&
4

Physical Chemistry Chemical Physics

PCCP

Mechanism and Kinetics for both Thermal and
Electrochemical Reduction of N2 Catalysed by Ru(0001)

based on Quantum Mechanics

Journal:

Physical Chemistry Chemical Physics

Manuscript ID

CP-ART-06-2019-003187.R1

Article Type:

Paper

Date Submitted by the
Author:

04-Jul-2019

Complete List of Authors:

Chen, Liang-Yu; National Cheng Kung University, Department of
Chemistry

Kuo, Tung-Chun; National Cheng Kung University, Chemistry

Hong, Zih-Siang; lawrence berkeley national laboratory, Chemistry
Cheng, Mu-Jeng; lawrence berkeley national laboratory, Chemistry
Goddard, William; CALTECH, Beckman Institute, Center for Materials and
Molecular Simulation

SCHOLARONE™
Manuscripts




-aliChemistry Che

nical Phys

ARTICLE

Mechanism and Kinetics for both Thermal and Electrochemical
Reduction of N, Catalysed by Ru(0001) based on Quantum
Mechanics

Received 00th January 20xx,

A d 00th J 20
coepted 00t January 2o« Liang-Yu Chen,? Tung-Chun Kuo,? Zih-Siang Hong,? Mu-Jeng Cheng,*? and William A. Goddard

DOI: 10.1039/x0xx00000x FRSC*:b

The conversion of N, to NHsg is an important industrial process that plays a vital role in sustaining the current human
population. This chemical transformation relies heavily on the Haber-Bosch process (N, thermal reduction, N,TR), which
requires enormous quantities of energy (2% of the world supply) and extreme conditions (200 atm and 500 °C). Alternatively,
N, can be reduced to NHs, through electrochemical means (N,ER), which may be a less energy intensive and lower-capital
approach since the H atoms come from H,0 not H,. However, N,ER efficiency is far from satisfactory. In order to provide the
basis for developing a new generation of energy efficient processes, we report the detailed atomistic mechanism and kinetics
for N,ER on Ru(0001) along with a comparison to N,TR. We obtained these results using a new electrochemical model for
quantum mechanics (QM) calculations to obtain free energy surfaces for all plausible reaction pathways for N,ER under a
constant electrode potential of 0.0 Vsye. For both processes, the elementary steps involve several steps of breaking of the
NN bonds, hydrogenation of surface N,Hy or NHy, and NH; release. We find similar energetics for the NN cleavage steps for
both systems. However, the hydrogenation steps are very different, leading to much lower free energy barriers for N,ER
compared to N,TR. Thus, N,ER favors an associative route where successive hydrogen atoms are added to N, prior to
breaking the NN bonds rather than the dissociative route preferred by N,TR, where the NN bonds are broken first followed
by the addition of Hs. Our QM results provide the detailed free energy surfaces for N,ER and N, TR, suggesting a strategy for
improving the efficiency of N,ER.

CO, emissions.> Moreover, to attain sufficient activity, high
temperatures are required despite the exergonic nature of the
process. This then requires high pressures to shift the equilibrium
toward NH; formation, leading to very significant increases in
capital costs.

An alternative approach to reduce N, to NH; involves N,
electrochemical reduction (N;ER) where the hydrogen for the
reduction is obtained from water rather than Hj,). In addition,
the required electricity could be obtained from renewable energy
sources. The advantages of N,ER are as follows:

e The thermodynamic equilibrium can be shifted toward the
product side by adjusting the electrode potential.
e The reaction can proceed at ambient pressures and
temperatures, reducing the capital costs for NH; production.
However, production of NH; via N,ER is currently very
inefficient with Faradaic efficiencies less than 12% and most of
the consumed electricity is wasted in the hydrogen evolution
reaction (HER).%° To make N,ER commercially accessible, new
strategies are needed to improve the efficiency.

As a first step toward making N,ER commercially

accessible, we developed a detailed mechanistic study

Introduction

Ammonia (NHj3) is an essential chemical that plays a key role in
the formation of nitrates required for fertilizer production to
sustain a growing human population.! NH; could also be used as
a potential substitute for traditional fossil fuels due to its carbon-
free and high-energy density? and H, storage in fuel cell
applications.> 4 Currently, most ammonia is produced through
the Haber-Bosch (HB) process (Nz(g) + Hz(g) e NH3(g), N,
thermal reduction, N, TR), which requires the reaction to proceed
at high temperatures (400 - 500 °C) and high pressures (100 -
200 atm).

The HB process is energy intensive (consuming 2% of the
world supply of energy) and relies heavily on fossil fuel as the
energy source and chemical feedstock.’ The H, required for the
process is produced through steam reforming of methane,
leading to the release of huge quantities of CO, a greenhouse gas.
In fact, ammonia production is responsible for 0.5% of global
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considering both the thermodynamics and kinetics for all steps
in the reduction of N, to NH;3. We consider ruthenium since it is
a catalyst for both N,TR and N,ER. This reduction is very
efficient for N,TR! but not for N,ER.® We used quantum
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mechanics (QM) calculations to determine the reaction
mechanism for N,TR and N,ER catalysed by Ru(0001).

Computational Details

The PBE functional!! combined with projector augmented wave
pseudopotentials!? 13 (400 eV energy cutoff) as implemented in
the Vienna ab initio Simulation Package (VASP)'#17 was used
to perform the calculations on both the slab and molecular
systems. To accelerate SCF convergence, we adopted a
Gaussian-smearing technique with a smearing parameter of AgT
=0.1 eV for slabs and 0.01 eV for molecules to allow fractional
occupation of the one-electron energy levels. The calculated
electronic energy was extrapolated to AgT = O to obtain Egjec.
Although spin-polarized wavefunctions were used for all slab
calculations, the magnetic moment converged to zero in each
case.

The Ru(0001) surface was simulated using a 3x3 three-layer
slab with substrates adsorbed on the top layer. This slab model
was cleaved from bulk Ru with cell parameters of ¢ = b =2.700
A and ¢ =4.275 A.18 During geometric optimizations, the bottom
single layer was fixed in its bulk position, and the top two layers
and adsorbed substrates were allowed to relax. The climbing
image nudged elastic band method!® and dimer method?® 2! were
used to locate the transition states. A Monkhorst-Pack k-point
net of 3x3x1 was chosen to sample the reciprocal space for the
slab calculations. Using a denser k-point net of 5x5x1 only leads
to small changes in energetics (less than 0.03 eV). For the
molecule calculations, only the gamma point was sampled. To
prevent interactions between the periodic replicas along the z-
direction in the slab calculations, a vacuum separation of at least
50 A between adjacent images was used,?? and a 20 Ax20 Ax20
A box was used for the isolated molecule calculations.

All energetics reported in this study are free energies. For
the slab systems, we used the following equation:

+ ZPVE +Y 7,WZVBT -

y €

G=E TS

elect vib *

For the surface adsorbates, the vibrational frequencies were
evaluated using a partial Hessian matrix via the finite difference
approach. Then, these frequencies were used to calculate the
zero-point vibrational energy (ZPVE), thermal corrections for
the enthalpies, and vibrational entropy (S.i). For the free
molecule systems, the free energies were estimated as follows:

+ZPVE+ Y

G=E —
T

elect +ngT_T(SWaVlS +Sr()t + Sw'b) ’
where n is eight for non-linear molecules and seven for linear
molecules. In contrast to the slab systems, the ZPVE, vibrational
component of the internal energy, Sy, Sio, and Sgans Were
calculated at the PBE/6-311++G** level of theory using Jaguar.
For the N,ER, the electrochemical model proposed by
Head-Gordon et al.,?? Goddard et al.,?* 25 and Sautet et al.2¢ was
used to calculate the free energy surfaces under a constant
electrode potential of U = 0.0 Vgug (Upy), which is known as
Grand Canonical QM (GC-QM). In GC-QM, the Fermi energy
is adjusted to a target value by varying the number of electrons

2| J. Name., 2012, 00, 1-3

in the system during each step in the geometry optimization,
allowing us to fix the work function of the system (®) and thus
U. The Poisson-Boltzmann implicit solvation model?” was used
to neutralize the non-zero charge in the simulation cell and
simulate water (with a dielectric constant of 78.4). Using ®gyg =
4.3 eV (the experimentally determined work function of the
standard hydrogen electrode),?® we calculated U as follows:
U = (D_q)SHI-_‘ )
e

This model has been applied to investigate CO, electrochemical
reduction,??2% 2% 30 ag well as pyridine?® and N-heterocyclic
carbene?! adsorption on Au(111).

For each hydrogenation step in N,ER, H,O(;) was used as the
hydrogen source. We assumed that one electron is transferred
into the system during the reaction while OH- is formed and
released into the aqueous solution after the reaction as follows:

*A + HzO([) +e —> *AH + OH'(aq),
where *A and *AH represent the adsorbed reactant and
hydrogenated product, respectively. The reaction free energy is
calculated as follows:

AG = [G(*AH) + G(OH(4))] — [G(*A) + G(H,O(;) + G(e)].
Using the definition of the standard hydrogen electrode3? and the
procedure proposed by Xiao et al.,>3 G(H,0) + G(e") — G(OH-
(ag) 18 equal to 2G(Hy)) at Uy and pH = 0.0, leading to AG =
G(*AH) — G(*A) — 2G(Hy()). For the hydrogenation steps in
N,TR, adsorbed hydride is used as the hydrogen source:

*A+*H —> *AH + *,
where *H and * represent a surface-bound hydride and a clean
surface, respectively. The reaction free energy is calculated as
follows:
AG = [G(*AH) + G(*)] — [G(*A) + G(*H)].

For the NN cleavage steps in both N,TR and N,ER, the reaction
free energy was calculated by assuming that when NN cleavage
is complete, the two newly formed species migrate far from each
other to eliminate adsorbate-adsorbate repulsion:

*HxNNHy + * — *NHyx + *NHy,
where *HxNNHy, *NHyx, and *NHy are surface-bound
HxNNHy, NHy, and NHy, respectively. Thus, the reaction free
energy is calculated as follows:

AG = [G(*NHy) + G(*NHy)] - [G(*HxNNHy) + G(*)].

Results and Discussion

Reaction Mechanisms for N, Thermal Reduction on Ru(0001)

First, the N, thermal reduction (N,TR, Ny + Hjg — NHj(g)
was investigated. The free energy surface was constructed at 700
K and 100 atm because the reaction often proceeds at high
temperatures (400 ~ 500 °C) and pressures (100 ~ 150 bar). 34
Dissociative adsorption of Hy to form surface-bound hydride
(*H) on Ru(0001) is thermodynamically downhill at 700 K and
100 atm (* + 2 Hy — *H, AG =-0.18 eV, the coverage is 1/9
for *H). Therefore, we assumed that sufficient *Hs on the surface
are available for nitrogen reduction. This AG also suggests that
the reverse reaction is unlikely in the N,TR.

This journal is © The Royal Society of Chemistry 20xx
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In this study, Ru(0001) was chosen to catalyze N, reduction
due to its surface energy being lower than those of other low
index surfaces.?® To be reduced, Ny, must be in contact with the
catalyst, and thus, the first step involves adsorption of Ny, on
Ru(0001). Ny, was able to adsorb on the surface in either a
vertical (*vN,) or parallel (*pN,) configuration, which is
consistent with previous theoretical results.’¢*° The adsorption
free energies were 0.26 eV for *vN, and 1.09 eV for *pN,
(Scheme 1) with the vertical mode being more stable. The
predicted preferred adsorption mode is also consistent with the
results from previous studies.’® 37 Adsorbed N, can be
hydrogenated to form *NNH or undergo NN cleavage to form
two *Ns. For the hydrogenation pathway (*pN,; — *pNNH), the
free energy barrier is AG*= 1.18 eV, and the reaction free energy
is AG= 0.45 eV. For the cleavage pathway (*pN, — *N + *N),
the free energy barrier is AG*= 1.09 eV with a reaction free
energy of AG= -1.64 eV. Thus, NN cleavage is slightly more
favorable by a factor of 4.45 at 700 K based on transition state
theory. Attempts to locate the transition state for *vN, —
*vNNH failed, leading to the conclusion that this hydrogenation
route is not accessible.

(a) N
N (0.26)
(*¥N3) (5 Naggy)

H
0.85 ’
l(o.aa’)/m.oa) (0.11) N-N-H .
R
1.18 _H PNy 1.1 A

120 H_ H
N-N O (0.45)  N-N (-0.11) H=n-N=H (g 33) H=N-N=H

Nagg)

s —fi
“pN (*pNNH) 0.99 H 0.81 (*HNNH S,
(*pN2) ©14 \N’NJ (0.44) ( 2 (*H,NNH,)
(*HNNH)
1.00 0.57 0.53 0.43 0.45 0.53
(-1.64) (-2.00) (-2.06) 1.73) (-1.53) (-1.47)
H H H H. _H Hou_ _H H H
NN N N7 NN N N7 NN Aoy
(*N +%N) (*N + *NH) (NH+*NH) (N+*NHp)  (NH+*NHp)  (*NH;+*NHy)
(b) 1.02 H 147 w0 110, B NHag)
N (0.08) N (0.39) N (0.06) N~ (0.04) +
Rl 8 R 4 Rias 8 2
(*N) (*NH) (*NH;) (*NHj) (*+ NHyy))

Scheme 1. Schematic description of possible elementary steps for the N,TR. The
n;.:mbers in parentheses are AGs, and the number without parentheses are AG*s.
The unit is eV.

Most previous theoretical studies on Ru’’ assumed that
N,TR followed a dissociative mechanism in which *pN, is
dissociated to *N + *N at the very beginning of the reaction.
Therefore, studies of the hydrogenation of the dinitrogen
intermediates (e.g., *pN,, *pNNH, and *HNNH) are limited with
only two reports investigating hydrogenation.*!> 4> One study
only reported the thermodynamics and ignored the kinetics,*
and the other report focused on the Ru(0001) stepped surface
rather than the terraced surface and investigated only the first
hydrogenation reaction of *pN,.#! Thus, our current study of the
free energies considering thermodynamics and kinetics for both
NN cleavage and hydrogenation of all dinitrogen intermediates
is the first report to provide a complete picture of N,TR on
Ru(0001).

Hydrogenation of the newly formed *pNNH can lead to
either *pNNH, or *HNNH. The energetics are as follows:

e AG*AG=0.85/0.11 eV for *pNNH — *pNNH,.
e AG*AG =0.99/0.14 eV for *pNNH — *HNNH

This journal is © The Royal Society of Chemistry 20xx
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Both the kinetics and thermodynamics slightly favor the
formation of *pNNH,. Alternatively, *pNNH can proceed via
NN cleavage pathway with the following energetics:

e AG*AG =0.57/-2.00 eV for *pNNH — *N + *NH

compared to

® AG*/AG =1.09/-1.64 eV for *pN, — 2x*N.

Therefore, the addition of one hydrogen to *N, dramatically

reduces AG* for NN cleavage by ~50%, leading to a far more

facile cleavage reaction. This result is not surprising because
binding with hydrogen decreases the NN bond order and thus its
bond strength (Ry.y = 1.34 A in *pNNH, Ry.y = 1.21 A in *pNy).

Overall, this 1-H reduction intermediate (*pNNH) favors NN

cleavage over hydrogenation, which is similar to the situation for

*pNa.

In the next step, these two 2-H reduction intermediates can
be either hydrogenated or NN cleaved. For *pNNH,, the
energetics are as follows:

e AG*/AG = 1.11/-0.11 eV for *pNNH, — *HNNH,

o AG*/AG =0.43/-1.73 eV for *pNNH, — *N + *NH,.

For *HNNH, the energetics are as follows:

e AG*/AG =0.81/-0.14 eV for *HNNH — *HNNH,

® AG*/AG = 0.53/-2.06 eV for *HNNH — *NH + *NH.

Our analysis of the two types of elementary reactions for the two

2-H reduction intermediates indicates that NN cleavage remains

much more favorable than hydrogenation. The search for a

transition state for *pNNH, — *N + *NHj3;, where hydrogenation

leads to simultaneous NN cleavage and *NHj; formation, failed.

In fact, no such transition state can be located for the N,TR.

For *HNNH,, which is the common product from the
*HNNH and *pNNH, hydrogenation reactions, the energetics
for the two types of elementary reactions are as follows:

e AG*/AG =1.20/0.33 eV for *HNNH, — *H,NNH,

o AG*/AG =0.45/-1.53 eV for *HNNH,; — *NH + *NH,.

For *HNNH,, NN cleavage is still more favorable than

hydrogenation. Finally, for *H,NNH,, the only possible reaction

is NN cleavage as follows:

AG*/AG = 0.53/-1.47 eV for *H,NNH, — *NH, + *NH,

Based on analysis of the free energy surfaces for the
reactions involving dinitrogen intermediates, two interesting
trends were observed.

e First, the hydrogenation pathway resulting in simultaneous
NN cleavage and *NH; formation (e.g., *pNNH, — *N +
*NH3) does not exist. Therefore, *NH; cannot be generated
directly from dinitrogen species.

® The second and most important trend is that for all dinitrogen
intermediates, NN cleavage is more facile than the
corresponding hydrogenation due to lower AG*s and much
more downhill AGs (<-1.0 eV).

Therefore, NN cleavage occurs in the very early stage of the

reaction for N,TR, and NHj3(,) formation follows a dissociative

mechanism, which is consistent with previous experimental*3-

47and theoretical studies.36-40, 48-50

Due to the lack of a direct route for *NH; formation through
the hydrogenation of dinitrogen intermediates, *NH; must be
produced through hydrogenation of the mononitrogen species,
which are formed from NN cleavage of dinitrogen intermediates.
Therefore, we investigated the hydrogenation of the three

J. Name., 2013, 00, 1-3 | 3
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possible mononitrogen intermediates. The energetics are as
follows:

e AG*/AG =1.02/0.08 eV for *N — *NH

e AG*AG =1.17/0.39 eV for *NH — *NH,

e AG*AG =1.10/0.06 eV for *NH,; — *NHs.

Among these three reactions, the most facile reaction is *N —
*NH, and the most challenging is *NH — *NH,, which is in
good agreement with the previous theoretical study reported by
Hu and co-workers.*® Finally, NH;y, is formed through
molecular desorption with AG = 0.04 eV.

Based on the calculated energetics for dinitrogen and
mononitrogen intermediates, we determined that the most
favorable reaction sequence for N> TR to NHjg is as follows:

* + Ny = *VNy = *pNy — 2x*N— 2x*NH—>
2x*NH, — 2x*NH;3; — 2xNHjg).

The AG for the overall reaction (Ny(g) + 6x*H — 2xNHj(,) + 6x*)
is 0.59 eV, and using Hy(,) rather than *H as the reference (Ny(
+ 3xHj g — 2xNH3(g)), the AG is -0.47 eV. These results lead to
the free energy surface shown in Fig. 1. Based on this surface,
the rate-determining step (RDS) is *pN, — 2x*N with an
apparent kinetic barrier of 2.19 eV (referenced to * + Ny),
consistent with experimental results.!

2.5+
2.0
1.5 4

5

v

g 1.0

=

2

w 0.5

@

&7 2
0.0 4 —

T4 Nag

205 -
104

Reaction Coordinates

TS(*NH, — *NH;}

Fig 1. Free energy surface for the most favorable reaction mechanism for N,TR.

Reaction Mechanisms for N, Electrochemical Reduction on
Ru(0001)

With the mechanism for the N,TR in hand, the mechanism of
N>ER to NHj() on Ru(0001) under Uy (aqueous phase, pH =
0.0, T =298 K, P = 1 atm) was examined. For N>,ER, * + Ny
was used as the reference to construct the free energy surfaces.
The adsorption of Ny, on the surface to form *vN, requires AG
=0.00 eV, indicating that the process is thermal neutral (Scheme
2). Thus, a substantial population of N,y will be adsorbed on the
surface in equilibrium. This result is similar to that reported by
Skulason et al. (i.e., AG = 0.08 eV) for the same system.>? Ny,
can also adsorb on the surface in a parallel structure (*pN;) with
AG = 0.56 eV. Ry is 1.14 A for *vN, and 1.23 A for *pN,,
suggesting that *pN, has one broken 7 bond.

Both *VN, and *pN, can be hydrogenated. For *VN, —
*VNNH, one additional water molecule is required to assist
hydrogenation, leading to a high kinetic barrier of AG*=1.13 eV

4| J. Name., 2012, 00, 1-3
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and an unfavorable AG = 0.82 eV. Our AG = 0.82 eV is slightly
smaller than that obtained by Skulason et al. (i.e., 1.08 eV).*?
This discrepancy may be due to the use of the implicit solvation
and maintaining a constant

model electrode potential

environment in our study.
@ Nayg;
[

l (0.00)

N {49 W HemH NHagy
Noo082) N (040) N (d48) N
- —— - e
(N2} (NN ("N N7 N
(0.56) (-0.07) 1 067 My
IO v
—— 075 H_ H_}
(019) UREIMNS s N e
0.39 i —022) M et
NN (020 N-NT (*pNNIIy) Heepy-N=H (“NH + *NHj) y
sl e 0.22 s 029 H H 068 H HH i H
PNz (*pNNH) 0.02) Heii (.%.259, CHNNHD) g gy H:N,,;lgh (163 N N”
(*HANH) FHNND) NI+ TN
0.90 0.54 0.49 0.42 0.50 038
(-1.83) (2.02)  (-2.00) (-1.62) (-1.40) (-1.46)
H H H
@ . N,H R “ HLN,H " H‘N,H H‘N_HH_N,H
(N +*N) (*N + *NH) (*NH +*NHy ("N+*NH;) (*NH+*NH;) (*NH; + *NH,)
L] 0.75 H 141 oy 050 H NHa
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ket 2 e P e et
] (N1 (*NI1z) NIy (54 Nilyg)

Scheme 2. Schematic description of the N,ER for each elementary step. The numbers in
parentheses are AGs, whereas the number without parentheses are AG*s. The unitis eV.
The transition states for *pNNH — *pNNH, and *pNNH, — *HNNH, are lower in energy
than the corresponding reactants after the ZPVE correction. Therefore, no barrier exists
for these processes (AG* = 0.00 eV)

In contrast, for *pN, — *pNNH, AG* is 0.39, and AG is 0.20
eV. In reference to *vN, (*vN, —» *pNNH), AG*is 0.95, and AG
is 0.76 eV, both of which are smaller than those for *vN, —
*vNNH. Therefore, hydrogenation proceeds through *pN, —
*pNNH. More facile hydrogenation of *pN, than *VN, is not
surprising because *pN, has a longer N-N bond length,
indicating that one © bond was broken upon binding to the Ru
surface making hydrogenation easier. This result is similar to that
observed in the N,TR catalyzed by Fe(111) system reported by
us.>3

In addition to hydrogenation, *pN, can also proceed via NN
cleavage to form *N + *N. AG¥/AG was calculated to be 0.90/-
1.83 eV. Because this kinetic barrier is higher than that for *pN,
hydrogenation by 0.51 eV, *pN, is expected to undergo
hydrogenation rather than N-N cleavage. It is important to note
that for N,ER, we determined the more favorable elementary
step based on kinetics because the thermodynamics of N,ER can
become more favorable as U becomes more negative (AG(U)
= AG(Uy) — eU) but the kinetics are less affected.>*

For *pNNH, the two possible hydrogenation pathways with
the corresponding energetics are as follows:

e AG*/AG =0.00/-0.19 eV for *pNNH — *pNNH,

® AG*AG =0.22/-0.02 eV for *pNNH — *HNNH.

*pNNH can also proceed via N-N cleavage with the following
energetics:

® AG*AG =0.54/-2.02 eV for *pNNH — *N + *NH.

Based on kinetics, *pNNH is expected to undergo hydrogenation
rather than NN cleavage.

In the next step, both the 2-H reduction intermediates (i.e.,
*pNNH, and *HNNH) can be hydrogenated to the common
intermediate (i.e., *HNNH,). The energetics are as follows:

This journal is © The Royal Society of Chemistry 20xx
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e AG*/AG = 0.00/-0.22 for *pNNH, — *HNNH,

® AG*/AG =0.25/-0.39 eV for *HNNH — *HNNH,.

In addition, an additional hydrogenation pathway exists for
*pNNH,. This pathway involves hydrogen addition to the NH,
side, leading to simultaneous *NH; formation and NN cleavage
(*pNNH; — *N + *NHj3). AG*/AG is 0.67/-1.79 eV for this step,
making it less favorable compared to the other processes. This
*NH; the dinitrogen
intermediates was not observed in N,TR.

In addition to hydrogenation, *pNNH, and *HNNH can
undergo NN cleavage with the following energetics:

o AG*/AG =0.42/-1.62 eV for *pNNH, — *N + *NH,

o AG*/AG =0.49/-2.00 eV for *HNNH — *NH + *NH.
These AG*s are higher than those for the hydrogenations of
*pNNH, and *HNNH, making NN cleavage less competitive.
Because AG* is 0.00 eV along the pathway, we predict that the
reaction proceeds through *pNNH — *pNNH, — *HNNH,.
For *HNNH,, two possible hydrogenation pathways exist. The
energetics are as follows:

e AG*/AG=0.75/-1.56 ¢V for *HNNH, — *NH + *NHj.

e AG*/AG =0.29/0.28 eV for *HNNH, — *H,NNH,

Based on kinetics, *HNNH, — *H,NNH, is more favorable.
*HNNHj; can also proceed via NN cleavage with the following
energetics:

e AG*/AG =0.50/-1.40 eV for *HNNH, — *NH + *NH,.
Therefore, the *HNNH, — *H,NNH, hydrogenation pathway is
more favorable than NN cleavage.

Then, the newly formed *H,NNH, can either be under
hydrogenation or NN cleavage with the following energetics:

e  AG*/AG =0.68/-1.63 eV for *H,NNH, — *NH, + *NHj;

e AG*/AG =0.38/-1.46 ¢V for *H,NNH, — *NH, + *NH,.
Based on kinetics, we predict *H,NNH, — *NH, + *NH, to be
more favorable.

Both direct NN cleavage and hydrogenation-induced NN
cleavage generate mononitrogen species, such as *N, *NH, and
*NH,, on the surface. To form the target NHj) product and
regenerate the active sites for further reactions, these species

direct formation pathway from

must be hydrogenated. The predicted energetics for the
hydrogenation reactions as follows:

e  AG*/AG =0.75/0.00 eV for *N — *NH

e AG*/AG=1.11/0.22 eV for *NH — *NH,

e AG*AG =0.50/-0.17 eV for *NH, — *NHj.

Therefore, *NH — *NH, has the highest kinetic barrier, which
should be avoided when constructing a kinetically favorable
reaction sequence. NHj ) is formed after molecular desorption
with AG=0.17 eV.

Based on the calculated energetics and to avoid *NH —
*NH, due to its high kinetic barrier (AG* = 1.11), we predict that
the most favorable mechanism involves * + Ny — *VN, —
*pN, — *pNNH — *pNNH, — *HNNH, — *H,NNH, —
2x*NH, — 2x*NH; — 2xNHj) (Fig. 2). Therefore, for N,ER,
facile hydrogenation leads to a mechanism following the
associative route where NN cleavage occurs in the final stage
after full N, hydrogenation. The overall AG (Nyg) + 6x(H* + €°)
— 2xNHj,)) is -0.83 eV under U = 0.0 Vgug and pH = 0.0. This
result is equivalent to AG = -0.83 eV for Ny + 3xHyg —

This journal is © The Royal Society of Chemistry 20xx
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2xNHj(g) at 298 K and 1 atm based on the definition of the
standard hydrogen electrode.

TSENH, — *NHy)

Free Energy (eV)
o

MH,

TS('pN — *pN:H)

TS(*HNNH, -+ “H,NNH,)

Reaction Coordinates

Fig 2. Free energy surface for the most favorable mechanism of N,ER.

In reference to * + Ny, we determined that *pN, —
*pNNH (0.95 eV) and *H,NNH, — 2x*NH, (1.01 eV) have
similar kinetic barriers. However, the high kinetic barrier of the
latter is due to the free energy cost to form *H,NNH, (AG = 0.63
eV, * + Ny = *H,NNH,), which we expect to be reduced as U
becomes more negative than 0.0 Vgyg. Therefore, each
hydrogenation step would be more exothermic. Indeed, with U.
0.5, ¥ + Na) = *HoNNH, is downhill by 0.95 eV (Fig. 3). Thus,
we consider the RDS to be *pN, — *pNNH with an apparent
kinetic barrier of 0.95 eV, where the adsorption of Ny to form
*pN, contributes 0.56 eV and the hydrogenation of *pN, to

*pNNH contributes 0.39 eV.

i = B BB
- &n:&ﬁ&&

* 4Ny *uN, N, *pN,H *pNNH, | *HNNH, g'H,NNH,
1.04 H H H
05+ f— -
> (— R
3 ?
= ;
G 00 —— i m—
| =
i}
= S
o
w -0.5 4
— 0.0V —
104 —— {-0.5V

Reaction Coordinates

Fig 3. Free energy surfaces of N,ER in the early stage calculated under Uy, (black
line) and Uy (red line). The unit for energy is eV.

During electrolysis, the HER competes with N,ER for the
input electricity. Based on experimental observations, most of
the energy is wasted in the HER rather than the desirable NER.
The free surface energy for the HER was calculated. The most
favorable mechanism proceeds through the Volmer-Heyrovsky
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route (*— *H — * + Hy(,), Fig. 4) with AG*/AG = 0.67/-0.38 eV
for *— *H and 0.82/0.38 eV for *H — * + Hj(,) under U = 0.0
Vsue and pH = 0.0. The apparent free energy barrier is 0.82 eV
lower than that for the N,ER (0.95 eV), leading to a reaction rate
that is 158 times faster. Thus, our QM results are qualitatively
consistent with the experimental results.

08 9 o
& o
0.6 ’
04|
02 i \ / \

0.04 —
*+Hy0p

Free Energy (eV)

-0.2 4

0.4

j—
TS(H,0y — *H + OH) “H  TS(H #HOpy "+ Hyy + OHY)

-064

Reaction Coordinates

Fig 4. Free energy surface for the HER following the Volmer-Heyrovsky route.

Comparison of the N,TR and N;ER

By comparing the two means for N, reduction, we observe
significant similarities and differences. The energetics for NN
cleavage are similar in both reduction reactions (Table 1). The
kinetic barriers values are similar with the mean absolute
difference between the AG*s for the two systems being only 0.08
eV. In addition, the AG*s change in a similar manner. For both
systems, AG* decreases by ~50% after the addition of the first
hydrogen. The addition of hydrogen to *pN, reduces the AG* for
NN cleavage from 1.09 to 0.57 ¢V in N, TR and from 0.90 to 0.54
eV in NLER. Moreover, further addition of hydrogen only leads
to a slight change in the barriers. The most significant difference
between N,TR and NER is the hydrogenation step, which is
much more facile in the N;ER than in the N,TR. On average, the
AG* for N,ER is 0.66 eV smaller than that for N,TR (Table 2).
Therefore, due to the similar kinetics for NN cleavage, the more
facile hydrogenation for N,ER changes the mechanism from the
dissociative route for N,TR to the associative route for N,ER.

Additionally, our analysis of the free energy surfaces of
N,TR and N,ER leads to our discovery of how to improve N,
reduction efficiency. In both systems, Ny adsorption to form
*pN, significantly contributes to the apparent kinetic barrier (i.e.,
1.09 eV for N,TR and 0.55 eV for N,ER). As a result, the
simplest method for making the processes more efficient
involves reducing this adsorption energy. Because metal surface
sites with low-coordinated atoms tend to bind N, more tightly,
55-58 we expect that the use of Ru catalysts with a higher fraction
of low coordinate sites will reduce Ny, more efficiently. These
sites could include vacancies, steps, kinks, twins, or grain
boundaries.

Table 1. Calculated AG*s for N-N cleavage for N,TR and NER (unit: eV).
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Reactions N, TR N;ER
*pN, > *N + *N 1.09 0.90
*pNNH — *N + *NH 0.57 0.54
*pNNH, — *N + *NH, 0.43 0.42
*HNNH — *NH + *NH 0.53 0.49
*HNNH, — *NH + *NH, 0.45 0.50
*H,NNH, — *NH, + *NH, 0.53 0.38

Table 2. Calculated AG¥s for hydrogenation in the N,TR and N,ER (unit: eV)

Reactions N,TR N;ER
*pN, — *pNNH 1.18 0.39
*pNNH — *pNNH, 0.85 0.00
*pNNH — *HNNH 0.99 0.22
*pNNH, — *HNNH, 1.11 0.00
*HNNH — *HNNH, 0.81 0.25
*HNNH, — *H,NNH, 1.20 0.29
*N — *NH 1.02 0.75
*NH — *NH, 1.17 1.11
*NH, — *NH; 1.10 0.50

Indeed, this strategy has been shown to work well
experimentally for N,TR. Dahl et al. demonstrated that B5 step
defects on Ru(0001) are much more active than the terrace sites
for NH; production.?” We expect that this strategy would also
work for N,ER. Recent experimental studies using metallic gold
with a high step density as the electrocatalyst exhibited a higher
Faradaic efficiency for N,ER, supporting our hypothesis.

Additionally, our calculations showed that the formation of
surface hydrogen (*H) is energetically favorable for both N,TR
and N,ER:

e AG*AG is 0.00/-0.36 eV for * + Hy,) — 2*H for N,TR at
700 K and 100 atm, and
o AG*/AG is 0.67/-0.38 ¢V for * + (H* + ¢) — *H for N,ER
under U = 0.0 Vgyg and pH = 0.
This indicates that a significant portion of the catalyst surface
may be occupied by *H, leaving less active sites for N, reduction
and therefore leading to a less efficient N, reduction process.
One possible means to circumvent this problem to use proper
supports such as some electride materials (e.g., Ca;N!*(e) and
[CagAlpgOes]*t(€7)4)%% ¢! and Ba-Ca(NH,),,°?> which have been
shown to suppress hydrogen poisoning. Thus, ruthenium
nanoparticles with higher concentrations of low coordinate sites
combined with those supports may lead to more efficient NH;
production from Nj.

Conclusion

We employed novel QM methods to predict the free energy
surfaces for N, thermal (N;TR) reduction and electrochemical
reduction (N,ER) on Ru(0001). Our conclusions are as follows:

This journal is © The Royal Society of Chemistry 20xx
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For N,TR (at 700 K and 100 atm), N-N cleavage dominates
the early stages of the reaction (the dissociation route). The
most favorable reaction sequence is

* + Ny = *VNy = *pN; = 2x*N — 2x*NH — 2x*NH,
— 2x*NH; —> 2xNHs(g),

and the rate determining step (RDS) is

*pN, —> 2x*N

with an apparent kinetic barrier of 2.19 eV (referenced to * +
Na(g)). This high kinetic barrier is due to two elementary steps
including adsorption of Ny, by the surface (* + Ny) — *pN,,
AG = 1.09 eV) and the kinetic barrier required to cleave *N,
to 2x*N (AG* =
adsorption would lead to more efficient N, TR. This strategy

1.10 eV). Therefore, improving N,

has been experimentally applied to improve the performance
of the N,TR.

For NL;ER (at 298 K, U = 0.0 Vgug, and pH = 0.0),
hydrogenation is much more facile than NN cleavage,
altering the reaction path from a dissociative route to an
associative route. The reaction sequence is

* + Nyg — *VN — *pN, — *pNNH — *pNNH, —
*HNNH, — *H,NNH, —> 2x*NH, — 2x*NH; — 2xNHj(g.
The RDS involves *pN, — *pNNH hydrogenation with an
apparent barrier of 0.95 eV. This barrier is due to the
adsorption of Ny (AG = 0.56 e¢V), and the kinetic barrier
required for *pN; hydrogenation to *pNNH is AG¥=0.39 eV.
Thus, our results suggest that the efficiency of N,ER can be
improved by making the N4 adsorption step less endergonic
or more exergonic. This can be achieved by using ruthenium
catalysts with high concentrations of undercoordinated sites.
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