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The geometries, energetics and electronic structures of Cojs, Moz, Co;,Mo and Mo,Co clusters are
systematically investigated by using the first principles method combined with a genetic algorithm. A
new candidate is found for the ground-state geometry of Mo;s. Compared to the ground-state
geometry of Cojz possessing high stability, there are many isomers energetically closer to the ground-
state of Moys. The relatively high stability of the pure Co;3 can be reduced by doping, but the
isomerization near the ground-state of the pure Mo,z can be suppressed by doping. With respect to that
of the central doping Mo atom in the high symmetric close-packed geometry, there are significantly
more d electrons near the Fermi energy of the Mo atom in the ground-state Co;,Mo cluster and as
a result the d—d hybridization between the doped atom and the matrix is significantly enhanced. In
contrast, compared to the excited structure with a relatively higher energy, the d-d hybridization near
the Fermi energy between the doped atom and the matrix of the ground-state Mo;,Co cluster is

significantly decreased, which implies that the d—d hybridization near the Fermi energy between the
Received 11th November 2016

Accepted 1st January 2017 doped atom and the matrix is strongly influenced by the component ratio and geometry of the cluster,

and the competition between them can have a crucial impact on the catalytic property of the mixed

DOI: 10.1039/c6ra26647a cluster. An explanation is proposed for the excellent catalytic abilities of the Co—Mo alloy nanoclusters
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1 Introduction

In the past few decades, people have paid much attention to the
study of small metal clusters (especially the transition-metal
(TM) clusters). The unique physical and chemical properties
of clusters are strongly dependent on their sizes and geome-
tries.** Study on clusters has important scientific significance
and potential applications in many fields such as optics,
adsorption, catalysis, nano electronic devices and so on. The
pure (mono-component) transition metal catalysts (i.e., Fe, Co
and Ni) are often used in the catalytic chemical vapor deposi-
tion (CVD) synthesis of carbon nanotubes (CNTs),* and exten-
sive research has been performed to understand the role of the
catalytic particles. The experimental investigations have
revealed that some alloy (multi-component) transition metal
particles (i.e., Co-Mo,”® Fe-Mo*" and Fe-Co'') often lead to
improved CNT growth as compared to the pure transition metal
catalysts. For example, as comparing with the pure Co or Mo
catalyst, the mixed Co-Mo nanoparticles show significant
advancement towards the controlled production of single-
walled carbon nanotubes (SWCNTs), and the capability of the
Co-Mo catalysts depends on the Co : Mo component ratio, and
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with approaching component ratios in the catalytic growth of carbon nanotubes.

the Co-Mo nanoparticles have the best catalytic abilities for
producing the SWCNTs when the proportions of the two
components are closer (Co: Mo =2:1,1:1 or 1:2).° Consid-
ering that the physical and chemical properties (such as the
catalytic property) of a cluster are strongly correlated with its
geometry (especially the ground-state geometry), determination
of the ground-state geometry of the mixed Co-Mo cluster has
becoming the primary research content.

Among the numerous small sized clusters, the 13-atom
clusters are especially concerned. Previous studies have pointed
out that the ground states of 13-atom transition metal clusters
tend to form high symmetric close-packed structures, but the
recent first principles calculations show that for the 13-atom
transition metal clusters most of their ground state structures
are not inclined to form high symmetric close-packed struc-
tures. For example, for the 4d transition metal clusters, through
strict theoretical calculations, some non close-packed struc-
tures such as the simple cubic structures'> and the buckled
biplanar (BBP) structures™ are found to be much more favor-
able in energy than the close-packed icosahedral structures.

The electronic structures and magnetic properties of 13-
atom Co clusters with the high symmetric close-packed geom-
etries (like the octahedron and icosahedron) are extensively
investigated previously.**?° Through considering abundant
initial configurations, the rigorous theoretical calculations have
indicated that the ground-state geometry of Coy; is a hexagonal

RSC Adv., 2017, 7, 4933-4940 | 4933


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra26647a&domain=pdf&date_stamp=2017-01-10
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26647a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007009

Open Access Article. Published on 17 January 2017. Downloaded on 3/5/2026 7:53:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

bilayer (HBL) structure.>>* Dong et al.>* investigated the atomic
and electronic structures of Coy clusters (13 = N = 23) by
density functional theory (DFT) calculations with the general-
ized gradient approximation (GGA) formulated by Perdew and
Wang (PW91) and they found that the layer-like structures with
hep or fce stacking are favorable in energy than the icosahedral
structures (a energy difference of 1.63 eV is obtained for Coy3).
Based on the spin-polarized DFT calculations within the GGA
formulated by Perdew, Burke, and Ernzerhof (PBE), Piotrowski
et al.”® studied the geometrical, energetic and magnetic prop-
erties of 13-atom 3d, 4d and 5d transition metal clusters, and
the HBL structure of Coy; is found to be lower in energy (~1.14
eV) than the icosahedron. Through adopting the all-electron
DFT calculations within the BPW91-GGA exchange correlation
functional, Gutsev et al.* studied the geometrical and electronic
properties of the neutral and singly charged M,, and M;3 (M =
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) clusters and the HBL
structure is confirmed as the lowest energy one of the neutral
Co,; cluster.

Compared to the large amount of studies on Co,; clusters,
researches on Mo,; clusters are quite rare. Earlier the magnetic
properties of 13-atom M clusters (M = Y, Zr, Nb, Mo, and Tc)
with three possible high symmetry geometries have been
studied by Deng et al.>® using the discrete-variational local-spin-
density-functional method, and the cuboctahedral structures
are found to be more energetically stable than the icosahedral
ones for Mo;; and Tcy3 clusters. Using the first-principles
calculations based on DFT and the plane-wave basis and
Vanderbilt-type ultrasoft pseudopotentials, Chang et al™
investigated the atomic geometries, electronic structures, and
magnetic moments of 4d transition-metal clusters with 13
atoms, and they found that the ground-state geometry of Mo, ; is
a strongly distorted icosahedral-like structure (which is about
1.83 eV lower in energy than the perfect icosahedron). After that,
Zhang et al.”” studied the Moy (N = 2-55) clusters within the
framework of the DFT with a plane-wave basis set and the
PW91-GGA exchange-correlation functional, and the ground-
state Mo,3 is confirmed to be a distorted icosahedral-like
structure. Recently Sun et al.*® performed global optimization
and property calculations by DFT with the PBE-GGA functional
for a series of 4d transition-metal clusters M3 (M = Y-Pd), and
they found that the ground-state geometry of Mo, is a relatively
loose structure without a central atom, and this lowest-energy
structure is about 0.20 eV lower in energy than the distorted
icosahedral-like structure. Subsequently, a DFT investigation of
3d, 4d, and 5d 13-atom metal clusters by Piotrowski et al.>* also
confirmed that a relatively loose structure of Mo,; is the most
favorable one in energy.

Considering that the physical and chemical properties of the
pure metal clusters can be changed or improved by doping
(such as to improve the catalytic activities or to enhance the
magnetic moments), much attention have been paid to study
the structures and properties of the mixed metal clusters in
recent years. Several experimental®=' and theoretical®*-*
research works have been performed to study the Co-based or
Mo-based mixed metal clusters, which mainly focus on the
relationship between cluster magnetism and doping. For
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example, Yin et al.*® investigated the magnetism of CoyMn,,
and ConVy, (N = 60, M = N/3) clusters experimentally and they
found that, with increasing the doping amount (the ratio of the
number of the doping atoms to the total number of atoms in
a cluster), the average magnetic moment per atom increases
(decreases) for CoyMn,, (ConVy). Theoretically based on the
DFT calculations with the PBE-GGA functional, Aguilera-Granja
et al.** studied the structures, binding energies and magnetic
moments of the clusters Moy (N = 2-13) and Mo;,X (X = Fe, Co
and Ni), and they found that the impurities exhibit weak
magnetic moments parallel coupled to the total magnetic
moments of the Mo atoms in Mo,,Co and Mo,Ni, whereas in
Mo,,Fe the impurity shows a high moment with antiparallel
coupling. For the Co-Mo mixed clusters, very recently Liebing
et al*® investigated the geometries, electronic structures and
magnetism of the mixed clusters Co,Mo,, (n+m=1x,2 < x < 6)
by all electron DFT study with the PBE-GGA functional.

In this paper, the geometrical and electronic properties of
13-atom clusters Co,3, M0;3, Co;,Mo0 and Mo;,Co are investi-
gated systematically by using the density-functional calcula-
tions combined with a genetic algorithm, and we focus on the
geometrical characteristics (e.g., the ground-state geometry and
its closer isomers) and the electronic peculiarities (e.g., the d-
d hybridization between the doped atom and the matrix atoms
near the Fermi energy) of the mixed Co;,Mo and Mo,,Co clus-
ters. The intrinsic connection between the catalysis and the
structural and electronic characteristics of the mixed Co-Mo
clusters is emphasized.

2 Computational details

Selection of initial structures is very important in order to
search the low energy structures of a cluster effectively. For the
pure Coq3 (Moy3) clusters the initial structures are constructed
from the following three aspects: (1) a large number of candi-
date structures are provided by the genetic algorithm?®”*® based
on the interatomic semi-empirical Gupta potential; (2) the
ground-state and low-lying structures of Co,3 and Mo, ; that can
be found in the literatures published; (3) four conventional 13-
atom high-symmetry (I, On, Dsn, Dsp) close-packed structures.
The initial structures are optimized by the first-principles
calculations based on the density functional theory, and thus
the ground-state structures as well as the low-lying isomers of
the pure Co,; and Mo,; clusters can be obtained. For the mixed
(doping) clusters Co;,Mo and Mo;,Co, the initial structures are
constructed from the one-atom replacement of each of the
inequivalent positions of the relevant structures (the ground-
state and low-lying structures as well as the four high-
symmetric structures) of the pure Co;; and Moy; clusters, and
in further the first-principles calculations are performed to
optimize these initial structures so as to obtain the low-energy
geometries of the mixed clusters.

In this paper, the first-principles calculations are performed
in the framework of the density-functional theory (DFT) within
the generalized gradient approximation (GGA) formulated by
Perdew and Wang (PW91) to the exchange-correlation func-
tional®>** as implemented in the VASP code (Vienna ab-initio

This journal is © The Royal Society of Chemistry 2017
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simulation package).***> The plane-wave pseudopotential
method is used. Structural optimizations are performed within
a cubic box with the side length of 17-18 A that the interaction
between adjacent clusters can be negligible. The convergences
of total energy and atomic forces in structural relaxation of
a cluster are set to be 0.0001 eV and 0.01 eV A", respectively.

3 Results and discussion
3.1 Geometric structure and energy

The total binding energies and symmetries of the ground-state
geometries, the low-lying isomers and the four high-symmetric
configurations of Co,3 and Mo,; are listed in Fig. 1 and 2,
respectively. For comparison, all structures shown in Fig. 1 and
2 are sorted in increasing order of energy, and the energy of
each structure is marked as the energy difference with respect to
the ground-state structure (that is, the energy of the ground-
state structure is labeled as zero).

As shown in Fig. 1, the ground-state geometry of Co,; is
a hexagonal bilayer-like (HBL-like) structure with the Cs,
symmetry which is obtained from the genetic algorithm, and
this is completely consistent with the rigorous theoretical
prediction of the ground-state structure of Co,; in recent
years.*> The four conventional high-symmetric (I,, Oy, Dsp,
Djp) close-packed geometries do not have any energetic
competition of the pure Co;; cluster. There exists many low-
lying (nearly degenerate) isomers of Mo,; except its ground-
state structure, as can be found in Fig. 2, the two nearly
degenerate geometries (Fig. 2B and C) are all comparatively
loose structures without central atoms, which have the same
low symmetry (Cg) as that of the ground-state structure, and the
last low-lying structure (Fig. 2D) can be viewed as a strongly
distorted icosahedral-like geometry, which is also very closer in
energy to the ground-state structure (with the energy difference
less than 0.1 eV). The four structures (Fig. 2A-D) are all obtained
by the genetic algorithm, where the structure B is only 0.032 eV

A (Cy)

B (I) C (Oy)

0.0eV 1.171eV 1.572eV
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high in energy than the structure A and can be regarded as the
biggest competitor to the ground-state structure. The structure
B shown in Fig. 2 is consistent with the lowest-energy geometry
obtained be by Sun et al*® and Piotrowski et al.**** recently,
which implies that, a new candidate of the ground-state of Mo, 3
is found through the combination of the first-principles method
with the genetic algorithm. Similarly to the case of Co,s, for
Moy3, the four ideal high-symmetric (I, Op, Dsn, Dsp) close-
packed structures (Fig. 2E-H) also have not any competitive
advantages in energy.

The lowest-energy geometries of the mixed Co;,Mo and
Mo;,Co can be obtained from the single-atom replacement of
each of the inequivalent positions of the ground-state, the low-
lying and the four high-symmetric configurations of the pure
Coy3 and Mo,; clusters as listed in Fig. 1 and 2. Through DFT
reoptimization of those initial geometries originated from the
inequivalent single-atom replacements of the five and eight
configurations listed in Fig. 1 and 2, the total binding energies
and symmetries of the lowest-energy geometries of the corre-
sponding five and eight configurations are given in Fig. 3 and 4,
respectively, and the total binding energies are labeled as the
energy differences to the ground-state (i.e., the ground-state
energy is labeled as zero). As shown in Fig. 3, the ground-state
geometry of Co;,Mo comes from the inequivalent single-atom
replacements of the ground-state geometry of Coi; (the
central atom of the hexagonal of the ground-state HBL-like
structure of Co,; is replaced, and the symmetry of the cluster
remains unchanged). For each of the four high-symmetric (I,
On, Dspn, D3p) configurations of Coq; (Fig. 1B-E), the energy of
the central-atom replaced configuration is always lower than
these of the surface-atom replaced configurations.

As shown in Fig. 4, the ground-state geometry of Mo;,Co
comes also from the inequivalent single-atom replacements of
the ground-state geometry of Mo;;. But with respect to the
ground-state geometry of Mo;; (Fig. 2A), the ground-state
structure of Mo;,Co has a significant structural distortion,

© Co atom

D (D5h)

E (D)

1.624eV 1.730eV

Fig. 1 The referenced total binding energies (see text for details) and symmetries of the ground-state geometry and the four high-symmetric

configurations of Coys.
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H I
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Fig.2 The referenced total binding energies (see text for details) and symmetries of the ground-state geometry, the low-lying isomers and the

four high-symmetric configurations of Moys.
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Fig. 3 The referenced total binding energies (see text for details) and symmetries of the ground-state geometry and the four high-symmetric

configurations of Coj,Mo.

and the symmetry is also reduced from Cs to C;. Through the
inequivalent single-atom replacements of the nearly degenerate
isomer to the ground-state of Mo,; (Fig. 2B), the obtained
lowest-energy configuration (Fig. 4B) is not competitive in
energy compared to the ground-state of Mo,,Co, the energy
difference between the two configurations is about 0.533 eV
(~0.04 eV per atom), and the two configurations are no longer
the energetically degenerate isomers. Similarly, through the
inequivalent single-atom replacements of the nearly degenerate
isomer to the ground-state of Mo,; (Fig. 2C), the obtained
lowest-energy configuration (Fig. 4C) is also not favorable in
energy compared to the ground-state of Mo;,Co, and the energy
difference between the two configurations is 0.50 eV. But
through the inequivalent single-atom replacements of the last
nearly degenerate isomer to the ground-state of Mo, (Fig. 2D),
the obtained lowest-energy configuration (Fig. 4D) is competi-
tive in energy compared to the ground-state of Mo,,Co (Fig. 4A),
the energy difference between the two configurations is only
about 0.023 eV (~0.002 eV per atom), and the two configura-
tions can be regarded as the energetically degenerate isomers.
For the four high-symmetric structures of Mo, ; (Fig. 2E-H),
the lowest-energy configurations of the corresponding doped
clusters Mo;,Co (Fig. 4E-H) are all unfavorable energetically
(the energy differences to the ground-state are all larger than 1
eV). From the comparison of Fig. 2 and 4 one can find that:
there are many nearly degenerate isomers of the pure Moy3, but
the degenerate isomers significantly reduced of the mixed
Mo,,Co, which also highlight the energetically competitive
advantage of the ground-state structure of Mo,,Co (Fig. 4A).
The referenced total binding energies of different configu-
rations of Co,3, Co;,Mo0, Mo43, and Mo,,Co are given in Fig. 5
and 6, respectively. It can be seen that, there is no energetically
degenerate isomers of the pure Co,3, and the ground-state Coy3
has an absolutely higher stability than its isomers. For Co;,Mo,
the energetically advantage of the ground-state to the isomers is

B (Cy)

c (cy D (Dsg)

0.0eVv 0.533eV 0.500eV 0.023eV

E (Cy)

1.209eV

| —-—C013
+C012M0

A B C D E
Structure

Fig. 5 The referenced total binding energies of different configura-
tions of Coy3 and CoqnMo.

far from that in Co,;. For Mo,3, similar to that of Co,;, varia-
tions of the total binding energies of different configurations
after doping all decrease obviously. But as comparing that there
are many energetically nearly degenerate isomers of Mo, 3, the
isomerization to the ground-state is suppressed after doping.

3.2 Density of states

In order to further study the electronic properties and the
correlation between different configurations, the s, p and
d partial density of states (PDOS) of the ground-state HBL-like
geometry and the high-symmetric close-packed icosahedron
of Co,; are given in Fig. 7 and 8, respectively. For comparison,
the Fermi energy is shifted to zero.

The PDOS of the two configurations of Co,; are all domi-
nated by d electrons, and at the Fermi level the d electrons all
have comparatively large values. The difference is, the distri-
bution of PDOS of the icosahedron (structure B) of Co,3 is more
sharp and discrete, but the distribution of PDOS of the ground-
state HBL-like one (structure A) is more uniform, and such
a difference can be due to their different symmetries (a high
symmetry corresponds to a high degree of degeneracy, which
leads to a more sharp and discrete distribution).

@ © Mo atom

© Co atom

F (Dsp) G (Oy) H (Cs,)

1.345eV 1.291eV 1.206eV

Fig. 4 The referenced total binding energies (see text for details) and symmetries of the ground-state geometry, the low-lying isomers and the

four high-symmetric configurations of Mo;,Co.
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Fig. 6 The referenced total binding energies of different configura-
tions of Mojz and Mo4,Co.

The s, p and d PDOS of the ground-state geometry (Fig. 2A)
and its nearly degenerate structure (Fig. 2B) of Mo, ; are given in
Fig. 9 and 10, respectively. Each of the two configurations of
Mo, ; shows a relatively smooth d electrons dominated distri-
bution of PDOS, and the difference is that the distribution of
d electrons in the occupied states near the Fermi level is obvi-
ously different: the ground-state has a significant larger distri-
bution than its nearly degenerate isomer. Taking into account
that for a cluster the occupied distribution of d electrons near
the Fermi level is strongly correlated with its chemical adsorp-
tion and catalytic properties (more d electrons may lead to
a better catalytic performance), therefore, for the two low energy
configurations of Mo, ;, although their energies are nearly the
same, they have completely different catalytic properties. As
a result, when interacting with small molecules, the two
configurations of Mo;; may have completely different reaction
processes (with completely different reaction mechanisms).

The s, p and d PDOS of the ground-state geometry (Fig. 3A)
and the icosahedron with the central doping atom (Fig. 3B) of
Coy,Mo are given in the left part of Fig. 11 and 12, respectively.
Meanwhile the s, p and d PDOS of the twelve matrix atoms and
the single doping atom in each of the two configurations are
given in the right part of Fig. 11 and 12, respectively.

Through analyzing the whole PDOS of the two configurations
(the relatively low-symmetric ground-state structure (Fig. 3A)
and the high-symmetric excited-state structure (Fig. 3B)) of
Co;,Mo (as shown in left sides of Fig. 11 and 12), one can find

PDOS (State/eV)

—
=]
L

7 6 -5 -4-3-2-101 2 3

Energy (eV)

Fig. 7 Partial density of states (PDOS) of the ground-state HBL-like
geometry of Coys.
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Fig. 8 Partial density of states (PDOS) of the high-symmetric close-
packed icosahedron of Cos.

the similarities to the whole PDOS of the two corresponding
configurations (Fig. 1A and B) of Co,j: all reflect the close
correlation between cluster symmetry and electron distribution,
and all have large distributions of d electrons at the Fermi level.
However, as can be seen from the right parts of Fig. 11 and 12,
for the PDOS of different components in the two different
configurations, the distributions of d electrons near the Fermi
energy of the doping atoms in the two configurations are
significantly different: for the ground-state structure of Co;,Mo
(Fig. 3A), the distribution of d electrons near the Fermi energy
(around the occupied states) of the doping atom is obviously not

PDOS (State/eV)

~
L

0 .
7 -6 -

432
Energy (eV)

Fig. 9 Partial density of states (PDOS) of the ground-state geometry
of Moys.
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Fig. 10 Partial density of states (PDOS) of the excited-state geometry
of Moys.
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Fig. 11 Partial density of states (PDOS) of the whole (left) and components (right) of the ground-state geometry of Co;,Mo.

negligible, which results in a relatively strong hybridization
near the Fermi energy between d electrons of the matrix atoms
and that of the doping atom; while for the doping atom in the
excited-state structure of Coj,Mo (Fig. 3B), its d-electron
distribution near the Fermi energy is very weak, and as
comparing to that of the ground-state, the hybridization near
the Fermi energy between d electrons of the matrix atoms and
that of the doping atom of the excited-state structure can be
negligible. It seems to show that for the Co;,Mo cluster, the
lower energy structure may correspond to a stronger d-d elec-
tron hybridization near the Fermi energy between the matrix
atoms and the doping atom.

The s, p and d PDOS of the ground-state geometry (Fig. 4A)
and the excited-state structure (Fig. 4B) of Mo,,Co are given in
the left part of Fig. 13 and 14, respectively. Meanwhile the s, p
and d PDOS of the twelve matrix atoms and the single doping
atom in each of the two configurations are given in the right
part of Fig. 13 and 14, respectively.

For the overall distribution of density of states, similar to the
case of Coj,Mo, the electron distributions of the two configu-
rations of Mo;,Co are similar: all have significant distributions
of d electrons at the Fermi energy. But for the Mo,,Co cluster,
the comparative relationship of strengths of d-d hybridizations
between the matrix atoms and the doping atom neat the Fermi
energy of its two configurations (the ground-state and the
excited-state) is completely different with that of the Co;,Mo

cluster: for the ground-state geometry of Mo,,Co (Fig. 4A), the
distribution of d electrons near the Fermi energy of the doping
atom is very weak, which results in a relatively weak hybrid-
ization near the Fermi energy (around the occupied states)
between d electrons of the matrix atoms and that of the doping
atom; while for the doping atom in the excited-state structure of
Mo;,Co (Fig. 4B), its d-electron distribution near the Fermi
energy is obviously not negligible, which results in a relatively
strong hybridization near the Fermi energy (around the occu-
pied states) between d electrons of the matrix atoms and that of
the doping atom; so, as comparing to that of the excited-state of
Mo,,Co, the hybridization near the Fermi energy between
d electrons of the matrix atoms and that of the doping atom of
the ground-state Mo;,Co is obviously reduced, which is just the
opposite with the case in Coj,Mo. This seems to indicate that
for Mo,,Co, the lower energy structure does not correspond to
a stronger d-d electron hybridization near the Fermi energy
between the matrix atoms and the doping atom.

As mentioned in the Introduction, recent experimental
studies have shown that, as relative to the pure Co or Mo cata-
Iytic clusters, the mixed Co-Mo clusters (with a certain
proportion of two components) have better catalytic perfor-
mance in the catalytic growth of carbon nanotubes.*® Taking
into account that the catalytic performance of a transition metal
cluster is strongly correlated with its distribution of d electrons
around the Fermi energy, if the mixed transition metal clusters
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(e.g., the Co-Mo clusters) have better catalytic properties than
their pure counterparts, there should exist obviously (not
negligible) distributions of d electrons around the Fermi energy
of both the two components, as the result, there should be
a relatively strong d-d hybridization near the Fermi energy
between the two components. According to the above discus-
sions, it can be assumed that: for the 13-atom Co-Mo mixed
clusters, the ground-state geometry of Co;,Mo has better
(hybrid or synergistic) catalytic ability than its excited state, but
the synergistic catalytic ability of the ground-state structure of
Mo,,Co is reduced as comparing with that of its excited-state.
That means the synergistic catalytic abilities of the Co-Mo
mixed clusters are strongly correlated with the structures and
component ratios of the mixed clusters. From the two special
cases of the 13-atom Co,,Mo, (m:n = 12 :1 or 1:12) mixed
clusters mentioned above, one may suppose that, for a given-
sized Co-Mo clusters, as comparing to the cases that the
differences of the component ratios are quite large, when the
proportion of the two components is closer the synergistic
catalytic abilities of the mixed clusters can be enhanced. The
experimental study on the catalytic growth of single-walled
carbon nanotubes by Co-Mo nanoparticles showed that the
nanoparticles have the best catalytic abilities when the
proportions of the two components are closer (2:1, 1:1 or
1:2),° and we speculate that this may be closely related to the
strong d-d electron hybridization near the Fermi energy

This journal is © The Royal Society of Chemistry 2017

(around the occupied sates) between the two different compo-
nents, and this may be one of the main reasons for the high
catalytic activity of the Co-Mo mixed clusters in the process of
catalytic growth of carbon nanotubes.

4 Conclusion

In this paper, the geometries, energies and electronic properties
of Co,3, M0,3, Co;,Mo and Mo,,Co clusters are systematically
investigated by using the first principles calculations combined
with the genetic algorithm. The main conclusions are as
follows:

(1) For the pure Coy; cluster, there are no energetically closer
isomers near its ground-state structure. The ground-state HBL-
like geometry of Co;; has absolute advantage in energy as
comparing the conventional high-symmetric close-packed
structures. For the pure Mo, clusters, a new candidate of the
ground-state is found, and there are many energetically closer
isomers to the ground-state.

(2) The relatively high stability of the pure Co;; cluster can be
decreased by doping (with replacing a Mo atom), but for the
pure Moy; cluster, the isomerization near the ground-state can
be suppressed by doping (with replacing a Co atom).

(3) The d-d hybridization near the Fermi energy between the
matrix atoms and the doping atom in the ground-state geometry
of Coj,Mo is enhanced as compared with those in the high-

RSC Adv., 2017, 7, 4933-4940 | 4939
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symmetric close-packed excited-state structures of Co,,Mo; in
the contrary, the d-d hybridization near the Fermi energy
between the matrix atoms and the doping atom in the ground-
state geometry of Mo;,Co is reduced as compared with those in
the relatively high excited-state structures of Co;,Mo; which
indicates that the d-d hybridization near the Fermi energy
between the matrix atoms and the doping atom of a mixed Co-
Mo cluster is strongly influenced by the geometry and the
component ratio of the mixed cluster, and the competition
between the two factors may have a crucial impact on the
catalytic property of the mixed cluster. We speculate that, for
the Co-Mo clusters with a given size, as the component ratio is
approaching, the mixed clusters should have better hybrid
catalytic abilities, which originates from the enhanced d-
d hybridization near the Fermi energy (around the occupied
states) between the two different components.
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