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ABSTRACT: In this work, we have employed a combined density
functional theory (DFT)-Monte Carlo (MC) approach to produce
structural models of Co nanoparticles (NPs), widely employed in
the Fischer—Tropsch (FT) synthesis for the production of
sustainable aviation fuels (SAFs), in the 2—10 nm size range
including the effects of temperature and metal—support inter-
actions (MSI). We make use of a lattice model where the energy of
Co atoms is estimated based on their first-shell coordination
number (CN), an approach that was validated via DFT
calculations. We report a marked increase in step and kink sites
at the expense of terraces with increasing particle size, which we
linked to the experimentally observed increase in turnover
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frequency (TOF). Increasing MSI led to a flattening of the NPs on the support as well as to decreasing Co dispersion but
hardly affected the site distribution, suggesting that they do not alter the NPs intrinsic activity. We additionally report the size-
dependent surface energies and chemical potentials of Co NPs, which are both shown to decrease fast in the 2—6 nm size range and
approach convergence afterward. Our models provide a description of these quantities accounting simultaneously for particle size,
nonideality of surface morphologies, temperature, and MSI and thus overcome several approximations that previous studies had to

rely on.

1. INTRODUCTION

The production of sustainable aviation fuels (SAFs) is
increasingly coming into focus owing to the fact that the
aviation sector currently contributes about 3% of global CO,
emissions, with demand for aviation fuels projected to increase
tremendously." In this context, the synthesis of hydrocarbons
from renewable sources (e.g., renewably generated CO and H,)
via, e.g, the Fischer—Tropsch (FT) process, has received
widespread attention.

Supported Co catalysts are particularly suitable for the FT
synthesis, as they allow for high activity and selectivity toward
Cs, products at mild temperatures that usually do not exceed
510 K. Structural properties of Co nanoparticles (NPs) at
different sizes are important features governing the performance
of the catalyst. In fact, while Co NPs larger than 10 nm are
generally reported to be structure-insensitive, Co NPs smaller
than 10 nm display structure—activity relationships, as in this
range, the turnover frequency (TOF) per Co surface area
decreases as the particles become smaller.””'* Previous
computational studies have attempted to clarify this behavior
by producing structural models of Co NPs."*~'® Van Helden et
al.’® developed a Monte Carlo (MC) approach that predicted
the equilibrium shape of fcc-Co NPs based on the coordination
number (CN) of the atoms composing them. Their inves-
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tigation in the 1—8 nm size range showed that the percentage of
step sites, thought to be responsible for CO activation, rapidly
increases up to approximately 4 nm, after which it stays constant
for the BS-A type and keeps slowly increasing for the B5—B type.
The increase in the density of active sites with NP size was thus
postulated to be responsible for the size dependency of the TOF
of Co catalysts, even though the correlation-breaking point was
predicted for a smaller NP diameter than reported exper-
imentally. Very recently, they have extended their approach to
the modeling of hcp-Co NPs'” and speculated that the enhanced
activity of this crystal phase with respect to fcc arises from its
greater diversity in terms of sites configuration and to the
absence and lower concentration of inactive B4 and 2B3 sites,
respectively.

Van Etten et al.” elaborated a molecular dynamics (MD)
approach to simulate Co NPs equilibrium shapes. They trained a
reactive force field (ReaxFF) on an extensive set of Co
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configurations based on density functional theory (DFT) and
applied a simulated annealing procedure to obtain low-energy
configurations of Co NPs in the 1—9 nm size range. To predict
the size-dependent TOF, they used a microkinetic model that
considered the number of sites and the corresponding calculated
CO-splitting barriers. The TOF was shown to rapidly increase
with NP size up to approximately S nm, mirroring the increase in
fraction of step sites (in particular fcc (110) sites), similarly to
the work of van Helden. In later work,'* they included a fictitious
support in the MD runs and investigated its effect with changing
metal—support interactions (MSI). Their results showed that
the fraction of fcc (110) sites was not significantly affected by
changing MST; hence, also the TOF was shown not to change, in
agreement with the experimentally observed insensitivity of the
size-dependent behavior of the TOF on different supports.'®
Besides these works, numerous other studies have been devoted
to the broader topic of metal nanoparticles modeling for
catalysis applications.' "~

In this work, we employed a paired DFT-MC approach to
obtain the low-energy configurations of supported and
unsupported fcc-Co NPs. We make use of a lattice model
similar to the one developed by van Helden et al., where the
energy of Co atoms is estimated based on surface energies and
their correlation to CN,** which is similar to a broken-bond
(BB) model.”” DFT calculations were employed to estimate the
energy of Co atoms with changing CN and adhesion energies
(Yaan) of Co on a-SiO,, TiO,, and y-Al,O;, which have been used
as model systems. We developed a Monte Carlo (MC)
algorithm that allows to simulate NPs up to the size of 10 nm
and includes the influence of the metal oxide support. Using our
simulations allowed us to perform a site distribution analysis of
the NPs models that have implications for catalyst activity.
Lastly, we estimated their size-dependent stability and surface
energies. We chose the fcc-Co lattice as this is predominantly
present for smaller particles,”® but note that our approach will be
easily transferable to the hcp phase as well, which will be the
subject of future work.

2. COMPUTATIONAL METHODS

2.1. DFT Calculations. Spin-polarized DFT calculations
were performed within the software VASP version 6.2°*°
employing the GGA functional BEEF-vdW”” and using the
projector-augmented wave (PAW) method with standard PAW
potentials.” Gaussian smearing with a width of 0.1 eV was used
in all calculations and the sampling of the Brillouin zone was
carried out in a Monkhorst—Pack grid with a k-points linear
spacing of approximately 1.78 A7/, that is a (14 X 14 X 1) grid
for the (1 X 1) fec-Co (111) surface. Bulk calculations were
carried out with an energy cutoff of 600 eV, which was changed
to 400 eV for all of the other calculations. Convergence of the
SCF cycle was set at an energy difference of 107 eV, while ionic
convergence was achieved when atomic forces were below 0.01
€V/ A. The convergence threshold of the SCF cycle was reduced
to 1 X 107> eV for the single-point (SP) calculations carried out
for the small NPs models.

Surface energies were calculated by relaxing slab models from
8 to 10 layers thick and applying the following equation

_ (Eslab B nEbulk)
(Y (1)

where Eg,,, 1, A, and Ey,, are the energy of the slab, the number
of layers, the surface area, and the energy of a bulk Co atom,

respectively. The latter quantity was obtained through linear
regression of Eg,, vs n, since, as described elsewhere,’' this
approach ensures high accuracy and fast convergence of the
surface energy. As shown in Section S1, all of the surface energies
are well converged with slab thickness. The y,q4, values between
the metal and the support slabs were calculated to mimic the
interactions between Co and the different supports. We chose
the (111) surface to model the Co slab, as this is by far the most
stable facet in the crystal and thus more likely to be found at the
interface. To validate this, we computed 7,4, for Co (100) on
SiO, and found that, with respect to the Co (111)-SiO,
interface, it is stronger by 10 meV/A? which is only ~40% of
the surface energy difference (26 meV/A?) between the two Co
facets and thus not enough to make the interface with Co (100)
more favorable. Furthermore, we show in Table S13 that the
MC-predicted energies of Co NPs on SiO, are systematically
larger when they expose at the support interface the (100)
instead of the (111) facet, thus confirming that the latter
configuration is overall more favorable. We calculated y,q, =
—103, —74, and —41 meV/A? for the Co-CoTiO;, Co-CoAl,O,,
and Co-SiO, interfaces, respectively, under the assumption of
Co-support compounds formation at the Co interfaces with
TiO, and y-AL,O;. This assumption is supported by our
calculations of Gibbs free energy of formations (AG’) of Co-
support compounds shown in Table SS, as well as by previous
experimental studies.*”*® We calculated the AG’ under FT
conditions of the Co-support compounds as follows

AGf = ECoxMe),OzH + x//le - xECoo - x:quo - EMe),OZ

)

where EcoMe0.s Ecos and Ene0, are the DFT-calculated

potential energies of the bulk metal—support compound, bulk
fee-Co, and bulk support, respectively, while jy; and piy o are the

chemical potentials of H, and H,O, respectively. Co" ions in
CoTiO;, CoAl O, and Co,SiO, considered in the DFT
calculations of y,4, were treated with the Hubbard correction
in the rotationally invariant approach introduced by Dudarev et
al.’* with Uy = 1.7 €V. It is worth noting that for the 7,q,
calculations, we have always considered the interface between
Co® and the different supports, so, e.g., Co® at Co"ALO,
interface. A visual depiction of the different calculated interface
systems is presented in Figure S2. Further details about the
choice of U, and the calculations of AG' of the Co-support
mixed oxides are given in Sections S2 and S3, respectively. The
employed procedure for the calculations of 7,4, was similar to
the one described in a previous work by our group,”” and further
details regarding the methodology, supports investigated, and
choice of support slabs are given in Section S4. Details about the
interface models and all of the calculated y,q4, are reported in
Table S6. Coordinates in xyz format and energies of all of the
DFT-calculated structures are provided in a separate file
accompanying this article.

2.2. Monte Carlo Simulations. The fcc-Co nanoparticles
structural models were obtained by the means of a MC
algorithm that redistributes a set of atoms placed in a discretized
fec 3D grid, similarly to the approach described by van Helden. '
The energy of the NP is equal to the sum of the energies of the
atoms (E,) that compose it, that are in turn estimated based on
their CN. This method, that we hereby name CN model, is
described more thoroughly in Section 3.1. Within the present
scheme, the CN of an atom is immediately known by
considering how many of the neighboring sites in the grid are
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occupied by other atoms. The general workflow of the
algorithm, graphically depicted in Figure 1, is the following:

INPUT

Initiation

1. # of atoms
Spherical NP
2. Energy in fcc grid
model
3.3D grid

s

List of possible

moves

Random move
is performed

Accept move and
update structure

Convergence
reached?

Check
energy E;.,
of new NP

_AE _AE
If p<e kT If p>e kT

Terminate run

Figure 1. Graphic depiction of the workflow of the Monte Carlo
algorithm. p is a random number between 0 and 1.

1. The energy of the structure is evaluated;

2. From alist containing all the possible moves in the system,
one is randomly chosen;

3. The energy change resulting from the previously selected
move is evaluated;

4. The move is accepted or refused based on the Metropolis
criterion (explained below) and the structure is updated
accordingly;

S. Points 2 to 4 are repeated until the set number of
iterations is carried out.

Each run starts from a spherical arrangement of the atoms, and
5 X 10" iterations are performed. The Metropolis acceptance
criterion used in this work states that a move is always accepted if
the energy of the resulting system is lower than the energy of the
starting one, while it might be accepted if the final energy is
higher based on a Boltzmann probability factor. This expedient
allowed us to mimic the effect of temperature on the NPs
morphology. The temperature scheme employed in all the runs
involved a linear decrease from T = 5000 K to T = 500 K over
90% of the iterations, while a constant temperature of 500 K was
kept for the remaining 10% of the run. The high starting
temperature allows for fast rearrangement of the atoms from the
initial configuration, which is necessary to speed up con-
vergence. We simulated 2 (376 atoms), 4 (3008 atoms), 6
(10152 atoms), 8 (24064 atoms) and 10 nm (47000 atoms)

NPs, and the respective number of atoms was chosen as roughly
the number of atoms that would fit in a spherical particle of the
corresponding size according to the equation below

natoms

= V(Dg,) [V, ©)

where 7, is the number of atoms considered to reproduce an
NP of diameter D, V***® (Dc,) is the volume of a sphere with
diameter D, and V,; is the molar volume of Co. We note that
for the 2 nm NPs, variations around the chosen ., might
slightly affect the site distribution since, for this size, even small
changes in the number of sites can have a non-negligible effect
on the distribution due to the small surface exposed. This
translates to a larger uncertainty that is reflected in the relatively
large error bars for D¢, = 2 nm reported throughout this study.
This effect is however expected to become completely negligible
for the larger NPs due to the large number of surface sites. In
order to obtain a statistically relevant ensemble, 40 independent
runs were carried out for each size. The reported site
distributions and energies are the average over the 40 lowest-
energy structures of these quantities. An extensive statistical
analysis of the different ensembles of 40 lowest-energy structures
obtained for the unsupported NPs is presented in Section S7.
Convergence tests (found in Section SS) were performed on the
unsupported 10 nm particles, as these are the largest NPs
investigated and thus the ones that are the hardest to converge.
These tests showed that both the energy and the site distribution
are well converged after 5 X 10" iterations, which was thus used
as threshold for all the other MC runs. The site definition
employed in this work followed the scheme proposed by van
Hardeveld et al,,*® and thus we consider 2B3, B4, BS-A, BS—B,
and B6 sites, as these are the ones that cover the whole NP
surface while maintaining distinct and individually relevant
atomic configurations. The different sites are listed in Figure 2.

Figure 2. Different atomic arrangements considered in this work are
depicted on a Co NP.

The support was included in the simulations as a slab of dummy
atoms oriented along the (111) surface in the fec grid; to mimic
the stabilization of the NPs due to the presence of the support,
the energy of Co atoms in contact with it is reduced by 7,4
Hence, according to the simulation setup, the local environment
of the actual Co-support interfaces is not taken into account in
the MC runs.

3. RESULTS AND DISCUSSION

3.1. Energy Model and Scaling Relations. In this work,
the energy of the NPs was evaluated as the sum of the individual
energies of Co atoms (E(,) that compose them. These were
calculated based on the Co atom’s first-shell CN under the
assumption that E, scales linearly with CN. We herein refer to
this energy model as the CN model. The close-packed fec (111)
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surface is composed of atoms with CN = 9; thus, by calculating
Y(111)y we have obtained the energy difference between a Co
atom in the bulk (CN = 12) and one with CN = 9, from which
we derived the linear correlation depicted as the dashed blue line
in Figure 3. We assigned an artificially high energy to atoms with

2.0
| CN model from y ;44
+  Extracted from calc. structures
4 A
1.5 & & C) —
- A
3 L
=10 Tk
iy d «
0.5 Crla
i
X
0.0 - : .
5 6 7 8

Coordination Number

Figure 3. Ec, with changing CN as predicted with the CN model and
obtained from explicit calculations. The data points were obtained
based on the following structures: (a) (111) surface with 1/9
monolayer (ML) vacancy density, (b, ¢) (111) surface, (d) (100)
surface, (e) (100) surface with 1/9 ML vacancy density, and (f) (111)
surface with 1/3 ML vacancy density.

CN = 0 to avoid their unphysical detachment from the NP
during the initial stages of the simulation. To assess the reliability
of this framework, we compared our CN model with the
explicitly calculated energies of Co atoms with different CN.
These were estimated by calculating the surface energies of the

mostly hypothetical structures depicted in Figure 3 and by
solving the resulting system of linear equations from which we
retrieved the energies of Co atoms with CN =6, 7, 8, 10, and 11
in addition to CN = 9 and 12. The specifications relative to these
structures are given in Table S3. The plot in Figure 3 shows good
agreement between the CN model and explicitly calculated E,
hence confirming that it is adequate to describe the energies of
Co atoms in this CN range. We observe that extrapolating the
CN energies to CN = 0 would yield a Co sublimation energy of
2.89 eV, significantly lower than the reported experimental value
of 4.43 eV.*” This is not surprising, as the CN model assumes
that the metal—metal bonds are characterized by a fixed energy
regardless of CN, while it is known that decreasing CN leads to
an increase in bond strength.”*” Methfessel and Scheffler’”
showed that the E(CN) for different metals can be described
accurately by a square-root relation, that is mostly linear down to
CN = 5—6 and grows faster with further decrease of CN. This
study thus confirms the validity of the CN model for the high
CN range that is the one we are concerned about in the present
work, since almost all the atoms in the NPs have CN > 6. We
note, however, that few Co atoms with CN = S appear in some of
the NPs models but in a negligible proportion. We verified that
the underestimation of the Co sublimation energy is not a
feature of the present DFT framework by comparing the energy
of bulk Co and an isolated Co atom in the gas phase, which
yielded a sublimation energy underestimated by only 3.5% with
respect to the experimental value, thus confirming the
breakdown of the CN model in the low CN range. Moreover,
in Figure 4, we report the parity plots of the MC-predicted
against the DFT-calculated energies of an ensemble of 15—-20

35
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30 A 81 00
§ 257 o T 4]
© XS]
> 201 © 2 o1 o)
£ 3 0
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Figure 4. Parity plots of MC vs DFT-calculated AE, of (a) 100, (b) 200, (c) 300, and (d) 400 atom Co NPs obtained from short MC runs.
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Figure S. Structural models of Co NPs obtained with the MC algorithm. The number of Co atoms composing the NPs are given in parentheses.

particles containing 100, 200, 300, and 400 Co atoms that are
benchmarked against DFT calculations according to the
following equation:

DFT DFT
AECo = ENPx - beu]k (4)

where AEQET is the DFT-calculated energy of the NP with
respect to bulk Co, ERpy is the DFT-calculated potential energy
of the NP, «x is the number of atoms in the NP, and Ey is the
DFT-calculated energy of one bulk fcc-Co atom (see Section S6
for more details). Importantly, our model performs increasingly
well with increasing particle size, and already from NPs of 300
atoms, a mean average error of only 0.6 meV/atom is achieved,
which is below the typical threshold of machine-learning
potentials"’ when compared to DFT, highlighting the very
high accuracy achieved with this rather simple model. We
additionally report analogous parity plots where the energies are
normalized by the number of surface atoms in Figure S4. Also in
this case, the MAEs decrease with particle size, and for the 300
and 400 atom NPs, they are only 1.1—1.2 meV/surface atom.
We additionally point out that the errors for the practical cases of
this study are expected to be even lower, as this benchmark was
carried out on NP structures that are relatively far from their
equilibrium shapes, for which we expect our CN model to
perform better as it was derived from the equilibrium structure
of the Co (111) surface.

3.2. Shapes and Site Distribution of Unsupported Co
NPs. Snapshots of the converged Co NPs (5 X 10" MC steps)
in the investigated size range are presented in Figure S (Figure
S13 shows the frontal, side, and top views of these NPs, their xyz
coordinates, and energies can be found in the SI). All NPs
assume a truncated octahedron (TO) shape, where large (111)
terraces alternate with smaller (100) ones. We observe that
whereas small NPs showcase edges at the intersection between
the terraces, in larger NPs these are increasingly substituted by
steps, of the BS-A type between (111) and (100) surfaces and of
BS—B type between two (111) terraces. The site distribution
analysis presented in Figure 6 shows that the B5-A and BS—B
step sites are shown to increase almost linearly in the
investigated size range, being mostly absent in the 2 nm NPs
and peaking at 7.8 and 6.0%, respectively, for the 10 nm particles.
We additionally note that the BS-A sites are slightly preferred
over the BS—B ones for NPs larger than 6 nm. Besides the
emergence of step sites, as the NPs grow bigger, their surfaces
become more defective as an increasing number of kinks are
detected. This observation can be explained in light of the
configurational entropy contribution to the stability of the NPs.
In fact, the presence of defects increases the number of possible
surface arrangements with a consequent increase of configura-
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Figure 6. Site distribution analysis of unsupported Co NPs with
increasing particle diameter.

tional entropy. Regular surfaces are thus characterized by low
configurational entropy: this would be 0 in the case of a perfect
Waulff crystal, as there is only one possible atomic arrangement
that corresponds to this morphology. In order for surface defects
to form, the entropic contribution to the stability of the NPs
must outweigh the associated energy penalty arising from the
formation of the poorly coordinated atoms found at the kinks. As
the NPs grow larger, the number of possible surface
configurations increases dramatically along with the entropic
contribution to their stability, which thus causes an increase of
surface defects and irregularities. To prove this statement, we
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Figure 7. (a) Schematic and (b) atomistic model of a 10 nm fcc-Co Wulff crystal computed based on the DFT-calculated surface energies found in

Table S1 and (c) 10 nm Co NP produced via the MC algorithm.

run additional 10° MC iterations at T = 500, 1000, 1500, and
2000 K on the global minima previously obtained for the
different particle sizes and kept track of the NP energy evolution.
Both the energy fluctuations at a given temperature and the
overall increase in energy with the temperature reflect the extent
of the configurational space explored by the system. These are
larger when the configurational entropy is higher. In Figures S11
and S12, we show the NPs energy evolution with number of
iterations and the distribution of the sampled energies
throughout the MC runs. As expected, with increasing
temperature, both the absolute energy increase and the width
of the energy distribution increase but, importantly, to a larger
extent with increasing particle size. This qualitatively confirms
that larger particles have an intrinsically higher configurational
entropy, that is likely a reason for the increase in surface defects
reported with increasing Dc,. A further reason for the increase of
B6 sites is that since the majority of these sites are irregularities
located on step rows, an increase in number of step sites also
leads to an increase of B6 sites. The site distribution in Figure 6
confirms this idea by showing a significant increase, once again
close to linear, of B6 sites with increasing NP size. The BS-A,
BS—B, and B6 sites increases occur at the expense of 2B3 sites,
which decrease from 80.1 to 60.7% in the investigated size range.
On the contrary, B4 sites are shown to stay almost constant at
about 20%. We note that the relatively large error bars shown in
Figure 6 for the 2 nm NPs arise from the fact that, for small
particles, small differences in surface configurations lead to
proportionally large deviations in site distributions, and not from
a larger diversity in the ensemble. In fact, we show in Section S7
that the ensemble of 2 nm NPs is the least energetically and
structurally diverse among those investigated.

The implications of these changes in site distribution with
growing NP size are often discussed in light of the FT activity of
the Co catalysts. Several theoretical studies reported that CO
splitting on step and especially kink sites is characterized by
lower barriers than on (111) and (100) terraces,""”*'~** where
they are found to be prohibitively high, thus not matching with
experimentally observed activation energies for FT. The hereby
reported increase of BS-A, B5—B, and B6 sites with increasing
size might hence explain the observed size-dependent behavior
of the TOF."" Similar results were obtained by the previous
studies of Van Helden et al. and Van Etten et al., even though in
both works the concentration of the alleged active sites was
found to converge at NP diameters (Dc,) of about 5 nm (with
the exception for the BS—B sites in the work by Van Helden,
which are shown to keep increasing after this threshold, albeit
slowly), while the experimental TOF behavior is characterized
by a mostly linear increase up to a plateau at around 10 nm. This

experimental trend is well reproduced by our results, further
corroborating our methodology. We do not observe, however,
the site distribution approaching convergence even at around 10
nm, and the step and kink concentration is expected to keep
increasing for D¢, > 10 nm. This is not necessarily in
disagreement with the experimental TOF behavior, as an
increase in active sites does not always translate in increased
activity. In fact, recent microkinetic models** have shown that
this correlation may only hold up to a certain percentage of
active sites, beyond which further increases do not impact the
catalyst’s performance as the surface coverage of key reaction
intermediates has already reached quasi-equilibrium. On the
other hand, the present work does not take into account the Co-
CO interactions, that were often speculated to induce surface
mobility and reconstruction”*~* and might thus significantly
impact the NPs site distribution dependency on their size.

We employed the python package Wulffpack™ to calculate
the Wulff shape of fcc-Co crystals based on the nondefective
surface energies reported in Table S1. A comparison between
the Wulff and MC 10 nm Co NP is depicted in Figure 7. The
Walff construction assumes a crystal in the shape of a truncated
octahedron (TO) that exposes predominantly the low-energy
(111) surface, which alternates with smaller (100) surfaces.
(110) and (311) surfaces, composed of BS—B and BS5-A sites,
respectively, are found at the intersections between (111)/
(111) and (111)/(100) facets. The MC NP maintains the
overall TO shape, but, unlike the Wulff constructed crystal, is
characterized by significant irregularities. We additionally
reported the site distribution of the 10 nm atomistic Wulff
particle in Figure 6 (black data). We found that the Wulff crystal
exposes a larger percentage of the 2B3 sites at the expense of B4
sites with respect to the MC particles. We additionally observe
an increase of BS-A sites when comparing the Wulft and the MC
NPs, while BS—B steps are present in similar proportions.
Importantly, despite indications that they might significantly
affect catalyst activity,*® the Wulff construction does not include
B6 sites, which largely arise from surface defects that this
framework cannot reproduce. Furthermore, this approach can
generate NPs with only the facets specified by the user,
introducing a bias that our MC algorithm avoids. Lastly, the
‘Wulff construction is size independent and hence not suitable to
describe the structural evolution observed with increasing D,
This discussion makes it clear that the Wulff construction
inherently fails to capture key features of NPs morphologies
which are essential to understanding their catalytic properties.
This underscores the need to move beyond the classical Wulff
construction for describing metal NPs, an issue we have aimed to
address in this study. Finally, we note that our approach may be
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Figure 8. 8 nm Co NPs on supports with increasing adhesion energy.
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unsuitable for simulating metal NPs at low temperatures. Under
such conditions, the Metropolis criterion permits only energy-
lowering moves, leading the system to become trapped in
metastable states and preventing it from reaching the global
energy minimum. However, this is of limited relevance for
catalytic applications, which are typically conducted at higher
temperatures.

3.3. Effect of the Support on Co NPs. Importantly, as our
modeling relies solely on the energy assigned to each Co atom,
we can elegantly include the effect of the support, as we just have
to add the contribution of the adhesion energy between the
support and the Co atoms binding to it. This has been done for
three selected supports ranging roughly from noninteracting
(8i0,) to medium (CoAl,0,) and strongly interacting
(CoTiO;). We chose the 8 nm particles to highlight the
differences in support effects, and the results are shown in the
snapshots depicted in Figure 8 (see Figure S14 for frontal, side,
and top views). As expected, with larger 7,4, the NPs appear
increasingly flattened on the support with their heights being 31
(6.3 nm), 28 (5.7 nm), and 25 (5.1 nm) atomic layers for the
SiO,-, CoAlO,-, and CoTiO;-supported particles, respectively.
For the SiO,- and CoAl,O,-supported NPs, the lower (111) and
(100) surfaces are found at the interface with the support with
contact angles (0) equal to 110 and 126°, respectively. With
increasing MSI, the lower (111) and (100) surfaces shrink, with
the latter disappearing on the CoTiO; support, leading to the
lower and upper (111) surfaces being at the interface with 6 =
110 and 71°, respectively. Furthermore, as shown in Figure 9,
increasing MSI also lowers the dispersion of the metal, since an

—@— Unsupported
@ Si0,

451 —@— CoAl,0,
401 —@— CoTiO,

D¢, (nm)

Figure 9. Dispersion (defined as Ny, ;/N,,, where Ny, and Ny, are the
total number of atoms and number of surface atoms, respectively) of Co
NPs increases with increasing D¢, and changing support. Error bars
have been omitted as they are negligibly small.

increasing number of atoms is found at the Co-support interface
rather than on the surface, even though the decrease in
dispersion becomes less relevant with increasing Dc,. Interest-
ingly, the overall site distribution of the Co NPs is largely
unchanged, as shown in Figure 10. We observe, however, that,
with stronger MSI, the NPs are characterized by a slightly larger
presence of 2B3 sites at the expense of B4 sites. These results
indicate that changing the MSI will presumably not alter the
intrinsic activity of Co NPs as their effect on BS-A, B5—B, and
B6 site concentrations is negligible. Van Etten et al. reported that
changing MSI affects the concentration of some of the
considered surface sites but that the most active ones are mostly
unaffected, leading to insensitivity of the predicted TOF on
changing support. * We reach the same conclusion, even though
our models predict no significant impact of increasing the MSI
on any of the considered surface sites. Lastly, in Figures S15 and
S16, we present the comparison between the SiO,-supported Co
NPs exposing the (111) and (100) surfaces at the metal—
support interface. We found that both the site distribution and
the overall shape of the NPs are hardly affected by changing the
Co facet in contact with the support.

3.4. Stability and Surface Energies of Co NPs. The MS],
however, will have an influence on other properties, such as Co
dispersion and stability against sintering. This is addressed in
Figure 1la that depicts the surface energies of the various
supported Co NPs as a function of size. These were obtained by
dividing the total energy of the NPs by their surface areas, that
were calculated as follows:

Anp = Z NA,;
i ()

¥ = Exp/Anp (6)

where Ay is the surface area of the NP, N; is the number of a
specific type of site, A, is its corresponding area, ¥ is the surface
energy of the NP, and Eyp is the average of the total energies of
the 40 lowest-energy structures obtained during each MC run.
The calculated areas of the individual sites are 5.4, 6.2, 11.5, 8.8,
and 11.8 A’ for the 2B3, B4, B5-A, B5—B, and B6 sites,
respectively. For the calculation of y for the supported particles,
we did not include in Eyp the stabilization coming from the MSI,
since this effect is independent and should thus be decoupled
from the surface energy. All the surface energies are shown to
decrease with increasing NP size since, as the NPs grow bigger,
the concentration of low-coordinated corner and edge sites
decreases, causing a stabilization of the surface, in agreement
with several previous studies.””>° Even though y changes
notably across the different supports for the 2 nm NPs, it tends
to converge to the same value with increasing Dc,. For the
supported particles, y slightly increases with increasing 7,4,
reflecting the mild increase of 2B3 at the expense of B4 sites
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Figure 10. Site distribution analysis for unsupported, SiO,-, CoAl,O,-, and CoTiO;-supported Co NPs with increasing diameter.
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Figure 11. (a) Surface energies of Co NPs with increasing D, on different supports. (b) Average energy per atom AE, with respect to bulk Co with
increasing D, and (c) with increasing number of atoms (N). (d) Chemical potential of the Co NPs Ay, with increasing D¢, The Gibbs—Thomson-

derived Apic, was calculated via eq 7 using the size-dependent surface energy of the free-standing particles. (*) Relation proposed by Rahmati et al.>" to
predict the y of Co NPs.

reported in Figure 10. Nevertheless, y for the supported particles

former exposes a large number of low-coordinated atoms at the
is generally higher than for the unsupported ones, since the

edges of the metal—support interface. Regardless of the support,
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v is shown to converge to a value of approximately 151 meV/A?,
that is very close to the value of 157 meV/A? (2.51 J/m?)
reported by Tyson et al,* relative to the surface free energy of
solid Co at 0 K extrapolated through a semitheoretical relation
from liquid drop experiments at the melting temperature, thus
suggesting that our DFT-based CN approach is adequate to
estimate overall energies of Co NPs. We further report that y
converges on its bulk value from a relatively small D, = 6—8 nm.
As shown in Section 3.1, NP growth is accompanied by an
increase of steps and kinks that, due to low coordination, tend to
increase the surface energy. This mitigates the impact on y of the
decrease in the concentration of edges and corners, effectively
preventing it from diminishing further. In fact, even though the
relation obtained for perfect cuboctahedral NPs proposed by
Rahmati et al.>' converges on a similar bulk y as found from our
models, it is shown to do so more slowly with increasing Dc,,
likely because it does not take the relative increase of step and
kink sites into account.

Figure 11b shows the energy with respect to bulk Co of the
NPs on different supports normalized per Co atom (AEc,). All
the data could be fit by exponential functions with exponents
slightly lower than —1 since the NP energy is a function of the
surface-to-volume ratio, which is roughly proportional to R™". As
expected, increasing 7,4, is shown to lower the NPs energy due
to the stabilization arising from stronger adhesion on the
support, even though this effect becomes less significant with
increasing D, due to the fact that the ratio between the number
of Co atoms found at the interface with the support and the total
decreases with particle size. The MSI mainly impact the
preexponential factor of the function describing AE, that
decreases from 1.01 eV/atom to 0.83 eV/atom between the
unsupported and the Co-CoTiO; systems. Nevertheless,
increasing adhesion strength also causes a slight increase in
the exponent in the fitting functions.

Different fitting functions were used for AE, and y due to
their different physical origins. AE, reflects both surface and
bulk contributions and scales with the surface-to-volume ratio
(~1/D), justifying the use of a power-law fit, which matches the
data closely. On the other hand, y depends only on the local
surface structure and lacks a well-defined scaling law. While its fit
is more empirical, it reproduces the observed trend reasonably
well and is useful, given the lack of well-established models that
reproduce metal NPs surface energies in this size regime.

We further calculated the chemical potential of the Co NPs
Apic, with increasing D, via the following equation™

A [d(N X AECO(N)]
foy = | ———
‘ N ), ?)

The derivative described above was taken by substituting
AE.,(N) with the fitting functions reported in Figure 1lc.
Similarly to the case of AE(,, increasing MSI lowers the Ay,
indicating a stabilization of the NPs. We additionally observe
that the curves in Figure 11d become less steep with increasing
Yadn- This implies that the chemical potential difference between
Co atoms in NPs of different sizes (Agiyp), the thermodynamic
driving force of sintering,57 is reduced by stronger binding to the
support. Thus, stronger adhesion on the support not only
hinders sintering kinetically by increasing the diffusion barrier of
NPs (or metal adatoms, in the case of Ostwald ripening sintering
type) on the support,”®*” but also retards the process from a
thermodynamic standpoint by stabilizing smaller NPs to a larger
extent than bigger ones. In Figure 11d, we additionally report in

gray the Apuc, of unsupported NPs based on the classical

Gibbs—Thomson relation:**°’
_ 2V
Hoo = TR (8)

where V,, is the molar volume of Co, R is the radius of the NP,
and y is the surface energy of the free-standing NP shown in
Figure 11a. Besides a slight overestimation of the Ay, obtained
through the Gibbs—Thomson relation in the low NP size range
with respect to that obtained directly from our models of free-
standing particles, the two curves yield very similar results. We
note, however, that studies applying this relation, or any other
model to calculate Ay, usually lack an accurate estimation of
the surface ener§y of the NPs, and either neglect the size
dependency of 7°°°* or rely on theoretical models based on
ideal particle morphologies.’ %5 On the other hand, our method
allows us to derive y from NP models that take into account
particle size, temperature, the presence of surface defects, and
the influence of the support. We argue that the fact that our
approach can consider all these effects simultaneously leads to a
more realistic description of the structures and energetics of Co
NPs and thus represents a step toward more accurate
estimations of Ay,

4. CONCLUSIONS

We have employed a paired DFT-MC approach to produce
structural models of fcc-Co NPs taking into account particle size,
temperature, and metal support interactions. We used a CN
model to estimate the NPs energies, which was validated by
DFT calculations of surface energies of ideal and defective facets.
We have shown that our method includes important aspects that
are classically neglected by the Wulff construction, namely, the
presence of surface defects and the effects of particle size and
temperature. With increasing NP size, the percentage of steps
and kinks increases at the expense of close-packed surfaces.
Previous computational studies reported the same behavior but
predicted that a plateau of the site distribution would be reached
for D¢, & S nm, which we do not observe. We argue that this
structural evolution contributes to the observed size-dependent
behavior of the TOF of Co catalysts, since steps and kinks are
expected to showcase higher activity for CO dissociation.
Importantly, our strategy allows for an easy inclusion of support
effects within the model. This allowed us to observe the impact
of changing MSI on the structure of the NPs. Increasing MSI led
to flattening of the NPs on the support, but hardly affected the
site distributions.

The values of y and Ay, of Co NPs obtained from our
approach both decrease fast in the 2—6 nm d, range and near
convergence with increasing particle size. The former mainly
depends on the fraction of lower-coordinated atoms on the
surface, while the latter depends on both y and the surface/
volume ratio. While previous attempts to estimate the energies
of metal NPs were limited by approximations in the choice of ,
this study takes a different approach by considering realistic
surface configurations of NPs, as our technique simultaneously
accounts for complex effects, such as particle size, MS],
temperature, and defect formation. Our method thus improves
the description of Co NPs energies with respect to the state of
the art.

In conclusion, we successfully described the particle shape
and site distributions of fcc-Co NPs, as a function of size and
support interactions. We believe that this approach offers great
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potential for its application in future studies as it can be readily
extended, e.g., by incorporating the effects of adsorbates.
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Home-made Monte Carlo code MC-Cluster available at
https://github.com/T-136/MC-Cluster/tree/master or 10.
35097 /pqmqcrq4h47euczS. Results of MC-simulations (lowest
energy geometries and energies, as well as energies and CN-
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