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� Mechanochemical NH3 synthesis

using ball-milling method is

modeled by reactive molecular

dynamics.

� Strain applied to Fe(110) signifi-

cantly enhances the N2 dissocia-

tion as well as the NHx (x ¼ 1e3)

formation.

� From the von Mises stress ana-

lyses, applied strain transfers en-

ergy to Fe and *N and then

activates NH3 formation.

� New NH formation mechanism is

proposed as a dominant process

by DFT calculations.
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a b s t r a c t

A tremendous amount of ammonia (NH3) has been produced by the Haber-Bosch method

during the last 100 years. However, it is imperative to develop a new alternative to produce

NH3 in a more environmentally friendly way due to the high energy cost and the large

amount of greenhouse gas emissions in the Haber-Bosch method. Although the mecha-

nochemical process has been regarded as an emerging technique, the understanding at the

atomic level is limited. Here, we computationally model the mechanochemical ball-milling

method by molecular dynamics simulations with the reactive force field (ReaxFF) devel-

oped in this work. We find that strain applied to Fe surfaces significantly enhances the N2

dissociation as well as the NHx (x ¼ 1e3) formation on Fe(110), whereas the strain effect is

negligible on Fe(111). From the von Mises stress analyses, the applied strain (mechanical)

energies transfer the Fe catalysts and N atoms adsorbed on Fe surfaces and then activate

NHx formation. Moreover, mechanical strain boosts a new mechanism for NH formation,

the rate-determining step, via the direct interaction between the dissociated N atom on the

Fe surface and the H2 molecule, which is supported by density functional theory
Kim), sooyeonk0806@kist.re.kr (S. Kim), sangsoo@kist.re.kr (S.S. Han).

ier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY-NC-

-nc-nd/4.0/).

mailto:donghun@kist.re.kr
mailto:sooyeonk0806@kist.re.kr
mailto:sangsoo@kist.re.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2022.10.193&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2022.10.193
https://doi.org/10.1016/j.ijhydene.2022.10.193
https://doi.org/10.1016/j.ijhydene.2022.10.193
http://creativecommons.org/licenses/by-nc-nd/4.0/


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 3 9 3 1e3 9 4 13932
calculations. This study shows that the mechanochemical process is readily operated on Fe

catalysts and promising for NH3 synthesis.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
to understand the mechanism of mechanochemical NH3

Introduction

Ammonia (NH3) plays a key role in various industries, such as

fertilizers [1e6] and nitrogen-containing chemicals [7]. More-

over, it has recently been in the spotlight as the best means of

hydrogen carrier [8,9]. Despite various attempts over a cen-

tury, NH3 is still producedmainly by the Haber-Boschmethod.

This process is not only extremely energy-intensive with a

large amount of greenhouse gas emissions but also requires a

high cost to operate the NH3 production facility due to the

harsh operating conditions: high temperatures (400e500 �C)
and pressures (150e300 bar) [10,11].

Very recently, Han et al. [12] reported a groundbreaking

method for NH3 production based on mechanochemistry. Via

an iron (Fe) ball-milling process consisting of two steps, ni-

trogen (N2) dissociation and subsequent hydrogenation, they

achieved a superior NH3 concentration (82.5 vol%) under mild

reaction conditions (45 �C and 1 bar), indicating amuch higher

NH3 production than the 25 vol% from the state-of-the-art

Haber-Bosch method at 450 �C and 200 bar conditions

[5,13,14]. Although the mechanochemical method is a two-

step synthesis process, it definitely provides opportunities to

save the amount of energy required to produce NH3 and is an

eco-friendly (solvent-free), economically cheap and scalable

manufacturing process [15]. The previously reported energy

consumption values of the Haber-Bosch process are 36.4 (in

1970s) - 28.0 (in 2010s) GJ/tNH3 based on the conventional

methane-fed process, and 39.7 (in 1970s) - 38.4 (in 2010s) GJ/

tNH3 by the electric power [5]. On the other hands, Han et al.

[12], reported that the energy consumption of the ball-milling

process based on mechanochemical methods is 4.5 GJ/tNH3,

which is about 9 times more energy-saving process than the

Haber-Bosch process.

It was reported that the rate-determining step for the

mechanochemical synthesis of NH3 operated at low temper-

ature is the hydrogenation process of *N (* denotes a surface

site) dissociated on Fe surfaces because the Fe surfaces can be

easily blocked from strongly adsorbed hydrogen atoms

[12,16,17], which is in contrast to the Haber-Bosch process

operated at high temperature, where the rate-determining

step is N2 dissocation [13,18e20]. In the ball-milling process

by Han et al. violent impacts facilitate the desorption of

hydrogen-related intermediates on Fe catalysts and then can

promote NH3 synthesis [12]. They also demonstrated a theo-

retical understanding of the NH3 synthesis mechanism of the

mechanochemical process by density functional theory (DFT)

calculations, in which they proposed a dynamic relaxation

model to explain the effects of the violent impact inducing

rearrangement of the lattice parameters and atompositions of

Fe during a ball-milling process on NH3 synthesis. Undoubt-

edly, the theoretical approach provides a valuable explanation
synthesis. However, due to the limit of DFT calculations, there

remains room to explore the real dynamic behaviors of atoms

involved in the mechanochemical process. Moreover, the dy-

namic relaxation model was investigated only for Fe(110)

surfaces. Although the (110) surface is thermodynamically

most favorable for Fe, the high collisions between Fe catalysts

and balls during the ball-milling process would lead to the

evolution of other surfaces, motivating us to investigate the

effects of Fe surfaces on mechanochemical NH3 synthesis.

In this study, we use a molecular dynamics (MD) simula-

tion with a reactive force field (ReaxFF) [21,22] to investigate

the mechanochemical synthesis behaviors of NH3 on Fe cat-

alysts at the atomic level. Because ReaxFF allows nanoscale

systems with over 100,000 atoms [21,22], ReaxFF-MD simula-

tions have played key roles in bridging experiments and the-

ories in various fields, such as batteries [23,24], atomic layer

depositions [25], combustions [26e29], biosystems [30], and

catalysts [31e33]. In particular, we recently reported the ac-

tivity, selectivity, and durability for NH3 synthesis on ruthe-

nium (Ru) nanoparticle catalysts using ReaxFF-MD

simulations [34]. Here, we first develop the ReaxFF parameters

for the FeeNeH system obtained fromDFT calculations. Then,

with the developed ReaxFF, mechanochemical NH3 synthesis

on Fe catalysts is explored, where the mechanochemical

process is modeled by two steps: N2 dissociation (formation of

*N) and hydrogenation (formation of NHx, where x ¼ 1e3), as

in the experiment [12]. We additionally investigate the effects

of strain and Fe surface on mechanochemical NH3 synthesis

and discuss a mechanism of impact-activated surface re-

actions on Fe catalysts, where the mechanism is confirmed

with DFT calculations.
Computational methods

To simulate NH3 generation from N2 and H2 gases on the Fe

catalyst surfaces, we performed MD simulations with ReaxFF,

in which the ReaxFF parameters for ternary FeeNeH were

required for the simulation. Based on the reported ReaxFF

parameters for binary FeeH [35] and NeH [34], we developed

the force field parameters for the FeeNeH system using DFT

calculations. In particular, the bond parameters for FeeN, the

angle parameters for NeFeeN and NeNeFe, and the off-

diagonal parameters for FeeN were developed. The ReaxFF

parameters were optimized from various DFT training data,

where a successive one-parameter search technique [36] was

used with one-dimensional parabolic extrapolation against

the DFT data.We considered FeeN, FeeNHx, andH2NeFeeNH2

clusters in a nonperiodic system. For periodic systems,

various reaction pathways for adsorption and diffusion of a N

atom, N2 dissociation, N2 valence angle bending, NH3
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desorption, and NH3 decomposition over the Fe surfaces were

considered. The details on the ReaxFF development are

available in the Supplementary data.

For DFT calculations of periodic systems, the Vienna Ab

initio Simulation Package (VASP) [37] was used with an energy

cutoff of 500 eV and the revised Perdew-Burke-Ernzerhof

(rPBE) [38] exchange and correlation functional. A vacuum

spacing of 15 �A was used to avoid interslab interactions. The

project-augmented-wave method [39] was adopted to

describe the core electrons, and Monkhorst-Pack k-point

meshes of 4 � 4 � 1 were used for the slab calculations. While

the bottom two layers in the Fe slabs were fixed, the top two

layers and the reactant molecules were optimized until the

energy change was less than 1 � 10�4 eV/cell and the force on

each atomwas less than 0.02 eV�A�1. In addition, the climbing-

image nudged-elastic band (NEB) [40] method was employed

to search the transition states (TSs) for hydrogenation re-

actions of the dissociated N (*N) on Fe surfaces with 6 images.

Classical MD simulations were performed using the

LAMMPS (Large-scale Atomic/Molecular Massively Parallel

Simulator) software package [41,42] with the developed

ReaxFF. We considered two low-index Fe surfaces: Fe(110),

which is the most stable surface, and Fe(111), which is known

to be the most activated surface for NH3 synthesis [43]. The Fe

bulk was first energy-minimized by a conjugate algorithm and

then relaxed using an isothermal-isobaric (NPT) ensemble at

1000 K and 1 atm. The Fe(110) and (111) slabs were cleaved

from the optimized structure of a Fe bulk. The sizes of the

slabswere 56.6� 39.9� 36.4�A for Fe(110) and 56.5� 42.0� 34.6
�A for Fe(111) with a vacuum layer of 50�A (along the z-axis) in a

3-dimensional periodic boundary cell. Prior to the introduc-

tion of reactant gas molecules into the simulation box, the

slab structureswere relaxed using a canonical (NVT) ensemble

at 1000 K for 200 ps (picoseconds). Because the slab was thick

enough (16e18 atomic layers), the atoms in the middle part of

the slabs behaved as in the bulk. All reactionswere carried out

at 1000 K using a Nos�eeHoover thermostat in the NVT

ensemble, in which the high reaction temperature was

employed to accelerate the chemical reactions between solid

catalysts and gas molecules [34,44]. The total MD simulation

time was 1e1.5 ns (nanoseconds) with a time step of 0.25 fs

(femtoseconds).

During MD simulations, the ammonia formation reaction

was simulated in two steps, (1) N2 dissociation and (2) hy-

drogenation to form NHx (x ¼ 1e3), to model the reported

experiment [12]. This step-by-stepmethod is useful to analyze

factors that can affect the ammonia formation rate during the

simulation. In the first step, N2 gases of 300 atm were purged

into the simulation system and reacted with the Fe catalyst

surfaces for 1 ns. In the second step, all surrounding N2 gases

that did not participate in the surface reactionswere removed.

Then, H2 gases of 500 atm were added to the system. Prior to

the ReaxFF-MD simulations for NH3 synthesis, to avoid the

instability of the initial configurations of the reactant gases in

the system, their initial positions were preoptimized by NVT-

MD simulations at 1000 K with a nonreactive FF (universal

force field) [45].

For each reaction step, several strains (0%, 3%, and 5%)

were applied to the Fe catalysts to investigate the effect of

strain on NH3 production. A constant strain was applied by
decreasing the cell size in the z-direction (perpendicular to the

Fe surface) after 10,000 MD steps in which the Poisson ratio of

Fe (0.29) [46] was considered. The deformation in the z-direc-

tion (compressive strain) was considered to model the impact

of balls on the catalysts in themechanochemical method, and

the deformation was kept constant until the end of simula-

tions. To investigate the correlation between the activity and

mechanical deformation of the Fe catalyst surfaces, we also

calculated the von Mises stress of each atom. The von Mises

stress (sv) eq. (1). is expressed as follows:

sv ¼
�
1
2

h�
sxx � syy

�2 þ �
syy � szz

�2 þ ðszz � sxxÞ2

þ6
�
s2
xy þ s2

yz þ s2
zx

�i�1=2

(1)

where sxx, syy, and szz represent the normal stresses and sxy,

syz, szx represent the shear stresses.
Results and discussion

N2 dissociation

It is well known that the N2 dissociation reaction is the rate-

limiting step of the Haber-Bosch process for NH3 synthesis

[19,47e49]. However, in the mechanochemical method, the N2

dissociation process could be accelerated by comminution of

Fe catalyst particles into smaller grains [12]. In addition to the

generation of new grain surfaces, physical impact to the

catalyst surfaces readily affects the N2 dissociation reaction

because the high-speed ball-milling process can deform the

surface structures. In this study, we modeled the ball-milling

process by applying strain to Fe surfaces using ReaxFF-MD

simulations (Fig. 1).

According to Bozso et al. [49,50], the ratio of initial rates for

nitrogen adsorption on Fe surfaces at 550 K is (111):(100):(110)

¼ 60:3:1. Here, because nitrogen adsorption is dissociative, it

produces activated N atoms that can react with hydrogen to

form ammonia. In regard to ammonia formation, the effects

of the Fe surfaces becomemore prominent. Similarly, Spencer

et al. found that the ratio of relative ammonia formation rates

on Fe surfaces is (111):(100):(110)¼ 418:25:1 at 798 K [51]. These

results reveal that Fe(111) is the most activated surface to

produce ammonia, followed by Fe(100) and Fe(110). In addi-

tion, previous DFT calculations reported that the energy bar-

rier for N2 dissociation on Fe(110) is 1.1e1.2 eV [52e54], which

is similar to our DFT calculations.We obtained energy barriers

of 0.56 eV, 1.15 eV, and 1.22 eV on Fe(111), Fe(100) and Fe(110),

respectively. The ReaxFF developed in this work also showed

the trend for N2 dissociation on Fe surfaces as

Fe(111) > Fe(100) > Fe(110) (Fig. S10), similar to Bozso et al. [50].

Using ReaxFF-MD simulations, we applied a strain of 5% to

the Fe(110) and Fe(111) catalyst surfaces and then measured

the N2 dissociation rate and the formation of *N (Fig. 1bee), in

whichwe observed a decrease in N2 and an increase in *Nwith

increasing MD time resulting from N2 dissociation and the *N

formation reaction, respectively. According to DFT calcula-

tions of Logadottir and Nørskov [52], a strained surface in-

creases the nearest neighbor distance parallel to the surface

by 1.3 �A, leading to a lower energy barrier by 0.38 eV on the

https://doi.org/10.1016/j.ijhydene.2022.10.193
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Fig. 1 e Accelerated N2 dissociation reaction using (a) a mechanochemical ball-milling process on (b,c) Fe(110), and (d,e)

Fe(111). (c), (e) Red and blue lines indicate the numbers of N2 molecules and dissociated N atoms, respectively. The lighter

colored lines are for no applied strain, and the darker colored lines are when a strain of 5% along the z-axis is applied. Here,

the color code for atoms is Fe ¼ brown, and N ¼ navy. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Fe(111) surface compared to the unstrained surface. When we

apply a strain of 5%, the Fe surfaces show an increase in the

initial reaction rates for N2 dissociation (Fig. 1c and e). The

exerted strain not only kinetically accelerates the N2 dissoci-

ation reaction but also increases the amount of final product

(*N) by ~13% on Fe(110) and ~1% on Fe(111). Assuming the

first-order reaction kinetics for N2 dissociation, we calculated

the rate constant k for the reaction. According to the first-

order reaction kinetics,

ln(Nt / N0) ¼ �kt (2)

where t is the simulation time, Nt is the number of N2

molecules at time t, and N0 is the number of N2 molecules at

time 0. The calculated reaction rate for 1 ns increases by 34%

on Fe(110) and 4% on Fe(111), indicating that the strain effect is

more pronounced on Fe(110) than Fe(111).

Considering the atomic distances on the Fe surfaces, the

topmost layer of Fe(111) has longer distances between atoms

than those of Fe(110). Thus, the deformation ratio of Fe(110)

by the applied strain could be larger than that of Fe(111),

leading to a more significant strain effect for N2 dissociation

on Fe(110). The radial distribution function (RDF) graphs in

Fig. 2 show the average atomic distances of Fe atoms on the

Fe(110) and Fe(111) surfaces in our MD simulations, where

the atoms located within ~3 �A from the topmost surface are

considered. The RDF analysis clearly supports the strain ef-

fect. While the distance between the nearest neighbors
(r ~ 2.5 �A) is increased by 2.4% for the Fe(110) surface, only

0.08% is increased for Fe(111). Although the strain effect on

N2 dissociation is more significant on Fe(110), a higher con-

version is still observed on the Fe(111) surface. We observe

more products (*N) on the Fe(111) surface (90.2% of N2 is

reacted) than on the Fe(110) surface (82.7% of N2 is reacted)

after an MD simulation of 1 ns.

Hydrogenation to form ammonia

Hydrogenation of the N atoms adsorbed on the Fe catalyst

surfaces is explored by analyzing the effect of physical impact

on the hydrogenation step of NH3 formation. The N-adsorbed

Fe surface structures discussed in the previous section were

used for these MD simulations, in which no strain condition

was applied. Additionally, we deleted the residual N2 gas

molecules in the simulation box and added H2 gas molecules

of 500 atm. The details are described in the Computational

Methods section. During the ReaxFF-MD simulations of 1.5 ns,

the formation of NH3 as well as the intermediates (*NH and

*NH2) are observed in Fig. 3. Here, while the *NH and *NH2

intermediates are adsorbed on the catalyst surface, many NH3

products are desorbed from the Fe surfaces, which is sup-

ported by previous studies [55,56] comparing the adsorption

energies of NHx (x ¼ 1e3) species on the Fe(110) surface. NH3

has adsorption energies of 0.62e0.83 eV on Fe(110) [55,56],

which are much lower than those of NH or NH2 intermediates

(Ead, NH ¼ �5.49 eV, Ead, NH2 ¼ �3.17 eV) [56].

https://doi.org/10.1016/j.ijhydene.2022.10.193
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Fig. 2 e RDFs of (a) Fe(110) and (b) Fe(111) surfaces before (black) and after 5% strain (red), calculated for ~3 �A from the

topmost surfaces. Insets are magnifications of the first peaks for each graph. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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We also found that the strain effect on NH3 synthesis

shows different behaviors for the Fe(110) and (111) surfaces.

On the Fe(110) surface, as the degree of strain increases, the

generated NH3 products and intermediates (NHx, x ¼ 1e3)

increase (Fig. 3aec). Up to 0.2 ns, the reaction rate for NHx

formation is approximately 2 times faster with 5% strain than

that for the case with no strain. At 1.5 ns, the number of NHx

molecules produced is 77 and 112 when no strain and 5%

strain are applied, respectively, where the formation of *NH

depends on the strain beingmore sensitive than those of *NH2

and NH3. The amount of H2 decreases over time because H2 is

used for NHx formation (Fig. 3d). In contrast, the strain effect is

not significant on Fe(111) as much as on Fe(110) (Fig. 3eeh). In

Fig. 2, we show that the N2 dissociation on Fe(111) is little

affected by the strain. Accordingly, the strain does not

significantly promote the hydrogenation process of the

dissociated N atoms on the Fe(111) surface.

Under no strain, Fe(111) produces 32% more NHx per

surface area than Fe(110). On the Fe(110) surface, 72% of the

reaction products are *NH, and only 22% of them are *NH2,

while *NH of 58% and *NH2 of 39% are produced on the

Fe(111) surface. Because the hydrogenation energy barrier

from *NH to *NH2 on Fe(111) is lower than those of other

hydrogenation steps [57], *NH can be relatively easily con-

verted to *NH2. Compared to Fe(111), our MD simulation re-

sults show a lower conversion rate of *NH to *NH2 on the

Fe(110) surface, which is likely because the energy barrier for

the hydrogenation of *NH to *NH2 is much higher on Fe(110)

[56]. On the other hand, under 5% strain, the total amounts of

NHx produced on Fe(110) and Fe(111) surfaces are similar

after 1.5 ns (7.8 mmol/m2 for Fe(110) and 7.2 mmol/m2 for

Fe(111), Fig. S11), which is very noticeable because the strain

can readily enhance catalytic performance for NH3 forma-

tion on Fe(110), although Fe(111) is more active for NH3 for-

mation than on Fe(110) under no strain [51].

Stress and energy analyses

To unveil the mechanism by which the physical impacts

promote the formation of ammonia, we analyzed the local
energies and stresses of atoms during the MD simulations.

First, we analyzed the system energy to confirm that the

energy exerted by strain is indeed transferred to the atoms

on the catalyst surface. When a strain of 5% is applied to

the catalyst surface, a significant energy gain of the sys-

tem is observed (Fig. S12), where after the energy gain, the

system energy fluctuates slightly to relieve the exerted

stress. Although the total energy of the system fluctuates,

the average value is higher than before the strain is

applied.

From the energy analyses of Fe, N, and H atoms in the

system, the average atomic energies (sum of the potential and

kinetic energies) of Fe and N increase upon applying strain

(Fig. 4a and b), where all of the N atoms are adsorbed on the Fe

surface. However, there is no significant energy gain for H

atoms (Fig. 4c). These results clearly show that the energies

generated by strain can increase the energies of the Fe catalyst

and the species adsorbed on the surface so that the Fe catalyst

and surface-adsorbed N can be readily further activated via

the energy gain.

To further clarify the effects of the energies exerted by

strain on the catalytic activity for NH3 synthesis, we per-

formed von Mises stress analysis, in which the details on the

calculation of the von Mises stress are described in the

Computational Methods section. Fig. 4d and e shows the dis-

tribution of von Mises stresses of the Fe(110) and Fe(111)

catalyst slabs before (t ¼ 0 s) and after applying 5% strain

(t ¼ 2.5 ps) from our MD simulation results, where the map is

normalized by the average von Mises stress of Fe for com-

parison between the two different faces: the actual stress

ranges 0e27 GPa for Fe(110) and 0e31 GPa for Fe(111). Prior to

application of the strain (t ¼ 0 s), higher surface stresses than

themiddle parts of the slabs are observed for both Fe(110) and

Fe(111) due to the instability resulting from surface dangling

bonds. Here, Fe(111) shows a higher surface stress than

Fe(110), which is reasonable considering the surface reactivity

of Fe(111). When strain is applied (t ¼ 2.5 ps), the stresses of

both Fe surfaces increase overall. However, the change in the

Fe(110) surface stress is much more noticeable, as already

discussed.
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Fig. 3 e The amounts of NHx (x ¼ 1e3) and H2 molecules generated or dissociated on the (aed) Fe(110) and (eeh) Fe(111)

surfaces during ReaxFF-MD simulations. (a, e) The generated NHx (NHx ¼ NH þ NH2 þ NH3), (b, f) NH, (c, g) NH2 and NH3

molecules, and (d, h) the dissociated H2 molecules on Fe surfaces. Here, several strains were applied: 0% (dark-gray), 3%

(dark-blue), and 5% (orange). (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 3 9 3 1e3 9 4 13936

https://doi.org/10.1016/j.ijhydene.2022.10.193
https://doi.org/10.1016/j.ijhydene.2022.10.193


Fig. 4 e (aec) The average energies of (a) Fe, (b) N, and (c) H atoms for the Fe(110) and Fe(111) catalyst systems, where each

data point is averaged by the numbers of Fe, N, or H atoms. The dotted lines denote the point where the 5% strain is applied,

indicating that the light-gray shaded areas are under strain. (dee) The vonMises stress analyses of (d) Fe(110) and (e) Fe(111)

systems during MD simulations, where the insets of (i)-(iv) depict the von Mises stresses of N atoms only. Continuous strain

is applied at 2.5 ps (right) for both systems. To compare the stress changes between Fe surfaces, each atomic stress value is

normalized using the maximum stress of Fe. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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Table 1 summarizes the changes in the average von Mises

stress of Fe and N with MD time. Initially (t ¼ 0 ns), Fe(111)

shows a higher average von Mises stress of Fe (21.1 GPa) than

Fe(110) (19.4 GPa) because Fe(111) is a more activated surface.

When strain is applied to the Fe(110) surface, the average von

Mises stress of Fe increases by 10.5% compared to the initial

value. The average von Mises stress of N significantly in-

creases by 31.8% over the initial value, which is approxi-

mately twice the increment for the system without external

strain. These results clearly show that the external strain can

significantly activate Fe and N atoms on Fe(110), particularly

N atoms. For Fe(111), the average von Mises stress of N in-

creases by 26.3% after 1 ns even under no strain. However,

although the strain is applied to Fe(111), the strain effect is

not significant, which is similar to the results shown in Figs. 1

and 3. At 1 ns, the average von Mises stresses of N on both

surfaces under strain are similar (41.0 GPa vs. 40.6 GPa),

resulting from the significant increase in the vonMises stress
for the Fe(110) system. In Table 1, we also confirm the cor-

relation between the change in von Mises stress and the

catalyst activity for NHx (x ¼ 1e3) generation. In other words,

when no strain is applied, Fe(111) generatesmore NHx, which

correlates with the fact that Fe(111) has a higher von Mises

stress than Fe(110). However, Fe(111) shows a negligible

strain effect, while the von Mises stress of Fe and N atoms on

Fe(110) significantly increases by the external strain, and

then the highly activated Fe and N atoms promote NHx

generation.

Fig. 5 shows the von Mises analysis of *NH formation from

*N. The stress value of *N slightly fluctuates over time; how-

ever, the stress is significantly increased when forming *NH

(Fig. 5m). Similar behavior is also observed during the for-

mation of *NH2 from *NH in Fig. S14. These clearly show the

correlation between the von Mises stresses and the chemical

reactivities of atoms. This phenomenon is observed for all

systems regardless of strain, but the NH3 formation rate is

https://doi.org/10.1016/j.ijhydene.2022.10.193
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Fig. 5 e The von Mises stress analysis during the hydrogenation reaction of *N (*Nþ *H / *NH) on the Fe(110) surface. (aec)

MD snapshots before hydrogenation (t¼ 34.95 ps), diffusion of *H (t ¼ 35.10 ps), and *NH formation (t¼ 35.125 ps). Here, the

color code for atoms is Fe ¼ brown, N ¼ navy, and H ¼ white. (del) The von Mises stress distributions of N, H, and Fe atoms

at each MD time step. (m) The vonMises stress of *N interacting with *H. A red circle point at 35.10 ps indicates a step where

the hydrogenation starts. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Table 1eChanges in the average vonMises stress of Fe andN atoms and the generatedNHx on Fe(110) and Fe(111) catalysts
with and without strain compared to the initial values at 0 ns.

Time (ns) Changes of the average von Mises stress (%) Generated NHx (mmol/m2)

Fe N

No strain 5% No strain 5% No strain 5%

Fe(110) 0 19.4a e 31.1a e 0 0

0.25 þ1.4 þ7.4 þ4.6 þ15.1 1.4 2.7

0.5 þ2.1 þ8.7 þ9.2 þ23.0 2.6 4.1

0.75 þ2.5 þ10.1 þ13.0 þ28.0 3.3 5.6

1 þ3.1 þ10.5 þ16.8 þ31.8 4.1 6.6

Fe(111) 0 21.1a e 31.1a e 0 0

0.25 þ0.4 þ1.5 þ7.9 þ10.1 1.6 1.3

0.5 þ1.7 þ2.9 þ16.3 þ19.6 3.4 3.1

0.75 þ1.4 þ3.3 þ21.7 þ25.6 4.6 4.2

1 þ1.7 þ3.7 þ26.3 þ30.4 6.0 5.5

a The initial von Mises stresses are in GPa.
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much faster under strain. The difference in the reaction rates

results from the energy gain supplied by strain.When strain is

applied, more energy is transferred to the Fe catalysts and

surface-adsorbed atoms, increasing their reactivities.

Mechanochemical hydrogenation mechanism

According to our ReaxFF-MD simulations, the hydrogenation of

*N occurs in two ways: (1) the *H dissociated on Fe surfaces is

diffused to *N to form *NH (*N þ *H / *NH þ *) (Fig. 6a,

Scheme (1), and (2) a H2 molecule directly interacts with *N

(*NþH2þ */ *NHþ *H) (Fig. 6a, Scheme 2). Here, we focus on

the hydrogenation reaction of *N because it is the rate-

determining step in mechanochemical NH3 synthesis [12].

Our MD simulations reveal that Scheme 2 is preferentially
observed for *NH formation. Although the first path has been

reported in several studies [57,58], the second path has not yet

been reported. Thus, NEB calculations are considered to

compare the energetics of the two paths (Fig. 6b). The NEB re-

sults show that Scheme 2 is kinetically and thermodynamically

more favorable than Scheme 1, in which the energy barrier for

Scheme 2 (0.5 eV) is lower than that of Scheme 1 (1.5 eV).

Moreover, the reaction is exothermic in Scheme 2, while

Scheme 1 is energetically slightly uphill. These results clearly

support our ReaxFF-MD simulations. Here, we conclude that

*NH formation in the mechanochemcial process occurs via

both Schemes 1 and 2, although Scheme 2 is preferential.

Moreover, we also analyzed the von Mises stresses of atoms

during *NH formation via Scheme 2 (Fig. S15) and found that

mechanical strain readily promotes *NH formation via Scheme

https://doi.org/10.1016/j.ijhydene.2022.10.193
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Fig. 6 e (a) Two hydrogenation paths for *NH formation on Fe catalysts. Scheme 1 indicates *Nþ *H/ *NHþ *, and Scheme

2 indicates *N þ H2 þ * / *NH þ *H. (b) NEB results for Scheme 1 and Scheme 2 obtained by DFT calculations. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2, which is similar to the results shown in Fig. 5. For the for-

mation of *NH2 and *NH3 in our MD simulations, a similar

mechanism to Scheme 1 based on the surface diffusion of *H is

dominant, as reported in the literature [57,59].

In this work, we simulated the two-step process for NH3

synthesis consisting of N2 dissociation and then hydrogena-

tion reactions similar to the previous experiment [12]. In a

similar way, we additionally simulated one-step process re-

actions for NH3 synthesis in which H2 and N2 molecules can

interact with Fe surfaces at the same time (Fig. S16). It reveals

that the mechanical strain enhances catalytic performance

irrespective of the one-/two-step reactions. The one step re-

action leads to two times more NHx products under strain

than the one without strain. Yet, the two-step reaction (Fig. 3)

would produce more NHx products compared to the one-step

reaction after 1.5 ns of MD simulations.
Conclusion

The mechanochemcial way for NH3 synthesis on Fe catalysts

has been explored to clarify the atomistic origin by ReaxFF-MD

simulations, in which we investigate the effects of the applied

strain on Fe surfaces on NH3 synthesis. From the von Mises

stress analysis, the mechanical stress induced by the exerted

strain readily activates the NHx (x ¼ 1e3) formation reactions.

In particular, the strain effect is much more pronounced on

Fe(110) than on Fe(111). Although Fe(111) is more active for NH3

formation than Fe(110) when no strain is applied, the applied

strain can significantly increase the activity of Fe(110) as much

as Fe(111). Considering that Fe(110) is the thermodynamically

most favorable surface, the mechanochemical process can

readily enhance the activity of Fe catalysts for NH3 synthesis.

https://doi.org/10.1016/j.ijhydene.2022.10.193
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On the other hand, in the actual experiment, various defects on

Fe surfaces can be generated during the ball-milling process

and are highly activated for N2 dissocation [12,60]. Although

this work does not consider defects, we can readily conclude

that mechanical stress activates Fe surfaces for NH3 formation,

particularly Fe(110), even without the help of defects.
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