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The defect chemistry of heteroanionic semiconductors can have a large effect on ionic conductivity and
optoelectronic properties. Of particular interest are oxynitrides, which have found broad interest recently in
sunlight driven water splitting due to their favourable band edge positions while being more stable compared to
pure nitrides. The mixed-anion content however creates challenges in terms of retaining nitrogen stoichiometry
under the oxidizing conditions of the oxygen evolution reaction (OER), either through formation of a passivating
oxide layer or bulk nitrogen loss. In comparison to ternary and perovskite oxynitrides, layered perovskites have
potential for improved stability against critical performance limiting defects and present an avenue for improving
theoretical water splitting efficiency. In this work, the layer and anion ordering specific 0>~ and N~ defect
properties of Ruddlesden—Popper Sr,TaOsN perovskite oxynitride were extensively investigated using first-
principles calculations. We screen anion orderings, then compare anion defect formation and model the e~
redistribution across the Sr** and Ta>" sublattices with neutral Vo and Vi defects. Following this we map the
vacancy-mediated anion diffusion pathway barriers with the nudged elastic band (NEB) of 0% o and N> /Vy
both in the plane of and perpendicular to TaON layers of Sr,TaOsN. The findings of this study suggest that cis-
to trans- shifts in the local N> =Ta>*~N>~ anion ordering modulate the anisotropy of the vacancy-mediated
N® and O% diffusion in and out of plane relative to the TaON layer. This work points to the potential of a
novel avenue for defect engineering in layered mixed-anion materials and oxynitride photocatalysts.

Received 18th November 2024,
Accepted 5th February 2025

DOI: 10.1039/d4ma01137f

rsc.li/materials-advances

gaps in comparison to oxides,”'® and can demonstrate more
stable nitrogen reduction reaction (NRR) activity in comparison
to nitrides."" However, nitrogen loss, non-stoichiometry or other
nitrogen anion associated defects can often create challenges
in terms of stability and reaching theoretical efficiency, which

Introduction

Multi-anion materials (also referred to as mixed-anion or hetero-
anionic materials) are an interesting class of solid-state compounds
that by their nature afford tuneable functionalities by the assembly

of anions with different sizes, charges and electronegativities."
Anion ordering in these materials has been shown to be associated
with a plethora of structure-property relationships in this broad
class of materials’ and has been demonstrated to be a critical
consideration in the modulation of optoelectronic,>* electro-
chemical,* ® magnetic’ and thermal properties®,

Oxynitrides are a prominent class of heteroanionic semicon-
ductors that have garnered research interest for photocatalytic/
photochemical water splitting (WS), due to their favourable band
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has been reported extensively in pursuit of better oxynitride
photo(electro)catalysts.>™* A key issue limiting these materials
from achieving their theoretical efficiencies in this application
can be described as inhibiting defects formed during high
temperature ammonolysis® (N>~ vacancies and B-site cation
reduction in perovskites),'® during operation.'® Emergent anion
defect properties are also reported for mixed-anion oxyfluorides
and oxysulphides."”'® So while greater possibilities for property
optimisation can be afforded with a multi-anion composition,
this also necessitates a more detailed understanding of the
interplay of each anion with the emergent defect chemistry of
the material.

Perovskite oxynitrides, AB(O,N), (A" = La with B™) = Ti,
Zr, Hf and A™ = Ca, Sr, Ba with B"") = Ta, Nb), exhibit a lack of
long-range structural order in their crystal lattices, while main-
taining local ordering of anions within individual MOg_,N,
octahedra. Long-range structural order is lost due to the
similarity between the B"*-O*" and B"'-N°" bond lengths,
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Fig. 1 (a) Anion ordering in Ta—O4N, octahedra. (b) Crystal structure of
Sr,TaO3N used in this work with partial N>~ occupancy of anion sites in
TaON layers.

a feature unique to oxynitride mixed-anion semiconductors.
The slightly larger B**-N>~ bond length drives a predominantly
cis-ordering in individual octahedra, giving rise to N* -B""-N>"~
chains, with the alternate (unfavourable) trans-ordering
(Fig. 1)."° This type of oxynitride anion ordering induces local
distortions in the crystal lattice,” and subsequently band-
gaps,”"?* ferroelectricity”®** and effective charge carrier
mobilities.>>” In recent years, several ATaO,N perovskites in
particular have been identified as promising candidate semi-
conductors for solar energy conversion owing to their broad
absorption window for visible light.>™*?

Layered materials such as Ruddlesden-Popper (RP) phase
perovskites have also attracted interest in sunlight driven water
splitting due to enhancements to stability and anisotropic
tuning of structural and optoelectronic properties.** RP phase
perovskites possess a composition of A,.;B,X3,+1 whereby for
oxides, ABO; perovskite units are interspersed between SrO
layers.

The RP phase perovskite Sr,TaO;N (n = 1) has been suggested
to be good for photocatalytic water splitting based on its favour-
able band edge positions from high throughput screening?® and
experimental studies.’®*” Recent computational studies of the
Sr,TaO;N [001]*® and [100]*° surfaces suggest that both surfaces
would be active for the oxygen evolution reaction (OER) to
facilitate water splitting. Interestingly, the ridged [100] surface
is predicted to be the most active with the lowest overpotential
for the OER,*® which opens new possibilities for facet-specific
anion defect chemistry given this surface is perpendicular to the
layered axis. Anion ordering for RP phase (n = 1) perovskite
oxynitrides is innately 2D as it is confined exclusively to the
TaON layer, unlike the ABO,N and ABON, perovskites previously
studied, which can have chains of N*"-B**-N*~ in 2D or 3D.

Recent studies have shown that doping the B-site cation with
excess of A-site cations had the same protective effect of
inhibiting the formation of reduced B-site cation defects as
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compared to shifting from cubic SrTaO,N to a layered RP (n =1)
phase perovskite Sr,TaO;N.* Additionally, in the synthesis
of perovskite oxynitrides intergrowth of RP phases has been
reportedly observed for tantalates,*” whereas niobates formed
defective surfaces.*’

Oxynitride perovskites additionally provide an accessible
platform for using composition to drive shifts in the anion
ordering. Dimensionality crossover of two-dimensional (2D)
orderings to three dimensional (3D) orderings are reported
for the series of Ba,_,Sr,TaO,N.*' Additionally, a pivotal report
by Oka et al. demonstrated that in the Ca,_,Sr,TaO,N series,
increased Sr** doping in CaTaO,N stabilises a partial trans-
N°-Ta’*-N*~ ordering with the corresponding fully cis-ordering
becoming energetically inhibited due to strain.** Computa-
tional studies have predicted that compressive strain larger
than 4% would bias trans-ordering in bulk LaTiO,N,** while
also predicting surface polarisation in LaTiO,N to favour a
trans-ordering.** This demonstrates that while cis-ordering is
preferred for d° oxynitrides, the interconversion between cis- &
partial trans-orderings is sensitive to strain and accessible via
lattice substitutions and interfacial effects.

In previous density functional theory (DFT) studies we have
investigated the charged vacancy-mediated anion diffusion in
TaON and O:TazN;** and subsequently extended this to con-
sider how anion ordering effects impact defect formation and
mobility in BaNbO,N and LaNbON,,*® since niobium oxyni-
trides are known to be more prone to defect formation and
potentially amenable to tuning non-stoichiometry and defect
engineering strategies.””*® Anion ordering and N:O composi-
tion was predicted to have a substantial impact on the defect
formation energies and consequent charge redistribution to the
cation sub-lattice (degree of e redistribution indicative of
potential to form photocatalytically inhibitive reduced B-site
cation defects).*>*® From these prior computational results it is
predicted that biasing the trans-configuration and controlling
the local charge redistributed from defects is a possible strategy
for longer term retention of N®~ lattice ions in an oxynitride
water splitting catalyst.'>*%*°

Besides the reported effects on stability of the RP phase
Sr,TaO;3N (n = 1) relative to SrTaO,N (n = o0), a recent modelling
effort looking at the dynamics of oxygen vacancy (Vo) formation
and diffusion barriers of A>’B>*O,N using Buckingham poten-
tials and core-shell models predicts that SrTaO,N has the most
favourable defect chemistry for ionic conductivity amongst
these oxynitrides.*

In this work we are interested in probing the interplay
between anion order and defect chemistry in the layered
perovskite oxynitride Sr,TaO;N. Specifically we investigate the
layer-specific neutral 0>~ and N>~ vacancy defect formation, e~
redistribution to the cation sublattice and vacancy-mediated
diffusion in Sr,TaOs;N using accurate first-principles calculations.
We screen cis- and trans-orderings and elucidate the subsequent
impact on anion defect formation and e redistribution to
the cation sub-lattice. We also investigate the vacancy-mediated
diffusion barriers of 0>~ and N*~ in and out of the TaON layer.
Native migration pathways (0*~ — Vo, N°~ — V) are compared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with what we designate as ‘anion crossing pathways’, whereby
one anion migrates via the vacancy of the other anion: 0>~ — Vy
and N°~ - V.

Our results reveal the relationship between anion ordering
and the degree of anisotropy of separate N>~ and 0>~ diffusion
pathways. In this regard, we believe this work is useful to
understanding how to maintain N:O stoichiometry in oxy-
nitride semiconductors under WS and NRR conditions.

Methods

All calculations reported here employ the Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA) exchange—
correlation functional, revised for solids (i.e. PBEsol),”® as imple-
mented in the Vienna Ab initio Simulation Package (VASP)
code®™*? using the projector augmented wave (PAW) method.*®
All calculations employ (core)/valence configurations of Nb:
(INe]3s)/3p3d4s; O: ([He])/2s2p N: ([He])/2s2p. Sr,TaO;N crystals
(Fig. 1c) were constructed from I4/mmm Sr,TiO, sourced from
the Materials Project Database (ID mp-5532)°* and fully relaxed
with a planewave energy cut-off of 450 eV for each anion ordering
constructed. Monkhorst-Pack meshes consisting of 6 x 6 Xx
4 k-points were used for the 56 atom 2 x 2 x 1 supercell, while
4 X 4 X 4 k-point meshes were used for the 126 atom 3 x 3 x 1
supercell.

Partial density of states (PDOS) and band structure calcula-
tions were conducted with Hubbard U corrections of U%(Ta*") =
3.10 eV, UP(N®*7) = 6.66 eV and UP(0*") = 8.87 eV based on band
gap benchmarking for TaON reported by Kirchner-Hall et al.>®
The Hubbard U correction was applied in an attempt to mini-
mize the underestimation of the band gap by uncorrected GGA-
PBEsol, though it should be acknowledged that the choice of
Hubbard U correction for materials with local anion ordering
variations is non-trivial and requires further investigation.

Vacancy-mediated anion diffusion barriers were calculated
with the nudged elastic band (NEB) method and forces were
converged to within 0.05 eV per atom along the pathway.>®
We note for reference that changes in the migration enthalpy
barrier of 0.4 eV have been reported to correspond to a
difference of up to two orders of magnitude in oxide conduc-
tivity of perovskites.””

For a neutral supercell, the anion vacancy formation energy,
Efyac, can be obtained from the simplified expression:>®

Efyac = Edet — Epris T Wi

where Eq4.r is the defective supercell, Eys is the pristine super-
cell and y; is the chemical potential for the missing anion.
In this work we are using the fitted elemental-phase reference
energies (FERE) as the chemical potentials for oxygen and
nitrogen respectively (uo = —4.76 eV and uy = —8.51 eV).*’
The formation of vacancies can be expressed according to the
Kroger-Vink notation, whereby,

1
O +2M" — 2M' + Vg +50,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and

1
N* 4+ 3M* — 3M' + Vy* +§N2
Additionally, depending on the reducibility of the M cation, the
localization of e~ on the M site compared to the anion vacancy
can exist within:

3M + VS < 3M + V5
or
OM' + Ve > 2M + V}

Then to analyse the e redistribution to the cation sublattice as
a function of defect type and anion ordering we have conducted
charge analysis using DDEC6 implemented with the Chargemol

program.®%?

Results and discussion

We begin our discussion by considering what cis- and trans-
anion orderings are capturable in the 2 x 2 x 1 supercell, which
is nominally the most computationally tractable supercell
to probe anion orderings. This is since anion orderings in
perovskite oxynitride materials are defined in terms of the
chain orientations of the minority anion in the B-site metal
octahedra (N*"-B*-N®" chains in the case of Ta-O4N, in
Sr,TaO;N), meaning that fully cis-configurations cannot be
constructed in periodic supercells containing an odd number
of B-site octahedra in any axis. A challenge arises then however,
as reports modelling defect migration in cubic perovskite
materials indicate that a 3 x 3 supercell is required in the
plane that the defect is moving, at a minimum.*®**~°* For these
reasons we use the 2 x 2 x 1 supercell to map possible cis- and
trans-anion orders, changes in anion vacancy formation energy
across these orderings and the subsequent e~ redistribution to
the cation sublattice due to these neutral defects. Following
this we map the lowest energy cis- and t¢rans-orderings to a
3 x 3 x 1 supercell for NEB calculations of vacancy-mediated
anion migration barriers.

For the layered material Sr,TaO3N it is possible to construct
five different cis- (C1-C5) and 2 different trans-orderings
(T1-T2) when considering the N® -Ta®*-N* chain pattern
and whether the chains were parallel or orthogonal between
TaON layers (Fig. 2). Fig. 3a shows the relative energy in eV
between these different anion orderings. The C1-C4 orderings
are all within 0.2 eV of each other, while the ring chain
orientation in C5 is 0.3 €V higher in energy than the most
favourable ordering which was predicted to be C2. The trans-
orderings are ~2.0 eV higher than all the cis-orderings, with T1
being the lowest energy of these two.

Fig. 3b and c depicts the calculated PDOS of the most stable
cis- (C2) and trans-ordering (T1), which were calculated with a
Hubbard U correction applied to the PBEsol DFT functional.
Comparing the PDOS in Fig. 3b and c, the T1 ordering has
significant orbital population shifted closer to the valence
band maximum (VBM), whereas the C2 ordering VBM primarily

Mater. Adv,, 2025, 6, 2823-2832 | 2825
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Fig. 2 Series of five cis- and two trans-orderings able to be constructed in the 2 x 2 x 1 Sr,TaO3N supercell.

consists of N-2p orbital density. The T1 ordering shows much
more O-2p character around the VBM. In the conduction bands
an upshift in the Ta-5d orbital population is observed in the T1
ordering, which is attributable to a change in crystal field
splitting in going from cis- to trans-ordering. We have also
included the full k-path band structures for these orderings of
Sr,TaO;N in Fig. S1 and S2 in the ESL{ PBEsol+U predicted a
direct bandgap of 1.425 eV for C2 and 1.871 eV for T1 at the
gamma k-point.

In prior work by Bouri and Aschauer, they report the PBE
and HSE06 bandgaps to be 1.128 eV and 2.005 eV respectively.*®
So while the Kirchner-Hall derived DFT+U corrections for TaON
assist significantly with reducing the bandgap underestimation
error from GGA functionals (exp. bandgap = 2.5 eV, DFT+U
bandgap = 2.36 eV),’® there is still significant underestimation
of the Sr,TaO;N bandgap when comparing the PBEsol+U cal-
culated bandgaps of this work (C2 = 1.425 eV, T1 = 1.871 €V)
and the HSE06 bandgap (2.005 eV). Given the structural and
anion ordering diversity of oxynitride perovskites in addition
to their RP phase permutations, a more generalizable set of
Hubbard U corrections for oxynitride perovskites is desirable to
computationally explore the optoelectronic properties of these
materials.

In terms of vacancy defects one can also look at charged
defect sites, however, for relevance to photocatalytic applica-
tions where the scope of this work is probing the interactions of
anion order and defect chemistry, we prefer to extend the study
of neutral defects to analyze the degree of e™ redistribution to
the A-site and B-site cation sublattices. This is because reduced
B-site defects are quite common in perovskite photocatalysts
and are a significant contribution to the reported ‘absorption
tails’ in perovskite oxynitrides. To calculate the e~ redistribu-
tion to the A-site and B-site cation sublattice as we have done in

2826 | Mater. Adv, 2025, 6, 2823-2832

previous work for BaNbO,N and LaNbON,, we take a common
set of anion vacancy defects from the central Ta-O,N, octa-
hedra in the 2 x 2 x 1 Sr,TaO3N supercell (octahedra shifted to
the cell center relative to the Fig. 1 illustration). This set of
vacancy defects across C1-C5, T1 & T2 orderings for this
material resulted in a general Vy defect in the TaON layer as
well as a general V, defect in each of the TaON and SrO layers.
Fig. S3 (ESIf) summarizes the vacancy defect formation ener-
gies across the cis- and trans-orderings considered here. Inter-
estingly, for the cis-orderings C1-C5, the Vo formation energy is
quite consistent across orderings and between TaON and SrO
layer locations, varying between 6.20-6.30 eV. The Vy defect
formation energy is consistent for C1-C4, predicted to be from
3.60-3.67 eV, however the ring structure in C5 appears quite
unfavourable for N®~ ions, in that the Vy defect formation
energy shifts down to 2.98 eV, which is comparable to T1 and
T2 (2.98-3.02 €V). Interestingly, the trans-orderings T1 and T2
create anisotropy in the V, formation energies of approximately
0.4 eV. These results suggest that the trans-orderings induce
anisotropy in the vacancy defect chemistry in the plane of the
layer stacking, while the cis-orderings do not.

Table 1 summarizes the calculated e~ redistribution to the
Sr*" and Ta® cation sublattices and the total lattice for the
defects in Fig. S3 (ESIT). From this analysis of the DFT calcu-
lated charge density with DDECS it is predicted that Vy-TaON
defects redistribute 0.31-0.39 e~ to the Sr”* cations and
1.71-1.75 e~ to the Ta®' cations, respectively, while the
Vo-TaON shifts back 0.30-0.32 e~ to Sr*>* cations and 1.38-
1.39 e~ to Ta’" cations. This difference in magnitude of shifted
e~ correlates to the difference in relative charges of O~ and
N?~ anions. The Vo-SrO layer defects correspondingly shift
an increased 0.55-0.57 e~ to the Sr*" cations and 0.92-0.94 e~
to the Ta®" cations respectively. We also analyzed the PBEsol

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Relative formation energies of cis- and trans-anion orderings

for the 2 x 2 x 1 Sr,TaO3N supercell. PBEsol+U calculated partial density
of states for (b) C2 and (c) T1 anion orderings.

predicted e~ delocalization from the vacancy defects by com-
paring the reduction of vacancy adjacent B-site (Ta®>*) cations
compared to non-adjacent lattice sites. Interestingly, for the
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Vo-SrO layer defects, while less e~ is redistributed to the Ta>"
sublattice in total, a larger proportion (0.44 e~ of 0.94 e”) is
redistributed to defect non-adjacent Ta”" cations.

In comparison, for Vy,0-TaON layer defects only approx.
20% of the total e~ redistributed reaches defect non-adjacent
sites. These results suggest that the protective effect of excess
A-site cation doping or the addition of an AO rock salt layer in RP
phase perovskite oxynitrides (A+1B;Xans1 = Stis1T2,05,1N, here)
is due to the AO layer associated Vo defects localizing less e on
adjacent B-site cations. This suggests a more defect tolerant
material with a lower concentration of photocatalytically inhibiting
reduced B-site defects.

In terms of the effects of anion order, the largest effect is
observed for DDEC6 calculated partial charges and e~ localiza-
tion at Vy—TaON. Here we observe that a shift from a cis- to a
trans-ordering is predicted to decrease the e sent to the Sr**
and defect adjacent Ta®' cations by 0.08 e~ and 0.12 e~
respectively, while an increase of 0.07 e~ is redistributed to
the non-adjacent Ta>" cations. While these effects are minor it
is interesting to note that these shifts are reversed when going
from cis- to trans-orderings for Vo defects.

Lastly, in comparing the total e™ redistributed from the
vacancy defects, while we have primarily reported the e~ redis-
tributed to Sr** and Ta" cations it is important to note that
the difference between vacancy induced shifts in the partial
charges of the cations and anions totals to the 0>~ and N>~
partial charge shown in Table S1 (ESIt). We interpret this as
indicative that the defect charge is indeed different from the
defective supercell charge, where in fact Vo sypercen = 2Ta’ + Vg
and V supercen = 3Ta’ + V{* in Kroger-Vink notation. Follow-
ing this distinction, in the next section we subsequently deem it
necessary to use Kroger-Vink notation to discuss and compare
the vacancy-mediated anion migration across native and anion
crossing pathways (Vy* — O} + Vg and V& — Ng + V).

When scaling up to a 3 x 3 x 1 supercell for the vacancy-
mediated diffusion analysis, it is only feasible to build three
different anion orderings in one TaON layer as there is an
unavoidably uneven number of Ta-O,N, octahedra in this
plane. These orderings can be characterized by their varying
amounts of cis-chains; 6/9, 4/9 0/9 (i.e. trans-). The 6/9 cis-
ordering is 1.51 eV and 4.04 eV more stable than the 4/9 cis-
and trans-orderings, respectively. The 6/9 cis-ordering and the
trans-ordering were then used for further vacancy-mediated
diffusion modelling. Fig. 4a and b illustrates a layer of
the TaON anion ordering of the 6/9 cis- and trans-ordering

Table 1 DDECS6 calculated average e redistribution to cation sublattices from vacancy defects for cis- and trans-orderings

cis-Orderings (C1-C5)

trans-Orderings (T1 & T2)

Vo-TaON Vy-TaON Vo-Sr0 Vo-TaON Vy-TaON Vo-Sro
Sr 1.35 1.34 1.33 1.34 1.34 1.33
Partial charge Defect adjacent Ta 1.50 1.32 1.55 1.45 1.41 1.56
Non-adjacent Ta 2.00 2.00 1.98 2.04 2.00 2.01
Charge Sr —0.32 —0.42 —0.57 —0.30 —0.34 —0.55
Redistribution Defect adjacent Ta —1.10 —1.43 —0.50 —1.22 —1.31 —0.51
Non-adjacent Ta —0.28 —0.33 —0.44 —0.17 —0.40 —0.41

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 2823-2832 | 2827
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Fig. 4 (a) Representation of anion ordering constructable with the most cis-character; 6/9 N> =Ta>*~N3" chains are cis- and 3/9 are trans- and
(b) corresponding fully trans-ordering used for the 3 x 3 x 1 supercell. Insets depict anion/vacancy positions from the core of the structure used in this

work, which also map to the 2 x 2 x 1 supercell.

configurations, and these orderings are consistent for each
TaON layer in the 3 x 3 x 1 supercell.

Fig. 5a summarizes the 0>~ and N’~ vacancy defect for-
mation energies for the orderings shown in Fig. 4. The 6/9 cis-
ordering V, formation energy ranges from 6.09 to 6.12 eV, while
the Vg formation energy is 5.69 eV for the SrO layer compared
to 6.31 eV for the TaON layer in the trans-ordering. The V{’*
formation energy is also 1.26 eV lower for the trans-ordering.
Comparing this data with Fig. 2c, the 6/9 cis-ordering exhibits
comparable trends in defect formation energies and while this
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Fig. 5

is a mixed ordering, it should be consistent with a fully cis-
anion order.

Fig. 5b depicts the defect pair formation energy for the end
points of anion crossing diffusion pathways, where an 0>~ or
N>~ anion crosses into a V{* or Vg site and creates a defect
pair comprising an anti-site defect and a vacancy. These end
point defect pairs are necessary to calculate when considering
vacancy-mediated anion diffusion pathways in a mixed-anion
material, since there are now two types of vacancies via which
an anion may diffuse. Fig. 5b shows that the 6/9 cis-ordering
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(a) Single vacancy defect formation energies in TaON and SrO layers and (b) anti-site + vacancy defect pairs of different anion orderings which

characterize end points for the crossing vacancy-mediated anion migration pathways.
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has a comparable formation energy regardless of whether the
defect pair uses the O1 (TaON layer) or O3 (SrO layer) position,
with 3.32-3.41 eV predicted for O}, + Vg pairs and 7.06-7.21 €V
for Ni, + V7* defect pairs, respectively. However, a splitting
occurs for the trans-ordering, where the two types of defect
pairs are now 0.24 eV and 0.42 eV lower in energy when
incorporating the O3 position. Additionally, the O} + V& and
Np + VX* defect pairs are ~0.9 eV and ~1.7 eV lower for the
trans-ordering.

Fig. 6a depicts the pathways considered for the native
vacancy-mediated anion migration pathways in the 3 x 3 x 1
supercell with the 6/9 cis- and trans-orderings and the resultant
PBEsol NEB calculated migration energy barriers. The full NEB
pathways are shown in Fig. S5 (ESIf). These pathways are
denoted as the ‘native’ pathways, in that the N*~ and 0>~
anions are diffusing via V{J* and Vg defects, respectively, and
the defect type is the same at both NEB end points. From
Fig. 6b, the highest migration barrier occurs for N*~ diffusing
in the TaON layer at 2.42 eV, while O*>~ diffusion is predicted to
have a lower barrier at 1.34 eV. The trans-ordering does not
have adjacent 0%~ /Vg or N3~ /VR® positions so only migration
in the c-lattice vector is considered here. Diffusion of a TaON
layer O>~ anion into a SrO layer vacancy (O1 — Vgy,) is predicted
to have the lowest barrier for both orderings (0.65-0.81 eV), and
interestingly the main impact of the ¢rans-ordering on these native
diffusion pathways is a lower diffusion barrier for V¢J mediated
O®" migration between SrO-OSr layers (O3 — Vgy,). The same
trends in barrier heights are predicted in the 2 x 2 x 1 supercell,

Fig. 6
calculated NEB defect migration barrier heights for each pathway.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which is summarized in Fig. S4 (ESIt). In comparing the barrier
heights from the 3 x 3 x 1 supercell in Fig. 6b to the 2 x 2 x 1
supercell in Fig. S4 (ESIf), the TaON layer N3~ /Vy*®
barriers are comparable across both supercells, and the O*~/Vg
barriers are 0.3-0.46 eV higher in the 2 x 2 x 1 supercell as
compared to the 3 x 3 x 1 supercell. This highlights that separate
anion diffusion barriers in mixed-anion materials are not uniformly
sensitive to the supercell dimensions and further studies may be
needed to elucidate the convergence of supercell size with different
types of diffusing anions, defect charge states and pathways.

Fig. 7a depicts the considered anion crossing vacancy-
mediated diffusion pathways (where the end point of the
diffusion path is the anion defect pairs whose defect formation
energy is shown in Fig. 5b).

Fig. 7b correspondingly summarizes the PBEsol NEB calcu-
lated energy barriers and Fig. 7c provides a reference for the
defect types at the NEB end points.

The anion crossing pathways enable a greater comparison
between the 6/9 cis- and trans-anion orderings by considering a
more exhaustive set of vacancy-mediated pathways and realis-
tically must be considered in this case as these are likely
mechanisms by which anion ordering is shifted in these
materials. The V{* — O} — V& pathway is characterized by
either O1 (TaON layer) or O3 (SrO layer) migrating to a nitrogen
vacancy. The O1 migration barrier to V{{* is 1.77 eV in the 6/9
cis-ordering and only drops by 0.19 eV for the trans-ordering.
However, the O3 migration halves from 1.0 eV to 0.47 eV.
Migration of the N1 atom to either the V{, or Vg sites is

migration
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>
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(a) Native vacancy-mediated anion diffusion pathways around Ta—O4N, octahedra core in 6/9 cis- and trans-3 x 3 x 1 supercells and (b) PBEsol

Mater. Adv., 2025, 6, 2823-2832 | 2829


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma01137f

Open Access Article. Published on 24 March 2025. Downloaded on 12/29/2025 4:02:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
a)
- AENO
;._.VNJ.: {”"‘{
Nl.... o
b) 2.50 C)
> 2.00 NEB Start Point NEB End Point
(4]
% 1.50 - 01_>VN1 Vi > Oly; + Vo,
] 035V 5
8 1.00 ENISV_ Vi O3 + Vos
g N1V V > Nlg+V,
o
0.50 03 01 01 N1
Vos > N1z + Vi
0.00
3x3x1 - 6/9 Cis 3x3x1 - Trans
Anion Ordering
Fig. 7 (a) Anion crossing vacancy-mediated diffusion pathways around Ta—O4N, octahedra core in 6/9 cis- and trans-3 x 3 x 1 supercells and

(b) PBEsol calculated NEB defect migration barrier heights for each pathway and (c) defect states at the start and end points of the NEB pathways.

highly sensitive to the anion ordering whereby planar migra-
tion in the transverse migration to Vg, drops from 1.56 eV to
0.24 eV from the 6/9 cis- to the trans-ordering respectively.
These NEB calculated migration barriers indicate that the
anion ordering affects the anisotropy of the 0>~ and N*>~ anion
diffusion to differing degrees. The O*~/Vg diffusion barriers
are primarily affected in the c-axis direction (perpendicular
to the TaON layer) and within the SrO layer. Whereas for
N3~ /Vy*, the lower energy cis-orderings confine the diffusion
to the TaON plane, the trans-orderings conversely promote

competitive N3~ /V¢ mobility in the transverse c-axis direction.

Conclusions

In summary, this work has used planewave DFT (PBEsol) to
model the layer-dependent defect stability and migration

2830 | Mater. Adv., 2025, 6, 2823-2832

energy barriers in the RP phase perovskite oxynitride Sr,TaO;N.
We have specifically focused on anion vacancy defects in-plane
and out-of-plane relative to the TaON layer. Several types of
defects are considered in this work but arise from defective
supercells with a neutral overall charge. Besides anion vacan-
cies we consider e~ redistribution to Sr** and Ta>" cations (the
latter of which corresponds to photocatalytically inhibiting
reduced B-site defects) and expand vacancy-mediated anion
migration pathways to consider ‘anion crossing’ pathways
whereby an anion diffuses by a vacancy positionally ascribed
to the other anion type.

For Sr,TaO;N, PBEsol predicts the N>~ anion and SrO layer
0" anion defect formation energy to be the most sensitive
to increasing trans- character in the N> -Ta’*-N*" chains. SrO
layer V¢ defects were predicted to delocalize e™ across defect
non-adjacent Ta®" cations to a larger degree than the TaON

layer V{* and V{5 defects, potentially explaining the protective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effect of B-site Sr** doping in SrTaO,N and RP phase Sr,TaO;N.
Additionally, N°~ and O®" vacancy-mediated anion diffusion
was found to be highly sensitive to the local trans-ordering
character, whereby a switch from cis- to trans-ordering is
predicted to tune N~ mobility from being confined to the
TaON layer to enabling diffusion to the apical Ta-(O,N)
octahedra site in the SrO layer.

The present work highlights the potential of exploiting the
anisotropy of anion defect chemistry in layered oxynitride
materials as a tool for retaining N:O stoichiometry and
approaching theoretical water splitting efficiencies. We also
note that the constraint of using supercells computationally
tractable for DFT studies does create limitations in investigat-
ing complimentary effects of anion ordering and defect engi-
neering. As such there would be great utility in future studies
expanding to molecular dynamics modelling of defect diffusion
such that extended anion ordering effects and octahedral tilting
variations may be captured.
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