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ABSTRACT: We propose an approach to solve the inverse design problem in heterogeneous catalysis in which the goal is to find a
material composition and structure that will maximize the active surface site under reaction conditions with knowledge of the active
site motif being given. Taking CO methanation over Ni—Fe bimetallic alloys as our basis catalyst systems, we aim to identify a Ni—
Fe bulk/surface composition that can provide the highest activity under reaction conditions. First, the stability of various (211)
surfaces with different surface and bulk compositions is studied, especially if the CO adsorption could induce surface segregation has
been well studied since CO is found to dominantly cover the surface during CO methanation. Due to a similar binding strength of
CO over Ni and Fe, we did not observe surface segregation induced by CO adsorption. Reaction kinetics on the corresponding
stable surfaces are obtained through coverage- and surface-consistent MKM. The 4-Fe Ni;Fe(211) surface site, which corresponds to
4 Fe atoms on the surface, is the most active site among all the stable surfaces. This high activity is attributed to the presence of a
pure Ni step site and an adjacent Fe site, which are particularly active for CO activation (CO + H - COH) and dissociation (COH
— C + OH), respectively. Additional calculations on reaction barriers for these two rate-controlling steps on similar Ni;Fe(211)
surfaces confirmed that the 1-Fe Ni;Fe(211) surface, despite being less stable, shows lower reaction barriers, suggesting the potential
for further activity enhancement. Consequently, we propose that optimizing Ni,_,Fe, catalysts for CO methanation may involve
synthesizing Ni;Fe catalysts with a focus on stabilizing the active site motif identified under the reaction conditions. The proposed
approach offers a strategic pathway for researchers aiming to solve the inverse design problem for catalysts in other reaction systems.

Bl INTRODUCTION segregation to the surface as a function of bulk composition
and particle size under reaction conditions, (ii) development of
reaction kinetics as a function of surface composition for
selected reactions, and (iii) combination of kinetics and surface
segregation/restructuring.

The prerequisite to solving the “inverse design problem” for
a reaction system is a comprehensive understanding of the
catalysts and the active site motif under reaction conditions.
We choose here the CO methanation as our model reaction
system since the reaction mechanisms and catalysts of which
have been well studied since it was first proposed by Sabatier
and Senderens in1902. CO methanation has been widely used
in various industrial processes such as removal of trace
amounts of CO from H,-rich feed gas®® or purification of the
reformate gas for NH; synthesis and processes in relation to
Fischer—Tropsch synthesis."”*' Recently, there is a rising
interest in producing synthetic natural gas via the CO
methanation process.” "> Besides, selective methanation of
CO in H,-rich gas mixtures has also attracted attention as a
technique to selectively remove CO from the hydrogen-rich
gas before feeding to fuel cells."”** CO hydrogenation over

In recent years, with the increasing development of super-
computers, computational heterogeneous catalysis, especially
density functional theory (DFT) aided studies, have become
increasingly able to point toward “active sites” on the surface of
a material that provides optimal catalytic activity and/or
selectivity for a given chemical or electrochemical reaction.
Given knowledge of the optimal active site, the question
becomes, which bulk composition, particle size, and support
will provide surfaces with a high concentration of the active
site motif under the reaction conditions? This is the “inverse
design problem” first defined by Zunger et al.'~* in their work
to find the optimal atomic configuration of a complex,
multicomponent system having a target electronic (bandgap)
property. Very few studies have been done on the inverse
design problem in heterogeneous catalysis despite a large
number of studies reporting the identification of active sites for
various reaction systems.” ~° We attempt here to take on the
challenge of devising theoretical methods to facilitate the
inverse design problem in heterogeneous catalysis. Solving the
“inverse design problem” relies on an understanding of
materials’ processes and how they are determined dynamically

by the reaction conditions. While progress has been made on Received:  April 25, 2024
the equilibrium structure of nanoparticles, little is understood Revised:  July 4, 2024
about the nonequilibrium kinetics that govern catalyst surface Accepted:  July 5, 2024

structure during actual catalytic processes. To solve the inverse
design problem in heterogeneous catalysis will involve three
tracks: (i) development of models for adsorption-induced
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Figure 1. Proposed approach to solve the inverse design problem for the CO methanation process over Fe—Ni alloy catalyst. The brown, green,
red, white, and gray balls represent Ni, Fe, O, H, and C, respectively, which applies for all the following figures.

various supported metal catalysts'”>**?*7* has been
investigated from the viewpoint of synthesizing CH,. Among
all the studied catalyst systems, Ni-, Ru- and Rh-based catalysts

roved to be very active in selectively producing meth-
ane.”®**’ Especially, many studies have focused on Ni-based
catalysts due to their comparatively strong methanation
capabilities and low cost.**" It has been suggested that
bimetallic catalysts can be more active than their correspond-
ing monometallic ones in CO hydrogenation reactions, such as
Fe—Co,”" Co—Ni,*"”* and Ni—Fe> ™" alloys. Especially for
CO methanation reactions, Ni—Fe alloys have been widely
studied as they appear to not only have higher activity but also
increased selectivity toward CH, formation compared to the
pure Fe- and Ni-based catalysts.”>***%*’

We therefore take Ni—Fe bimetallic alloys as our basis
catalyst systems for the CO methanation catalyst inverse
design problem. We aim to build the correlation between the
catalytic activity and the alloy bulk/surface site composition
under the reaction conditions to find the optimal catalyst
compositions to maximize the active site concentration.
Herein, we propose to take three steps: Step 1) Figure out
how the equilibrium surface composition changes as a function
of surface coverage and the bulk composition. Especially, will
surface segregation happen with the covering of dominant
surface intermediates on the surface? We will specifically study
the effect of CO adsorption on the stability of surfaces for
different NiFe,_, bulk alloys. We assume CO dissociation is
the rate-limiting step and the surface will mainly be covered by
CO.>** We are trying to find the most stable surface
composition (surface Fe/Ni ratio) at various CO coverages.
Step 2) Identify surface site composition with the optimal rate/
activity, which needs to get the reaction rate on various
surfaces that is stable under different CO coverages. We

propose here a self-consistent surface- and coverage-dependent
microkinetic model (MKM) to solve the reaction kinetics,
which is fully described in the methods section. And, finally,
step 3) correlate the surface stability and reaction kinetics to
guide the catalyst design with maximum active site/activity.
The workflow of our approach is well displayed in Figure 1,
and the details of each step are well described in the following
methods section. To this end, we endeavor not only to provide
a comprehensive approach for the inverse design of
heterogeneous catalysts that is not limited to the study of
CO methanation but also to provide researchers with a
protocol for the catalyst synthesis of other well-studied
reactions.

B COMPUTATIONAL MODELS AND METHODS

Surface System Model. To study the stability of the
surface upon CO adsorption and find out if it would induce
surface metal segregation under reaction conditions, surfaces
with various compositions have been built and CO adsorption
at different coverages has been studied. We manipulate the
surface Fe:Ni molar ratio to get surfaces with various surface
Fe/Ni compositions and it is conducted by increasing/
decreasing the number of surface Ni atoms by replacing
them one by one with Fe atoms until the surface is fully
covered by Ni or Fe. Unlike the traditional surface model,
which only consists of a single surface slab, we build here a
surface system model that consists of one surface slab and one
corresponding bulk, which is denoted as surface-bulk in the
following sections to differentiate it from the Ni,_,Fe, bulk
alloy. In each step of the surface slab Ni to Fe atom exchanging
process, there is a corresponding Fe to Ni atom exchanging
process in the surface-bulk, which manifests the beauty of the
proposed surface system model that the Ni:Fe composition of
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the bulk alloy will be preserved for its all corresponding surface
systems. This will enable us to correctly correlate the surface
activity to the bulk alloy composition, which is also closer to
the real surface under reaction conditions. The formation
energies of replacing one and two bulk Fe atoms by Ni atoms
of various sizes for the surface-bulk have been calculated and
are shown in Figure S1. For all the studied models, there is no
significant difference found in the formation energy, a 4 X 4 X
4 bulk is therefore used as the surface-bulk to balance the size
effect and the cost of computational resource. For the surface-
slab, a 6 X 4 X 3 slab being separated by a 15 A vacuum is
used. A representative surface system model is shown in Figure
2a, and a detailed description of the atom exchanging process
can be found in section S1.

bulk

saturated CO

Figure 2. (a) Representative surface system model used in this work,
and the optimized stable 1 CO and saturated/8 CO covered (b) 12-
Fe surface-slab and (c) 4-Fe surface-slab for NiFe and Ni;Fe surface
systems, respectively.

Computational Methods. All the calculations were
carried out using the Vienna Ab Initio Simulation Package
(VASP) based on density functional theory (DFT) with the
projector augmented wave (PAW) method.**~®* The gener-
alized gradient approximation®®* (GGA) with the RPBE®
functional was used to treat exchange—correlation effects. An
energy cutoff of 400 eV is used for all DFT calculations, and
the energy convergence criterion was set to 107> eV. All
structures were relaxed until the Hellmann—Feynman force on
each atom were smaller than 0.03 eV A™". FCC Ni, Ni,Fe and
NiFe and BCC Fe are used for the bulk alloy corresponding to
a bulk molar percentage of Fe of 0%, 25%, 75% and 100%,
respectively. For all the surface slab calculations, the top half
slab atoms are fully relaxed in all directions during
optimizations, while the half underneath are fixed. To obtain
the vibration entropy of the surface adsorbates, the adsorbate
vibrational frequency calculations have been conducted with all
metal atoms being fixed at their optimized positions. All the
calculations are spin polarized, and a dipole correction is
applied to the direction perpendicular to the surface slab. The
ferromagnetic state was considered for both Ni and Fe atoms
in this work.?® The Brillouin zone integration was sampled by a
2 X 2 X 1 k-points mesh for the surface using the Monkhorst—
Pack scheme.”” To search for the transition state (TS) of each
elementary reaction step involved in the CO methanation, a
combination of the climbing image nudged elastic band®® (CI-
NEB) method and the dimer®””® method was used to precisely
locate the TS.

Surface- and Coverage-Dependent MKM. To under-
stand the reaction kinetics of the CO methanation over the
Fe—Ni alloy catalyst, the kinetic model should consider the
surface coverages and build on the corresponding stable

surfaces under reaction conditions. We thus propose here a
self-consistent surface- and coverage-dependent MKM frame-
work to obtain the reaction kinetics (activity) under the
reaction conditions. First, in step 1) an initial coverage for CO
Oco, is set, and the free energies of adsorbates and transition
states (TSs) on the corresponding stable surface under the
specific CO coverage are calculated. By parametrizing the
MKM with the calculated free energies, a new coverage 0cq ,
will be obtained. In step 2) the convergence check will be
conducted to check if the criteria are satisfied: the new CO
coverage Oc(, agrees with the initial CO coverage 6o (the
difference is smaller than 0.0S, which is the coverage difference
of adsorbing one more CO on the surface), and the used
surface is the most stable one under the resulting new CO
coverage. If either of the two criteria is satisfied, then in step 3)
recalculate the free energies of adsorbates and TSs on the new
surface that is stable at the new CO coverage 0, and update
the MKM with the recalculated free energies which again will
give another updated new CO coverage. Step 2 will be
conducted again to check whether the convergence criteria are
satisfied. The convergence checking and recalculating
processes will be repeated until the two criteria in step 2 are
satisfied. A workflow of the proposed self-consistent MKM is
presented in Figure 3. We note that a similar self-consistent

Starting MKM:

» Conduting MKM on the most stable
surface at ;.

» Without lateral interaction, low TOF.

» Getting a new coverage 0,,.

MKM cycle:

» Recalculate the adsorption and transition
state on the most stabel surface under the
coverage 0,,.

» Parameterize and solve the new MKM.

» Update the new coverage 0,.,.

Convergence criterion :

» The updated coverage ., agrees with
the input coverage 0,, .

» The surface used is the most stable one
under the updated coverage 0, .

lYes
Converged MKM:
» Get optimal TOF and rate control species
for the corresponding surface.
» Rates to be used for activity and
composition relation study.

Figure 3. Workflow of the self-consistent surface- and coverage-
dependent microkinetic model.

MKM was previously proposed by Guo et al,”' which
considered coverage consistency. In addition to surface
coverage, we also considered surface composition consistency
by recalculating the reaction energies (transition states and
adsorption) on the surface that is stable at the MKM output
CO coverages. This ensures that the surface used in the MKM
is always the most stable at the MKM CO coverages. For the
MKM building, a mean field model with lateral interaction is
used to simulate the CO methanation process. The steady state
reaction kinetics are obtained by solving the microkinetic
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Figure 4. Differential adsorption energy of CO on various (a) FeNi;(211) surfaces and (b) FeNi(211) surfaces. The relative formation energies of
various (c) FeNi;(211) and (d) FeNi(211) surface systems. The number in the figure legend represents the number of Fe atoms on the surface.
The free energy is calculated at a temperature of 523 K and a partial pressure of 1 and 0.02 bar, respectively, for H, and CO. The inset figures in (c)
and (d) are the most stable surfaces for Ni;Fe and NiFe which contain 4 and 12 surface Fe atoms, respectively.

model via the ODE solver odelSs implemented in MATLAB
with no assumptions regarding to the rate controlling steps.

B RESULTS AND DISCUSSION

Does CO Adsorption Induce Surface Segregation? To
study whether CO adsorption could induce surface segregation
is equivalent to studying the stability of surfaces of various
surface Fe/Ni molecular ratios upon CO adsorption. The first
task is thus to build surface systems consisting of a surface slab
with different Fe/Ni compositions. For the Ni;Fe and NiFe
alloys studied in this work, there exists natural surface slabs
that follow an atom stacking pattern originating from its stable
bulk. For the NijFe alloy, there are two natural surface slabs
that contain 4 and 8 Fe atoms on the surface, respectively,
while only one natural surface slab is found for the NiFe alloy
that consists of 12 surface Fe atoms. For all the surface system,
a 6 X 4 X 3 surface slab is used, indicating a total of 24 atoms
on the outmost surface slab layer. With the corresponding
natural surface slabs as the starting point, we conducted the
replacing process as described in section S1 to step by step
increase/decrease the surface Fe concentration of the surface
slab. To clearly differentiate the surface systems, it is named
the number of surface Fe atoms. For instance, 4-Fe Ni;Fe(211)

is the surface system of Ni;Fe(211) and consists of 4 surface
Fe atoms and correspondingly 20 surface Ni atoms since the
total surface atoms is 24. All possible surface slab
configurations have been considered for each of the replacing
steps and the resulting optimized most stable surface slab at
each step for NiyFe(211) and NiFe(211) surface systems are
shown in Figure S4 and Figure SS, respectively. Generally, the
Fe atoms are symmetrically distributed without surface
aggregation on both the Ni;Fe(211) and NiFe(211) surfaces.
This indicates that Fe clustering on the surface is unlikely, as it
would require Fe atom diffusion on the surface, which our
calculations show to be thermodynamically unfavorable.
Therefore, Fe clustering on the surface is not considered in
the current work. The next task is to study the stability of these
surface systems upon CO adsorption under the reaction
conditions. To get the stability of the surface systems, we
calculated the relative surface formation free energy, referring
to the corresponding clean natural surface systems. The details
of the calculation of the relative surface formation free energy
are explained in section S4. For CO adsorption calculations, all
possible sites, including the ontop, bridge, 4-fold hollow, hcp,
and fcc hollow sites, have been considered. It should be noted
that in the calculations, not only the position of the sites but
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also the composition of the sites (Ni/Fe ratio) have been
considered so that the most stable CO adsorption is always
obtained. The site definition and a full list of the sites are
described in section S5 in the Supporting Information. CO
adsorption at various surface coverages is calculated by
gradually increasing the surface coverage from 0 ML to 6,
(the saturated CO coverage on the surface). For calculations at
each coverage, all possible unoccupied adsorption sites are
included to ensure that the most stable adsorption
configuration is always obtained and is used for the next one
CO adsorption.

For all the surface systems considered for Ni;Fe and NiFe
alloy, CO favors the hcp-hollow site at the step edge over all
other sites and prefers to first adsorb on the site that has the
maximum number of Ni atoms, such as the hcp-sst-NiNiNi
and the hcp-sst-NiFeNi on the 4-Fe Ni;Fe(211) and 12-Fe
NiFe(211) surfaces, respectively, as shown in Figure 2b,c. CO
absorbs on step bridge sites after all the 3-Ni and 2-Ni hcp-
hollow sites have been occupied. The optimized stable CO
adsorption configuration at coverages from 0 ML to 6,,, on the
4-Fe Ni;Fe(211) and the 12-Fe NiFe(211) surface system are
shown in Figure S7 and Figure S8, respectively. The preference
of CO adsorption on Ni demonstrates an active role of Ni in
CO activation, which is verified by the following reaction
kinetics results. The differential binding free energies of CO at
various coverages are shown in Figure 4a,b, respectively, for all
the studied NiyFe(211) and NiFe(211) surface systems. It
clearly shows that the surface is saturated with CO adsorption
after taking 8 CO since the ninth CO adsorption becomes
unfavorable in energy. This is because there are only 8 step
sites (hcp-hollow and bridge) on the surface slab and because
CO prefers the step sites over all other sites. A 1 ML CO-
covered step site agrees with our assumption that the surface
will be dominantly covered by CO under reaction conditions
and has also been found in previous studies.”® To investigate
the stability of the surface under reaction conditions,
particularly at the reaction temperature and CO pressures,”
we calculated the relative surface formation energies (surface
migration energies) using equations S1—S3 in the Supporting
Information. All energies are Gibbs free energies at 523 K and
are referenced to the CO gas phase at a reaction pressure of
0.02 bar, based on previous experimental studies.”* The
relative formation free energies of the studied surfaces under
various CO coverages are shown in Figure 4c,d; the surface
system with natural stacking surface slab is found to be the
most stable system for both NiyFe(211) and NiFe(211)
surfaces irrespective of whether the surface is partially or fully
covered by CO. For the Ni;Fe(211) system, the two natural
stacking surface systems, 8—1 and 4 in Figure 4c which consist
of 8 and 4 surface Fe atoms, respectively, are both stable at
lower CO coverage, while the 4-Fe surface system becomes
more stable at higher CO coverage. Similarly, for the NiFe
surface system, the natural stacking surface system (12 in
Figure 4d) is always the most stable one. The as-found stability
trend demonstrates that CO adsorption will not cause surface
composition change and thus will not induce surface
segregation on the Ni—Fe alloy surface. This is because of a
very close binding free energy for CO adsorption on Ni(211)
and Fe(211) surfaces, which are —0.51 and —0.41 eV,
respectively, under the reaction conditions.”* Even though
CO adsorption is 0.10 eV more stable in energy on Ni(211), it
is not strong enough to drive a Ni atom migration to the
surface, and therefore, no surface segregation occurred upon

CO adsorption. It should be noted that there should be 25
surface systems theoretically (from 0 Ni covered surface to a
fully 24 Ni covered surface) each for NijFe(211) and
NiFe(211); however, as shown in Figure 4c,d, we found that
the further the surface composition is away from the natural
stacking surface, the less stable it will be. We thus studied 13
surface systems for the Ni;Fe(211) surface and even less (only
7) for the NiFe(211) surface.

Reaction Kinetics: Which Composition Gives the
Optimal Activity? For the CO methanation process, we
considered three possible reaction pathways, namely, the direct
CO dissociation path (CO-path), the H-assisted COH path
(COH-path), and CHO (CHO-path) path in which CO is
hydrogenated first and followed by the dissociation of COH
and CHO to C and CH,” respectively. The full reaction
network is listed in section S6 in the Supporting Information.
According to the surface stability results, the natural stacking
surface system is always the most stable one under all the CO
coverages, and the 4-Fe and 12-Fe surface system is therefore
used for NizFe and NiFe catalyst calculations, respectively.
This leads to the reduction of the surface- and coverage-
dependent MKM from a two-dimensional model down to a
one-dimensional model, an only coverage-dependent MKM.
The free energies of all the involved intermediates and TSs are
first calculated on the clean surface (input 8o = 0) and used
to initiate the self-consistent MKM. Recalculations and
convergence checking are then conducted until the MKM
convergence criteria are satisfled. The binding free energies of
all of the surface intermediates and transition states at various
coverages are provided in Tables S1—S4, respectively, for the
4-Fe NijFe(211), 12-Fe NiFe(211), Ni(211), and Fe(211).

From the converged MKV, the surface coverages, TOFs,
and dominant pathways have been obtained and are shown in
Table SS in the Supporting Information. The most important
task is, however, to correlate the activity/TOF to the bulk/
surface composition of the Ni—Fe alloy catalysts. which is
shown in Figure S. It can be clearly seen that the Ni—Fe alloys
have larger TOFs than both the two pure metal catalysts and
an optimal (largest) TOF is found on the 4-Fe NiyFe(211)
surface system, which agrees with previous experimental and
theoretical studies;***®°” meanwhile, Fe(211) is found to have
the lowest TOF. The trend can be explained by the dominant
pathways and rate-limiting species. On the Fe(211) surface,

-1.5
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201 12-Fe NiFe(211)

s |Ni211)
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Figure S. Optimal TOF for various surface systems studied in this
work, where the TOF for each surface is the one from the most stable
surface at the corresponding converged CO coverage from the self-
consistent MKM. The reaction condition is set at a temperature of
523 K and a partial pressure of 1 and 0.02 bar, respectively, for H, and
CoO.
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Figure 6. (a) Reaction barrier for CO dissociation, COH formation and COH dissociation on different catalyst surfaces. (b) Active site for COH
formation reaction and (c) COH dissociation reaction on NijFe(211) surface.

the dominant pathway for methanation is the direct CO
dissociation path. It has been suggested that there are two
important properties of the transition metal catalyst determin-
ing the activity of methanation via a direct CO dissociation
path: the barrier for CO dissociation and the binding strength
of the main intermediates on the surface.”>** The low TOF of
Fe is due to its too strong binding of the surface intermediates,
especially O, as shown in Table S6 in the Supporting
Information, although the CO dissociation barrier on the
Fe(211) surface is the lowest among all the studied catalyst
surfaces, as shown in Figure 6a. For Ni and Ni—Fe alloy
catalyst, the dominant pathway is the CO — COH — C path,
which agrees with previous studies of CO methanation over
Ni-based catalyst®***? and the reaction rate is greatly limited
by these two reactions. According to the calculations, CO
hydrogenation to COH prefers to happen at a pure Ni step
site, as shown in Figure 6b, while for COH to C dissociation it
happens at a step site with one close by Fe atom bonding to
the OH, as shown in Figure 6¢c. It demonstrates that Ni is
primarily active toward CO hydrogenation because of its
stronger binding to CO over Fe while Fe is more active in C—
OH bond cleavage due to its strong binding to OH, as shown
in Table S6 in the Supporting Information. This is proved by
the calculated reaction barrier for COH formation and
dissociation reactions, as shown in Figure 6a, which shows
that the barrier for CO hydrogenation to COH is increased
with increasing Fe concentration while the COH dissociation
barrier on the contrary decreases. Most importantly, it explains
why an optimal activity/TOF is found on the 4-Fe Ni;Fe(211)
surface system since the Ni(211) surface bears the lack of Fe
on the surface to stabilize the OH for COH dissociation while
the 12-Fe NiFe(211) surface suffers from the absence of an
active pure Ni step sites for CO hydrogenation to COH, as
shown in Figure S5 in the Supporting Information.

Catalyst Design: How to Make the Most out of a
NisFe alloy Catalyst? From the reaction kinetics analysis, we
understand that the high activity of the 4-Fe Ni;Fe(211)
catalyst system originates from its unique stable surface
structure that consists of active sites for both CO activation
(CO — COH) and CO dissociation (COH — C). It seems
that if the catalyst can retain a surface structure that consists of
the two active sites, it will be very active toward CO
methanation, and the 4-Fe surface composition may not be a
necessity. To verify this hypothesis, the reaction barriers of CO
hydrogenation and COH dissociation on more Ni;Fe(211)
surfaces that have the required surface sites are calculated. In
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total, there are 8 such surfaces which consist of 1 to 8 Fe atoms
on the surface, respectively, as shown in Figure S4 in the
Supporting Information, and the calculated reaction barriers
are shown in Figure 7. The results indicate that the COH

2.00

1.80 - k././k—i—ki/.
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= 1.20 A -8-CO +H -> COH
S 1.00 ——COH ->C+OH
0.80 1
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number of Fe atoms on the surface

Figure 7. Reaction barriers for CO — COH and COH — C on
different NiyFe(211) surfaces with various numbers (from 1 to 8) of
surface Fe atoms.

dissociation barrier changes little with the change of surface Fe
atoms, demonstrating the vital role of Fe in COH dissociation.
For the CO hydrogenation reaction, the reaction barrier
increases with an increase of surface Fe atoms, while a
negligible effect on the reaction barriers is found when the
number of surface Fe atoms reaches 4. This can be explained
by the surface atoms stacking pattern of NizFe(211), as shown
in Figure S2. For surfaces that consist of Fe atoms less than 4,
the Fe atoms will stay at a position close to the active step Ni
site, while for surfaces having more Fe atoms, the Fe atom is
located far from the active Ni site, which therefore cannot
significantly affect the CO hydrogenation reaction. Most
importantly, what Figure 7 indicates is that for surfaces with
fewer surface Fe atoms, especially the 1-Fe surface, the reaction
barrier of CO hydrogenation and COH dissociation is about
0.2 and 0.08 eV smaller than the 4Fe surface system,
respectively, indicating a probable higher activity of the
surface. The problem is, however, that these surfaces are not
stable under reaction conditions according to the surface
stability study, although a higher activity could be obtained

from them. It proves that the 4-Fe surface atom pattern is not a
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necessity to obtain high CO methanation activity for the Ni;Fe
alloy catalyst but the stability of the active step sites for CO
hydrogenation and dissociation under reaction conditions is on
the contrary the most important activity-determining factor.
Therefore, an optimal Ni;Fe(211) catalyst system should have
a Nirich surface with a maximum pure Ni step site and
sufficient Fe atoms close by to get the most (maximal activity)
out of the catalyst for CO methanation. Especially, making
catalysts with stable surfaces like the 1-Fe Ni;Fe(211) through
support interaction and single metal alloy technique so that
maximum active metal sites can be obtained would increase the
catalyst activity furthermore.>

B SUMMARY

In this study, we have devised a framework aimed at addressing
the inverse design problem concerning the methanation of CO
over Ni—Fe bimetallic alloy catalysts, and the goal is to
determine a Ni—Fe composition and structure conducive to
the desired active surface site motif during the catalytic
process. Initially, we investigated the stability of various
NiFe(211) and NijFe(211) surfaces, encompassing all possible
surface compositions (surface Ni/Fe atom ratio ranging from 0
to 1), under reaction conditions at different CO coverages
since CO is found to be the primary surface species. Our
findings indicate that the 4-Fe NijFe(211) and 12-Fe
NiFe(211) surfaces exhibit the highest stability across all
conditions, indicating that the CO adsorption is not able to
induce surface segregation. Subsequently, we developed a
surface- and coverage-consistent microkinetic model (MKM)
to determine the methanation turnover frequency (TOF) for
various surfaces with distinct bulk and surface compositions
that remain stable under reaction conditions. We established a
correlation between the surface and bulk composition and
reaction TOFs, with the 4-Fe NiyFe(211) surface site
demonstrating the highest TOF.

To elucidate the underlying factors contributing to the high
activity of the 4-Fe Ni;Fe(211) surface, we conducted reaction
barrier calculations for the CO activation/dissociation steps,
identified as the rate-controlling steps in CO methanation. Our
analysis attributes the enhanced activity of the 4-Fe Ni;Fe-
(211) surface to a pure step Ni site facilitating hydrogenation
of CO to COH, in conjunction with a neighboring Fe site
promoting COH dissociation. To further validate our
hypothesis, we calculated the reaction barriers for CO —
COH and COH — C on various NizFe(211) surfaces, which
have active sites similar to those of the 4-Fe surface but exhibit
lower stability under reaction conditions. Our results indicate
that surfaces featuring a pure Ni step site and a nearby Fe site
exhibit similar reaction barriers for the two rate-controlling
steps. Notably, the 1-Fe NijFe(211) surface displayed the
lowest barriers, suggesting the potential for further activity
enhancement despite its lower stability. This underscores the
significance of the active site motif and its stability under
reaction conditions in catalytic activity, rather than the
presence of 4-Fe surface sites. Consequently, we propose
that optimizing Ni,_ Fe, catalysts for CO methanation may
involve synthesizing Ni;Fe catalysts with a focus on stabilizing
the active site motif identified under reaction conditions. This
could be achieved through advanced single-atom alloying to
form a stable 1-Fe Ni;Fe(211) surface under the reaction
conditions using optimized synthesis methods and supporting
materials,”* even though it is known to be thermodynamically
unstable.

It is noteworthy that CO adsorption is found to be not able
to induce surface metal atom segregation in our study due to a
similar binding strength of CO on Ni and Fe. Despite being
unable to test the surface-consistent MKM and unfortunately
not showing the full inverse design solution process for the
studied Ni—Fe alloy, our proposed framework still provides
researchers with a protocol to address the catalyst inverse
design problem, aiming to maximize activity, for other
extensively studied reaction systems. Given that the proposed
approach is purely theoretical and based on DFT calculations,
combining experimental data with DFT-based MKM simu-
lations can provide a more comprehensive understanding and
enhance the accuracy of the design process. Experimental
turnover frequency (TOF) data offer real-world validation and
insights into catalytic performance under various conditions,
while MKM simulations provide detailed mechanistic insights
and active site information. By leveraging both approaches, the
design process can be optimized, ensuring that the proposed
active sites are not only theoretically efficient but also
practically viable based on empirical evidence. However, this
integration is beyond the scope of the current work, as we
propose a theoretical protocol for the inverse design of
catalysts, which will be explored in future studies.
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