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The Haber-Bosch process, which was developed more than a century ago, remains the primary method
for nitrogen fixation on a large scale and Fe is typically the main catalyst used in the process. Despite
having been extensively studied, some anomalies regarding the activity trend across various Fe surfaces still
exist. To understand the intrinsic activity trend of Fe catalysts, we utilize density functional theory (DFT) to
calculate the reaction energetics on various Fe surfaces in conjunction with microkinetic analyses to
examine the activity of the Fe surfaces. The catalytic activity order obtained is Fe(111) > Fe(211) > Fe(210) >
Fe(100) > Fe(110). We find that the activity trend is correlated to the barrier of the rate-determining step,
N, dissociative adsorption barrier, and perhaps more importantly to the surface energies. It is also noted
that the association barriers of flat surfaces are generally larger than those of stepped surfaces, for which a
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1. Introduction

Ammonia (NHj) is indispensable to the global economy in
both industrial and agricultural production,' as well as being
considered as an energy carrier’ to play a potential role in
the storage/conversion of renewable energy. The significance
of ammonia motivates extensive studies in innovating and
optimizing ammonia synthesis, involving thermocatalysis,
electrocatalysis, photocatalysis, biocatalysis and plasma-
catalytic synthesis.®"" Nevertheless, the primary industrial
approach to fix nitrogen to produce NH; is still the
Haber-Bosch process (HBP), even though it is energy and
capital-intensive (350-550 °C, 150-350 atm)'>'* due to the
stability of N=N,"* consuming 2% of the total energy supply
in the world and releasing more than 400 Mt of CO,, which
accounts for 3% of total global CO, emissions."”

Although ammonia synthesis has been industrialized for
more than 100 years, designing good catalysts to moderate the
reaction conditions is the eternal pursuit of researchers.'®>'
There are mainly three types of catalysts that activate nitrogen
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molecules: (i) homogeneous catalysts;”>** (i) natural
biocatalysts;***® and (iii) heterogeneous catalysts.**** All the
existing research findings suggest that the most energy-
intensive step in ammonia synthesis is either the activation of
N, or the hydrogenation of the surface intermediate species
NH, to ammonia.?’ It can be inferred that an ideal catalyst for
ammonia synthesis should possess both a low N, activation
energy and a low NH, hydrogenation barrier, which are difficult
to realize simultaneously due to the scaling relationship on the
transition metal (TM) surface. In any case, the active sites for
these steps play significant and crucial roles in catalysis.
Gaining an understanding of these active sites is probably one
of the most essential problems in ammonia synthesis.
Somorjai and co-workers®' showed clearly that ammonia
synthesis was a structure-sensitive reaction by using various
single crystal surfaces of Fe and reckoned that C; sites were
the active sites that exist only on Fe(111) and Fe(211),
exhibiting reaction activity: Fe(111) > Fe(211) > Fe(100) >
Fe(210) > Fe(110). Meanwhile, it is difficult to measure
microscopic reaction pathways experimentally. Theoretically,
the ammonia synthesis mechanism and kinetics on the
Fe(111) and reconstructed Fe(211) surfaces were studied by
Qian et al. and Fuller et al., respectively.*** At variance with
common thinking, Fuller et al suggested that the
reconstructed Fe(211) surface is the active phase under the
HBP conditions.* To further explore the active site of the Fe
catalyst, Zhang et al®* investigated the intrinsic rate of the
nitrogen reduction reaction (NNR) on each surface site exposed
over bee Fe particles, addressing the effects of intrinsic activity,
the density of active sites and the particle size. Theoretical
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results showed that the activity of Fe surfaces varied, being
consistent with the experiment® except Fe(100).** It is clear
that these Fe surfaces deserve further investigations.

Fundamentally, the active site is generally an important
concept in heterogeneous -catalysis, which should lay a
foundation for understanding any catalytic system. Liu and
Hu* studied some typical reactions occurring on flat, stepped,
and kinked metal surfaces, obtaining several rules to predict
where the reaction should occur. It would be interesting to
apply similar approaches to systematically study the active sites
of Fe catalysts for ammonia synthesis (Fig. 1).

Thus far, there has been a lack of a correlation between
the surface structure of Fe catalysts and activity of ammonia
synthesis, and some puzzles regarding the different activity
on various Fe surfaces have not been rationalized. In
particular, the following questions remain unanswered: (i)
Fe(210) and Fe(211) are structurally similar. However, why
does the large difference exist in activity? (ii) Experimentally,
Fe(100) was found to be more active than Fe(210) even
though Fe(100) is the most inactive surface from theoretical
calculations.*** How can one rationalise these results? (iii)
What are the controlling factors that influence the activity
trend of Fe catalysts for ammonia synthesis?

To answer these questions, in this work we carried out a
detailed density functional theory (DFT) study of ammonia
synthesis on various Fe surfaces and developed a kinetic
model to determine the activity trend across them. We found
that the order of activity is Fe(111) > Fe(211) > Fe(210) >
Fe(100) > Fe(110), which is linearly correlated with the
surface energy and N, dissociative adsorption barrier.
Furthermore, we examined the electronic and geometric
effects and discussed our findings.

2. Computational methods
2.1 Surface model

A p(3 x 3) supercell was constructed to calculate the
elementary reactions of ammonia synthesis on various Fe
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surfaces. The layer number varies; there are 6 layers for
Fe(100), 5 layers for Fe(110), and 4 layers for Fe(111), Fe(210)
and Fe(211), respectively. When optimizing the structure for
each elementary reaction, the top 2-3 layers with the surface
species were fully relaxed while the rest of the bottom layers
of the surface model were fixed (see Fig. S1 in the ESIf). The
thickness of the vacuum layer in the Z direction was set as 15
A. The parameter k-point grid involved in the calculation
could be determined according to the lattice parameters
through the Monkhorst-Pack scheme,®® typically 2 x 2 x 1
k-point meshes in this case, and has been confirmed by
k-point sampling tests (see Fig. S2 in the ESI}).

2.2 Computational details

In this work, all the calculations were performed with spin-
polarized density functional theory with the Vienna ab initio
simulation package (VASP),>” using the Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA).*® The core-valence electron interaction
was described by the project-augmented wave (PAW)
method,*® and the valence electronic states were expanded in
the plane wave basis sets with an energy cutoff of 450 eV. The
constraint optimization method*>*" is adopted to search the
transition state (TS) and the force convergence standard
during structural optimization which is set at 0.05 ev A™. All
the transition states were checked by vibrational frequency
analysis.

2.3 Microkinetic modelling with/without coverage effects

According to the current consensus,'"® the reaction
mechanism of N, and H, converting to ammonia on the
surface of the Fe-based catalyst consists of the following
elementary steps listed in Table 1 (* represents the free site).
r; is the rate of reaction for reaction step i (i = 1, 2..., 7). k;
and k; are the forward rate constant and reverse rate
constant, respectively. The microkinetic modelling and
analyses were performed using CATKINAS.*>"** While there
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Fig. 1 Nitrogen reduction reaction activity. (a) Activity of single Fe crystal surfaces from the experimental work of Somorjai and co-workers.>!
Adapted with permission from ref. 31 copyright (1994) Topics in Catalysis. (b) Calculated reaction rates from the theoretical work of Li and co-
workers.>* Adapted with permission from ref. 34 copyright (2019) ChemCatChem. Both figures are redrawn here according to the original figures.

To a large extent, both trends are similar with some differences.
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Table 1 Elementary steps and the rate equations of ammonia synthesis
used in the microkinetic modelling (* represents the free site on the
surface). Details of the microkinetic software can be found in ref. 41-43

Surface reactions Rate equations

H,(g) + 2% — 2H*
Ny(g) + 2* «— N}

N 4 * — N* + N*
N* + H* > NH* + *
NH* + H* — Nj + *
NH3 + H* — NH¥ + *
NH — NH; + *

71 =k Py, 0% - k710%1

7y = kyPy, 6% —k0n,

73 = k30n,0% - k. 50%

74 = k4OnOu — k_yOnn0*

75 = ksOnnbu — k—seNHﬁ*
Te = keOnn,0n — k-60nm,0*
r7 = k79N1—13 - k—7PNH39*

N Gk W N R

are still some challenges associated with microkinetics, such
as the incompatibility of non-random distribution models,*’
our group has developed a novel method that integrates
surface coverage effects with microkinetics, which offers a
valuable means to achieve the consistency between theory
and experimental results.*®

With coverage effects. The two-line model was used to
quantify the dominance of the coverage effects over
chemisorption energies and reaction barriers.**™*° The entire
coverage is determined by the sum of all the adsorbate
coverages. The two-line model describes mainly how the
energy of chemisorption varies at low and high coverages:

)

> S

D (@ x 0+ byj) x
E0)={ 7

> (“f/j x0+ b§/j) x

J

(1)

where 0, 0;, i and j represent the total coverage, the coverage
of species j, the target adsorbate 7, and environmental species
J, respectively. a and b are the slope and intercept of the two-
line model. &, is the critical point separating the low coverage
from the high coverage.

The definition of the differential chemisorption energy of
all species under various coverage conditions is:

e [ On + On-
aife [ On + On—1
i (B

) = Eads,N _Eenv,N—l _Egas (2)

where E,45 v and Eeny -1 are the total energy after adsorption
of N adsorbates and the N - 1 environmental species,
respectively, and Eg,, is the energy of the adsorbate in the gas
phase.

The definition of the N, dissociative adsorption barrier
under various coverage conditions is:

Egisz) = ETS,N - Eenv,N—z - EN2 (3)

The turnover frequency (TOF) was calculated using a self-
consistent microkinetic model shown in the scheme in Fig.
S17 in the ESIt which was performed under experimental
conditions with a temperature of 673 K and pressure of 20
bar.’>* The converged TOF and coverages for different species

This journal is © The Royal Society of Chemistry 2023
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at the steady-state were achieved when the convergence of
coverages reaches a sufficiently low level.

Without coverage effects. On Fe(111) and Fe(110), the
adsorption energies with a coverage of 0.04 ML were used in
the coverage-independent model, whereas a coverage of 0.17
ML was employed for the dissociative adsorption barrier.
They are 0.03 ML and 0.13 ML for Fe(100) and Fe(211), and
0.06 ML and 0.25 ML for Fe(210), repectively.

3. Results and discussion
3.1 Structures and energies of reaction intermediates

In order to obtain a comprehensive understanding of
activity on various Fe surfaces, in this section we focus on
the structures and energies of the reaction intermediates.
Firstly, the surface energy’® as an important property of the
catalyst surface, which is difficult to quantify
experimentally, was calculated in this work. The surface
energy is defined as follows:

_ dE o E—-EpqiXxXn

s 28 @

where E is the total energy; Ep, is the bulk energy; n is the
multiple of the number of surface atoms to the number of
atoms in the bulk phase; S is the surface area. The o-Fe
bulk phase energy was calculated to be -8.31 eV.

Our calculation results display that the surface energy
order is Fe(111) > Fe(211) > Fe(210) > Fe(100) > Fe(110)
(see Table 2), which is consistent with the trend of the
literature value.'® The most active surface of Fe, ie.,
Fe(111), has the highest surface energy, 0.166 eV, which is
similar to the literature value (only 0.004 eV lower)."® Not
surprisingly, Fe(110) as the most inactive surface has the
lowest surface energy. The structure of each Fe surface is
shown in Fig. 2. As can be seen, both Fe(100) and Fe(110)
are flat surfaces, while Fe(111), Fe(210) and Fe(211) possess
stepped surface features.

Then the N, adsorption was calculated. In this work, three
adsorption sites of N, were considered: top, bridge and
hollow sites. After optimizations, the N, bond length is found
to be elongated from 1.115 A to 1.277 A, when adsorbing on
the hollow site of Fe(110). It is observed that the longer the
N-N bond length on the surface, the stronger the adsorption
of N,. For N, the adsorption energies on the top, bridge and
hollow sites are -0.74 eV, —0.54 eV and -0.85 eV, respectively.

Table 2 Surface energies of various Fe surfaces calculated versus the
values in the literature. It can be seen that the agreement is good

Fe surface 7 (eVA?) The literature value'®
Fe(100) 0.155 0.156

Fe(110) 0.151 0.153

Fe(111) 0.166 0.170

Fe(210) 0.156 —

Fe(211) 0.160 0.163

Catal. Sci. Technol., 2023,13, 5237-5247 | 5239
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Fig. 2 Top (a-e) and side (f-j) views of the optimized surface structures of Fe(100), Fe(110), Fe(111), Fe(210) and Fe(211). The Fe atoms on the top
layer are grey; the second Fe atoms are blue, and the next layer is green. Grey, blue and green balls indicate the top layer, the second layer and

the third layer of Fe, respectively.
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Fig. 3 Optimized structures of N, adsorption on Fe(110). Dark blue represents the N atom. (a) Top site, (b) bridge site, and (c) hollow site. The

distances between N atoms are illustrated in the figure.

Table 3 Reaction barrier (E;) and enthalpy change (AH) of each elementary step in ammonia synthesis on the Fe surfaces

H, + 2% N* + H*

Fe = 2H* N, + *=N3% N% + * = 2N* = NH* + * NH* + H* = N% 4 * NH} + H* = NH} + * NH% = NH% + *
surface E, AH E, AH E, AH E, AH E, AH E, AH E, AH
Fe(100) —0.80 —-0.95 1.15 -2.15 1.25 036 1.25 0.28 1.31 0.34 0.88
Fe(110) -1.37 -1.02 1.34 -1.72 1.51  0.23 1.32 0.96 1.50 0.47 0.89
Fe(111) —0.86 -0.77 0.35 -1.43 0.96 0.40 0.90 -0.03 1.04 0.09 1.05
Fe(210) -1.35 -0.91 0.81 -1.90 1.23 072 1.19 0.15 1.61 0.63 1.04
Fe(211) -1.15 -1.08 0.69 -1.22 1.20 0.47 0.88 -0.21 1.37 0.71 1.02

Because the adsorption energy on the hollow site (Fig. 3(c)) is
the strongest, the hollow adsorption state was selected to be
calculated for the N, dissociation (Table 3).

Hydrogenation reactions from N to NH, NH, and NH;
were also calculated. By a comparison of each elementary
reaction among various Fe surfaces, it is found that almost
all the reaction barriers follow the order: Fe(111) < Fe(211) <
Fe(210) < Fe(100) < Fe(110), except the step of
NH? + H* = NH¥ + *. Surprisingly, in the last step of the

5240 | Catal. Sci. Technol.,, 2023, 13, 5237-5247

hydrogenation process the activity order changes markedly,
following this order: Fe(111) < Fe(100) < Fe(211) < Fe(110)
< Fe(210). As shown in Fig. 4, the bond length of nitrogen
initially starts at 1.115 A, which is lengthened after
adsorption, leading to easier N, dissociation. For the more
reactive Fe(111) and Fe(211) surfaces, the N-N bond length
is longer than 1.3 A while for the less reactive Fe(100),
Fe(110) and Fe(210) surfaces, the N-N bond length is less
than 1.3 A.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Optimized structures of N, adsorption on (a) Fe(100), (b) Fe(110), (c) Fe(111), (d) Fe(210), and (e) Fe(211). The distances between N atoms are

illustrated in the figure.

It can be seen from Fig. 5 that Fe(111) with the highest
catalytic activity has a relatively uniform arrangement of C,. The
transition state structures of the last hydrogenation step are
similar except that on Fe(111), on the which nitrogen atom is
only coordinated with one Fe atom, lowering the hydrogenation
reaction barrier. It is worth noting that the longer the bond
between the Fe atom and N atom, the easier it is for the Fe-N
bond to break. Based on this observation, we can explain why
the NH% + H reaction barrier order is Fe(111) < Fe(100) <
Fe(211) < Fe(110) < Fe(210) using the Fe-N bond length.

3.2 Kinetic analyses without coverage effects

Based on the DFT calculated energy barriers above, we carried
out microkinetic simulations for ammonia synthesis in a wide
range of conditions (273-873 K, 10 >-10° bar, N,:H,:NH; =
1:3:0.01), which is similar to the work of Nerskov and co-
workers."® Using the DFT energetics at low coverages (0.04
ML) from Fe(111), we created a 2D activity heatmap depicting
the TOF as a function of temperature and pressure from the
microkinetic modelling, considering that the two variables
can be varied independently of each other. This trend is
similar on each surface; as the temperature and pressure
increase, the activity is increased (Fig. 6).

To compare the relative activity of various Fe surfaces, the
typical ammonia synthesis conditions (673 K, 100 bar) were
chosen as an example. Under these conditions, the activity
order of ammonia synthesis reaction from our simulations is

Fe(111) > Fe(211) > Fe(210) > Fe(100) > Fe(110),
while the order from the experiment work® is
Fe(111) > Fe(211) > Fe(100) > Fe(210) > Fe(110).
It can be seen that they are the same except the relative

positions of Fe(210) vs. Fe(100): the experimental work

This journal is © The Royal Society of Chemistry 2023

showed that Fe(100) is more active than Fe(210) while our
simulations demonstrate that this is not the case. How can
we understand the discrepancy between the experimental
work®' and our calculations for Fe(210) and Fe(100)? At first
glance, our result appears to be more reasonable: Fe(210) is a
stepped-like surface while Fe(100) is a flat surface; it is
expected that the stepped surface is more active than the flat
surface. More analyses can confirm this (see below).

In order to understand the activity trend, we studied the
rate-determining step of each Fe surface, finding that
regardless of the Fe surface, R3 (dissociation of N%) is always
the rate-determining step under the typical conditions (673
K, 100 bar). However, for the most active Fe(111) surface, the
situation changes in the range of 600-700 K at 100 bar, which
is shown in Fig. 7: R2 (adsorption of N,) begins to dominate
the overall reaction, while R5 (hydrogenation of NH*) and R6
(hydrogenation of NH%) also play some considerable roles.
This is reasonable; on active catalysts the rate-determining
step is typically accelerated to prevent any single step from
becoming too dominant.

As shown in Fig. 8(a) and (b), for the less reactive surfaces
Fe(100), Fe(110) and Fe(210), N% dissociation (R3) maintains
the role of being the rate-determining step. However, for
Fe(111) and Fe(211), only in a narrower temperature range,
the rate-determining step is the N% dissociation. Fig. 8(c)
shows that the adsorption of N, and the N, dissociation
cancel each other largely on the reaction control degree. The
result that the rate-determining step is the N, dissociation is
consistent with the fact that the overall activity order is
similar to that of the N, dissociation (Fig. 8(d)).

The relationship between the N, dissociation barrier and
TOF value of each surface is shown in Fig. 9(a). Comparing
the calculated results and the experimental ones or other
relevant theoretical calculations, interestingly, several
differences can be found. Firstly, the activity on Fe(210)
surpasses that on Fe(100), which disagrees with experiment
work, as mentioned before,®* but it is consistent with the

Catal. Sci. Technol.,, 2023, 13, 5237-5247 | 5241
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Fig. 5 Structures of the nitrogen dissociation transition states and step-wise hydrogenation on each Fe surface. (a-d) The structures on Fe(100),
(e-h) on Fe(110), (i-l) on Fe(111), (m-p) on Fe(210), and (g-t) on Fe(211). White balls represent the H atoms.

work of Li and co-workers.** Secondly, the result that Fe(100)
substitutes Fe(110) as the least activity surface®* is contrary to
our results and also experimental one.

To further understand the impact of the rate-determining
step, we plot the relationship between Ig(TOF) and the N,
dissociative adsorption barrier, as illustrated in Fig. 9(a). This
shows that the Ig(TOF) value declines when the N,
dissociative adsorption barrier increases, as expected.
Moreover, Fig. 9(a) displays that these surfaces can be
divided into two types, stepped surfaces and flat surfaces,
showing clearly that the stepped surfaces are more active
than the flat surfaces. It is worth mentioning that the actual
activity value of Fe(211), considering the Fe(211)
reconstruction, may be different.*> More interestingly, the
surface energy can also be linked with the 1g(TOF), as shown

5242 | Catal. Sci. Technol., 2023,13, 5237-5247

in Fig. 9(b): as the surface energy rises, the 1g(TOF) value
increases, which 1is linearly correlated. Notably, the
relationship between the surface energy and reaction barrier
has been implicitly discussed,” supporting our results. It is
worth emphasizing that the surface energy is a simple
property of any surface and the observed correlation between
activity and surface energy is a valuable finding for future
catalyst design, particularly for catalysts having strong
interactions with reactants.

3.3 The microkinetic modelling with coverage effects

To carry out a more quantitative comparison with the
experimental ~ values, we  performed  microkinetic
simulations on the most active Fe(111) surface at 673 K

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 2D activity (lg(TOF)) heatmap of Fe(111) calculated at 273-873 K,
1072-10° bar, N, :H,:NH3 = 1:3:0.01. The line illustrates the boundary
between the NH3 formation and NH3 decomposition.
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Fig. 7 Degree of rate control from microkinetic simulations on Fe(111)
under the condition of 100 bar. Reactions R2, R3, R5 and R6 are listed
in Table 1.

and 20 bar (N,:H,:NH; = 1:3:0.01, an experimental
condition®'), by taking the coverage effects into account.
All the interactions of reaction intermediates (H*, N*,
NH*, NH% and NH3%), including self-interactions and cross-
interactions of these surface species, were considered in
the coverage-dependent kinetic simulations. In order to
achieve good accuracy, we carefully calculated many
structures of surface species co-adsorption at each
coverage, and the most stable energy at the specific
coverage was used in the kinetic modelling (see Fig. S5-S9
in the ESIt). To ensure feasibility in our calculations, we
only considered the coverage effects of all the species on
the N, dissociative adsorption barrier, which is the rate-
determining step.

For the coverage effects on adsorption states, both self
and cross adsorbate-adsorbate interactions of all reaction
intermediates are studied (see sections S3 and S5 in the
ESIT). Furthermore, the transition state energies, another
critical factor, were explicitly calculated considering the
coverage effects, which were found to be divided into two

This journal is © The Royal Society of Chemistry 2023
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distinct categories (see Fig. S16 in the ESIt). Specifically, the
N, dissociative adsorption barriers are hardly influenced by
the coverage and remain nearly constant at low coverages.
However, at high coverages, these barriers show an
increasing trend as the total coverage is increased. Therefore,
the N, dissociative adsorption barriers can be described by a
two-line model as a function of the total coverage. All the
slopes and intercepts of the interaction between the
transition state and environmental species are listed in Table
S3 in the ESLY

By using the self- and cross-interactions to correct the
adsorption energies and N, dissociative adsorption barrier,
the coverage distribution on Fe(111) at the steady-state is
obtained: 0.99 ML, containing 0.51 ML of N, 0.39 ML of NH,,
0.05 ML of H and 0.04 ML of others (NH and NHj;) (Fig. 10).
The TOF calculated by the coverage-dependent model is 3.6 s~
per site, in excellent agreement with the experimental result of
TOF = 11.1 5" per site.

To simplify the calculations, we applied the coverage
effects of Fe(111) to other Fe surfaces. The new activity,
cosidering the coverage effects, was compared with the
original activity at low coverages, as shown in Fig. 11, which
indicates that the new activity trend with the coverage effects
is consistent with the original coverage-independent results.
We also replotted the relationships between 1g(TOF) from the
microkinetic modelling with the coverage effects and N,
dissociative adsorption barrier/surface energy. As can be seen
in Fig. S18 in the ESIj linear correlations are apparent,
which is similar to the results from the coverage-independent
modelling (Fig. 9).

3.4 Energy decomposition

Fe(111), Fe(211) and Fe(210) are all stepped surfaces that
exhibit good activity. However, there are differences in their
activity levels. To further understand the activity differences of
these surfaces, we performed detailed analyses on the reaction
energies: the energy barrier decompositions on Fe(111), Fe(211)
and Fe(210) were carried out. For the N, dissociation reaction,
starting from an N, molecule in the gas phase to the adsorbed
N, and Ny atoms on the surface N,(g) — N% +N¥%, we
decomposed the energies of adsorbed atoms at the transition
state (E"®) and the final state (E*) as eqn (5)-(7), where Ex° and
Eg® are the adsorption energies of individual species N, and Ny
at the transition state. The adsorption energies of adsorbed
species N/N, are defined by referring to the clean surface and
gaseous N,, and E'S is the repulsion energy between N, and Ny
at the transition state, which is a quantitative measure of the
geometrical effect on the surfaces. Similarly, ES ERS and Eh
represent the corresponding energies at the final state. Hence,
the barrier of N, dissociation (ES®) and association process
(E3®) can be expressed as:*’

ESS =E™ = E3° + Eg° + Eiy (5)

E™ = B’ + B + Efne (6)
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ES =F® -E® = (B + EyY) - (B + ER) + B — By (7)

where ELy, under the reaction conditions we studied (low
coverages), is normally very small.

The individual energy components of N, dissociation on
the Fe stepped surfaces are listed in Table 4, and the FS
chemisorption energies are also listed for comparison. Since
the EX° and Ef° mostly depend on their bonding ability to the
Fe surface, which is determined by the electronic properties
of the local metal, it can be suggested that Ex°> and Ej° are
correlated to their FS counterparts.

5244 | Catal Sci. Technol., 2023,13, 5237-5247

By comparing these terms, the following features can be
identified:

i. For N, dissociation on Fe(111), it not only exhibits a
high electron effect (-1.52 eV), but also a low geometrical
effect (1.10 eV), resulting in the highest activity.

ii. Fe(210) has the highest electron effect (-1.68 eV)
but shows the lowest activity among the stepped surfaces
due to its relatively large geometrical effect (1.58 eV), as
shown in Fig. 5(m-p). Its surface structure is a
combination of Fe(100) and Fe(110), which leads to a
strong geometrical effect.

This journal is © The Royal Society of Chemistry 2023
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iii. While the electron effect of N, dissociation on Fe(211)
may not be as strong as the former two, the weak geometrical
effect of Fe(211) (0.82 eV) results in a lower dissociative
barrier compared to Fe(210).

We also did the following analyses on the observation that
the association barriers of flat surfaces are larger than those
of stepped surfaces (the average values of E;® are 1.73 eV and
3.02 eV for stepped surfaces and flat surfaces, respectively):
according to the definitions of the dissociative (ES™) and
associative energy barriers (E3°), the relationship is:

B3 = s _ Af (8)

while the BEP relationship for the dissociation barrier is

Table 4 Energy decompositions for the rate-determining step (N, + * =
2N*) on stepped surfaces (SE stands for the sum of E5 and Eg)

N, + *
= N Ex(eV) Eg(eV) SE(eV) Ein(eV) ESS(eV) EX(eV)
Fe(lll) TS -0.76 -0.76 -1.52 1.10 -0.42

FS -0.82 -0.83 -1.65 0.03 1.20
Fe(211] TS -0.61 -0.60 -1.21 0.82 -0.39

FS -0.91 -0.88 -1.79 -0.25 1.65
Fe(ZlO) TS -0.66 -1.03 -1.68 1.58 -0.10

FS -0.94 -1.36 -2.31 -0.13 2.34

This journal is © The Royal Society of Chemistry 2023

ES® = aAH + 9)

where « is closed to 1.°27°*

we can deduce:

Combining these two equations,

ES=FE - AH=(a-1)AH+p = f (10)
In general, the values of g for flat surfaces are larger than
those of stepped surfaces, which explains the observation
mentioned above. Norskov and co-workers® studied the BEP
relationship between the transition state energy and the
dissociative chemisorption energy of nitrogen on the (211)
surface of pure transition metals all having the fcc crystal
structure, concluding that the best fit for £ is 1.61 eV, which
is close to our result, 1.65 eV.

4. Conclusion

In summary, nitrogen reduction reactions on various Fe surfaces
have been systematically studied by DFT calculations together
with microkinetic simulations, aiming at figuring out the correct
activity trend of these surfaces and solving the existing puzzle in
the literature. The main findings are as follows:

i. The activity order of various Fe surfaces was determined
to be Fe(111) > Fe(211) > Fe(210) > Fe(100) > Fe(110). It is
worth mentioning that this study primarily focuses on the
intrinsic  activity trends of Fe catatlysts. Surface
reconstruction, although it may occur in real experiments,
has not been considered in this work.

ii. The above activity order was found to be related to the
rate-determining step barrier, which is the N, dissociative
adsorption barrier, as expected. However, the finding that
there is a good linear correlation between the activity order
and the surface energy is slightly surprising but
understandable. Hence, the surface energy of a catalyst may
serve as a good indicator of activity of the catalysts especially
when the rate-determining step is the dissociation of the
reactants and might be of general importance in
heterogeneous catalysis.

iii. For a more quantitative comparison with the
experimental values, a coverage-dependent microkinetic

Catal. Sci. Technol,, 2023,13, 5237-5247 | 5245


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cy00462g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 August 2023. Downloaded on 12/5/2025 2:41:34 AM.

Lo

[

Paper

modeling for the NNR on Fe(111) using DFT energetics was
carried out under the experimental conditions (673 K, 20 bar,
N,:H,:NH; = 1:3:0.01), from which the calculated TOF is
3.6 s' per site, in good agreement with the experimental
results (11.1 s per site). Furthermore, we applied the surface
coverage effects on Fe(111) to other Fe surfaces as an
approximation. The activity trend of various Fe surfaces
considering the coverage effects we obtained remains the
same as the coverage-independent model.

iv.. The N, dissociative adsorption barriers were
decomposed into electronic and geometrical effects to
illustrate the differences in activity. Fe(111) exhibits the
highest activity due to its strong electron effect and weak
geometrical effect. In contrast, Fe(210) has the strongest
electron effect but shows the lowest activity among the
stepped surfaces due to its relatively large geometrical effect.

v. The association barriers of flat surfaces are larger than
those of stepped surfaces. We deduced that E3° is
approximately equal to f by combining the definition of the
association barriers and the BEP relationship for the
dissociation barrier, which can provide an understanding of
the result: the f values from the flat surfaces are larger than
those of stepped surfaces.
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