Accepted Manuscript

A SEVOTED 1) Tk
PEIVEIS AND: CHEMASTRY OF INTERRACES:
ML NATRELS

Water Oxidation Chemistry of Oxynitrides and Oxides: Comparing
NaTaO3; and SrTaO,;N

Hassan Ouhbi, Ulrich Aschauer

PIl: S0039-6028(18)30441-2
DOI: 10.1016/j.susc.2018.07.013
Reference: SUSC 21298

To appear in: Surface Science

Received date: 26 May 2018

Revised date: 19 July 2018

Accepted date: 23 July 2018

Please cite this article as: Hassan Ouhbi, Ulrich Aschauer, Water Oxidation Chemistry of
Oxynitrides and Oxides: Comparing NaTaO; and SrTaO;N, Surface Science (2018), doi:
10.1016/j.susc.2018.07.013

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service
to our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and
all legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.susc.2018.07.013
https://doi.org/10.1016/j.susc.2018.07.013

ACCEPTED MANUSCRIPT




ACCEPTED MANUSCRIPT

Highlights

e SrTaOsN and NaTaOjs expose (001) and (113) non-
polar surface orientations respectively.

e On the bare oxynitride surface the Ta site is most
active for the oxygen evolution reaction, while on
the oxide surface the Na site is more active.

e Higher O adsorbate coverage under (photo)electrochemical
conditions decreases the overpotential on the oxyni-
tride surface and leads to a direct coupling mecha-
nism at Na sites on the oxide surface.

e Overall the oxide surface has a slightly lower over- \Q(&

potential than the oxynitride surface, suggesting a
trade-off between light absorption and catalytic ac-
tivity.
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Abstract

The oxygen evolution reaction (OER) plays an important role in evaluating a photocatalyst andito nunderstand its surface
chemistry. In this work we present a comparative study of the OER on the oxide NaTaO3 (118) surface and the oxynitride
SrTaO3N (001) surface. Oxynitrides are highly promising photocatalysts due to their smalleryband gap and resulting
better visible light absorption compared to oxides but our knowledge about their surface structure and chemistry is still
very limited. With the goal to compare the surface chemistry of oxides and oxynittides, we perform density functional
theory calculations to obtain the free energy changes associated with the OER reaction steps. For the OER at the Ta site
of the clean surfaces, our results predict the overpotential-determining step (OBPS) for. both materials to be the formation
of the *OOH intermediate, with a larger overpotential for the oxide than the‘exymitride (1.30 V vs 1.01 V). The Na site
is found to be more active than the Ta site on the oxide surface with an OER overpotential of 0.88 V, whereas the OER
at the Sr site on the oxynitride has an overpotential of 1.14 V. For the Ajsites, ¢ontrary to the Ta site, the deprotonation
of *OH was found to be the ODS. Computed Pourbaix diagrams show'that'atselevant (photo)electrochemical conditions
all surfaces are covered with oxygen adsorbates. Oxygen adsorbatessat=A)(Na, Sr) sites are however found to couple and
desorb as Oo, leaving these sites empty under typical operating conditions. Following this desorption, we find the OER
to proceed by the conventional *OOH mechanism on the SrO termination of the oxynitride but by a direct coupling of
neighbouring *O at Na sites on the oxide surface. This couplingunechanism on the oxide has the smallest overpotential of
0.79 V compared to 0.88 V for the oxynitride, implying thatithe oxide is a better OER catalyst. Since it however absorbs
light only in the UV part of the solar spectrum this leads.to\a tradeoff between light absorption and the catalytic activity.

Keywords: Oxynitride; Oxide; Surface chemistryi©xygen evolution; Density functional theory

d) trans-c

1. Introduction

Photocatalytic water splitting ds eonsidered to be a
promising route for the productiemof cleaw hydrogen fuel.
This reaction was first observed for,/TiO5 under ultraviolet
(UV) light by Fujishima and Honda [1]. Since then vari-
ous materials have been, éxamined as potential photocat-
alysts [2]. An ideal photocatalyst must be able to absorb
light not only in the{UV but also in the visible part of
the solar spectrum, whichslimits the band gap to below ~
3 eV. In order t0 enable overall water splitting, a photo- Figure 1: Bulk structures of a) the oxide NaTaOs and b)-d) the
catalyst must further-have valence-band and conduction- oxynitride SrTaO2N with b) cis-a, c) cis-ab and d) trans-c anion
band edges thatwstraddle the redox potential for HT /Hy orders.
and Hy0/05to enable the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER) respec- o )
tively. Perovskite structured tantalates with the general band gap (NaTaO3 = 4.1 ¢V, KTaO3 = 3.6 eV) limits their

formula ATaOg, such as NaTaOgs (see Fig. 1la) or KTaOs, light absorpti.on to UV radiation [3.’ 4] .
have received much attention for this application due to The chemical and structural flexibility of the perovskite

their high quantum efficiency [3]. Unfortunately their wide structure allows exploiting different strategies to narrow
the band gap, one possibility being substitution on the

cation or anion sites. Perovskite tantalate oxynitrides (Fig.

SrTaO,N
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Email address: ulrich.aschauer@dcb.unibe.ch (Ulrich the latter class of materials, where a partial substitution of
Aschauer) oxygen by nitrogen leads to a smaller band gap (SrTaO;N
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Figure 2: Primary oxygen evolution-reaction mechanism considered
in this work.

= 2.1 eV) due to the lower electronegativity of nitrogen
compared to oxygen and the resulting upwards shift of the
valence-band edge [5]. While the bulk structure and elec-
tronic properties of perovskite oxides and oxynitrides have
been explored in computational screening investigations
[6, 7, 8], only few studies have been devoted to understand
their surface chemistry [9, 10, 11].

The OER is considered the bottleneck in water split-
ting and therefore most appropriate to evaluate and com-
pare the activity of different catalyst surfaces [12, 13]. Var-
ious mechanism have been proposed for the OER and it
has been demonstrated that the most favourable pathway
is material and environment dependent [14]. In this study,
we initially adopt the mechanism schematically showmsin
Fig. 2, which is a succession of four proton-coupled elec-
tron transfer (PCET) steps [15]. First, a watersmolecule
is deprotonated to form an adsorbed hydroxyl (step A),
which then loses a second proton to become antadsorbed
oxygen (step B). A further deprotonation involving a sec-
ond water molecule leads to the formation ef & OOH hy-
droperoxyl group (step C), which, after,a final deprotona-
tion, is released as Oq (step D).

Ngrskov et al. paved the.wayto computationally as-
sess the thermodynamics of this me¢hanism by developing
a scheme based on density funictional theory (DFT) calcu-
lations [15]. A key component il this approach is the com-
putational standard hydrogen electrode (SHE)[15], which
assumes that the’ chemical potential of HT + e~ is equiv-
alent to that of %Hg at/ standard conditions (pH=0, p=1
bar, and T=298 K)."Hence, at standard conditions and
in the absence,of an applied bias potential (U,=0 V) the
reaction HA* “— A + HT + e~ is equivalent to HA* —
A+ %HQ. The application of an external potential bias
changes the chemical potential of the electrons by —eUy,
while the free energy of the proton reservoir is changed
by —kpln(10) - pH at a given pH. Consequently, the free
energy change AG for each PCET step is calculated as

AG(Uy, pH) = AE + (AZPE — TAS)

1
—eUy — kpT - 1n(10) - pH e

where AE is the DFT-calculated reaction energy and AZPE

and AS are the changes in zero point energy and entropy
of the reaction intermediates respectively. The thermody-
namic overpotential 7, which we use to characterise the
OER activity of a given surface, is defined as the potential
for which all PCET steps have AG(Uy, pH) smaller than
zero relative to the equilibrium potential of 1.23 V:

7 = max(AG)/e — 1.23V (2)

This method has been adopted in different theoretical
studies to investigate a variety of materials [16, 17]. Tt
was found that the difference in adsorption free energies
AGo-AGppyg can often be used aspan universal descrip-
tor for the reactivity of a given surface. "This descriptor
shows a good correlation with. theyoverpotential, giving
rise to Sabatier volcano plets [18] and provides a theo-
retical framework to compare different materials [9]. Re-
cently, Montoya et al.™have studied the OER on (100)
surfaces of different/oxide and oxynitride perovskites. Ac-
cording to their-results, SN'TiO3 needs the largest overpo-
tential and has'the'strongest oxygen binding energy, while
CaTaO3N is the most active [10]. Furthermore, it is im-
portant Ao, identify the dominant OER mechanism under
(photo)electrochemical conditions as the surface adsorbate
coverage.changes with pH and the applied potential. DFT
calculations have been used to construct surface Pourbaix
diagrams, based on which the most relevant reaction mech-
amism can be identified, leading to more accurate results
ofjthe activity compared to experiment [19].

Herein, we present a comparative study of the per-
ovskite oxide NaTaO3 and the oxynitride StTaOsN in terms
of their surface water-oxidation chemistry. There is still
a debate whether the valence-band edge of SrTaOsN lies
above the Oy /H30 level [7], which would experimentally
lead only to Hy evolution but no O3 evolution [20] or below
that level [21]. Notwithstanding this fact, our goal here is
to study the effect of partial nitrogen substitution on the
surface structure and chemistry of chemically similar ox-
ides and oxynitrides. We compute the free-energy profile
of the OER on the (001) and (113) surface respectively of
these two materials and determine the overpotential at the
A site (Na, Sr) and the B site (Ta). We find the B site
on the oxynitride (001) surface to be more active than its
counterpart on the oxide (113) surface. The A site is pre-
dicted to be the most active for the oxide but less active
for the oxynitride. An alternative OER mechanism in-
volving coupling of oxygen adsorbates is found to be more
favourable on the oxide surface under electrochemical con-
ditions.

2. Methods

All reactions energies (AFE in equation 1) are calcu-
lated using density functional theory, as implemented in
the Quantum ESPRESSO package [22], using the Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional [23].
Inclusion of a Hubbard U correction [24] on the Ta 5d



states was found to have no significant effect on the elec-
tronic structure, lattice parameters and oxygen-evolution
energetics (see supporting information Section S1) and was
therefore omitted. Ultrasoft pseudopotentials [25] with

experimental findings, which found the cis anion order to
be stable up to temperatures of 2000 °C [32]. The cis-a
anion order lowers the symmetry from the room temper-
ature I /mem structure with a’a’ct octahedral rotations

Na(2p® 3st), Sr(4p%5s?), Ta(6s25d?), O(2s*2p*) and N(2s22p?) [33] to a structure with space group Pm and a~a~ct oc-

valence states were used to describe electron-nuclear inter-
actions and wave functions were expanded in plane waves
up to a kinetic energy cutoff of 40 Ry combined with 320
Ry for the augmented density.

We started from the experimental orthorhombic NaTaO3
Pbnm perovskite structure [26] and the SrTaOoN Ij /mem
perovskite structure [27], which were fully relaxed at the
PBE level of theory. A 8 NayTasO15 layer thick (113) slab
(lateral dimensions 11.044 x 19.133 A) was constructed
for the oxide, while a (001) slab (lateral dimensions 8.182
x 8.182 A) with 8 TaON/SrO layers is used for the oxyni-
tride. The rationale behind the selection of these specific
surface orientations will be discussed below. All slabs are
separated by a vacuum of 15 A along the surface normal
direction and the bottom two atomic layers were fixed at
bulk positions. A k-point mesh with dimension 2x1x1
and 4x4x1 is used for the NaTaO3 and SrTaOsN surfaces
respectively [28]. A dipole correction [29] was introduced
along the z-direction for all slab calculations. A threshold
of 0.001 eVA ™" and 109 eV for forces and total energies
respectively is used during structural relaxations.

Vibrational normal modes and associated frequencies
(vi) of the adsorbates were computed using the frozen-
phonon method as implemented in the PHONOPY code
[30] using atomic displacements of 0.01 A. The zero-point
energy is obtained by summing the contributions of the
Nmodes normal modes of the adsorbate:

Nmodes

ZPE= Y Shvi, (3)

i=1

where h is Planck’s constant. This approach was found
to give equivalent results for zero-point energy differences
(AZPE in equation 1) comparedito a full treatment in-
volving also vibrations of slab atoms; implying that these
slab contributions do net.change/significantly and cancel.
For entropy contributions (AS in equation 1) adsorbed
molecules were assimed to have zero entropy, while those
for gas-phase H4O and Hs molecules were taken from the
JANAF tables at the gas-liquid equilibrium (P=0.035 bar
and T=29816.K) [31].

3. Results and Discussion

3.1. Bulk structure and anion order

We first investigated the O/N anion order in the bulk
oxynitride structure, comparing different cis and trans ar-
rangements of the N ions. We find that the cis-a order
(Fig. 1b) is the energetically most favourable bulk anion
order, the trans-c¢ (Fig. 1lc) and cis-ab (Fig. 1d) anion
orders being 0.27 eV and 0.03 eV per formula unit respec-
tively higher in energy. This is in agreement with previous

tahedral rotations. Indeed, this symmetry reduction was
reported by both experimental and theoretical studies and
was suggested to result from correlation with rotations of
the TaO4Ny octahedra [34]. For the oxide on the other
hand the structure keeps the same a~a~c* octahedral ro-
tation pattern as in the experimental structure.

The lattice parameters of the relaxed unit cells are
comparable to the experimental/6nes with less than 1%
and 2% deviations for the oxide and/the oxynitride respec-
tively (see supporting information Tab. S1). The partial
density of states (PDOS) shewn injsupporting information
Fig. S1 reveals that the bottom of the conduction band
is mainly formed by/Ta 5d otbitals for both the oxide and
the oxynitride. The top of the valence band in perovskite
oxides consists primarilysef O 2p states while for the oxyni-
tride it is compesed of N 2p states, which leads to an up-
wards shift of thewalence-band edge compared the oxide.
Consequently welpredict a smaller band gap for the oxyni-
tride compared”to the oxide (see supporting information
Tab. “ST); highlighting the enhanced visible-light absorp-
tion of\the former class of materials. We note, however,
thateas ‘expected for semi-local DFT calculations, the ab-
solute value of the band gap is underestimated compared
to experiment.

3.2. Surface structure

Cleaving NaTaOj3 perpendicular to the [001] direction,
results in a (001) surface with alternating NaO and TaO
layers with formal charges of -1e and +1e respectively as
shown in (Fig. 3a). Such a surface is polar and unstable
due to its diverging electrostatic energy [35]. Such sur-
faces will stabilise by introducing compensating charges
either by electronic reconstruction, adsorption of charged
species or ionic reconstruction [36, 37]. Here, we follow
an alternative strategy and investigate the (113) surface,
which is formed by stacking of charge-neutral NasTasO15
layers and hence non-polar (Fig. 3c). Unlike for NaTaOs,
the SrTaOoN (001) surface cleaved from the most stable
cis-a anion-ordered bulk is non-polar since it consists of
alternating charge-neutral TaON and SrO layers as shown
in (Fig. 3b). From the layer-resolved electronic density
of states shown in supporting information Fig. S2, we ob-
serve that, in agreement with the bulk density of states,
the conduction-band for the surfaces of both materials is
mainly composed of Ta 5d states, while the valence-band
is dominated by O 2p states in the case of oxide, and N
2p states for the oxynitride. In the topmost layer of the
TaON-terminated oxynitride surface, we observe a shift
of the N states to higher energies compared to subsurface
layers and bulk states, while for the oxide surfaces, the O
2p states, which mainly form the valance band are shifted
to slightly lower energy compared to the bulk states. The
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Figure 3: Slab models and charge per layer Q of a) NaTaOgz (001),
b) SrTaO2N (001) and c¢) NaTaOgz (113).
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Figure 4: Free energy profiles of the OER reaction steps at the B
(Ta) site of the NaTaO3)(113) and SrTaO2N (001) surfaces at pH=0.

highest occupied oxygen states in SrO layers do not ex-
hibit suchya shift independent of the surface termination.
Sr and Na states have negligible contribution, except for
thettopmost layer of SrO-terminated surface where some
contribution is observed close to the Fermi level.

348. Water oxidation chemistry

The oxygen evolution reaction is studied on both ter-
minations (TaON and SrO) of the oxynitride (001) surface,
and on the oxide (113) surface. The intermediate species
are adsorbed on A and B cation sites of each termination
for both surfaces, then the free energy change of each inter-
mediate reaction step is calculated. The detailed reaction
mechanisms used here can be found in the supporting in-
formation section S2. Since the electronic structure of Oq
(triplet ground state) is not well described by DFT, an ex-
perimental value of 4.92 eV is used in step D, which is the
free energy change of the total reaction 2H,O — Oy +
2H,. We calculated the ZPE for each intermediate on the
(001) surface with TaON termination. The values found
in this work are only slightly different from the ones cal-
culated for different materials [38], which means that the
ZPE does not vary significantly between surfaces and even
materials. Consequently, the same ZPE shown in sup-
porting information Tab. S2 are used for all terminations
of both materials in this work. The differences (AZPE -
TAS) for each reaction step of all mechanisms are shown
in the supporting information Tab. S3.

3.3.1. Reactions at the B site

Fig. 4 shows the free energy diagram of the OER on
the oxide and TaON-terminated oxynitride surface. The
height of the steps corresponds to the free energy differ-
ence of the different reaction steps at various potentials
Up. At U, = 0 V all the steps are uphill except for the
first step (* — *OH) on the oxide surface, which is already
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Figure 5: Free energy profiles of the OER reaction steps at the A
(Na, Sr) site of the NaTaO3 (113) and SrTaO2N (001) surfaces at
pH=0.

downhill in free energy. Step C (*O — *OOH), where the
hydroperoxyl group is formed, has the highest free energy
change for both surfaces (MaxAG) and thus represents
the overpotential-determining step (ODS). At U, = 1.23
V, which is the standard equilibrium potential, some steps
start to become downhill - A and B for the oxide and only
A in the case of oxynitride - while the remaining steps
are still uphill for both surfaces. As mentioned previously,
step C has the highest free energy change for both sur-
faces at U, = 0 V and pH = 0. Since the heightyof this
step is smaller on the oxynitride than the .oxide surface
(Fig. 4), the overpotential needed for watér oxidation on
the oxynitride (1.02 V) is smaller than for the oxide (1.30
V) as summarised in Tab. 1. Conséquently, the Ta site
on the oxynitride is predicted to be more active for the
OER than on the oxide, which eorrelates with the general
descriptor, where AGo-AGgyg isilarger for the oxynitride
than for the oxide.

3.8.2. Reactions at the A site

The free energy/diagram in Fig. 5 reveals that at U =0
V all the reaction steps on the A (Na, Sr) site are uphill for
both materials, step A (*OH formation) on the oxynitride
surface beirigralmost flat. It is interesting here to mention
that the hydroperoxyl group *OOH is not stable, the pro-
ton being transferred to a neighbouring lattice oxygen. We
observed this to occur spontaneously on the oxide surface
while on the oxynitride surface both the molecular and dis-
sociated *OOH configurations have the same energy and
proton transfer is not spontaneous. Following the mecha-
nism suggested by Halck et al. [39], we compute the cycle
by removing the proton bound to lattice oxygen. Contrary
to what we found for the Ta site, step B is the ODS on
both the oxide and the oxynitride and its energy difference
is larger on the oxynitride than on the oxide. An overpo-

Table 1: Summary of overpotentials at the A and B site of NaTaOg
and SrTaO2N as well as their ODS and mechanism.

Material Site Overpotential ODS Mechanism
NaTaO3 Na 0.89 V B 1

Ta 1.30 V C 1
SrTaO;N  Sr 1.14V B 1

Ta 1.01V C 1

tential of n = 1.14 and 0.89 V must be applied to make all
the reactions downhill in free energy for the oxynitride and
the oxide respectively as summariséd imTab. 1. There-
fore, the Na site on the oxide (113) surface; is more active
than the Ta site, while on theoxynitride (001) surface the
Ta site is the most active.

3.4. OER mechanisms, undér-operating conditions

In this section, Pourbaix diagrams are computed for
each surface termination of the oxide and the oxynitride to
predict the most relevant surface coverage under (photo)-
electrocatalytic operating conditions. In this goal, we cal-
culate the free energy of each surface covered with 1/4 ML
to 1 ML ofithe/most stable intermediates *O and *OH,
which form from adsorbed water after release of one proton
and one electron or two protons and two electrons respec-
tively. In'the case of the oxynitride (001) surface there are
either four Sr or four Ta adsorption sites on each termina-
tion, while on the oxide (113) surface eight Na and four 4
Ta sites are exposed at the same time. On the latter sur-
face we therefore initially explored covering the two kinds
of sites separately before considering mixed configurations
involving both adsorption sites.

As shown in Fig. 6 the bare surfaces of both the oxide
and the oxynitride are only stable at very low potential. As
the potential increases, phase transitions are observed, in
which the surfaces become covered with *OH adsorbates.
For the oxynitride TaON termination at pH 0, this transi-
tion happens at the lowest potential (~0.17 V, followed by
the oxide at ~0.25 V and the oxynitride SrO termination
at ~0.44 V. The oxynitride surfaces stay in this hydrox-
ylated state for potentials up to ~1.52 V and ~1.37 V
for the SrO and TaON terminated surfaces respectively,
whereas on the oxide surface *O adsorbates at the Ta site
already start to appear at lower potentials of ~0.66 V.

We investigated the surface adsorbate structures at po-
tentials higher than 1.23 V and found the oxygen adsor-
bates on the TaON terminated oxynitride surface to oc-
cupy the bridge site above Ta—N bonds (see sketch S3 in
Fig. 6 a). Despite this slight structural alteration, water
oxidation proceeds by the conventional mechanism start-
ing with the *OOH formation step. We find however that
the *OOH decays into a *O and a *OH, both adsorbed
on Ta, enabling a mechanism during which the resulting
*OH is deprotonated, before a stable *OOH is formed after
the adsorption and deprotonation of HoO (mechanism 2 in
the supporting information section S2.b). We find that an
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Figure 6: ComputedyPourbaix diagrams of a) the TaON-terminated
SrTaO2N (001)y/b) the SrO-terminated SrTaO2N (001) and c) the
NaTaOs3 (113) surface, pink and white atoms are the adsorbed oxy-
gen and hydrogen atoms respectively.

Table 2: Summary of overpotentials under operating conditions at
the A and B site of NaTaOg3 and SrTaO2N as well as their ODS and

mechanism.

Material ~Site Overpotential ODS Mechanism
NaTaO3 Na 0.79 V B 3

Ta 092V C 1
SrTaOsN  Sr 1.14V B 1

Ta 0.88 V C 2

overpotential of 0.88 V (supporting information Tab. S4)
is needed to drive this reaction undet electrochemical con-
ditions, which is lower than the one ¢alculated above (1.01
V) by considering the bare surface.

As shown in Fig. 6 b and ¢ we findythat *O adsorbed on
Sr and Na sites spontaneptsly combine to form Oz, which
then desorbs. No such *Q, ¢oupling is observed at the Ta
site for both the oxidé and the.oxynitride, due to the much
higher adsorption energy of oxygen on Ta compared to Sr
and Na. Additionally;sent the oxide surface, the distance
between Ta sites’is 547 A which hinders O, formation by
this mechanism, In“light of these observations Os could
form by’ direct coupling of neighbouring adsorbed oxygen
atoms on, the"STO termination of the oxynitride or oxide
surface”(mechanism 3 in the supporting information sec-
tion S2.b). For the SrO termination of the oxynitride we
prediet-‘an overpotential of 2.17 V for mechanism 3 (sup-
porting information Tab. S5), which is much higher than
for the conventional mechanism 1 on a surface from which
all *O adsorbates have desorbed by coupling. We hence
predict that even under operating conditions the OER will
proceed by mechanism 1 on this surface and have an over-
potential of 1.14 V. We want to note however that the SrO
termination is known to dissolve in aqueous solution [40],
which could render reactions on the SrO termination less
relevant for photocatalysis.

For the oxide surface, the situation is more complex
as after Oy desorption by coupling of *O at Na sites, the
Ta sites are still covered by *O. There could hence be
three possible competing mechanisms. In the first mech-
anism the OER proceeds by the conventional mechanism
on the Ta site, starting from step C (*OOH formation).
This mechanism has an overpotential of 0.93 V (see sup-
porting information Tab. S6), which is smaller than what
we reported above for the uncovered surface (1.30 V), in
agreement with the usual effect of adsorbate coverage [10].
For the remaining mechanisms, we consider, similar to the
oxynitride SrO termination, the conventional mechanism
at a Na site, however in presence of *O adsorbates at the
Ta sites, as well as the coupling of *O from neighbouring
Na sites. The first of these mechanisms is predicted to
have an overpotential of 0.99 V (supporting information
Tab. S6), which is higher than the overpotential of 0.88 V
reported above for the surface without *O at Ta sites. The
coupling mechanism [41] on the other hand has the lowest
overpotential of 0.79 V (supporting information Tab. S6)
and is likely to be the active OER mechanism on the oxide



surface under typical operating conditions. We summarise
all overpotentials under operating conditions in Tab. 2.

4. Conclusion

We have investigated the oxygen evolution reaction on
the NaTaOg3 (113) surface, which we find to be non-polar,
and the SrTaOsN (001) surface by using DFT calculations.
On the clean oxynitride surface we find the Ta site to be
most active for the OER with an overpotential of 1.02 V.
On the clean oxide surface on the other hand, we find the
lowest OER overpotential of 0.89 V for the Na site. Our
calculations do unfortunately not allow us to ascertain if
this difference stems from the different chemical compo-
sition of the surface or from the different surface orienta-
tions.

Under (photo)electrochemical conditions we have shown
through computed surface Pourbaix diagrams that wa-
ter oxidation takes place on oxygen covered surfaces. On
the TaON terminated oxynitride surface this coverage ef-
fect lowers the overpotential to 0.88 V. We however find
that neighbouring *O adsorbed to either Na or Sr cou-
ple and desorb as Os, leaving these sites empty under op-
erating conditions. Consequently we consider alternative
OER mechanisms under these (photo)electrochemical con-
ditions and show that on the SrO terminated oxynitride
surface the reaction proceeds by the conventional *OOH
mechanism with an overpotential of 1.14 V. For the oxide
surface with *O-covered Ta on the other hand, a direct
coupling of *O at neighbouring Na sites has the lowest
overpotential of 0.79 V.

These calculations imply that under the counSidered con-
ditions the oxide (lowest overpotential 0.79 V)uis a more
active OER catalyst than the oxynitride (lowest overpo-
tential of 0.88 V), however due to the~inflience of the A
site rather than the B site as one would expect. Given the
improved light absorption of the.oxynitride, this will lead
to a tradeoff between catalytic activity and light absorp-
tion for these two classes of/materials.
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