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InSnO2N is a novel promising material for photoelectrochemical water splitting because of its band gap in
the visible range and band edges position, which straddle the redox levels of water. Moreover, this mate-
rial shows a spontaneous polarization, which could give rise to a photoferroic effect, thus enhancing the
power-to-hydrogen conversion efficiency. In this work, we investigate, using Density Functional Theory
(DFT) calculations, the photo-electrochemical response of this material to strain. Strain can reduce the
reaction overpotentials for the Oxygen Evolution Reaction (OER) to 0.45 V for a �2.5 % compressive strain
on the positively polarized material and to 0.40 V for a 2.3 % tensile strain on the negatively polarized
structure. When a polarization switching is combined with a dynamic change of the strain during the
reaction, the OER overpotential reaches the lowest value of 0.05 V (far below the ideal case for oxides,
which is 0.37 V, and what can be reached by considering only the polarization switching at a fixed strain
value). This study demonstrates the potential of InSnO2N as a catalyst for OER and highlights how surface
engineering and dynamic catalysis can enhance the electro-catalytic properties of a material.

� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Photo-electrochemical water splitting is a promising process to
produce clean hydrogen directly from solar energy. The electrons
and holes generated through the photovoltaic effect participate
in the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) respectively. The latter is considered the bottleneck
of the whole reaction, as it is a four-electrons process against the
two-electrons one of HER. The energy requirement for each step
of the OER needs to be minimized to achieve high reaction efficien-
cies. These are affected by the interaction between catalyst and
adsorbate and are limited by the Sabatier’s principle: a weak inter-
action leads to a reaction limited by the activation of the reactant,
while a strong one to a reaction limited by the desorption of the
reactant. The optimal catalyst would therefore have the perfect
balance in the interaction with the adsorbate. It has been shown
that the minimum theoretical overpotential for oxides is between
0.3 V and 0.4 V [1] according to the widely used mechanism (a four
proton-coupled electron-transfer process) for the OER. On the
other side, various alternative mechanism has been proposed for
the OER, which can, in principle, reduce this overpotential. The
mechanisms however depend on many factors, including the class
of materials under study and the reaction environment [2–4].

Finding a stable catalyst, with light harvesting properties, for
OER is one of the main challenges for photoelectrochemical cells
(PECs). Photoferroic materials are an emerging class of materials,
which have both photovoltaic and ferroelectric properties. Their
spontaneous polarization enhances the photovoltaic effect and
helps charge separation [5]. Moreover, their polarization can be
switched leading to an enhanced water splitting reaction [6,7]. This
is due to the impact of having a catalytic dynamic surface, which is
tuned to better fit the reaction and overcomes limitation Sabatier’s
principle [8].

InSnO2N is a promising candidate for photocatalysis. It has a
band gap in the visible range (1.61 eV) showing a high light
absorption. Moreover, it exhibits spontaneous polarization, switch-
able with an external electric field, and good catalytic properties
for OER. The overpotential for OER has been calculated to be
0.77 V on the positively polarized structure, and 0.58 V on nega-
tively polarized one. When switching polarization direction of
the InSnO2N surface during OER process, this value is theoretically
predicted to decrease to 0.20 V, which overcomes the limitation of
Sabatier’s principle [9].
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The OER performance can be enhanced by changing the surface
structure and electronic properties of the material. Applying a
strain to the material can impact the adsorption and desorption
strength of the molecules with the surface, leading in some cases
to a more efficient reaction [10]. Different types of strain can be
applied on a material, depending on its direction (tensile or com-
pressive) and its axis (uniaxial, biaxial, etc.). In epitaxial LaNiO3,
compressive strain enhances OER, due to a shift of the Fermi level
[11]. Similarly, tensile strain on Pt doped Ti2CF2 has led to a lower
overpotential for the reaction [12]. A 1 % uniaxial tensile strain on
BaTaO2N, under operational conditions, was calculated to reduce
the overpotential to 0.37 V, approaching the theoretical minimum
for oxides [13].

In this work, biaxial strain is applied to InSnO2N to analyze the
changes in the OER performance to strain. Firstly, the response on
its bulk structure was studied, showing that the material is stable
and remains ferroelectric under different strains. Then, the impact
on OER performance on the two oppositely polarizes structures
was analyzed. The results showed that �2.5 % compressive strain
and 2.3 % tensile strain on the positively and negatively polarized
slabs, respectively, lead to the best performance, with an overpo-
tential of 0.45 V and 0.40 V. Based on this, the impact of dynamic
strain, polarization switching, and their combination is also stud-
ied. While dynamic strain decreases only slightly the overpotential
(to 0.43 V and 0.35 V), polarization switching on a strained struc-
ture, both with a static strain and tunable one, leads to a drastic
decrease of it. Switching polarization on a structure with �0.5 %
strain has led to an overpotential of 0.16 V. When combined with
a tunable strain, this is lowered to 0.05 V.

2. Method

In this work, the Vienna Ab Initio Simulation Package (VASP)
was used [14,15]. The Perdew-Burke-Ernzerhof (PBE) functional
in the framework of the generalized gradient approximation is
employed to describe exchange and correlation effects [16]. The
frozen core electrons and nuclei of each atom are represented
using the projector augmented waves potentials (PAW) [17]. In
(5 s, 5d, and 5p), Sn(5 s, 4d and 5p), O(2 s and 2p) and N(3 s and
3p) are defined as valence electrons, with 520 eV plane wave
cut-off energy. Artificial interaction between periodic images is
avoided by adding a 20 Å vacuum thickness. Dipole correction is
also included [18]. Van der Waals interactions are included by add-
ing the Grimme’s D3-correction [19]. The atomic positions were
relaxed until the forces on the atoms were below 0.02 eV/Å.

From each simulation, the total energy was found and then used
to calculate the free energy change. The vibrational frequencies
were also calculated, to then compute the zero-point energy
(ZPE). The Born effective charges are found with the density func-
tional perturbation theory (DFPT) [20] and used to calculate the
polarization following the Born effective charge method [21].

For the bulk structure (30 atoms), a 6 � 6 � 3 C-centered Mon-
khorst Pack k-point mesh was used. For the slab models (66
atoms), a 6 � 6 � 1 mesh for slab models was used [22]. The lattice
parameters without any strain applied are a = b = 6.16 Å and c = 12.
24 Å.

OER is considered at standard conditions (T = 298 K, p = 1 bar,
pH = 0 and U = 0) and the mechanism adopted is a commonly used
one, consisting of four Proton-Coupled Electron Transfer (PCET)
steps [1,23]:

A: * + H2O ! OH* + Hþ + e� ð1Þ

B: OH* !O* + Hþ + e� ð2Þ

C: O* + H2O ! OOH* + Hþ + e� ð3Þ
721
D: OOH* !* + O2 + Hþ + e� ð4Þ

where the symbol * represents a surface reaction site and O*, OH*
and OOH* are intermediates.

The entire process has an energy change of 4.92 eV. (i.e. 1.23 V
for per proton–electron pair transfer). Gibbs free energy change
(DG) of each charge transfer step is calculated by:

DG(U, pH, T) = DE + DZPE - TDS + DGU + DGpH ð5Þ

where, DE is the reaction energy from the DFT total energies. DZPE
and DS are zero-point energy difference and entropy difference,
respectively. DGU and DGpH are the free energy change due to elec-
trode potential U and pH, respectively. Since the free energy change
DG of each charge transfer step is affected by the same value of
DGpH at pH – 0 and the theoretical overpotential, g, is defined to
be the reaction potential minus the equilibrium potential for water
oxidization, the theoretical overpotential g is independent of pH.
The volcano plot is constructed from the values of (- g) and
(DGO* - DGOH*). All data are stored and freely available in the DTU
Data Repository [24].
3. Results and discussion

The impact of biaxial strain on InSnO2N was first analyzed on its
bulk structure to assess possible changes in intrinsic polarization
or other impacts on the stability of the material. A strain ranging
from �3% to + 3 % was applied to both the centro-symmetric
(P3c1 space group, Fig. 1.a) and polar structures (P63cm space
group, Fig. 1.b and 1.c for the positively and negatively polarized
surface, respectively).

The polar structure was relaxed during the optimization, keep-
ing the a and b lattice parameters constrained. During structure
optimization, we note that the c-parameter decreases/increases
linearly with the strain accommodating the changes in the ab-
plane. The non-polarized structure was not relaxed to prevent it
from going through a phase transition to the polar configuration.
The polar structure is always more stable than the non-polar
one. The difference between the energy of the two structures
increases with the strain, as shown in Fig. 2.b. As illustrated in
Fig. 2.a, the polarization increases linearly with the strain: the
atom gets further away from the centrosymmetric position as the
lattice parameters are extended. The change in polarization,
between �3% and + 3 %, is 1.393 lC/m2, with a 13 % change. The
ferroelectric properties of InSnO2N are therefore always main-
tained and only slightly affected by strain.

The energy difference is used to calculate the energy barrier for
switching the polarization direction when a strain is applied, illus-
trated in Fig. 2.b. With �2% strain, the energy barrier is 4.02 meV/
atom, with 2 % strain it is 11.46 meV/atom, against 5.50 meV/atom
without any strain [9]. It can be noted that the energy barrier does
not change linearly with the strain: as the strain becomes larger
(tensile), its impact on the barrier amplifies, increasing notably
its value, while for compressive strains it seems to reach a plateau
after 1 %. Switching polarization can lead to even lower overpoten-
tials, and its energy cost can be compared to the reduction in the
energy requirement as indicator of the reaction efficiency [8].

The impact of strain was then analyzed on the slab structure.
This is composed of nine layers: the bottom four layers were kept
fixed during the simulation, while the five upper ones were
relaxed, as shown Fig. 3.a.

The preferred adsorption sites are found to be constant over
polarization and different strains. The reaction starts on the clean
surface, where OH⁄ is adsorbed on top of Sn (step 1, Fig. 3.b).
OH* is then deprotonated into O⁄, which is adsorbed on the hollow
site (step 2, Fig. 3.b). OOH ⁄ is the formed and adsorbed on top of



Fig. 1. Unit cell of InSnO2N. The arrow indicates the direction of polarization. (a) Centrosymmetric structure, space group P3c1 (b) Positively polarized structure, space group
P63cm (c) Negatively polarized structure, space group P63cm.

Fig. 2. (a) Polarization in function of the strain, with the strain ranging from �3% to 3% (b) Energy barrier to switch polarization, passing through the P3c1 phase, for
compressive and tensile strains ranging from �2% to 2%.
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Sn (step 3, Fig. 3.b). Finally, OOH* is deprotonated with the forma-
tion of O2 (step 4, Fig. 3.b), and the reaction can start over.

Fig. 4.a and b show the impact of biaxial strain on OER for the
two oppositely polarized slabs. For both polarizations, a more
compressive strain leads to a stronger adsorption. Nevertheless,
the strain resulting in an optimal OER performance is opposite:
for the positively polarized structure it is a compressive strain,
while for the negatively polarized structure, it is a tensile strain.
The change in the slope and position of the top could be related
to the changes in the polarization, which breaks the scaling
relations.

On the positively polarized slab, the overpotential reaches a
value 0.45 V when a compressive strain of �2.5 % is applied,
0.32 V lower than the overpotential on the unstrained structure
(0.77 V). The potential determining step in the OER reaction is
the formation of O2 from OOH⁄ with an energy requirement of
1.68 eV, as illustrated in Fig. 4.c. For the negatively polarized struc-
ture, a tensile strain of 2.3 % decreases the overpotential from
0.58 V (unstrained structure) to 0.40 V. The potential determining
722
step is the formation of O⁄ from OH⁄ with an energy requirement
of 1.63 eV, as shown in Fig. 4.d.

The electronic structure of the surface layers was investigated
with the layer-resolved partial density of states (PDOS). As it can
be seen in Fig. 5, with more compressive strains, the Fermi level
increases in energy, meaning that more electrons are available on
the surface. Compressing and dilating the structure causes a dis-
placement of the electrons in the opposite direction. When the
structure is compressed, they are pushed up to the surface layers,
if it is extended, they are pushed down to the deeper layers.

This can explain the catalytic behaviour of the material under
different strains. More electrons on the surface lead to a weaker
bond between the negatively charged adsorbate and the surface.
As, for the same strain, the positively polarized slab has a higher
Fermi level than the negatively polarized one, the potential deter-
mining steps of the reaction are different, and the optimal strain is
opposite between the two structures.

The optimal strain, �2.5 %, on the positively polarized structure
has a Fermi level higher than the non-strained case (Fig. 5.a). More



Fig. 3. Slab structures and adsorption sites. (a) Negatively polarized slab structure. The arrow indicates the direction of polarization, the atoms in the dashed rectangle are
fixed during the optimization. (b) OER steps and preferred adsorption sites on the negatively polarized slab, top view, and lateral view. The numbers indicate the reaction
step. On the positively polarized case, the adsorption sites are the same but with slightly different orientation of the molecules.
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electrons are available and the bonding with the adsorbate is
weaker. A larger compressive strain would lead to an even higher
Fermi level and an interaction that would be too weak.

Oppositely, the optimal strain, 2.3 %, on the negatively polarized
structure has lower Fermi level than the non-strained one (Fig. 5.
b). The electrons are displaced to deeper layers and the bonding
with the adsorbate is stronger. Increasing the strain further would
lead to a too strong interaction.

Applying biaxial strain to InSnO2N therefore induces a change of
its electronic structure, which in turn affects its catalytic proper-
ties. The opposite response to tensile and compressive strains on
the two polarized structures leads to a different potential deter-
mining step for the two surfaces. Thus, we can lower the overpo-
tential by changing strain or switching polarization direction.

3.1. Dynamic strain

On the positively polarized structure, the strain can be tuned
between step 2 and 3 and then between step 3 and 4, as illustrated
in Fig. 6. For all large compressive strains, the third step still has a
relatively high energy requirement and would become the poten-
tial determining step when a dynamic strain is applied. The lowest
value that can be reached is 0.43 V, with either �4% or �3% strain
tuned with any strain higher than �2.5 %. This is only 0.02 V lower
than the optimal static strain, and a large strain would still need to
be applied. The change in strain would lead to a transfer of elec-
trons from the bottom layers to the surface ones, and then back.
On the negatively polarized structure, the strain can be changed
between step 1 and 2, and then between step 2 and 3, as in
Fig. 5.b. The potential determining step now becomes the second
one, and the overpotential can reach a minimum of 0.35 V with
3 % strain combined with any strain lower than 2.3 %. This is
0.05 V lower than when applying a static strain. The electrons
are first displaced from the surface layers to the bottom ones and
then back. In both cases, applying a dynamic strain is not conve-
nient as the overpotential does not decrease significantly: a large
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strain would still be needed, it would be hard to control its value
and the material can break easily.

3.2. Polarization switching and static strain

The different interaction between the adsorbate and the surface
on the two oppositely polarized structures can be exploited by
switching the polarization. It has already shown a decrease of the
overpotential to 0.20 V on the non-strained structure [9]. Thus,
polarization switching can be applied for strains between �0.5 %
and 2 %, where the potential determining step on the two opposite
polarization is a different one.

The positively polarized structures are limited by the formation
of OOH⁄ from O⁄ while the negatively polarized ones are limited
by the formation of O⁄ from OH*. Thus, we should switch the
polarization from negative to positive between step 1 and 2 and
then again from positive to negative between step 2 and 3, as illus-
trated in Fig. 7.

The reaction starts with the deprotonation of H2O and adsorp-
tion of OH on the negatively polarized structure. Here the polariza-
tion is switched and the OH molecule is adsorbed on the positively
polarized surface, where it is deprotonated into O. The polarization
is then be switched back and OOH is formed on the negatively
polarized surface. Finally, O2 is formed with the deprotonation of
OOH. The overpotential always reaches a lower level compared
to the ideal case of 0.37 V, but only with �0.5 % strain the result
obtained is better than without any strain. The overpotential is
now 0.16 V and the potential determining step is the formation
of O⁄ from OH⁄, as illustrated in Fig. 7. In all the other cases, the
third step on the negatively polarized slab becomes the potential
determining one.

3.3. Polarization switching and dynamic strain

The overpotential reached before can be further lowered by
matching the polarization switch with a tuning of the strain. The



Fig. 4. Volcano plots of the free energy difference DGO* - DGOH* and the overpotential g, Gibbs free energy diagrams of the optimal cases. The potential determining step is
indicated with the double arrow and the corresponding energy requirement (a) Volcano plot for the positively polarized slab (b) Volcano plot for the negatively polarized slab
(c) Gibbs free energy diagram for the positively polarized slab with �2.5% strain. The potential determining step is the formation of O2. (d) Gibbs free energy diagram for the
negatively polarized slab with 2.3% strain. The potential determining step is the formation of O.
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structures should be combined such that the potential determining
step of one is as low as possible in the other.

The positively polarized slab with 2 % strain has the lowest sec-
ond step while the negatively polarized slab with �0.5 % strain has
the lowest requirement in the third step. Thus, the polarization and
the strain can be switched between step 1 and 2 from the posi-
tively polarized slab with 2 % strain to the negatively polarized
one with �0.5 % strain, and then back between step 2 and 3. The
potential determining step is the formation of O2 from OOH⁄, with
an energy requirement of 1.28 eV, as illustrated in Fig. 8. This leads
to a drastic decrease of the overpotential, which now has a value of
0.05 V.

The low energy requirement reached with this method high-
lights the potential of having a dynamic surface of the catalyst.
The surface structure can in fact be tuned almost optimally to fit
the reaction and adsorbate requirements.

Between the methods analysed, polarization switching with a
�0.5 % static strain is the most promising one. Switching polariza-
tion has been experimentally proved on h-ErMnO3 with a fre-
quency range from 0.1 to 1000 Hz [25], which covers the optimal
resonant range for representative catalytic reactions like formic
acid oxidation [26] and the practical implementation of switched
InSnO2N ferroelectric photocatalysts should be allowed. On the
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other side, strain tunability involves much longer time scales.
The strain can be applied in different ways, from using an external
mechanical stress to use heterostructures composed of InSnO2N on
piezoelectric or electrostrictive materials. On the other hand, if
only a static or dynamic strain is applied, then it would need to
be large and this can break the material, compromising the whole
reaction.

Employing a highly dynamic surface, where both strain and
polarization change, would be incredibly challenging although
promising to further reduce the reaction overpotentials. A dynamic
strain can be implemented by controlling the physical alteration of
the substrate. This has been successfully proved experimentally
with intercalation of Li ions on LiCoO2, leading to a 3–5 % tuneable
strain in the Pt overlayer [10]. A mechanical deformation of the
substrate, specifically poly(methyl methacrylate) diaphragm, has
also led to a tunable strain on the Tungsten Carbide overlayer [27].

However, the strain is hard to properly control, and the material
can easily break because of the continuous variation in its lattice
parameters and structure geometry [8]. Moreover, for InSnO2N,
the direction of its polarization should change synchronously with
the strain, heavily increasing the size of the challenge. The changes
in strain and polarization need also to be repeated cyclically to run
the reaction. The material should be elastic enough to support the



Fig. 5. Partial density of states for the first layer of the slab structure with different strains. The dashed lines represent the Fermi levels. (a) Positive polarized slab with �4%,
�2.5%, 0% and 1.5% strain (b) Negative polarized slab, with �0.5%, 0%, 1% and 2.3% strain.

Fig. 6. Gibbs free diagrams for InSnO2N with a dynamic strain. The continuous lines illustrate the reaction path taken. The dashed lines follow the path without dynamic
strain. The potential determining step is indicated with the double arrow and the corresponding energy requirement. (a) Positively polarized slab with strain tuned between
�0.5 % and �3% (b) Negatively polarized slab with strain tuned between �0.5 % and 2.5 %.
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change in the structure without any repercussions on its catalytic
activity. Also computationally, it was necessary to apply the strain
step by step, as compressing or extending too much the material at
once causes a displacement of Nitrogen atoms of the internal
layers.

Studying more in detail the chemistry of the reaction on a
dynamic surface is hard from a computational point of view. More
725
variables are needed to describe the system, increasing the time for
the simulations. Moreover, the model might not be able to evaluate
the real case properly, as the understanding of the impact of exter-
nal manipulation on the surface properties is still limited [8]. An
investigation of the InSnO2N surface under different operational
conditions for the catalytic activity is a natural extension of the
present work.



Fig. 7. Gibbs free energy diagram of OER with �0.5% strain and polarization
switching, between step 1 and 2, and step 2 and 3. The potential determining step is
indicated with the double arrow and the corresponding energy requirement.

Fig. 8. Gibbs free energy diagram for the reaction with dynamic strain and
polarization switching between step 1 and 2, and step 2 and 3. The potential
determining step is indicated with the double arrow and the corresponding energy
requirement.
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4. Conclusion

In this work, the impact of biaxial strain on the catalytic prop-
erties of InSnO2N for the oxygen evolution reaction was investi-
gated with DFT. For the positively polarized structure, a
compressive strain of �2.5 % has reduced the overpotential from
0.77 V to 0.45 V. For the negatively polarized structure, the overpo-
tential decreased from 0.58 V to 0.40 V with a tensile strain of
2.3 %. These values are close to the ideal value (0.37 V). The oppo-
site impact of the strain on the two polarizations was then related
to the partial density of states and the displacement of electrons. A
compressive strain leads to a movement of electrons towards the
surface layers, and a higher Fermi level, while a tensile one towards
the deeper layers, with a lower Fermi level.

Applying a dynamic strain leads to an overpotential of 0.43 V
and 0.35 V for the positively and negatively polarized structures
respectively. If the polarization is switched while a compressive
strain of �0.5 % is applied, the overpotential reaches a value of
726
0.16 V. This is below the result achieved on the non-strained struc-
ture (0.20 V) and far lower than the ideal case for oxynitrides
(0.37 V). The reduction of the energy requirement outweights the
energy cost of applying a small strain and switching the polariza-
tion. Combining a dynamic strain with polarization switching
decreases the overpotential to 0.05 V.

The strategy of combining dynamic strain and switching polar-
ization can be applied to other materials to improve their catalytic
performance. If the material is elastic and not at high risk of break-
ing, then a dynamic control of its surface can drastically improve
the reaction, since the structure can be tuned to better fit the
adsorbates. For ferroelectric materials, polarization switching, pos-
sibly combined with strain engineering, is confirmed to be a prac-
tical method to enhance the OER performance.
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