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ABSTRACT: Structure sensitivity plays a pivotal role in
heterogeneous catalysis and the Fischer—Tropsch reaction is one
of the prime examples of such a structure-sensitive reaction. The
activity and selectivity of this reaction depend on the size of the
nanoparticle and this trend is observed for a whole range of
support materials. To understand why metal—support interactions
do not affect this trend, a ReaxFF force field is developed that
effectively mimics the broad variety of support materials and
captures the metal—support interaction strength into a single > =
structural parameter. Particles of 1—9 nm embedded on support ; SN
materials are sampled using simulated annealing molecular

dynamics and the effect of the metal—support interaction on the . = iy @) 8%,y
active site distribution is studied. It is found that although the size-

dependency profile of various active site topologies depends on the interaction strength of the nanoparticle with the support, step-
edge sites with an FCC(110) motif remain insensitive to the type of support. Based on microkinetic simulations, it is established that
these sites are predominantly responsible for the observed atom-based FTS activity rationalizing why Fischer—Tropsch synthesis is
structure-sensitive but support-insensitive.

De = 35 kcal/mol
De = 40 kcal/mol
De = 45 kcal/mol
De = 50 kcal/mol
Unsupported

4 eb

2 ‘a 6 8
_ Nanoparticle size [nm]

B INTRODUCTION the availability of step-edge sites.'” It is hypothesized that

Metallic nanoparticles are used extensively as heterogeneous
catalysts in the chemical industry. These nanoparticles are
several nanometers in size and expose a variety of active site
configurations such as steps, kinks, edges, and corners. Almost
a century ago, Taylor already suggested that these
coordinatively unsaturated groups of atoms can act as
adsorption sites where reactants bind temporarily and where
chemical transformations are promoted.’ Building on this
concept, Boudart further classified reactions based on whether
the catalyst activity depends on the dispersion of the catalyst
material, giving rise to the terminology of structure-sensitive
and structure-insensitive reactions.”’ The modern view is that
structure sensitivity is caused by the abundance of important
active sites as function of the particle size. Examples of
structure-sensitive reactions are steam-methane 1‘eformin§,4_6
ammonia synthesis,’ "% and Fischer—Tropsch synthesis."' '
For these reactions, the activity depends on the availability of a
specific active site that facilitates a low barrier for an otherwise
difficult to activate chemical bond. To illustrate, steam-
methane reforming requires the activation of C—H o-bonds
which are facilitated by kink and edge sites. Such sites are
exposed in greater abundance for smaller nanoparticles. Hence,
an increase in the atom-based catalytic activity is observed with
decreasing particle size. In contrast, the activity in ammonia
and Fischer—Tropsch synthesis depends on the efficiency of
the scission of z-bonds in N, and CO, respectively, requiring

© 2023 The Authors. Published by
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larger metal particles expose more of such step-edge sites and
thus an increase in the atom-based catalytic activity is observed
with increasing particle size. This hypothesis is supported by
various experimental®'®'? as well as theoretical studies.”’”>’
Ensuring the optimization of the nanoparticle size is imperative
for industrial applications.”* The utilization of too small
nanoparticles leads to the generation of undesirable methane
and a loss in activity,'""** while excessively large particles fail to
effectively utilize the abundant cobalt atoms, thereby rendering
catalyst production needlessly costly.

Multiscale modeling is utilized in computational modeling
procedures to predict structure sensitivity trends in heteroge-
neous catalysis.”® At the atomistic scale, density functional
theory (DFT) simulations together with kinetic simulations
such as microkinetic modeling (MKM) and kinetic Monte-
Carlo are used to identify the reactivity patterns of the active
sites exposed by the catalyst. These studies can be linked to
mesoscale studies where the abundance of these active sites is
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studied as a function of the nanoparticle size. For small
nanoparticles less than 2 nm in size, ab initio molecular
dynamics is an accurate and suitable method. However, for
larger nanoparticles, these methods become computationally
intractable. To overcome this issue, empirical force fields
provide an alternative that comes at a fraction of the
computational cost of ab initio methods. This allows for the
study of systems several orders larger in size than what is
possible with density functional theory.”” These empirical
force fields typically display a reduced accuracy when
transferred from one system to another and as such require
(re-)parametrization to exhibit sufficient chemical accuracy
comparable to ab initio type of calculations.”®

Recently, we have conducted a multiscale study of the
Fischer—Tropsch reaction wherein DFT, MKM, and molecular
dynamics (MD) simulations based on a ReaxFF force field
were combined to elucidate the experimentally observed
structure sensitivity in Fischer—Tropsch synthesis.”’ We
showed that step-edge sites exhibiting an FCC(110) topology
were identified to be the locus of the chemical transformation.
These steps are stabilized by the formation of nano-islands,
whose abundance depends on the size of the nanoparticle. One
aspect that was however not explicitly considered in this earlier
study is the influence of the support material used to maintain
the active phase in the nanoparticle form. Industrially used Co
nanoparticles are commonly supported on oxides such as
alumina (AL O,), silica (SiO,), and titania (TiO,).””*° Other
oxidic supports such as MgO”"** and CeO,””’* have been
studied as well. The primary functions of these materials are to
disperse the active metal, stabilize the nanoparticles at elevated
temperatures, and provide mechanical strength.” The textural
properties of the support greatly affect the dispersion of the
catalyst nanoparticles and control their size and morphology.
For example, strong metal—support interactions can result in
the formation of so-called “pancake”-shaped catalysts, whereas
weak metal—support interactions give rise to more spherically
shaped catalysts. It is reasonable to infer that nanoparticles
with varying shapes will exhibit distinct active site abundancies
since the shape determines the type of facets that are
exposed.*

In this study, we aim to understand how the support can
modulate the shape and size of the nanoparticle. Although the
Fischer—Tropsch reaction is known to be a structure-sensitive
reaction, it is observed that metal—support interactions do not
affect the overall trend.”” This raises the question why the
support plays no other role than the modulation of the particle
size and what causes the Fischer—Tropsch reaction to be
shape-insensitive. To answer this question, we have developed
a ReaxFF force field that effectively mimics the broad variety of
support materials and captures the metal—support interaction
strength via the bond strength parameter D,.”® Conventionally,
this single parameter is used to describe the energy gained
upon formation of a chemical bond as function of the bond
order. We have generalized this to describe the interaction
between a Co atom in the nanoparticle and an atom of the
support. Variation of this D, parameter allows then for
describing the interaction strength of different surfaces.
Extensive molecular dynamics simulations are conducted to
study the dispersion, particle size, and active site abundance as
function of the structural parameter. In turn, the surface
abundance of specific active sites is then used in a microkinetic
model to predict the FTS activity as a function of the particle
size and the metal—support interaction strength. Herein, the

experimentally observed structure sensitivity is reproduced.
Importantly, it is found that although the support modulates
the shape of the nanoparticle yielding different structure
sensitivity trends for a variety of active sites, the structure
sensitivity of active sites that facilitate efficient C—O bond
scission is insensitive to the metal—support interaction
strength.

B METHODS

Interaction Model. In order to explore the cobalt
nanoparticle geometry as a function of size and cobalt—
support interaction strength, we employed simulated annealing
molecular dynamics (MD) simulations based on a reactive
force field”*®* To assess the impact of the interaction
strength between the metal and the support, we introduced a
hypothetical support possessing an FCC crystal structure,
despite the absence of such a crystal structure in any of the
refractory oxides. This approach allowed us to isolate the effect
of the metal—support interaction strength, independent of any
influence stemming from the crystal packing of the support. It
is worth noting that this approach incurs the trade-off of
neglecting any effects directly attributable to the local topology
of the support.

Although there exists a multitude of generalized force fields
in the literature, we here opted to use the previously trained
and validated ReaxFF force field atomic parameters for
cobalt’® as a starting point for describing the atomic
parameters of the support. This specific force field was trained
to accurately describe Co nanoparticles and facilitates a
straightforward yet effective description of the bonding
strength between the support and the Co atoms by means of
a single (o-bond) dissociation parameter (D,). This dissoci-
ation energy D, is used to calculate the bond energies (Epq,q)
as given by the following equation.

Ebond = _De.BOij.eXp(pbel(l - (Boij)pbez)) (1)

Herein, BO;; is the bond order between atoms i and j and
Pper and py., are the bond parameters.’ In this study, D, was
varied between 35—50 kcal/mol. A detailed overview of the
reactive force field parameters can be found in Tables S1—S3.

MD Simulation Settings. The canonical ensemble (NVT)
using the velocity Verlet algorithm with a time step of 0.25 fs
was used to perform the MD simulations. The temperature of
the system was controlled by the Nosé—Hoover thermostat
with a temperature damping constant of 100 fs. All MD
simulations were executed using the AMS software suite.*’ For
simulated annealing, the cobalt atoms were initially positioned
in a simple cubic crystal structure to prevent bias toward the
final bulk structure. The cubic structure of cobalt atoms was
placed in the center of the periodic unit cell on top of the four-
layered support with an FCC(111) orientation at a distance of
2.5 A. To avoid spurious interactions of the nanoparticle with
neighboring super cells, a periodic unit cell was used to
accommodate a support which has dimensions in the x- and y-
directions that are at least twice as large as compared to the
diameter of the nanoparticle. For each of the simulations, no
cobalt atoms were observed that moved across the periodic
boundaries. For each set of simulated systems with a constant
number of cobalt atoms and constant cobalt—support
interaction strength, 40 simulations were performed for proper
statistical sampling. To this purpose, the initial velocities of all
atoms were randomly generated from a Gaussian distribution

https://doi.org/10.1021/acs.jpcc.3c02240
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Table 1. Adsorption Energies of a Single Co Atom on the Various Supports from the DFT Calculations and the ReaxFF

Parameter D, Derived by Using Eqs 2—7

Co(111) Co(100) MgO(100) $i0,(100) AL 05(001) Ti0,(110) (rutile) CeO,(111)
DFT (kJ/mol) —578 —-626 -132 -213 —281 —367 —417
D, (kcal/mol) 53.6 55.5 3622 39.4 42.0 454 473
a De =35 De = 40 De = 45 De = 50 Co Co
kcal/mol kcal/mol kcal/mol kcal/mol (111) (100)
MgO SiO, ALO, TiO, CeO, Co Co
(100) (100) (001) (100)  (111) (111)  (100)

De = 35 kcal/mol

De = 40 kcal/mol

R

i

De = 45 kcal/mol De = 50 kcal/mol

Figure 1. (a) Schematic overview of the adjusted MD single-atom adsorption energies (above the horizontal line) of the simulated cobalt—support
interaction strengths and DFT single-atom adsorption energies (below the horizontal line) on a variety of supports; (b—e) visualization of
representative supported cobalt nanoparticles of 1728 atoms for D, values of (b) 35 kcal/mol, (c) 40 kcal/mol, (d) 45 kcal/mol, and (e) SO kcal/

mol.

with a variance kyT/m using the Mersenne Twister
pseudorandom number generator.*’ For each of the simu-
lations, the simulated annealing trajectory of 110 ps consisted
of a relatively long initialization period of SO ps and an
annealing period of 60 ps. During the initialization period, the
temperature of the system was kept constant at 1500 K. During
the annealing period, the temperature of the system was slowly
cooled to 300 K by decreasing the temperature of the system
in steps of 100 K at 5 ps intervals.”’

For each simulation, it was furthermore verified that
prolonging the simulation time did not yield statistically
different observables. For example, MD simulations of 165 and
220 ps were performed for supported cobalt nanoparticles of
512 atoms for the dissociation energy range of 35—50 kcal/
mol. The radial distribution functions (RDFs) for each of these
four cobalt—support interaction strengths (Figure S1) show
that in all cases, the RDFs correspond to those expected for a
bulk phase composed of fcc and hcp crystalline cobalt, which is
consistent with XRD patterns as found from the experi-
ment.*>*

Electronic Structure Calculations. To compare our
simulated supported cobalt nanoparticles with different
cobalt—support interaction strengths of several typical support
materials for cobalt-based Fischer—Tropsch synthesis, quan-
tum-chemical calculations based on spin-polarized density
function theory (DFT) were performed for single-atom cobalt
on different supports. All DFT calculations were executed
using the Vienna Ab Initio Simulations package (VASP) which
employs a plane wave approach in conjunction with the
projector-augmented wave (PAW) method for describing the
interactions between the nuclei and core electrons.”*~*" To
describe the electron—electron interactions, the Perdew—
Burke—Ernzerhof (PBE) exchange—correlation functional
was used.*® A plane wave basis set with a kinetic energy cut-
off of 400 eV was used for the valence electrons. Partial
occupancies were determined using a first-order Methfessel—

15150

Paxton scheme with a smearing width of 0.2 eV."” Electronic
convergence was set to 107> eV and geometries were
converged to 107° eV/A using the conjugate-gradient
algorithm that employs trial and corrector steps to converge
both the energy of the structure as well as the forces on the
ions. All atoms were allowed to relax. The support layers (3 X
3 supercell) with the adsorbed single-atom cobalt were placed
in the center of the unit cell, and a vacuum layer of 15 A was
added perpendicular to the surface to avoid the spurious
interactions between the images. The k-points for the Brillouin
zone sampling were 3 X 3 X 1.

B RESULTS AND DISCUSSION

Parameter Establishment. To express the cobalt—
support interaction strength for MgO, SiO,, ALO; TiO,,
and CeQ, in terms of the ReaxFF parameter D,, a procedure
based on two control points, corresponding to a single Co
atom adsorbed on Co(100) and Co(111), is used as given by
eqs 2—7.

D

DFT
ei — I'E'

1

+ b, (2)

where D, ; is the ReaxFF parameter D, for surface i, and E*"
is the adsorption energy for a single Co atom on surface i. The

parameters a; and b; are given by

4= /ReaxsF(IZ — 35/Rea.xFF
Ep=so — Ep=3s 3)
and
b =35 - al‘El/)i{iasxsFF (4)
The scaled ReaxFF energies EX**F are calculated by
F/ReE _ o pReafF (s)

Herein, the parameters a, and b, are given by

https://doi.org/10.1021/acs.jpcc.3c02240
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Figure 2. Snapshots of a MD trajectory of a supported cobalt nanoparticle of around 4 nm with a cobalt—support interaction of 40 kcal/mol.

1.0
0.9 1
— 0.8 1
_5 0.7 4 _ 5 585s -
0 0.6 #&n E§¢P'_,!h.;j z
° ¥ 5 8
& 0.5 1 JLIT
~
S 0.4
2 t
O 0.31 @ De = 35 kcal/mol
Q I #  De = 40 kcal/mol
0.2 & De = 45 kcal/mol
0.1 A i De = 50 kcal/mol
$  Unsupported
0.0 T T . -
0 2 4 6 8 10

Particle size (nm)

b
1.0

]
0.9 A i
0.8 &

De = 35 kcal/mol
De = 40 kcal/mol
De = 45 kcal/mol
¥ De = 50 kcal/mol
=077 X 1 #  Unsupported
Z 0.6 1 I 4 — = Perfect sphere
o
¥ 0.5 A HA
2 0.4 ]
2 i .
© 0.3+ s
0.2 4
0.1
0.0 r 4 : ;
0 2 4 6 8 10
Particle size (nm)

=]

&
's&b' t“ LF 1 "

T—a_

Figure 3. Average FCC bulk fraction (a) and dispersion (b) for supported cobalt nanoparticles with the metal—support interaction strength of
(red) 35 keal/mol, (blue) 40 kcal/mol, (green) 45 kcal/mol, and (orange) SO kcal/mol, and (black) unsupported cobalt nanoparticles. Error bars
correspond to the 95% confidence intervals (i + ¢) as determined by averaging over 40 simulations of particles of the same number of atoms. The
dashed gray line in (b) represents the dispersion of a perfectly spherical cobalt nanoparticle.

DFT/PBE DFT/PBE
EDYT/PBE _ pDFT/

0= Co(100) Co(111)
2T ReaxFF ReaxFF
ECS(IOO) — Eco(i11) (6)
and
DFT/PBE ReaxFF
b, = Ecoain “2'EC§(111) (7)

where the labels in EBS(Tl/O%])BE, EIC)S(TI/II?)SE, EIC{E?%%), and E%Zfﬁli)
correspond to the adsorption energies calculated from either
DFT or ReaxFF and correspond to adsorption on either a
Co(100) or Co(111) surface. For all oxidic supports, we have
chosen the most stable surface termination which corresponds
to (100) for MgO*® and SiO,,”" (110) for rutile-TiO,,** (001)
for ALO;> and (111) for CeO,>* Application of these
equations to the DFT calculated adsorption energies of a Co
atom adsorbed on MgO, SiO,, Al,O;, TiO,, and CeO, leads to
the D, parameters for these cases, as shown in Table 1.

These data show that the range of D, between 35 and 50
kcal/mol covers the variation in metal—support interactions of
the various supports. In addition, Table 1 shows that cobalt has
a relatively weak interaction with a MgO support, an
intermediate interaction with SiO, and Al,O; supports, and a
strong interaction with TiO, and CeO,. The increasing
cobalt—support interaction strength trend of MgO > SiO, >
AL O; > TiO, > Ce0, is in line with the work of Das and Deo
who studied with XRD the crystallite size of Co nanoparticles
as function for a broad range of support materials.>®

15151

Molecular Dynamics. To study the effect of the
interaction strength with the support, simulated annealing
molecular dynamics simulations were performed. Figure 1b—e
shows the resulting supported cobalt nanoparticles as function
of the cobalt—support interaction strength. For a weak cobalt—
support interaction (35 kcal/mol), an almost spherical cobalt
nanoparticle is obtained, which becomes hemispherical for an
intermediate cobalt—support interaction (40 kcal/mol) and
with further increase of the interaction strength more pancake-
like for strong cobalt—support interactions (45—50 kcal/mol).
It was found that for D, values smaller than 35 kcal/mol that
the nanoparticle does not adsorb on the support. Larger values,
on the other hand, ie, D, > 50 kcal/mol, give rise to minor
intercalations of Co atoms into the support, reconstruction of
the support, and the dispersion of the bigger nanoparticle into
smaller ones.

A representative example of an MD trajectory of a 4 nm
supported cobalt nanoparticle with a cobalt—support inter-
action strength of 40 kcal/mol is shown in Figure 2. It can be
seen that the shape of the particle rapidly changes from the
initial cubic configuration into a more hemispherical one with
crystal facets appearing as annealing proceeds. Movies
corresponding to the simulated annealing trajectories are
available in the Supporting Information. The surface site
composition and the bulk composition of the resulting
supported cobalt nanoparticles were analyzed with the
common neighbor analysis (CNA) method, as described in

https://doi.org/10.1021/acs.jpcc.3c02240
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Figure 4. Abundance of terrace sites with (a) FCC(111) and (b) FCC(100) orientation, (c) surface sites not recognized by the CNA algorithm,
and abundance of step-edge sites with (d) FCC(211), (e) HCP(0112), (f) HCP(0111), (g) FCC(110), (h) HCP(0113), and (i) HCP(0331)
orientation, for supported nanoparticles with a metal—support interaction strength of (red) 35 kcal/mol, (blue) 40 kcal/mol, (green) 45 kcal/mol,
and (orange) SO kcal/mol, and (black) unsupported cobalt nanoparticles. Error bars correspond to the 95% confidence intervals determined by
averaging over 40 simulations of particles of the same number of atoms. The insets visualize the active site topology wherein the atom used to

enumerate the active sites is colored.

our previous work.’”*®*” A detailed description of the
procedure is given in the Supporting Information.

Particle Size, Bulk Composition, and Dispersion. To
obtain statistically representative results, we performed 40
independent simulations for each set of systems simulated with
a constant number of cobalt atoms and a constant cobalt—
support interaction strength. By sampling the particle size, bulk
composition, and dispersion in this way, we were able to obtain
average values for each system. Table S4 presents the average
particle size and standard deviation as a function of the D,
parameter and the number of atoms. Notably, this table

indicates that 40 simulations produce sufficiently small
standard deviations, enabling the comparison of simulations
with different D.. Additionally, Table S4 indicates that
increasing the cobalt—support interaction strength gives rise
to larger average particle sizes for a constant number of atoms.
This finding is in line with Figure 1b—e, which illustrates that
stronger cobalt—support interactions result in higher dis-
persion of the cobalt atoms over the surface (vide infra).

As shown in Figure 3a, the fraction of bulk atoms, i.e., those
atoms that have a coordination number CN > 12, residing in a
local environment corresponding to bulk FCC is shown. The
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FCC bulk fraction is by approximation independent of the
particle size for the supported nanoparticles. However, it can
be seen that this fraction increases with the particle size for the
unsupported particles. This prediction is in line with
experimental findings of Kitakami et al. that show that the
FCC bulk phase is the dominant phase for nanoparticles below
20 nm.”® This result is to be expected since the fictitious
support exhibits an FCC(111) termination by which a
commensurate FCC bulk configuration of the Co nano-
particles is preferred. A stronger cobalt-interaction parameter
makes this effect more pronounced.

The average dispersion, as calculated by dividing the number
of surface atoms by the total number of atoms, is shown in
Figure 3b. The dashed gray line corresponds to the dispersion
of perfectly shaped spherical FCC-type nanoparticles in the
range of 1.5-10 nm (see the Supporting Information for
details). This figure clearly shows that the dispersion increases
with increasing cobalt—support interaction strength for
similarly sized cobalt nanoparticles. For the weaker cobalt—
support interaction strength (D, = 35 kcal/mol and D, = 40
kcal/mol; red and blue data points in Figure 3b, respectively),
the dispersion is consistently lower than that of ideally shaped
spherical nanoparticles (Figure 3b; dashed gray line). In these
systems, the cobalt nanoparticles are nearly spherical and have
limited interface with the support. Consequently, the bulk
phase of the nanoparticles contains a similar number of cobalt
atoms to that of ideally shaped spherical particles, while the
interaction with the support results in fewer surface atoms.
This leads to lower dispersion of these particles compared to
ideally shaped spherical particles. We found that the dispersion
for the nanoparticles with D, = 35 and D, = 40 kcal/mol is on
average 14% and 6% lower as compared to the perfectly
spherical constructions of the same size. For nanoparticles with
a moderate cobalt—support interaction strength, the shape
becomes more hemispherical and the dispersion is roughly 9%
higher as compared to ideally shaped cobalt nanoparticles of
the same size. For weak to moderately interacting supports, it
is thus found that the support effect on the dispersion is
relatively small. Further increasing the interaction strength to
D, = 50 kcal/mol yields, however, a profound change in the
shape and dispersion of the supported cobalt nanoparticles.
For high cobalt—support interaction strengths, particles
assume a pancake-like shape, with a lower proportion of bulk
atoms compared to moderate interaction strengths. The
increased surface area of these particles results in greater
dispersion, with an average increase of 72% compared to same-
sized spherical particles that have a greater proportion of bulk
atoms.

Surfaces Site Composition. The activity and selectivity of
a catalytic nanoparticle is in part determined by the abundance
of specific arrangements of surface atoms. Active sites are
pockets of several surface atoms and thus a pattern recognition
algorithm is required that is capable of enumerating specific
topological arrangements of these surface metal atoms. Here,
the common neighbor analysis (CNA) approach is used for the
active site recognition.’®”’” Figure 4 shows how the surface
abundance of active sites changes with the nanoparticle size
and cobalt—support interaction strength. The abundance of
terrace sites with an FCC(111) orientation (Figure 4a) is
constant for the whole size range for each of the simulated
cobalt—support interaction strengths, except for the strongest
cobalt—support interaction strength, where the abundance is
decreasing with the particle size. Terrace sites with an

FCC(100) orientation (Figure 4b) show a lower abundance
for the supported nanoparticles as compared to the
unsupported cobalt nanoparticles. As function of the particle
size for the supported systems, the abundance of the
FCC(100) sites remains fairly constant over the whole size
range, irrespective of the cobalt—support interaction strength.
For each of the simulated cobalt—support interaction
strengths, step-edge sites with an FCC(211) orientation
(Figure 4d) show a similar trend as that of unsupported
cobalt nanoparticles. Herein, a small increase as function of the
particle size is observed between approximately 2—4 nm, after
which the abundance becomes independent of the particle size.
It should be noted that the abundance of FCC(211) sites is
significantly lower for supported cobalt nanoparticles with the
strongest cobalt—support interaction strength as compared to
the other supported and the unsupported systems. Step-edge
sites with HCP(0112) and HCP(0113) orientations (Figure
4e,f) are present in very small amounts over the whole size
range for each of the cobalt—support interaction strengths,
similar to that of the unsupported cobalt nanoparticles.

No clear trend as function of the metal—support interaction
strength is observed for step-edge sites with an HCP(0111)
orientation (Figure 4f). The abundance of this site varies
between around 6% and 12%. The abundance of step-edge
sites with FCC(110) and HCP(0331) orientation (Figure 4i)
increases with size up to ~6 nm and then levels off for each of
the metal—support interaction strengths. In case of FCC(110)
step-edge sites (Figure 4g), this trend is similar to that of the
unsupported cobalt nanoparticles, while for HCP(0331)-
orientated step-edge sites (Figure 4i), the point at which the
abundance remains constant as function of size was observed
at smaller particle sizes for unsupported cobalt nanoparticles as
compared to the supported nanoparticles.

Although the CNA algorithm is effective at identifying active
sites that adopt a more crystalline configuration, i.e., a packing
similar to that observed for bulk FCC or HCP, it behaves
relatively poorly for more amorphous structures. Such aberrant
topologies are relatively common for the smaller nanoparticles.
As can be seen from Figure 4c, the surfaces of smaller particles
contain more atoms that cannot be identified by the CNA
algorithm. For moderate and strong metal—support interaction
strengths, most of these atoms have coordination numbers S, 6,
or 7, which implies that they are edge, corner, and kink atoms.
Such low-coordinated sites are usually assumed to be
prominent on very small particles and important to C—H
bond activation in alkanes. However, they cannot dissociate
molecules like CO as relevant to the FT reaction. The surface
contribution of such low-coordinated atoms is less than 10%
on particles larger than 2.5 nm. It should be mentioned that for
a weak metal—support interaction strength (Figure 1b),
besides the low-coordinated sites, the atoms that cannot be
identified by the CNA algorithm consist of cobalt atoms in a
concave site formed at the interface of the cobalt nanoparticle
and the support surface.

Kinetic Modeling of Structure Sensitivity Effects. To
describe the structure sensitivity of the Fischer—Tropsch
reaction, a description beyond the usual Langmuir assumption
of a uniform surface is required. Instead, the Taylorian
framework in which catalysis occurs by unique active sites that
may be present in very small numbers compared to other less
active sites is used to describe the surface reactivity of the
supported cobalt nanoparticles. The particle-based rate is the
sum of rates of a site normalized by its abundance on a particle
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of a given size and cobalt—support interaction strength. To
determine the particle-based rates, we use our previously
predicted site-based rates for each of the terrace and step-edge
sites identified on cobalt nanoparticles using an extensive
microkinetic model under static surface assumptions based on
DFT-computed reaction energetics and in which coverage
effects are included in the microkinetic model by means of
lateral interactions.”

The estimated particle-based rates are presented as surface
atom-based turnover frequencies (TOFs) in Figure S. For each
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Figure S. Surface atom-based TOF as a function of the nanoparticle
size, for supported nanoparticles with the metal—support interaction
strength of (red) 35S kcal/mol, (blue) 40 kcal/mol, (green) 45 kcal/
mol, and (orange) SO kcal/mol, and (black) unsupported cobalt
nanoparticles. Error bars correspond to the 95% confidence intervals
determined by averaging over 40 simulations of particles of the same
number of atoms.

of the simulated cobalt—support interaction strengths, the
TOF is low for small particles and increases strongly as a
function of the nanoparticle size until a plateau is reached for
particles above 5 nm. This structure sensitivity trend is
consistent with many experimental observations made for the
FT reaction on cobalt for different support materials, as shown
in the work of Pestman et al.’’ In our previous work, we
concluded that CO conversion for unsupported cobalt
nanoparticles is mainly determined by step-edge sites with
the FCC(110) orientation. While this active site configuration
is clearly size-sensitive, it is observed that it is not shape-
sensitive and thus exhibits the same trend irrespective of the
cobalt—support interaction strength and whether the nano-
particles are supported or unsupported. By analyzing the
contribution of each site to the TOFs (Figure S3, Supporting
Information) for each of the supported cobalt nanoparticles,
the conclusion remains that CO conversion is mainly
determined by step-edge sites with the FCC(110) orientation
over the whole simulated particle size and the cobalt—support
interaction strength range.

The findings of this study can significantly contribute to the
development of optimal Fischer—Tropsch synthesis (FTS)
catalyst formulations, providing a more precise understanding
of the role of the support. Our findings indicate that the
cobalt—support interaction strength should not strongly
impact the abundance of active sites as a function of the
particle size, provided that all cobalt is reduced. This implies
that other parameters such as support texture and thermal
conductivity can be further optimized.

B CONCLUSIONS

The present work demonstrates an effective procedure for
predicting the effect of the metal—support interaction strength
on structure sensitivity trends in heterogenous catalysis by
identifying catalytic ensembles at the surface of metal
nanoparticles obtained by atomistic simulations. Use is made
of simulated annealing based on a force field in which the
metal—support interaction strength is tuned by varying the
ReaxFF parameter corresponding to the dissociation energy for
the o-bond (D,). To simulate the appropriate cobalt—support
interaction strength regime, corresponding to a variety of
common support materials for cobalt particles, a D, range of
35—50 kcal/mol was explored. Through pattern recognition,
specific surface atom arrangements corresponding to terrace
and step-edge sites are identified and quantified as a function
of the particle size and cobalt—support interaction strength.
When applied to cobalt particles for catalysis interesting size
range between 1 and 9 nm, this approach shows that the
density of FCC(110) step-edge sites increases strongly for
particle sizes up to around 6 nm and then levels off for larger
particles over the whole simulated cobalt—support interaction
strength. This trend coincides with the surface-normalized FT
activity of these cobalt particles as the FCC(110) sites
predominantly determine the CO conversion. As such, in
agreement with our previous findings on unsupported cobalt
nanoparticles, the conclusion remains that CO conversion is
mainly determined by step-edge sites with the FCC(110)
orientation over the whole simulated particle size. Importantly,
this trend is not affected by the cobalt—support interaction
strength. This rationalizes why Fischer—Tropsch synthesis is
structure-sensitive, but a shape-insensitive reaction and thus
the same structure sensitivity trend are found over a wide range
of different support materials.
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