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ABSTRACT

Solar-driven semiconductor photocatalysts are highly appealing in applications of environmental remediation and energy conversion. However,
photocatalytic reactions, particularly oxygen evolution reaction (OER), are often constrained by the swift recombination of electron–hole pairs,
thereby resulting in low reaction efficiency. Although it is effective to separate charge carriers by constructing heterojunctions to form built-in
electric field, the lattice mismatch and inefficient interlayer charge transfer of heterojunctions in the photocatalysts limit their further develop-
ment. Here, we propose a new strategy by constructing an internal electric field for OER through an individual piezoelectric two-dimensional
material. The results indicate that the piezoelectric effect regulates the electronic structure, reduces bandgap, improves light absorption efficiency,
and that the displacement of positive and negative charge centers is the key factor in the enhanced OER. This research indicates the feasibility of
combining piezoelectric properties of two-dimensional materials with OER (1.19 eV), providing new insights and guidance for applying the pie-
zoelectric effect in the OER and opening up a way to promote efficient separation of charge carriers.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0217893

I. INTRODUCTION

Semiconductor catalysis has been regarded as a highly promis-
ing approach to overcome the present and future energy and envi-
ronmental challenges.1 Ever since the discovery of water-splitting
upon titanium dioxide (TiO2) under light irradiation,2 numerous
semiconductor materials have been extensively investigated.3

However, there still exist obvious drawbacks, such as low solar
energy utilization and photocatalytic efficiency, especially low
solar-to-hydrogen (STH) efficiency, thereby limiting further devel-
opment of photocatalytic systems.4 The low photocatalytic

efficiency is mainly attributed to the inherent recombination of
carriers.5–9 Numerous strategies have been proposed to address this
issue, including the optimization of model design, doping, and het-
erojunctions.5 Recently, the Z-scheme heterojunctions have
attracted widespread attention due to their ability to generate
built-in electric fields that can fulfil electron–hole separation and
possess strong redox potentials.10 However, seeking a proper mate-
rial to construct Z-scheme heterojunction remains difficult,10 ren-
dering it indispensable to single out two materials with matching
band structures and work functions as well as lattice mismatch of
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less than 5%. Thus, exploring alternative heterojunctions is
expected to optimize process efficiency and lower costs.

Piezoelectric materials may serve as a candidate in terms of
constructing efficient internal electric fields to separate charge.11–16

Hong et al. reported direct conversion of mechanical energy into
chemical energy by applying piezoelectricity of chemical catalysis
(PZEC) and fulfilled photocatalytic water-splitting by piezoelectric
technology.17 Wu et al. utilized BaTiO3 nanowires as a model
system to elucidate the piezocatalytic catalytic mechanism.18 They
found that piezoelectricity causes charge centers of BaTiO3 to shift
along the polar axis, producing piezoelectric potential, which
enhances the piezoelectric catalytic activity of BaTiO3 in opposite
directions. Such piezoelectric technology holds promise in develop-
ing next-generation catalysts. Traditional piezoelectric materials are
often three-dimensional (e.g., BaTiO3), which have issues of poor
conductivity, brittleness, easy fracture, and difficulty in integration
due to their large dimension, severely limiting their applications.
On the other hand, two-dimensional (2D) materials show flexibility
and bendability, which are applicable for flexible electronic devices
and wearable technology. In addition, due to their sheet nanostruc-
tures, they can be integrated with other 2D materials to form 2D
heterostructures, thereby extending their application fields.19

Decades after the successful peeling of graphene,20 2D nanosheets
have attracted significant attention due to their favorable character-
istics, e.g., high surface-to-volume ratio, relatively short carrier
migration distance, and abundant active sites.21–23 A considerable
group of 2D materials have been found to show exceptional cata-
lytic capability, such as transition metal dichalcogenides (TMDs),
transition metal carbides/nitrides (MXenes), and black phosphorus
(BP).6 Nevertheless, their practical application as a photocatalyst is
still impeded by the issue of carrier recombination.24,25

Previous studies reported that the freestanding honeycomb-
like γ-GeSe, which acts as a representative 2D ferroelectric material,
is structurally stable.26,27 Liu et al. found that both ferroelectricity
and the induced ferromagnetism are tunable by strain. Such behav-
iors indicate that γ-GeSe may exhibit great potential in microelec-
tronics and spintronics. They also demonstrated that the
monolayered γ-GeSe is a 2D ferroelectric material with an
out-of-plane polarization of ∼6.48 × 10−12 C/m.

Despite the growing interest in piezoelectric materials, most
study on two-dimensional piezoelectric materials has concentrated
on experimental verification, with insufficient focus on their intrin-
sic mechanisms. Since 2007, numerous experiments have success-
fully synthesized piezoelectric materials and applied them across
various fields. However, there is a lack of detailed mechanistic
understanding of how these piezoelectric materials specifically
drive photocatalysis.28,29 We propose a strategy to enhance the
built-in electric field of ferroelectric materials by strain to promote
the photocatalytic performance of γ-GeSe and explain the mecha-
nism in detail. Here, we found that piezoelectric materials are
responsible for generating a built-in electric field through the offset
of positive and negative charge centers, thereby driving the separa-
tion of electrons and holes, replacing the Z-scheme heterojunctions.
This proposes a theoretical basis for utilizing a single piezoelectric
material instead of constructing complex heterojunctions, hence
simplifying and reducing the cost of the catalyst production
process. Furthermore, most research on the piezoelectric effect has

focused on photocatalytic hydrogen evolution reaction. It remains
inadequate research on its application in oxygen evolution reaction
(OER).30,31 Here, we conducted a detailed analysis of polarization
intensity, carrier mobility, and charge differential density to eluci-
date the mechanism through which the piezoelectric effect
enhances electron–hole separation. Our study identifies the funda-
mental mechanism by which the piezoelectric effect enhances OER
performance and provides theoretical support for its application in
OER. We found an optimal OER barrier of 1.19 eV is obtained
under 8% strain. The findings of using simple piezoelectric materi-
als to generate built-in electric fields to promote charge separation
for OER open up a promising way to extend application area of
other inert materials for electrocatalytic applications.

II. COMPUTATIONAL METHODOLOGY

Density functional theory (DFT) calculations were performed
with the Vienna ab initio simulation package (VASP).32 The gener-
alized gradient approximation of the Perdew–Burke–Ernzerhof
(GGA-PBE)33 exchange–correlation functional was adopted to
describe the electronic structures of the system. Since the GGA
method usually underestimated bandgaps of semiconductors, the
Heyd–Scuseria–Ernzerhof hybrid functional (HSE06)34,35 method
was adopted to acquire more accurate band structures and optical
properties. A vacuum layer of 15 Å was adopted to eliminate spuri-
ous interactions between adjacent layers. The plane-wave energy
cut-off, forces, and energy difference criteria were set as 500 eV,
0.01 eV/Å, and 10−5 eV, respectively. The Berry phase method36

was used to calculate electric polarization. The modern theory of
polarization based on Berry’s phase approximation was36,37 used to
calculate the piezoelectric stress coefficient eij. The relaxed-ion
elastic and piezoelectric tensors were obtained as a sum of ionic
and electronic contributions,38

Cijkl ¼ dij
dkl

¼ Cion
ijkl þ Cel

ijkl , (1)

eijk ¼ dPi
d jk

, (2)

dijk ¼ dPi
d jk

, (3)

where ij, jk, and Pi are stress tensor, strain tensor, and polarization,
respectively. The polarization components of the polarization
tensor Pi along along x, y, and z were indicated by the subscripts
i = 1, 2, and 3, respectively. By applying the Voigt notation, eijk and
dijk were reduced to eil and dil , respectively. DFT simulations were
employed to calculate the piezoelectric coefficients of eil and dil
using the following expression:

eil ¼ dikCkl (4)

The piezoelectric coefficient of the P3m1 space group could
be simplified as e11, e31, and d11, d31. Based on the definition of
stress–strain, the piezoelectric coefficient could be obtained by the
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following formula:39

d11 ¼ e11
C11 � C12

, (5)

d31 ¼ e31
C11 þ C12

: (6)

The first Brillouin zone was sampled using a G-centered
7 × 7 × 1 grid for geometrical optimization and 11 × 11 × 1 for elec-
tronic properties. A four proton-coupled electron-transfer (PCET)
process at standard conditions (T = 298 K, P = 1 bar, pH = 0)40 was
adopted to evaluate the potential of the piezoelectricity induced
catalytic performance,

*þH2O ! OH* þHþ þ e�, (7)

OH* ! O* þHþ þ e�, (8)

O* þH2O ! OOH* þHþ þ e�, (9)

OOH* ! þO2 þHþ þ e�, (10)

where the symbol * represents the reaction site on the substrate
surface, and O*, OH*, and OOH* standfor the adsorbed oxygen,
hydroxyl, and hydroperoxy groups, respectively. The step with
maximum Gibbs free energy change (ΔG) of these four steps was
the potential determining step. To estimate the potential determin-
ing step, the Gibbs free energy change (ΔG) of each chemical reac-
tion was calculated by

ΔG(U , pH, T) ¼ ΔE þ ΔZEP � TΔSþ ΔGU þ ΔGpH , (11)

where ΔE is the reaction energy determined from the calculated
total energies by DFT, ΔZEP is the difference in zero-point energy,

and ΔS is the change in entropy taken from the standard tables for
gas-phase molecules.

III. RESULTS AND DISCUSSION

A. Structure and stability of γ-GeSe

Similar to silicene, γ-GeSe takes a buckled hexagonal lattice.
After optimization (Fig. 1), it still keeps a hexagonal structure with
a = b = 3.57 Å and a bond length (dGe−Se) of 2.57 Å, close to the
values of previous theoretical calculation (3.67 Å, 2.57 Å),27 which
verified the accuracy of our calculation (Table I). The cohesive
energies of γ-GeSe are calculated to be 4.02 eV, in good accordance
with previous results.26

Ab initio molecular dynamics (AIMD) calculations and
phonon spectrum analysis were utilized to assess their stabilities.
As shown in Fig. S1 in the supplementary material, geometric
structures do not show significant changes within 20 ps, indicating
that these γ-GeSe are thermally stable. According to the phonon
dispersion (Fig. S2 in the supplementary material), except for some
negligible imaginary modes near the G point, all structures exhib-
ited positive modes in the whole first brillouin zone, indicating the
excellent stability of the system. In addition, the stability of γ-GeSe
was also assessed by the phonon dispersion calculation26 and
ab initio molecular dynamic (AIMD) simulations in a previous
study.27 These calculations indicate the stability of the γ-GeSe
monolayer.

B. Piezoelectric properties of γ-GeSe

As a typical two-dimensional ferroelectric material, the
buckled structure of γ-GeSe disrupts the spatial inversion symme-
try, leading to spontaneous polarization.27 According to the Berry
phase theory (zero electric field), polarization between any
two-crystal states corresponds to a geometric phase. This theory
has been successfully adopted to calculate changes in macroscopic
polarization and used to study the phenomenon of spontaneous
polarization. The electric polarization can be divided into ion
polarization and electron polarization.36

The piezoelectric coefficient is given in Table S1 in the
supplementary material, indicating that γ-GeSe has a remarkably
higher piezoelectric coefficient than the typical 2D piezoelectric
materials such as MoS2, PN, AsN, and AsP,38 indicating that
γ-GeSe is a piezoelectric material with excellent performance. We
also compared γ-GeSe with other 2D materials of the same space
group (Table S1 in the supplementary material). Our calculated

FIG. 1. Monolayered γ-GeSe with a buckled honeycomb structure. (a) Top and
side view of the atomic configuration of the γ-GeSe phase. (b) Schematic illus-
tration of piezoelectricity.

TABLE I. Lattice parameters (Å), bond length (Å), and bandgaps (eV) of γ-GeSe
and other work.

Lattice constant (Å) Bond length (Å) Bandgap (eV)

Calculate 3.57 2.57 3.02
Ref. 141 3.62 2.55 …
Ref. 227 3.67 … 3.07
Ref. 326 3.68 2.57 …
Ref. 442 3.66 … 3.00
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piezoelectric coefficient of γ-GeSe is 49.75 pm/V, indicating that it
is a promising piezoelectric material since semiconductors exhibit
excellent piezoelectric properties as their piezoelectric coefficient is
in the range of 6.94–243.45 pm/V.28

Figure 1(b) shows the principle of piezoelectricity shown in
Fig. 1(b), where strain causes the shift of off-centering displacement
(ri) of Ge and Se, resulting in polarization change. The spontane-
ous out-of-plane electric polarization of the γ-GeSe monolayer is
calculated to be 6.8 × 10−12 C/m, in line with the previously
reported data.27 Such electric polarization is attributed to the varia-
tion in the off-centered displacement between Ge and Se atoms,
which induces changes in ion polarization, thereby altering the
polarization intensity. The piezoelectric effect arises from the dis-
placement of charge centers within a crystal lattice when subjected
to mechanical strain. According to the equation of the electric
dipole moment formula,

P ¼
XN
i¼1

qi(r
0
i � r) , (12)

where P is the electric dipole moment, q is the magnitude of the
charge, and r is the central location, r0i is the center of positive and
negative charges. Strain increases the magnitude of r0i, thereby
increasing the electric dipole moment and increasing the polariza-
tion strength. We speculate that the external strain on γ-GeSe by
modifying dGe−Se would consequently impose impact on polariza-
tion intensity leading to obvious piezoelectric effect, and thus
further on the magnitude of the built-in electric field.

Since 2D materials are flexible, they could withstand deforma-
tion of less than 10% before rupture.43 To explore the impact of
strain on polarization intensity of γ-GeSe, we implemented strains
on γ-GeSe in a range of −2% to 8% along the armchair, zigzag, and
[110] directions. The ab initial molecular dynamics (AIMD) calcula-
tion was adopted to probe stability. As shown in Fig. S3 in the
supplementary material, the geometric structure shows insignificant
changes within 3 ps at 298 K at 8% strain along the [110] direction,
indicating that γ-GeSe is capable of withstanding strains up to 8%. In
Fig. 2(a), one can notice that the strain applied along the [110] direc-
tion changes the bond length of Ge–Se. The polarization intensity
shows a similar trend under strain [Fig. 2(c)], indicating that the
tensile force along the [110] direction leads to increment of polariza-
tion, while compression reduces polarization to 5.80 × 10−12 C/m.
Notably, polarization reaches up to 1.77 × 10−11 C/m under 8%
tensile strain along the [110] direction, similar to that of a typical 2D
ferroelectric material MoS2.

44 The trend of change is similar to the
[110] direction strain, but the increase level of polarization intensity
is lower than that of the [110] direction strain.

Since the off-centering displacements of Ge and Se atoms give
rise to intrinsic polarization and generate a built-in electric field
along the z direction, we present in Fig. 2(b) the differences in
planar average potential between the upper and lower surfaces of
γ-GeSe along the [110] direction strain. Notably, the magnitude of
difference, Δf, varies with strain. Δf increases with tensile strain,
reaching a maximum of 1.33 eV under 8% strain, which is ascribed
to the increase in bond length caused by stretching, leading to the
increase in the polarization intensity and the built-in electric field.

The changes in the built-in electric field increase Δf. The planar
average potential under the armchair and zigzag strain is shown in
Figs. S4 and S5 in the supplementary material, where Δf under
these two strains is smaller than that under the [110] direction
strain, indicating that the [110] direction strain imposes more sig-
nificant impact on the increase in polarization intensity.

To shed light on the principle of the generation of different
electrostatic potentials, we calculated the charge differential density
diagram (CDD), as shown in Fig. 2(d), where the upper layer of Ge
atoms shows the electronic dissipation due to their electronegativ-
ity. Interestingly, as the tensile strain increases, the degree of elec-
tron dissipation gradually intensifies. The change of electron
configuration leads to the generation of an internal electric field. In
addition, the Bader charge population analysis was also conducted
to quantitatively evaluate charge transfer under tensile stress. As
the [110] direction strain increases, the Bader charge transfer
increases gradually [Fig. 2(e)], which is similar to the trend of the
polarization intensity and electrostatic potential change. The Bader
charge is highest (0.585|e|) under the strain of 8%, indicating
maximum polarization intensity and internal electric field strength.
The charge transfer under the armchair or zigzag strain is not as
significant as that under the [110] direction strain. The charge dif-
ferential density along the zigzag and armchair directions is shown
in Figs. S6 and S7in the supplementary material, indicating that the
[110] direction strain is more effective in increasing the built-in
electric field.

C. Electronic properties

The band structure of γ-GeSe calculated with the HSE06
method is shown in Fig. 3(a), where γ-GeSe monolayer is an indi-
rect 2D semiconductor with a bandgap of 3.02 eV (close to 3.07 eV
in other reports27), which is not suitable as a semiconductor cata-
lyst because the large bandgap requires more energy to generate
electron–hole pairs, leading to higher possibilities for recombina-
tion. This is also the reason why this material has been scarcely
reported as a catalyst in previous studies. The valence band
maximum (VBM) and conduction band minimum (CBM) are
located between the G and M points, respectively.

Since the application of external strain has been proven to be a
convenient method to regulate band structures of 2D materials, the
influence of stain along armchair, zigzag, and [110] directions on the
band structure of γ-GeSe is investigated, as shown in Fig. 3(b). The
bandgap of γ-GeSe reduces with the increase of strain (1.97 eV
under 8% strain along the [110] direction). The regulation effect of
strain on bandgap under the [110] direction is more severe than that
under armchair or zigzag directions. The PDOS (projected density of
states) elucidates the reason of the bandgap modulation. CBM (con-
duction band minimum) is primarily influenced by the p-orbitals of
Ge and Se atoms [Fig. S8 in the supplementary material]. With the
application of strain, a significant leftward shift of the Ge p-orbital
within the CBM occurs, thereby reduced the bandgap. The strain
altered the crystal structure of γ-GeSe, thereby modifying its elec-
tronic structure and reducing the bandgap.

To investigtate the influence of built-in electric field on the
movement of charge carrier, Table S2 in the supplementary material
lists the effective mass of electrons in γ-GeSe under the [110]
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FIG. 2. Piezoelectric properties of GeSe. (a) The bond length under different strains. (b) Electrostatic potential of γ-GeSe along the Z axis under strain along the [110]
direction. (c) The polarization intensity of γ-GeSe under [110] direction strain. (d) Differential charge density under strain along the [110] direction. The yellow isosurface
indicates electron accumulation and the blue electron dissipation. (e) Analysis of the Bader charge under different strains.

FIG. 3. Electronic structure of γ-GeSe. (a) Calculated band structure under strain along the [110] direction within the HSE06 method. (b) The bandgap under different
strains. (c) The histogram diagram of redox potential and point line diagram of work function under [110] direction strain. The orange color represents oxidation potential
and the green one reduction potential.
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direction strain. Under the tensile strain, the built-in electric field
reduces the effective mass of electrons, thereby facilitating carrier
transfer. Since the [110] direction strain induces the strongest built-in
electric field and allows to significantly regulate electronic structures,
we conducted further research of this strain effect. The band edge of
γ-GeSe under different strain is aligned and compared with the
potentials associated with hydrogen reduction and water oxidation
reactions at pH = 0 [Fig. 3(c)]. γ-GeSe under strain along the [110]
direction satisfies the oxidation–reduction potential, thereby holding
promise as an excellent photocatalyst for water decomposition.

Figure 3(c) shows the plotted work function under strain, where
one can see that both the tensile and compression reduce work func-
tion. The lowest work function takes place at 8% tensile. The magni-
tude of surface work function is intricately linked to the
photoelectron emission, which denotes the generation of electrons
on the surface of a material under illumination. A smaller work

function facilitates a more facile photoelectron emission process,
thereby enhancing the feasibility of achieving photocatalytic reaction.
This finding implies that 8% strain holds the potential for enhancing
photocatalytic efficiency, as reported previously showing that the cat-
alytic efficiency is inversely proportional to work function.45,46

D. Optical properties

The optical absorption coefficient α(ω) of γ-GeSe is calculated
by the HSE06 hybrid functional under different strains along the
[110] direction. The optical absorption α(ω) of the individual
monolayer can be obtained as follows:47

α(ω) ¼ ffiffiffiffiffiffi
2ω

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21(ω)þ ε22(ω)

q
� ε1(ω)

r
, (13)

FIG. 4. Catalytic performance under strain. (a) Optical absorption of γ-GeSe under [110] direction strain. (b) The adsorption energy point of Se atoms adsorbing H2O
under strains and the Bader charge analysis diagram under [110] direction strain. (c) Charge differential density of γ-GeSe with adsorbed H2O under [110] direction strain
from −2% to 8%. The red and white spheres are O and H atoms, respectively. The yellow isosurface indicates electron accumulation and the blue one electron dissipation.
(d) The Gibbs free energy of OER at Se adsorption sites under [110] direction strain.
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where ε1 and ε2 represent the real and imaginary parts of the
dielectric function, respectively. γ-GeSe under strain along the
[110] direction shows significant optical absorption coefficients, as
seen in Fig. 4(a), especially in the near-ultraviolet and visible light
regions [Fig. S9 in the supplementary material]. In the visible
region, the absorption coefficient exceeds 104 cm−1, which is larger
than those of the previously explored 2D materials,48 indicating
that γ-GeSe has excellent solar energy utilization efficiency and is
suitable as a photocatalyst. Additionally, our findings reveal that
tensile strain induces a redshift in the light absorption spectrum
within the visible range, which is mainly attributed to the reduction
in bandgap, indicating that tensile strain enhances light absorption
properties of γ-GeSe.

E. Interfacial charge transfer and OER

Since the adsorption of water molecules is a prerequisite for
the OER reaction, we calculated the water adsorption energy of
GeSe under different strains as follows:

Eads ¼ Eγ�GeSeþH2O � Eγ�GeSe � EH2O: (14)

Our calculations indicate that strain induced built-in electric
field is beneficial for adsorbing polar water molecules, and that the
maximum strain of 8% leads to the most stable adsorption of water
molecules [Fig. 4(b)]. Moreover, we calculated the charge differen-
tial density of γ-GeSe with adsorbed water molecules [Fig. 4(c)]
and analyzed the interface charge transfer mechanism under differ-
ent strains by Bader charge-population analysis. The increase of
strain is beneficial for electron accumulation between γ-GeSe and
H2O molecules. The strain gives rise to the accumulation of inter-
layer electrons, indicating that the increased internal electric field
imposes a positive effect on charge transfer at interfaces, consistent
with the calculated results of electron effective mass. We have also
calculated the Gibbs free energy diagram (U = 0, pH = 0) to depict
the performance of the oxygen evolution reaction (OER). The OER
consists of four successive steps [Fig. 4(d)]: (i) the initial deproto-
nation of H2O molecules to yield OH, (ii) the subsequent deproto-
nation of OH upon interaction with another deprotonated H2O
molecule, generating the adsorbed oxygen (O), (iii) formation of
OOH through the aforementioned process, and (iv) the deprotona-
tion of OOH to generate an O2 molecule, which subsequently
detaches from the surface.

In this study, we examine the catalytic activity of OER under
various tensile strains by evaluating the overpotential. Notably, it is
observed that on the Se site, the rate-determining step corresponds
to the formation of OOH, exhibiting a theoretical overpotential.
The Gibbs free energy diagrams for other adsorption sites can be
found in Fig. S11 in the supplementary material. As strain
increases, the Gibbs free energy associated with the rate-
determining step diminishes. Specifically, under 8% strain, the
minimum step potential is reduced to 1.19 eV, surpassing the per-
formance of other 2D materials utilized for OER, such as gra-
phene.49 An inverse correlation between strain magnitude and
Gibbs free energy is observed, i.e., the higher strain levels corre-
spond to lower Gibbs free energy. Subsequently, we calculated the
oxygen evolution reaction step diagram under a larger strain of

10%, as depicted in Fig. 4(d) and Fig. S11 in the supplementary
material. The calculations reveal that the optimal performance is
achieved at 8% strain, suggesting that 8% strain is optimum for
OER photocatalytic reaction. Based on the diagrams of the OER
Gibbs free energy and the interface charge transfer mechanism, we
conclude that the tensile strain increases the built-in electric field of
γ-GeSe and that the driving force of built-in electric field separates
charge carriers effectively, thereby promoting the photocatalytic
OER reaction. The optimal performance is achieved at 8% strain.

IV. CONCLUSIONS

We have demonstrated that tensile strain can modulate polari-
zation intensity, electronic structure, and optical absorption proper-
ties of γ-GeSe, resulting in significant improvement of OER
performances. We explored the mechanism of the piezoelectric
effect, illustrating that it functions by regulating the position of pos-
itive and negative charge centers to generate an internal electric
field. The presence of this electric field facilitates the separation of
electrons and holes, hence enhancing the process of OER.
Furthermore, we have provided an explanation for the improve-
ment in OER efficiency that can be attributed to changes in the
electronic structure caused by the piezoelectric effect. The applica-
tion of strain along the [110] direction amplifies the polarization
intensity of γ-GeSe, enhances the built-in electric field, and pro-
motes effective separation of photo-generated electron–hole pairs.
We also find that strain modifies work function and bandgap of
γ-GeSe, adjusts positions of valence band and conduction band
edges to enhance their oxidation-reduction ability, and expands the
light absorption range, leading to the improvement of photocata-
lytic performances. Further intensification of strain causes more
pronounced interfacial charge transfer and progressively reduced
rate-determining step of the Gibbs free energy, reaching a
minimum of 1.19 eV at 8% strain along the [110] direction. The
findings show that γ-GeSe holds promise as a 2D OER material
under strain, and such a strategy of using a single piezoelectric
material to generate internal electric fields for OER opens up a new
avenue in developing novel highly efficient catalysts. Our research
provides physical theoretical support for the application of the pie-
zoelectric effect in OER and provides guidance for the use of piezo-
electric materials in various fields.

SUPPLEMENTARY MATERIAL

See the supplementary material for the AIMD simulation
process of γ-GeSe under 8% strain along the [110] direction at 298
K; electrostatic potential of γ-GeSe under strain along the armchair
and zigzag directions; charge differential density diagram of γ-GeSe
under strains along the armchair and zigzag directions; correspond-
ing configurations and Gibbs free energies of γ-GeSe at Ge adsorp-
tion sites; elastic stiffness coefficients, relaxed-ion piezoelectric
coefficients and electronic effective mass of γ-GeSe.
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