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Transition metal oxynitride catalysts for electrochemical
reduction of nitrogen to ammonia

Density functional theory (DFT) calculations show that
Transition metal oxynitrides efficiently catalyze the

ambient condition electrochemical nitrogen reduction
reaction (ENRR). Surface N/O vacancies promote the

ENRR by facilitating the binding of reaction intermediates.
Furthermore, a volcano-like feature is observed between
the calculated limiting potential values and the nitrogen
binding energy (NBE) suggesting that the NBE is a potential
descriptor of the ENRR activity.
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Electrochemical nitrogen reduction reaction (ENRR) under ambient conditions is beneficial compared to
the energy intensive thermochemical Haber—Bosch process for NHz production. Here, periodic density
functional theory (DFT) calculations are carried out to study the ENRR on transition metal oxynitride
(TMNO) catalysts. Our calculations show that the ENRR occurs at thermodynamically more favorable
surface nitrogen vacancy (N-vac) sites compared to surface oxygen vacancy (O-vac) sites. The DFT
results show that TiNO efficiently catalyzes the ENRR at a low applied potential (U) and its ENRR activity
is predicted to be similar to that of VNO, a previously identified excellent ENRR catalyst. We observed a

Received 29th October 2020,
Accepted 23rd December 2020

DOI: 10.1039/d0ma00849d volcano like relationship between the DFT calculated nitrogen binding energy (NBE) and the limiting

potential (U), which suggests that the NBE can be used as a descriptor of the ENRR activity on TMNO
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Introduction

Ammonia (NHj), a key precursor used to produce nitrogen-
containing fertilizers, is currently produced by an energy intensive
Haber-Bosch process."® The Haber-Bosch process is typically
carried out at high temperatures (400-500 °C) and pressures
(200-300 atm) where nitrogen from the atmosphere reacts with
the hydrogen produced from non-renewable resources to produce
NH;**" and consumes ~1-2% of global energy.’>"” Electro-
chemical nitrogen reduction reaction (ENRR) to produce NH; on a
small scale near agricultural fields under ambient conditions using
the electricity generated from renewable resources (e.g. solar and
wind energy) is a promising alternative to the carbon/energy inten-
sive Haber-Bosch process.'®2¢

N, is a stable molecule and its activation and transformation
under ambient conditions are challenging.”””® Different
classes of heterogeneous catalysts such as transition metals,*
transition metal carbides and nitrides®** and single atom
catalysts anchored on graphene,*>® boron nitrides,>” and
Mxenes®**?*? have been explored for the ENRR. Among them,
transition metal nitride-based materials have emerged as pro-
mising catalysts for electrochemical N, conversion to NH;. For
example, using density functional theory (DFT) based calcula-
tions, Abghoui et al investigated various transition metal
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nitrides (TiN, YN, ScN, HfN, ZrN, CrN, VN, TaN, OsN, NbN,
MoN, RuN, MnN, IrN, RhN, FeN, CoN, AgN, PdN, NiN, and
CuN) and reported that the (100) facets of the rocksalt struc-
tures of VN and ZrN are the most promising candidates that
catalyze the electrochemical conversion of N, to NHj.''%3!
Unlike transition metals, transition metal nitride surfaces are
less likely to be covered by hydrogen at the onset potentials
needed for the ENRR, and hence the HER is predicted to be less
competitive resulting in an enhanced ENRR activity on transi-
tion metal nitride based catalysts."'® Furthermore, recent
combined experimental and DFT studies have shown that O
modified VN (i.e. VNO) is an excellent ENRR catalyst suggesting
that transition metal oxynitrides (TMNOs) may serve as a new
class of materials that facilitate the ENRR at low potentials.*®**
The ENRR on VNO was shown to proceed on nitrogen vacancy
via the Mars-van Krevelen (MvK) mechanism. Along the MvK
mechanism, N, adsorption at the N-vacancy is followed by
(H" + e7) transfer to form *N,H which further undergoes
(H" + e7) transfer to form *N,H,. Additional (H" + e~) transfer
to *N,H, facilitates N-N bond scission, a key step of the ENRR.
In contrast to the promoting role of the surface nitrogen
vacancy, the surface oxygen vacancies on VNO have been
shown to bind the ENRR reaction intermediates too strongly
and potentially poison the catalyst surface. On VNO(111), the
rate-limiting step of the ENRR facilitated by the nitrogen
vacancy was predicted to be the reduction of *N, to N,H.*!
Similarly, Kang et al. reported that titanium nitride (TiN)
manufactured by plasma-etching as an excellent catalyst for
the ENRR.*?
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In this study, we employed first-principles DFT calculations
to study the ENRR on TMNOs. DFT results show that the ENRR
follows the MvK mechanism on the surface nitrogen vacancy,
whose formation is found to be thermodynamically more
favorable compared to the formation of the oxygen vacancy.
Our computations predict that TiNO is the best ENRR catalysts
with a performance similar to that of VNO which has been
experimentally shown to be an excellent ENRR catalyst. Further-
more, the DFT calculations identified the nitrogen binding
energy as a potential descriptor of the ENRR activity on TMNO
based catalysts.

Computational methods

Density functional theory (DFT)*® calculations were performed
using the Vienna Ab Initio Simulation Package (VASP) code.***>
All the DFT calculations were spin-polarized and were performed
at the GGA level within the PAW-PW91 formalism.*>*’

The bulk structure of transition metal oxynitrides (TMNOs)
in the present study was modeled using the rocksalt structure
with an oxygen (O) concentration of 25% consistent with the
experimental O concentration in VNO, a previously identified
efficient catalyst for the ENRR.*' The TMNO(111) surfaces were
modeled using 4 layer 2 x 2 surface slabs. Our modeled
TMNO(111) surfaces contain N and O atoms on the topmost
surface layer, which allowed us to investigate the ENRR on the
surface N and O vacancies. A vacuum of approximately 15 A was
added to the surface in the z-direction to reduce the artificial
interplay between the surface and its periodic images.

During calculations, the atoms in the top two layers were
allowed to be relaxed, while the atoms in the bottom two layers
were fixed until the Hellman-Feynman force on each ion was
less than 0.02 eV A~'. The total energy was calculated using a
plane wave basis set at a cut-off energy of 400 evanda3 x 3 x 1
Monkhorst-Pack grid was used to carry out the Brillion zone
integration.*®

The binding energy (BE) of the adsorbate was calculated as:

BE(adsorbate) = E(slab + adsorbate) — E(slab) — E(adsorbate)

where E(slab + adsorbate), E(slab), and E(adsorbate) are the
total energies of the slab with the adsorbate, the clean slab, and
the adsorbate in the gas phase, respectively.

The free energy changes were calculated using the computa-
tional hydrogen electrode (CHE) model developed by Norskov
and co-workers.*” In this model, the chemical potential of a
proton-electron pair (H' + e7) is equal to half of the chemical
potential of the hydrogen gas molecule (1/2u(H,)) at zero
applied potential (U).

Thus, the total chemical potential of the proton-electron
pair as a function of applied potential (U), at all temperatures
and pH values, can be calculated as u(H' + ™) = 1/2u(H,(g)) - eU.

The CHE model is employed at U = 0 V to construct free
energy diagrams (AG vs. reaction coordinates) of the ENRR. The
Gibbs free energy (G) of a species was calculated as*’

G=FE+ZPE — TS
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Here, E is the total energy of a species obtained from DFT
calculations, ZPE and S are the zero-point energy and entropy of
a species, respectively, and T = 298.15 K.

Results and discussion

Previous DFT studies have shown that the ENRR via associative
or dissociative mechanisms is thermodynamically unfavorable
on perfect transition metal (TM) nitride surfaces. Along the
associative pathway, the formation of *N,H is found to be
thermodynamically unfavorable while the dissociative pathway
is predicted to be unfavorable due to the highly activated N,
dissociation. In contrast, the presence of the surface N-vacancy
(N-vac) on TM nitrides is found to facilitate the ENRR via the
MvK mechanism by strengthening the binding affinity of the
reaction intermediates and significantly reducing the energy
barrier for N, dissociation.*”"" Along the MvK mechanism, the
first NH; molecule is formed by the protonation of a surface N
atom creating an N vacancy (N-vac) on the catalyst surface.”*®*!
The created N-vac then facilitates adsorption of N, and
its conversion to NHj. Therefore, firstly, we computed the
formation energies of the surface oxygen vacancy (O-vac) and
the nitrogen-vacancy (N-vac) on transition metal oxynitride
surfaces using the following scheme:

Surface + H,(g) — O-vac + H,O(g)
Surface + 3/2H,(g) — N-vac + NH;(g)

The DFT calculated formation energies in Table 1 show that
except MnNO, the N-vac formation is thermodynamically more
favorable compared to the formation of O-vac indicating that
the ENRR via the MvK mechanism likely occurs at the N-vac
sites. Subsequently, the N-vac promoted ENRR is discussed in
detail in the following sections and the results for the O-vac
mediated ENRR are summarized at the end of the results and
discussion section.

The ENRR can proceed via three main pathways: (i) distal,
(ii) alternating, and (iii) enzymatic (Fig. S1 in the ESI{).>° Our
calculations show that N, binds at N/O-vac in an endon
configuration which prohibits the ENRR from occurring via
the enzymatic pathway. As shown in Fig. S1 (ESIf), the for-
mation of the *N,H, intermediate promotes the distal pathway,
while the formation of the *HNNH intermediate promotes the

Table1l DFT calculated formation energies (in eV) of N-vac and O-vac on
the (111) surfaces of various TMNOs

TMNO N-vac O-vac
CrNO 1.43 3.37
MnNO —1.00 —1.46
TaNO 0.34 2.41
HfNO 1.92 3.93
ScNO —3.72 0.81
TiNO 0.31 2.80
YNO —3.08 1.38
ZrNO 1.21 3.51
VNO —0.57 2.05

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Free energy change for the formation of *N,H, (ie. step: *NoH +
(H" + e7) —» *NyH,) and *HNNH (ie. step: *NoH + (H* + e7) — *HNNH)
intermediates.

alternating pathway. Our DFT calculated results in Fig. 1 show
that the *N,H, formation is energetically more favorable than
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the formation of *HNNH on all TMNO catalysts con-
sidered in the present study. This suggests that the distal
pathway is favorable over the alternating pathway. Therefore,
the dissociative and the two commonly used associative path-
ways (along the distal channel) shown in Fig. 2 are discussed in
detail in the subsequent sections.

H assisted N-N bond scission prevails in the associative
pathways of the ENRR (shown in black and blue in Fig. 2).
Along the associative pathway shown in black in Fig. 2 (asso-
ciative N,H, pathway hereafter) *N, (* = active site) is first
reduced to *N,H,, which subsequently undergoes (H" + e7)
transfer and dissociation reactions to form *N + NH;(g). *N
then undergoes three sequential (H" + e”) transfer reactions to
form *NH;, which desorbs as a product. Along the pathway
shown in blue in Fig. 2 (associative N,H pathway hereafter),
N-N bond scission occurs when *N,H is formed to produce
*N + *NH. *N and *NH then undergo (H' + e”) transfer
reactions to form *NH;. Along the dissociative pathway (shown
in red in Fig. 2), *N, adsorbed at N-vac dissociates to 2*N

Dissociative Reaction
Pathway

Vv

*+Ny(g) + 6(H +e) |

Vv

*N, + 6(H*+e7)

Vv

4
*N,H + 5(H*+¢") |*NoH + 5(H*+e) *N + *N + 6(H*+¢°)
\ 4
NoH, + 4(HT+e) |*N + *NH + 5(H*+e) *NH + *N + 5(H*+e) |
| *N+3(H*+e)+ NHs (g) | *N+*NH +4(H+e) | [*NHp+*N + 4(H +e)
| *NH + 2(H*+e)+ NH; (g) \ \ *N + *NH; + 3(H*+e) | ] *NH; + *N + 3(H*+e°)
| *NH + (H'+e) + NH; (g) *N+3(H*+e)+NHs (g) | | *N+3(H'+e) + NH; (g)
| *NH; + NH; (g) | *NH+ 2(H*+e)+ NHs (8) | | *NH + 2(H*+e)+ NH; (g) |
T
\ 4 4
*+2NH; () | *NH, + (H*+e) + NH3 (g) | | *NHp+ (H*+e)+ NH; (g)
.y .y
*NH; + NH3 (g) | *NH3 + NH; (g)
* + 2NH; (g) | *+2NH;(g)

Fig. 2 Three possible reaction pathways of electrochemical N, reduction to NHs. * =active site.
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(vacancy dimer). *N then undergoes three subsequent electro-
chemical (H" + e transfer) reactions to form *NHj;. *NH;
finally leaves the active site as NH;(g), making the site available
for the next reaction cycle.

DFT calculations are performed to calculate the binding
energies of the reaction intermediates (*H, *N, *N,, *N,H,
*N,H,, *NH, *NH,, and *NH;3) associated with the reaction
channels shown in Fig. 2. The DFT optimized geometries of the
reaction intermediates on the N-vac of the TMNO(111) surfaces
in Fig. 3 show that *N,, *N,H, and *N,H, bind in end on
configurations in which only one N forms chemical bonds to
the surface sites. The adsorption of *N heals the surface N-vac
and the binding of *NH, *NH,, *NH; at N-vac occurs via the N
atoms. Similar binding configurations are observed at O-vac on
the TMNO(111) surfaces (Fig. S2 in the ESIf).

The DFT calculated binding energies in Fig. S3(a)-(i) (ESIY)
show that most of the reaction intermediates bind more
strongly on O-vac compared to N-vac except for MnNO where
most of the reaction intermediates bind more strongly on N-
vac. The stronger binding of the ENRR intermediates observed
on O-vac is most likely due to the more electron density of
states available near the Fermi level (for bonding) as shown in
the density of state plots in Fig. S4 (ESI{). On MnNO(111), N-vac
is predicted to be less favorable compared to O-vac (Table 1)
and stronger binding of the ENRR intermediates on N-vac is
observed due to the availability of a larger electron density of
states near the Fermi level (Fig. S4, ESI{) as expected.

The DFT calculated binding energies are then used to
compute the free energy change at an applied potential
(U) = 0 V using the CHE model developed by Norskov et al.*’
Fig. 4 and 5 show the DFT computed free energy diagrams of
the ENRR along the associative N,H, and N,H pathways at
U =0 V. It is seen from Fig. 4 and 5 that the overall ENRR
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activity of ScNO and YNO is limited by the formation of *N from
the elementary step: *N,H, + (H" + e ) — *N + NH;(g) with free
energy barriers (AG) = 2.08 eV and 1.16 eV along the associative
N,H, pathway and *N,H + * — *N + *NH with AG = 3.57 eV and
1.34 eV along the associative N,H pathway, respectively, due to
the weaker binding energy of N on N-vac. On the other hand,
HfNO, TaNO, CrNO, and ZrNO bind the ENRR intermediates
strongly. The most difficult steps on HfNO, TaNO, CrNO, and
ZrNO along the associative N,H, pathway are predicted to be
*NH, + (H" + e7) —» *NHj, *NH + (H' + ¢7) — *NH,, *N +
(H"+e7) - *NH, and *NH; — * + NH;(g) and have AG values
of 1.11 eV, 1.27 eV, 1.18 eV, and 1.12 eV, respectively. Similarly,
the most difficult steps along the associative N,H pathway on
HfNO, TaNO, CrNO, and ZrNO are *NH, + (H' + ¢”) — *NHj,
*NH + (H' +e7) » *NH,, *N + (H' +e”) » *NH, and *NH; — *
+ NH;(g) and have AG values of 1.11 eV, 1.27 eV, 2.10 eV, and
1.12 eV, respectively. Interestingly, we find a relatively mild
change in the free energy between the steps in both associative
pathways for MnNO and TiNO, and the overall features of the
free energy diagrams are very similar when compared to VNO.
The most difficult steps on MnNO, TiNO, and VNO along the
associative N,H, as well as N,H pathways are *N, + (H" +e”) —
*N,H, *NH, + (H" + e7) —» *NH; and *N, + (H" + ) — *N,H
with AG values of 0.82 eV, 0.42 eV and 0.68 eV, respectively. The
relatively smaller AG values of the most difficult steps on
MnNO, TiNO, and VNO suggest an efficient ENRR along the
associative N,H, and N,H pathways on these candidates.

Fig. 6 shows the DFT calculated free energy change of the
elementary steps of the N-vac mediated ENRR along the dis-
sociative pathway. N, dissociation (to 2*N on a vacancy dimer),
a non-electrochemical step, is predicted to be the rate-limiting
step on ScNO and YNO with an uphill energy barrier of 6.08 eV
and 4.27 eV, respectively. Thus, the weaker binding of *N

Fig. 3 DFT optimized geometries of (a) *H, (b) *N,, (c) *NxH, (d) *N,H, (e) *NH, (f) *NH,, (g) *NHs, and (h) *N adsorbed on N-vac of the MNNO(111)

surface. Mn: purple, N: gray, O: red, H: blue.
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Fig. 4 DFT calculated free energy diagrams of the ENRR at U = 0 V along
the associative NoH, pathway on N-vac.
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Fig. 5 DFT calculated free energy diagrams of the ENRR at U = 0 V along
the associative NoH pathway on N-vac.

severely limits the ENRR along the dissociative pathway on
ScNO and YNO. In contrast, N, dissociation is exothermic on all
other catalysts (CrNO, MnNO, TaNO, HfNO, TiNO, ZrNO, and
VNO). HfNO, CrNO, ZrNO and TaNO bind N/NH, species too
strongly, and their further reduction requires a large energy.
The most difficult steps on HENO, CrNO, ZrNO and TaNO are
predicted to be *NH, + (H" + €7) - *NH;, *N + (H' + ¢7) —
*NH, *NH; — * + NH;(g), and *NH + (H" + e~) —» *NH, with AG
values of 1.11 eV, 1.18 eV, 1.12 eV and 1.27 eV, respectively.
Interestingly, the free energy change between the elementary
steps on MnNO, TiNO, and VNO is small and these candidates
are predicted to show enhanced performance for the ENRR. On
MnNO, TiNO and VNO, the most difficult steps are * + N, —
*N,, *NH, + (H" + e7) — *NH;, and *NH; — * + NH;(g) and
have AG values of 0.42 eV, 0.42 eV, and 0.39 eV respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DFT calculated free energy diagrams of the ENRR at U = 0 V along
the dissociative pathway on N-vac.

A comparison of the free energy profiles (Fig. 4-6) shows
that the ENRR occurs via the associative N,H, pathway on ScNO
and YNO and have AG values of the rate limiting step as 2.08 eV
and 1.16 eV, respectively. In contrast, the dissociative pathway
is predicted to be the most favorable pathway on CrNO, MnNO,
TaNO, HfNO, TiNO, ZrNO, and VNO. The AG values of the rate
limiting step are 1.18 eV, 0.42 eV, 1.27 eV, 1.11 eV, 0.42 eV,
1.12 eV and 0.39 eV on CrNO, MnNO, TaNO, HfNO, TiNO, ZrNO
and VNO, respectively. The predicted large AG values on ScNO,
YNO, HfNO, CrNO, ZrNO, and TaNO indicate that the ENRR is
sluggish on these candidates. However, we find relatively small
and similar AG values on MnNO, TiNO, and VNO. As a result, a
similar ENRR activity of MnNO and TiNO compared to VNO is
expected. Previous experimental and theoretical studies*' have
shown an efficient ENRR catalyzed by the N-vac of VNO at a low
potential. Therefore, our DFT calculations predict MnNO and
TiNO as potential candidates for N, reduction to NH; under
ambient conditions based on the calculated free energy
diagrams of the ENRR.

The overall activity of a catalyst for the ENRR along a
reaction pathway is determined by the most difficult step (i.e.
a step with the largest uphill energy in free energy diagrams).
The limiting potential (Uy), a metric often used in electrochemistry,
is defined as a potential at which all the electrochemical steps
along the reaction channel are thermodynamically downhill in
energy. Thus the most difficult electrochemical step, also called a
potential limiting step, would dictate the U;, values along the
reaction channel on a catalyst surface. The free energy diagrams
shown in Fig. 4-6 are used to compute the U, values on TMNOs.

Along the most favorable associative N,H, pathway, our
calculations predict Uy, = —2.08 V and —1.16 V on ScNO and
YNO, respectively. The Uj, values calculated on CrNO, MnNO,
TaNO, HfNO, TiNO, ZrNO, and VNO along the most favorable
dissociative pathway are —1.18 V, —0.28 V, —1.27 V, —1.11 V,
—0.42 V, —0.74 V, and —0.18 V, respectively. Interestingly we
find that the non-electrochemical steps have larger AG barriers
than the most difficult electrochemical steps on MnNO, ScNO,
YNO, ZrNO, and VNO and are predicted to determine the

Mater. Adv,, 2021, 2,1263-1270 | 1267
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Fig. 7 Plot between the N binding energy (NBE) and U, along the most
favorable ENRR pathways.

overall ENRR activity on these candidates. In contrast, the
electrochemical steps are the overall rate controlling steps on
CrNO, TaNO, HfNO, and TiNO. Thus, the ENRR activity of
CrNO, TaNO, HfNO, and TiNO can be tuned by applying an
external potential.

Along the most favorable reaction pathways, the calculated
Uy, values were plotted against the N binding energies (NBEs).
The calculated Uy, values show a volcano-like relationship with
the NBE as shown in Fig. 7. The Uy, calculated on VNO is the
lowest and lies close to the top of the volcano. Importantly, the
DFT predicted U;, on MnNO and TiNO are smaller than those
calculated on some of the previously predicted efficient ENRR
catalysts (e.g. VN(100): —0.51 V, ZrN(100): —0.76 V, CrN(100):
—0.76 V, NbN(100): —0.65 V, and —0.69 V on the graphene
single atom catalyst)."***" This observation suggests that
MnNO and TiNO should show excellent activity for N,
reduction to NH;. The volcano-like plots in Fig. 7 also show
that YNO and ScNO bind N too weakly and the Uj, values of
these candidates lie to the right of the volcano. In contrast,
HfNO, ZrNO, TaNO, and CrNO bind N too strongly and lie on
the left of the volcano. Importantly, our results identified the
NBE as a descriptor of the ENRR activity on TMNO based

ol H+e _NZhz(g) #1
% 0.2
g A
o / ——CINO
@ -0.4 /' —— MnNO|
S —— TaNO
o —— HiNO
0 -0.6 —— ScNO
w TiNO
) , —— YNO
-0.81 '\ e— —— ZrNO
@ —— VNO

Reaction coordinate
Fig. 8

1268 | Mater. Adv, 2021, 2, 1263-1270

View Article Online

Materials Advances

catalysts. Thus, a future catalyst development strategy should
focus on finding TM oxynitrides that have an NBE similar to
that of VNO.

The HER is a competing reaction with the ENRR and most
likely competes for the same reaction sites. Thus, the overall
ENRR activity of a catalyst is influenced by the HER. DFT
calculations are performed to calculate the binding energy of
*H (Fig. S3(f), ESIT), a key reaction intermediate of the HER, on
all the TMNO(111) surfaces studied in the present study. The
calculated *H binding energy is then used to construct free
energy diagrams shown in Fig. 8a. Fig. 8a shows that the HER
efficiently occurs on MnNO with AG close to 0 eV. On CrNO,
TaNO, HfNO, ScNO, YNO, TiNO, ZrNO, and VNO, *H + (H' + ¢")
to H,(g) is predicted to be the rate limiting step. We observed a
correlation between the HER limiting potential and the DFT
calculated H binding energy (Fig. 8b). The HER activity is
predicted to follow the order: MnNO > YNO > CrNO > ScNO
> VNO> TaNO > TiNO > HfNO > ZrNO. MnNO lies close to
the top of the volcano indicating that it efficiently promotes the
HER. We find that the HER activity of TiNO, which has been
predicted to be one of the best candidates for the ENRR in our
above analysis, is not optimal, and more importantly, the
calculated U;, value for the ENRR is smaller than the U;, for
the HER. Thus, TiNO is more selective to the ENRR compared
to the HER and thus selectively transforms N, to NH; under
electrochemical conditions. Hence, TiNO is a potential candi-
date for selectively promoting the ENRR among all the TMNO
catalysts studied here.

We performed a similar investigation of the ENRR activity
on O-vac, whose formation has been predicted to be less
favorable compared to N-vac. The calculated free energy dia-
grams are included in Fig. S5-S7 in the ESL.¥ On O-vac, the
ENRR proceeds along the associative N,H, pathway on MnNO
and ScNO. All other candidates (YNO, TaNO, TiNO, ZrNO,
HfNO, CrNO, and VNO) promote the ENRR along the dissocia-
tive pathway. The most difficult steps along the associative
N,H, pathway on MnNO and ScNO are *NH, + (H" + e”) —
*NH; and *N, + (H' + e7) - *N,H with AG values of 1.70 eV and
2.73 eV, respectively. Similarly, the most difficult steps along
the most favorable dissociative pathway on CrNO, TaNO, TiNO,
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0 . b
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(a) DFT calculated free energy diagram of the HER at U = 0 V on N-vac. (b) Plot between the H binding energy and U,.
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YNO, VNO, ZrNO, and HfNO are *NH + (H" + e7) — *NH,,
*NH; — * + NH;(g), *NH, + (H" + ) - *NH;, *NH; — * +
NH;(g), *NH; — * + NH;(g), *NH, + (H + e ),and *NH + (H +e")
— *NH, with AG values of 1.68 €V, 1.11 eV, 0.63 eV, 1.11 eV,
0.59 eV, 1.09 eV and 1.38 €V, respectively. The calculated Uy, values
along the most favorable pathways on TiNO and VNO are —0.63 V
and —0.56 V, respectively. We find that the AG values of the most
difficult steps and Uy, on TiNO are similar to those on VNO. Thus
the DFT calculations predict the ENRR activity of TiNO com-
parable to VNO, which has been experimentally shown to be an
excellent ENRR catalyst.

Conclusions

DFT calculations are performed to study the ENRR on transi-
tion metal oxynitrides (TMNOs: TM = Sc, Ti, V, Cr, Mn, Y, Zr, Hf,
and Ta). The results show a vacancy mediated ENRR via the
MvK mechanism. Our thermodynamic analysis predicted a
favorable formation surface N-vac compared to O-vac on all
TMNOs except MnNO, and thus N-vacs are the active sites for
the adsorption of the reaction intermediates involved in the
ENRR. Among all TMNOs in the present study, our DFT
calculations identified TINO as a promising candidate with
Uy, values similar to those of VNO, which has been shown to be
an excellent ENRR catalyst experimentally. Furthermore, a
volcano like feature is observed between the calculated Uy,
values and the NBE suggesting that the NBE is a potential
descriptor of the ENRR activity on TMNO based catalysts and
the future catalyst development strategy should focus on find-
ing TM oxynitrides that have NBEs similar to those of VNO.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

DFT calculations were performed using computational
resources at the Extreme Science and Engineering Discovery
Environment, which is supported by the National Science
Foundation Grant number ACI-1548562 and at the National
Energy Research Scientific Computing Center (NERSC), a U.S.
Department of Energy Office of Science User Facility operated
under Contract No. DE-AC02-05CH11231. S. K. acknowledges

the faculty start-up fund from Florida A&M University.

References

1 Y. Abghouli, A. L. Garden, V. F. Hlynsson, S. Bjorgvinsdottir,
H. Olafsdéttir and E. Skilason, Phys. Chem. Chem. Phys.,
2015, 17, 4909-4918.

2 I. A. Amar, R. Lan, C. T. G. Petit and S. Tao, J. Solid State
Electrochem., 2011, 15, 1845-1860.

3 S. Giddey, S. P. S. Badwal and A. Kulkarni, Int. J. Hydrogen
Energy, 2013, 38, 14576-14594.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

4 J. W. Erisman, M. A. Sutton, J. Galloway, Z. Klimont and
W. Winiwarter, Nat. Geosci., 2008, 1, 636-639.

5 R.Zhang, X. Ren, X. Shi, F. Xie, B. Zheng, X. Guo and X. Sun,
ACS Appl. Mater. Interfaces, 2018, 10, 28251-28255.

6 1. Garagounis, A. Vourros, D. Stoukides, D. Dasopoulos and
M. Stoukides, Membranes, 2019, 9, 112.

7 1. Garagounis, V. Kyriakou, A. Skodra, E. Vasileiou and
M. Stoukides, Front. Energy Res., 2014, 2, 1.

8 D. G. H. Ham, C. J. M. Koper and M. T. M. Hetterscheid,
Chem. Soc. Rev., 2014, 43, 5183-5191.

9 V. Kyriakou, I. Garagounis, A. Vourros, E. Vasileiou and
M. Stoukides, Joule, 2020, 4, 142-158.

10 E. Cussler, A. McCormick, M. Reese and M. Malmali,
J. Visualized Exp., 2017, 126, 55691.

11 J. Yu, C. Li, B. Li, X. Zhu, R. Zhang, L. Ji, D. Tang, A. M. Asiri,
X. Sun, Q. Li, S. Liu and Y. Luo, Chem. Commun., 2019, 55,
6401-6404.

12 A. Hellman, E. J. Baerends, M. Biczysko, T. Bligaard,
C. H. Christensen, D. C. Clary, S. Dahl, R. Van Harrevelt,
K. Honkala, H. Jonsson, G. J. Kroes, M. Luppi, U. Manthe,
J. K. Norskov, R. A. Olsen, ]J. Rossmeisl, E. Skulason,
C. S. Tautermann, A. J. C. Varandas and J. K. Vincent,
J. Phys. Chem. B, 2006, 110, 17719-17735.

13 B. H. R. Suryanto, D. Wang, L. M. Azofra, M. Harb,
L. Cavallo, R. Jalili, D. R. G. Mitchell, M. Chatti and
D. R. MacFarlane, ACS Energy Lett., 2019, 4, 430-435.

14 V. Smil, Sci. Am., 1997, 277, 76-81.

15 Y. Tanabe and Y. Nishibayashi, Coord. Chem. Rev., 2013,
257, 2551-2564.

16 S. Licht, B. Cui, B. Wang, F. F. Li, J. Lau and S. Liu, Science,
2014, 345, 637-640.

17 J. M. Modak, Resonance, 2011, 16, 1159-1167.

18 Y. Abghoui and E. Skdlasson, Proc. Comput. Sci, 2015, 51,
1897-1906.

19 M. Yuan, H. Zhang, D. Gao, H. He, Y. Sun, P. Lu, S. Dipazir,
Q. Li, L. Zhou, S. Li, Z. Liu, ]J. Yang, Y. Xie, H. Zhao and
G. Zhang, J. Mater. Chem. A, 2020, 8, 2691-2700.

20 Y. Song, D. Johnson, R. Peng, D. K. Hensley, P. V. Bonnesen,
L. Liang, J. Huang, F. Yang, F. Zhang, R. Qiao, A. P. Baddorf,
T. J. Tschaplinski, N. L. Engle, M. C. Hatzell, Z. Wu, D. A.
Cullen, H. M. Meyer, B. G. Sumpter and A. J. Rondinone,
Sci. Adv., 2018, 4, 1700336.

21 L. Hollevoet, M. De Ras, M. Roeffaers, J. Hofkens and
J. A. Martens, ACS Energy Lett., 2020, 5, 1124-1127.

22 M. J. Palys, A. McCormick, E. L. Cussler and P. Daoutidis,
Processes, 2018, 6, 91.

23 J. M. McEnaney, A. R. Singh, J. A. Schwalbe, J. Kibsgaard,
J. C. Lin, M. Cargnello, T. F. Jaramillo and J. K. Negrskov,
Energy Environ. Sci., 2017, 10, 1621-1630.

24 A. Klerke, C. H. Christensen, J. K. Ngrskov and T. Vegge,
J. Mater. Chem., 2008, 18, 2304-2310.

25 J. H. Montoya, C. Tsai, A. Vojvodic and ]J. K. Ngrskov,
ChemSusChem, 2015, 8, 2180-2186.

26 Y. Yao, Q. Feng, S. Zhu, J. Li, Y. Yao, Y. Wang, Q. Wang,
M. Gu, H. Wang, H. Li, X. Z. Yuan and M. Shao, Small
Methods, 2018, 3, 1800324.

Mater. Adv,, 2021, 2,1263-1270 | 1269


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00849d

Open Access Article. Published on 23 December 2020. Downloaded on 3/31/2026 5:19:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

27 C. Guo, ]. Ran, A. Vasileff and S. Z. Qiao, Energy Environ. Sci.,
2018, 11, 45-56.

28 Z. Wang, F. Gong, L. Zhang, R. Wang, L. Ji, Q. Liu, Y. Luo,
H. Guo, Y. Li, P. Gao, X. Shi, B. Li, B. Tang and X. Sun,
Adv. Sci., 2018, 6, 1801182

29 M. M. Shi, D. Bao, S. J. Li, B. R. Wulan, J. M. Yan and
Q. Jiang, Adv. Energy Mater., 2018, 8, 1800124.

30 Y. Abghoui and E. Skulason, J. Phys. Chem. C, 2017, 121,
6141-6151.

31 Y. Abghoui, A. L. Garden, ]J. G. Howalt, T. Vegge and
E. Skalason, ACS Catal., 2016, 6, 635-646.

32 Y. Abghoui and E. Skdlason, Catal. Today, 2017, 286, 78-84.

33 Q. Li, L. He, C. Sun and X. Zhang, J. Phys. Chem. C, 2017,
121, 27563-27568.

34 C. Choi, S. Back, N. Y. Kim, ]J. Lim, Y. H. Kim and Y. Jung,
ACS Catal., 2018, 8, 7517-7525

35 C. Ling, X. Niu, Q. Li, A. Du and J. Wang, J. Am. Chem. Soc.,
2018, 140, 14161-14168.

36 C. Hering-Junghans, Angew. Chem., Int. Ed., 2018, 57,
6738-6740.

37 J. Zhao and Z. Chen, J. Am. Chem. Soc., 2017, 139, 12480-12487.

38 L. M. Azofra, N. Li, D. R. Macfarlane and C. Sun, Energy
Environ. Sci., 2016, 9, 2545-2549.

39 S. Zheng, S. Li, Z. Mei, Z. Hu, M. Chu, J. Liu, X. Chen and
F. Pan, J. Phys. Chem. Lett., 2019, 10, 6984-6989.

1270 | Mater. Adv,, 2021, 2,1263-1270

View Article Online

Materials Advances

40 X.Yang,]. Nash, J. Anibal, M. Dunwell, S. Kattel, E. Stavitski,
K. Attenkofer, J. G. Chen, Y. Yan and B. Xu, J. Am. Chem.
Soc., 2018, 140, 13387-13391.

41 X. Yang, S. Kattel, J. Nash, X. Chang, J. H. Lee, Y. Yan,
J. G. Chen and B. Xu, Angew. Chem., Int. Ed., 2019, 58,
13768-13772.

42 S. Kang, J. Wang, S. Zhang, C. Zhao, G. Wang,
W. Cai and H. Zhang, Electrochem. Commun., 2019, 100,
90-95.

43 W. Kohn and L. J. Sham, Phys. Rev., 1965, 145, 561.

44 G. Kresse and ]. Furthmiiller, Comput. Mater. Sci., 1996, 6,
15-50.

45 G. Kresse and J. Hafner, Phys. Rev. B: Condens. Matter Mater.
Phys., 1993, 48, 13115-13118.

46 P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953-17979.

47 J. P. Perdew and Y. Wang, Phys. Rev. B: Condens. Matter
Mater. Phys., 1992, 46, 12947-12954.

48 J. D. Pack and H. J. Monkhorst, Phys. Rev. B: Solid State,
1977, 16, 1748-1749.

49 J. K. Nerskov, J. Rossmeisl, A. Logadottir, L. Lindqvist,
J. R. Kitchin, T. Bligaard and H. Jonsson, J. Phys. Chem. B,
2004, 108, 17886-17892.

50 Z. Wei, Y. Feng and J. Ma, J. Energy Chem., 2020, 48,
322-327.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00849d

	D1MA90024B
	D0MA00849D


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /None
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /WorkingRGB
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 12.047240
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 779.528]
>> setpagedevice


	CrossMarkLinkButton: 


