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ABSTRACT: In order to improve efficiency of ammonia synthesis using the
Haber—Bosch (HB) process with Fe-based catalysts, we employed quantum
mechanics (QM)-based hierarchical high-throughput catalyst screening
(HHTCS) of 49 possible metal dopants. Here, we consider the Fe(211) surface
(one of the two most active iron catalyst facets) to identify dopants that
dramatically increase the turnover frequency (TOF) for HB synthesis. We found
that under HB conditions, this surface reconstructs to form the Fe(211)R
missing-row surface. Focusing on dopants with a strong preference for the
subsurface site, we found that Co is the most promising candidate among the 49.
We then examined the full reaction pathway on this Co-doped Fe(211)R surface,
considering all 19 important 2 X 2 configurations and calculated the free-energy
barriers ( AG/) for all 12 important reaction steps. At 673 K and 20 atm, we find a
decrease, 5(AG/ ) = —0.19 eV, in the overall reaction free-energy barrier for the
Co-doped case. We then carried out kinetic Monte Carlo simulations for 60—120 min using 100 replicas with the full reaction path
using rates from QM free-energy reaction barriers to predict that the TOF for the Co-doped surface increases by a factor of 2.8 with
respect to the undoped Fe(211)R surface. Thus, the Co-doped Fe(211)R system could lower the extreme HB pressure of 200 atm to
~40 atm at 773 K while maintaining the same TOF as that of undoped Fe(211)R. We conclude that Co dopants in the Fe catalyst
could significantly improve the catalytic efficiency of ammonia synthesis under industrial conditions. This excellent performance of
the Co-doped system is explained in terms of a surface spin analysis on the N,-bonded configurations that show how Co dopants
shift the N, surface-binding mode. This demonstrates that metal surface spins can be used as quantitative descriptors to understand
reaction energetics. This study demonstrates that the HHTCS kinetic analysis of the free-energy reaction path in terms of essential
configurations can enable discovery of the salient barriers to overcome and best dopant candidates for further improvements.

Fe-bcc
(211)R

1. INTRODUCTION that Fe-bcc(111) and Fe-bcc(211) single-crystal surfaces are
significantly more active in NHj; synthesis than Fe-bcc(100) and

The Haber—Bosch (HB) process of ammonia synthesis from
Fe-bcc(110). They interpreted this was due to second- and

nitrogen (N,) and hydrogen (H,) gases is a most important

industrial chemical synthesis process, primarily for producing third-layer access to specific bonding sites (C7) available on
nitrate-based fertilizers. The HB process is the primary method these surfaces. Indeed, Fe-bcc(111) and Fe-bec(211) were
of NHj; production, with over 150 million tons per year of NH; suggested as the most active surfaces for NH; synthesis under
produced for fertilizer manufacturing,' The HB process requires industrial conditions.'"'* Extensive studies were reported for
elevated operating temperatures (typically 673—773 K) and Fe-bce(111), which led to TOF = 9.7/s per 2 X 2 site for 400 °C
pressures (50_2060 atm) to produce suitable reaction rates for with H,, N,, and NHj pressures of 15:5:0.002 atm. The studies
NH, synthesis.” ® These conditions require significant capital on Fe-bcc(211) were less complete (NH; pressure mot

investment.s and energy usage, Tnaking improving the efﬁcie'ncy specified) but a TOF = 7.3/s per 2 X 2 site at 400 °C was
of ammonia synthesis a very important challenge to achieve

energy sustainability.

The typical industrial catalyst for HB synthesis of NHj is Fe-
based, leading to 70% or higher efficiency for the HB process.” Received:  June 26, 2020
Until the 1980s, the reaction pathway for the production of NH, Revised:  October 28, 2020
on the catalytically active Fe surface orientations was very Published: November 17, 2020
uncertain, but the Somorjai® and Ertl” groups provided
qualitative insight, confirmed by further experimental’ and
theoretical work.'® Particularly, Somorjai and Materer® showed

reported. However, these experiments provided little detail on
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the reaction mechanism and did not provide an adequate basis
for developing improved catalysts.

Recently, we reported the first full reaction mechanism and
kinetics on Fe-based catalysts. Using a 2 X 2 periodic cell (6
layers thick), we applied the PBE-D3 flavor of density functional
theory (DFT) to find that at 400 °C and 20 atm pressure, Fe-
bee(111) has 24 important 2 X 2 surface configurations and 12
important reaction steps. We used the predicted free-energy
reaction barriers and reaction energies to carry out kinetic
Monte Carlo (kMC) simulations for 60 min, leading to a
predicted TOF = 17.7/s for H,, N,, and NH; pressures of
15:5:0.002 atm, in excellent agreement with TOF = 9.7/s
experimental. These experiments on single-crystal Fe surfaces
were most valuable in providing the basis for validating the
accuracy of the QM calculations.

For the Fe-bcc(211) surface, we predicted that at 673 K and
20 atm of hydrogen and nitrogen, the Fe-(211)R missing-row
type surface reconstruction is stabilized. Our kMC calculations
lead to HB catalytic rates of 100:106 for Fe-bcc(111)/Fe-
bcc(211)R in excellent agreement with an experimental ratio of
100:75.""'* Somorjai concluded that fourfold bonding sites are
important for the NH; synthesis reaction.” Our simulations
indicate that the Fe-bcc(211)R surface adopts a terraced
configuration because of the missing-row reconstruction,
therefore exposing additional “deep” sites. These fourfold sites
were found to be involved in the N, dissociation process in our
previous work, which determined the primary reaction barriers
on the Fe(211)R surface.'”

Electrochemical techniques'® have promise for NH; syn-
thesis. This would provide lower temperatures and pressures
while obtaining the H for NH; synthesis from water rather than
H, from water—gas shift, which would considerably decrease the
energy consumption while reducing the enormous CO,
produced by water—gas shift.'"*'> However, efficient electro-
catalysts for N, reduction have not yet been developed.
Similarly, photoelectrocatalysts'® that can produce ammonia
using Mg-based catalysts to synthesize NH; using natural gas,
water, and atmospheric N, are currently being researched but
also have not reached the industrial scale and levels of
sustainability necessary for current NH, demands.'” It has
been shown that ruthenium-based catalysts might lead to more
efficient HB catalysis than iron-based catalysts,'® but both
environmental and economic reasons have impeded use of Ru in
commercial applications.

Herein, we focus on how to improve the catalytic activity of
the industrially relevant Fe-bcc(211)R surface by doping it with
various metal species in order to lower the overall reaction
barriers. Here, we start from the free-energy reaction diagram
including 19 important intermediates and 12 important reaction
steps for the Fe-bcc(211)R NH; synthesis pathway that we
studied previously using a 2 X 2 surface configuration'> at both
400 and 500 °C (bounds for industrial conditions in HB). We
focus on pressures used in Somorjai’s foundational work (H,/
N,/NH; = 15/5/1 atm)8 and those currently used in the
industry (e.g., H,/N,/NH; ~ 150/50/1 atm).

Because the computational requirements for determining the
free energies of equilibrium configurations and transition states
for the entire reaction pathway for doped catalysts are intense,
we employ our hierarchical high-throughput catalyst screening
(HHTCS) strategy used in our previous studies for doping the
Fe-bcc(111) surface. The HHTCS approach allows a rapid
screening of catalyst modifications (e.g, addition of metal
dopants) by determining its effect on important states directly

3
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related to the primary reaction barriers on the Fe-bcc(211)R
surface. This approach allows us to focus on the most promising
few in decreasing the reaction energy barriers to improve the
reaction rates. This allows us to dramatically accelerate in silico
predictions for the 49 dopants, narrowing the possibilities to a
few most promising ones that we can examine more completely
for accurate kinetics.'”~>' We previously applied HHTCS to HB
synthesis on the Fe-bcc(111) surface where we successfully
identified several effective dopants, Ni, Si, Rh, Pt, Cu, and
Pd."~*! In particular, we found that Si-doped Fe-bcc(111) can
reduce the severe HB industrial (200 atm/500 °C) conditions to
much milder conditions (60 atm/400 °C) while maintaining a
similar TOE.*!

For all 49 elemental dopants, we applied the HHTCS criteria
sequentially, based on the important reaction barriers for the
pure Fe-bcc(211)R surface. This eliminated 46 dopants, leaving
just 3 good dopant candidates (i.e, Co, Ru, and Zr) that could
potentially reduce the overall free-energy barrier for NH,
synthesis. The predicted performance for these three good
candidates compared to pure Fe was ~26 times for Co, ~3.5
times for Zr, and ~3 times for Ru using transition state theory
(TST) and the primary barrier found from QM.""

Then, for the Co-doped Fe-bcc(211)R surface, we examined
the complete free-energy reaction diagram including all 19
intermediate states and 12 transition states important to the
synthesis reaction, using the same computational setup as on the
pure Fe-bcc(211)R surface.'” Based on the QM free-energy
barriers, we employed kMC calculation using 100 replicas and
60 min to predict reaction rates for NH; production under
various pressure and temperature conditions. Assuming
stoichiometric conditions, we find that the TOF for the Co-
doped system is 2.8—4.0 higher than the pure Fe system. We also
examined how the rates would change under nonstoichiometric
conditions, under which we find that at 500 C and H,/N,/NH,
= 30:10:1 atm, the TOF is 642 NH,/s/(2 X 2) for the doped
surface, which is comparable to the pure Fe system at much
higher total pressure (200 atm) and the same temperature.

Thus, for the Co-doped surface, the TOF increases by a factor
of ~threefold to ~sevenfold depending on reaction conditions
compared to the pure Fe surface.'” Reduction of the total
pressure from 200 to 40 atm at 773 K leads to a TOF within 5%
of pure Fe(211)R at 200 atm. This suggests that Co doping
could improve significantly the catalytic efficiency of Fe catalysts
in ammonia synthesis under industrial conditions. We also
rationalized why Co improved the catalytic performance using a
valence-bond analysis of Co’s effect on the chemical bonding in
the most important surface configurations.

2. COMPUTATIONAL METHODS

2.1. QM Predictions. The full free-energy pathway for Fe-
bcc(211)R free-energy synthesis obtained in our previous work was
used as the basis for all calculations. These results were obtained using
the Vienna Ab-Initio Simulation Package (VASP)**~** to perform DFT
calculations to obtain the electronic energy and phonon corrections
obtained from phonon vibration calculations using the harmonic
approximation to calculate the free energy of each state in the synthesis
pathway. All calculations were performed using the Perdew—Burke—
Ernzerhoff (PBE)***¢ functional with D3 empirical corrections (PBE-
D3) for van der Waals interactions.””

We used a self-consistent field electronic energy convergence
threshold of 107° eV for all calculations, consistent with our previous
work. The unit cell was chosen to be a (2 X 2) configuration with a k-
point sampling of 4 X 4 X 1 for the x y z directions; the z direction was

https://dx.doi.org/10.1021/acs.chemmater.0c02701
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Figure 1. (A) Fe-bcc(211)R surface of the (2 X 2) unit cell with one substitutional top-layer atom (shown in purple in the top image) or one
substitutional second-layer atom (shown in blue in the bottom image). The surface shows the first three layers of Fe atoms on Fe-bcc(211)R
represented by bronze (top), silver (second), and orange (third) spheres. Alternative doping sites for the top and second layer are also marked with T
(top) or S (second). (B) Simplified Fe(211)R standard-state free-energy diagram obtained from DFT/PBE-D3 calculation for NH, synthesis at T =
673 K, P(H,) = 1S atm, P(N,) = S atm, and P(NH;) = 1 atm. All three barriers important in the HHTCS method are shown in color and numbered,
with barrier 1 (N, dissociation) shown on the left, barrier 2 (NH; desorption) and barrier 3 (hydrogenation) shown on the right. 4N and 3N-NH—H
are both plausible reference states for doped systems as these two states can both be the lowest energy state depending on the specific surface (or

subsurface) dopants.

chosen to include a layer of vacuum (~15 A) in order to minimize
interactions with periodic images.

We used the nudged elastic band”® method (combined with dimer
calculations® for ambiguous cases) to find true transition states with a
single negative frequency in the Hessian matrix. The free-energy
corrections and zero-point energy for gas phases were taken from
previous simulations."” Optimized per-atom magnetic moments are
computed for Fe and other magnetic dopant elements for all
calculations. The magnetic moments of magnetic elements are
initialized with values near the normal magnetic moments of the bulk
metals. The nonmagnetic species have moments of 0. A full explanation
of the simulation configuration can be found in previous work."”

2.2. HHTCS Design and Selection Criteria. We considered 49
distinct elemental dopants for improving the efficiency of the Fe-
bec(211)R catalytic surface. For each dopant, the complexity and
number of simulations required to fully evaluate the NH; synthesis
pathways for any given candidate are enormous, making it impractical
to apply to 49 dopants. We showed previously'>* that HHTCS
drastically reduces the computational requirements in the search for
new and more efficient catalysts. Using the HHTCS method with
properly designed criteria, the pool of 49 elemental species was
considerably narrowed leaving only 3 candidate dopants. These criteria
were based on the important reaction barriers from NH; synthesis on
pure Fe-bcc(211)R from previous work, focusing on target conditions
for an improved HB process of T = 673 K and 20 atm total reactant
pressure. These barriers were estimated on the pool of candidate
elements via two simple ionic relaxation calculations to obtain the
electronic energy for the positions for each criterion, then obtaining an
estimated free-energy barrier by adding phonon corrections taken from
the pure Fe-bcc(211)R surface.

Because of the complexity of the reconstructed Fe(211) surface
(Figure 1), several potential doping sites are available for each dopant.
Therefore, the first step in our HHTCS was to determine the preferred
surface or subsurface doping sites for each of the considered 49
elements. Each of the six positions was evaluated for each of the 49
initial species using the 4N state as shown in refs 11 and 12. In this state,
two nitrogen atoms are adsorbed in the exposed trough region left open
by the removed “missing-row” reconstruction of the Fe-bcc(211)
surface®®™*” and two additional nitrogen atoms are adsorbed in the
second layer of the surface. This is roughly equivalent exposure to
adsorbed nitrogen in each of the four distinct second-layer doping sites
along with two distinct first-layer doping sites, making this state ideal for
evaluating the preferred (lowest energy) doping location for each
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element. Figure S1 of the Supporting Information shows the optimum
doping sites for the 49 elements based on their lowest electronic energy
position in the low-energy 4N** state.

The primary energy barrier for NH, synthesis on the pure Fe(211)R
surface corresponds to N, dissociation from 2N—2H—N,(F) state to
4N—2H state, with 2N—NH—2H being the dynamical resting state.'>
Therefore, an effective dopant must decrease this primary energy
barrier. Thus, the free-energy difference AG between these 2N—NH—
2H and 2N—2H-N,(F) states was selected as the first criterion
assuming that the dissociation barrier will scale accordingly, that is,
assuming Bronsted—Evans—Polanyi relationships.'”*' Also, we
assumed that the phonon vibrational spectrum does not change
significantly with a dopant. All species were evaluated in their preferred
position according to the first step in the corresponding positions for
the 2N—NH—2H and 2N—2H-N,(F) configurations. Because the
pure Fe-bcc(211)R surface has AG' = 1.68 eV for this primary energy
barrier, any element found to have a AG' < 1.68 eV was retained for the
next step in the HHTCS protocol. This criterion is then written as

AE{2N — NH - 2H + N, + H,
— 2N — 2H — N,(F) + NH,} + 1.599 eV
(1)

where 2N—NH-2H and 2N—2H—N,(F) are the discussed surface
configurations, N, H,, and NHj are gas-phase molecules, and “AE”
refers to the electronic energy difference between the states after and
before the reaction. The constant term 1.599 eV is the free-energy
corrections for pure Fe.

Because of the importance of the NH; desorption barrier on Fe-
bcc(211)R, our second criterion was the free-energy difference between
the secondary resting state, 3N—NH—H, and the state immediately
prior to the NH; desorption, 3N—NH;—H. In order to account for the
differences in the lowest-energy state due to doping species behavior,
we evaluated some cases using 4N as the low-energy state instead of
3N—NH—H. Thus, this criterion is written as

< 1.68 eV

AE{3N - NH - H + H,
— 3N — NH, — H} + 1.059 eV
(2)

or in the case of species with a lower electronic energy 4N state than the
3N—-NH-H state, as

< 1.68 eV

https://dx.doi.org/10.1021/acs.chemmater.0c02701
Chem. Mater. 2020, 32, 9914—9924


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02701/suppl_file/cm0c02701_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02701?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02701?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02701?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02701?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02701?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

-1 ) Stability/selectivity

Be 2) N, dissociation
4 . 3) NH; desorption
';Ag 4) Hydrogenation ::,I’ 18‘;
Sc | Ti Cr Co | Ni | Cu Ga | Ge | As
21 | 22 24 27 | 28 | 29 31 | 32 | 33
Zr | Nb Tc | Ru | Rh | Pd | Ag In Sb | Te
40 | Y1 43 | 44 | 45 | 46 | 47 49 51 | 52
Re | Os Ir Pt | Au Bi
75 | 76 | 77 | 78 | 79 83

Figure 2. 49 elements selected for initial investigation using the HHTCS method, including Row 4, S, and 6 transition metals along with alkaline earth
metals and several metalloids and other metals. Radioactive elements were avoided for industrial considerations, as well as extremely rare or valuable
metals. A small selection of lanthanides was tested additionally. Screening results for each element are shown via color shading, with elements in white
passing all criteria. The arrow represented the selected lanthanide elements in HHTCS.

AE{4N + 2H, — 3N — NH, — H} + 2.976 eV < 1.68 eV
(©)

where the constant terms 1.059 eV and 2.976 represent the free-energy
corrections for the pure Fe(211)R surface for SN—NH—H and 4N
secondary resting states, respectively.

The third criterion was aimed at ensuring that hydrogenation
barriers were not greater than the main energy barrier for pure Fe-
bee(211)R. Thus, we compare the preferred lowest-energy state (4N or
3N—NH-H, as determined by the previous criterion) with the 3N—
NH,—2H state. The free-energy barrier of this hydrogenation step was
estimated using two states 3N—NH,—2H and 3N-NH-H/4N,
discarding cases exhibiting a AG' higher than the overall reaction
barrier of 1.68 eV. This criterion is written in two ways, depending on
whether 4N or 3N—NH-H is the low-energy state, as

AE{3N — NH - H + H,
— 3N — NH, — 2H} + 1.595 eV

4)

< 1.68 eV

AE{4N + 2H, — 3N — NH, — 2H} + 2.666 ¢V < 1.68 eV
©)

where the constant terms 1.595 and 2.666 eV represent the free energy
on pure Fe-bcc(211)R using 3N—NH—H and 4N as the resting state,
respectively. All positions previously described in these criteria are
shown in Section 3.2.

2.3. Surface Reconstruction and Hydrogen Poisoning. To
further ensure the viability of the doped Fe(211)R surface with the
most promising dopant from HHTCS, several additional calculations
were performed in addition to the normal synthesis pathway states
obtained previously.'> All potential resting states found in the original
pathway (4N, 3N—NH-H, and 2N—NH—-2H) were evaluated with
dopants placed in each of the 4 second-layer doping sites to ensure that
alternative doping configurations were not preferable to the state
determined to be favorable for the dopant in the first step.

Additionally, the surface reconstruction energy’>>* was checked for
the 3 promising dopants using a bilayer surface energy calculation
method for doped Fe-bcc(211) and Fe-bec(211)R surfaces with both H
and N adsorption under elevated temperatures to ensure that the
reconstructed surface was still energetically preferable on the doped
surface. The full details for this method can be found in our previous
work.">

Hydrogen poisoning was not considered in the HHTCS because it
depends on hydrogen pressure, and the poisoning configurations may
include 2N—2H and 2N—4N. The hydrogen poisoning was considered
for the 3 most promising elements passing the HHTCS criteria using
the 2N—4H configuration as the reference state.
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2.4. Reaction Mechanism. The HB reaction mechanisms on Fe
surfaces, including hydrogenation,®® N, dissociation, and NH;
desorption, were investigated extensively in our prior work on both
Fe-bce(111) and Fe-bec(211)R surface orientations''* as well as on
the unreconstructed Fe-bcc(211) surface.® Here, we determine the full
synthesis reaction pathway on the pure Fe surface,'> for the best-
performing dopant candidate singled out by the HHTCS search to
obtain the full QM free-energy values using the methodology described
in Section 2.1 and in previous work.'” Some streamlining of the reaction
diagram was performed. Thus, the intermediate 4N structure was found
to be not important, so we removed its accompanying transition state
from the analysts. This leaves in 21 distinct equilibrium states and 23
transition states for the full reaction pathway.

2.5. kMC Simulations. To fully exploit the detailed information
from the QM free-energy diagram and transform it into accurate
predictions of catalyst kinetics, we use the kMC approach.”” We employ
a mean-field kMC model*® in which

(i) the nodes of the kMC network and their free energies are taken
from the QM local minimum configurations of the (2 X 2) Fe-
bec(211)R unit cell,

we use the QM saddle point free energies to estimate transition
rates among kMC nodes via TST.*” That is, we take transition
rate = (kg T/h)exp(—AG'/ksT), where AG is the difference in
free energy between the initial and transition (saddle point)
state,

we run cyclic kMC simulations using 100 independent replicas
and 2 X 10° kMC steps for each replica, corresponding to few to
several hours of the real-time steady-state HB process, with
results converged within ~29% accuracy. As in our previous work,
for Eley—Rideal (ER) steps involving gas-phase species turning
into adsorbates, we calculate the rate of the backward
(desorption) process via TST and exploit the microscopic
reversibility principle (ie., thermodynamic equilibrium) to
calculate the forward ER rate. To this end, the free energy of the
desorption transition state is evaluated as the sum of the final
(adsorbed) state plus the electronic desorption energy
(including zero-point energy corrections). These technical
points are less important than on Fe-bcc(111) because the
rate-determining steps on Fe-bcc(211)R are of Langmuir—
Hinshelwood type and not ER.

(i)

(iii)

3. RESULTS AND DISCUSSION

3.1. Hierarchical High-Throughput Catalyst Screen-
ing. All 49 elements (shown in Figure 2) were found to prefer a
specific top- or second-layer doping position in the first step.
Testing for preferred doping position included both the
important position for final N, dissociation (2N—2H—N,(F))

https://dx.doi.org/10.1021/acs.chemmater.0c02701
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Figure 3. Full reaction pathway for NH, synthesis on the Co-doped Fe-bcc(211)R catalytic surface. Top-layer Fe atoms are illustrated with bronze
spheres, while silver spheres and orange spheres indicate second- and third-layer Fe atoms. Nitrogen and hydrogen are shown as blue and red spheres,
respectively; the doped Co atom is illustrated with a purple sphere in the second layer. The N, dissociation process along with details on all transition
states are shown in Figure 4. Free energy AG (in eV) is shown for each state with reference to the ground state 3N—NH,.

Table 1. Comparison of Dopant Candidates Remaining at the Final Stage (Criterion-3) of HHTCS at T = 673 K and Pressure H,/

N,/NH; = 15:5:1 atm”

element preferred resting state  barrier 1 (eV)  barrier 2 (eV)  barrier 3 (eV)  overall barrier (eV)  predicted rate (NH,/s for 2 X 2 unit cell)
Co 3N-NH-H 1.49 1.47 142 1.49 195
Zr 4N 1.59 1.41 1.61 1.61 25
Ru 4N 1.52 1.56 1.62 1.62 21
Pure Fe 3N-NH-H 1.68 1.48 1.48 1.68 7
Al 4N 1.44 1.60 1.70 1.70

Cr 4N 1.44 1.61 1.81 1.81

Os 3N-NH-H 1.49 1.24 191 191

Nb 3N-NH-H 1.46 1.33 1.93 1.93

Ir 4N 142 1.63 1.93 1.93

Ti 3N-NH-H 1.21 1.55 1.95 195

Pt 3N-NH-H 1.52 121 2.34 2.34

“Co was estimated to have the greatest improvement on the overall energy barrier for NH; synthesis on Fe-bcc(211)R and was selected for

comprehensive testing of the full reaction pathway.

on the surface as well as the low-energy 4N state, both shown in
Figure 3. Several elements (e.g., Ca, Cd, and Hg) were found to
be unsuitable for the proposed reaction mechanism because of
their effects on the surface relating to strong N-dopant binding
and were eliminated in this initial stability check.

The results of this initial step are included in Table S1 of the
Supporting Information. Based on their preferred position, they
were then tested against criteria 1—3 to evaluate the dopant’s
effects on the overall energy barrier in the reaction pathway.
Some elements, including lanthanides and larger transition
metals and alkaline earth metals, were found to exhibit an
unusual surface relaxation, as shown in Figure S2 of the
Supporting Information. A total of 12 elements were found to
exhibit this unusual relaxation that undermined the previously
established reaction mechanism.'> Thus, they were not
continued in HHTCS. This leaves 37 elements for HHTCS.
Further work may find novel reaction mechanisms that suit these
12 other dopants better.

A total of 19 elements out of the 37 elements tested were
found to improve the primary reaction energy barrier as a result
of the first criterion and were selected to advance in HHTCS. A
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total of 18 elements, including all of the metalloids and several
Row $ and Row 6 transition metals, were found to not improve
the primary energy barrier and were discarded.

Unlike the first criterion, which utilizes 2N—NH—2H as the
low-energy resting state for evaluating the primary barrier, the
second criterion requires the lower-energy state from two very
similar states in the full pathway, 4N and 3N—NH-H. In the
pure Fe-bec(211)R surface, SN—NH—H is lower in energy and
thus appropriate to evaluate overall barriers. However, for some
candidate species, the 4N state was found to be lower in energy,
as shown in Table S2 of the Supporting Information. Thus, we
used two separate calculations to evaluate the third criterion as
described in eqs 2 and 3 in section 2.2. From the second
criterion, we find that 8 of the 19 species have an NH;
dissociation barrier that is higher than the overall energy barrier
(N, dissociation) for Fe-bcc(211)R, indicating that they are not
suitable catalyst dopants. A selection of 11 elements were found
to have AG' < 1.68 eV from this criterion, indicating suitability
for further testing in the HHTCS method.

In the third criterion, the first hydrogenation step of the
reaction and an important barrier to the synthesis reaction on

https://dx.doi.org/10.1021/acs.chemmater.0c02701
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Figure 4. Detailed N, dissociation pathway on the Co-doped Fe(211)R surface. Transition states obtained from NEB/dimer calculations are shown
for each important transition in the dissociation pathway. Free energy (AG) for each state is shown in eV.
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Figure S. Standard free-energy diagram comparison between pure Fe-bcc(211)R (black) and Co-doped Fe-bcc(211)R (red). This free-energy
diagram omits several states to preserve clarity; the complex N, dissociation pathway and 4N transitions are not shown. See Figures S3 and S4 for NEB

details.

Fe-bcc(211)R, 3N—NH,—2H — 3N—NH;—H, were evaluated
using the previously determined low-energy state (4N or 3N—
NH-H, as described above) as described in eqs 4 and S in
section 2.2. After this screening, only three dopant elements
were found to improve the primary energy barrier across all
criteria: Co, Ru, and Zr.

Ru-based catalysts have long been suggested as a possible
alternative to the industrial Fe catalyst, with comprehensive
computational work performed using similar DFT methods***'
for Ru nanoparticle catalysis as well as proposed methods to use
more complex catalyst designs in combination with Ru for
efficient ammonia synthesis.*> Additionally, ZrN has been of
interest in ongoing metal nitride catalyst research for NH; and
has been investigated computationally as a potentially viable
catalyst for electrochemical synthesis.”®> Of these three
remaining elements in our work, we found Co to have the
most significant reduction in energy barriers (as shown in Table
1 below). Co-based catalysts have been an increased focus of
research in a variety of alternate synthesis mechanisms, such as
associative (ER) NH; formation on the complex Co—N—C**
and Co;Mo;N* catalysts in attempts to find lower-energy
approaches to efficient NH; synthesis. We thus selected Co as
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the candidate for further evaluation in the NH; synthesis
reaction on Fe-bcc(211)R.

Finally, we evaluated the preferred doping site using the 4N
state in the first step of HHTCS. To make sure that the doping
site is not changed in other plausible resting states, we computed
the electronic energies for all possible subsurface sites in
configurations 4N, 3N—NH—H, and 2N—NH-2H. All of these
positions for each resting state were found to be extremely
similar in electronic energy to the initially determined position
from the first step of HHTCS, and Co was deemed suitable in
this location. In regard to the missing-row reconstruction of the
Fe-bcc(211) surface, we found that the Co-doped Fe-
bcc(211)R surface was suitable for calculating the full free-
energy pathway for NH; synthesis.

3.2. Pathway including Barriers. The full mechanistic
pathway for Co-doped Fe-bcc(211)R is depicted in Figure 3 for
the key states in the reaction mechanism, with the complex N,
dissociation pathway shown in Figure 4. The corresponding
free-energy diagram is shown in Figure S. The detailed NEB
calculations for hydrogenation steps and N, dissociation steps
are displayed in Figures S3 and S4 of the Supporting
Information. Additionally, the full mechanistic pathway for the
pure Fe-bcc(211)R surface is shown in Figure SS of the

https://dx.doi.org/10.1021/acs.chemmater.0c02701
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Supporting Information for additional clarity. We find that the Fe-bcc(211)R surface with respect to the Co doping location,

Co-doped surface has an overall free-energy barrier of AG/ = Co still significantly lowers the energy of the 2N—2H—N2(F)
1.49 eV (at T = 673 K and P(H,) = 15 atm, P(N,) = 5 atm, configuration. This translates into lowering the energy of the
P(NH,) = 1 atm) corresponding to the free-energy difference resulting transition state for the N, dissociation. The decrease in
between the 2N—NH-2H dynamical resting state and the N, the overall energy barrier for the Fe-bcc(211)R surface with Co
dissociation step. This was previously found to be the primary doping by 0.19 eV is expected to significantly increase reaction
energy barrier on the pure Fe-bcc(211)R surface with AG' = rates, as we will see in the next section.
1.68 eV. Additionally, there is also a secondary, numerically very The secondary barrier at T = 673 K corresponds to desorption
close free-energy barrier with AG' =147 eV, corresponding to of NH; from the surface (3N—NH;—H — 3N—H) with respect
the free-energy difference between the 3SN—NH—H secondary to the AN—NH—H secondary dynamical resting state, which has
dynamical resting state and the NH; desorption step from 3N— a AG' = 147 V. The free energy of the NH; desorption
NH-H. We will examine th'e m'ain mechani'stic steps and how transition state here is slightly higher than on the pure Fe(211)R
they are aﬁ‘e‘cted' b)" Co dOng.m more detail. surface: AG = 0.99 eV versus AG = 0.98 eV with respect to the
For N, dissociation (shown in Figure 4 above), the effect of reference state 3N—NH,. However, the 3SN—NH—H state has

the Co dopant is to make the 2N—NH—2H state slightly higher AG = —1.02 eV in the Co-doped surface versus AG = —1.04 eV

in energy (AG = —047 eV compared to AG = —0.53 for pure in the pure Fe surface so that the overall energy barrier is slightly

Fe) and especially to lower the free energy of the transition state lower in the Co-doped surface (AG' = 1.47 eV compared to
for N, dissociation from 1.14 to 1.02 eV, both of which AG = 1.48 eV for pure Fe).

contribute to the decreased overall free-energy barrier. The tertiary barrier for the reaction on both surfaces at T =

However, the dopant does not change significantly the energies 673 K is the hydrogenation step (3N—NH,—2H to 3N—NH,—
: . 2 3

of the 3N—NH—H state and the NH, desor'pt'wn saddle point so H), involved in the formation of the NH; molecule. For the Co-
that the doped system comes close to hitting the secondary doped surface, this has AG' = 1.42 eV, while in the pure Fe
barrier on pure Fe-bcc(211)R. The complex N, path prior to surface. AG' :’ 1.48 oV ’

dissociation is qualitatively similar in both the Co-doped and Hy d;ogen poisoning was investigated as on the Fe-bcc(211)R
pure surfaces with the N, molecule adsorbing on a first-layer site surface’® by comparing the free enercies for the 2N—2H state
of the surface in a perpendicular mode prior to transitioning into (prior to NZmoleIc)ule a%:lsorp tion ontogthe surface) and the 2N—

imil dicul iti d-layer Fe atom, th
a sntar perpenciciar posttion ona second-ayer re atom, Hien 4H state with two additional H atoms adsorbed to the surface,
shifting to a tilted “Final” position prior to dissociation in both . . .
cases. which would poison the surface. At 673 K, as in pure Fe-

Interestingly, Figure 6 represented above shows that even b}:AC(ZI 1) R,ftheb ZN,_4H state d?fes I}Ot become a re}sltmg state,}ff)
though the adsorbed N, molecule lies on the opposite side of the this type o P01S(?n1ng Is not e e'ctlve. At 773 K, however, this

hydrogen poisoning plays a role in pure Fe-bcc(211)R but not
2N-2H-N2(F) on Co-doped pure Fe(211)R because the 2N—4H state lies 0.12
eV above the 2N—2H state.

In the un-reconstructed Fe-bcc(211) surface, C7 sites are
believed to be important for the NHj synthesis reaction as noted
by Somorjai and Materer.® For Fe-bcc(211)R, our previous
research indicated that the removal of the central row of atoms

0356V 0256V removes the C7 coordination but exposes additional fourfold
Figure 6. Comparison of the 2N—2H—N2(F) configuration for Fe- binding sites between the second- anﬁ2 first-layer Fe atoms for N
bec(211)R and Co-doped bec(211)R. The N, molecule adopts an and NH, species on the surface. ~ This facilitates several
alternate tilted final position on the Co-doped surface. Details of the important processes along the reaction pathway, including N,
reasons behind this are found in Section 3.4. Free energies (AG) are dissociation and the restoration to the 4N** state before the
included in eV below each position. The Co-doped state is found to be synthesis cycle begins anew. For the N, dissociation process,

0.10 eV lower than pure Fe-bcc(211)R, which contributes significantly

each N atom is separated into fourfold sites on the same side of
to lowering the overall barrier for the reaction (N, dissociation). b

the trough region on the surface, while in the 4N** position, the

Table 2. Reaction Rates and Percent Populations P, (i.e., Residence Times) = £,(%) for the Most Relevant Configurations in (2 X
2) Unit Cells of Pure and Co-Doped Fe(211)R Surfaces under Steady State of Ammonia Synthesis as Predicted by kMC
Simulations under Different Conditions. H,, N,, and NH; Pressures in atm. P(NH;) = 1 atm in All Cases

T=673K T =673K T=773K T=773K T=773K
P(H,N,NH;) = (15,5,1)  P(H,N,NH,) = (15,5,1)  P(H,N,NH;) = (150,50,1)  P(H,,N,NH,) = (150,50,1)  P(H,,N,NH;) = (30,10,1)
Fe(211)R Co—Fe(211)R Fe(211)R Co—Fe(211)R Co—Fe(211)R
Configuration P, =t (%) P, =t (%) P =t (%) P, =t (%) P =t (%)
3N-NH,—2H 7.60 X 107* 0.39 121x 1073 3.04 0.74
2N-NH-2H 48.11 6.45 4.16 5.28 2.74
2N-2H 0.23 0.52 6.60 16.92 20.43
2N—2H-N,(top) 5.67 X 1072 1.64 X 107> 115 0.65 0.16
4N 11.88 10.26 14.02 2.76 16.64
3N-NH-H 33.42 81.19 17.13 43.07 52.17
2N—4H 5.96 0.73 56.83 27.92 6.74
predicted TOF 3.85 10.9 682 2691 649
NH; mol/s/(2 X 2)
9920 https://dx.doi.org/10.1021/acs.chemmater.0c02701
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Fe-bcc(211)R

2N-NH-2H

2N-2H-N,(F)

Figure 7. Magnetization of top- and second-layer Fe atoms in the blank Fe-bcc(211)R, 2N—2H, 2N—NH—-2H, and 2N—2H—N,(F) states (top) and
Co-doped Fe-bcc(211)R for the same states (bottom). Fe positions 1—6 in the pure Fe case (1—5 on the Co-doped surface, with the doped Co atom
replacing the 6th Fe atom) are labeled for clarity of discussion. Co is found to increase overall spin in the 2N—NH—2H case, resulting in a higher
electronic energy for this position relative to the pure Fe surface, while differences in bonding are found in the 2N—NH—2H(F) position in the
presence of Co on the surface resulting in lower energy for this position. Magnetization values are given in uB.

N atoms reach their lowest-energy configuration deeply bonded
in fourfold sites after migration to opposite sides of the trough
region. These positions are shown in Figure 4.

3.3. kMC Rates and Comparison to Prior Research on
211 Pure Fe. To determine the effect of Co doping on NH;,
production rates, we focus for simplicity on two sets of reaction
conditions:

(a) HB: P(H,) = 150 atm, P(N,) = 50 atm, P(NH,) = 1 atm,
and T = 773 K, which is similar to the operating
conditions of the current industrial HB process and
Somorjai: P(H,) = 15 atm, P(N,) = S atm, P(NH;) = 1
atm, and T = 673 K, which was used in Somorjai’s single-
crystal experiments and which are target conditions for an
HB process with a drastically decreased energy con-
sumption.

(b)

Decreasing the operating pressure is important to decrease
capital costs and energy consumption because of the high cost of
operating high-pressure plants. For these 2 sets of conditions, we
predicted catalytic rates on both pure and Co-doped Fe-
bec(211)R. As described in Section 3.2, we derive the free-
energy reaction barriers and transition probabilities for the kMC
analysis from the QM data. For pure Fe-bcc(211)R, this is in
Figure 2 of Fuller et al.'* and for Co-doped Fe-bcc(211)R, it is in
Figure 6, as mentioned above.

We run kMC simulations until kinetic rates are converged to
within few percent, which correspond to from 1 to 10 h of
steady-state HB catalysis.

To achieve an unbiased comparison, we use exactly the
corresponding states and identical numerical parameters for the
pure and Co-doped catalyst: 21 equilibrium states and 23
transition states, slightly reduced from the set of 24 states used
previously.'> The kMC results are summarized in Table 2, where
we report the TOF together with percent populations (ie.,
percent residence times) of all configurations with populations
>1% under 3 operating conditions:

(a) Somorjai: P(H,) = 15 atm, P(N,) = § atm, P(NH;) = 1

atm, and T = 673;

(b) HB: P(H,) = 150 atm, P(N,) = 50 atm, P(NH;) = 1 atm,

and T = 773 K; and

(c) Reduced pressure HB: P(H,) = 30 atm, P(N,) = 10 atm,

P(NH;) = 1 atm, and T = 773 K,

9921

Here, (a, b) are given for both pure and Co-doped systems,
whereas (c) is given only for Co-doped (211)R. These results
confirm our expectation from HHTCS: doping the Fe-
bec(211)R surface with Co in its optimally preferred doping
site increases HB reaction rates significantly.

(a) Somorjai: The increase is ~threefold, from TOF = 3.85
NH,/s/(2X2) on pure Fe to TOF = 10.9 NH,/s/(2X2)
on the doped surface

(b) HB: TOF = 682 NH,/s/(2 X 2) for Fe to TOF = 2691
NH,/s/(2 X 2) for the Co-doped surface

(c) Reduced pressure HB, 40 atm: TOF = 649 for Co-doped,
nearly the same as for 200 atm on pure Fe.

The populations reported in Table 2 are consistent with our
previous analysis of dynamical resting and transition states for
Fe-bcc(211)R: for the Co-doped system at 673 K, the main
dynamical resting state switches from 2N—NH—2H for pure Fe-
bcc(211)R to BN—NH—H and at 773 K, the change is from
2N—-4H to a mixture of 3N—NH—-H and 2N—4H. The
convergence with respect to the number of kMC steps for Fe-
bcc(211)R and Co-doped bec(211)R is given at T = 673 K in
Table S3 of the Supporting Information. For 40 atm, conditions
(¢), hydrogen poisoning is reduced because the population of
2N—4H is reduced so that the population of the two dynamical
resting states AN—NH—H and 2N—2H is more balanced. Thus,
the system is approaching an ideal catalyst in which all main free-
energy barriers are the same.

3.4. Chemical Insights into the Co-Doped Fe(211)R
Surface: Spin Analysis. Analysis and understanding of binding
of adsorbates to transition-metal surfaces in terms of simple
descriptors represent a challenge because of the complicated
interplay of interactions between delocalized conduction
orbitals and localized d-shell orbitals with adsorbate chemical
species. To understand the origin of rate enhancement due to
Co doping, we use here a valence-bond approach that correlates
changes in the net spins on the metal atoms with the strength of
metal/adsorbate bonding. This enables a simple rationalization
of kinetic data as discussed here.

The spin values of the top- and second-layer Fe atoms and the
second-layer Co dopant were analyzed as in our prior work to
extract information on the chemical bondin§ in these systems
and the changes induced by the dopant.'>"” We focus on the

https://dx.doi.org/10.1021/acs.chemmater.0c02701
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2N-2H, 2N—NH-2H, and 2N—2H—N,(F) states as the key
resting states and the primary state for the N, dissociation
process, with the blank surface and 2N—2H state (because of its
similarity to both the primary resting and high-energy states)
used as a reference state for the spin analysis. Figure 7 illustrates
the magnetizations for these four states in yB. In the following
discussion, Fe 1 and 2 refer to the first-layer Fe atoms, while Fe
3—6 refer to the second-layer Fe atoms for the pure Fe surface.
For the Co-doped surface, the Co is the second layer. The spin
values for Fe 2, 4, and 6 and the doping Co are shown repeatedly
in the relevant periodic positions in Figure 7.

For the 2N—2H state, the first-layer Fe atoms in Fe-
bcc(211)R maintain nearly equal magnetization. Similarly, Fe
3—6 have nearly equal magnetization. This indicates relatively
equal spin distribution across the pure Fe surface with a slight
decrease in the first-layer atoms because of the H bonding in
surface bridge sites.

The Co-doped Fe-bcc(211)R surface behaves slightly differ-
ently. The H atoms cause a shift into the offset site adjacent to Fe
4 from its prior bridge position between Fe 1 and Fe 2. This
decreases the spin by 0.07 uB for Fe 4, indicating a weak
interaction with this Fe atom. A corresponding increase of 0.147
uB for Fe 1 and 0.177 uB for Fe 2 is noted between the Co-
doped and Fe-bcc(211)R positions, indicating that the bridge-
type bonding between two first-layer Fe atoms has shifted to a
similar bonding position on the Co-doped surface between Fe 4
and Fe 1, with a relatively weak bond to the surface characteristic
of all Fe positions on the (211)R surface. This shift is caused by
the Co-doped surface. The presence of the Co atom alters the
magnetization of both the adjacent Fe S (with an increase of
~0.137 4B due to Co) and the ridge atoms Fe 1 and 2, causing
the surface to prefer the offset H position found in more complex
positions such as 2N—4H and 2N—NH—-2H (shown in Figure
S).

Using 2N—2H as a baseline, we compare it with the resting
state 2N—NH—-2H that establishes the barrier for N,
dissociation, the primary barrier along the reaction pathway.
2N—NH-2H is found to prefer a nearly identical state to the
undoped surface, with the NH molecule preferring a pocket site
on the third layer similar to N-adatom binding, and the two H
atoms preferring a bridge and offset site. In comparison with
2N—-2H, Fe 6, Fe 1, and Fe 2 exhibit a spin decrease of ~0.52,
~0.47, and 0.57 uB, respectively, because of the presence of the
adsorbed NH molecule adjacent to it in Fe-bcc(211)R. This
suggests the formation of two 7-bonds of the NH molecule with
surface Fe. For the Co-doped system, the Fe 6 corresponding to
the Co atom exhibits a spin decrease of ~0.57 uB from 2N—2H
because of the tight binding of NH adjacent to the Co position
on the surface. The right side of the trough region (Fe 1—4) is
largely similar for Fe-bcc(211)R and Co-doped Fe-bec(211)R,
with a generally neutral spin change between 2N—2H and 2N—
NH—-2H. However, the Fe 5 magnetization differs by 0.137 uB
between Fe-bcc(211)R and the doped surface, which leads to a
significant overall spin increase for the system. This higher spin
corresponds to less overall bonding, which directly leads to a
higher energy. This rationalizes our finding that 2N—NH—2H in
Co-doped Fe-bcc(211)R is 0.06 eV higher in energy than in Fe-
bcc(211)R (see Figure 4). This energy increase in the resting
state directly influences the lowered primary barrier for the Co-
doped surface.

2N—2H—-N,(F) presents a somewhat more complex picture.
The N, molecule in Fe(211)R is adsorbed in a tilted position
above Fe 3 in the Fe(211)R surface, with two H atoms adsorbed
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in pocket sites on the left side of the trough region (Fe S and 6).
Interestingly, the alternate tilt position is found to be
energetically favorable for the Co-doped surface, with the N,
molecule oriented in a similar tilted manner between Fe 3 and Fe
4. For both surfaces, we see a net spin decrease in the left side
from 2N—2H due to H binding in the second layer in the
displaced positions. It is important to note that H binds more
strongly to the pocket site as N, appears in 2N—2H-N,
compared to the bridge site in 2N—NH—2H or 2N—2H. This
is shown by the stronger decrease in spin indicating more
bonding on Fe S and 6 and for the Fe-bcc(211)R in the
corresponding cases relative to the effects on Fe 4 seen in 2N—
NH—-2H compared to 2N—2H. Because of the complexity of
these states and the different tilt orientation of the adsorbed N,
molecule, a simple overall spin comparison is not sufficient to
explain the energetic behavior of the surface here.

Instead, we must investigate the individual Fe atoms involved
in N, binding. Fe 3 plays an important role in both positions. For
Fe-bcc(211)R, we find that the N, molecule is involved
primarily in bonding with Fe 3 and Fe 1 (see Figure S). In the
Co-doped Fe(211)R position, the molecule has weaker bonding
than Fe(211)R but across all four Fe atoms (Fe 1—4) on the
right side instead of only the central Fe 1 and 3. This is shown by
an increase of ~0.21 yB on Fe 1 and ~0.26 4B on Fe 3 with a
corresponding decrease of ~0.22 uB on Fe 2 and ~0.22 uB for
Fe 4 between the Fe-bcc(211)R and Co-doped Fe-bcc(211)R
positions. Although the overall spin is similar between Fe-
bcc(211)R and Co-doped system, there is a change in bonding
on the surface. Here, the 7-bond found for Fe-bcc(211)R to be
bonded strongly to Fe 3 is weakened for the alloy, while o-bonds
are found to be more strongly bonded to the Co-doped surface.
This behavior is also apparent in the changes in bond distances
between N, and the adjacent Fe atoms for the Fe-bcc(211)R and
Co-doped Fe-bcc(211)R 2N—2H—N,(F) positions, with the
weakened 7z-bond on Fe 3 lengthening by ~0.15 A and
strengthened o-bond resulting in a bond distance decrease of
~0.23 A between the N, molecule and Fe 4. The increased bond
strength between N, and Co-doped Fe-bcc(211)R decisively
contributes to the lower overall energy barrier for the reaction.

Our predictions on metal spin distribution and changes upon
doping are in principle amenable to experimental validation via
Méssbauer measurements*® on Fe single crystals. Our previous
findings on N, bonding transformations from ¢ bond to 7 bond
on the Fe-bee(111) surface'! were consistent with scattering or
spectroscopic experiments.*” We expect that our analyses here
can also be subjected to experimental confirmation via similar
spectroscopic experimental techniques on Fe-bcc(211) surfaces.

4. CONCLUSIONS

We examined 49 distinct elements as dopants for the Fe-
bcee(211)R surface to seek an improved rate of NH, syntheses.
Here, we used our previously proposed HHTCS strategy to
reduce the effort needed to find the most promising dopants.
Given the more complex character of the Fe-bcc(211)R with
respect to the previously investigated Fe-bcc(111) surface, we
had to correspondingly extend the HHTCS approach using
multiple reference states to examine the possible dopant sites
and their stability to be used in HHTCS screening criteria.

HHTCS predicts that of the 49, only Zr, Ru, and Co all
increase the rate, with Co dramatically decreasing the overall
free-energy barrier for catalytic NH; synthesis under industrial
conditions.
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We then carried out QM calculations to determine all steps in
the synthesis reaction pathway for Fe-bcc(211)R, concluding
that Co leads to a 0.19 eV decrease in the rate-determining step
of N, dissociation. Using the DFT-predicted free-energy
activation barriers in a kMC analysis, we predict that the Co-
doped Fe-bcc(211)R catalytic surface increases the TOF from
3.5t0 10.9 NH;/s per 2 X 2 cell at 673 K and increases the TOF
from 682 to 2691 NHj;/s per 2 X 2 cell at 773 K. This allows the
total pressure to be decreased from 200 atm for pure Fe to 40
atm at T = 773 K for the Co-doped Fe-bcc(211)R surface
compared to 200 atm at T = 773 K for the pure Fe-bcc(211)R
surface, suggesting near-identical catalytic efficiency at lower
pressures for the Co-doped Fe catalyst. The increase in cost of
the catalyst due to the greater cost of cobalt should be offset by
the relatively minor amount of Co needed for this doping
scheme (only enough to dope the second layer) and the large
increase in TOF with the connected possibility especially to
decrease the operating pressure. Considering that Co doping of
Fe-bcc(111) seems to increase the TOF in HB catalysis also for
this different surface,*® Co is proposed as a strong candidate for
improving the industrial HB process, possibly in multiple doping
schemes in combination with other dopants.

Analysis of bonding on the undoped and doped surface
indicates that the Co-doped surface increases the spin of Fe
atoms in the resting state involved in the primary barrier, with
weakened 7-bonds and reoriented o-bonds due to the doped Co
atom in the 2N—2H—N,(F) state, which leads to an alternate
more stable bonding position. The finding that the Co dopant
influences N, bonding across an atomic layer in a nonadjacent
position seems novel and indicates a possible role for these more
distant doping positions for future computational work on
reactions on surfaces. Both these phenomena contribute to
decreasing the overall barrier compared to the pure Fe surface,
demonstrating that metal spins can be used as quantitative
descriptors of binding of adsorbates to magnetic transition-
metal surfaces. Our predictions on spin distributions and
changes upon doping await experimental validation via
scattering and Mossbauer or other spectroscopic experiments,
while we trust that our kinetic results will trigger experimental
catalytic testing.
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