanisms discussed. Therefore, an
alternating mechanical excitation is required for chemical reactions
to continue. A piezopotential may, nevertheless, also catalyze
further surface reactions that do not involve electron transfer from,
or to, the materials’ surface.">™*° The change in potential or electric
field, respectively, may be sufficient to modify reactions close to, or
at, the surface.

Multiple approaches have been discussed in the literature to
elevate the yield from piezocatalysis. These can be classified as
modifications of the bulk semiconducting behavior, surface
properties, and the piezoelectric properties of the ceramic.”®
Furthermore, the synthesis of heterojunctions between semi-
conductors and decorations using an additional metallic
catalyst can be employed.?*** In the case of bulk semiconducting
behavior, doping of materials such as lead zirconate titanate (PZT)
can result in a narrower band gap to enhance the piezocatalytic
efficiency.”® Regarding surface modification, surface defects, such
as oxygen vacancies, can act as catalytically active sites. Zheng et al.
analyzed the impact of strain and sulfur vacancies on the hydrogen
production rate using MoS, powders, demonstrating that optimal
performance can be achieved through the synergistic combination
of a certain degree of strain and sulfur vacancies.> There is general
agreement that the achievable piezopotential is the single most
important factor.”® Therefore, recent studies have heavily focused
on ferroelectric materials because of the vast opportunities to
extensively modify their piezoelectric properties.”® Nevertheless,
chemical methods such as doping and the creation of morphotropic
phase boundaries are common techniques used to enhance the
piezoelectric potential in ferroelectric solid solutions, which have
been shown to increase the catalytic efficiency of poled samples.*®
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In functional oxides, one-dimensional (1D) dislocations carry
both a strain field and a local charge with a compensating
envelope, thereby self-assembling into larger-scale structures such
as networks that span dimensions of nanometers to millimeters.
Due to the intrinsically strong coupling between lattice strains
and polarization charges, the introduction of charged dislocations
and their associated strains into ferroelectrics has gained signifi-
cant interest in tuning functionality.>”>° For example, extraordin-
ary piezoelectric coefficients (>2000 pm V') can be obtained in
single-crystal BaTiOs;, where 1D dislocations interact with two-
dimensional domain walls, acting as sites for domain nucleation
and pinning centers for domain wall motion. Interestingly, dis-
locations serve as scattering centers for elementary particles such
as phonons and electrons, making them a powerful tool for
tailoring the electronic, thermal, and optical properties such as
apparent band gap and electrical conductivity.*** The formation
of dislocation networks creates innumerable active sites for sur-
face reactions (e.g., generation of hydroxyl radicals) and conduc-
tive pathways, and the resulting changes in surface potential**>*
offer a new proof of concept to enhance bulk catalyst efficiency.
It has been hypothesized that dislocations in the in-plane and out-
of-plane directions of MoS, nanosheets can enhance water
splitting.*® However, the density of dislocations introduced by
this method and their effects on the catalytic process remain
rather undefined.

In this work, we use classical ferroelectric BaTiO; as a model
system to study the effects of plastic deformation on electrical and
piezocatalytic properties. Numerous dislocations oriented along
the [001] crystallographic direction were successfully introduced
into BaTiO; single crystals through high-temperature plastic
deformation, producing deformed samples with different types
of exposed dislocations on the crystal faces after mechanical
cutting. The deformed samples exhibit improved carrier mobility,
ultrasonic excited response, and hydrogen adsorption-free energy,
thus significantly enhancing the piezocatalytic hydrogen produc-
tion performance. Our results demonstrate the potential of plastic
deformation and dislocation engineering to achieve improved
hydrogen production in bulk piezoelectric catalysts, potentially
addressing issues inherent in traditional hydrogen production
methods.

2. Results and discussion

2.1 Creation of dislocation structures by high-temperature
plastic deformation

To introduce a high density of aligned dislocations with
{100}(100) slip systems into BaTiO; single crystals, we plasti-
cally deformed crystals along the [110] direction (Fig. 1a and b)
with a force-loading rate of 0.2 N s™* at 1150 °C, see Fig. S1
(ESIT). A well-defined plastic deformation regime can be noted
in the stress-strain curve (Fig. S1, ESIY), during which the
introduction of directed dislocations into BaTiO; occurs. The
plastic deformation is indicated by a permanent change
(approximately 0.26%) in the (200) d-spacing, as measured by
X-ray diffraction, along with an increase in dislocation density
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Fig. 1 Creation of dislocation structures by high-temperature plastic deformation. (a) Schematic depicting the alignment of a BaTiOz single crystal
under uniaxial compression. (b) Typical domain arrangement for a tetragonal [110]-oriented BaTiOsz single crystal imaged with differential interference
contrast before and after deformation. Scale bar: 1 mm. (c) Schematic of the high-temperature {100}(100) slip systems activated during uniaxial
compressive plastic deformation. (d) Schematic represents the sample slicing. Bright-field TEM images of dislocations forming in deformed BaTiO3
crystal when viewed on (e) (110) plane, and (f) (001) plane. White arrowheads and arrows indicate the positions of dislocations and domain walls,
respectively. Scale bars are 500 nm. (g) HAADF image of the dislocation core of a [100]-type dislocation with Burgers circuit. Scale bar is 5 nm.

Experimental strain fields: (h) &, (i) &y, and (j) .

by three to four orders of magnitude.?” The mechanical imprint
is macroscopically reflected in the altered domain structure, see
Fig. 1b. To understand the effect of imprinted dislocations on
the domain structure, we have performed angle-dependent *"Ba
solid-state nuclear magnetic resonance (NMR) spectra (Fig. S2,
ESIt) and then calculated the relative amounts of individual
domain configurations from them (Fig. S3 and S4, ESIt). Note
that a-domains feature spontaneous polarization vectors that are
parallel to the [100] (namely, a;-domains) and [010] (namely, a,-
domains) directions, whereas c-domains display polarization
vectors along the [001] direction. The macroscopic manifestation
of our mechanical dislocation imprint is evident through the

604 | Energy Environ. Sci., 2025, 18, 602-612

altered c/a domain ratios from 38% (reference sample) to 79%
(deformed sample), as highlighted in Fig. S4 (ESIT).

In order to describe the character of the imprinted disloca-
tions, transmission electron microscopy (TEM) images were
taken after preparing samples by cutting the deformed crystal
into pieces parallel to the (110) and (001) planes (Fig. 1d).
Traces of dislocation lines (marked by white arrowheads) are
likely to run along the [001] direction (see Fig. 1e), featuring
dislocation points (pure edge dislocations) and short disloca-
tion segments on viewing the dislocations along the [001]
direction; see Fig. 1e. These short segments may originate from
the screw part of the mixed dislocations.>® The dislocation

This journal is © The Royal Society of Chemistry 2025
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density is estimated to be 1.5 x 10'> m~>, corresponding to an
average dislocation spacing of 815 nm (Fig. S5, ESIf). The
orientation of the sliced samples was verified from the Fast
Fourier transform (FFT) pattern, see Fig. S6 (ESIf). Fig. 1g
highlights a typical high-angle annular dark-field (HAADF)
image of a dislocation core, acquired along the [001] zone axis
for the deformed sample, confirming a Burgers vector of
[100]/2. This is determined by the geometrical phase analysis
(GPA) of the HRTEM image, which reveals a strain singularity
(exy, &)y, and &) around the dislocation core; see Fig. 1h-j.

2.2 Exposing dislocations on surfaces and conductivity

Despite the high density of dislocations in deformed samples, the
interior of the ferroelectric material cannot directly participate in
catalysis. Therefore, for piezocatalytic experiments, cutting of the
deformed samples to fully expose the imprinted dislocations is
necessary.

As indicated in Fig. 2a, dislocations are present on the surface
of the deformed sample after cutting along the (001) crystal
plane (hereafter named (001)-cut), featuring dislocation points.
Fig. 2b illustrates the cutting process along the (110) crystal
plane (named (110)-cut), where dislocations on the surface
appear as dislocation lines parallel to the surface. Dislocations
and their associated strains in deformed samples may signifi-
cantly promote the piezoelectric catalytic process,>*>° as the
local strain field near the dislocation core can reach several
GPa.>® Note that the (001)-cut sample provided in Fig. 2a has a
larger area with fully exposed dislocation points as compared to
the (110)-cut sample highlighted in Fig. 2b. Specifically, the
(001)-cut samples have an exposure area of ~4 x 4 x 2 mm?,
resulting in 4.8 x 107 dislocation cores, while the (110)-cut
samples have an exposure area of ~4 x 1 x 2 mm?, accounting
for 1.2 x 107 dislocation cores. The high number of dislocations
creates many potential active centers for piezocatalysis.

As the introduced dislocations carry both a strain field and a
local charge, we quantified the electrical conductivity of the refer-
ence and deformed samples at room temperature. As shown in Fig.
S7 (ESIT), the conductivity of the deformed samples from both cuts
reveals a significant increase, indicating enhanced carrier mobility
and more efficient charge transport.* Fig. 2¢ highlights the electro-
chemical impedance spectroscopy (EIS) Nyquist plots of the
deformed samples and reference samples. The smaller arc radii of
the deformed samples indicate a relatively lower resistance,
demonstrating that their interface charge transfer resistance is lower
and carrier transport is improved. In addition, when subject to
ultrasound, the deformed samples exhibit a higher piezo-current
density, revealing a greater ultrasonic excited response (see Fig. 2d).

2.3 Potential distribution of BaTiOj; single crystals at different
ultrasonic frequencies

To predict the piezoelectric potential distribution of BaTiO;
single crystals under varying ultrasonic frequencies, finite
element modeling (FEM) was employed. This method meticu-
lously follows the equations provided in the Experimental
section and replicates the actual dimensions of the BaTiO;
crystals in terms of length, width, and height.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Energy & Environmental Science

Previous research®' suggests that the stress induced by the
collapse of cavitation bubbles during ultrasound exposure is
inversely proportional to the square of the frequency (f). Fig. 3
illustrates the dynamic potential distribution in BaTiO; single
crystals at different ultrasonic frequencies, highlighting the
response of their piezoelectric properties to acoustic stimula-
tion. At a frequency of 45 kHz, there is an apparent increase in
the fluctuation of the piezo-potential (Fig. 3a-e), which signifies
an enhanced piezoelectric activity. This enhancement is
particularly evident in the progression from lower to higher
generated voltages. In contrast, at higher frequencies of 80 kHz
and 100 kHz, as shown in the middle and bottom rows (Fig. 3f-j
and k-o), the potential variation across the cycle is minimal,
indicating a stable, yet low, piezoelectric response, which is
further detailed by the complex potential and stress distribu-
tion patterns at mid-cycle points (Fig. S8 and S9, ESIY).

The analysis of piezoelectric potentials at different time
intervals, corresponding to the varying frequencies of applied
stress, reveals that the highest piezoelectric potential occurs at a
frequency of 45 kHz, surpassing those observed at 80 kHz and
100 kHz. Given that higher ultrasound frequencies result in more
cycles within the same time period, further research is warranted to
quantify the piezoelectric charge generated during these intervals
to better assess the catalytic performance of BaTiO; under different
conditions. Fig. 3p-r, illustrating the amount of piezoelectric
charge generation at frequencies of 45 kHz, 80 kHz, and 100 kHz
within the same time frame, reveals that higher frequencies do not
always result in greater charge generation, as indicated by the
integration of the curves with the horizontal axis (Q; > Q, > Q).

2.4 Piezoelectric catalytic hydrogen production rates and DFT
calculation

Fig. 4a and b present a comparison of piezocatalytic hydrogen
production across various ultrasound frequencies. The results
demonstrate that at a lower ultrasonic frequency of 45 kHz, the
piezoelectric catalytic hydrogen production rate is the highest for
both the deformed samples and reference samples, surpassing
those observed at 80 kHz and 100 kHz. This phenomenon is due
to cavitation bubbles growing larger, which enhances cavitation
effects and facilitates the generation of a greater quantity of
piezoelectric charges within the same duration in BaTiO; single
crystals.”” These experimental findings are consistent with our
FEM results. The hydrogen production rate of the (001)-cut
deformed samples at 45 kHz can reach 38.6 mmol h™' m™?
significantly higher than the 11.9 mmol h™' m 2 observed in
undeformed reference samples. This marked increase highlights
the critical role of dislocations in enhancing the piezoelectric
catalytic hydrogen production in BaTiO; single crystals. Similarly,
the (110)-cut deformed samples show a hydrogen production rate
of 29.1 mmol h™" m™2 at an ultrasonic frequency of 45 kHz, which
is higher than the reference samples of 9.9 mmol h™' m™2
However, the overall piezoelectric catalytic hydrogen production
efficiency of (110)-cut deformed samples is lower than those of
(001)-cut samples. This difference aligns with variations in active
sites provided by dislocations, conductivity, EIS Nyquist plots, and
J-V curves. The single crystals, no matter with or without
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Fig. 2 Exposing dislocations on surfaces and conductivity. Preparation of deformed samples with dislocation points (a) and dislocation lines (b) on the surface.
EIS Nyquist plots (c) and piezo-current—potential (J-V) curve (d) of the deformed and reference samples. The test temperature was room temperature.

deformation, did not exhibit apparent improvement in hydrogen
production after poling, compared to the unpoled counterparts;
see Fig. S10 (ESIT). Repetitions indicate that all deformed
samples exhibit good cyclic stability (Fig. 4c and d). It is also
worth noting that when we further increase the dislocation
density of the samples up to 1.5 x 10" m™> by deforming the
samples with a notch (see our previous report’” for detailed
determination of the dislocation density), the hydrogen produc-
tion has correspondingly improved, reaching 53.8 mmol h™' m ™2
and 40.6 mmol h™" m™? for (001) cut and (110) cut, respectively;
see Fig. 4e and f.

606 | Energy Environ. Sci., 2025, 18, 602-612

Density functional theory (DFT) calculations were employed to
determine the effect of the strain induced by dislocations on the
level of piezocatalytic hydrogen produced. The strain induced by
the existence of dislocations can lead to lattice distortion.*® Based
on TEM and geometrical phase analysis results®® (Fig. 1) and the
measured lattice constants (Fig. S6, ESIT), an average tensile strain
of 2-3% was observed within approximately 1.5 nm of the disloca-
tion core on the side opposite to the extra half-plane of atoms.
Models of BaTiO; with 0%, 2%, and 3% tensile strain, including
cuts along the (001) and (100) crystal planes, were established
according to the observed strain; see Fig. S11-S15 (ESIt). The

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Potential distribution of BaTiOs single crystals with different ultrasonic frequencies. The instantaneous potential distribution att =0 (a), t = 0.25 T (b),
t=05T(c), t=0.75T(d), and t =T (e) with the ultrasonic frequency of 45 kHz. Note that T is the period of the ultrasound waves, which is the reciprocal of
frequency (f). The instantaneous potential distributionatt =0 (f), t =0.25T(g), t =0.5T (h), t = 0.75 T (i), and t = T (j) with an ultrasonic frequency of 80 kHz.
Instantaneous potential distributionatt = 0 (k), t =0.25T (), t=0.5T (m), t =0.75T (n), and t = T (0) with an ultrasonic frequency of 100 kHz. Periodic model
for the amount of charge generated by the piezoelectric potential at an ultrasonic frequency of 45 kHz (p), 80 kHz (q), and 100 kHz (r).

hydrogen adsorption Gibbs free energy (AGy) of all models were
investigated as depicted in Fig. 4g, h and Tables S1 and S2 (ESIY).
The most ideal value for AGy; is 0, where the surface binding with
hydrogen is neither too weak nor too strong,”*** which is most
conducive to hydrogen production. Fig. 4¢ indicates that a 2% strain
can significantly improve the AGy of [001}-oriented BaTiO;. How-
ever, further amplification of strain may not necessarily be more
advantageous for AGy, and when the strain is increased to 3% there
is no further improvement in AGy; and a slight deterioration in AGy
is observed. Fig. 4h reveals that strain also has a beneficial effect on
AGy of the [110]-oriented sample, although this effect is signifi-
cantly smaller than that observed for the [001] orientation. In
addition, the effect of a 2% strain on AGy is also more pronounced
than that of a 3% strain. Therefore, the significant enhancement in
piezoelectric catalytic hydrogen production of deformed samples is
attributed to the combined effects of improved piezoelectric charge
coefficient, a AGy which is closer to 0, and the accumulation and
transfer of charge near dislocations.*® The piezocatalytic mecha-
nism of the deformed and reference samples is illustrated in
Fig. 4i-p. As featured in Fig. 4i and m, balanced binding charges
and screening charges render the material electrically neutral.
However, due to lattice distortions in the deformed sample, a
larger electric potential is generated.”** A subsequent

This journal is © The Royal Society of Chemistry 2025

application of compressive stress causes the amplitude of polar-
ization to decrease (Fig. 4j and n), leading to the release of
screening charges from the surface until a new equilibrium is
reached. The deformed sample can release more charges in the
process for the following reasons.*® The relationship between
the stress applied to a piezoelectric material and the resulting
electric charge can be described in eqn (1), and there is a
proportional relationship between stress and strain as indicated
in eqn (2). We assume that eqn (2) is applicable to the entire
sample, including the dislocation core. Therefore, the stress
concentration induced by dislocations will result in a greater
strain, and the strain can contribute more charge and a higher
current according to eqn (3). These observations are consistent
with the results observed in the J-V curves displayed in Fig. 2d.

dQ =ds; x dF=d3; x A x do (1)
o= Ee (2)

do dr do de
I_g_dnxa_dnga_dngAa (3)

where I, Q, o, ¢, A, E and t represent the piezoelectric current,
charge, applied stress, strain, surface area, elastic modulus and
time, respectively.
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Fig. 4 Piezoelectric catalytic hydrogen production rates and DFT calculation. Piezoelectric catalytic hydrogen production rates of deformed samples
and reference samples (a) (001) cut and (b) (110) cut, at different ultrasonic frequencies. Hydrogen production cyclic tests for deformed samples (c) (001)
cut and (d) (110) cut at an ultrasonic frequency of 45 kHz. Piezocatalytic hydrogen production rates of (001) cuts (e) and (110) cuts (f). The term
‘Deformed*’ refers to the samples with higher dislocation density of 1.5 x 10** m~2. Gibbs free energy of the (g) (001), and (h) (110) surfaces of BaTiOz with
different strains. Piezoelectric catalytic mechanism of reference (i)—(l) and deformed (m)-(p) samples based on the screening charge effect.

As mentioned, the mechanism of piezocatalysis has not yet
been fully elucidated."® In the case of the screening charge
model, screening charges are created under mechanical stress
until a new equilibrium is reached (see Fig. 4k and o). As the
applied pressure decreases, the condition is reversed, causing
another change in screening charges. During these equilibration

@ Ba 4 Positive free charge 4
. (inside the catalyst)

¢ Ti

e O = Negative free charge

u

(inside the catalyst)

Fig. 5
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processes, charge transfer can be induced at the surface, trigger-
ing redox reactions (Fig. 41 and p). When it comes to the energy
band model, the band bending induced by piezoelectric polariza-
tion can be so extensive that redox reactions at the interface are
favorable. Irrespective of the mechanism, the following conclu-
sions can be made concerning the dislocation impact.

Itrasound

Positive free charge
(on the surface of the catalyst)

Negative free charge
(on the surface of the catalyst)

Illustration of the reaction mechanisms for hydrogen production of the deformed sample under ultrasonic treatment.

This journal is © The Royal Society of Chemistry 2025
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The dislocations become catalytically active centers, where a
major contribution to this can be attributed to the stress and
strain field surrounding the dislocations. The mechanisms of
hydrogen production of the deformed sample are illustrated in
Fig. 5. The dislocation core causes lattice distortion in the
BaTiO; unit cell, resulting in strain. During the piezocatalytic
reaction process, the deformed sample which is experiencing a
strain can generate a large number of free charges when subject to
ultrasound. The piezoelectric potentials can be developed from
two main sources: the separated positive-negative charges and
the imprinted charged dislocations. The piezoelectrically-induced
and dislocation-trapped positive charges (¢*) can react with water
molecules to generate hydrogen (H') ions and oxygen products
(e.g., hydroxyl radicals or oxygen). Subsequently, these H' ions are
reduced by negative charges (¢™), leading to the production of H,.
Tens of millions of charged dislocations within the deformed
sample afford a facile transfer of charges from the interior of the
material to the surface and the negative charges (mainly electrons)
can react with H' in water. From the perspective of chemical
equilibrium of the reaction that produces H,, the more negative
charges transferred by the introduced dislocations, the more
favorable it is for the production of H,. Note that the reference
samples exhibit dislocation density ranging from 10° to 10° m .
Our mechanical imprinting technique significantly enhances the
dislocation density by three to four orders of magnitude. As a
result, the presence of a multitude of dislocation sources and their
associated local strains can further enhance hydrogen production
by adjusting the hydrogen adsorption-free energy, confirmed by
our DFT calculations. This opens new avenues for research and
potential applications in areas such as piezo-photocatalysts.*’

3. Conclusions

In summary, defect engineering has been employed to deliber-
ately introduce dislocations into BaTiO; single crystals via high-
temperature plastic deformation along the [110] crystallo-
graphic direction. Transmission electron microscopy and geo-
metrical phase analysis verified the presence of dislocations,
which are characterized by {100}(100) slip systems with local
strains around the dislocations. On stimulation of the ferro-
electric surfaces with ultrasonic vibrations, the catalyst converts
mechanical energy into electrical energy, facilitating the split-
ting of water into hydrogen gas. A maximum piezoelectric
catalytic hydrogen production efficiency of 53.8 mmol h™* m™>
was achieved, which is attributed to a plethora of dislocations
and a suited hydrogen adsorption free energy, as compared to
undeformed reference samples. Our approach in producing
highly active bulk ferroelectric surfaces addresses the chal-
lenges of retrieval and reuse faced by powder-based piezo-
electric catalysts, thereby advancing the practical application
of piezocatalysts. Such interdisciplinary efforts are crucial for
advancing our understanding and application of dislocation
technology in bulk ferroelectrics, paving the way for innovative
solutions in energy and environmental applications and con-
tributing to sustainable technology development.

This journal is © The Royal Society of Chemistry 2025
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4. Experimental section

4.1 High-temperature deformation and sample preparation

Top seeded solution grown (TSSG) [110]-oriented high-quality
BaTiO; single crystals with a geometry of 4 x 4 x 8 mm?
(Electro-Optics Technology GmbH, Idar-Oberstein, Germany) were
heated to 1150 °C with a heating rate of 1 °C min~" under a
uniaxial compressive stress of 1.25 MPa. To reach thermal equili-
brium, temperature and mechanical stress were maintained for
30 min. Then, deformation by uniaxial compression was con-
ducted at 1150 °C using a load-frame (Z010, Zwick/Roell, Ulm,
Germany) that was equipped with a linear variable differential
transformer (LVDT) for precise measurement of the displacement.
A loading rate of 0.2 N s~ " and unloading rate of 0.5 N s~ " were
used to activate the high-temperature slip systems. In this case,
the Schmid factor as a quantification for the propensity for
dislocation slip on the (100) plane is maximized, which leads to
a generation of edge dislocations with a Burgers vector of [100]/2.
Afterwards, the sample was cooled down to room temperature at a
rate of 1 °C min~* while being subject to a uniaxial compressive
stress of 1.25 MPa. Detailed experimental procedures can be
found in our previous reports.””***® To significantly enhance
the density of dislocations, the single crystals underwent notching
with a diamond wire saw (Well Diamantdrahtsigen GmbH,
Germany). This notch, positioned at the center of a (100) plane,
penetrated 15-25% of the thickness of the sample. Afterward,
these crystals experienced uniaxial compression at 1150 °C, using
a Z010 load frame, with compression applied along the [110] axis
under identical conditions to those used for unnotched samples.
This sophisticated method of mechanical deformation led to a
dense, localized network of dislocations.

The deformed crystals were then sliced into smaller pieces
perpendicular to the [110] and [001] directions using a Model
4240 Benchtop (Well Diamond Wire Saws, Inc., Norcross, USA).
The orientation of the as-prepared samples was confirmed using
the Laue back-reflection method (1001 Model, Huber, Rimsting,
Germany). The surface of the (001) and (110) cut samples was then
polished to a thickness of 0.5-1.0 mm and used in form of plates of
lateral dimensions 4 mm and 4 mm. Gold electrodes were sput-
tered onto two large top and bottom surfaces of the investigated
samples, which were then annealed at 200 °C for 2 h (heating/
cooling rate: 1 °C min™") for electrical measurements. Direct
current (DC)-poling of both reference and deformed samples was
performed under 1 kv mm ™" for 10 min at room temperature.

4.2 Dislocation and domain structure characterization

Optical images of the reference and deformed BaTiO; single
crystals were taken using a LEXT OLS4100 laser scanning
microscope (Olympus, Shinjuku, Japan). A differential interfer-
ence contrast (DIC) mode and polarized light mode were used
to image domain patterns.

We utilized a low-speed circular saw to slice the samples into
3 x 3 mm? square sheets. Alcohol was employed as a coolant to
reduce the temperature and prevent decomposition. The thick-
ness of the specimens was mechanically reduced to 30 pum.
Subsequently, an Ar" ion beam (GATAN 695) was employed for

Energy Environ. Sci., 2025, 18, 602-612 | 609
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final thickness reduction after attaching the specimen to the
copper ring (1.5 mm inner diameter). Bright-field TEM images
were acquired using an FEI (Thermo Fisher Scientific) TALOS
F200X (operating at 200 kV) equipped with a Super-X TEM
integrated energy dispersive X-ray spectroscopy system.
Another TEM (Spectra 300, Thermo Fisher Scientific, USA)
equipped with a high-angle annular dark-field (HAADF) detec-
tor was employed at 300 kV for scanning TEM (STEM)-HAADF
imaging, with electrons from 59 to 200 mrad collected.

37Ba solid-state NMR spectra were obtained from both
deformed and reference single crystals in the unpoled state
were collected using a Bruker Avance III HD spectrometer
(Bruker, Massachusetts, USA) that was equipped with a wide
bore magnet (14.1 T, Oxford). A single-axis goniometer NMR
probe (NMR Service, Erfurt, Germany) with nominal resolution
of 0.1° was tuned to 66.71 MHz. In this setup, an angle of 0°
represents the normal vector of the sample holder that is
parallel to the magnetic field B,. A variety of angles, ranging
from 0° to 60°, were selected to measure samples that exposed
the (001), (110) and (110) faces, respectively. A Hahn-echo
sequence with a 7 value of 30 us and a recycle delay time of
1 s was employed, with an acquisition time of 0.05 s. The
duration of the 90° pulses was 3.5 ps. A total of 1024 scans were
performed, utilizing a sample volume of approximately 4 x 4 X
1 mm?®. The pre-scan delay was set to 10 ps. The chemical shift
scale was referenced to a 1 M solution of BaCl, (0 ppm).

4.3 Electrochemical measurements

The electrical conductivity was quantified by a precision impe-
dance analyser (4294A, Agilent Technologies, Santa Clara, USA).
Electrochemical impedance spectroscopy (EIS) and ultrasonic
excited piezocurrent-voltage (J-V) curves were obtained by a stan-
dard three-electrode electrochemical workstation (CHI604E,
China) for both deformed and reference specimens. The measure-
ments employed Ag/AgCl electrode (saturated KCl), 0.5 M Na,SO,
aqueous solution (pH = 7), and Pt foil as the reference electrode,
electrolyte, and counter electrode, respectively. For the EIS inves-
tigations, a potential of 0.6 V (vs. Ag/AgCl) and an alternating
voltage perturbation of 5 mV were applied. /-V curves involved
cyclic activation of the ultrasonic switch every 5 s, with each
ultrasonic stimulation lasting 5 s, and the J-V curves were obtained

via linear sweeping voltammetry at a scan rate of 20 mv s~ ",

4.4 Piezoelectric catalysis experiments

15 ml of deionized water was added to a 50 ml reactor, followed by
the introduction of a BaTiO; single crystal into the reactor. The
reactor was then placed in a vacuum drying oven and we
repeatedly vacuumed the system more than three times at room
temperature and evacuated and purged with high-purity nitrogen
for 10 min to remove air dissolved in the deionized water.
Subsequently, the reactor was transferred to an ultrasonic clean-
ing device for a hydrogen production by water splitting experi-
ment. The ultrasonic frequency and power were adjusted
according to experimental conditions, with a sonication duration
of 10 min. The composition of the resulting gas mixture was
analyzed using a gas chromatograph (GC-6600, Shanghai Fanwei)
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that was equipped with a pulsed discharge helium ionization
detector (PDHID, VICI, USA).

4.5 Computational details

It has been shown®! that the stress produced by the collapse of
a cavitation bubble during ultrasound, and the strength of
ultrasonic effect was related to time interval and volume per
unit volume of cavitation bubbles:*’

AT Rmax> Po

la =—37Ay (4)

where I., represents cavitation intensity, Rnax iS maximum
instantaneous radius of the bubble, P, is air pressure, T is
the period of ultrasound waves, which is the reciprocal of
frequency (f), and AV is a space volume element, respectively.
The Rp,ax of cavitation bubble can be presented as:*°

Rmax Y 3Vpoc/pLa)2 (5)

where p;, is the mass density of water, p ., is the equilibrium of
cavitation bubble, y is the heat capacities ratio, and w repre-
sents angular frequency which is equal to 2nf. Therefore, the
relationship between I., and f can be deduced as:

1
r?
We assume the amplitude of the alternating stress applied to

BaTiOj; single crystals is proportional to the strength of ultra-
sonic effect, thus the periodic stress functions can be given in

eqn (7)-(9):

(6)

Iy

04(t) = Ag sin(2mfit) (7)
2

aa(t) = Ay - (;—;) -sin(2nfar) (8)
2

o3(t) = Ap - (J%) - sin(2mf31) 9)

where 0,(f), 0,(f), g;(f) represent the stress with the applied
frequency of 45 kHz, 80 kHz, and 100 kHz respectively. A,
represents the stress amplitude at a frequency of 45 kHz. f3, f>, f5
represent frequencies of 45 kHz, 80 kHz, and 100 kHz, respectively.

The stress distribution on the BaTiO; single crystals is
provided in Fig. S10 (ESIT). The relationship between the out-
put voltage of the piezoelectric potential and the applied stress
is as follows:'*>>">?

D=do +¢E (10)

v="= (11)

&
where D is the electric displacement, d is the piezoelectric
coefficient, ¢ is permittivity, E is external electric field which
is approximately equal to 0 here, and H represents thickness of
piezoelectric materials. Therefore, the higher the applied exter-
nal force, the higher the electric displacement and the higher
the piezoelectric potential obtained, which is consistent with
the results in Fig. 3.

This journal is © The Royal Society of Chemistry 2025
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The exchange-correlation effect of DFT was represented by
the generalized gradient approximation (GGA) in the form of
Revised Perdew-Burke-Ernzerhof (RPBE) functional and OTFG
ultrasoft pseudo-potentials were employed for the core elec-
trons. A plane-wave cut-off energy of 489.8 eV was used in the
calculations. A four-layer model of BaTiO; with (001) and (110)
surfaces was established. The bottom two layers were fully
fixed, while the remaining two layers’ atoms were in a fully
relaxed state. A vacuum layer of 15 A was created along the
Z-axis to prevent periodic interactions. The termination sur-
faces of BaTiO; with (001) and (110) surfaces and the selection
of hydrogen adsorption sites were determined based on the
principle of lowest energy.>®

The calculation of hydrogen adsorption free energy is per-
formed using the following formula:

AGy- = AE + AZPE — TAS + AG(pH) (12)

where AE, AZPE, T, AS, and AG(pH) represent the binding
energy, difference in zero-point energy, temperature, entropy
change, and pH correction term, respectively.

AE is calculated from the energies of the slab with H*, pure
slab, and hydrogen gas:

AE = E(slab with H*) — E(pure slab) — %E(Hz) (13)
Zero-point energy refers to the lowest possible energy that a
quantum mechanical physical system may have. The zero-point
energy of the pure surface can be neglected,”® AZPE was
calculated by

AZPE = Ejp; — Ezpy (14)

As the phonon mode changes of the adsorbed H* on the surface
can be neglected, the entropy change can be corrected as
follows:

1

AS = —55212 (15)
The pH correction term was calculated by ref. 38
AG(pH) = —kT x In(10 x pH) (16)

k is the Boltzmann constant, and pH value of 7 was chosen in
this work as the deionized water was employed.
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