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ABSTRACT: Identification of the structure sensitivity of nitrogen molecule (N,) 8
activation and ammonia synthesis on metal surfaces is important for the mechanistic
understanding and rational design of more efficient catalysts. In the present work,
density functional theory calculations together with microkinetic simulations were
performed to study the influence of cobalt crystal structures including hexagonal
close-packed (HCP) and face-centered cubic (FCC) on nitrogen molecule
dissociation and ammonia synthesis. Molecular and dissociative adsorption energies
of N, as well as dissociation barriers are calculated for a total of ten cobalt surfaces.
It is found that molecular adsorption energies on Co surfaces vary modestly on the
order of 0.25 eV, whereas dissociative adsorption energies and the corresponding
barriers vary considerably in magnitude by about 0.80 eV. First-principles 0 1012)  (1121) (1011) (1010) (110) (311)
microkinetic simulations show that HCP Co displays higher activity than FCC
cobalt for nitrogen molecule dissociation and ammonia synthesis due to the higher
intrinsic activity and density of active sites of HCP cobalt. Nitrogen molecule dissociation is the rate-determining step of
ammonia synthesis due to the weak interaction between nitrogen and cobalt. The crystal phase sensitivity of nitrogen molecule
dissociation on cobalt is compared with the dissociation of an isoelectronic molecule, carbon monoxide on cobalt, ruthenium,
and nickel. This work provides valuable insights into nitrogen molecule dissociation and ammonia synthesis on cobalt catalysts
with different crystal phases, and highlights the interplay between activated molecules and catalyst composition on the crystal
phase sensitivity.
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1. INTRODUCTION

The Haber—Bosch process for ammonia synthesis is one of the

promoted by Ba (barium) supported on carbon exhibits
greater activity than the commercial Fe-based catalyst for
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most significant industrial processes in the last century.' The
commonly used catalyst for ammonia synthesis is based on
iron metal,”* due to its low cost and high activity. Ammonia
synthesis requires high temperature and pressure, and further
improvements on this energy-intensive process will have an
important effect on reducing the consumption of energy
resources.” ¢ Thus, numerous investigations have been
conducted to find more eflicient ammonia synthesis
catalysts.””~>* In general, there is a volcano-shaped relation-
ship between nitrogen adsorption energy and the activity of
different metal catalysts, with Ru and Os being the best pure
metal catalysts for ammonia synthesis.”* Unfortunately, the
high price and the short catalyst lifetime’ for noble metals
hinder their wide industrial-scale applications. Interestingly,
although it was previously reported that pristine Co has a lower
activity than Fe, Co—Mo alloy material has a higher ammonia
synthesis activity than both Fe and Ru catalysts at low NH;,
concentrations.”* Additionally, a pristine Co-based catalyst

-4 ACS Publications  © 2019 American Chemical Society

ammonia synthesis.'” Bulk Re modified with Co has been
reported to be particularly active for ammonia synthesis® and
the catalyst containing BaH, and Co sites allows for ammonia
synthesis under mild conditions.”> On the other hand, the
produced ammonia only weakly poisons Co-based catalysts
unlike Fe-based catalysts, which are strongly poisoned.'”*
Thus, Co-based catalysts have been regarded as a potential
catalyst for ammonia synthesis. Although many works have
been conducted on ammonia synthesis based on Co catalysts,
how to obtain and optimize even more efficient Co-based
catalysts for N, activation in ammonia synthesis remains
elusive.

The N, dissociation step, which is thought as the rate-
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structure dependent and closely related with surfaces
exposed.”® Heterogeneous catalysts are often very complex
solid systems with mixtures of surface active species, a fact of
that prevents fundamental understanding of the reaction
mechanisms.” Thanks to the development of modern surface
science technology and density functional theory (DFT)
calculations, one can now obtain insights into the atomic-scale
properties of solid surfaces with exquisite precision. For
instance, the C7 and BS active sites of Fe-** and Ru-based'*>*°
catalysts are shown to be critical for the N, activation and
ammonia synthesis reactions, respectively. To maximize the
mass-specific activity, further investigation on the structural
sensitivity of ammonia synthesis on Co catalysts is required.

Crystal structure sensitivity has attracted wide attention
recently due to the realization that different crystalline phases
of the catalysts can lead to distinct catalytic activity and
selectivity.”’ " Co is a commonly used catalysts for Fischer—
Tropsch synthesis (FTS) by converting syngas to fuels. Both
hexagonal close-packed (HCP) and face-centered cubic (FCC)
crystalline phases of Co could coexist under industrial FTS
conditions. When decreasing particle size,>? varying promoter
or support, and pretreating the catalysts,**** a transition of the
Co crystal phase can occur. In the past few years, experimental
investigations have found that HCP Co have higher activity
than FCC Co for FTS reactions,>**737*%* and FCC Co
presents higher methane selectivity.”> CO activation, which
determines the overall FT'S reaction activity, is sensitive to the
surface structures of catalysts.”*>° Based on a first-principles
kinetic study, we clarified that HCP Co indeed exhibits higher
activity than FCC Co for CO activation.”* The origin of higher
activity of HCP Co stems from the high density of favorable
active sites on HCP Co that are not available for FCC Co due
to their distinct crystal structures and morphologies.”* In
contrast, for Ni and Ru, our recent DFT calculations indicate
that metals with the FCC crystal structure are more active than
those with HCP crystal structure for CO activation, which
mainly stems from exposure of abundant facets with low
barrier for CO activation on FCC Ni or FCC Ru.** Our
calculations of the crystal structure effect on CO activation
have been confirmed by further experiments and theoretical
calculations. "7

Many investigations have been performed on Co catalyzing
ammonia synthesis. Powder X-ray diffraction (XRD) of
unpromoted, reduced, and passivated ammonia synthesis Co
samples on active carbon substrates shows that a Co catalyst
can coexist in FCC and HCP crystal phases.'' Additionally, Co
deposited on a carbon catalyst was identified as a FCC phase
with a little content of HCP Co based on XRD studies
performed on the post-NH; synthesis Co samples.”> However,
the XRD patterns obtained from slightly passivated, Ba-
promoted Co samples using synchrotron radiation reveal that
Co can only be detected in its FCC form under NHj; synthesis
conditions.'® To the best of our knowledge, how the Co crystal
structures influence N, activation and ammonia synthesis is
still an open question. To clarify the structure sensitivity and
the active site of Co-based catalysts for ammonia synthesis, we
have systematically studied dependence of N, activation and
ammonia synthesis on Co crystal phases and their associated
morphologies in the present work.

Herein, we have performed density functional theory (DFT)
calculations to study N, activation on all the facets exposed on
HCP and FCC Co obtained by Wulff construction.”
Ammonia synthesis reaction rates are calculated by first-

principles microkinetic simulations on HCP Co and FCC Co.
The crystal structure sensitivity of N, dissociation and
ammonia synthesis over Co is investigated, and finally
compared with CO dissociation.

2. COMPUTATIONAL DETAILS

Spin-polarized DFT calculations have been performed by using
Vienna ab initio simulation package (VASP).®*°" Projector
augmented wave®” potentials and the generalized gradient
approximation with the Perdew—Burke—Ernzerhof exchange—
correlation functionals®® were adopted throughout all the
calculations. The plane wave cutoff energy was specified by 400
eV and the convergence threshold for geometry optimizations
was set to 1 X 107* eV. When all the forces on the atoms are
less than 0.02 eV/A, the geometry optimizations are
considered to have been converged. Monkhorst—Pack®* k-
points sampling of (12 X 12 X 8) and (8 X 8 X 8) were used to
obtain accurate bulk HCP Co and FCC Co lattice parameters,
respectively. The calculated lattice constants are a = 2.494 A,
¢/a =1.616 for HCP Co and a = b = ¢ = 3.520 A for FCC Co,
which are consistent with previous experiment studies (a =
2.51 A, ¢/a =1.617 for HCP Co® and a = b = ¢ = 3.545 A for
FCC Co). The calculated magnetic moments are 1.63 and
1.64 p/atom for bulk HCP and FCC Co phases, respectively.

Four equivalent HCP (0001) or FCC (111) Co layers slabs
separated by a vacuum of 15 A were used for all the surface
calculations, except that five Co layers were used for the FCC
(100) surface. A periodic (2 X 2) unit cell was adopted for all
the considered HCP and FCC Co surfaces with the coverage
of 1/4. The density of Monkhorst—Pack k-points sampling was
kept at ~0.03 A™' for all the slabs calculations. Two top
equivalent HCP (0001) Co layers of the slabs and the
adsorbates were fully relaxed during the geometry optimiza-
tions. Further increase of the k-point and cutoff has no
influence on the calculated adsorption of nitrogen atom (Table
S1). However, increasing the unit cell from (2 X 2) to (3 X 3)
weakens the binding strength between N and Co, indicating
that there is a lateral attraction between dissociated nitrogen
atoms on Co surfaces. Kinetic analysis (Figure S3) shows that
under the reaction conditions of ammonia synthesis,
equilibrium coverage of nitrogen molecules and nitrogen
atoms is negligible due to the weak interaction of cobalt toward
N, molecules and N atoms as found in the context below. The
influence of coverage on N, adsorption and dissociation is
small and therefore neglected here.

The force-reversed method® was used to determine the
transition states (TSs), and a force tolerance of 0.03 eV/A was
used. Some of the transition states identified were also
characterized again by using the climbing-image nudged elastic
band method®” implemented in VASP to reaffirm the
identified TSs. Frequency analysis confirmed that all the
located TSs have only one imaginary frequency.

The chemisorption or binding energy E, of the
intermediates A (N, or N) involved in the N, dissociation
reaction can be expressed as E g4 = E, /g — Equp — Ea, Where
Eyjga and Egy, are the total energies for the slab with
chemisorbed species A and the clean surface respectively, and
E, is the radical or molecule A in the gas phase. We selected
the N, molecule in the gas phase and two separate, most stable
adsorbed N atoms as the initial (IS) and final state (FS),
respectively. Meanwhile, the N, dissociation barrier is
calculated as the difference in electronic energy between the
transition state (TS) and the IS. Furthermore, the dissociative
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adsorption energies of N, are the difference between the total
energies of the products (FS) and the reactants in the gas
phase (IS). The zero-point correction energies are not
included in our calculations. The motion of surface atoms at
high surface temperature was not considered explicitly in the
present work. According to the literature,”*® for a single-step
unimolecular or bimolecular reaction, the temperature
correction for the dissociation barrier is kT, about 0.06 eV
at 700 K. Compared to the calculated dissociation barriers
below, the correction is small and has no influence on
understanding the trend of N, dissociation between FCC Co
and HCP Co.

3. RESULTS

3.1. Morphologies of HCP and FCC Co. HCP Co and
FCC Co have different crystal structures and symmetries,
which are crucial for the formation of the particle
morphologies and the types of exposed facets. The exposed
facets of Co are expected to play a significant role in N,
activation and ammonia synthesis. The morphologies of HCP
Co and FCC Co can be approximated by Wulff con-
structions®” based on the calculated surface energies.
Consequently, the most probable exposed facets and their
relative ratios that determine the active site density can be
easily acquired. The stacking sequences are quite different for
HCP Co and FCC Co, where HCP Co has a stacking sequence
of ABABAB..., whereas FCC Co follows a pattern of ABCABC.
The FCC Co phase has a higher symmetry than HCP Co, i.e.,
FCC Co and HCP Co crystalline phases belong to O, and Dy,
point group, respectively. The difference in stacking sequence
and point group symmetries of HCP Co and FCC Co will give
clearly distinct morphologies between them (Figure 1), which

(A) HCP (B)FCC

(0001)

1012)

Figure 1. Equilibrium crystal shapes of (A) HCP Co and (B) FCC
Co obtained from Wulff construction.>*

are illustrated extensively in our previous paper.”* The surface
area of the exposed surface in HCP Co and FCC Co
morphologies is not only related to the surface energy but also
to the orientation of the surface atoms. From our previous
calculations, we found that the open corrugated (1011)
(1012), and (1121) facets occupy 48% of the total surface area
of the HCP Co morphology. In contrast, the close-packed
(111) surface has the largest contribution (70%) to the total
surface area of FCC Co.

It is worth mentioning that Wulff construction applies
mainly for large particle sizes, where the contributions of edge
and corner sites are small. We note that the typical particle size
of Co particles in ammonia synthesis is 20 nm."" This size is
relatively large, and the corresponding morphology could be
approximated by the above Wulff construction. However,

under realistic conditions, the binding strength of reactants
and/or intermediates might be sensitive to the surface
orientation and coordination of the catalyst. The variation of
binding energies could change the correspondin% surface
energies and even the resulting morphology.”’~"> Never-
theless, as indicated below, due to the weak interaction
between nitrogen molecules/nitrogen atoms and Co, the
influence of adsorbates on morphology could be modest, in
particular, considering the reaction temperature of ammonia
synthesis of ~700 K.

3.2. Adsorption of N, and N Atom. We have studied the
adsorption of N, molecules and N atoms at low coverages
(0.25 ML) on all facets exposed on HCP Co and FCC Co
Waulft constructions. We explore the adsorption of these
intermediates at various high-symmetry sites of each surface.
The energetic and geometric information of the most stable
adsorption states of N, molecules and N atoms on all the
considered facets are listed in Table 1, and the corresponding

Table 1. N, (Ey,) and N (Ey) Adsorption Energies and the
Most Stable Dissociative Adsorption Sites of the N Atom on
All the HCP and FCC Co Exposed Surfaces”

adsorption

surface Ey, Ey site dﬁ_c0

HCP Co
(1011) =060 —639  4-fold site 1.861, 1.861, 1.859, 1.859
(1010) —0.58 —5.57  long bridge  1.943, 1.943, 1.811, 1.811

(0001)  —046 —5.56  hcp
(1012)  —0.64 —6.13  4-fold site
(1120)  —-0.55 —5.56  hollow

1.769, 1.769, 1.769
1.875, 1.875, 1.882, 1.882
1.965, 1.965, 1.809, 1.875

(1121)  —067 =560  3-fold site 1.772, 1.778, 1.803

FCC Co
(111) —042  —552  hep 1.769, 1.769, 1.769
(100) —0.56 —627  4-fold site 1.870, 1.870, 1.870,1.870
(311) —0.61 =579  4-fold site 1.849, 1.849, 1.860, 1.860
(110) —0.58 =557  longbridge  1.825, 1.825, 1.867, 1.867

“dN_c, are the nearest distances between N and Co atoms for N
adsorption. All adsorption energies are calculated with respect to the
corresponding free radical of N atom or N, molecule in the gas phase.
The energies and distances are in the unit of eV and A, respectively.

adsorption geometries are also given in Figures 2 and 3. We
found that N, prefers to bind to one surface Co atom
perpendicularly on all the facets exposed on HCP Co and FCC
Co Wulff shapes. The calculated N, adsorption energies (Ey,)

vary from —0.67/(1121) to —0.46 eV/(0001) on HCP Co and
from —0.61/(311) to —0.42 eV/(111) on FCC Co. N,
molecules adsorb slightly more weakly on close-packed HCP
Co(0001) and FCC Co(111) surfaces than on the corrugated
surfaces containing many highly active surface Co atoms with
lower coordination number. The overall variation of N,
adsorption energy is 0.21 eV for HCP Co and 0.19 eV for
FCC Co. The simplest standard picture used to describe N,
chemisorption is an extension of the basic Blyholder model”*”>
for CO—transition metal bonding, which involves o electron
donation from CO to metal orbitals and 7 back-donation from
metal orbitals into 27 orbitals of CO. The weak adsorption of
N, molecules can be attributed to the weak interaction of the
antibonding 27 orbitals with the metal d states.”® Considering
the weak binding between N, and Co surfaces, the equilibrium
coverages of N, on both HCP and FCC Co surfaces will be
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Figure 2. Top view of N atom adsorbed on HCP Co surfaces: (a)
(1011); (b) (1010); () (0001); (d) (1012); (e) (1120); and (f)
(1121). The light orange and blue spheres are Co and N atoms,
respectively. This notation is used throughout this paper.
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Figure 3. Top view of N atom adsorbed on FCC Co surfaces: (a)
(111); (b) (100); (c) (311); and (d) (110).

significantly low under ammonia synthesis conditions of ~700
K

The binding energies of N atoms can vary in a magnitude of
0.83 eV from —5.56 to —6.39 eV for HCP Co, and spanning
0.75 eV from —5.52 to —6.27 eV for FCC Co. Compared to N,
adsorption, adsorption of N atoms is structurally more
sensitive. Specifically, for HCP Co, N atoms adsorb more
stably at the 4-fold site of (1011) and (1012) surfaces with
binding energies of —6.39 and —6.13 eV, respectively.
However, on the other HCP Co surfaces, N atoms bind
weaker at the 3-fold or long bridge sites with similar adsorption
energies (—5.56 to —5.60 eV). Similar to HCP Co, N atoms
bind stronger at the 4-fold site on (100) and (311) surfaces
with the binding energies of —6.27 and —5.79 eV, followed by
(111) and (110) surfaces with the binding energies of —5.52
and —5.57 eV at the hcp hollow and long bridge sites,
respectively.

As expected, N atoms look for the highest coordination to
maximize binding. We note that the lowest binding strength of
atomic nitrogen at the four-coordinated site of FCC (311) is
—5.79 €V, which is only marginally stronger (0.27 €V at most)

than those of two- and three-coordinated sites. However, it is
considerably weaker than those on HCP (1011) and FCC
(100) with the same four-coordination sites by 0.60 eV and
0.48 eV, respectively. This tells that though the coordination
maximization plays a role here, it alone cannot determine the
full binding behavior.

3.3. N, Activation. In this section, N, activation has been
studied. The N, dissociation barrier, the corresponding
reaction energies, and the distances between the two N
atoms at TSs on the exposed facets of HCP Co and FCC Co
are shown in Table 2. The transition states (TSs) are given in

Table 2. Activation Barrier (E,, eV), Dissociative
Adsorption Energies (AH, eV) and the Distance between
the two N Atoms (dy_y, A) at Transition State for N,
Dissociation Reaction on All the HCP and FCC Co
Surfaces”

HCP Co FCC Co

surface 1, AH dy_n  surface E, AH dy_n

(1011) 055 -241 172 (111) 139 —065 174
(1010) 070 -076 179  (100) 110 —215 177
(oo01) 137 -074 174  (311) 069 —119 173
(1012) 054 -1.89 194 (110) 064 —075 196
(1120) 075 —075  1.82
(1121) 056 —0.82  1.86

“All energies are calculated with respect to N, in the gas phase.

Figures 4 and S for HCP Co and FCC Co, respectively. We
note that the above calculations show a weak interaction of
cobalt toward N, molecules and N atoms. This implies that the
corresponding coverage under realistic conditions (700 K)
would be rather low, as indeed found in the full kinetic analysis
(Figure S3). Therefore, the influence of nitrogen coverage on
N, activation would be modest.
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Figure 4. Top view of N, dissociation transition-state geometries on
HCP Co surfaces: (a) (1011); (b) (1010); (c) (0001); (d) (1012);
(e) (1120); and (f) (1121). The bond distance between two N atoms
in the transition states are indicated. The light orange and blue
spheres are Co and N atoms, respectively. This notation is used
throughout this paper.
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Figure S. Top view of N, dissociation transition-state geometries on
FCC Co surfaces: (a) (111); (b) (100); (c) (311); and (d) (110).

Table 2 shows that the reaction energies for N, dissociation
change significantly with different surfaces. On HCP (1011)
and (1012) surfaces, N, dissociation is highly exothermic and
the corresponding reaction energies are —2.41 and —1.89 eV,
respectively. On the other HCP Co surfaces, reaction energies
increase up from —0.82 to —0.74 eV. The reaction energies on
HCP Co vary largely within a range of 1.67 eV. As for FCC
Co, the (100) surface has the highest exothermic reaction
energy (AH = —2.15 eV), followed by the (311) surface (AH
= —1.19 V). The N, dissociation is moderately exothermic on
the FCC (111) and (110) facets, which have similar reaction
energies of —0.65 and —0.75 eV, respectively. The variation of
reaction energies is 1.50 eV for FCC Co. Therefore, the HCP
(1011), (1012) and FCC (100), (311) surfaces are suggested
to be energetically favorable for N, dissociation due to their
highly exothermic reaction energies for N, dissociation on
HCP Co and FCC Co, respectively. The large variation of N,
reaction energies among HCP Co and FCC Co surfaces
indicates that N, dissociation is strongly sensitive to the crystal
structure and surface structure of Co. Moreover, HCP Co is
slightly more energetically favorable than FCC Co for N,
activation because of the presence of HCP (1011) surface
possessing a lower exothermic reaction energy as compared
with the FCC (100) surface.

N, activation barriers were calculated with respect to N, in
the gas phase (Table 2). Compared to the exothermic
adsorption of N,, the calculated barriers of N, dissociation
are all positive, indicating a lower dissociation rate as discussed
below. Specifically, the N, activation barriers on HCP Co
facets vary from 0.54 eV on the (1012) to 1.37 €V on the
(0001) surface. HCP Co(1012), (1011), and (1121) surfaces
have the highest N, dissociation activity with similar activation
barriers in the region of 0.54—0.56 eV, whereas the HCP
(1010) and (1120) surfaces have similar moderate N,
dissociation barriers of 0.70 and 0.75 eV, respectively. As
compared with HCP Co(1012), (1011), and (1121) surfaces,
FCC Co(110) and (311) surfaces, which are the most active
facets in FCC Co, have lower activity for N, dissociation with
the activation barrier of 0.64 and 0.69 eV, respectively. The flat
HCP Co(0001) and FCC Co(111) and (100) surfaces are
least active for N, dissociation, with the activation energies as
high as almost 1.10 eV. Our calculation results clearly reveal
that N, dissociation has strong structural sensitive and HCP
Co has higher intrinsic activity than FCC Co for N,
dissociation.

To get an insight into the origin for the high activity of N,
activation on HCP Co, we carefully analyzed the geometries of
N, dissociation TSs shown in Figures 4 and S. First, we
compared two representative TS geometries on the HCP
(1121) and FCC (311) surfaces with a N, activation barrier
(E,) difference of 0.13 eV. These two surfaces are among the
most active facets in the corresponding HCP Co and FCC Co
shapes with similar TSs. It can be seen that one N atom locates
at the 4-fold site stable and alternative N atom moves to the
bridge site in N, dissociation TSs on these two surfaces. The
two N atoms share no Co atoms at the TS on the HCP (1121)
facet. This will reduce the repulsive N---N bond interaction
originating from bonding competition and Pauli repulsion,77
stabilizing the corresponding TS compared to that of FCC
(311), where two N atoms share one Co atom. Therefore,
HCP (1121) is more active than FCC (311). The other two
most active HCP (1012) and FCC (110) surfaces also have
quite similar TS geometries where two N atoms are bound at a
3-fold site by sharing one Co atom. The N, activation barrier
on the FCC (110) surface is still 0.1 eV larger than that of the
HCP (1012) surface due to the slightly stronger binding
strength of N atoms (0.1S eV) during the TS on these two
surfaces.

N, dissociation on HCP (1011) and ECC (100) surfaces
share a similar transition state where one N atom is in a
relatively stable 4-fold hollow site, whereas the other N atom
moves to a bridge or 3-fold site, respectively. The binding
strengths of the N atom at the 4-fold sites (—6.39 and —6.27
eV for HCP (1011) and FCC (100) at the TSs) are strong
enough to compensate for the energy cost due to the site
competition, thus stabilizing the corresponding TSs geometries
and decreasing the N, activation barriers (E, = 0.55 eV for
HCP (1011) and E, = 1.10 eV for FCC (100) surfaces). The
largely different N, activation barriers between HCP (1011)
and FCC (100) surfaces can be ascribed to the N atom binding
more strongly at 3-fold sites compared to bridge sites during
the TS. Finally, three HCP (1011), (1012), and (1121)
surfaces all have lower N, activation barriers than the most
active FCC (110) surface by almost 0.1 eV. On the other HCP
Co(1010), (1120), (0001), and FCC Co(111) surfaces, the
two N atoms located at the bridge or 3-fold site share one Co
atom in the TSs, which increases the N, dissociation barriers.
In conclusion, N, activation is sensitive to the surface structure
and crystal structure of HCP Co and FCC Co, and HCP Co is
more active than FCC Co.

3.4. Microkinetic Simulations for Ammonia Syn-
thesis. To shed light on the influence of the crystal structures
on ammonia synthesis, we calculated the corresponding
reactlon rate by assuming N, activation as the rate-determining
step

N, + 2 - 2N* (1)

x#, 3 *
N*+ JH, o NH, + @)
Equation 1 represents the N, dissociative adsorption step.
Equation 2 is the hydrogenation of the adsorbed atomic N, and
this reaction involves several elementary steps containing the
adsorption of H, molecules. All NH, (x = 0—2) hydrogenation
steps are in equilibrium, and we do not need to preform DFT
calculations for these steps herein. All NH, hydrogenation
steps can thus be merged in the equilibrated reaction step (2).
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Therefore, the reaction rate of ammonia synthesis reaction can
be given by
P
; 2
< D ;3 = kleﬂ*(l -7)
eq” Ny" H, (3)

r=kPbel1 -

where 0. stands for the coverage of empty sites. Py, Py, and
Pyy, are the partial pressures of N, H,, and NH; gases,
respectively. K,y is the equilibrium constant for the ammonia
synthesis.

Based on the transition state theory,”” the reaction rate
constant (k;) for N, dissociative adsorption can be given as

9

) kT drg
k= A E,/kyT B TS -E /kT
I2 ( )

Here, A is the prefactor, kg is the Boltzmann constant, and / is
Planck’s constant. grg and gy, are the partition functions for N,

in the TS and gas phase (partition functions calculation details
are presented in the SI), respectively. The vibration mode
leading to the dissociation was excluded in the partition
function grg. Industrial ammonia synthesis conditions (P = 100
bar, T = 700 K, N,-to-H, ratio of 1:3, with 1% NH;) are
considered for ammonia synthesis rate calculations. It was
found that partition functions grg (Table S2) vary slightly from
10 to 19 for HCP Co and from 11 to 19 for FCC Co.
Therefore, the value of the prefactor A (~10°), which is
proportional to grs, is also nearly independent of the Co facets
and crystal structure. Therefore, N, dissociation rate constants
(k) closely correlated with N, activation energy. The values of
k over the most active (1011), (1012), and (1121) surfaces in
HCP Co are about more than 4 times larger than that of the
most active (110) surface in FCC Co(Table 3).

The relative reaction rates (r) for ammonia synthesis
calculated through eq 3 are shown in Table 3 and Figure 6.
It is obvious that the three (1011), (1012), and (1121)
surfaces in HCP Co display higher ammonia synthesis reaction
rates than the most active (110) surface in FCC Co. In spite of
this, from Table 3 and Figure 1, we can see that the HCP

Table 3. Surface Area Proportion (S, %),”* Prefactor (4,
s7!), and Reaction Constant (k;, s™') for N, Dissociative
Adsorption Step and the Calculated Reaction Rate for
Ammonia Synthesis on HCP Co and FCC Co Surfaces
Normalized by that of FCC Co(111) Surface”

surface g A k, "
HCP Co

(1011) 35 43 x 10° 52 1.90 X 10°

(1010) 28 3.0 X 10° 2.9 5.89 x 10*

(0001) 18 4.6 X 10° 69 x 107° 1.41

(1012) 12 2.5 x 10° 3s 7.00 X 10°

(1120) 6 44 x 10° 1.7 3.46 x 10*

(1121) 1 32 x 10° 32 6.48 X 10°
FCC Co

(111) 70 4.7 X 10° 49 x 107° 1.00

(100) 12 33 % 10° 43 x 1073 6.44 x 10

(311) 10 4.1 x 10° 4.6 9.35 x 10*

(110) 8 2.7 X 10° 7.0 1.44 x 10°

“Industrial ammonia synthesis conditions (P = 100 bar and T = 700
K) were considered in our calculations. “All rates are normalized by
that of FCC Co(111) surface with units of s™'.

HCP Co

.

(1012) (1121) (1011) (1010) (110)  (311)

FCC Co

Relative reaction rate (r/chcml))/IO5
=

Figure 6. Calculated reaction rate r for ammonia synthesis on highly
active HCP Co and FCC Co surfaces at T = 700 K, P = 100 bar
conditions. All rates are normalized by that of FCC Co(111) surface

with units of s™%.

(1011), (1012), and (1121) surfaces occupy about half of the
total surface area of HCP Co morphology, whereas the highly
active FCC (110) and (311) surfaces comprise only 18% of
the total FCC Wulff construction surface area.’* As a result,
the number of active sites in HCP Co is about 3 times larger
than that of FCC Co. HCP Co is more active than FCC Co for
N, activation and ammonia synthesis due to the higher
intrinsic activity and the exposure of greater amount of active
sites of HCP Co.

N, dissociation as the rate-determining step is valid only
when the binding strength of N on metal is weak. In the
present work, the binding strength of N on HCP (1012), HCP
(1011), and FCC (100) is strong (Table 2), the rate-
determining steps could be hydrogenation. As a result, all
elementary reaction steps of ammonia synthesis including
hydrogenation should be calculated and incorporated in a
microkinetic model without assuming any rate-determining
step.”” As an example, we calculated all elementary reaction
steps on HCP (1012) and FCC (110) for comparison as well.
The calculated potential energy surfaces and the corresponding
configurations for ammonia synthesis are shown in Figures 7
and S1, S2, respectively. It can be found that all hydrogenation
of NH,, is less structure sensitive to Co surface structures, with
the reaction barriers varying from 1.04 to 1.31 eV (Figure 7).
Based on these potential energy surfaces, full microkinetics
simulations were performed by the MKMCXX package®'*
without assuming any rate-determining step and equilibration
of reactions from NH, to ammonia (Figure 8). It can be found
that the reaction rate of ammonia synthesis on HCP (1012) is
about 2—3 times larger than that of FCC (110). Namely, the
former is still more active than the latter, and the trend
behavior is in good agreement with the above results based on
the simplified model. Further kinetic analysis shows that
irrespective of the two surfaces considered, the degree of rate
control for N, dissociation is almost equal to one, meaning that
N, dissociation is indeed the rat-determining step. This can be
rationalized by the low coverage of N, and N on Co surfaces
due to the weak N, adsorption strengths and the high N,
dissociation barriers (Figure S3).

3.5. Comparison between N, and CO on Cobalt.
Isoelectronic N, and CO activations are highly structure
sensitive. CO activation is a crucial step in the formation of
hydrocarbon monomers for FTS. We have found that HCP Co
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Figure 7. Calculated potential energy surface diagram for ammonia
synthesis on FCC Co(110) and HCP Co(1012) surfaces. The
elementary reaction barriers and NH; desorption energy are indicated
in eV.
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Figure 8. Calculated ammonia synthesis reaction rate (a) and degree
of rate control analysis (b) on FCC Co(110) and HCP Co(1012)
surfaces by full microkinetics simulations.

has higher activity than FCC Co for CO activation, even
considering direct and H-assisted CO dissociation pathways.”*
There are at least four facets, namely, (1121), (1011), (1012),
and (1120) on HCP Co, having direct CO dissociation rates
higher than that of the most active FCC (100) facet by a factor
of 10%, 10% 10% and 2, respectively. Similar to CO activation,
HCP Co is also more active than FCC Co for N, activation.

However, the N, dissociation rate constants for the most active
HCP (1012), (1121), and (1011) surfaces are only 4.7, 4.4,
and 1.3 times higher than that of the most active FCC (110)
surface, respectively. It indicates that CO activation is more
sensitive to the surface structure and crystal structure of Co as
compared with N, dissociation.

CO adsorbs strongly on Co metals. The calculated average
adsorption energy of CO over HCP Co surfaces is —1.78 +
0.088 eV, whereas it becomes —1.66 + 0.058 eV for FCC Co.
The difference of CO average adsorption energies between
HCP Co and FCC Co is quite small (0.08 eV), suggesting a
weak crystal sensitivity for the CO adsorption process. N,
adsorption has the same behavior, i.e., the average adsorption
energies are —0.54 + 0.084 and —0.58 + 0.074 eV for HCP
and FCC Co, respectively. In analogy to CO adsorption, N,
adsorption is also less structure sensitive regardless of FCC and
HCP Co crystal structures. Different from CO, N, is much
weakly bound to the Co surfaces, a fact of that affects
effectively its approach to the surface and residence time on
the surface, limiting its overall sticking probability of
subsequent dissociative adsorption.

The dependence on surface structure and crystal structure is
much more pronounced for CO and N, dissociations. We
found that CO dissociation barriers are higher than those of
N,. The variation of CO dissociation barriers between the
most active HCP Co and FCC Co surfaces is 0.53 eV, which is
0.43 eV larger than those of the N, dissociative adsorption
reaction. To clarify the origin of the different behavior for N,
and CO dissociation on HCP Co and FCC Co, we have
investigated the adsorption energies of CO, N,, C, N, and O
atoms. In general, the stronger adsorption of CO compared
with N, on Co surfaces can be interpreted from greater back
donation with CO adsorption. The weak sensitivity toward the
crystal structure for the adsorption of reactants (CO or N,)
cannot therefore rationalize the different activity for CO or N,
dissociation between FCC and HCP Co.

Atomic C, N, and O adsorptions on Co surfaces are quite
sensitive to the structure. Specifically, the C atom binding
energies calculated with respect to isolated C atoms in the gas
phase change from —6.83 to —8.15 for HCP Co and —6.80 to
—8.01 eV for FCC Co surfaces. The variation of C atom
binding energies is 1.32 eV for HCP Co and 1.21 eV for FCC
Co distinct surfaces.”® The substantial change of C atom
binding energies between different surfaces originates from the
C atom preferring to adsorb at the special 4-fold site of HCP
Co and FCC Co surfaces. As stated above, the N atom binding
energies vary from —5.56 to —6.39 eV for HCP Co and from
—5.52 to —6.27 eV for FCC Co various surfaces. The variation
of atomic N binding energies is 0.83 eV for HCP Co and 0.75
eV for FCC Co surfaces. The O atom binding energies are in
the region of —5.63 to —6.06 eV for HCP Co and —5.50 to
—5.99 eV for FCC Co. Thus, the binding energies of O atoms
vary less than 0.43 eV for HCP Co and 0.49 eV for FCC Co
surfaces. We found a general trend that C adsorbs much
stronger than N and O atoms. N and O atoms have quite
similar binding energies at the same site of HCP Co and FCC
Co surfaces. Thus, the more stable adsorption of C atoms
makes CO activation barriers significantly lower than that of
N, activation. The distinct adsorption behavior between C, O,
and N atoms can be ascribed to the different number of
electrons present. C atom has four valence electrons and can
form four strong chemical bonds. The stronger binding
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strength of C atom compared to N and O atoms results in C
atom adsorption being structurally more sensitive.

The CO and N, activation barriers are not only correlated
with the binding strength of adsorbed atomic species but also
the site competition between them. It is found that all CO or
N, activation TSs have similar geometries on the same HCP
Co and FCC Co surfaces, except for HCP (1012) and FCC
(311) and (110) surfaces. This can be ascribed to multiple
effects including bond competition, adsorption of fragments,
and bond length between the species at TSs. To clarify the
origin for the different behavior of N, and CO activation, we
take the two most active and representative HCP (1011) and
FCC (110) surfaces as an example. It is found that N,
dissociative adsorption has a similar TS geometry compared
to CO activation on HCP (1011), whereas N, and CO
activations have distinct TSs geometries on the FCC (110)
surface, as seen in Figure 9.

HCP (1011)

FCC (110)

Figure 9. Top view of CO and N, dissociation transition state
geometries on HCP Co(1011) (a and c) and FCC Co(110) (b and
d) surfaces. The gray and red spheres are C and O atoms, respectively.

The difference of CO activation barriers between the most
active HCP Co(1011) and FCC Co(110) surfaces is 0.49 €V,
which is larger than that of N, activation by 0.40 eV. C atoms
prefer to coordinate with four Co atoms on HCP Co(1011)
and FCC Co(110) surfaces with the binding energies of —8.03
and —7.08 eV at TSs, respectively. Furthermore, O atoms
locate at the 3-fold sites and bridge sites at the TSs with the
binding energies of —5.37 and —5.20 eV on HCP Co(1011)
and FCC Co(110) surfaces, respectively. The difference of C
atom binding energies at TSs between HCP Co(1011) and
FCC Co(110) surfaces is —0.95 and —0.17 eV for O atoms,
respectively. The repulsive interaction energy between C and
O atoms at the TS on HCP Co(1011) is 1.24 €V but 0.61 eV
for the FCC Co(110) surface. The stronger adsorption of C
atoms at the 4-fold site and O atoms at the 3-fold site, even
with larger repulsive interactions between them, result in the
HCP Co(1011) surface having a much lower CO activation
barrier compared to that of the FCC Co(110) surface.
However, for N, dissociation on the HCP Co(1011) surface,
the binding energies of the two N atoms are —6.17 eV (4-fold
site) and —5.22 eV (3-fold site) at the TS, whereas the binding
energies of the two N atoms (3-fold site) become —5.08 eV at
TS on the FCC Co(110) surface. The difference of two N
atom binding energies between HCP Co(1011) and FCC
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Co(110) surfaces is —1.09 eV but —0.14 eV for the other two
N atoms. Meanwhile, the repulsive interaction energies are
1.56 and 0.41 eV between the two N atoms at TSs of HCP
Co(1011) and FCC Co(110) surfaces, respectively. Although
the variation of atomic N binding energy is slightly larger
compared with C adsorption at TSs between HCP Co(1011)
and FCC Co(110) surfaces, the even greater difference of the
repulsive interaction energies between the two N atoms at TSs
on HCP Co(1011) and FCC Co(110) surfaces result in these
two surfaces having a small difference in the activation barriers
for N, activation. In conclusion, as compared to CO activation,
the different N, activation TSs geometries on the FCC
Co(110) surface makes N, dissociation less sensitive.

It is worth noting that HCP Co is more active than FCC Co
for CO** and N, activation. However, for Ni and Ru,** the
FCC structure is more active than the HCP structure for CO
activation. It indicates that the crystal structure sensitivity is
not only dependent on the composition of the transition metal
but also the molecules adsorbed. Our work provides more
insight into the crystal structure sensitivity for N, and CO
activation.

4. CONCLUSIONS

In summary, the crystal structure sensitivity of nitrogen
molecule dissociation and ammonia synthesis on Co was
studied. DFT calculations show that irrespective of cobalt
crystal phases, the interaction of cobalt catalysts with both
nitrogen molecules and nitrogen atoms is weak. Dissociative
adsorption energies and the corresponding dissociation
barriers of nitrogen molecules are more structurally sensitive
than the nitrogen molecular adsorption energy. First-principle
microkinetic simulations show that nitrogen molecule
dissociation and ammonia synthesis are sensitive to the
surfaces exposed and crystal structures of Co catalysts. For
nitrogen molecule dissociation, HCP Co is more active than
FCC Co due to the higher intrinsic activity and higher density
of active sites on HCP Co. Nitrogen molecule dissociation is
the rate-determining step of ammonia synthesis on cobalt
catalysts. Compared to CO activation, the influence of Co
crystal structure on N, activation is weakened due to different
transition states formed on FCC Co. The insights revealed
from the present work are valuable for a mechanistic
understanding of the crystal phase sensitivity on the activation
of nitrogen molecules on cobalt, which could be used as a
rational design for more efficient catalysts for ammonia
synthesis.
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