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Abstract

Ferroelectric modulation of the surface charge density is a promising strategy to promote the
surface oxygen evolution reaction (OER) in photocatalytic water splitting. The limitations of
the Sabatier principle could be overcome by tuning the interaction strength between the OER
intermediates and the surface for the individual reaction steps via switching of the polarization
direction. InSnO,N, a newly reported improper ferroelectric semiconductor, is promising for
applications as a photocatalyst due to its direct band gap of 1.61 eV and its sizable ferroelectric
polarization. Therefore, in this work, we use density functional theory (DFT) to investigate the
OER performance on its (001) surface as a function of the bulk polarization direction. We find
that the clean surface of the downward (negatively) polarized bulk structure (“polarized bulk”
henceforth) has a lower theoretical overpotential of n = 0.58 V vs the standard hydrogen
electrode (SHE) compared to the clean surface with an upward (positively) polarized bulk

structure (0.77 V). Under (photo)-electrochemical operating conditions, a monolayer (ML) OH
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covered surface is the most stable for the negatively polarized bulk and shows a theoretical
overpotential of 0.89 V, whereas for the positively polarized bulk structure, a surface covered
with 2/3 ML OH is the most stable, also showing an overpotential of 0.89 V. Notably, when
switching the polarization direction during the reaction, the overpotential becomes as small as
0.20 V for the clean surface and 0.23 V for the surface with OH coverage, which is far below
the usual minimum theoretical overpotential for oxides (n = 0.37 V). We show that the
reduction in reaction free energy by ferroelectric switching can be performed in a relevant
frequency range and outweighs the energetic cost for polarization switching by a factor 6 to 12.
Our study demonstrates that switching of improper ferroelectricity is a highly promising route

to boost the OER activity of oxynitride photocatalytic water splitting electrodes.

Keywords: ferroelectric polarization, density functional theory, oxygen evolution reaction,
overpotential, InSnO,N

Introduction

Photoferroic materials that combine ferroelectric and light-harvesting properties, are promising
for optoelectronic applications, like photovoltaics'? or photo(electro)chemical water-splitting
(PEC).? The spontaneous polarization of ferroelectrics can be reversed by application of an
external electric field, with potential benefits for photoelectrocatalytic water splitting.*” Due
to the strong internal electric field induced by the spontaneous electric polarization, the
photogenerated electrons and holes migrate in opposite directions, which enhances charge-
carrier separation and promotes photocatalytic properties.®® To date, more than 700

ferroelectric materials have been discovered,'® the majority of those studied for



photoelectrocatalytic applications are complex oxides, such as perovskite oxides, BiFeOs,!
PbTiO;'>!13 and BaTiO;.'*!> However, their band gaps are in the ultraviolet (UV) range, they are
therefore unable to absorb visible light. Although ferroelectricity could suppress the
recombination of photo-induced carriers, the large band gap of these oxides will inhibit
practical photocatalytic applications. To solve this, the methods like substitution of one or more
oxygen by nitrogen which leads to the so-called oxynitrides has been proposed.!®!” Compared
to oxygen, the lower electronegativity of nitrogen results in reduced band gaps and higher
valence band edges that better match the water redox levels.'®> Recently, a tin oxynitride-
based semiconductor, InSnO,N, was suggested as a new and promising photocatalyst. It has a
direct band gap of approx. 1.61 eV, resulting in excellent light absorption.?! InSnO,N (Figure
1a) is isostructural to the multiferroic hexagonal manganites, h-RMnO; (R=Y, In, Sc, Ho-Lu).
These materials are improper ferroelectrics, in which the corner-sharing Mn-O trigonal
bipyramids are separated by layers of R ions and the tilting of the corner-sharing Mn-O trigonal
bipyramids leads to the “up-down-down” R-cation displacement along ¢ axis (or [001]) that
causes polarization as a secondary effect and promotes separation of photoexcited carriers.?>?
In addition to light absorption and carrier separation, the performance of InSnO,N in a
photoelectrochemical device, will depend on its surface redox reaction properties,>* which are
currently unknown. The major obstacle among the water-splitting redox reactions, is the low
efficiency of the oxygen evolution reaction (OER).>-*” The OER is a multistep reaction
involving several intermediates and every step is vital for the overall conversion efficiency.?®*
The interaction between catalyst surface and intermediate, strong or weak, will directly affect

the reaction activity. According to the Sabatier principle, if the interaction is too weak, the



adsorbate (i.e. the reagent) will be unable to bind to the catalyst, while if the interaction is too
strong, the reaction product will fail to desorb.**3! Consequently, an optimal binding strength
corresponds to the maximum OER efficiency and a minimum theoretical overpotential. DFT
calculations have demonstrated that the four-step OER mechanism is fundamentally limited to
a minimum theoretical overpotential of 0.3-0.4 V, due to the scaling relation between the
binding strength of the OH and OOH intermediates.*>?3 The adsorption strength between the
catalyst and intermediate largely depends on the surface electronic states. In a ferroelectric
material, the surface states and their occupation could be altered by switching the polarization
direction.**3” Recently, the polarization switching of ferroelectric materials have been
demonstrated to effectively control the CO, reduction.®* Therefore, for a given surface,
switching of the polarization direction can also be used to optimize the adsorption strength for
intermediates along the OER pathways, overcoming the limit imposed by the Sabatier
principle . *

In this work, we have used DFT calculations to investigate the OER performance of InSnO,N
surfaces with negatively/positively polarized bulk. We find that the clean surface with a
downward (negatively) polarized bulk has a lower theoretical overpotential of 0.58 V vs SHE
than the clean surface with an upward (positively) polarized bulk (0.77 V). Under (photo)-
electrochemical operating conditions, for the negatively polarized bulk, a 1 monolayer (ML)
OH covered surface is the most stable while for the positively polarized bulk, a 2/3 ML OH
coverage is preferred. The overpotentials for the OER on the OH covered surfaces with
negatively and positively polarized bulk are both 0.89 V. When the polarization direction is

switched during the OER, a much lower theoretical overpotential of 0.20 V is achieved for the



clean surface and 0.23 V for the surface with OH coverage. These values are far below the
minimum theoretical overpotential for oxides (0.37 V),”* demonstrating that improper
ferroelectric switching of suitable-band gap photoelectrodes is an exciting route to boost the
OER activity, the enhancement in reaction free energies outweighing the energetic cost for

polarization switching by a factor 6-12.

Method

Computational Methodology

DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP).#1-43
Exchange and correlation effects were described using the Perdew—Burke—Ernzerhof (PBE)
functional, in the framework of the generalized gradient approximation (GGA).* We used
projector augmented wave (PAW)* potentials to represent the frozen core electrons and nuclei
of each atom, and In (5s, 5d, 5p), Sn (5s, 4d, 5p), O (2s, 2p), and N(3s, 3p) were described as
valence electrons, with a plane wave cutoff energy of 520 eV. We used a 6 x 6 x 3 I'-centered
Monkhorst Pack k-point mesh*® for the bulk unit cell (30 atoms) and a 6 x 6 x 1 mesh for slab
models (66 atoms). For the calculations of the partial density of states (PDOS), we used a I'-
centered k-point mesh with 12 x 12 x 6 for the bulk unit cell and 12 x 12 x 1 for the slab. The
slab model is composed of 9 atomic layers where the bottom 4 layers are kept fixed during
relaxation, a 20 A vacuum was added to avoid artificial interaction between periodic images
and a dipole correction was included.*’” Grimme’s D3-correction was used to account for van
der Waals interactions.”® The spontaneous polarization was calculated according to the Born

effective charge method,”” where the Born effective charges are derived within Density



Functional Perturbation Theory (DFPT).>® All atoms were fully relaxed during the structural
optimization until the force on each atom was less than 0.02 eV/A. The band gap was
determined using the HSE063! hybrid functional with a plane wave cutoff of 350 eV and a 6 x
6 x 3 I'-centered k-point mesh. We studied the OER at standard conditions (T =298.15 K, P =
1 bar, pH = 0), within the computational standard hydrogen electrode (SHE) framework, by
considering a widely used mechanism that consists of four proton-coupled electron-transfer
(PCET) steps (see OER mechanism, Supporting Information).**>> The Pourbaix diagram gives
information regarding the stability against dissolved phases, ions and chemical reactions with
water.”® The detailed calculation method is explained in ref 50. All data are stored and freely

available in the DTU Data Repository.>*

Results and discussion

The InSnO,N structure studied in this work is hexagonal and belongs to the polar space group
P6;cm, as shown in Figure 1a. The optimized lattice constants are a=b=6.16 A,c=12.24 A.The
distortion of the Sn-O-N trigonal bipyramids leads to an “up-down-down” corrugation of the
In cations along c axis (or [001]) with a polarization of 12.04 uC/cm?, analogous to the
improper ferroelectricity in the hexagonal manganites.??> During ferroelectric switching, the
structure goes through a centrosymmetric phase (P3c1) shown in Figure S1. Therefore, the
energy difference between the non-polar P3c1 and the polar P6;cm structures (Figure 1c) is
calculated to evaluate the energy barrier for polarization switching. We find an energy
difference of 5.50 meV/atom, which is close to the switching energy barrier calculated for
YMnO; (5 meV/atom),>*” but much smaller than that for BaTiO; (28 meV/atom),>® indicating

that the polarization in InSnO,N can be switched using electric fields. The stability of InSnO,N
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in the solution has also been analyzed in the Pourbaix diagram in Figure 1b. The yellow zone
represents that InSnO,N is stable under a broad range of potential and pHs, corresponding to
the working OER conditions. InSnO,N can be stable even at the highly acidic/alkaline
condition. To evaluate the light absorption properties, we calculate the band structure of bulk
InSnO,N using HSEOQG6: the polar phase InSnO,N is a direct semiconductor with band gap of
1.61 eV where both the valence band maximum (VBM) and the conduction band minimum
(CBM) are located at the I" point (Figure 1c). The suitable band gap and direct transition are
desirable to absorb a large fraction of solar light. As for the non-polar phase, the band gap is

1.45 eV (Figure S2) which is slightly smaller than the polar one.
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Figure 1. (a) Structure of bulk InSnO,N with P6;cm space group. The arrow represents the
polarization direction. (b) Theoretical Pourbaix diagram for InSnO,N. The diagrams are drawn
for a concentration of 10° M at 25 °C. (¢) Energy barrier of InSnO,N during through the
centrosymmetric P3c1 phase. (d) HSE06 band structure of bulk InSnO,N with P6;cm (polar)

space group.

Changes in polarization direction perpendicular to the surface could be used to modulate the

surface properties.*” As the polarization in InSnO,N lies along the [001] direction, we study the



OER on the (001) surface. The (001) facet has two terminations, SnN and InO,. To determine
which termination is more stable, we calculate surface energies® of 1.45 J/m? and 1.68 J/m?,
for the SnN and InO, terminations respectively and consequently investigate the OER on the
more stable SnN termination. After surface relaxation, the In corrugations remain “up-down-
down” for the slab with negatively polarized bulk (Figure 2a) and “down-up-up” for the slab
with positively polarized bulk (Figure 2d). It should be noted that the polarization in each layer
is highly dependent on the paraelectric reference state used to calculate the polarization. When
the unrelaxed centrosymmetric phase is used as reference, all relaxed layers have a negative
polarization for the nominally negatively polarized slab (Figure S3b). On the other hand, for
the positively polarized slab, due to the surface relaxation, there is an effective reversal of the
polarization in the first three layers, as shown in Figure S3e, despite the fact that the In
corrugation does not change. When the relaxed centrosymmetric phase is used as reference,
only the first subsurface layer in the negatively polarized slab has a small positive polarization
(Figure S3c) and only the surface layer in the positively polarized slab has a small negative
polarization (Figure S3f). Since the In corrugation is retained, we believe that relaxations of
the interlayer spacing and interlayer rumpling are responsible for the subtle local changes in
the sign of the polarization. We investigate the electronic structure for the two slabs with
oppositely polarized bulk. From the layer-resolved partial density of states (Figure 2), there is
a positive shift of the Fermi level for the surface with positively polarized bulk compared to
the surface with negative polarization direction, which implies electrons transfer to the surface.
This is also confirmed by the Bader analysis (see Table S2), which shows that the charge on

positively polarized surface is 0.16 electrons higher than the charge on the negatively polarized



surface.

Figure 2. Structures and layer-resolved partial density of states (PDOS) of the InSnO,N (001)
surface with (a) negatively polarized bulk and (b) positively polarized bulk. The arrow
represents the polarization direction. L, (1, 2, 3...9) corresponds to the atomic layer of the left
structure. The bottom four-layer atoms marked by the dashed rectangle are fixed during the

optimization.

To study the effect of the polarization on the OER activity, we first calculate free energy
differences for the reaction steps on the clean (without adsorbates) (001) surface with
oppositely polarized bulk. From the free energy profile of the OER in Figure 3, we find that
for the surface with a negatively polarized bulk, the potential determining step is the formation
of O, resulting in a theoretical overpotential of 0.58 V. For the surface with a positive bulk
polarization, the binding energies of the adsorbates are more negative as shown in Table 1,
since the adsorption strength between the adsorbates and surface is related to the surface

electronic properties and there is the higher electron density on the surface with positively
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