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Abstract

Perovskite oxynitrides have attracted much attention as visible-light photocatalysts
and are primarily used as nanoparticles or in particle-based electrodes for photocat-
alytic or photoelectrochemical water splitting. The surface termination of these par-
ticles will directly impact their catalytic activity and a fundamental understanding of
which facets are likely exposed will help in the further optimization of these catalysts.
Based on experimental transmission electron microscopy indexing of facets, we calcu-
late, in this work, surface energies of differently reconstructed surfaces and the resulting
Wulft shapes using two different approaches. In the first we account for explicit anion
order and in the second we treat the anions as fully disordered using the virtual crystal
approximation. By comparing experiment and theory, we conclude that a partial an-
ion order is likely to occur at LaTiOgN surfaces. Moreover our results shows that the
anion reordering from cis in the bulk to trans at the surface as previously suggested

for the {001} surface is general, applying also to different surface orientations and re-



constructions. The detailed knowledge of surface structures developed here is a solid

foundation on which to computationally explore their relative activity.
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Introduction

Perovskite oxynitrides have attracted significant attention for their promising photocatalytic
properties under visible light. 1™ They maintain a relatively good stability under experimental
conditions, similar to their corresponding oxides. At the same time, due to the narrower
band gap induced by the less electronegative nitrogen, they absorb a larger portion of the
solar spectrum. LaTiOsN (LTON) is a particularly well-studied oxynitride that is known to
successfully split water under visible light, when a sacrificial electron acceptor or a co-catalyst

are used to drive the reaction.* " This material has been intensely studied as a photocatalyst

,8 10,11

in form of nanoparticles*>® as well as particle-%° and thin-film-based photoanodes.

Recent research has established variations in water-splitting performance for different
crystal orientations of thin-films photocatalysts.!® While the surface orientation of thin films
can be controlled, i.e via the substrate or the deposition conditions,!®!? this is not the
case when nano-nanoparticle photocatalysts are used. For these photocatalysts, the exposed
surfaces are determined either by surface energies or growth velocities of different surface
orientations under equilibrium or non-equilibrium conditions respectively. An understanding
of the reactivity of a nanoparticle photocatalyst must therefore be based on a knowledge of
preferentially occurring facets as well as their relative reactivity. The present work aims to
address the first of these requirements by a combination of experiment and theory. While

electron microscopy investigations can reliably determine the Miller indices of exposed facets,

atomic-scale calculations can provide additional information on the surface structure and



potentially exposed active sites.
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Figure 1: LaTiON in (a) the experimental orthorhombic cell with O/N disorder,'® and
the corresponding pseudo-cubic cell with (b) cis as well as (c) and (d) two trans anion
distributions with different propagation directions of the N-Ti-N chains.

One challenging aspect of oxynitrides such as LTON are different possible arrangements
of the oxygen and nitrogen anions in the crystal structure. Previous research has shown that
within an octahedral transition metal (TM) unit a cis short-range order (Fig. 1b) of the N
anions with resulting 90° N-TM-N bonds is favored over a trans arrangement (Fig. 1c and d)
with 180° N-TM-N bonds. This is rooted in a bonding optimization between the ligands and
the TM. The long-range order depends on the arrangement of neighboring octahedral units,
where different two-dimensional or three-dimensional arrangements are possible. 4 While
some oxynitrides order to a certain extent,'®!¢ other are inherently disordered.'® LTON is

13,17

among the disordered oxyntrides, even though some reports suggest the possibility of a

partial order.'®1? We have however recently shown that the anion order at the surface may
differ from the one in the bulk, LTON {001} surfaces favoring a 1-2 unit-cell thick trans

ordered layer due to electrostatic reasons.?%!



This (partial) anion disorder, however, renders modeling such materials a challenge, as
attaining a sufficiently random distribution, that mimics the lack of long-range order, would
require large simulation cell already for the bulk.?? Calculations of sufficiently thick sur-

face slabs based on these bulk cells would be prohibitively expensive. The most commonly
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k

adopted approach to calculate oxynitride bul and surfaces consists of con-
structing and comparing several cis or trans ordered models that are fully long-range or-
dered, even if anion vacancies are considered.?” Cluster expansion?® with derived special
quasi-random (SQS) structures, is one approach to construct structures that are as disor-
dered as possible and which was recently applied to bulk BaTaO;N.?? An alternative and
relatively straightforward approach to treat truly disordered alloys is the virtual crystal ap-
proximation (VCA),3%3! where an appropriately weighted combination (33% N and 67% O
character for LTON) of two pseudopotentials is created for the partially occupied site. The
VCA was successfully applied to study the dielectric properties of mixed-cation perovskites. 3!

In the present study, we experimentally and theoretically investigate the preferential
surface orientations in LTON nanoparticles in thermodynamic equilibrium. Based on the
experimental findings, we include less studied oxynitride surface planes with significant sur-
face dipoles that therefore reconstruct. For explicit anion order these dipoles are moreover
partially compensated by the anion arrangement in surface layers, while VCA calculations
generally yield higher surface energies. We show that neither a fully ordered nor a fully

disordered VCA model agrees with experiment and conclude that surfaces are likely to show

a partial anion order in experiment.

Methods

DFT calculations

The experimental bulk LTON cell is orthorhombic containing 20-atoms, with a longer b-axis

(see Table S1).'%17 Tt contains structural distortions, such as the octahedral rotations,3?



and the anion (dis)order, oxygen and nitrogen forming chemical bonds of different length
with titanium. In order to allow for an easier comparison of surface orientations with other
perovskite surfaces, we transformed the orthorhombic cell into a pseudo-cubic one, utilizing

the transformation matrix

05 0 0.5
0 1 0 (1)
05 0 05

which corresponds to a 45°-rotation around the b-axis and a volume doubling, resulting in
a 40-atom cell. All surface orientations in this paper use the cubic notation, but we give
the conversion between cubic and orthorhombic notation of the considered surface planes
in Table S3. Within this cubic unit-cell, we considered both explicit and VCA anion order.
For explicit anion order, we considered the models reported in,? which differ in trans or cis
nitrogen arrangements and the propagation direction of the Ti-N bonds. We distinguish the
trans-1 (Figure 1c) and trans-2 (Figure 1d) models that differ in geometry (see Table S1)
and energy. Since different cis models have nearly the same geometries and energies (within
0.1meV) and also result in surface energies differing at most by 0.05J/m?, we consider only
a single cis model (Figure 1b). For VCA, we occupy all anion sites with 33% N and 67% O,

which results in a 0.6% contraction of the lattice compared to experiment (see Table S1).
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Figure 2: Slab models based on a VCA perovskite structure without octahedral rotations
for different pseudo-cubic surface orientations: (a) {011}, (b) {111}, (c) {113}.

Based on these models, we constructed asymmetric surface slabs, with {011}, {111} and
{113} surface orientations. The rather low-symmetry bulk crystal structure, in terms of an-

ion order and octahedral rotations, leads to a variety of surface terminations upon cleaving.



This is particularly true for the {111} and {113} surfaces, where it is difficult to clearly
define a surface layer. In Figure 2 we, therefore, show the possible terminations for a VCA
perovskite structure without octahedral rotations, the actual geometries of all surfaces, in-
cluding also further reconstructions are presented as insets in the respective figures. We
only considered surfaces with low dipoles and no more than half of the metal-anion bonds
severed, which avoids high-energy surfaces that would undergo major geometry and/or elec-
tronic reconstructions. The relative stability of each surface was evaluated via the surface
energy >3
2By — By — Evuk

Esur = 2
f My (2)

where E7/% and EY are the total energies of the relaxed and as-cleaved surface, Ejyy, is the
corresponding bulk energy and A, ¢ is the surface area. This definition of E,,; allows us
to distinguish between the two complementary surface terminations.?’ Due to their different
geometry, slabs for different surface orientations differ in the number of atoms. We therefore
adjusted the thickness of the slab and the number of unit-cells kept fixed at bulk positions to
converge surface energies to within 0.05J/m?. Using this approach, the {011} slabs consist
of 80 atoms unit cells, where the bottom 20 were kept fixed; the {111} slabs have 30 atoms,
where the bottom 10 were kept fixed; and the {113} slabs consist of 60 atoms, where the
bottom half were kept fixed. These correspond a slab thickness of ~11 A, 14 A and 14 A,
respectively. Reconstructed surfaces were built by moving part of the surface atoms to the
bottom surface of the slab at bulk positions.

All bulk and slab geometries were optimized using density functional theory (DFT) with
the Quantum ESPRESSO package,3*3® using the PBE3¢ exchange-correlation functional
and a Hubbard U correction®” of 3eV to the Ti 3d states. Ultra-soft pseudopotentials®®
with La(5s, 5p, 6s, 5d), Ti(3s, 3p, 4s, 3d), O(2s, 2p) and N(2s, 2p) valence states were
used for electron-nuclear interactions and wave-functions and the augmented density were
expanded in plane waves up to cutoffs of 40 Ry and 320 Ry respectively. The Brillouin zone

was sampled using Monkhorst-Pack®® meshes, adjusted to achieve a precision of 1074 Ry



for the total energy, resulting in 6x4x1 for the {011}, 6x6x1 for the {111} and 6x3x1
for the {113} slabs. The artificial electric field potentially occurring for asymmetric slabs
was canceled by a dipole correction?’. All computational data is available on the NOMAD

repository. 4!

Material synthesis and characterization

LTO precursors were prepared by polymerized-complex (PC) synthesis with flux (NaCl/KCl).
For the PC synthesis, Ti{OCH(CHj3)2}, (Sigma-Aldrich, > 99.999%), La(NOs3)s-6H,0
(Merck, > 99%), C¢HgO7 (citric acid, Alfa Aesar, > 99%), and CH3OH (methanol, Sigma-
Aldrich, puriss) were added to CoHgOq (ethylene glycol, Merck, > 99.5%) with molar ratios
of 1/1/6/15/30, respectively. After the complexation under reflux at 80°C for 4h, the or-
ganic matrix was carbonized at 300 °C. PC-LTO was obtained after calcination at 1000 °C for
6 h. Nitridation reactions of 2 g batches of LTO were performed in an alumina cavity reactor
using a NH3 flow of 200 mL min~! at 950 °C for 16 h in the presence of flux (NaCl/KC1/LTO
0.5/0.5/1 by weight). The PC-LTON-flux samples were quenched to room temperature un-
der an NH; atmosphere. The synthesis conditions are the same as reported in Ref.,” leading
to dense monocrystalline PC-LTON particles with orthorhombic Imma structure.!”

A transmission electron microscope (TEM) with an acceleration voltage of 200kV (JEOL
JEM 2000FS TEM/STEM) was used to assess the morphology and the local crystallinity
of the samples in high resolution (HRTEM) mode. Fast Fourier Transforms (FFT) of the
HRTEM images were compared to diffraction patterns simulated by the JEMS software.? In
this way the crystal orientations of the particles were determined based on the orthorhombic
crystal structure, including surface orientations of the particles. These orientations were
converted to the cubic notation (see SI Section S2) for easy comparison with the theoretically

calculated Wulff shapes.



Results

Experimental results

Figure 3: (a) PC-LTON-flux particles; (b) HRTEM image of a particle. The inset cor-
responds to the magnified image area delimited by the white box demonstrating lattice
resolution. Particle facets in cubic notations are marked with red and yellow dashed lines.
The FFT pattern is presented in Figure S1.

PC-LTO particles are small (50-300nm in diameter) and it is therefore reasonable to
assume that during ammonolysis, when the atom mobility is enhanced by the addition of flux,
largely thermodynamically controlled PC-LTON particle shapes and surfaces are obtained.”
Overview images of typical agglomerates of PC-LTON-flux particles are presented in Figure
3a) and Figure S1d). The faceted shapes suggest the formation of well-defined surface planes.
In total, seven particles were found, where HREM imaging was possible and where the
particle orientation was along a main crystallographic axis. Therefore, the results presented
here cannot be interpreted in a quantitative manner. However, they give a qualitative
indication, which surfaces planes are formed and are therefore thermodynamically stable.
Five particles were oriented in the [101] and two in the [111] directions, showing hexagonal
diffraction patterns. Correlating the surface plane directions of the particle sides in imaging
with the crystallographic directions obtained from the FFT, the surface planes of particles
that are vertical to the electron beam direction can be indexed (see Figure S1). We find the
following plane families in cubic notation: in [101] direction {011}, {001}, {212}, {111} and

{131} planes and in [111] direction the {011} plane.



Particle surfaces in viewing direction cannot be indexed with certainty, because TEM
does not allow direct conclusions about the thickness of the particles. However, all parti-
cles studied by HRTEM exhibit constant contrast over the entire particle area indicating a
constant thickness. Therefore, it is safe to assume, that the upper and lower surfaces of the
particles deposited on the TEM grid are composed of planes perpendicular to the viewing
directions. Based on this assumption these surfaces can be indexed as well. Following this
methodology, the particles’ top and bottom facets consist of {011} or {111} planes. To
summarize: we have observed {011}, {011}, {111}, {113} and to a smaller extent {212}

planes.

Explicit-order surfaces

The anion order in oxynitrides can have a significant impact on their surface stability. We
have previously shown that LTON-{001} slabs have a trans surface anion distribution that
differs from the cis-ordered bulk.?’ This was governed by the formation of polar-compensated
(LaN and TiO,) atomic layers for the trans-order. In the following, we investigate how the
anion order affects the stability of other experimentally frequently observed surface orienta-

tions of LTON nanoparticles, namely the {011}, {111}, and {113} surface orientations.

{011} surfaces

An as-cleaved {011} LTON surface can yield two terminations - LaTiX and XX, where X
corresponds to either O or N (see Figure 2a) and insets in Figure 4). For explicit anion
occupations, the following terminations are possible, where we group complementary ter-
minations separated by slashes: LaTiN/OO, LaTiO/ON and LaTi(Og5Ng5)/O15Ngs5. The
least charged layers occur, when all N atoms are in the LaTi-plane (LaTiN/OO), resulting
in nominal layer charges (in e/unit cell) of +4/-4, the other possibilities resulting in even
higher layer charges (+5/-5 for LaTiO/ON and +4.5/-4.5 for LaTi(Og5Ng5)/O1.5Ng5). Con-

sequently we expect high surface dipoles and hence high surface energies for all as-cleaved
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Figure 4: Computed LTON {011} surface energies for different surface reconstructions and
anion orders. Some reconstructions have more than one point per model, which reflects the
different symmetrically inequivalent surface planes. The coloring of the data points reflects
their nominal surface charge according to the color bar on the right. Numerical values for
surface energies and nominal charges can be found in Table S4.

334344 _introduce surface re-

surfaces and - guided by similar studies for perovskite oxides
constructions to lower the dipoles and surface energies (see insets in Figure 4). From the
as-cleaved LaTiX, we can obtain surfaces with half-layers (LaTiX/2) or La/TiX-trenches,
while the XX termination can only be stabilized half-layers (XX/2). The resulting surface
energies for all considered terminations and anion orders are summarized in Figure 4, where
we also indicate the nominal charge of the surface layer.

We observe that the surface energy strongly depends on the termination. The general
trend is to have higher surface energies for cation-containing surfaces, as compared to the
anion-terminated ones. The surface energy for the (LaTiN) trans-2 model is 2.02J/m? as
opposed to 1.02 J/m? for the complementary (OO) termination. This result is, however, not
surprising, since this particular termination has a high surface dipole and the cations are
likely to shift from their bulk position to partly compensate the dipole. On the contrary,

oxygen and nitrogen can easily move within the perovskite structure of the topmost atomic

layers, for instance via deviations in the octahedral rotation angles, which reduces the surface

10



dipole and stabilizes the surface termination.

The La- and TiX-trench reconstructions stabilize the trans-2 LaTiX slab by 0.74 J/m? and
0.25 J/m?, respectively. The LaTiX/2 reconstruction on the other hand leads to low surface
energies for the cis ordered slab. The surfaces with the lowest energy are however the anion-
terminated surfaces, the one with a half-atomic layer reconstruction (trans-2 O0O/2) being
most stable at 0.67 J/m?. Such a reconstruction was also reported most stable for perovskite
oxides that prefer the anion termination over the metal-containing plane. 434546

We want to note that the XX termination can, in particular for high N concentrations
at the surface, lead to formation of Ny dimers that either remain bound to Ti or desorb.
These findings are in agreement with experimentally observed nitrogen depletion.*'? As
dimer formation invalidates our formulation of the surface energy, such cases were excluded
from the reported results. Dimer formation was not observed for XX/2, likely due to the
larger separation between the surface anions.

Overall, we can see that reconstructions significantly affect the surface energy, the half-
layer anion reconstruction (XX/2) occurring with the highest probability. The effect of the

anion-order is less pronounced, even though in most cases the trans-2 order is among the

lowest-energy slabs but other anion orders result in very similar surface energies.

{111} surfaces

As-cleaved {111} perovskite surfaces are strongly polar and expected to reconstruct. For
perovskite oxides, the {111} surface structure was shown to strongly depend on the exper-

4749 and it was even possible to suppress severe reconstructions.®® For

imental conditions
Sr'Ti03 two distinct termination of micrometer scale with different polarity were observed at
high temperatures.® From theory as-cleaved®® 5% as well as reconstructed {111} perovskite
oxide surfaces were studied 46485556 and it was established that as-cleaved surfaces are less

stable.?6%% For LTON the stacking sequence along the [111] direction is LaX3/Ti and we

consider reconstructions in the LaXj layer that differ in La and/or X content of the topmost

11
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Figure 5: Computed LTON {111} surface energies for different surface reconstructions and
anion orders. Some reconstructions have more than one point per model, which reflects the
different symmetrically inequivalent surface planes. The coloring of the data points reflects
their nominal surface charge according to the color bar on the right, where the surface
comprises all atoms above the topmost two La/Ti atoms. Numerical values for surface
energies and nominal charges can be found in Table S5.

layer (see insets in Figure 5). We do not consider the as-cleaved (LaTiX3) surfaces, since
based on the above discussion, we expect them to be less stable.

Among the investigated surface slabs (see Figure 5), we find a good correlation of the
surface charge and hence the surface dipole with the surface energy, the less charged X and
LaTiX2 reconstructions being more stable than the more polar LaTiX and X2 reconstruc-
tions. Similarly to the {011} slabs, the purely anion-terminated surface (X) has a lower
surface energy compared to the one also containing La. In addition to its high energy we
note that the X2 reconstruction with two N-atoms promotes Ny formation (see Table S5),
which is the case for the cis model, analogously to the {011}-slabs. The trans-2 anion order
seems to be favored for this surface as the lowest surface energy for all reconstructions is
obtained with that anion order, other orders being at least 0.08.J/m? higher in energy (see
Table S5). The overall most preferential termination is the ¢rans-2 X at 0.72J/m?, where

the titanium is coordinated by two N and two O atoms.
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Figure 6: Computed LTON {113} surface energies for different surface reconstructions and
anion orders. Some reconstructions have more than one point per model, which reflects the
different symmetrically inequivalent surface planes. Numerical values for surface energies
and nominal charges can be found in Table S6.

The {113} orientation appears as a vicinal surface, when transitioning from {001} to
{111} surface. The octahedral rotations do not allow for a clear separation into layers com-
pared to other LTON surface orientations in this study and also compared to less distorted
pure oxides.?” We thus consider several possible chemical terminations, which comprise the
formation of 3-, 4- and 5-coordinated Ti-atoms at the surface layer (see insets in Figure 6)
but are not able to characterize the nominal charge in the surface layer. Similarly to the
other two investigated surfaces, the trans anion order again yields the lowest-energy slabs for
all but the LaTiX3 reconstruction (see Figure 6). The trans-2 TiLaX4 has a surface energy

of 0.98 J/m?, which is higher than for the other surface orientations.

VCA surfaces

Above we have established surface energies with explicit anion order, implying perfect long-

range order of the anions. Here we will investigate the other extreme of a full anion disorder

13



via the VCA with 33% N and 67% O on all anion sites. Compared to the above explicit
anion order calculations, we expect to miss the polarity compensation due to preferential
anion orders as well as geometry differences resulting from different Ti-O and Ti-N bond
lengths.

The computed surface energies are reported in Table S7 and are shown as square symbols
in Figures 4, 5 and 6. We observe that for all surface orientation the VCA and the explicit
anion order yield the same lowest energy reconstruction. This implies that the reconstruction
plays a more important role than the anion order. The VCA surface energies are always
higher than the ones with explicit anion order, implying that the explicit order allows to
reduce small dipoles remaining after reconstructing. We note that when an explicit anion
order would allow for an ideal polarity compensation, such as for {001} surfaces,?® then the
VCA-imposed charging of layers leads to the largest increase in surface energy. This results,
at the VCA level, in a higher energy of the {001} surface than a suitably reconstructed
{011} surface, which contradicts the trend of low {001} surface energies for perovskite oxides

compared to more polar surface orientations.*3%*

Particle shape

The surface energies of the different possible surface planes determine the particle shape in
thermodynamic equilibrium according to the Wulff construction.®® In this section we will
use the surface energies computed here with explicit anion order and the VCA as well as our
previously computed {001} surface energies with explicit anion order?® to predict equilibrium
particle shapes with and without long-range anion order. These particle shapes consider only
0K DFT surface energies, without accounting for chemical potential or temperature effects.

From the data summarized in Figure 7 we can see that for explicit anion order {001} is the
lowest energy surface, followed by {011}, {111} and {113} all with a trans-2 anion order. A
similar trend has been established for other perovskite oxides.?® The VCA on the other hand

favors, as discussed above, a suitably reconstructed {011} surface over the {001} surface,

14
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Figure 7: (a) Surface energies for the lowest energy reconstruction of each explicit and VCA
anion order and for the different surface orientations. Numerical values can be found in
Tables S4, S5, S6 and S7 as well as in Ref.?* (b) Resulting Wulff shapes for the lowest-
energy explicit anion order and the VCA as well as one combining explicit and VCA surface
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followed by the {113} and the {111} surface. This already implies that the particle shapes
will look fairly different as shown in Figure 7(b). Comparing with experiment (see Figure
3), only the Wulff shape with explicit anion order displays particles with {001} and {111}
facets that were experimentally indexed (see Figure 3). On the other hand, the fact {011}
and {113} facets were indexed as well would be in better agreement with the VCA results.
This reasoning would imply that experimentally neither the full long-range anion order of the
explicit model not the full disorder of the VCA model occurs but an intermediate situation
with partial anion order (depicted as the center model in Figure 7(b) assuming a combination
of surfaces energies at equal ratios), that allows for the simultaneous appearance of all four
facets. Besides a partial anion order, also the high synthesis temperature could lead to the
appearance of additional facets in the equilibrium morphology, since finite temperature is

generally expected to lead to less faceted morphologies.

Conclusions

We have investigated the exposed surface facets of equilibrium-shaped LaTiOsN nanoparti-
cles experimentally and theoretically. Experiment found primarily {001}, {011}, {111} and
{113} surfaces that were subsequently computed using density functional theory (DFT). We
considered both an explicit anion order that may reduce the surface energy by partially
compensating polarity and the virtual crystal approximation (VCA) that treats a full anion
disorder. We find that all surfaces but the {001} reconstruct to reduce the surface dipole, the
explicit anion order resulting in a further lowering of the surface energy. Disordered VCA
structures are always higher in energy and stabilize the {011} over the {001} surface. By
comparing the experimental particle shape with the computed Wulff shape, we conclude that
experimental particles are likely to display partial anion order at the surface such that the
{111} facet can appear while also allowing for {011} and {113} facets in the morphology.

Since the trans anion order generally results in lower surface energies than the cis anion

16



order, we conclude that the previously proposed anion reordering at LaTiO,;N surfaces also
applies to other surface orientations as well as reconstructed surfaces. The knowledge gained
here for likely atomic-scale surface structures forms a foundation on which to explore their

relative photocatalytic activity.
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