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Piezoelectric materials have been found to possess high catalytic activity
under external mechanical excitations, such as ultrasonic waves or collisions.
Energy band theory (EBT) based on electronic excitation in semiconductors
has been widely used to investigate piezocatalytic activity from a macroscopic
perspective, while the microscopic correlation between the piezoelectric
feature and surface chemical reactivity was not fully understood at the
current stage. In this work, to overcome the limitation of conventional finite
element modeling of piezoelectric materials, we employ the first-principles
density functional theory (DFT) to study the electronic properties, macroscopic
electrostatic potential, surface polarization, and chemical adsorption energy
of tetragonal PbTiO3 under external mechanical strains. The correlations
between the band structure, piezopotential, space charge distribution, and
surface adsorption energy of the *OH/H groups are discussed in our work. Our
simulation shows that the bulk PTO and layered PTO exhibit opposite trends
in the band gap change under external strain. In addition, a nonmonotonic
correlation between the change of dipole moment piezopotential versus the
applied strain was found in few-layer PTO, which could directly quantify the
driving force of piezocatalysis. Finally, the enhanced surface adsorption of *OH
and *H on PTO was observed under both tensile and compressive strain,
which reveals how piezoelectric features affect the surface chemical process
in thermodynamics. Our work provides a significant mechanistic insight into the
piezocatalytic behavior of general polar perovskite, which could facilitate the
development of piezoelectric materials in energy conversion and environmental
applications.
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Introduction

Energy harvesting and conversion technologies have received tremendous attention in
recent decades due to the increasing energy consumption as well as serious environmental
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GRAPHICAL ABSTRACT

problems [1–5]. Direct utilization of energy from the natural
environment is an effective way to deal with energy and
environmental problems. In addition to the most well-known
photovoltaic technology that can directly convert solar energy from
nature into electricity, energy conversion via the piezoelectric effect
is another way to exploit natural energy that can convert mechanical
energy into electricity or chemical energy [6–8]. According to
the fundamental concept of electrostatics and electrochemistry,
a large electrical potential drop on a material surface can govern
the electrochemical reaction and electron transfer. The concept of
“piezocatalysis” was proposed based on the electrocatalytic process
induced by a large potential drop on the piezo-electrified surface [9].
This phenomenon has been validated in many experimental studies.
For instance, Hong et al. discovered piezocatalytic water splitting
on the ZnO fiber and BaTiO3 dendrite, which could generate
oxygen and hydrogen gas from pure water in a stoichiometric ratio
under the excitation of ultrasonic vibration [10]. Starr et al. made
a similar observation in Pb(Mg1/3Nb2/3)O3-32PbTiO3 (PMN-PT)
material and reported the direct hydrogen generation induced by
piezoelectric effects [11]. In addition to the water-splitting reaction,
piezocatalysis has also been employed in pollutant degradation,
medical cleaning, and organic synthesis [12–18].

To understand themechanismof piezocatalysis, the energy band
theory (EBT) was developed to interpret the driving force of the
piezocatalytic process [19]. Due to the spontaneous polarization
in piezoelectric materials and the effects of mechanical strain, the
band edge usually exhibits a linear shift along the direction of
polarization under the external strain [11, 20]. This effect causes
the possible redox reaction that occurs when the modified band
edge reaches the redox potential of chemical species on the surface.
Under the frame of EBT, the driving force of piezocatalysis was
attributed to electronic excitation by thermal effect during the
vibrational excitation, which is highly similar to photocatalysis.
This indicates that the piezopotential is determined by the band
structure of the material under mechanical strain [21, 22]. Different
from EBT, the screening charge effect (SCE) model was proposed
based on the electrostatics of the piezo-electrified medium [19].
According to the SCE model, piezocatalysis is dominated by the
presence of a screening charge on the electrified surface. With

the help of finite-element simulation, numerical solutions of the
global electrostatic potential can be obtained at any mechanical
strain, which clearly visualizes the polarity of the piezoelectric
material [14, 23, 24].Thepiezopotential is defined as the electrostatic
potential difference between two sides and determines the size of
the driving force of piezocatalysis [11, 22, 25]. Although EBT and
SCE models have been extensively used to provide a mechanistic
understanding of piezocatalysis from different physical scales and
perspectives, the microscopic reaction process and mechanism on
the surface of piezoelectric materials are not well understood. In
addition, the intrinsic connection between EBT and SCE models
is still blurry at the current stage, which limits further mechanistic
investigation of piezocatalysis. To fully understand the mechanism
of piezocatalysis, in this work, we take the typical piezoelectric
perovskite PbTiO3 (PTO) as an example and carry out the first-
principles density functional theory (DFT) calculation to investigate
the electronic structure, polarization, space charge distribution, and
surface reactivity under mechanical strain. Our work could provide
fundamental insights into the physical picture of piezocatalysis
and further benefit the development of piezoelectric materials in
renewable energy applications.

Simulation method

Density functional theory calculations were carried out by
using the Vienna ab initio Simulation Package (VASP) software
[26, 27]. The ion–electron interaction was treated by the projector
augmented-wave (PAW) pseudopotential [28]. The generalized
gradient approximation with the Perdew–Burke–Enzerhof (GGA-
PBE) formalism was used to describe the exchange-correlation
effect [29, 30]. The plane-wave basis set with a cutoff energy of
550 eV was adopted to expand the wave function under periodic
boundary conditions. The van der Waals (vdW) interaction was
captured through Grimme’s DFT-D3 correction method [31]. The
convergence criteria of geometric optimization and electronic
iteration were set as 0.02 eV/Å and 10–5 eV, respectively. The k-
point sampling of the Brillouin zone was carried out using the
Monkhorst–Pack scheme with the k-mesh resolution of 0.04 (in the

Frontiers in Physics 02 frontiersin.org

https://doi.org/10.3389/fphy.2025.1562239
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Sun et al. 10.3389/fphy.2025.1562239

unit of 2π/Å) [32]. To reasonably deal with the strong correlation
effect of 3d electrons, the GGA + U method was employed for Ti
with theU value of 3.0 eV from early literature [33]. In addition, the
hybrid functional calculation was also performed using the HSE06
formalism to obtain an accurate band structure and band gap [34,
35]. The surface slab model of the 2/3/4 layers PbTiO3 in the [001]
direction was created in contact with a vacuum slab with a thickness
of 40 Å to avoid the layer–layer interaction and reliably capture
the dipole moment along the z direction. To investigate the effect
of mechanical strain on the polarization and electronic properties
in PTO, a biaxial strain was introduced on the equilibrated lattice,
which has been validated as an effective strategy for understanding
piezoelectric materials [22, 36, 37]. The mechanical strain (δ) was
defined as δ = (a − a0)/a, where a0 and a refer to the equilibrated
and compressed/stretched lattice constant, respectively. In addition,
dipole correction was employed to treat the highly polarized surface
in the electrostatic potential calculation because our test calculation
has shown that the electrostatic potential is not able to converge in
the center of the vacuum slab if dipole correction is not included, as
shown in Supplementary Figure S1; [38].

The electronic polarization of PTO was calculated using the
Berry phase method developed by King-Smith and Vanderbilt,
which directly provides the electronic dipole moment in each
direction [39].The ionic part of polarization is directly defined by the
ion valance and location, giving the expression of total polarization
along the z direction as Equation 1:

P = Pion + Pelec =∑
i
(r ‐ r0)Zi(r) + Pelec, (1)

where the first and second terms refer to the contribution of ionic
and electronic dipole moment in the z direction. The r0, Zi refers
to the reference location and valence charge of ion along the z
direction, respectively. Pelec is given by the Berry phase calculation.

Results and discussion

Effects of Hubbard U and
exchange-correlation functional on the
geometry, polarization, electronic, and
mechanical properties of bulk PTO

Because the accuracy of lattice parameters significantly
affects the calculated polarization of ionic contribution, different
functionals were tested as a comparison, including PBE [30], PBEsol
[40], andHSE06 [34], with andwithoutHubbard correction, as listed
in Table 1. The calculated structure parameters, polarization, and
mechanical properties were compared with previous experimental
results. As listed in Table 1, our simulation indicates that PBE +
U shows good consistency with experimental data in structural
parameters and polarization charge density Ps, whereas PBE,
PBEsol, and HSE06 overestimate Ps. Conversely, PBEsol + U
underestimates the Ps value, which suggests that the introduction of
HubbardU could lower the calculatedPs. However, the introduction
of Hubbard U makes the mechanical property calculation worse
than the experimental results. Additionally, PBEsol predicts the
band gap as 1.61 eV,which significantly underestimates the band gap
compared with the HSE06 (Eg = 3.05 eV) and experimental data (Eg

= 3.10 eV). EarlyDFT study has indicated that applying theHubbard
U correction could push the Ti (3d) states to bemore localized on Ti
ions, which significantly affects the length of the Ti–O bond along
[001] direction and the ionic polarization [41]. Our results similarly
find that the Hubbard U suppresses Ti (3d)-O (2p) hybridization
(Supplementary Figure S2) and leads to a smaller c parameter than
PBE and PBEsol. Because the piezocatalytic activity in PTO is
dominated by mechanical excitation in the planar direction (x and
y direction) and polarization response in the vertical direction (z
direction), it is important to accurately capture the effects of in-
plane strain (x/y direction, which is related to C11, C12, and C13) on
the electronic structure and polarization. Thus, to obtain a reliable
result on the polarization property under in-plane strain, we will
employ the PBE + U calculation for geometry optimization and
polarization calculation, which has exhibited reasonable accuracy
compared with early experimental results [42–44]. The electronic
structure and band gap will be calculated via HSE06 based on a
single-point calculation after structure optimization by PBE + U.

Effects of mechanical strain on the band
structure

To understand the change of electronic structure under
piezoelectric polarization, we first studied the band structure
of bulk PTO under biaxial strain on the lattice, as shown in
Supplementary Figures S3, S4. We compared the band structure
calculation results from PBE, PBE + U, and HSE06 functionals in
Supplementary Figure S3. It shows that all the methods predicted
the bulk PTO as an indirect semiconductor with the valence band
maximum (VBM) located at X and the conduction band minimum
(CBM) located at the Γ and Z points. The flat region of the
conduction band in the K-path (Γ to Z) is also consistent with an
early study by Bendaoudi et al. [37]. The HSE06 predicts the Eg
of bulk PTO as 3.05 eV, which is very close to the experimentally
measured Eg = 3.10 eV, while PBE and PBE + U predict the Eg
= 1.81 eV and Eg = 1.97 eV, respectively. (Figure 1B). The band
structure of PTO from PBE + U and HSE06 is like the BaTiO3 in
our previous work [22].

As shown in Figure 1B and Supplementary Figure S4, with the
introduction of biaxial strain (δ = −5% to +5%), we observed a
monotonic variation of Eg with the strain with the PBE, PBE + U,
and HSE06. Under a compressive strain of δ = −5%, Eg increases
to 2.20 eV, while Eg decreases to 1.77 eV when a tensile strain of
δ = +5% is introduced along the lattice vector a in the xy plane.
The projected density of states (PDOS) (Supplementary Figure S5)
indicates that the CBM is primarily contributed by Ti, while the
VBM is mainly contributed by O. Compressive strain causes a
displacement of the Ti ion from its centrosymmetric position,
leading to polarity change. This structural distortion enhances the
hybridization between the Ti-3d and O-2p orbitals, thus increasing
the VBM-CBM energy difference and leading to a wider band
gap. Berger et al. also reported the effect of polarity change on
the band gap [47]. The location of VBM and CBM remain
unchanged under the compressive and tensile strain on bulk PTO.

To explore the piezoelectric effects on the band structure of PTO
under realistic experimental conditions, we established the few-layer
PTO model shown in Figure 1A. The PTO surface model was built
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TABLE 1 Calculated lattice parameters (in Å), spontaneous polarization (Ps in C/m2), band gap (Eg in eV), and elastic constants (in GPa). Experimental
results were taken from early literature [42–46].

a c Ps Eg C11 C12 C13 C33 C44 C66

PBE 3.84 4.62 1.19 1.87 203.11 91.00 67.31 60.88 58.69 94.98

PBE + U 3.95 4.13 0.76 1.91 239.90 92.93 60.82 22.84 73.60 96.16

PBEsol 3.87 4.14 0.88 1.61 264.12 109.81 92.14 96.25 54.85 98.33

PBEsol + U 3.92 4.00 0.59 1.78 302.75 120.61 107.56 157.63 60.48 95.61

HSE06 3.83 4.44 1.16 3.05 234.71 94.52 62.23 35.41 56.71 108.04

Exp 3.90 [42] 4.16 [42] 0.76 [43] 3.10 [45, 46] 235 [44] 105 [44] 101 [44] 98 [44] 65 [44] 104 [44]

FIGURE 1
Strain-induced band structure change of PTO. (A) Bulk PTO model and 2L/3L/4L PTO surface model. (B) Band gap and lattice constant of c of the bulk
PTO under different strains calculated by PBE, PBE + U, and HSE06. (C) Band gap of 2L/3L/4L PTO surfaces at different applied strains calculated by
PBE, PBE + U, and HSE06 methods. (D) Band structure and visualized |Ψ|2 near the Fermi level for 2L PTO under a −5% applied strain.

along the (001) direction of the bulk PTO, and we created three
PTO surface models: 2L-, 3L-, and 4L-PTO, which are shown in
Figure 1A. The effect of biaxial strain on the Eg of 2L/3L/4L PTO
is systematically studied in Figure 1C. Compared with the results
of bulk PTO (Figure 1B), the few-layer PTO shows an opposite
trend in the Eg-δ relation, as shown in Figure 1C. The Eg of few-
layer PTO shows a nonmonotonic trend with the mechanical strain
that varies from compressive (−5%) to tensile (+5%). In Figure 1C,

the HSE06 results show that compressive or tensile strain both
decrease the Eg, leading to a “bell” shape in the Eg-δ relation.
Interestingly, PBE + U predicts a slightly decreased Eg in the tensile
strain region, while PBE results show a monotonically increasing
Eg with δ. The opposite trend given by PBE in the tensile strain
region suggests that the strong correlation effect of 3d electron in
Ti plays a crucial role in determining the band gap of the tensile
PTO surface. We visualized the wavefunction of 2L PTO at VBM
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(M point) and CBM (Γ) in Figure 1D, which shows that the VBM
and CBM were both contributed by the TiO2 layer.

According to the projected density of states (PDOS) analysis
in Supplementary Figure S6, it can be seen that the CBM of
the PTO surface is mainly dominated by the O, while the
CBM is mainly contributed by Ti. To validate the contribution
of each layer in the band structure, we further decomposed
the band in the real space in Supplementary Figure S7 (layer
index definition) and Supplementary Figure S8 (layer-resolved band
structure). It can be clearly found that the CBM and VBM are
contributed by layer 2 (inner TiO2 layer) and layer 4 (surface
TiO2 layer), respectively, while layer 1 (surface PbO layer) and
layer 3 (inner PbO layer) make little contribution. This situation
is not affected by the introduction of mechanical strain, as
shown in Supplementary Figure S9. Compared with our previous
study on BTO [22], our simulation of PTO exhibits a decreasing Eg
under the tensile strain, which might weaken the driving force of
piezocatalysis according to the EBT.

Space charge redistribution and
strain-induced polarization response

Because the polarization is determined by the charge
distribution inside the material, to understand the polarization
of PTO, we investigated the distribution of atomic charge in bulk
and few-layer PTO. The Bader charge [48] was used to describe
the atomic charge and further calculate the layer-resolved charge
transfer. As shown in Figure 2A, in bulk PTO, according to the sum
of Bader charge, the TiO2 layer gains 0.2 e− from the PbO layer,
leading to the TiO2 node holding a −0.2 |e| charge and PbO node
holding a +0.2 |e| charge. Under the compressive strain, the PbO
layer sucks back 0.04 e− from the TiO2 layer, leading to the partial
charge decreasing to −0.16 |e| on the TiO2 layer. However, under
tensile strain, we observed the 0.01 e− electron transfer from the
PbO to the TiO2 layer, leading to the −0.21 |e| partial charge on the
TiO2 node.

We chose the bulk PTO as a reference and evaluated the partial
charge distribution of few-layer PTO in Figure 2B. Comparing the
few-layer PTO and bulk PTO under zero strain, a partial electron
suck back to PbO layers was observed (cyan bar in Figure 2B) in
2L- and 4L-PTO. Electron accumulation was observed in layers
1/3 in 2L PTO and layers 1/3/5 in 4L PTO, while electron loss
was observed in layer 4 in 2L-PTO, layer 6 in 3L-PTO, and layers
4/6/7 in 4L-PTO. This reverse electron transfer can be explained by
the effect of depolarization. When extracting few-layer PTO from
the bulk, electron transfer occurs due to the suddenly disappearing
constraint from the macroscopic polarization of the whole system.
This electron transfer usually tends to weaken the polarization,
leading to the electron transfer from the negatively charged node
(TiO2) to the positively charged node (PbO). With the introduction
of strain, a relatively larger variation of space charge was observed
in the compressive strain rather than tensile strain, as shown in
Figure 2B. This can be explained by the change of Ti-O bond length
under strain in Figure 2D: compressive strain pushes the O of the
PbO layer and theTi of theTiO2 layer to be closer, while tensile strain
enlarges the Ti-O distance. The closer contact of Ti and O causes

more electron transfer, leading to a stronger degree of space charge
redistribution.

The change of total dipole moment versus mechanical strain
was also studied, as shown in Figure 2C. Interestingly, all the few-
layer PTO models show enhanced polarization under compressive
strain and weakened polarization under tensile strain. Although
the space charge distribution shows that the electron transfer
under compressive strain should decrease the polarization, an
increase in dipole moment was still observed. This suggests that
the contribution of the ionic dipole moment is more dominant
than the electronic dipole moment in total dipole moment change.
In addition, under the same degree of strain, a thicker layer
exhibits larger dipole moment variation than a thin layer PTO. This
finding indicates that the increase of overall polarization from the
additional PTO layer cannot be perfectly counterbalanced by the
depolarization field. The stronger polarization enhancement under
strain in thicker layer PTO also suggests a stronger driving force of
piezocatalysis, which will be discussed in the next section.

We also investigated the correlation between the band gap and
dipole moment of 4L PTO, as shown in Supplementary Figure S10.
It shows that there is a linear correlation between polarization
and the variation of Eg under lattice strain. Specifically,
Supplementary Figure S10 highlights that under compressive strain,
a negative correlation is observed, while under tensile strain,
a positive correlation emerges, with R2 values close to 1. This
relationship aligns well with trends reported in previous literature
[49, 50].

Work function and piezopotential

Because the redox ability of a material under an external electric
field or polarization is determined by the surface work function,
we also investigated the work function of each side of PTO under
various mechanical strains. Two vacuum references coexist due to
the presence of dipolemoment across the PTO along the z direction,
which leads to different surface work functions on each side. As
shown in Figure 3A, due to the negative charge accumulation on
the TiO2 node, the upper side (TiO2 side on the right) possesses
a larger work function than the lower side (PbO side on the left).
We individually calculated the W1 and W2 at various strains, as
shown in Figure 3B. It shows that both PBE + U and HSE06 predict
a monotonically increasing W1 with strain δ, while the W2 exhibits
a fluctuating trend with the strain δ changes from compressive to
tensile, as shown in Figure 3B. In addition, HSE06 always predicts
higher work function than PBE + U. Comparing the calculated
work function with the energy level of redox potential of O2 and
H2, the HSE06 calculation shows that the work function of the
TiO2 side is always beyond the oxidation potential of H2O when
δ changes from −5% to +5%, while work function of the PbO side
is below H+/H2 redox potential only when the δ decrease below
−3% in 2L-PTO. With the layer thickness increase to 3L and 4L, the
work function W1 of the lower side tends to decrease, indicating a
stronger driving force of hydrogen evolution reaction (HER) on the
low potential side. In the 4L PTO, only a slight compressive strain
of δ = −1% can push the W1 to below 4.5 eV (standard hydrogen
electrode reference), while the W2 is still located beyond 5.73 eV
(H2Ooxidation potential).This observation suggests that increasing
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FIGURE 2
Space charge distribution and dipole moment under strain. (A) Electron transfer and strain-induced space charge redistribution for bulk (referenced to
the = 0% state). (B) Strain-induced space charge redistribution for the 2L, 3L, and 4L PTO surfaces (referenced to the δ = 0% state). (C) Change of total
dipole moment vs. strain. (C) Change of total dipole moment vs. strain. (D) Schematic description of the bound charge accumulation and
depolarization field under compress and stretch conditions.

the PTO thickness could effectively benefit HER activity but have
little influence on the driving force of OER.

We further calculated the potential difference between the PbO
and TiO2 sides, which is defined as the piezopotential ΔV. As
shown in Figure 3C, we find that compressive strain increases
ΔV while tensile strain decreases ΔV. This is consistent with the
dipole moment change in Figure 2C, which indicates enhanced
polarization by compressive strain and weakened polarization by
tensile strain. In addition, the HSE06 method tends to predict
a higher ΔV than PBE + U, indicating the significance of a
strong correlation effect in the simulation of the piezoelectric
property. More importantly, with the layer number increase,
we found a larger ΔV variation under the same degree of
mechanical strain, suggesting better activity in thicker PTO
film. This observation is closely related to the depolarization
field, which becomes more pronounced in thinner films and
can partially suppress the net polarization and its associated
potential. In thicker films, the depolarization field is effectively
reduced, leading to a larger polarity and piezopotential. This
phenomenon has been discussed from a theoretical approach [22,
51]. From the experimental perspective, promising piezocatalytic
performance was usually observed in the thick PTO, which

indirectly validates that thick PTO is better than thin PTO in
piezocatalysis [52–54].

Finally, it is found that the correlation between ΔV and
strain δ is nearly linear in Figure 3C. This linear relation between
piezopotential and lattice strain was previously reported by Liu et al.
in general piezoelectric materials, but it is derived based on a simple
capacitor model with polarization along the z direction [21]. Our
simulation indicates that this linear ΔV-δ correlation also exists
with the vibrational excitation in the xy plane, which enriches the
mechanistic understanding of piezocatalysis.

Piezoelectric effects on the surface
adsorption of ∗H/∗OH group

To understand the chemical activity of piezo-electrified PTO
surface, we investigate the adsorption energy of ∗Hand ∗OHgroups
as examples, which are important adsorbates of the water splitting
reaction. The adsorption enthalpy of an adsorbate from DFT
calculation is defined by Equation 2:

∆EA = E∗A −E∗ −EA, (2)
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FIGURE 3
Surface work function under piezoelectric polarization. (A) Schematic description of the work function and piezopotential ΔV in PTO surface. Under
the introduction of dipole correction along the z-axis, the surface electrostatic potential converges to different vacuum levels on each side, reflecting
different electrochemical activities of the surface electrons. W = ΦV − EF directly computed the work function for each side. ΦV refers to the
electrostatic potential near the surface’s vacuum region, and EF is the Fermi level. The ΔV driven piezocatalytic mechanism is shown in the inset. (B)
The work function of 2L, 3L, and 4L PTO surfaces. The upper side refers to the TiO2 side (right), and the lower side refers to the PbO side (left). (C)
Piezopotential ΔV under different strains for 2L, 3L, and 4L PTO.

FIGURE 4
(A) Total energy variation versus applied strain δ; and (B) adsorption energy of∗H/∗OH versus δ.

where the index A refers to the adsorbates (H and OH groups
in this work), and ‘‘∗’’ refers to the clean surface or active site.
The total energy E can be directly obtained from DFT calculation.
Considering the energy variation with the applied strain δ, the
adsorption can be written as Equation 3:

∆EA(δ) = E∗A(δ) −E∗(δ) −EA

= (∆E∗A(δ)+E∗A(δ = 0)) − (∆E∗(δ)+E∗(δ = 0)) −EA

= ∆E∗A(δ) −∆E∗(δ)+E∗A(δ = 0)−E∗(δ = 0) −EA

= ∆E∗A(δ) −∆E∗(δ) +Constant (3)

The ΔEA(δ) refers to the strain-induced energy variation of
the surface with reference to the equilibrium state. Thus, the effect
of applied strain on the adsorption enthalpy can be evaluated via

the ΔE∗A(δ) – ΔE∗(δ). We calculated the strain-induced energy
variation ΔE∗A(δ) for clean, H-, and OH-absorbed PTO surfaces
in Figure 4A. The clean surface exhibits larger ΔE∗A(δ) values than
the H- and OH-absorbed surfaces. In addition, on the compressive
strain side, the H-absorbed surface shows larger energy variation
than the OH-absorbed surface, while their energy variation on
the tensile strain region is very close. We further calculated the
ΔE∗A(δ)–ΔE∗(δ) to evaluate the effect of strain δ on the adsorption
enthalpy, as shown in Figure 4B. One can see that either compressive
or tensile strain can enhance the adsorption for both∗H and∗OH
groups on PTO. This enhancement of adsorption enthalpy is
nonsymmetric. Compressive strain enhances the OH adsorption
more than H adsorption, while tensile strain enhances the H
adsorption more than OH adsorption.
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These results suggest that the chemical activity of the PTO
surface can be significantly tuned via mechanical strain due
to the piezoelectric effect. Here, one should note that neither
excessively strong nor weak adsorption is favorable for the catalytic
process. In this work, we only performed a simple analysis of
the adsorption energies, but we did not conduct any detailed
study on the optimal adsorption strength and its impact on the
HER/OER mechanisms, which will be planned in our further
work. To conclude, this strain-induced activity change should be an
important part of piezocatalysis from the perspective of reaction on
a molecular scale.

Summary and conclusion

In this work, we employed the first-principles DFT calculation
to study the piezocatalytic activity and mechanism of tetragonal
perovskite PTO. The band structure calculation of bulk PTO shows
that PTO is an indirect semiconductor with the VBM and CBM
located at the X and Γ points in the reciprocal space. The PDOS and
band decomposition of few-layer PTO indicate that the VBM and
CBM were mainly contributed by the surface TiO2 layer and inner
TiO2 layer, respectively.

Under mechanical strain, HSE06 calculation predicts an
increasing Eg under compressive strain and a decreasing Eg under
tensile strain, giving amonotonical trend ofEg vs. δ.TheEg variation
under strain in few-layer PTO is different from that in bulk PTO,
which shows a “bell” shape across the whole region, indicating
that both compressive and tensile strain leads to Eg decrease. The
space charge analysis indicates that few-layer PTO is less polarized
than bulk PTO due to the depolarization effect. This effect leads
to a reverse electron transfer from the TiO2 node to the PbO
node that should effectively weaken the electronic polarization.
However, an enhanced total dipole moment was observed under
the compressive strain side, while the tensile strain was found to
decrease the total dipole moment. This can be explained by the
dominant role of the ionic dipole moment in determining the
total polarization.

By looking at the surface work function and piezopotential,
we found that the work function of the TiO2 side (upper side)
is always located beyond the H2O oxidation potential, while
the work function of the PbO side is below the HER potential
only when the compressive strain was introduced. The reduction
potential of the PbO side can be further reduced if the thicker
PTO film is used under similar strain conditions. In addition, a
linear correlation exists between piezopotential ΔV and biaxial
strain δ in the xy plane, which extends linear response ansatz
to the mechanical excitation on the basal plane (xy direction) of
piezoelectric perovskite.

Finally, by looking at the adsorption enthalpy change under
strain, we found that both compressive and tensile strain could
promote the H and OH adsorption, which should be an important
part when capturing the reaction mechanism under molecular
scale during piezocatalysis. Our work could provide in-depth
mechanistic insight into the piezocatalytic water splitting in the
piezoelectric perovskite family.
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