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rides as stable catalysts for
electrochemical reduction of nitrogen to ammonia:
the role of oxygen†

Jaysree Pan, Heine Anton Hansen and Tejs Vegge *

Electrochemical reduction of nitrogen to ammonia can potentially replace the existing centralized fossil

fuel-based Haber–Bosch process with small, decentralized units relying on electrical energy from

renewable sources, thus supporting a sustainable food and energy infrastructure. Recent activities in the

development of transition metal nitride electrocatalysts for this reaction have shown promise, but

oxynitrides remain unexplored. We have performed a rigorous computational study of the highly

promising vanadium oxynitride (VON) to establish for the first time the nitrogen reduction pathway in

oxynitrides and the role of the mixed anions that can lead to improved stability of the active surface-

states, activity, and selectivity over hydrogen evolution. The electrocatalytic properties are best enhanced

at low oxygen content (12.5%) due to optimal balance between consecutive protonation preference at

N-sites over V-sites, low onset potential (0.4 V-RHE), and facile N2 adsorption at N-vacancy sites, while

a higher oxygen containing VON (31.25%) shows the lowest N2 adsorption/dissociation barrier (�0.3 eV)

on the anion vacancy and can also be a potential N2RR catalyst with a higher NH3 turn over frequency,

albeit with a lower stability and higher overpotential (0.6 V-RHE) compared to x ¼ 12.5%. The critical N-

vacancy active sites are protected from self-annihilation by the mixed-valency anions, large kinetic

barriers, and site blocking by O*/OH*/H* due to highly favorable N2 absorption.
Introduction

Activation of dinitrogen from the atmosphere to produce
ammonia via biological and industrial processes sustains life
on Earth as we know it. Ammonia is an essential chemical
feedstock for the synthesis of nitrogen-based fertilizers that
enables farmers to feed billions more people than our planet
could otherwise not support.1,2 Ammonia is also a building
block for manufacturing other synthetic chemicals, medica-
ments, dyes, explosives, and resins. Liquid NH3 contains
17.6 wt% hydrogen, is easy to transport and store – thus, it can
be a carbon-free energy carrier as well.3,4 Ammonia is the world's
most-produced chemical at 170 million metric tons per year.
Although nitrogen is an abundant raw material for ammonia
production, the large bond energy (940.95 kJ mol�1) of the N^N
bond makes N2 reduction reaction (N2RR) extremely difficult.
Industrial-scale NH3 production relies on the Haber–Bosch
process,5 where the H2 feedstock is normally produced from
fossil fuels, and each metric ton of NH3 produced will emit�1.9
metric tons of CO2. Also, high-temperature (620–820 K) and
high-pressure (150–350 atm) production conditions
e, Technical University of Denmark, 2800

tion (ESI) available. See DOI:

24098–24107
necessitates capital-intensive centralized production, while the
consumption is distributed quite uniformly over all populated
areas on Earth. Less developed regions are dependent on inef-
cient and expensive supply from centralized sources and thus
pose a risk to equitable growth. Small-scale devices that
produce ammonia onsite could alleviate some of these prob-
lems by producing fertilizer on-demand at the point of usage.6

However, such devices would require a much simpler and near-
ambient condition process. An electrochemical route to NH3

production from N2, H2O, and renewable energy sources can
revolutionize a green NH3 production industry by cutting down
fossil fuel consumption and reducing the carbon footprint of
agricultural activities.7 It can provide decentralization of the
process and thus reduce the waste and transportation-related
impacts as well. Electrochemical N2RR works well with the
intermittency of renewable energy sources like wind and solar
power, as ammonia can be produced and stored8 when excess
renewable electricity is generated over user demands.

Given the impact of discovering highly active and stable
electrocatalysts for ammonia production, the eld has seen
intense research activity across the world.9–17 Platinum group
metal catalysts are oen used as catalysts because of their
stability in acidic environments, but they generally have low
faradaic efficiencies (FE < 0.1%) for N2RR. This is attributed to
the scaling relation between various surface adsorbed inter-
mediates in the N2RR and the competing hydrogen evolution
This journal is © The Royal Society of Chemistry 2020
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reaction (HER), which is always favored across different
metals.18 As an alternative to noble metal catalysts, non-
precious metal catalysts and metal-free carbon catalysts have
been explored broadly as N2RR electro-catalysts. Among them,
transition metal nitrides (TMN) has been proposed as being
both active and highly conductive.19–25 Nitrides have a potential
advantage of being able to form ammonia by a Mars–van Kre-
velen (MvK) mechanism, in which a surface N atom is reduced
to NH3 and the surface vacancy thus created is repopulated with
N2. This is followed by the removal of the extra N-atom as
ammonia through consecutive protonation. Hence, the catalyst
surface is regenerated rather than adsorbing N2 directly to the
catalyst surface. It has been observed experimentally that the
best yield rate and faradic efficiencies are obtained for transi-
tion metal oxynitrides (TMON) compared to pure nitride cata-
lysts.22,26–28 Existing theoretical work21,29,30 has focused on the
N2RR mechanism on nitride surfaces, and have not studied the
atomistic mechanism, thermodynamic limitations on oxy-
nitrides in details. For example, vanadium nitride, which has
been investigated theoretically,29 does not display good long
term stability31–33 in the N2RR electrochemical environment as
nitrogen and vanadium leach into typical electrolyte solutions,
thus limiting its application in ammonia electro-synthesis
through N2RR. In fact, some experiments indicate that pure
nitrides might actually be just decomposing towards ammonia
evolution,32,34 and recent spectroscopic characterization iden-
ties that pure vanadium nitride is inactive for N2RR,22,34 while
oxynitride variety shows good activity.22,26 It is hypothesized that
only the surface N sites adjacent to a surface O show activity for
the N2RR.33 The most recent studies on other TMONs26–28

further strengthen the necessity of oxygen/nitrogen co-existence
for favorable N2RR activity and stability.

A detailed understanding of the structural details, stability,
N2RR mechanism and the thermodynamic pathway is lacking
for TMON N2RR catalysts. Such fundamental insights are crit-
ical for further development and optimization of TMON electro-
catalysts for N2RR. Here, we have performed a rigorous study of
the structural aspects of bulk and surface VON to identify the
benecial chemical properties towards nitrogen reduction over
pure vanadium nitride. We also establish the impact of oxygen
in stabilizing and keeping the catalytic site and surface active.
Fig. 1 (a) The mixing energy of VN and VO phases and (b) distorted polyh
red and N: blue).

This journal is © The Royal Society of Chemistry 2020
Results
VON bulk structure

The structure of VON has been resolved with multiple experi-
mental techniques to be stable cubic rock-salt phase (for VOx-
N1�x with nitrogen-rich compositions, x < 0.5).35–37 The
nitrogen-rich composition of the cubic VOxN1�x can be
explained from the fact that the pure vanadium nitride (VN)
exists in a cubic rock-salt structure, where pure vanadium oxide
does not have a stable cubic phase. The most stable vanadium
oxide is V2O5 with an orthorhombic crystal structure. Therefore,
the reported stable rock-salt phase of VOxN1�x is composition-
ally closer to vanadium nitride than vanadium oxide. However,
the most stable (and active) composition of VOxN1�x is not yet
well dened. To determine the crystal structure and thermo-
dynamically favorable composition, we have calculated the
mixing enthalpy of rock-salt VN and VO phases. Based on a 32
atom supercell, all possible 1610 unique symmetry inequivalent
VON structural congurations were simulated considering
ferromagnetic and antiferromagnetic spin ordering. Based on
these total energy calculations, low energy structures were
identied for the full range of O/N ratio. The resultant convex
hull with varying O-concentration (x%) is demonstrated in
Fig. 1a using VO rock-salt as a reference. If pure V2O5 is used as
a reference for vanadium oxide (Fig. S1†), the calculated cubic
phases are higher in energy, but the rock-salt structures have
been shown experimentally to be metastable for limited-to-
moderate oxygen content, possibly due to large ion/vacancy
migration barrier and related surface stabilization as dis-
cussed below. Experimental evidence also suggests N/O ratio > 1
in the ternary phase diagram of V, N, and O.35

We nd a non-uniform distribution of N and O in the crystal
structure of the minimum energy congurations for different N/
O compositions (Fig. S2†) along the convex hull. There is
a sharp disparity in the chemical interaction of O and N with V
in VON. The charge density analysis shows that the degree of
covalency for the N–V bond is more pronounced than the V–O
bond (Fig. S3†). This disparity between O and N anions also
results in distorted polyhedral around V cations (Fig. 1b). Table
S1† contains the lattice parameters and the cell volume of the
lowest energy congurations of VOxN1�x with different N/O
edral in VON compared to pure VN and pure VO (V: golden yellow, O:

J. Mater. Chem. A, 2020, 8, 24098–24107 | 24099
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ratios. The combined effect of the difference in the chemical
nature of V–O and V–N bonds and non-uniform distribution of
N/O breaks the crystal symmetry in VOxN1�x, although structure
remains close to cubic rock-salt.
VON surface composition and stability

We studied (100) surfaces of the lowest energy congurations
from the convex hull with different N/O compositions (O <
50%). The cleaving of bonds makes the surface atoms chemi-
cally different from the bulk, and the stability of the surface
depends on the surface composition and atomic ordering. Both
VO and VN are known to display non-stoichiometry mainly due
to the presence of a signicant amount of V-vacancies38–40 along
with anion vacancies. It is important to note that the formation
and stabilization of anion surface vacancies are not detri-
mental, but the opposite in this case, as they are the active sites
for N2 adsorption and continuation of the N2RR by MvK
mechanism. The V-vacancy formation, on the other hand, can
cause structural instability and inactivity of the catalytic
surface. Eqn (1), represents the V-vacancy (*V-vac) formation
along with metallic vanadium (Vmetal) from the surface metal
site (*V).

*V / *V-vac + Vmetal (1)

O on the nitride surface is reported to be unstable under
N2RR conditions. Any O on the nitride surface is reduced and
removed as water long before the system attends the N2RR onset
potential.29 Hence, in the working condition of N2RR, O will
mostly be in the bulk while the surface will contain N and V
atoms of the VON. Therefore in the N2RR study of VON, we
focused on these surfaces. Fig. 2 shows the relative stability
regarding the V-vacancy formation energy of stoichiometric
surfaces for the N-rich composition (x ¼ 0% to x ¼ 43.75%) on
the convex hull. The top layer of these surfaces consists of N
and V atoms, while the O atoms populate the subsurface layers
(Fig. S4†). The stability of the V atoms on the surface increase
with an increasing amount of O concentration in the system
and reaches a peak at x ¼ 18.75% and is followed by
a decreasing trend. For O concentrations x ¼ 6.25% to x ¼
Fig. 2 Presence of oxygen in low concentrations enhances surface
stability by hindering vanadium leaching from the surface.

24100 | J. Mater. Chem. A, 2020, 8, 24098–24107
37.5%, the surface V-atom display enhanced stability compared
to pure VN (x ¼ 0). It conrms the positive inuence of oxygen
on the stability of the catalytic surface.
Catalysis on VON surface

Reduction of N2 to NH3 occurs on the cathode surface, and the
overall electrochemical reaction is:

N2(g) + 6(H+ + e�) / 2NH3(g) (2)

The corresponding anode reaction that acts as a proton
source is:

3H2(g) 4 6(H+ + e�) (3)

The main challenge in N2RR selectivity is the competition
with hydrogen evolution reaction, which oen have lower
overpotential than N2RR.
Selectivity over HER

In a MvK mechanism, a surface N (*N) gets protonated thrice to
release one molecule of NH3 leaving an N-vacancy (*N-vac) on the
site (eqn (4)–(7)).

*N + 6(H+ + e�) / *NH + 5(H+ + e�) (4)

*NH + 5(H+ + e�) / *N2H + 4(H+ + e�) (5)

*N2H + 4(H+ + e�) / *N3H + 3(H+ + e�) (6)

*N3H + 3(H+ + e�) / *N-vac + NH3(g)[ + 3(H+ + e�) (7)

A competing hydrogen transfer step is hydrogenation of the
V-site (*V) instead of the N-site (eqn (8)). It is important to note
that the hydrogen will not be protonic, but hydridic, as dis-
cussed below.

*V + (H+ + e�) / *VH (8)

H* on protonated N and H* on V has a very different
chemical nature. H* on protonated N takes a positive oxidation
character, while H* on V takes a negative oxidation character
(hydride ion). Table S2† contains the Bader charges calculated
for different H. The bond length of N–H is �1.0 �A, and V–H is
�1.70�A (Fig. 3). In the case of V, the hydride ion can react with
a proton from water (eqn (9)) or H from neighboring proto-
nated N site (eqn (10)) to evolve hydrogen. The existence of H*

with anionic and cationic character in the neighboring sites is
unstable and reacts spontaneously with each other to form H2

(Fig. S5†). The possible mechanism of HER from a protonated
V-site is schematically represented in Fig. 3a.

*VH + (H+ + e�) / *V + H2(g)[ (9)

*VH + *NH / *V + *N + H2(g)[ (10)
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Mechanism of HER from protonic and hydride hydrogen, (b) relative energy of –NH over –VH, and (c) energetically strong preference
of –NH2 formation over –NH–VH. (d) Linear correlation between the free energy of fist protonation and N-vacancy format.
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Fig. 3b, shows the energy comparison of the VON surface
with protonated N and hydrogenated V sites. We found that on
the VON surface, protonation of N-site is strongly preferred
over V, especially for a lower concentration of O. With
increasing O-concentration, the energy difference between
these two protonation paths decreases. In Fig. 3c, we have
compared formation energy aer second hydrogen transfer, one
at the N and V sites respectively, or both at the N site. This plot
clearly shows the strong thermodynamic drive towards the
formation of a consecutive protonation at N-site rather than the
formation of protonated one N-site along with one V-site, which
leads to HER. The results presented in Fig. 3b and c together
has declined the possibility of HER and conrmed selectivity of
the VON surface for N2RR.

According to the MvK mechanism, the N-site that started
getting protonated will eventually form one molecule of NH3,

leaving a surface N-vacancy in its place. A linear correlation is
observed between the free energy of the rst protonation (*NH)
and N-vacancy formation (*N-vac) on the VON surface with O
concentration 0 to 37.5% (Fig. 3d).

The solvent plays an important role on the stability and
activity of the VON electrocatalysts and while the applied
computational hydrogen electrode (CHE) approach (ref) does
not allow for studying the effect of varying pH directly and an
explicit treatment of the solvent dynamics, e.g. with AiMD41 on
the work function of the interface states at a given pH42 is
This journal is © The Royal Society of Chemistry 2020
beyond this type of DFT-based screening study, it is worth
noting that increasing pH has recently been shown experi-
mentally to suppress the parasitic hydrogen evolution reaction
(HER) as the shi in proton donation form hydronium to water
leads to larger barriers and suppressed HER kinetics.43 As N2RR
on VON is not limited by the proton transfer, this could lead to
improved selectivity and a detailed computational analysis of
the most promising VON compositions should thus be per-
formed subsequently at varying pH conditions.

Regarding an assessment of the stability of the VON catalysts
under operating conditions, we present a comprehensive anal-
ysis of the thermodynamic aspects and kinetic processes rele-
vant for the catalyst decomposition as a function of potential (in
the absence of an explicit solvent). These ndings align with our
previous analysis of transition metal oxynitride nanoclusters44

and experimental ndings that the stability of vanadium oxy-
nitride catalyst in reducing electrochemical environment has
been shown experimentally to be better than Pt/C,45,46 as dis-
cussed in more detail in the following sections.
N2RR activity by MvK mechanism on VON

In the MvK mechanism, the N-vacancy formation due to the
creation of one molecule of NH3 from the surface N (eqn (4)–(7))
is followed by the absorption of one N2 molecule at the vacant
site. N2 adsorption on the vacancy site can happen in two ways:
J. Mater. Chem. A, 2020, 8, 24098–24107 | 24101
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associative and dissociative mechanism. In an associative MvK,
the N–N bond remains intact during the adsorption process and
starts dissociating only aer the protonation of the topmost N
of the adsorbed N2. Eqn (11)–(15) describes the associative MvK,
in which gaseous N2 bound to the vacancy is represented as (*N-
vacN2). The protonation of the topmost N atom of the vacancy
bound N2 leads to the formation of NH3(g) and a regenerated
catalytic surface (*N-vacN) which is equivalent to (*N).

*N-vac + N2(g) + 3(H+ + e�) / *N-vacN2 + 3(H+ + e�) (11)

*N-vacN2 + 3(H+ + e�) / *N-vacNNH + 2(H+ + e�) (12)

*N-vacNNH + 2(H+ + e�) / *N-vacNNH2 + (H+ + e�) (13)

*N-vacNNH2 + (H+ + e�) / *N-vacNNH3 (14)

*N-vacNNH3 / *N-vacN + NH3(g)[ ¼ *N + NH3(g)[ (15)

In a dissociative MvK, the N–N bond dissociates directly
during the adsorption process, and one of the N atoms then lls
up the vacancy site while the second N atom bonds with the
neighboring V ion of the vacancy site. Eqn (16)–(20) demon-
strate the dissociative MvK. Here, aer dissociation of N2(g),
the N replenishing the vacancy site and the N binding to the
neighboring metal site is denoted as (*N-vacN) and (*VN),
respectively.

*N-vac +N2(g) + 3(H+ + e�) / *N-vacN + *VN+ 3(H+ + e�) (16)

*VN + 3(H+ + e�) / *VNH + 2(H+ + e�) (17)

*VNH + 2(H+ + e�) / *VNH2 + (H+ + e�) (18)

*VNH2 + (H+ + e�) / *VNH3 (19)

*VNH3 / *V + NH3(g)[ (20)

Here, we calculate the free energy of all chemical and elec-
trochemical steps considering zero-point energy correction
(DEZPE) and the change in entropy (DS) for the adsorbate and
the gaseous molecules. Eqn (21) shows the free energy estima-
tion, where the DFT reaction energy is (DE).
Fig. 4 (a) Free energy path of dissociative and associative MvK. (b) N–N
surface.

24102 | J. Mater. Chem. A, 2020, 8, 24098–24107
DG ¼ DE + DEZPE � TDS (21)

The free energy path of NH3 formation on the VON surface
according to associative MvK and dissociative MvK is presented
in Fig. 4a. The result shows that the associative MvK path is
energetically more demanding than the dissociative MvK. The
free energy path is calculated at 0 V on the reversible hydrogen
electrode (RHE) scale, and the largest positive step determines
the reducing potential required. Strong bonding between V
and N lowers the energy of the absorbed N2 following dissoci-
ation of the N–N bonds (Fig. 4b). Our results match with the
previous studies on vanadium nitride, which show that (100)
facet of the rock-salt mono-nitrides preferred dissociative N2

adsorption compared to the associative adsorption.29 Our
calculations show that the N–N dissociation barrier is in fact
substantially larger on VN than previously found using
a smaller supercell (�0.3 eV)47 and on the order of �1 eV, while
the barrier on the oxygen-rich VON surface is substantially
lower, e.g., barriers # 0.5 eV, for x ¼ 31.25% and 37.5% as
shown in Fig. S6.† The path on the oxygen-rich VON surfaces
has a transition state where N2 is adsorbed on the surface V-site
(near the N-vacancy) before dissociation (Fig. S7†). While the N2

adsorption is preferred at x¼ 12.5% and 0.4 eV stronger than on
VN, the activation energy is still almost as high (�1 eV). The
thermodynamic and kinetic barriers for the adsorption and
dissociation reaches the lowest values of �0.3 eV for x ¼
31.25%, as shown in Fig. S8.† It is important to note that these
barriers may potentially limit the catalytic turn over frequency,
in particular at high overpotentials. Fig. 5a presents the free
energy path of N2RR on the VON surface with an O-
concentration of 12.5%. The free energy paths for VON with
0 to 37.5% O content are presented in the supplementary
Fig. S6a to S6g.† The highest electrochemical step in these paths
is typically related to the rst protonation of the surface N
(*NH), except for the VON surface with x¼ 6.25% (Fig. S9b†) and
18.78% (Fig. S9d†), where the second protonation step (*N2H) is
the highest electrochemical step. Fig. 5b shows the onset
potential (vs. RHE) required for N2RR for different VON
surfaces. Increasing the O contents in the VON slab increases
the onset potential insignicantly. The lowset onset potential is
found for the slab with an O concentration range from 0% to
dissociation energy of N2 adsorbed at the N-vacancy site on the VON

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) free energy path of N2RR (at x ¼ 12.5%), (b) onset potentials, (c) N2 adsorption free energy on the N-vacant site at different oxygen
concentrations (x).
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12.5%, which is only�0.4 V. N2 adsorption on the vacancy site is
a non-electrochemical step (eqn 17), and if the step is endo-
thermic, the energy needs to be provided by the surrounding
environment. Therefore, it is desirable to have exothermic N2-
adsorption. Fig. 5c demonstrates the free energy of N2-adsorp-
tion on the VON surfaces with varied O-concentrations. The plot
shows that for pure VN (x¼ 0%), the free energy required for the
N2-adsorption is 0.6 eV and endothermic in nature. Increasing
O-concentration in the VON slab improves the situation, and
the free energy of N2-adsorption decreases. For VON slabs with x
¼ 12.5, 31.25 and 37.5%, N2-adsorption on the vacancy site is
exothermic and hence expected to be a spontaneous process
(Fig. 5c). The N2-adsorption energy depends explicitly on the
surface coverage of N vacancies. Here, the energetics are
calculated with 12.5% surface coverage of N vacancies(Fig. 5a
and S9†). We observed that by increasing the surface coverage
of N vacancies from 12.5% to 25%, the N2-adsorption energy
decreases by 0.7 eV(Fig. S10†) on the VN surface. Based on these
results, we can conclude that the VON surface with an x¼ 12.5%
composition, is expected to be the best catalyst for N2RR
considering both activity and selectivity over HER, as well as
spontaneous absorption of N2 at the vacancy site.

It is important to note that although oxygen is not explicitly
present in the top layer of the catalyst surface, it indirectly
affects the vanadium and nitrogen electronic states and
manipulates the binding free energy of the adsorbates. This
effect can be understood from the d-band theory of adsorption
energies. Variations in the d-orbitals due to the hybridization of
the d-states of the surface V atoms with the nitrogen and the
oxygen atoms leads to a modication in the adsorbate interac-
tions, i.e. a ligand effect (ref) due to the hybridized electronic
states arising from a mixture of p-orbitals from N and O inter-
acting with the adsorbate states. The presence of oxygen
This journal is © The Royal Society of Chemistry 2020
changes the oxidation state, occupancy, position, and band-
width of the d-orbitals of the vanadium. We quantify these
effects with d band center shi of the VON surface compared to
pure VN. Our results show that the surface d-band center shis
signicantly towards the Fermi level in VON compared to pure
VN. The presence of oxygen also changes the p-orbitals of the
anions, and in the case of the VON surface, the p-band center
also moves towards the Fermi level compare to the pure VN.
However, the p-bands are much deeper in energy level than the
d-bands. Which means that any shi in the d-band center will
have a more substantial effect on the adsorbate binding energy
than the change in the p-band center. We correlate these with
the observed changes in adsorbate binding energy to explain
the basis for ligand effect origination from a mixed anion
system.

Shielding of N-vacancy site against poisoning

According to the MvK mechanism, the N-vacancy formed by
protonation of surface N-site to NH3, needs to be replenished by
a gaseous N2 molecule (eqn 17) to complete the N2RR cycle. For
this, N-vacancies must be sufficiently stable on the surface and
not get poisoned by other species like OH* or a water molecule.
Further, there is also the possibility of this vacancy site to
migrate towards bulk and self-annihilate.

Self-annihilation

The bulk of the VON slab contains both N and O anions.
Nitrogen vacancy created during the initial stages of the MvK
mechanism can get self-annihilated by migration of N or O
atoms from the subsurface layers. Fig. 6a and b displays the
thermodynamic and kinetic barriers for a sub-surface N-ion and
O-ion to migrate on the vacancy site. The thermodynamic
barrier for the N-migration from sub-surface to surface vacancy
J. Mater. Chem. A, 2020, 8, 24098–24107 | 24103
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Fig. 6 Self-annihilation of the N-vacancy site on the surface by: (a) migration of N atom from the sub-surface and (b) migration of O atom from
the subsurface.

Fig. 7 (a) N2 is preferentially adsorbed at the vacancy site over O*/OH*/H* for x < 25% oxygen content. (b) O from the top layer is removed as
water at much before the VON surface reaches N2RR potential.
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site is positive but low (average �0.5 eV) for all the O compo-
sitions. In the case of sub-surface O, the migration is thermo-
dynamically downhill, but the kinetic barriers are
insurmountable (1.2–2.8 eV) for both types of migration and
expected to keep vacancies kinetically stable on the surface.

Poisoning with O*/OH*/H*

Multiple species compete with N2 for being adsorbed at the
nitrogen-vacancy side. In an aqueous electrolyte system under
reducing conditions, H*, O*, OH*, and water molecules can
block the reaction site preventing catalytic activity. The calcu-
lated binding free energy trend conrms that adsorption of N2

is signicantly preferred over O*/OH*/H* adsorption at the
nitrogen-vacancy site (Fig. 7a). This supports the continual
reaction cycle for ammonia production via the dissociative MvK
mechanism. Our detailed mechanistic analysis points out that
the catalyst surface layer should consist of V and N atoms, while
O atoms stay in the subsurface layer, supporting the catalyst
activity through electronic interaction and stabilization of non-
stoichiometry. The calculated potential for removal of oxygen
24104 | J. Mater. Chem. A, 2020, 8, 24098–24107
atoms from the top layer via protonation and water formation is
much more positive than the reducing potential required for
N2RR (Fig. 7b). Thus any O*/OH* species that might populate
the top layer would get removed very fast at the operating
potential.

While DFT+U48 or higher level methods like hybrid func-
tionals such as HSE06 (ref. 49) in general provide a better
description of basic properties of transition metal oxides,50 it is
important to note that during the electrochemical reactions
investigated here, the oxidation state of the surface vanadium
atoms in VON will vary dynamically depending on the adsorbed
reaction intermediate as well as the anionic conguration and
relative concentration of the O/N neighbors and the resulting d-
orbital occupancy. As no single Ueff value is able to capture this
variation across all oxygen concentrations and reaction inter-
mediates investigated here, and the choice of Ueff-value (or
similarly the alpha-value for HSE calculations) will be directly
reected in the calculated overpotential,50 we are relying on
standard GGA-level calculations for the computational
screening study and comparisons performed here. Recent
This journal is © The Royal Society of Chemistry 2020
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DFT+U and hybrid functional level investigations of vanadium-
oxide based structures have documented these difficulties in
the treatment of vanadium in different oxidation states51–54

Conclusion

TMONs are one of the most promising classes of inorganic
transition metal compound electrocatalysts for nitrogen
reduction to ammonia using renewable electricity at near-
ambient conditions. The challenges of pure transition metal
nitrides are overcome in this class of materials due to chemical
interaction originating from anion substitution and stabiliza-
tion of the active surface defect sites. We address the lack of
knowledge of the structural details like anion ordering, surface
(defect) stability, and structure as well as to unearth the hitherto
unknown mechanism by which TMONs are far superior elec-
trocatalysts in terms of selectivity, stability, and activity towards
electrocatalytic nitrogen reduction.

We conclude that oxygen content leads to a kinetically stable
cubic rock salt structure and surfaces that suppress leaching and
other structural transformation hampering the catalytic activity,
while a high oxygen concentration is detrimental to both stability
and catalytic activity. The most catalytically active surfaces
contain only nitrogen and vanadium due to the thermodynamic
stability as well as the removal of surface oxygen by reduction to
water. VON surfaces with low oxygen content (x # 12.5%) show
remarkable selectivity over HER due to a thermodynamic pref-
erence for repetitive protonation at the nitrogen site over the
vanadium site leading to ammonia release. The onset potential
for 12.5% O containing VON is only �0.4 V, while keeping the
surface facile for N2 absorption at the nitrogen-vacancy site,
unlike other low oxygen-containing compositions and pure VN.
The anion-vacancy sites are critical for continued ammonia
production and remain shielded from lattice ion-based self-
annihilation due to large kinetic barriers for anion migration.
Also, the surface is protected against O*/OH*/H* poisoning due
to the thermodynamic preference for N2 absorption and fast
electrochemical removal of surface oxygen at potentials relevant
for N2RR. Given the lower activation energy for dissociative N2

chemisorption, higher oxygen containing VON (x ¼ 31.25%) is
also a potential candidate for N2RR catalysis, with the lowest
thermodynamic and kinetic barrier for N2 adsorption and
dissociation, suggesting a better turn over frequency of NH3

formation, albeit with a lower stability and higher overpotential
(0.6 V-RHE) compared to x ¼ 12.5%. Our study establishes
a fundamental understanding of the catalytic behavior of VON for
ammonia electro-synthesis. Along with the explanation of why the
oxynitride phase can sustain catalytic activity and other benecial
effects of oxygen substitution. Finally, it also identies the
optimal N/O ratio in VON for further investigation and experi-
mental validation.

Computational details

Density functional theory-based simulations were performed
with plane wave basis set and projector-augmented wave based
implementation in VASP55 package. Revised Perdew–Burke–
This journal is © The Royal Society of Chemistry 2020
Ernzerhof (RPBE)56 with Pade Approximation is used as an
exchange correlation functional. The wave functions are
expanded in plane waves with an energy cutoff of 500 eV for
bulk and 350 eV for surface simulations. The rst Brillouin zone
is sampled with 4 � 2 � 2, 7 � 5 � 2, and 2 � 2 � 1 Monkhorst–
Pack k-point mesh for the 32 atom VON supercell (1 � 2 � 2),
V2O5 unit cell and VON surfaces respectively.

We have used the site occupancy disorder method57 to create
1610 symmetry inequivalent structures of VNO in a 1 � 2 � 2
supercell with 16 V and 16 O/N atoms followed by geometry
optimization using VASP for all of them. Both ferromagnetic
and antiferromagnetic ordering was considered. The mixing
energy of each structure was estimated for the 32 atom
(V16N(x�16)Ox) structures following equation

Emix(V16Nx�16Ox) ¼ E(V16Nx�16Ox) � xE(VO) � (x � 16)E(VN)

The energy of pure VO and VN is calculated using DFT
simulations of the cubic bulk crystal structure divided by the
number of vanadium atoms in the unit cell. The low energy
structures at different O/N ratios are used for constructing the
surfaces and studying the bulk properties.

In the periodic repeating unit cell used for surface simulation,
18 �A of vacuum is used in the z-direction to minimize any inter-
action under periodic boundary conditions. The bottom two
layers are xed during atomic relaxations, and top two layers were
optimized including any adsorbate until forces on each free atom
are lower than 0.003 eV�A�1. Gaussian smearing of 10meV is used
for the electronic states. The lattice parameters are optimized for
bulk calculations and are provided in Table S1.† For surface
calculations, lattice parameters are kept xed.

To estimate the change in free energy under an applied
potential for protonation steps, the free energies are calculated
using the computational hydrogen electrode (CHE) model.58 It is
a simple linear model that approximates free energy change to
the applied potential for an elementary electrochemical reaction
step. The free energies of molecules are calculated within the
ideal gas approximation. Phonon modes for adsorbates that are
used for evaluation of zero-point energy and entropy (Table S3†)
are done by performing small-displacement energy/force calcu-
lations in all three directions of all adsorbate atoms. References
for water, ammonia, hydrogen, and nitrogen molecules are used
for adsorption free energy calculations.We use the nudged-elastic
band method59 as implemented in VASP with a tolerance of
0.03 eV �A�1. All computation was managed, processed, and
visualized within the atomic simulation environment (ASE).60
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14 E. Skúlason, T. Bligaard, S. Gudmundsdóttir, F. Studt,
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