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Abstract

Perovskite oxynitrides are a promising class of photocatalysts to drive the oxygen

evolution (OER) half-reaction of water splitting. They are however known to be less

stable than pure oxides and may lose nitrogen, in particular in the early stages of

their operation. Under OER conditions, nitrogen vacancies are likely to be filled with

oxygen, thus altering the stoichiometry of the surface. Here we investigate, using

density functional theory calculations, the effect of this substitution on the surface

electronic structure and catalytic activity under OER conditions. We show that the

investigated oxynitride SrNbO2N, due to the multivalent nature of the Nb cations,

behaves differently than the related SrTaO2N. In particular, we show that under OER

conditions, the substitution of N by O does enhance the reactivity, which is optimal

around 3/4 substitution, given the ideal balance of excess charge injection and the

suppression of O-N dimer formation. These results highlight the rich surface chemistry

of oxynitrides, which strongly depends on the surface stoichiometry that represents a

potential tuning knob for the activity of these materials.

Introduction

Solar radiation is an abundant, renewable form of energy that, if converted efficiently

to electrical or chemical energy, could more than cover humanity’s energy requirements1.

One issue with solar energy is its unavailability at night or when the sun does not shine,

requiring energy storage, typically as either potential energy such as in pump storage dams

or chemical energy such as in batteries or fuels2. Given its transportability, chemical energy,

is better suited for mobility applications, fuels having the further advantage of much faster

refueling times compared to battery recharging. These fuels can either be directly combusted

or with the help of fuel cells converted to electricity when needed. Hydrogen (H2) as a fuel

is particularly appealing as the combustion/conversion would result in only water as the

byproduct3. While photovoltaic conversion of solar energy to electricity combined with an
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electrolyzer to split water into O2 and the H2 fuel relies on relatively mature and efficient

technology, the two-step conversion will necessarily lead to less than ideal efficiencies. The

single-step photocatalytic conversion of water to H2 and O2 has hence attracted significant

interest since its discovery almost half a century ago4.

Despite its appeal, the direct conversion of solar energy to chemical fuels is hampered by

the availability of suitable catalysts to drive the reaction5. The catalyst material needs to

be able to absorb a large fraction of the solar spectrum, limiting the choice to semiconductor

materials. For water splitting, the band gap has to be larger than the minimum energy of

1.23 eV required to split one water molecule (in practice larger band gaps are required to

provide sufficient overpotential) but also has to be smaller than about 2.5 eV to absorb a

significant fraction of the solar spectrum. Moreover, the materials need to have band edges

aligned to allow electron or hole transfer to the reduction and oxidation reactions respectively,

they need to be stable under application conditions and have sufficient carrier mobilities for

efficient separation of photo-excited electrons and holes. Despite a lot of research, a material

that ideally combines all these properties has not yet been found.

The overall water-splitting reaction

2 H2O → 2 H2 + O2 (1)

can be divided in two half reactions, the oxygen evolution reaction (OER)

2 H2O + 4 h+ → O2 + 4 H+ (2)

and the hydrogen evolution reaction (HER)

4 H+ + 4 e− → 2 H2. (3)

Of these reactions the OER is known to have sluggish kinetics, making it the bottleneck
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in the overall reaction. The catalyzed OER is commonly assumed to proceed by four indi-

vidual proton-coupled-electron transfer (PCET) steps, labeled A-D (see Figure 1), where *

represents an active site on the surface:

A : ∗ +H2O → ∗OH + H+ + e− (4)

B : ∗ OH → ∗O + H+ + e− (5)

C : ∗ O + H2O →∗OOH + H+ + e− (6)

D : ∗ OOH →∗ + O2 + H+ + e− (7)

While alternative mechanisms involving lattice oxygen were reported to potentially yield

higher activities6–8, especially for materials with easy oxygen-vacancy formation, this mech-

anism usually represent a good starting to point to computationally evaluate the activity of

a given OER catalyst9,10.

Figure 1: OER mechanism on the clean and stoichiometric SrNbO2N surface involving the
*OH, *O and *OOH reaction intermediates, which are shown in their relaxed geometry.

One particularly appealing class of materials to search for stable photocatalytic water-

splitting materials is the perovskite structure with the general formula ABX3. This structure
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displays a large chemical freedom as many elements can be accommodated on the cationic

A and B as well as the anionic X sites. Oxides (X=O) are the most studied perovskites

but typically have too large band gaps to absorb visible light (NaTaO3: 4.1 eV, KTaO3: 3.6

eV)11,12. Oxynitrides, with both O and N on the X site, on the other hand, show reduced

band gaps (SrTaO2N: 2.1 eV) due to the lesser electronegativity of N compared to O13.

Oxynitride photocatalysts that absorb in the visible range were first investigated in 200214

and since then mainly titanate and tantalate perovskite oxynitrides have been studied13,15–17.

While the bulk structure and properties of these materials are now fairly well understood18,

their surfaces that actually catalyze the redox reactions were studied much less.

In the present work we investigate, using density functional theory calculations, the sur-

face chemistry of the niobate perovskite oxynitride SrNbO2N. Compared to the previously

investigated tantalates, niobates are more easily reduced from the usual 5+ B-site oxidation

state to 4+, which is expected to have an effect on the excess-charge accommodation and

hence the surface chemistry. We study the dominant (001) surface and consider the spon-

taneous substitution of N by O in the surface layer under photocatalytic conditions that

was reported for SrTaO2N19. We then compute the OER on these substituted surfaces, also

investigating the effect of the thermodynamically stable adsorbate structure determined via

computed surface Pourbaix diagrams. Our results show that defect formation and hence

substitution of N by O is significantly easier on SrNbO2N compared to SrTaO2N, which we

can relate to the multivalent nature and hence easier reduction of Nb compared to Ta. The

multivalent nature also leads to an unequal distribution of excess electrons over surface Nb

sites that can affect the binding of intermediate species. Under conditions relevant for the

OER, we obtain the highest OER activity when 3/4 of the surface N atoms are replaced by

O atoms, since the number of highly stable O-N dimer species is reduced. These results show

that nitrogen loss is not necessarily detrimental to the OER activity of perovskite oxynitrides

but depends on the surface adsorbate structure.
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Methods

All density functional theory (DFT) calculations were carried out with the Quantum

ESPRESSO package20,21 using the Perdew-Burke-Ernzerhof (PBE) exchange correlation

functional22. As shown in the supporting information Fig. S1, the effect of a DFT+U

correction on the electronic structure is minimal, as expected for fairly diffuse Nb 4d orbitals

and we therefore perform calculations without this correction. Ultrasoft pseudopotentials23

with Sr(4p, 5s), Nb(5s, 4d), O(2s, 2p) and N(2s, 2p) valence states were used to describe

electron-nuclear interactions 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.

Internal coordinates and cell parameters of SrNbO2N bulk structures were relaxed in

different space groups in 20-atom unit cells using 6 × 6 × 4 k-meshes24. For the lowest

energy bulk structure we performed an HSE0625,26 calculation based on the PBE structure

to obtain an accurate band gap. The most stable of these cells was subsequently transformed

into a 40-atom cell for slab construction. The {001} surface orientation is known to be

most stable in perovskite oxides and oxynitrides27,28 and we consider here the catalytically

active transition-metal BO2 termination. An eight atomic layer thick (001) slab (lateral

dimensions 8.2516 × 8.2516 Å) was constructed from this relaxed structure, using a 15 Å

vacuum gap to separate periodic images along the surface normal direction along with a

dipole correction29. Reciprocal space for these slab calculations was sampled using a 4×4×1

k-point mesh. Relaxation thresholds were set to 10−6 Ry and 10−3 Ry/bohr for the total

energy and forces respectively in all calculations.

The surface-adsorbate structure as a function of the experimental conditions (pH and po-

tential Ub) was determined via surface Pourbaix diagrams for which the stability of a fully O-

and OH-covered surface relative to the clean surface was evaluated within the computational

hydrogen electrode (CHE) approach9,10:

∆G = ∆E + (∆ZPE − T∆S) − eUb − kBT ln(10)pH. (8)
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Here ∆E is the DFT total energy difference between the clean and adsorbate covered surface,

∆ZPE and T∆S account for zero-point energy and entropy changes associated with the

adsorbates and the terms with Ub and pH consider the transfer of electrons and protons to a

reservoir (one electron and proton per OH and two electrons and protons per O adsorbate).

Since the ZPE terms show a negligible material and site dependence, they were taken from

previous work10, while the entropy considers only vibrational terms in gas phase that were

taken from standard tables30.

The free energy profile of the OER according to the four-step mechanism given by equa-

tions 4-7 was also evaluated within the above thermochemical approach by computing the

DFT total energy differences between the *, *OH, *O and *OOH reaction intermediates (see

Figure 1) and assuming transfer of one electron and proton to their respective reservoirs in

each reaction step i. Based on these four reaction free energies, the thermodynamic overpo-

tential η, is defined as the difference between the highest reaction step per electron and the

OER equilibrium potential (1.23 V at pH = 0):

η = max(∆Gi)
e

− 1.23. (9)

Even though experiments are typically conduced under alkaline conditions, this overpotential

is meaningful as the pH dependence of both ∆G and the equilibrium potential renders the

thermodynamic overpotential pH independent31. All overpotentials were calculated without

considering the effect of either an explicit or implicit solvent that could lead to a slight

stabilization of the reaction intermediates and hence a slightly lower overpotential32.

Results and discussion

We find the most stable SrNbO2N bulk structure (Fig. 2a) to have the orthorhombic

Pmn21 space group. This structure differs from X-ray and neutron diffraction studies33,34

that reported the tetragonal I4/mcm space group. This discrepancy is likely related to the
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most-stable explicit cis nitrogen order in the ab plane used in our 0K DFT calculations,

whereas experiments at finite temperature show no such long-range anion order. This find-

ing of the lowest energy structure is, however, in agreement with the one found in DFT

calculations of the tantalate perovskite oxynitride SrTaO2N35 and the general preference for

cis compared to trans anion order in perovskite oxynitrides36,37.

For this lowest energy structure, we compute an HSE06 band gap of Egap of 2.80 eV.

Using this band gap for an empirical estimation38–40 of the band edges based on the position

of the normal hydrogen electrode (NHE) with respect to the vacuum level E0 = −4.5 eV and

the Mulliken electronegativities χ of the various elements

EVB,CB = E0 + (χSrχNbχ2
OχN)1/5 ± Egap/2, (10)

we obtain valence (VB) and conduction band (CB) edges at 2.29 and -0.51 eV respectively

vs. NHE. These band edges below and above the water oxidation (1.23 eV) and hydrogen

reduction (0.00 eV) potentials imply that SrNbO2N is suitable to drive overall water splitting.

Figure 2: Crystal structures of (a) the lowest energy SrNbO2N bulk structure with a cis N
anion order in the ab-plane and (b) the corresponding (001) surface slab.

Our results differ from SrTaO2N in the sense that anion vacancy formation and the

concomitant reduction of the cation sublattice is much easier in SrNbO2N. This is shown

in Table 1 that reports the concentration-dependent formation energy of vacancies on site i
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(i=O, N)

∆Eform,i = (Edef,ni
+ niµi − Estoi)/ni (11)

for the most oxygen and nitrogen-rich conditions (µi) compatible with SrNbO2N phase sta-

bility evaluated via the CPLAP code41. In this equation Edef,ni
is the total energy of a cell

containing ni vacancies on site i and Estoi is the total energy of the stoichiometric cell. We

focus here on neutral defects only, differently charged defects being an interesting topic for

further study. While VO have a much reduced formation energy compared to the bulk-like

region in SrTaO2N19 (using the same approach as above, we recomputed bulk formation en-

ergies of around 3.5-3.7 eV for VO and 3.5 eV for VN in SrTaO2N) the VN formation energy

in SrNbO2N is negative showing that SrNbO2N will spontaneously reduce by formation of

nitrogen vacancies. We can however see that due to vacancy-vacancy interaction, the for-

mation energy of two or more nitrogen vacancies is no longer negative. This implies that

SrNbO2N will spontaneously be reduced and adopt a nitrogen deficiency between 1/8 and 2/8.

This easier reduction can be explained by the multivalent (Nb5
+/Nb4

+) nature of Nb which

is not the case for Ta and results in the easier accommodation of excess electrons during

reductive anion vacancy formation.

Table 1: Anion vacancy formation energy in bulk SrNbO2N. For VO we distin-
guish vacancies lying within the cis N plane and perpendicular to it.

Defect Position ni ∆Eform (eV)
VO in-plane 1 1.33

out-of-plane 1 1.49
VN 1 -0.95

2 1.12
3 1.73

Based on the stoichiometric bulk structure, we constructed the stoichiometric, asymmet-

ric slab model shown in Fig. 2b. We had previously shown that nitrogen in the surface

layer of the perovskite oxynitride SrTaO2N has a tendency to be replaced with oxygen un-

der OER conditions19. In SrTaO2N this substitution leads to an electron doping that, with
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Figure 3: Total density of states as a function of the number of surface N substituted by
O atoms. The yellow shaded area between the conduction-band edge and the Fermi level
corresponds to the excess electrons resulting from this substitution. The isosurfaces (3 · 10−3

e/Å3) show the localization of this charge at the SrNbO2N (001) surface.

increasing substitution fraction, localizes on the surface transition-metal d states, however

remaining delocalized over all surface sites. Given the multivalent nature of Nb compared to

Ta, one could expect that SrNbO2N could show polaron formation and hence localization of

the excess electrons on individual Nb surface sites. We sampled all symmetry-inequivalent O

substitutions of one, two, three and four out of the four surface N species on the stoichiomet-

ric surface, focusing in the following on the lowest energy geometry at each substitution level.

We note that in the densities of states in Fig. 3 the band gap and the band edges are only

minimally affected by the substitution. This is expected since the substitution is restricted

to the very surface and the band edges remain dominated by the higher-lying nitrogen states

in bulk layers. As such the band-edge positions remain suitable to drive the OER upon

substitution. Indeed, we find for 1/4 substitution that the excess charge density localizes

primarily on the two Nb sites on the right in Fig. 3. When half of the N are substituted

by O, this asymmetry in charge localization is less pronounced but clearly re-emerges for
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the 3/4 substitution level, where the two Nb sites at the back carry a larger fraction of the

excess charge density. At full substitution the localization is again similar on all Nb sites.

While this localization of charge could be linked to the ligands surrounding the Nb sites, it

is in stark contrast to what was observed for SrTaO2N (see Fig. 4), which hints that the

easier reduction of Nb compared to Ta is a likely explanation for this difference. Another

difference with respect to SrTaO2N is that the charge does not fully localize at the surface

but also on subsurface sites (see Fig. 3). Nevertheless one could expect the different electron

density at different surface sites to affect the catalytic activity, which we will investigate in

the following.

Figure 4: Excess charge localization at 3/4 substitution on the (001) surface of a) SrNbO2N
and b) SrTaO2N, showing the asymmetric arrangement on the former and the symmetric
arrangement on the latter.

To determine the thermodynamically most stable state of the surface, we next compute

surface Pourbaix diagrams for surfaces with between zero and all four surface N atoms

substituted with O. The Pourbaix diagrams shown in Fig. 5 show a clear trend for the

shift of the onset potential for formation of an OH layer on the surface. As substitution

and hence the reduction of the surface increases, the OH layer forms at increasingly lower

potentials, already for two substituted N being clearly below zero, indicating a spontaneous

hydroxylation of the surface without applied potential or light irradiation. The trend for the

boundary between the OH and O covered surface is less clear: after an initial increase, we

see it decreasing and finally sharply increase again. We associate this with the structural

peculiarity of the oxygen adsorbate layer on the surface. Oxygen adsorbates have a tendency

11



Figure 5: Calculated surface Pourbaix diagrams for (001) surfaces with different levels of
substitution of N by O in the surface layer: a) stoichiometric surface with 4 N as well as b)
1/4, c) 2/4, d) 3/4 and e) 4/4 substituted N.
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to lean towards surface N atoms, forming very stable O-N dimer structures, the dimers

carrying a negative charge42. While such negatively charged dimers would be more easily

formed with increasing N substitution, the substitution also reduces the number of O-N

dimers than can form. As such there are two counteracting trends leading to the observed

behavior.

Table 2: Overpotential determining step (ODS) and overpotential (η) of the most
reactive site as a function of the number of substituted N atoms on a surface
without additional adsorbates. The ODS letter corresponds to the transition
between intermediates given by equations 4-7.

Substituted surface N ODS η (V)
0/4 C 0.985
1/4 C 0.925
2/4 C 2.089
3/4 C 2.365
4/4 C 2.691

Next we calculate the OER on surface slabs with different levels of substitution of N by

O. In analogy to what was previously done for SrTaO2N, this analysis is initially carried

out on a clean surface without additional adsorbates following the reaction intermediate

sequence ∗ → ∗OH → ∗O → ∗OOH → ∗ as shown in equations 4-7. As shown in Table 2,

we find that step C, the formation of *OOH given by equation 6 is highest and determines

the overpotential for any surface nitrogen content. We also see that while the overpotential

on a surface with one N substituted by O is nearly the same as on the stoichiometric surface,

the overpotential sharply increases for two substituted N after which point only a small

increase is observed for even higher substitution levels. We note that Table 2 reports only

the overpotential of the most reactive site at each substitution level, while in Fig. 6 we

show the spread of values at inequivalent sites. We have seen above that with increasing

substitution level selected Nb surface atoms change their oxidation state from Nb5+ to Nb4+.

The observed trend in overpotential can therefore be explained with a stronger adsorbate

binding at electron-rich Nb4+ sites, in particular of the O intermediates19, which leads to

the observed overall increase in overpotential as shown in Fig. 6b and c. The spread in
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overpotentials for different Nb sites is due to the different oxidation states, sites that have a

stronger Nb5+ character generally being more active for the OER.

Figure 6: a) Computed overpotentials for the clean and fully O-covered (001) surface as
a function of the substitution level. Multiple data points at the same substitution level
stand for different active sites. Free energy diagrams at pH 0 on the clean surface in b) its
stoichiometric state and c) at full substitution of all surface nitrogen atoms as well as for
the O-covered surface d) with one substituted nitrogen and e) full nitrogen substitution.

The potential relevant for photocatalysis is given by the offset between the valence-band

maximum and the standard hydrogen electrode. This is computationally challenging to

derive43 but was recently experimentally determined to be 1.45 V44. This implies that for

all surfaces except the one with four substituted N, the fully O covered state is relevant,

whereas for the fully substituted surface the OH covered surface is most relevant. For this

reason, we will in the following investigate the OER on the fully O covered surface, which

proceeds via the intermediate sequence ∗O → ∗OOH → ∗ → ∗OH → ∗O as well as for the

fully substituted surface also for a fully OH covered surface via the intermediate sequence
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Table 3: Overpotential determining step (ODS) and overpotential (η) of the most
reactive site as a function of the number of substituted N atoms on a surface
fully covered with O adsorbates. The ODS letter corresponds to the transition
between intermediates given by equations 4-7.

Substituted surface N Adsorbate ODS η (V)
0/4 O C 1.24
1/4 O C 1.34
2/4 O C 1.11
3/4 O C 0.71
4/4 O B 1.02
4/4 OH D 1.45

∗OH → ∗O → ∗OOH → ∗ → ∗OH. As can be seen in Table 3, the overpotential on the

fully O covered non-substituted surface is higher than for the clean surface, as also observed

for a variety of other perovskite materials45. Contrary to the clean surface, we see on the O

covered surface, for increasing substitution, initially a small increase in overpotential at 1/4

substitution followed by a substantial drop as also shown in Fig. 6a) before the overpotential

increases again for full substitution. This drop in overpotential can be explained with the

reduction of the number of O-N dimers on the surface that are not replaced by O-O dimers.

These O-N species are extremely stable, requiring a lot of energy to dissociate as required for

*OOH formation. The final upturn in overpotential can be related to a change in mechanism,

the ODS changing from step C (like for the clean surface) to step B at full substitution of N by

O. On the OH covered surface, the overpotential is significantly higher since the possibility to

form hydrogen bonds for the OOH intermediate renders the final oxidation and O2 desorption

(step D) the ODS.

The above activity results are summarized in Fig. 7 in form of a volcano plot as function

of the descriptor ∆GO − ∆GOH = ∆GB. We observe a systematic deviation of the overpo-

tential from the universal scaling relations31 when the left branch (step C) determines the

overpotential. Since on the clean surface, this overestimation is independent of the substitu-

tion fraction, we cannot relate it to the formation of O-N dimer species but believe it to be a

deviation from the scaling relations as it occurs for roughly one third of materials31,46,47. On
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Figure 7: Volcano plot of the negative overpotential as a function of the descriptor
∆GO − ∆GOH for the clean surface (grey) and the O-covered one (red). The highlighted
points correspond to those shown in Tables 2 and 3 and the labels indicate the fraction
of substitution. The blue lines show the overpotentials predicted by the universal scaling
relations.

the other hand, for the O-covered and fully substituted surface, where the B step determines

the overpotential, we find the data points to follow the scaling relations, implying that *OOH

binding on the oxynitride may lead to the deviation as it is involved in step C but not step

B.

These results imply that the effect of substituting N by O on oxynitride surfaces is

more complex than previously reported19 when considering the full Pourbaix diagram and

surfaces other than the clean ones. In particular we find two competing effects on the O-

covered surface, which is most relevant under photocatalytic conditions for all but a full

substitution of N by O. On one hand, like on the clean surface, substitution of N by O leads

to stronger binding of reaction intermediates and a reduced activity. On the other hand, the

suppression of O-N dimers due to the reduced number of available surface N atoms leads to

an enhanced activity that peaks around 3/4 substitution. Nevertheless strong *OOH binding

leads to a deviation from the universal scaling relations and consequently still fairly large

overpotentials (0.71 V) even at the ideal substitution level. Moreover, compared to SrTaO2N,

SrNbO2N has surface sites with different oxidation states, leading to a large variability in

OER activity.
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Conclusion

Our DFT results for SrNbO2N bulk and its (001) surface show that substitution of N

by O is much more likely to occur under OER conditions than for the chemically similar

SrTaO2N. We relate this to the multivalent nature of Nb and its more facile reduction.

Substitution of N by O on the surface leads to excess charge, which is accommodated on

Nb sites, changing their valence from +5 to +4. At substitution levels lower than full

substitution, this charge predominantly localizes at specific sites, yielding different OER free

energy profiles at different sites on the clean surface. In general we observe a drop of the

OER activity (an increase in overpotential) with increasing substitution on the clean surface,

which we relate with stronger binding of intermediate species.

Under OER conditions, the surface is however covered with O adsorbates, which on

the stoichiometric SrNbO2N surface slightly increases the overpotential. Upon substitution

of more than 1/4 N by O, the overpotential drops considerably, reaching its lowest value

at 3/4 substitution. We relate this to two competing effects: the electron injection due to

substitution, which increases the binding strength and hence reduces the activity, while a

reduction of the number of surface N sites that can form highly stable O-N dimers leads

to an enhanced activity. These results show that surface nitrogen loss is not necessarily

detrimental to the OER activity but could instead be used to tune the OER activity of

perovskite oxynitride photocatalysts.
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