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The experimental shape control of metallic Co nanoparticles (NPs) remains a great challenge in terms of
their direct characterization for the further rational design and optimization of efficient nanocatalysts
nowadays, especially when a low promoter content is involved. Thus, spin-polarized density functional
theory (DFT) and ab initio molecular dynamics (AIMD) simulations have been carried out to investigate the
adsorption configurations and growth trend of Ru, clusters on Co surfaces to systemically explore the
surface morphology of Co NPs induced by Ru promotion in Co-based Fischer-Tropsch synthesis (FTS).
The predicted Ru, aggregation adsorption patterns on Co(100) and Co(110) surfaces combined with the
recent results for Co(111) and Co(311) surfaces show the thermodynamic growth tendency that Ru,
aggregates are favorable for planar layered growth on Co surfaces under realistic FTS reaction conditions,
which is consistent with the experimental EELS spectral results. The addition of Ru promoter has an
important role in tuning the stability of the exposed facets of face-centered-cubic (FCC) Co NPs,
accompanied by the change from truncated octahedron to rhombic dodecahedron morphology. At high
Ru content, the increased high index Co(311) and Co(110) surfaces, including more active step and kink
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1. Introduction

With the increasing demand for and limited availability of
petroleum resources, alternative and sustainable routes
starting with synthesis gas (CO + H,) derived from coal,
natural gas, or biomass to produce chemicals and fuels are
more desirable.”” The typical process based on synthesis
gas is Fischer-Tropsch synthesis (FTS),> a heterogeneous
catalytic technique for the production of clean transportation
fuels and various hydrocarbons by different catalysts.® Co-
based catalysts are promising for long-chain hydrocarbons
and distinguished from other FTS catalysts by higher intrinsic
activity, higher selectivity towards paraffin, higher resistance
toward deactivation and lower activity for the competing
water gas shift reaction.'®™® Cobalt catalysts for industrial
applications usually contain not only catalytically active cobalt
and supports, but also small amounts of promoters to
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sites, are desirable for the enhanced activity of FCC Co NPs.

improve the activity, selectivity, and stability of the
catalysts.'*"”

Modification of catalysts with promoters, especially noble
metals, shows great promise to attain optimum catalytic
performance through changing the structure, size and
dispersion or modifying the electronic characters of the
active phase.'®° Extensive studies, including detailed
characterization, have suggested that enhanced Co
reducibility and higher selectivity for heavier (Cs.)
hydrocarbons could be achieved by adding ruthenium
promoter to cobalt catalysts.>’>* Balakrishnan et al. found
that Ru promoted Co catalysts exhibit higher catalytic
stability because the Ru inhibits the C-C coupling reaction
and prevents the deposition and growth of C species on the
catalyst surface.”* The addition of Ru can also shift the
temperature required to reduce cobalt oxide to the metallic
state to a significantly lower temperature, resulting in a
higher Co site density during FTS catalysis.>>° In contrast to
the decreased TOF by the introduction of Pd and Pt, the
turnover frequency (TOF) based on a Ru modified Co surface
evaluated by H, uptake is increased to some extent, owing to
the increased bridge-type adsorption of CO facilitating the
dissociation of CO into carbon and oxygen.>’

Several groups of researchers have been devoted to
investigating the location and distribution of the Ru
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promoter in reduced cobalt catalysts, aiming to unveil the
significant functioning mechanisms of the involvement of
Ru promotion and the interaction of Co and Ru in FTS
reaction. The experimental results obtained with Ru, Re, Pt,
and Ir promoters as reduction promoters revealed that the
majority of the promoter introduced by co-impregnation
with cobalt remains monometallic particles located in the
microscopic structure of the cobalt catalysts.>***° Iglesia
et al. disclosed the formation of intermetallic particles rather
than CoRu alloy during the precursor solution reduction
process.*"*? They believed that Ru promoter added in a
separate second step of the oxidation-reduction procedures
would lead to separate Co and Ru phases and a large
fraction of the Ru remaining exposed near the outer
crystallite surfaces after calcination. This was demonstrated
subsequently by Ru K-edge EXAFS radial distribution
functions with Ru as the reduction promoter by Kungurova
et al.®>® A recent report has concluded that the Ru aggregates
precipitated as individual atoms or as small clusters on the
surface of the Co NPs after a two-step reduction process of
Co precursors.*

Although the promotion role and the location of Ru in Co-
based catalysts has been recognized, such surface structures
of Ru promoters on metallic Co and the morphology of Co
NPs decorated by Ru promoter still represent a great
challenge for direct characterization, even if Ru was
identified in patches on Co particles by EELS spectrum
imaging by Shannon et al®® Since it is experimentally
difficult to study the properties of individual NPs at the
atomic level, theoretical approaches are highly suitable to
provide information about the structure and morphology of
NPs.*®*” Many excellent theoretical studies have been
successfully conducted concerning the equilibrium
morphology of metal NPs in reaction conditions, such as:
metallic Fe and iron carbide promoted by K,0,***° Cu NPs
supported by ZnO,*® Pt NPs etched by HCI,*® Ru NPs under a
hydrogen atmosphere,”* and Pd, Pt, and Rh NPs under NO
and CO gas environments.*> However, there is no systematic
investigation offering atomic information regarding the
structures of Ru promoters on Co NPs. The stabilized effect
of the Ru promoter on the morphology of Co NPs was also
generally neglected in previous experimental studies.*’
Therefore, it is necessary to apply a theoretical model to
predict the morphology evolution of Co NPs induced by Ru
promoter.

In this work, we investigated the structures and
adsorption pattern of Ru, clusters on Co(100) and Co(110)
surfaces based on spin-polarized density functional theory
calculations and ab initio molecular dynamics simulations,
and combined with those recently reported results on
Co(111) and Co(311) surfaces,"* with the aim of further
systematically determining the morphology evolution of face-
centered-cubic (FCC) Co NPs stabilized by Ru promoter. The
elucidation of the facet-dependent equilibrium morphology
of Ru-promoted metallic Co NPs is expected to provide useful
guidance for advanced experimental characterization, which
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is important for understanding the effect of Ru promoter in
Co-based FTS.

2. Computational details
2.1 Models

FCC crystalline cobalt was chosen as the model in view of
its excellent stability and FTS activity with a diameter <20
nm. The determined equilibrium lattice constant of FCC Co
is 3.53 A, which is consistent with the experimental result*’
(3.55 A) and theoretical value (3.52 A,*® 3.54 A""). The Co
surface was modeled by periodic slabs consisting of four
layers in the (100) surface and six layers in the (110) surface,
with p(4 x 4) and p(3 x 4) supercells in lateral directions,
respectively. The optimized structures of Co(100) and
Co(110) surfaces as well as the possible adsorption sites are
shown in Fig. S1.f During the computational process, the Ru
atoms and upper two atomic layers were relaxed without any
symmetry or direction restrictions to optimize the surface
structure, while the remaining atoms were frozen to
simulate the bulk structure for the description of Ru,
adsorption on Co surfaces. The Brillouin zone integration
was achieved by summation over specially selected k-points
using the Monkhorst-Pack scheme,*® where (9 x 9 x 9) and
(3 x 3 x 1) k-point meshes were chosen for bulk and Co
surfaces, respectively. The vacuum region of 15 A was
applied to prevent interactions between the periodically
repeating slabs.

2.2 Methods

All the static calculations were carried out by spin-polarized
density functional theory (DFT) implemented in the Vienna
Ab Initio Simulation Package (VASP).*>*° The exchange
correlation energy of the electrons was treated within the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerh (PBE) of exchange-correlation functional.”
The interactions between ion cores and valence electrons
were described by the projector augmented wave (PAW)
method.’>*® The solution of the Kohn-Sham equations was
expanded in a plane-wave basis set with a cutoff energy of
400 eV. Final convergence criteria for the energy and
Hellmann-Feynman forces were 10> eV and 0.03 eV A™,
respectively. Bader charge analysis®®®®> was carried out to
obtain the effective charge of different atoms in the Ru,
adsorption system. The location and energy of transition
states (TSs) of the Ru atom diffusion were determined with
the climbing image nudged elastic band (CI-NEB) method,’®
and the vibrational frequencies were analyzed to confirm the
transition state with only one imaginary frequency. In
addition, ab initio molecular dynamics (AIMD) simulations
were performed to probe the growth trend of the Ru
nanoclusters on the Co surfaces within the NVT canonical
ensemble. A detailed description of the AIMD simulations is
available in the literature."

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion
3.1 Morphology and surface stability of pure FCC Co NPs

The pure FCC Co unit cell adopts a space point group of Oy
with high symmetry. The equilibrium shape and relative
surface distribution of FCC Co were obtained by Wulff
construction based on the bulk symmetries and calculated
surface energies. As shown in Fig. 1, FCC Co exhibits a
regular truncated octahedron shape and contains four
different facets. It is covered predominantly with eight close-
packed (111) facets, accounting for about 72.4% of the total
surface area. The remaining three exposed facts, (100), (311)
and (110), cover relatively smaller fractions of surface area,
namely, 13.9%, 8.9%, and 4.8%, respectively. The stability
order of the exposed facets follows the ascending order:
Co(110) < Co(311) < Co(100) < Co(111) with surface energies
of 0.161, 0.158, 0.157 and 0.132 eV A2, respectively, where
Co(111) is the most stable surface and Co(311) is the least
stable surface. It is worth noting that the metal-promoters
interaction under operating conditions might affect the
corresponding morphology, stability and reactivity of exposed
crystallographic facets. Therefore, it is necessary to explore
the effect of Ru promoter on the structure and morphology
of Co NPs in real FTS conditions.

3.2 Structure and adsorption pattern of Ru, clusters on FCC Co

The investigation of the Ru, adsorption on Co(100) and
Co(110) surfaces combined with previous studies on the
Co(111) and Co(311) surfaces** is expected to build a
comprehensive understanding of the morphology of Ru-
promoted Co NPs. For Ru, adsorption on Co surfaces, both
two-dimensional monolayer structures and three-dimensional
structures with partial Ru atoms deposited on Co surfaces
were examined. Possible initial structures for Ru, -cluster
adsorption on Co surfaces at different coverages were
constructed and optimized to find the most preferred Ru,
adsorption pattern, as presented in Fig. S2 and S3.f The most
stable adsorption configurations of Ru, (n = 1-8) clusters on
Co(100) and Co(110) surfaces are shown in Fig. 2 and 3, and
the energetic results along with the structural information
are listed in Tables 1 and 2.

3.2.1 Adsorption pattern of Ru, on Co(100) and Co(110)
surfaces. The lowest energy adsorption of a single Ru atom
on Co(100) surface is that on the four-fold (4F) site. Such

Co(110)

Fig. 1 The equilibrium shape of pure FCC Co NPs obtained by Wulff
construction.
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energetic preference for Ru adsorption is also found at higher
coverage. With the increase in Ru, (n = 1-4) cluster size, a
linear structure of Ruy-a and a square structure of Ruy-b with
the same thermodynamic preferences are formed. On further
addition of Ru atoms, the resultant Ru, (n = 5-6)
configurations with linear-based and square-based structures
both have the newly added Ru atom adsorbed at the 4F site
and interacting with the neighboring Ru, unit to form a
branched structure due to periodicity. On the basis of Rug
adsorption, the most stable Ru, (n = 7-8) adsorption
configurations with an ordered-square structure were
obtained. For the adsorption of the Ru,, clusters on a Co(100)
surface, both line-based and square-based adsorption
patterns are available because of their close adsorption
energies. Despite their obvious differences in the structure at
low coverage, the two adsorption patterns are bound to
merge into a periodic square-based row structure limited by
the boundary conditions, which is expected for subsequent
monolayer adsorption.

The adsorption pattern of Ru,, on Co(110) surface is quite
different from that on Co(100) surface owing to its corrugated
surface structure. A single Ru atom favors adsorbing at
the five-fold (5F) site at the corrugated bottom on Co(110)
surface. Further addition of Ru atoms to the 5F site prior to
other sites was confirmed. For the adsorption of Ru, (n = 1-
4), the newly added Ru atoms of the most stable adsorption
configuration are adsorbed with direct Ru-Ru interactions
along the corrugated direction, gradually forming a linear
chain on Co(110) surface. On further addition of Ru atoms,
due to the limitation of surface size, the most stable
aggregated Ru, clusters (n = 5-8) become another parallel
independent chain with all of the Ru atoms adsorbed at the
5F sites. The most stable adsorption configuration Rug is the
double-chained structure, which can be regarded as the
combination of two Ru, structures. Therefore, it can be
inferred that the initial adsorption of the Ru atoms on
Co(110) surface is in the line-band-layer pattern and a
monolayer Ru covered surface can be expected at high
coverage.

The two-dimensional dispersed configurations were also
investigated for the Ru, adsorption on Co(100) and Co(110)
surfaces, higher in energy than that of the aggregated
configurations, indicating the strong aggregation ability of
Ru atoms. In addition, the three-dimensional clusters are
found to be energetically less stable than the most stable
two-dimensional isomers, owing to their higher surface
energies caused by the more edge and vertex atoms. To verify
this conclusion, the possible structures and energies of the
large Ruy; clusters were calculated. The most stable Ruy,
adsorption configurations on Co(100) and Co(110) surfaces
are presented in Fig. S4 and S51 and are found to be in line
with the above obtained adsorption mechanism.

3.2.2 Energy analysis of FCC Co surfaces. The larger
average adsorption energies and stepwise adsorption energies
of Ru, clusters than those of atomic Ru reveal that the
formation of Ru clusters is energetically favored on the Co

Catal Sci. Technol.,, 2020, 10, 187-195 | 189
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Ry, Ru, Ru,, Ruy
Ru4-a RuS-a Ru6-a
Ru, Rug
Rug, Rug, Rug,

Fig. 2 The stable adsorption configurations of Ru,, (n = 1-8) on Co(100) surface. The Co and Ru atoms are shown as blue and light green spheres,

R
L

Fig. 3 The stable adsorption configurations of Ru, (n = 1-8) on Co(110) surface. The Co and Ru atoms are shown as blue and light green spheres,

respectively.

respectively.

surfaces. The obvious difference of adsorption energies
between different Co surfaces clearly reveals strong surface
structure sensitivity for the Ru, adsorption. For the Ru,
clusters with equal size, the strongest adsorption was found
on the Co(311) surface, followed by the Co(110) and Co(100)
surfaces, while the adsorption on Co(111) surface was the
weakest. These results can be attributed to the differences in
the coordination number of Ru adsorbed on Co surfaces.
Generally, the Co-Ru interaction affected by the distinct
Co surface structures is reflected in the hybrid d orbitals

190 | Catal. Sci. Technol., 2020, 10, 187-195

between the Co and Ru, as shown in Fig. S6.f The projected
d orbitals of the Co(100) and Co(110) surfaces shifted
towards a lower energy after Ru, adsorption, leading to the
electronic loss of Co surfaces. In addition, there is a stronger
d-orbital mixing near the Fermi level between the adsorbed
Ru,; cluster on Co(110) surface than on Co(100) surface,
implying the stronger binding strength between the Co(110)
surface and the Ruy; cluster, coinciding with the trend of
adsorption energies. The results of the electronic properties
analysis suggest that compared with the flat Co(111) and

This journal is © The Royal Society of Chemistry 2020
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Table 1 Various energies (E, eV), average Ru-Ru distances (dr,_ru, A) and average Bader charge (g, ) for Ru, (n = 1-8) on Co(100) surface

Run E(Run/ads) E(Ruads/av) AE(Ruadls) Eagg Egrowth Eint(Ruads) Eint(Ru_CO) Eint/av(Ru_CO) dRu—Ru q
Ru, -5.26 -5.26 -5.26 -6.45 -6.45 -0.18
Line-based adsorption pattern

Ru,-a/b -10.76 -5.38 -5.51 -0.12 —-0.25 -0.25 -7.29 -3.65 2.57 -0.19
Rus-a -16.51 -5.50 -5.74 -0.25 -0.49 -0.74 -12.17 -4.06 2.53 -0.21
Ruy-a -22.76 -5.69 -6.25 -0.43 -0.99 -1.73 -14.10 -3.53 2.51 -0.18
Rus-a -28.46 -5.69 -5.70 —-0.44 -0.45 -2.18 -16.26 -3.25 2.51 -0.16
Rug-a -34.96 -5.83 -6.50 -0.57 -1.24 -3.42 -16.92 -2.82 2.46 -0.14
Square-based adsorption pattern

Rus-b -16.40 -5.47 -5.63 -0.21 -0.38 -0.63 -10.94 -3.65 2.52 -0.15
Ruy-b -22.92 -5.73 -6.52 -0.47 -1.26 -1.89 -11.56 -2.89 2.41 -0.10
Rus-b -28.64 -5.73 -5.72 -0.47 -0.47 -2.36 -15.04 -3.01 2.46 -0.11
Rug-b -34.91 -5.82 -6.27 -0.56 -1.00 -3.36 -16.76 -2.79 2.47 -0.11
Ru,-a/b -41.27 -5.90 -6.36 -0.64 -1.11 -4.47 -19.10 -2.73 2.48 -0.13
Rug-a/b —48.16 -6.02 -6.89 -0.76 -1.63 -6.11 -19.64 -2.46 2.47 -0.12
3D structures

Rus-c¢ -28.16 -5.63 —-0.38 -1.88 -12.02 -2.40 2.49 -0.07
Rug-c -33.98 -5.66 -0.41 -2.44 -15.20 -2.53 2.50 -0.07
Ru,-c —40.40 -5.77 -0.52 -3.61 -17.48 -2.50 2.50 -0.09
Rug-c -46.79 -6.68 -0.59 -4.74 -19.17 -2.40 2.51 -0.10
Table 2 Various energies (E, eV), average Ru-Ru distances (dry gy A) and average Bader charge (g, e) for Ru, (n = 1-8) on Co(110) surface

Run E(Run/ads) E(Ruads/av) AE(Ruads) Eagg Egrowth Eint(Ruads) Eint(Ru_CO) Eint/av(Ru_Co) dRu—Ru q
Ru, -11.45 -5.72 -6.03 -0.31 —-0.62 -6.39 —8.46 —4.23 2.52 -0.17
Ruj -17.56 -5.85 -6.11 —-0.44 —-0.69 -9.97 -12.98 -4.33 2.50 -0.18
Ruy -24.47 -6.12 -6.91 -0.70 -1.50 -14.36 -15.71 -3.93 2.50 -0.20
Ru; -29.89 -5.98 -5.42 —-0.56 -0.01 -17.26 -20.40 —4.08 2.49 -0.17
Rug -35.98 -6.00 -6.09 -0.58 -0.68 -20.82 -22.43 -3.74 2.49 -0.15
Ru, -42.11 -6.02 -6.13 —-0.60 -0.71 —24.42 -26.28 -3.68 2.50 -0.14
Rug —48.90 -6.11 -6.79 -0.70 -1.37 -28.68 -28.33 -3.54 2.50 -0.16

Co(100) surfaces, the corrugated Co(311) and Co(110)
surfaces have stronger Ru/Co interaction, accompanied by
more electron transfer, which conforms to the trend of
adsorption energy.

It can be obtained from the data of Tables S1 and S27} that
Co(110) surface has the strongest affinity and aggregation
potential of Ru, at low coverage, while the affinity of the
Co(100) surface becomes stronger and the aggregation
potential of Co(111) surface becomes higher as the Ru,, size
increases. Based on the results of the calculated interaction
energies, it is found that the Ru-Ru interaction increases
while the average Ru-Ru bond gradually decreases as the Ru,
cluster becomes larger, indicating that the increased stability
is accompanied by the increased Ru, cluster size. Although
the interaction energy between each Ru adatom and both Co
surfaces decreases, the total interaction energy between the
Ru, cluster and both Co surfaces increases with increasing
adsorbed Ru atoms. Therefore, the bonding of Ru, clusters
and Co surfaces is enhanced. In addition, the value of growth
energies of the Ru, clusters adsorbed on Co surfaces
decreases with the increase in size of the Ru,, cluster. Growth
of Ru, clusters on Co surfaces is thermodynamically
favorable and exothermic. With the Ru, cluster size
increasing, the growth characteristics of the Ru, clusters on

This journal is © The Royal Society of Chemistry 2020

Co surfaces appear to be significantly different. It is worth
noting that there is a local minimum in the decreasing
stepwise adsorption energies and growth energies when the
Ru,, clusters size increases to Ru, among all adsorption
configurations on the Co surfaces, indicating that Ru, is the
critical size of growth of Ru,, clusters.

Consequently, it is believed that the two-dimensional
aggregation structures are favored on Co surfaces and this
thermodynamic preference can be expected to give monolayer
growth. The obtained aggregation properties of Ru,, clusters
agree well with the previous experiment results,*® where the
Ru promoter is present in islands on Co particles at a
thickness of one monolayer or at most two monolayers.

3.2.3 Diffusion of a single Ru atom. The aggregation
potential of Ru, can also be evaluated from the diffusion
barrier of a single Ru atom on Co surfaces.>>*” As shown in
Fig. S7, the migration of a single Ru atom on a Co(100)
surface from one 4F site to the adjacent 4F site (via P) needs
a moderate energy barrier of 0.79 eV. For Co(110) surface, the
diffusion barrier of a Ru atom from one 5F site to the
adjacent 5F site along the chain growth direction (via P1) is
only 0.23 eV, while across the corrugated direction (via P2),
the migration of a Ru atom to the parallel 5F site must
overcome a minimum of 1.64 eV barrier. These small

Catal. Sci. Technol,, 2020, 10,187-195 | 191
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diffusion barriers show that an adsorbed Ru atom may
diffuse easily and bond with other Ru atoms or clusters that
are already deposited on the Co surface, thus contributing to
the Ru, cluster aggregation and formation. These results are
in agreement with the Ru, adsorption patterns on Co(100)
and Co(110) surfaces proposed above. Compared with our
previous investigated results,** the weak adsorption can
make Ru migration easier, and the mobility of a single Ru
atom follows the order: Co(111) > Co(110) > Co(311) >
Co(100), where the lowest diffusion energy on Co(111) surface
corresponds to the weakest adsorption.

3.2.4 AIMD simulations. To elucidate the preferential
growth trend of Ru promoters deposited on Co surfaces
under a realistic catalytic environment, AIMD simulations
were performed at 1000 K to illustrate the structural
evolution of adsorbed Ru,; clusters. The elevated
temperature compared to the practical reduced condition of
673-723 K°*°! in cobalt-based FTS was used to accelerate
sampling to the low-energy-barrier events. The initial
configuration is shown in Fig. 4, where the most stable three-
dimensional Ruy; cluster®® in the gas phase was deposited at
the energetically favorable position of Co substrates
simulated by the slab models of Co(100) with p(6 x 4) and
Co(110) with p(5 x 4) to accommodate the fluctuating cluster.
The bottom two layers of the slab were frozen, and the
remaining atoms were allowed to relax in optimization.

The trajectories of the Ruy; structure evolution on Co(100)
and Co(110) surfaces from AIMD simulations are displayed in
Video S1 and S2.} Not surprisingly, the supported Ru,; cluster
undergoes restructuring rapidly and reaches the final
equilibrium structures (shown in Fig. 4) after 10 ps: a square-
based row structure of Ru;; on the Co(100) surface and a
parallel independent chain structure of Ru;; on the Co(110)
surface, similar to the energetically most favorable Ru;;
configurations from DFT calculation. These results indicate

Co(100)

Co(110)

10ps

Fig. 4 The image of the initial and final structures at 10 ps of the Ruy;
cluster deposited on the Co(100) and (110) surfaces from the AIMD
simulations. The blue and light green balls represent Co atoms and Ru
atoms, respectively.
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that the Ru atoms in the upper layers are inclined to migrate
to the Co surfaces with more Co-Ru bonds, similar to that of
Co(111) and Co(311) surfaces. Thus, this phenomenon can
serve as direct evidence for Ru clusters preferring two
dimensional aggregation structures on FCC Co surfaces under
realistic cobalt-based FTS reaction conditions, consistent with
the experimental results®® by EELS spectrum imaging that Ru
was associated with cobalt particles in patches at a thickness
of one monolayer or at most two monolayers.

3.3 Morphology of FCC Co NPs induced by Ru promoter

Based on the preferential Ru adsorption pattern, the growth
energies with respect to the size of Ru, clusters on FCC Co
surfaces were investigated. As shown in Fig. S8,f the Ru, cluster
has the highest growth energy during the growth of Ru clusters
to form periodic structures, indicating that a Ru, cluster is most
likely to exist on the Co surfaces. Surface energy determines the
crystallite morphology of FCC Co and is considered to be an
important index for evaluating the relative stability of active
surfaces. The most stable structural unit of Ru, with the
greatest probability is subsequently used to calculate the surface
energy of each surface with different Ru content.

According to the definition of surface energy, the lower
the surface energy is, the more stable the surface structure is.
The surface energies of Co surfaces modified by Ru at
different Ru/Co atomic ratios are listed in Table 3. It is found
that the surface energies can be tuned by Ru content. As the
surface Ru/Co atomic ratio increases, all surface energies
decrease, meaning that the stability of all facets upon Ru
adsorption can be enhanced significantly. From the variation
curves in Fig. S9,f the surface energies decrease slightly with
the surface Ru/Co ratio from 1/168 to 1/48, while they
decrease sharply when the surface Ru/Co ratio is lower than
1/24. In addition, the relative stability of each surface can be
altered by different Ru coverage. When the Ru/Co ratio
increases to 1/12, the Co(110) surface is even more stable
than the Co(111) surface. The results reflected that Ru
promoter plays an important role in tuning the stability of
these Co surfaces.

The addition of Ru plays an important role in the
modification of surface stability, and the change of stability
of the exposed facets would further affect the morphology of
FCC Co NPs. The Wulff shape of FCC Co NPs with different
Ru content was constructed by minimizing the total surface
energy, and the contribution of crystal facets to the total

Table 3 Surface energies (eV A?) of Co surfaces modified by Ru at
different Ru/Co atomic ratios

Yoorky Yoy With Ru/Co ratio
Surface 0 1/168 1/120 1/96 1/48 1/24 1/12

Co(111) 0.132 0.126  0.124  0.122 0.111  0.090 0.048
Co(100)  0.158 0.153 0.150 0.148 0.139 0.120 0.082
Co(311) 0.161 0.154 0.151  0.149 0.137 0.112  0.063
Co(110)  0.157 0.150 0.146  0.144 0.129 0.100  0.042

This journal is © The Royal Society of Chemistry 2020
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Ru/Co=1/48

Fig. 5 The equilibrium shapes of FCC Co modified using different Ru content values, and the fraction of each facet.

surface area was also determined to quantify the
morphological changes. To clearly visualize the morphology
evolution of FCC Co NPs induced by Ru promoter, all the
constructed Wulff shapes are summarized and organized in
Video S3.f As shown in Fig. 5, the crystallite morphology
changed slightly with Ru/Co ratio from 1/168 to 1/24,
showing an octahedron-like shape similar to the structure of
pure FCC Co NPs. With Ru/Co up to 1/12, the corresponding
morphology of the FCC Co NPs is a rhombic dodecahedron
composed of Co(111) and Co(110) facets, apparently distinct
from that with low Ru content.

With the increase of Ru/Co ratio, Co(311) and Co(110)
facets are predicted to expose more area at the cost of the
proportion of the Co(111) and Co(100) facets decreasing.
Until the Ru/Co ratio is 1/24, Co(111) remains the
predominately exposed surface of FCC Co, accounting for
56.3% of the total surface area because of its high stability.
As the Ru/Co ratio continues to increase, the overall
contribution from flat facets decreases in the equilibrium
morphology, while the corrugated facets show a considerable
surface area. This reveals that the morphology of the FCC Co
nanoparticles is predominately dictated by the (111) and
(110) facets once the Ru/Co ratio reaches 1/12. Obviously,
Ru adsorption leads to dramatic changes in the surface
morphology and the exposed facets of the Co nanocrystals,
and high Ru content can help to facilitate the exposure of the
high Miller index surfaces.

The existence of Ru promoter leads to the change in
surface morphology and the relative ratios of exposed facets,
which may affect the intrinsic activity and selectivity of the
Co catalyst. It is reported that the Co(111) surface has a very
low reactivity towards direct CO dissociation, with an
activation energy barrier of 2.48 eV.> However, the C,
hydrocarbon formation could be facilitated and the CH,
formation could be suppressed by the stepped-Co(111)
surface, owing to the step sites involved.®® For the Co(100)
surface, the calculated barrier (1.52 eV) for the H-assisted
route is comparable to the direct route and also much higher
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than what is typically expected from FTS experiments.®>®’ In

addition, the CO dissociation at step and kink sites is
predicted to have the highest relative rate of all adsorption
site types exposed on FCC Co NPs, these active sites generally
exposed in the high index Co(311) and Co(110) surfaces are
mainly responsible for the activity of the Co catalyst.®® What
is clear from our results is that the overall contribution from
corrugated Co(311) and/or Co(110) surfaces increases in the
equilibrium morphology with increasing Ru content,
concurrently occurring with increment of step B; sites as well
as kink 5F sites. These step and kink sites are more facile for
CO dissociation on FCC Co NPs,*” owing to the lower
activation energy, as also concluded for Ru NPs.®® The more
active sites with higher intrinsic activity participating in the
reaction could effectively enhance the catalytic activity of the
Co catalyst. The results revealed that the high index facets
stabilized by the increased Ru content would exhibit high
activity for CO activation, which is valuable for developing
more efficient and stable Co catalysts with higher reactivity
for FTS reactions.

4. Conclusions

Combining density functional theory and ab initio molecular
dynamic simulations, the adsorption configurations and
growth trends of Ru,, clusters on FCC Co surfaces in Fischer-
Tropsch catalysis were investigated in order to clarify the
facet-dependent equilibrium morphology of metallic Co NPs
stabilized by Ru promoter. It is found that the difference in
the adsorption patterns of Ru, clusters on Co surfaces arises
from their distinct surface structures as well as Co-Ru
interactions. The aggregation properties leading to the planar
growth of Ru, clusters from the DFT calculations were
demonstrated by the AIMD results, indicating that it is
possible to predict accurately the growth process of Ru
promoter on FCC Co catalysts. In addition, the Ru promoter
shows different stabilization abilities on the exposed facets
of the FCC Co NPs and has great influence on the
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crystallographic morphology. Increased Ru content can
facilitate the formation of high index active facets at large
percentages; for example, Co(311) and Co(110) surfaces are
predicted to expose more area, instead of Co(111) and
Co(100) surfaces, meaning that more active sites with higher
intrinsic activity participate in the reaction. As far as we
know, this work is the first attempt to explore the surface
morphology of FCC Co induced by Ru in a systematic way,
which will help to design desired FTS catalysts rationally with
high performance.
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