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ABSTRACT

The electrochemical nitrogen (N2) reduction reaction (ENRR) to produce ammonia (NH3) at
ambient conditions is attractive compared to the energy and carbon-intensive industrialized Haber-
Bosch process. However, efficient catalysts are needed to break an N=N bond in N> molecule to
convert it to NH3. Transition metal oxynitrides (TMNOs) have shown promising ENRR activities
at low potentials. Here, density functional theory (DFT) calculations are performed to study the
ENRR activity of TMNO(100) surfaces for TM = Co, Cr, Cu, Fe, Hf, Mn, Nb, Ni, Sc, Ta, Ti, V,
Y, Zn, Zr. Our DFT calculations and microkinetic modeling results show that the ENRR proceeds
at a low applied potential on the (100) surfaces of MnNO, CrNO, FeNO, CuNO, HfNO, and VNO.
Furthermore, our calculations reveal a volcano-like relation between the limiting potential (Ur)
and binding energy (BE) of ENRR intermediates identifying nitrogen binding energy (NBE) and

N:H binding energy (N2HBE) as descriptors for ENRR activity on TMNO(100) surfaces.
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1. INTRODUCTION

Ammonia (NH3), currently being produced via the Haber-Bosch process, ! is an essential
chemical primarily used to manufacture fertilizers. The Haber-Bosch process takes place at high
temperatures and pressures and consumes approximately 2% of the global energy, and contributes
significantly to greenhouse gas emissions’®. Because of the energy and carbon-intensive nature of
this industrialized process, NH3 and fertilizer production is typically carried out in a centralized
plant, and the fertilizer is transported to agricultural farmlands where it will be used *!°. Thus, an
alternative small-scale carbon and energy-efficient production of NH3 would be highly beneficial
to mitigate CO2 emission and minimize the losses of reactive nitrogen in fertilizer due to

transportation from the central plant to the agricultural fields'!.

Electrochemical nitrogen reduction reaction (ENRR) involves the reaction of nitrogen and
hydrogen to produce ammonia and is beneficial compared to the Haber Bosch process because of
the feasibility of this reaction under ambient conditions (i.e., room temperature and pressure)' 8,
The ENRR process is anticipated to be carbon neutral when it is carried out using the electricity
generated from renewable sources (e. g., electricity generated from solar and wind). Furthermore,
a small-scale ENRR plant in local agricultural fields also eliminates the transportation problem
associated with the centralized production of NH3 and fertilizer. Thus, ENRR, which has recently
gained significant research interest, represents a low-cost and carbon-efficient approach to

producing an NH3 alternative to the Haber Bosch process '*-2!.

An active and selective catalyst that effectively converts N> to NH3 at ambient conditions
is required, besides many other components that need to be optimized for the development of
ENRR technologies?*?*. Particularly, the importance of an efficient catalyst is highlighted because

of the need to break a strong triple bond of N> molecule (bond dissociation energy (945 KJ/mol)**



27 to produce NHj. Significant efforts, both experimental and theoretical, have been devoted to

gaining a mechanistic understanding of ENRR and predicting and designing active and selective
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catalysts.?®3? In recent years, noble metals and non-noble metals, including their oxides,*"
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hydroxides, nitrides, carbides, sulfides,’®” phosphides,’®> metal-organic
frameworks (MOFs),%%%! and single-atom catalysts®>®* have been explored as catalysts for ENRR.
Transition metal nitrides (TMNSs), which represent an emerging class of materials currently being
explored for application in energy storage and conversion, have gained significant attention as
ENRR catalysts®>%+7. TMNs such as ZrN, NbN, CrN, and VN have been predicted to promote
ENRR via the Mars-van Krevelen (MvK) mechanism at a low applied potential®®. Along MvK

mechanism, N atom on the surface is reduced to NHj3, creating a surface N-vacancy for the

adsorption of N> and its reduction to NH3.

Oxygen-modified TMNs 1i. e. transition metal oxynitrides (TMNOs) have been shown to
selectively promote the ENRR via the MvK mechanism at low overpotential®. Our recent work
on TMNO(111) surfaces has shown that surface N-vacancies, thermodynamically more favorable
than the surface O-vacancies, are the active sites of ENRR. However, the structure sensitivity of
TMNOs for ENRR remains unexplored. For example, how does the activity of nonpolar
TMNO(100) compare to polar TMNO(111) surfaces? Can we tune the ENRR activity by surface
engineering of TMNOs? What are the activity descriptors on TMNO(100)? In this study, we carry
out extensive DFT calculations to study the ENRR activity on TMNO(100) surfaces for TM = Co,
Cr, Cu, Fe, Hf, Mn, Nb, Ni, Sc, Ta, Ti, V, Y, Zn, Zr. In general, our DFT results show that the
ENRR proceeds via the MvK mechanism on N-vacancy. Of all the TMNO(100) surfaces, our DFT

calculations predict that MnNO, CrNO, FeNO, CuNO, HfNO and VNO are promising candidates



for ENRR. Our results also indicate that nitrogen binding energy (NBE) and N2H binding energy
(N2HBE) are descriptors for ENRR activity on TMNO(100) surfaces.

2. COMPUTATIONAL METHODS

All density functional theory (DFT)’ calculations are performed using the Vienna Ab-Initio
Simulation Package (VASP) code’"” at the GGA level within the PAW-PW91 formalism’*’* and

are spin-polarized.

The bulk structure of transition metal oxynitrides (TMNOs) in this study is modeled using
the rocksalt structure with an oxygen (O) concentration of 25%. Nonpolar TMNO(100) surfaces
are modeled using a 4 layer 2 x 2 surface slabs. Our modeled TMNO(100) surfaces contain TM,
N and O atoms on the topmost surface layer, which allow us to investigate the ENRR on TM sites
as well as surface N and O vacancies. We added a vacuum of approximately 15 A to the surface

in the z-direction to reduce the interactions between the surface and its periodic images.

During calculations, atoms in the bottom two layers are fixed while the atoms on the top
two layers are allowed to relax until the Hellman-Feynman force on each ion is less than 0.02
eV/A. A plane-wave basis set at cut-off energy of 400 eV is used to calculate the total energy, and

a3 x 3 x 1 Monkhrost-Pack grid is used to carry out the Brillion zone integration ”°.
The binding energy (BE) of ENRR reaction intermediates is calculated as:
BE(intermediate) = E(slab + intermediate) — E(slab) — E(intermediate)

where E(slab + intermediate), E(slab), and E(intermediate) are the total energies of the slab with

intermediate, clean slab, and reaction intermediates in the gas phase, respectively.
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The computational hydrogen electrode (CHE) model’® is used in computing the changes in

free energy. Here, w(H" + ¢"), the chemical potential of a proton-electron pair equals (1/2u(Hz)),

which is half of the chemical potential of Ha(g) at the applied potential (U) =0 V.

Hence, we can calculate the sum of the chemical potential of the proton-electron pair as a

function of U using the equation:
wH" +e7) = 1/2u(Ha(g)) — eU.

The CHE model is employed at U = 0 V to construct the free energy diagrams (AG vs.
reaction coordinates) of the ENRR. The change in Gibbs free energy (AG) between the elementary

steps is calculated as’®
AG = AE + AZPE — TAS

where AE is obtained from DFT calculations, AS and ZPE are the entropy and zero-point energy

corrections (Table S1), respectively, and T = 298.15 K.

For kinetic modeling, we assume that the forward and backward steps are at equilibrium,

and the rate of the forward reaction is written as’’
r =k (1= 0)Cyy
where k, is the rate constant, 8 is the reaction intermediate coverage and Cy, is the proton

concentration in the electrolyte.

The surface coverage (8) of any of the reaction intermediates is defined as’’-"®

and,



K = exp (—AG/kT)

where K is the equilibrium constant for the reaction steps, k is the Boltzmann constant

(8.616 X 107>eVK™1), and AG is the change in free energy of the rate-limiting step.

Since the rate of a chemical reaction is mainly dependent on the rate-limiting step, we build

a simple model outlined by Norskov and his co-workers’’. The rate constant is described as

AG
ki = k,exp (— ﬁ)

where k, is the rate constant when AG > 0, k,is the rate constant that represents the effect of

solvent reorganization during the transfer of proton to the surface.

And the exchange current is i, = —ery. Therefore,

1
ko T exp (=AG/KT)

o =

exp (—AG/kT)

where k, is given by 1 s”'site” as used in previous studies.”®

3. RESULTS AND DISCUSSION

Nonpolar TMNO(100) surfaces are the thermodynamically most stable surface termination for
TMN in rocksalt crystal structures®®. Thus, the experimentally synthesized TMN nanoparticles are
expected to be composed of dominant (100) surface termination and most likely contribute to the
overall catalytic activity of TMNs for reactions such as ENRR. Herein, we investigate the ENRR
activity of TMNO(100) surfaces for TM = Co, Cr, Cu, Fe, Hf, Mn, Nb, Ni, Sc, Ta, Ti, V, Y, Zn,
Zr). More specifically, we study the ENRR enabled by the perfect TM(100) surface as well as the
surface N- and O-vacancies using the DFT calculations. Firstly, the possibility of the existence of
surface vacancies (Figure S1) is examined. To this end, the vacancy formation energies of N- and

O- vacancies are calculated using the reactions:



Surface + 3/2H,(g) — N —vaccancy + NH;(g)
Surface + H,(g) — O — vacacancy + H,0(g)

Our calculated vacancy formation energies in Figure 1 show that the energy required to form N-
vac is smaller than that needed to form O-vac except on CrNO and NbNO. Thus, in general, N-
vacancies are predicted to be thermodynamically more favorable to be formed compared to O-
vacancies. Therefore, we limit our discussion of ENRR on perfect surfaces and N-vacancy sites as
our calculations show that N-vacancies are energetically more favorable than O-vacancies. The

results obtained on O-vacancy promoted ENRR are presented in the supporting information (SI).

ZrNO
ZnNO -
YNO -
VNO -
TiNO -
TaNO -
ScNO -
NiNO -
NbNO -
MnNO -
HfNO -
FeNO -
CuNO -
CrNO
CoNO -

TMN

S 2 o ; ;
Formation Energy (eV)

Figure 1. DFT calculated formation energies of N and O vacancies on TMNO(100) surfaces.

The ENRR has been shown to proceed along three pathways — distal, enzymatic, and
alternating®!. However, our recent study on TMNO(111) surfaces has shown that the ENRR mainly

occurs along the distal channel via the dissociative pathway and or two associative pathways® as



shown in Figure 2. The associative N>H> pathway starts with the reduction of *N» to *N>H», which
dissociates upon (H'+ €") transfer to produce *N + NH3(g). Thus produced *N undergoes
successive (H +¢") transfer to produce a second *NH3. Finally, *NH3 desorbs to form NHj(g).
Along the associative NoH pathway, *N>H formed due to (H + ) transfer undergoes N-N bond
scission to produce *N + *NH. *N and *NH undergo (H" + ¢") transfer reactions to form *NHj .
The dissociative pathway is characterized by the dissociation of adsorbed N> molecule into 2 *N.

*N then undergoes three reduction reactions to form *NHj3, which finally desorbs to form NH3(g).
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Figure 2. Three possible reaction pathways of ENRR. * =active site.



The binding energies of ENRR intermediates *N, *N», *N>H, *N>H>, *NH, *NH, and
*NH3 are calculated at their most favorable binding configurations on all possible sites of perfect
TMNO(100) surfaces (TM = Co, Cr, Cu, Fe, Hf, Mn, Nb, Ni, Sc, Ta, Ti, V, Y, Zn, Zr ) as well as
on N-vacancy and O-vacancy sites. On perfect surfaces, reaction intermediates are bound at the
metal sites (Figure S2), while the reaction intermediates are bound at the vacancy sites on the
surfaces with N and O vacancies. In general, as expected, we find that the surface vacancies
stabilize the reaction intermediates (Figure S3) compared to the perfect TMNO(100) surfaces
where the ENRR intermediates are bound at metal sites. Additionally, the DFT calculated binding
energies in Figure S4 demonstrate that most of the reaction intermediates bind more strongly to

O-vac compared to the N-vac and perfect surfaces.

3.1 ENRR on perfect TMNO(100) surfaces

The DFT computed binding energies are used to calculate the change in free energies (AG) at an
applied U = 0 V using the CHE model along the three different reaction pathways shown in Figure
2. Figures 3, 4, and 5 (made using Origin pro) show the AG along N>H> associative pathway, NoH
associative pathway, and the dissociative pathway on the perfect TMNO(100) surfaces (Tables S2-

S7).

Along the associative N2Hz pathway, we observed from Figure 3 that the overall ENRR
activity of CuNO and NiNO is limited by the formation of *N>H from the elementary step: *N> +
(H" + &) — *N,H. On CuNO and NiNO, the AG values of this step are calculated to be 1.88 eV
and 1.67 eV, respectively. The rate-limiting steps (most difficult steps) on CrNO and NbNO along
the associative NoH, pathway are predicted to be *NoH + (H" + €) — *NoH, and *NHz — * +
NH3(g) with AG values of 1.38 eV and 1.98 eV, respectively. In contrast, on FeNO, HfNO,

MnNO, ScNO, TiNO, VNO, YNO, and ZrNO the rate-limiting step is predicted to be *N» + (H"

10



+¢’) — *N:H, and has AG values of 1.38 eV, 1.17 eV, 1.43 eV, 1.61 eV, 1.52 ¢V, 0.95¢V, 145
eV, and 1.37 eV respectively. The results show that ENRR on most of the perfect TMNO(100)
surfaces via the associative NoH» pathway is sluggish due to the high AG values of the rate-limiting
steps. Comparing all the TMNOs in the present study, VNO has the lowest AG (0.95 eV) for the

rate-limiting step.
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Figure 3. DFT calculated free energy diagrams of ENRR at U = 0 V along the associative NoH>

pathway on perfect TMNO(100) surfaces.

Figure 4 shows the AG of ENRR calculated along the associative NoH pathway. It can be
seen in Figure 4 that along the associative N2H pathway, the formation of *N from the step: *N>H
+* — *N + *NH is predicted to be rate-limiting on CuNO, NiNO, and FeNO with AG of 5.27 eV,

4.69 eV, and 2.00 eV, respectively. In contrast, the rate-limiting step along the associative NoH

11



pathway on NbNO is *NH; — * + NH3(g) with a AG value of 1.98 eV. On the other hand, the
rate-limiting step on CrNO, HfNO, MnNO, ScNO, TiNO, VNO, YNO, and ZrNO is found to be
*N, + (H" + ) — *N,H, and has AG values 0of 0.95 eV, 1.17 eV, 1.43 eV, 1.61 ¢V, 1.52 ¢V, 0.95
eV, 1.45eV, and 1.37 eV respectively. The relatively high AG indicates that the ENRR most likely

does not proceed via the associative NoH pathway on TMNO(100) surfaces.
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Figure 4. DFT calculated free energy diagrams of ENRR at U = 0 V along the associative NoH

pathway on perfect TMNO(100) surfaces.

Figure 5 shows the DFT calculated AG along the dissociative pathway on perfect
TMNO(100) surfaces. Dissociation of N> to 2*N, a non-electrochemical step, is determined to be
the rate-limiting step on CrNO, CuNO, FeNO, MnNO, NiNO, ScNO, TiNO, YNO, and ZrNO with

an uphill energy barrier of 2.22 eV, 8.57 eV, 3.58 ¢V, 2.62 eV, 7.52 ¢V, 1.93 eV, 3.80 eV, 3.92

12



eV, and 1.71 eV respectively. Our DFT calculations predict that the rate limiting steps on HfNO,
NbNO, and VNO are *NH» + (H" + ¢) — *NH3, *NH3; — * + NH3(g), and *NH3 — * + NH3(g)

with AG values of 0.53 eV, 1.98 eV, and 0.62 eV respectively.

10 —— CrNO
N+ *N + B(H" +e) —— CuNO
— FeNO
' E NH + *N — HfNO
8 1 .+ 5{H"+€) MnNO
—— NbNO
T —— NiNO
< 6 ] +4 I:*fe' — SCNO
( )
% ‘ — —— TiNO
~ *NH; +*N  *N + 3(H"+e) I VNO
>i 4 - o+ 3(H*+e')’ +NH;(g) R YNO
= ' - : ZrNO
{ L UNH+2(H'+e)
% —— + NH;(g)
(] 27 , — “NH, +
e n *N, + 1 e — — (H™+e)
LL e N(@)  B(H+e) :"’ f—  —  — | e— + NH,(g)
AP RTINS —— —
— ) . - o . 2NH;(9)
-2 — . "
4

Reaction Coordinate

Figure 5. DFT calculated free energy diagrams of ENRR at U = 0 V along the Dissociative

pathway on perfect

Comparing Figures 3, 4 and 5, it is seen that ENRR proceeds more favorably via the
associative NoH> pathway on CuNO, FeNO, MnNO, NiNO, ScNO, TiNO, YNO. The AG values
of the rate-limiting steps on CuNO, FeNO, MnNO, NiNO, ScNO, TiNO, and YNO are predicted
to be 1.88 eV, 1.38eV, 1.42¢V, 1.67 eV, 1.61 eV, and 1.44 eV, respectively. On the other hand,
the ENRR proceeds along the N>H associative pathway on CrNO and ZrNO and the AG values
of the rate-limiting steps are calculated to be 0.95 eV and 1.37 eV, respectively. The dissociative

13



pathway is found to be the most favorable pathway on NbNO, HfNO, and VNO, with AG of 1.98
eV, 0.53 eV, and 0.62 eV for the rate-limiting step. Our DFT calculations predict the smallest AG
values of the rate-limiting step on HfNO and VNO. Therefore, the metal sites on perfect
HfNO(100) and VNO(100) are predicted to promote the ENRR at low applied U. Interestingly,
the result obtained on VNO(100) from this study is similar to our previous DFT results on

VNO(111) and experimental results on VNO catalysts®?.

Limiting potential (Ur), an applied U at which all the electrochemical steps are downhill
in AG, is calculated using the free energy diagrams in Figures 3, 4 and 5 along the DFT predicted
most favorable pathways on TMNO(100) surfaces. Our calculated Uy, values are -0.95 V, -1.88 V,
-1.38V,-053V,-143V,0V,-1.67V,-1.61 V,-1.52 V,0V, -1.45 V, and -1.37 V on CrNO,
CuNO, FeNO, HfNO, MnNO, NbNO, NiNO, ScNO, TiNO, VNO, YNO, and ZrNO, respectively.
The computed Ut values along the most favorable reaction pathways are plotted against the NoH
binding energies (BEs). The results reveal a volcano-like relationship with NoHBE as shown in
Figure 6. The UL computed on NbNO, VNO, and HfNO are the smallest and lie close to the top of
the volcano. This implies that NbNO, VNO, and HfNO are promising candidates for N> reduction
to NHs. The volcano-like plot in Figure 4 also shows that CuNO, NiNO, MnNO, FeNO, VNO,
ScNO, TiNO, YNO, ZrNO, and HfNO bind N>H weakly, and their Ur values lie to the right of the
volcano while N>H binds too strongly on CrNO. Importantly, our DFT calculations suggest that

N2HBE can be used as a descriptor of the ENRR activity on TMNO(100) surfaces.

14
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Figure 6. A plot between NoH binding energy (N2HBE) and Uy along the most favorable ENRR

pathways on perfect TMNO(100) surfaces.

3.2 ENRR on N-vacancies of TMNO(100) surfaces

Previous DFT and experimental studies have indicated that the adsorption of N> and its
conversion to NH3 on TMN-based catalysts is promoted by the presence of N-vacancies %886,
The presence of N- vacancies on TMN surfaces enhances the binding affinity of reaction
intermediates and lowers the energy barrier for the breaking of the N-N bond, an essential step for
the conversion of N» to NH3'%?*. However, studies aiming to unravel the vacancy-mediated ENRR
on TMNO(100) are currently lacking. In an attempt to fulfill this knowledge gap, herein, we
perform DFT calculations to study vacancy-mediated ENRR on TMNO(100) surface. The DFT
calculated binding energies (Figure S4) are used to construct the free energy diagrams along the

three ENRR pathways shown in Figure 2.

Along the associative N2H» pathway, the DFT computed free energy diagrams in Figure 7

show that the step: *NoH + (H" + €") — *N,H is predicted to be rate-limiting on CrNO, CuNO,

15



NiNO, TiNO, VNO, and ZrNO with AG values of 1.05 eV, 0.61 eV, 1.36 eV, 1.04 eV, 0.92 eV,
and 1.35 eV, respectively. In contrast, the rate-limiting step is predicted to be the step *NH + (H"
+ ¢) — *NH> on HfNO, ScNO, and YNO with AG values of 1.13 eV, 1.99 eV and 1.86 eV,
respectively. Different from the NoH> and NH» formation steps as the rate-limiting, our
calculations predict that the rate-limiting step on FeNO is the step: N2 + (H" + ¢") — * N>H having
AG value of 0.52 eV. Finally, on MnNO, the adsorption of *N is predicted to be the rate-limiting

step with a AG value of 1.0 eV.

"NoH,
2 — +4(H'+e) N+ 3(H +e)
+ NH.

k

" 2(H"+e) —_—
AL TiNO
+(H'+e
+ NH,4(g

1 4 +B(H"+e") +5(H +e’) \O*NH+ ~——— ScNO

<
=
(@]

\I

i “+Ny(g)
0 +6(H'+e ]7-_'7 )

|
It
L

T
[T

Free energy (eV)

[ [

-5

Reaction Coordinate
Figure 7. DFT calculated free energy diagrams of ENRR at U = 0 V along the associative NoH»

pathway on N-vacancies present on TMNO(100) surfaces.

Figure 8 displays the AG values of reaction steps along the associative N2H pathway. The

dissociation of N2H to form *NH in the step: *N2H — *N+ *NH is predicted to be the rate-limiting

16



step on CuNO and NiNO, with AG values of 2.17 eV and 1.42 eV, respectively. However, on
HfNO, ScNO, TiNO, and YNO, the rate-limiting step is predicted to be the formation of *NHo i.
e. *NH + (H" + ¢) — *NH: with AG values of 1.13 eV, 1.99 eV, 0.82 eV, and 1.86 €V,
respectively. Similarly, the rate-limiting step on VNO and ZrNO is found to be the formation of
*NH from the step: N + (H" + ") — * NH with AG values of 0.65 ¢V and 1.04 eV, respectively.
On MnNO, the adsorption of *N3 is predicted to be the rate-limiting step with a AG value of 1.0

eV, whereas the desorption of *NHj is the rate-limiting step on CrNO with a AG value of 1.02 eV.
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Figure 8. DFT calculated free energy diagrams of ENRR at U = 0 V along the associative NoH

pathway on N-vacancies present on TMNO(100) surfaces.

The DFT calculated AG along the dissociative pathway is presented in Figure 9. It can be

seen in Figure 9 that along the dissociative pathway, the dissociation of *N> to form *N and *N 1.
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e. the step *N»> — *N+ *N is predicted to be the rate-limiting step on CuNO, FeNO, NiNO, with
AG values of 3.77 eV, 0.96 eV, and 1.83 eV, respectively. On HfNO, ScNO, TiNO, and YNO, the
rate-limiting step is the formation of *NHy i. e. the step: *NH + (H" + ¢") — *NH; with AG values
of 1.13eV,1.99¢eV, 0.82 eV, and 1.86 eV, respectively. The rate-limiting step on VNO and ZrNO
is the formation of *NH i. e. the step: N + (H" + ¢") — *NH with AG values of 0.65 ¢V and 1.04
eV, respectively. On MnNO, the adsorption of *N 1. e., the step: N2 + * — * N is predicted to be
the rate-limiting step with a AG value of 1.0 eV. Finally, the desorption of *NH3 is the rate-limiting

step on CrNO with a AG value of 1.02 eV.
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Figure 9. DFT calculated free energy diagrams of ENRR at U =0 V along the dissociative pathway

on N-vacancies present on TMNO(100) surfaces.
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Comparing the free energy diagrams in Figures 7, 8, and 9, it is found that the N-vacancy
promoted ENRR proceeds along the associative NoH pathway on FeNO, HINO, MnNO, ScNO,
TiNO, VNO, and ZrNO with AG values for the rate-limiting steps of 0.52 eV, 1.13 eV, 1.00 eV,
1.99 eV, 0.82 eV, 0.65 ¢V, and 1.04 eV, respectively. The rate-limiting steps along the associative
N,H pathway are predicted to be *Ny + (H" + €) — *NoH, *NH + (H" +¢) — *NHa, * + N, —
*No, *NH + (H" + €) — *NHy, *NH + (H" + ¢) — *NHy, *N + *NH3; — *NH, and *N + (H" +
e) — *NH on FeNO, HfNO, MnNO, ScNO, TiNO, VNO, and ZrNO, respectively. In contrast,
CuNO and NiNO the ENRR most likely proceeds along the associative NoHz pathway with AG
values of the rate-limiting step (*NoH + (H" + ¢") — *N2H») of 0.61 ¢V and 1.36 eV, respectively.
YNO is predicted to promote the ENRR along the dissociative pathway with a AG value of the

rate-limiting step (*NH + (H" + ¢") — *NHb>) of 1.86 V.

The DFT predicted Ur values via the most favorable pathways on CrNO, CuNO, FeNO,
HfNO, MnNO, NiNO, ScNO, TiNO, VNO, YNO, and ZrNO are -0.38V, -0.61 V, -0.52 V, -1.13
V,-031V,-136V,-1.9 YV, -082V,-0.65V,-1.86V, and -1.04 V, respectively. Here, our
calculations predict that the electrochemical steps on CuNO, FeNO, HfNO, NiNO, ScNO, TiNO,
YNO, and ZrNO have larger AG values than the most difficult non-electrochemical steps except
for MnNO where the non-electrochemical step is predicted to be the rate-limiting of the ENRR.
The computed Uy values along the most favorable reaction pathways were plotted against the N
binding energies (NBE). A volcano-like relationship is also observed between the computed UL
values and the NBE (Figure 10). The UL computed on MnNO, CrNO, FeNO, CuNO, TiNO, and
VNO are the lowest (below 1 V) and lie close to the top of the volcano. This implies that MnNO,
CrNO, FeNO, CuNO, and VNO are promising candidates for N> reduction to NH3. The volcano-

like plot in Figure 10 also shows that YNO, ScNO, HfNO, ZrNO, and TiNO lie to the left of the
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volcano plot and bind N stronger compared to MnNO, CrNO, FeNO, CuNO, and VNO. Thus, our
DFT calculations suggest that NBE is a descriptor of the N-vacancy mediated ENRR activity on

TMNO (100) based catalysts.
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Figure 10. A plot between N binding energy (NBE) and UL along the most favorable ENRR on

N-vacancies present on TMNO(100) surfaces.

The smaller Uy values of ENRR on perfect and N-vacancies present TMNO(100) for TM =V, Nb
and Hf show that the metal sites as well as N-vacancies on (100) surfaces of VNO, NbNO, and
HfNO are capable of promoting the ENRR at low U. Thus, the ENRR activity of these candidates
may be arising from the meal sites as well as any surface N-vacancies. Interestingly, the DFT
calculated Ur values on the (100) surfaces of MnNO, CrNO, FeNO, CuNO, and VNO (-0.31 V, -
0.38V,-0.52V,-0.61 V,and -0.65 V) are comparable to the Uy values calculated on (111) surfaces
of MnNO, TiNO, and VNO (-0.28 V, -0.42 V, and -0.18 V)*. This suggests that N-vacancies on
(111) and (100) surfaces offer similar ENRR activity for MnNO and VNO. As a result,

experimental synthesis of TMNO nanoparticles predominantly containing (111) and (100) facets
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could be a helpful strategy to optimize the ENRR activity of our DFT predicted promising
candidates: MnNO, TiNO, and VNO. The additional density of states (DOS) calculations
performed on select TMNOs (Figure S8) pinpoint that the TMNOs that have more states near the
fermi level (e.g., CuNO and VNO) show enhanced ENRR performance compared to the candidates

that have lower states available at the Fermi level (e. g., (ScNO and YNO).
3.3 ENRR on O-vacancies of TMNO(100) surfaces

The DFT calculated AGs along various ENRR pathways on O-vac are shown in Figures S5-S7. It
is found the rate-limiting steps on CuNO, HfNO, MnNO, NiNO, ScNO, TiNO, VNO, YNO, and
ZrNO on the most favorable pathways are *N; + (H+e) — *NoH, *N + (H" + ¢") — *NH, *NH
+(H" + ) — *NHy, *No + (H+e) — *NoH, *NH + (H + ¢) — *NH,, *N + (H" + ¢) — *NH,
*NH + (H" +¢) — *NHs, *NH + (H" + &) — *NHp, and *N + (H" + ¢") — *NH respectively. The
corresponding AG values for the rate-limiting steps on the most favorable pathways are 1.44 eV,
1.03 eV, 1.71 eV, 0.50 ¢V, 2.03 eV, 1.31 eV, 0.87 ¢V, 2.10 ¢V, and 1.34 ¢V on CuNO, HfNO,
MnNO, NiNO, ScNO, TiNO, VNO, YNO, and ZrNO, respectively. The relatively low value of
AG associated with the rate-limiting step results suggests that O-vacancies on NiNO and VNO
promotes the ENRR at low applied U.

3.4 Microkinetic modeling

Microkinetic modeling of ENRR is performed along the DFT predicted most favorable ENRR
pathways on TMNO(100) with and without N-vacancy using the methods described in the
computational methods section and elsewhere.”87%¢ On perfect TMNO(100), CrNO, HfNO, and
VNO lie close to the regions where log(io) 1s maximum. Figure 11(a) shows that a catalyst that has
NoHBE of ~-2 eV and N>BE of ~-1.6 would be ideal for optimum ENRR. However, Figure 11(a)

also shows that N> and N>H BE are linearly scaled. Thus, the breaking of the binding energy linear
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scaling is necessary to achieve the optimized ENRR on TMNO-based catalysts. The results in
Figure 11(b) show that MnNO, CrNO, FeNO, CuNO, and VNO are close to the region with the
highest ENRR current density. For N-vacancy mediated ENRR, the results obtained from
microkinetic modeling in Figure 11(b) shows that the ENRR activity maximum occurs when a
catalyst has N and NoH BEs of ~-9 eV and -4.5 eV, respectively, on surface N-vacancies. Since
NBE and N>;HBE are dependent on each other due to the linear scaling relation between them,
independent tuning of NBE and NoHBE is necessary to achieve maximum ENRR current density
on TMNOs. Overall, the results from this study show that the ENRR efficiently occurs on (100)
surfaces of MnNO, CrNO, FeNO, CuNO, and VNO at relatively low U. Thus, our DFT
calculations predict that MnNO, CrNO, FeNO, CuNO, and VNO are promising candidates for

enhanced ENRR among all the TMNOs included in the present study.
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Figure 11. (a) Kinetic volcano of ENRR at U= 0 V on: (a) perfect TMNO (100) surfaces and (b)

TMNO (100) surfaces with N-vacancies.

Hydrogen evolution reaction (HER) is a competing reaction with ENRR. The DFT
calculated hydrogen binding energies (HBEs) are used to calculate the AG and UL values (Figures
S9 and S10) to study the HER trends. The results show that HINO, ZrNO, and MnNO lie close to

the top of the volcano and are predicted to be the best candidates for HER. A comparison between
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the UL values of ENRR and HER in Figure 12 shows that of all perfect TMNOs included in the
present study, VNO, HfNO, NbNO, and CrNO are the best candidates for ENRR. Similarly,

MnNO, FeNO, and CuNO are predicted to be selective to ENRR for N-vac mediated ammonia

production.
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Figure 12. UL(ENRR) - UL(HER) on (a) perfect TMNOs(100) and (b) TMNOs(100) with N-vac.

4. CONCLUSIONS

DFT calculations are performed to study the ENRR on (100) surfaces of TMNOs for TM = Co,
Cr, Cu, Fe, Hf, Mn, Nb, Ni, Sc, Ta, Ti, V, Y, Zn, Zr. In general, our calculated vacancy formation
energies indicate that N-vacancies are thermodynamically more favorable compared to O-
vacancies suggesting the existence of N-vacancies on TMNO(100) surfaces under experimental
reaction conditions. The mechanistic investigation of ENRR along various pathways using the
DFT calculated free energy change shows that metal sites as well as N-vacancies on (100) surface
of VNO, NbNO, and HfNO are capable of promoting the ENRR at low U. However, the DFT
calculations predict that N-vacancies are the preferred sites for enhanced ENRR (via MvK
mechanism) on MnNO, CrNO, FeNO, CuNO, and TiNO. In addition, microkinetic modeling

performed using the DFT energetics demonstrates that a perfect TMNO(100) surface that has
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N2HBE of ~-2 eV and N2BE of ~-1.6 would be an ideal surface for maximized ENRR.
Microkinetic modeling on TMNO(100) surfaces with N-vacancies reveals that an ideal catalyst for
ENRR will have N and NoH BEs of ~-9 eV and -4.5 eV, respectively. Our computed Ur values
reveal a volcano-like relationship with NBE on perfect TMNO and NoHBE on N-vac TMNO,
which indicates that NBE and NoHBE are potential descriptors of ENRR on TMNO (100) surfaces.
Interestingly, the DFT calculated Uy values on the (100) surfaces of MnNO, CrNO, FeNO, CuNO,
and VNO are comparable to the UL values calculated on (111) surfaces of MnNO, TiNO, and

VNO, illustrating that (111) and (100) surfaces offer similar ENRR activity for MnNO and VNO.
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