&
4

Journal of Materials Chemistry A

Journal of

Materials Chemistry A

Reaction mechanism and kinetics for N2 reduction to

ammonia
on the Fe-Ru dual atom catalysts

Journal: | Journal of Materials Chemistry A

Manuscript ID | TA-ART-08-2022-006826.R1

Article Type: | Paper

Date Submitted by the
Author:

02-Oct-2022

Complete List of Authors: | Rehman, Faisal; Hong Kong University of Science and Technology School

of Engineering, Chemical and biological engineering

Kwon, Soonho; California Institute of Technology

Hossain, Md Delowar; Hong Kong University of Science and Technology,
Department of Chemical and Biological Engineering,

Musgrave , Charles; California Institute of Technology, Center for
Materials and Molecular Simulation

Goddard, William; CALTECH, Beckman Institute, Center for Materials and
Molecular Simulation

Luo, Zhengtang; Hong Kong University of Science and Technology,
Department of Chemical and Biomolecular Engineering,

s

SCHOLARONE™
Manuscripts




Page 1 of 19

Journal of Materials Chemistry A

Reaction mechanism and Kinetics for N, reduction to ammeonia
on the Fe-Ru dual atom catalysts
Faisal Rehman ¢, Soonho Kwon ¢, Md Delowar Hossain ¢, Charles B. Musgrave III ¢

William A. Goddard III ¢*, Zhengtang L.U.O. **

@ Department of Chemical and Biological Engineering, Guangdong-Hong Kong-Macao Joint
Laboratory for Intelligent Micro-Nano Optoelectronic Technology, William Mong Institute of
Nano Science and Technology, and Hong Kong Branch of Chinese National Engineering Research
Center for Tissue Restoration and Reconstruction, the Hong Kong University of Science and
Technology, Clear Water Bay, Kowloon, Hong Kong, 999077, P.R. China

b Department of Chemical & Polymer Engineering, University of Engineering & Technology
Lahore, Faisalabad Campus, 3.5 km, Khurrianwala - Makkuana By-Pass, Faisalabad, Pakistan.

¢ Materials and Process Simulation Center (M.S.C.), MC 139-74, California Institute of
Technology, Pasadena CA, 91125, U.S.A.

4 SUNCAT Center for Interface Science and Catalysis, Department of Chemical Engineering,
Stanford University, Stanford, CA 94305, U.S.A.

*Email: wag@caltech.edu (W.A.G) and keztluo@ust.hk (Z.L.)
ORCID-WAG-0000-0003-0097-5716
Abstract: 248 words

Environmental and energy considerations demand that Haber-Bosch process for reducing N, to
NH; by replaced with electrochemical ammonia synthesis where the H atoms come from water
instead of from H,. But a practical realization of electrochemical N, reduction reaction (NRR)
requires the development of new generation electrocatalysts with low overpotential and high
Faraday efficiency (FE). A major problem here is that the hydrogen evolution reaction (HER)
competes with NRR. Herein, we consider new generation dual-site catalysts involving two
different metals incorporated into a novel two-dimensional C;N-C,N heterostructure that provides
a high concentration of well-defined but isolated active sites that bind two distinct metal atoms to
enable specific electrochemical reactions while in a framework that facilitates electron transfer.
We report here the mechanism and predicted kinetics as a function of applied potential for both
NRR and HER for the (Fe-Ru)/ C;N-C,N dual atom catalyst. These calculations employ the grand
canonical potential kinetics (GCP-K) methodology to predict reaction free energies and reaction
barriers as a function of applied potential. The rates are then used in a microkinetic model to predict
the turn-over-frequencies (TOF) as a function of applied potential. At U= 0 V, the FE for NRR is
93%, but the current is only 2.0 mA/cm?. The onset potential (at 10 mA/cm?) for ammonia on Fe-
Ru/C3N-C,N is -0.22 Vryg. This leads to a calculated TOF of 434 h-! per Fe-Ru site. We expect
that the mechanisms for NRR and HER developed here will help lead to new generations of NRR
with high TOF and FE.

Key words: N, reduction, reaction kinetics, electrochemical ammonia synthesis, dual-atom
catalyst.
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1. Introduction

Converting abundantly available nitrogen (N,) to ammonia (NHj3) is a most important industrial
reaction. NHj is a key ingredient in developing nitrate fertilizers, making NRR imperative for
combating global increasing food demands [1], [2], [3]. NH3 also has potential as a carbon-free
fuel alternative, and as an H, storage material [4]. Since 1915, the energy-intensive Haber-Bosch
(HB) process has been the dominant route for the industrial-scale synthesis of NH;. However, HB
is extremely energy intensive, accounting for ~2% of global energy consumption. Additionally,
the water gas shift process to produce the H, required produces over 1% of the world’s CO,
emissions [5] [6]. To address these environmental issues, while sustaining human society, it is
essential to develop a green process for NRR.

The electrochemical N, reduction reaction (NRR) to NH; allows the H required to be obtained
from H,O, an alternative that can provide zero carbon footprint for NH; synthesis. This green
process is more energy-efficient than the HB process by about 20% [7]. Numerous electrocatalysts
have shown NRR activity under ambient conditions, but the low FE (~10%) and activity are far
too low for industrial realization [8]. The sluggish rate of the electrochemical NRR arises from the
stability of N,, while poor selectivity is due to the competing hydrogen evolution reaction (HER),
which is prominent at the negative potentials optimal for NRR. Specifically, increased HER has
been attributed to the dominance of H coverage at more negative potential [8], [9]. This leads to a
decrease in the NRR current and an increase in the HER current under ambient conditions. To
understand the interplay of HER and NRR activity, a fundamental understanding of potential-
dependent reaction kinetics and coverage is required [7].

Herein, we design a novel two-dimensional C;N-C,N heterostructure (Figure 1) that provides a
well-defined active site to bind a pair of metal atoms next to each other to enable more selective
electrochemical reactions. The C;N-C,N provides a high concentration of isolated sites while
facilitating electron transfer efficiently [11], [12]. Each isolated site provides a hexagonal cavity
with six sp? N atoms that can bind two metal atoms. In previous reports, Fe and Ru-based single
atom catalysts supported on various 2D substrates exhibited relatively high NH; yield and FE [13]—
[16]. With this in mind, we examine the C;N-C,N embedded with 1 Fe and 1 Ru atom as a novel
dual-atom catalyst (DAC) for electrochemical conversion of N, to NHs.

We report here the predicted kinetics under acidic conditions of NRR and HER using C;N-C,N
nanosheet containing Fe and Ru- (Fe-Ru/C;N-C,N). We find that the onset potential (for a current
density of 10 mA/cm?) for producing NH; on the Fe-Ru/C3NC,N surface is -0.22 V vs RHE with
a turnover frequency (TOF) of 434 h™! per Fe-Ru site. This can be compared to the onset potential
of -0.14 V for HER at the same site, leading to a FE of 10.53% towards NHs.

2. Grand Canonical Quantum Mechanics Formulation:

We need a comprehensive understanding of how NRR and HER depend on applied potential to
develop more efficient and selective catalysts. To probe the intermediate steps and barriers of the
reaction mechanism, we utilize quantum mechanics (QM). However, typical QM is limited to a
fixed charge, whereas electrochemical reactions occur at a fixed potential. That is, the initial state,
transition state, and product state for each reaction step should be at the same applied potential. To
keep the potential constant, the charge near the active site will change as the reaction proceeds
from the initial state through the transition state to the product. Keeping the chemical potential
constant as the QM wavefunction and structure is optimized along the reaction path is complex
and time-consuming. Recently, we developed the Grand Canonical Potential Kinetics (GCP-K)
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methodology to simplify this process into a very efficient procedure. In GCP-K, the free energy,
F(n), is calculated for each reaction step using standard QM as a function of the net charge. We
then apply a Legendre transformation (Equation 1) to convert from F(n) to the grand canonical
free energy, G(n: U):

G(n; U) =F(n) —ne (Usyg-U) (Equation 1)

For each potential (U), the number of electrons is optimized to minimize G(n, U), leading finally
to the grand canonical potential, GCP(U), where the number of electrons depends implicitly on U
[17], [18], [19].

The accuracy of GCP-K was recently validated for the oxygen evolution reaction on single crystal
Co/Ti0, nanoparticles with isolated Co sites [20], where the predicted TOF versus U agreed
remarkably well with the experimentally predicted rate. Thus, GCPK leads to TOF = 13.1 s'! at
N=300 mV per Co and TOF = 307.4 s'! at n=400 mV and Tafel slope of 74 mV/dec, Compared to
experiment: TOF = 9.1 s at =300 mV per Co; TOF =249.2 s'!, at n=400 mV; and Tafel slope
of 72 mV/dec. Assuming all surface Co are active, this indicates that the overall free energy
activation barrier from GCPK is low by ~0.03 eV.

GCP-K has also been applied to HER on single-layer WSe, and WTe, chalcogenides, where single
Se/Te vacancies lead to four intermediates (0—3 H at the vacancy). The predicted onset potential
(at 10 mA/cm?) is —0.53 Vyyg for WSe, (experimental value is —0.51 Vyyg[21]), and —0.51 Vrye
for WTe, (experimental value is —0.57 Vgyg [22]), validating the accuracy of GCP-K [23].

2.1 Methodology:

Structure optimizations were carried out at several fixed charges for each step using the PBE-D3
flavor of Density Functional Theory (DFT) with VASPsol implicit solvation [24]-[29]. The cutoff
energy for the plane wave basis set was 450 eV. The structure optimization criteria were 1 x 10
eV for the energy and 0.02 eV/A for the forces on each atom, while 0.04 eV/A was used for the
transition state (CI-NEB) calculations. The K-point grid used for geometry optimizations and
energy calculations was 2 x 5 x 1. The vibrational modes were calculated at 298.15 K to obtain
the zero-point energy, entropy, and Temperature corrections to enthalpy.

To better describe the proton transfer from solvated hydronium ion (H30") to the reactant, we
included two explicit water molecules to stabilize the hydronium ion, along with the implicit
solvation model as implemented in VASPsol. We applied the CI-NEB method from the VTST
package to determine transition states [30], [31]. For the reaction barriers, we performed free
energy calculations for each point along the NEB path to allow the structure of the transition state
to change as a function of applied potential.

After obtaining the optimized structures, we performed single-point JDFTx calculations using the
CANDLE implicit solvation model to obtain the free energy [32], [33]. We then applied the
Legendre transformation (1) to get G(n: U) and GCP(U).

3. Mechanism for NRR on the (Fe, Ru)/C;N-C,N DAC:

Electrochemical NRR requires six proton and electron transfers, which can be achieved through
either associative or enzymatic pathways, as shown in Figure S1. We begin by calculating the
mechanism for converting N, to NH3 on (Fe,Ru)/CsN-C,N at U=0 V.

3.1 N, bonding to surface: end on and side on
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The first step of the NRR process is for N, molecule to bind to the Fe-Ru surface, which can be
via end-on or side-on orientations of the N, molecule. The calculated adsorption free energy is -
21.6 kcal/mol for the end-on configuration and -8.75 kcal/mol for the side-on configuration,
indicating that the end-on configuration is far more favorable on the Fe-Ru active site. The effect
of applied potential is negligible on the N, adsorption because it is not an electrochemical step.
When the N, binds via the end-on configuration, the N-N bond elongates from its nominal value
of 1.10 A to 1.17 A, while for the side-on configuration, the N, molecule elongates to 1.21 A.

3.2 Following the associative pathway
3.2a Formation of *N,H

The free energy profile at multiple applied potentials, and the corresponding optimized structures
of the associative pathway for the NRR are shown in Figures S2 and S3, respectively. To form
*N,H when the N, is chemisorbed to the Fe-Ru dual-site, we introduce an H,O5" cluster (H;0* +
2 H,0) to the system. In acidic conditions, the proton in the H;O;" cluster reacts with the *N,
molecule to form the *N,H intermediate while producing a cluster of 3 solvated H,Os. The reaction
free energy to produce *N,H is AG =-15.0 kcal/mol at U=0 V.

3.2b Formation of *N-NH, and *HN-NH
After the first protonation, there are two possible pathways for the second protonation:

1. distal pathway to form *N-NH,, leading to a free energy change of AG = -16.8 kcal/mol
2. alternating pathway to form *HN-NH, leading to a free energy change of AG = -8.81
kcal/mol at the neutral charge

This indicates that the distal pathway is more favorable on the Fe-Ru site. The optimized structures
for these intermediates are depicted in Figure S4.

3.2¢ Following the distal pathway:

In the distal second protonation step, the adsorbed *N,H reacts with a proton to form *N-NH,
intermediate. This step is exergonic step with AG = -24.8 kcal/mol (at U = 0).

Following *N-NH, formation, the proton from H,O5" attacks *N-NH, to form *N-NHj3 and 3 H,O.
The free energy of forming *N-NH; is -21.3 kcal/mol. The N-N bond length increases with
successive protonation steps as the bond goes from being an activated triple bond (1.17 A) to a
double bond (1.34 A) and to a single bond (1.45 A).

Next, with AG = -13.0 kcal/mol is to break the N-NH;3 bond to release the first NH; product
molecule, leaving *N on the surface, The resulting *N bridges the Fe and Ru atom:s.

The next step is reaction of a proton with *N to form *NH, which is exergonic with a free energy
of AG = -23.3 kcal/mol.

Next, *NH is protonated to form *NH, with AG = -43.1 kcal/mol.
In the final protonation step, *NH, reacts with a proton to form *NH; with AG = -38.2 kcal/mol.
Desorbing this second NH; from the surface requires an energy of 18.0 kcal/mol.

3.3 Enzymatic pathway:
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In the enzymatic pathway for NRR, the N, binds to the active site via the side-on configuration
[34]. The free energy profile and corresponding optimized structures are shown in Figures S5 and
Se.

First the proton from H;O;" attacks the *N, to form *N-NH and the (H,0); cluster, with AG = -
8.38 kcal/mol (U=0V).

Next the *N-NH converts exergonically into *HN-NH by combining with a proton from H;O5",
with AG =-17.97 kcal/mol.

In the third protonation step, *HN-NH is converted into *HN-NH, with AG = -21.26 kcal/mol.
The next protonation forms *NH,-NH, with AG =-67.1 kcal/mol.

Finally, the first NH; molecule forms as *NH,-NH, is protonated, leaving *NH, on the Fe-Ru
surface. This has a AG = -43.1 kcal/mol.

The final step is to protonate *NH,, resulting in adsorbed *NH; at AG = -38.2 kcal/mol relative to
the starting state.

3.4 Transition states and activation Free energy
3.4a NRR

Figure 2 shows the initial, transition, and final states for conversion of the N, to ammonium ion,
including how the initial and transition state geometries change with the applied potential. Here
we discuss the main reaction steps dominating the reaction kinetics.

Figure 2a shows the initial, transition, and final states for converting *N-NH, to *N-NHj3. The
transition state of step c¢d uses H from H3;O0™ to form a new NH bond, leading to an energy barrier
of AG" = 4.3 kcal/mol at U= 0 V. This reduces to AG' = 3.2 kcal/mole as U changes to -0.2 V. Fig
2b shows the change in the N-H distance of the TS of step cd as a function of applied potential. As
U changes from -0.06 to -0.67 V, the N-H bond distance varies from 1.30 A to 1.58 A.

The next step (step de) is the cleavage of the N-NH; bond, releasing the first ammonia molecule
and N left on the surface, a nonelectrochemical step as shown in Fig 2¢. The transition state for
breaking the N-NH; bond requires a relatively high energy barrier of AG" = 7.6 kcal/mol at U= 0
V, which reduces to AG' = 6.6 kcal/mol at U=-0.2 V.

Figure 2e illustrates the sixth proton-electron transfer step that leads the *NH, to *NHj. The
transition state involves breaking the O-H bond in H;O" while forming a new NH bond of *NH,
leading to an energy barrier of AGT = 8.2 kcal/mol at U = 0 V, which drops to 6.6 kcal/mol at U =
-0.2 V. The N-H bond distance varies from 1.36 A to 1.40 A as U changes to -0.02 V to -0.68 V
as shown in Figure 2f.

In acidic conditions, the NH; molecule in solution converts to the ammonium ion, NH4*. Thus, we
analyze the barrier required to convert *NH; molecule to NH4". Figure 2g shows the initial,
transition, and final states for step ha, where the proton from H;O3" reacts with the *NHj; to form
NH4* and (H,0);. The energy barrier arises primarily from breaking the NH; bond to the active
site while simultaneously inverting the NH; molecule to react with the proton. The transition state
has an energy barrier of AG™ = 16.3 kcal/mol at U= 0 V, which reduces to 15.8 kcal/mol at U = -
0.2 V. Figure 2h shows the changes of bond distance between N of NH; and H from bottom H,O
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molecule. As U changes from -0.04 to -0.52 V, the N-H bond distance varies from 1.63 A to 1.78
A.

3.4b HER:

The hydrogen evolution reaction (HER) is the main competing reaction with NRR, decreasing the
FE for NHj; synthesis. Thus, we must examine the comparative activity of HER and NRR under
the same electrochemical conditions. Since our electrocatalytic environment is acidic (pH = 1), the
favorable pathway for HER on the Fe-Ru dual site is the sequential binding of three protons by
Volmer reactions, each followed by H, evolution via the Tafel mechanism.

First, the proton from the H;O3" cluster moves toward the active site and adsorbs on the Fe-Ru
surface via the Volmer reaction, as shown in Figure 3a. This is an exergonic step with a free energy
of AG =-11.9 kcal/mol at U= 0 V. This Volmer reaction (step ai) shows a minimum energy barrier
of AGT= 1.7 kcal/mol at U= 0 V, which reduces to AG" = 0.7 kcal/mol at U= -0.2 V. The transition
state has +0.23 more charge than the initial state, while the final state has 0.42 more charge than
the transition state, for a total of 0.65 charge transfer at U= 0 V, changes to 0.62 at U=-0.2 V.

The second step involves the adsorption of the second proton on the Fe-Ru site with a free energy
value of AG =-17.6 kcal/mol at U= 0 V. The initial, transition, and final states of step ij are shown
in Fig 3c. The barrier at the TS reduces from AG' = 1.2 to 0.7 kcal/mol as U shifts from 0 to -0.2
V. The TS has 0.46 more charge than the IS, while the final state has 0.38 more charge than the
TS, with a net charge transfer of 0.84 at U = 0.

The third step is the adsorption of the third proton on the Fe-Ru surface from the solvent via the
Volmer step as shown in Fig 3e. The energy barrier for the TS is AG" = 5.5 kcal/mol at U= 0 V
which decreases to AG" = 4.9 kcal/mol at U=-0.2 V.

The Tafel reaction is a nonelectrochemical step where the two adsorbed protons evolve from Fe-
Ru surface to produce H, leaving one proton on the surface. The energy barrier required for the
Tafel step is AGT = 9.7 kcal/mol at U= 0 V. Normally, the GCP barrier for the Tafel step increases
slowly as the applied potential becomes more negative. Indeed, AG* = 10.7 kcal/mol at U = -0.2
V.

All GCP barriers of NRR and HER for the Fe-Ru surface as a function of applied potential are
illustrated in Figure 4.

3.5 Effect of applied potential on N, and H coverage;

To analyze how applied potential affects N, and H binding to the Fe-Ru site, Figure 5 compares
the free energy change of *N, and *H adsorption as a function of applied potential, the first reaction
steps for NRR and HER, respectively. At U =0 V, N, adsorption has AG = -20.1 kcal/mol, while
H adsorption is AG = -11.9 kcal/mol, indicating that N, adsorption is more favorable close to the
equilibrium potential of NRR at standard conditions (0.057 V vs RHE). As the applied potential
becomes more negative, both adsorptions become more favorable. However, because N,
adsorption is not an electrochemical step, the change in adsorption free energy for *N, is small
compared to that of *H at more negative potential. The AG vs U slope for *N, is 1.9, while for *H
the slope is 20.3, indicating H adsorption is far more sensitive to U. Due to the difference in slopes,
a crossover occurs at U = -0.53 V, where the N, and H adsorption free energies become equal.
This analysis indicates the strong dependency of H and N, coverage on the applied potential, where
H coverage begins to dominate N, coverage at U < Ugygs.
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4. NRR and HER Kinetics:

We evaluated the N, reduction reaction and hydrogen evolution reaction at acidic condition (pH =
0) on Fe-Ru/C;N-C,N DAC. We summarize the reaction free energies and free energy activation
barriers as a function of applied potential obtained by GCP-K for NRR and HER in Figure 6. We
developed a microkinetic model to examine how NRR and HER activity depend on the applied
potential. With the GCP calculated for all intermediates and transition states, we use the Eyring
equation (Equation 2) to predict potential-dependent rate constants, k;(U):

kT —AGE (V) .
ky(U) = —exp (— ) (Equation 2)

We built the microkinetic model using these rate constants to predict the concentrations of the
various species and overall reaction kinetics as a function of applied potential. The rate laws for

each species are written as in (3):
dx

7: = kpaxp + kpaxn + kigx; — (kab + kai)xa 3
dxb

E =kopxg+ kepx. — (kba + kbc)xb
dx,

E =kpcexp + kagexqg — (kcb + kcd)xc
dxd

Tp = Keaxe = (kg + kae)xq

dx,

E =kgexq + kfeXf — kefxe

de

E = kefxe + kgfxg — (kfe + kfg)xf
dxg

E = kfg.Xf + khgxh — (kgf + kgh)xg
dxh

E = kghxg - (khg + kha)xh

dx[

qar kaixa + kjxj + ke — (kig + ki) x;
de

E = ki}-xi + kijk — (kji + kjk)x]-

dxk

e kX — (ki + k) xi

Here x represents the concentration of each species as in Figure 5, k;(U) is the rate constant as a
function of applied potential (calculated from equation (2)), kp is the Boltzmann constant, 4 is
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Plank’s constant, and AG L-jf (U) 1s the potential dependent free energy barrier for reaction ij. For the
steady-state kinetics, the left-hand sides of all rate laws are set to 0, and we apply the constraint,
2x; =1 (mole fractions sum to 1). Solving the linear equations simultaneously, we obtain the
species concentrations as shown in Table 1 and the rates as a function of applied potential. The
species concentrations vary with the applied potential. The NH; and H, partial current densities
are shown in Figure 7.

Figure 7a shows the NH,* current density (I) as a function of applied potential for the Fe-Ru DAC.
This shows that the NRR for the Fe-Ru site has an onset potential (10 mA cm=) of -0.22 V. At U
=-0.22 V, we calculate a TOF of 434 h! with FE = 10.53 % for NRR.

The I-V curve for HER is depicted in Figure 7b, showing that 10 mA/cm? can be achieved at -0.14
V. The current density for NH; and HER both increase for more negative applied potential, but the
rate of increasing HER current is much faster than that of NH; current, reducing the FE towards
NHj; at more negative potential (Figure 7c). This trend is generally expected since the *H coverage
increases and the HER barrier decreases at more negative potential, reducing the N,RR activity.

The rate-determining step for the NRR process is desorption of the second NH3 molecule and its
conversion to NH4" which requires a barrier of 16.3 kcal/mol. To further improve the entire
electrochemical system for NHj; synthesis, it is essential to find active sites, promoters, and
electrolytes that improve the NRR selectivity over HER.

5. Conclusions:

In summary, we investigated the reaction mechanism and kinetics for NRR and HER on the dual
atom (Fe,Ru)/C;N-C,N catalyst using grand canonical potential kinetics. GCP-K considers the
reactant, reaction pathway and product to all be at the same applied potential for all reactions,
mimicking the experimental situation. Thus, the electrons rearrange locally in response to the
reaction events.

We find that NRR preferably follows the associative pathway for NH; synthesis at the Fe-Ru site
with NH; desorption the rate-determining step, requiring a barrier of AGT = 16.3 kcal/mol. Overall,
NRR is -16.6 kcal/mol downhill. The FE at U=0 is 93% but the current is only 2 mA/cm?. We
predict that an NH; onset current density of 10 mA/cm? can be achieved at the Fe-Ru site at a low
overpotential of -0.22 V vs RHE, with a turnover frequency (TOF) for NH; production of 434 h-!
per Fe-Ru site. But the FE drops to 10.53% for NH; production.

In addition to NRR, the Fe-Ru surface also leads to high activity for HER, with an onset current
density of 10 mA/cm? at -0.14 V.

The microkinetic model shows how NRR and HER depend on the applied potential, explaining
the decline in NRR activity for more negative potentials due to increased selectivity towards HER.
We expect that the mechanisms for NRR and HER developed here will help lead to new
generations of NRR with high TOF and FE.
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Top view

Side view
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Figure 1: Fe-Ru@C;N-C,N optimized structural model. (a) Top view of structure model, (b) Side
of the structural model. Two metal atoms, Fe and Ru are anchored on the moiety side.
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Figure 2: Optimized structures in initial, transition, and final states for NNR Associative pathway
and the effect of applied potential on the geometry change on the transition state. The transition
state moves towards initial state as more negative potential applied. (a) Reaction pathway of step
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variation of TS of step gh. (g) Reaction pathway of step ha, (h) N-H bond distance variation of TS
step ha. IS = Initial state, TS = transition state, FS = Final state
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Figure 4: GCP barriers for the NRR and HER electrochemical reactions as a function of applied
potential.
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Figure 7: (a,b) QM predicted I-V curves for NRR and HER, (c) FE of ammonia as a function of

applied potential. The 10 mA/cm? current for NHj3 is achieved at -0.22 V while for HER its -0.14
V. the FE is 10.53 % at -0.22 V.
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Table 1: Species concentration

Species Concentration at U =-0.2V, and 298.15K
X, [Fe-Ru DAC] 2.9012E-10
X, [*N,H] 1.5995E-10
X. [*N,H,] 5.6604E-08
X4 [*N,H;] 6.4478E-10
X, [*N + NH;] 2.197E-14
X [*NH] 5.7317E-12
X, [*NH,] 0.990763
X;, [*NH;] 0.00474734
X; [*H] 1.2403E-06
X: [*H,] 0.00437121
Xy [*H;] 0.00011715




