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I. Introduction

The achievements of fundamental science in the studies of
functional materials implemented in modern technologies
constitute the basis for progress in a number of fields such
as information technology, high-temperature chemistry,
transport and space technology. Development of such
technologies implies the possibility of efficient control over
the formation of material structure at the atomic and
molecular level, diagnosis of material characteristics with
allowance for quantum effects along all (or selected) dimen-
sions and self-assembly of nano-sized fragments or particles
as elements of dissipative systems.!-2
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The design of new materials (nanoalloys, fullerites and
metal carbon, supramolecular, cluster, nanostructured and
heterostructured multicomponent systems) and develop-
ment of high-resolution experimental methods of structure
analysis [scanning tunnelling (STM) and atomic force
(AFM) microscopy] are factors that have determined the
formation of a new area of materials sciences based not only
on achievements of technology but also on the computer
methods for the phase formation control and examination
and quantum chemical calculation methods.

The control over material properties can be efficient
only under thermodynamically non-equilibrium condi-
tions with formation of specific dissipative structures
that are homogeneous on the macroscopic scale. The
cluster state of matter, which is intermediate between the
atomic/molecular and phase states, can serve for the
design of innovative materials. This refers, in particular,
to the cluster-disperse heterostructured materials possess-
ing unique characteristics and manufactured using critical
technologies with controlled heat and mass transfer at the
stages of condensation, nanocluster assembling, intense
clustering, relaxation annealing, quenching, ion plasma
treatment, etc.3 7

Effective planning of experiments on the synthesis of
inorganic nanomaterials with specified functional charac-
teristics requires the development of adequate microscopic
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models proceeding from a new principle of structuring:
from an atom via a cluster to the amorphous aperiodic
quasi-crystalline nanostructure rather than from the tradi-
tional atom—crystal paradigm. These models rely on the
information on the electronic structure and the nature of
interatomic interactions in nanomaterials gained by means
of modern computational methods — molecular dynamics
(MD) and Monte Carlo (MC) methods — which serve as
the scientific base of nanotechnologies, together with the
quantum theory of interparticle interactions.®~13 These
methods deal with objects at the atomic and molecular
level; they do not concern the subatomic level of elementary
particles (electrons, positrons, photons) and do not violate
the Heisenberg principle.

The experimental studies of the physicochemical proc-
esses at the atomic and molecular level are highly compli-
cated due to complexity and high cost of the equipment and
due to difficulty of synchronization of the temporal scales
of the processes involved (femto, pico and macro). The use
of traditional analytical approaches is also faced with
difficulties (for example, the undecidable many-body prob-
lem). In view of this, it is the computer simulation using
physically substantiated interparticle interaction potentials
that serves to elucidate the key regularities of the formation
and growth of nanoclusters, morphological features of the
surface, successive formation of coordination spheres and
structural transitions.?> 13-22

Research into the mechanism of cluster formation and
growth as the initial stage of condensation in the vapour—
gas medium or crystallization in melts gives the key to the
understanding of the origination and formation of phase
states depending on the thermodynamic parameters of
primary nucleation.'* The complexity of generation of
functional clusters is related to the fact that it is difficult
to meet the basic requirements placed on them, namely, the
cluster should have a specified shape and a perfect interface
structure.

A topical problem faced by implementation of nano-
technologies is not the proper synthesis of clusters but
rather attainment of the thermodynamic stability and dura-
ble service characteristics. Stabilized clusters are necessary
elements of the developing nanotechnologies.

Molecular dynamic studies of the thermal stability of
nano-sized metal clusters with an optimal ratio of non-
crystalline and crystalline coordinations in the structure are
topical for both fundamental science and technology. Com-
bination of investigations along these lines'*~!7 opens up
prospects for practical application of the obtained results,
in particular, for planning of real experiments on the
production of new disperse materials with a set of phys-
icochemical, magnetic and optical characteristics needed for
the design of new electronic devices indicating transition to
a new miniaturization level, viz., from micro- to nano-
range. Nanoclusters of transition metals attached to sub-
strates and arranged to two-dimensional structures can
serve as functional elements with a high information
capacity or catalytic activity. For example, the use of
nanodispersed catalysts based on Ni, Co, Mo and W nano-
clusters sharply enhances some processes such as catalytic
hydrocracking, dewaxing of heavy oil fractions, hydroiso-
merization of petrol fractions for the production of high-
octane fuels, hydrotreatment, hydrogenation and dehydra-
tion of methylphenylcarbinol, while the use of nanoclusters
of platinum group metals (Pt, Ag, Ru, Pd) accelerates

hydrocarbon reforming,
tion.!8

The efficiency of catalysis (the stationary rather than
dynamically fragmented version of the catalytic system) is
determined by the cooperative effect: the catalytic activity is
inherent not in the separate stable clusters of perfect shape
but in the thermally stable groups of clusters, 2D spacers,
arranged on the support surface. Naturally, the activity
depends also on the number of atoms in the most catalyti-
cally active sites: at the vertices or edges. For clusters of
some metals (for example, platinum), the highest catalytic
activity is achieved when atoms are located in high-coor-
dinate sites at the faces, while high density of edges can
create additional potential barrier to the reaction kinetics.
In the case of catalysis using nanoparticles, the interaction
of nanoparticles with the substrate material (far from being
inert, in the general case) also plays a considerable role. By
selecting the substrate, it is possible to enhance the inter-
action of atoms with it, to control the cluster thermal
stability and to raise the cluster melting point.

Despite the studies on nanocatalysis that are in prog-
ress,!8-23 the chemical nanomechanics of the atom-and-
molecular transformations of catalyst precursors has not
been ultimately elucidated as yet.

Two-dimensional systems suitable for the design of
optoelectronic devices were manufactured by chemical
vapour deposition (CVD) or metal epitaxy on substrates
prepared beforehand. These systems are metal nanoclusters
deposited and regularly spaced at cryogenic temperatures
on oxide or graphene (G) substrates having relatively large
surface area.

The most efficient CVD procedure for the manufacture
of materials with a required geometry of graphene stacks
composed of several monoatomic planes is the epitaxy of
the carbon vapour phase obtained by thermal decomposi-
tion of ethylene on a substrate (usually, Ir, Pd, Ni, Ru or
SiC). This procedure was used to synthesize heterostruc-
tured materials with special metal/graphene contact inter-
faces involving the (0001) planes of cobalt and ruthenium
and the (111) planes of nickel, platinum, palladium and
iridium.?#-26 It was found experimentally that moiré super-
lattices of the Ir/G heterostructure are most stable.?”

It should be emphasized that isolated clusters represent
an intermediate pre-phase form of matter organization as
atomic-and-molecular precursor configurations with their
structure and specific properties being determined by a
minor volume and the effect of non-autonomous surface
layer with a high density of dangling bonds. The clusters
with comparable numbers of atoms on the surface and in
the bulk tend to exhibit variable atomic coordinations. The
classification of the structures being formed is conventional;
in essence, it is virtual and is determined based on the most
stable and long-lived ordered atomic configurations with
coherence on the short-range order scale with no long-range
order.

This review considers the results of simulation of the
properties of transition metal clusters not only as separate
objects =10 but also as components of new heterostruc-
tured nanomaterials. The synthesis of clusters is presented
as a multistage process comprising nucleation, growth,
coalescence and agglomeration, and structural changes
corresponding to each stage are analyzed. The formation
processes of specific cluster layered structures arising at the
interfaces upon the contact of metal films and clusters with

isomerization and hydrogena-
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graphene are discussed in detail. Graphene in layered
materials is considered not only as the natural and optimal
substrate but also as a reinforcing protective coating which
stabilizes the functional characteristics of composites.

In order to understand how the nature of bonds and
structure (relationship between the short- and long-range
order) affect the cluster thermal evolution and stability,
silicon clusters with a covalent type of bonding are consid-
ered apart from the transition metal clusters.!! The stability
of silicene, a 2D silicon crystal, and its clusters in which the
planar sp? bonds are unstable, similarly to these bonds in
the fullerene-like carbon nanoclusters, is briefly analyzed.
These structures can be stabilized by being placed on
specially selected metal substrates [for example, Ag(111)].
Silicene, like graphene, exhibits chemical, protective and
reinforcing properties and also possesses unique electronic
characteristics.

II. Nanoclusters. Size effects

The properties of nanoparticles depend on their chemical
composition, size, crystal structure defectiveness, morphol-
ogy and other factors.®~ 1927 The packing density of atoms
in the structure can be measured by the packing factor (n) —
the ratio of the volume of atoms to the volume of a
polyhedral cluster built of these atoms.

Structure *  Th fec hep bee pc sph
n 0.78 0.74 0.74 0.68 0.52  0.34

Nanoclusters are characterized by the general notion
‘isolated nanoparticle,” which is quite arbitrary, because it is
almost impossible to obtain a nanoparticle that would not
interact with the environment or with the neighbouring
particles.

The addition of subsequent shells gives rise to cluster
series. The fullest classification of one- and two-element
clusters is presented in the Cambridge Cluster Database
comprising, in particular, Cini, Mackay, Dzugutov, Marx,
Bergman and other cluster series.?8 42

In experiment, it is difficult to point out nanoparticles
that do not interact with the environment;3>~3% as a rule,
they interact with the material of measuring instruments.3®
When the size of objects is in the nano-range, the percentage
of specifically coordinated and interacting surface atoms
substantially increases as compared with atoms in the bulk.
Therefore, it should be emphasized that physicochemical
properties of nanoparticles depend rather on their size and
surface morphology but not on the nature of atoms,
molecules and the packing type and perfection. If the scale
of some observed physical phenomenon is commensurable
with at least one of the three particle dimensions in the
nano-range, then, in accordance with the quantum
theory,'%-3% quantum size effects should be considered in
the description of this phenomenon. Depending on the
number of these dimensions (D) in the nano-limit, nano-
systems are classified into zero- (D = 0), one- (D = 1) and
two-dimensional (D = 2); examples are quantum dots,
nanowires and quantum wells.

T Structure designations: Th is icosahedral, fcc is face-centred cubic, hep is
hexagonal close-packed, bee is body-centred cubic, pc is primitive cubic;
sph is sphalerite type.

The geometric regularities of filling by atoms of concen-
tric shells j spaced by the distance r; from the central ith
atom have been ascertained.*?*4* The number of atoms in
the jth shell ()) is determined by the formula

Nj=aj*+ bj+¢ 0]

where the factors a;, b; and ¢; vary over a finite range
together with the number of shell j. For a cluster with a
simple fcc structure

Nj=4j2+2(j>0)
while in the case of bcc structure
Nj=6j2+2

In the general case, for clusters with regular filling and
with the coordination number Z, the number of atoms in
the ith shell obeys the rule

N=(Z-2)j2+2

If the atom radius R is known, the number of atoms
forming the cluster (Nx) can be estimated from the cluster
size (L) using the relation

Ny = LY’
> 2R
Metal clusters of size from 0.5 to 5 nm comprise about a
thousand atoms.
For clusters with cubooctahedral and icosahedral coor-

dinations, N; is determined by formula (1) and Nx can be
found as follows:

1
Nx :5(10m3 +15m* +11m +3)

where m is the number of coordination shells. For these
clusters, Nx = 13, 55, 147, 309, 561... In the case of hcp
clusters, Ny = 13, 57, 153, 321, 581... In the Ih clusters of
> 10 nm size, an increase in the number of atoms leads to an
increase in the deformation stress energy due to the mis-
match of the topology of packing in the Euclidean space
(the angular defect of packing is 0.02 rad.); simultaneously,
the stability and competitiveness of the Ih structure decrease
(i.e., the decrease in the surface energy does not make up for
the growth of elastic deformation energy).

Based on primary coordinations with allowance for the
specific character of bonds, elementary groups are distin-
guished as well as ‘secondary’ superclusters that dictate the
subsequent chain of more large-scale structuring including
the symbiosis of aperiodic and periodic structures upon
their coherent connection into hybrid systems — ‘cen-
taurs’.#! This symbiosis does not rule out the synthesis of
clusters with similar topology combined through the inter-
action of polytetrahedral structures (for example, Bergman
polyhedra, ‘quadrangular stars’).#0-4! The polyhedral clus-
ters arouse enhanced interest of the crystal chemists and
materials scientists, because they provide the base for
coherently structured ordering not only in nano- and
quasi-crystalline but also in amorphous ultradisperse and
liquid phases. An important issue for structural chemistry is
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analysis of the properties of polyhedral multilayer clusters.
These clusters can be regarded as not only independent
nanoparticles but also as short-range order structural units
that serve to form long-range order connections in complex
phases combining different types of symmetry.

To date, efficient algorithms for the analysis of inter-
metallic compounds determining the specific geometry of
the interatomic bond networks rather than the successive
hierarchy of clusters have been developed.*?>4® For exam-
ple, the structure of the TbNi, intermetallic formed by two-
layer 63-atom clusters of the same type can be described in
conformity with the hierarchical structure of the shells in
the following way: 1@12@50 or INi@6(Ni+ Tbh)@
(36Ni + 14Tb). The number of atomic contacts (bonds) of
each cluster with its neighbours is 12. Nanoclusters of this
type are often encountered in other intermetallic com-
pounds, for example, in Laves phases (MgCu,, MgZn, and
MgNi,).*” When analyzing the structure of materials in the
nano-range, the regularities of their assembly should be
taken into account apart from the dimensionality of struc-
tural units.*>-46

Systematization of unusual structural types of ordering
markedly extended the base of polyhedral close packings of
spheres upon introduction of a substructure of wedge
distortions, on the scale of the short-range order, as
disclination networks that coherently make up for the
angular defects of regular polytetrahedral packings. A
possible alternative to the disclination networks is system-
atization of the coherent naturally forming polytetrahedral
configurations using computer simulation involving specif-
ically parametrized potential functions for the description
of interatomic interactions.??-42 For enhancement of intera-
tomic correlations on the short-range scale, the following
potential was proposed:3?

l’l‘]‘ < \/Ero

where rg is a value close to the statistically average intera-
tomic distance in the system being considered. As a result,
not only regular polytetrahedral configurations were distin-
guished on this scale and their symmetry was described, but
also the statistical geometric analysis of their coupling
(coherent cross-linking) in the structure was performed.
The structural properties, the energy and the character of
interatomic bonds have been studied in most detail for
highly symmetric clusters with <100 atoms. As primary
building blocks, these clusters with optimized structure
determine also the stability of larger functional clusters (of
5-10 nm size).

Single clusters are prepared by the following key meth-
ods:

— chemical thermal decomposition of metal salts,®
organometallic synthesis from a solution with stabilizing
ligands;*8

— mechanochemical synthesis by long-term (up to
300 h) grinding in ball and planetary mills of powders of
pure metals or refractory compounds — metal borides,
carbides and nitrides (e.g., 7—10 nm TissCse¢ nanoclusters
are prepared by mechanochemical activation over a period
of ~150 h);*

— electric explosion and detonation synthesis.*

The regular close-packed clusters of pure metals (for
example, Auss, Nija7, Pt3go and Pdse;) are highly reactive;
upon the reactions, they form new structures. For stabiliza-

tion, shells, most often of organic ligands (L), are arranged
around the surface of such clusters.?# For example, 1.4 nm
gold clusters were stabilized in two stages with triphenyl-
phosphine, [Auss(PPhs)12Ci6], while platinum and palla-
dium clusters were stabilized by phenanthroline (1,10-
phen), [Pt3po(1,10-phen)ssO030 and Pdsei(1,10-phen)ssO200].°
Transition metal clusters can be stabilized using various
micellar groups, the sizes of their cavities determining the
cluster size. For example, using toluene and surfactants, the
‘chemical’ stabilization of a cobalt cluster of 3 nm diameter
was carried out.>°

The stability of a nanocluster also depends on the
character of interaction of valence electrons of the constit-
uent atoms. The averaged ‘molecular potential’ of a nano-
cluster determines the configuration of the electron orbitals
corresponding to the energy minimum for the filled levels.
For clusters consisting of a few atoms, the 2p°, 1f11, 2s2;
1d'°, 1p® and 1s? levels were found by solving the Schro-
dinger equation within the jelly model (Fig. 1).> A stable
atomic structure with completely filled regular electron
shells and minimum energy ensures the cluster stability.
The numbers of atoms in clusters with atomic structures
corresponding to the condition of filling of electron shells
form the electronic magic series. The stability of small (up
to 3 nm) clusters is rather determined by the energy balance
of the electronic structure and that of larger clusters is
dictated by the energy balance of the atomic structure.

Poole and Owens?3® followed the dependence of the
properties of Alj2, Aliz, Aljg, Alx, Alxz and Alx4 nano-
clusters on the electronic magic numbers while analyzing
their reactivity towards oxygen. The clusters of this series
are reactive (exceptions being almost inert Aljs and Alys).
The cluster reactivity depends not only on the number but
also on the structure of atoms. This was clearly demon-
strated in a study of gold clusters, which had an Th structure
in the 3—5 nm range of size (the bulk crystals have a fcc
structure).?

a b
Atom Cluster
2p®
3pS 1f11
3s? 252
2]36 1410
252 1p®

1s2 1s?

Figure 1. Energy levels of argon atom («) and few-atom cluster (b)
in the jelly model.?
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As the metal particle size moves to the nano-range, the
interatomic distances and lattice parameters change. It was
found by electron diffraction that a decrease in the alumi-
nium nanoparticle size from 20 to 6 nm brings about a 1.5%
decrease in the lattice constant;>! in the case of silver and
gold nanoparticles, the decrease in the lattice constant is
0.1% as the nanoparticle size decreases from 40 to 10 nm.*°
However, for some nanoparticles, the opposite situation is
observed: the lattice constant increases following decrease
in the particle size (an example is CeO,),*° and for some
metals (in particular, for Bi and Pb), no change in the lattice
parameters was noted upon increase in the particle diameter
from 5 to 8 nm.>2

As the lattice constant of clusters decreases, the effect of
dangling bonds of the atoms of outer shells becomes more
pronounced and interatomic distances shorten, which
brings about shear stresses and their relaxation in the
near-surface layers. The atom density gradient thus arising
may be of oscillating character and the oscillation period
may differ from the period of the Friedel oscillations of the
electron density. Charge density splitting gives rise to an
electric double layer and the cluster surface becomes
charged. Stress relaxation with allowance for the overall
size effect can influence in different ways some character-
istics such as density (cluster volume), phonon spectra,
thermal expansion, heat capacity and so on. Frequency
redistribution in the photon spectrum in the nano-limit is
related to the appearance, in the low-frequency region, of a
threshold frequency (wmin) and waves with wavelengths not
exceeding twice the particle size (d)

_c
Omin ~ ﬁ
where ¢ is the speed of sound. This implies one more size
effect: as the particle diameter decreases and the particle
morphology changes, the phonon spectrum shifts to higher
frequency, which, in turn, dictates the size dependence of
heat capacity and the general pattern of its temperature
dependence.

The optical properties of nanodisperse materials
(< 10-15 nm particle size) also acquire some specific fea-
tures: for example, grained films and colloid solutions
become intensely coloured. Bulk metals tend to exhibit
broad-band optical absorption by conduction electrons,
while the absorption spectra of the finely dispersed Ag,
Cu, Mg, In, Li and Na phases show peaks in the visible
region but on going to the IR region, sharp decline in the
absorption instead of growth is observed. Note that in the
case of grained gold films (4 nm particles), the absorption
maximum is in the range of 560 —600 nm.33

The size effects manifested in the optical properties are
related to the oscillating frequency dependence of the
dielectric constant

g(w) = &1 (w) + ieAw)

caused by the discrete nature of the electron energy levels.
In the nanorange, the imaginary component &> is inversely
proportional to the cluster radius R (in the general case, to
the size of nanoparticles having any shape, not necessarily
spherical)

where ¢ is the imaginary component for a bulk (macro)
system. However, due to the scatter of nanoparticle sizes
and shapes, the oscillations are smoothed; nevertheless, the
most significant differences from bulk samples are still
retained for averaged values.

In semiconductors, the size effects are related to the fact
that excitons, which represent weakly bound electron—hole
pairs, have the crucial effect on the properties. Indeed, the
high-frequency displacement of the band in the case of
10—12 nm CdSe nanoparticles 33 is accounted for by redis-
tribution of the exciton excitation energies. As the molec-
ular semiconductors diminish, the size effects, in particular,
luminescence, start to be manifested if the scale of exciton
excitations is comparable with the size of molecules.>*

II1. Simulation of the structure of transition metal
nanoclusters

Computer simulation was applied to carry out numerous
studies of the formation of transition metal nanoclusters
(Al, Co, Cu, Ni, Ag, Au, Pd and Pt) in a vapour — gas
medium and to perform detailed analysis of their internal
structure and surface morphology.>®>~¢7 One factor deter-
mining the nanocluster (crystallite) shape in the real cluster
formation processes is the temperature dependence of the
rate of coverage of faces by atoms. The temperature and
kinetic energy ranges of these attached atoms (fragments)
and the energy barriers they overcome determine not only
the growth rate and details of attachment mechanism but
also the structure formation regularities and deviations of
the configurations of the formed clusters from regular
configurations. The information about all factors affecting
cluster growth and shape is presented for some substances
as Nakaya diagrams.” 10

The shape formation can be efficiently controlled by
adding surfactants affecting the adsorption kinetics. While
interpreting the mechanisms of nanocluster structuring
during condensation and structural transformations on
heating, it is necessary to take into account the thermody-
namic instability of the generated states (isomerization),
which is manifested as continuous variation of the predom-
inating coordinations as a sign of structural instability.
Copper, nickel and palladium clusters were studied by
computer simulation most thoroughly.6!, 62,64

In the computer model database,®~ 70 the interparticle
interaction potentials calculated in different approxima-
tions differ in the complexity and in the accuracy of
considering the many-body interactions. When choosing
particular procedures for transition metal clusters, the
specific features of these clusters should be taken into
account, in particular, the presence of an open surface,
structure regularity and interaction with the substrate.

In the present review, many-body potentials are ana-
lyzed for the interaction of transition metal atoms of
isolated clusters and the clusters located on the substrate
and contacting with other phases. In the analysis of binding
energies (£) of atoms for transition metal clusters, prefer-
ence is usually given to the estimation of many-body
potentials according to Sutton—Chen potential versions '°

E=o[3 3 Y Val) - o)

i j>i
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where Vo(r;) is the contribution of the repulsion forces
between atoms i and j spaced by distance r; to the bond
energy; p; is the electron density at the point of atom 7; ¢ and
C are fitting parameters to the results of quantum mechan-
ical calculations or to experimental characteristics (e.g.,
bulk elastic moduli).

The potential energy of nano-sized systems and palla-
dium surface can also be estimated using the Cleri— Rosato
potentials parametrized based on tight-binding calcula-
tions,®>

Eq =Y (E) +EY)
i

i Tij *
o= 5 el )
Jirif <Te

)

. %
Jorg <1 0

Egi) is the band energy, Eﬁi) is the repulsion energy
(Born—Mayer), r; is the distance between atom i and the
closest neighbouring atom j located in a sphere with the
cutoff radius ro; the values of &, ¢, o, 4, p are determined by
fitting to theoretical or experimental cohesive energy of
lattice parameters of bulk samples, compressibility of the
bulk metal, elastic modulus, etc.

Some other potentials are also used. The interactions of
atoms of the fcc Nisg; nanoclusters with the substrate
material (silica) can be calculated '%-9° using the Lennard-
Jones potential (by describing the Si— Ni and O —Ni atom —
atom interactions by fitting parameters reported by Sato

a

Cuio (Daa)

r(4—8) = r(4—6) = 1(8-9) =
=r2-9) = H(5-6),
H9-4) = r(4—5) = 1(5-9),
r(3-6) = r2-3) = r(3-8),
H7-3)=r(1-3) = r(1-4) =
= 1(7-5) = 19— 10) = 13- 10),
72-10) = r(1-6) = r(1-8) =
= 1(7-2) = H(7-6) = r(8—10)

d e
Cui0(Csn)

N
A
o

247

H(3-6) = r(4—7) = r(1-2),

r3-2) = H6-T7) = r(1-4),

H5-1)=r(5-2) = 1(5-3) =
=1(5-4)=r5-6)=r(5-7) =
= 1(4-12) = r(12-13)

Cuyz (In)

r(13-8) = r(13-9) = (13- 10) =
= r(13-11) = /(13- 12),
1(7-8) = /(7-9) = r(7—10) =
= 1(T-11) = H(7-12) = H(T-1),
r(2—8) = r(5-10)

Culg (Ih)

c

CU.13 (0}.)

H(1-2)=r2-3) = r(3-6) =
=r6-T)=rT-4)=rd—1) =
=r(3-13) = H6-13) = r(13-12) =
= r(12-4) = 1(4-5)

1(19-14) = r(19-15) = (19— 16) =
= r(18-17) = 19— 18),

r(14-16) = r(15-16) = r(15-18) =
= r(18-17) = (17— 14),

H(13-14) = r(13-15) = r(13-16) =
= r(13-17) = r(13-18),

#(13-8) = r(13-9) = r(13—10) =
= r(13-11) = (13- 12),

H8-12) = r(8—9) = 19— 10) =
= r(10-11) = r(11-12),

H(8—14) = r(8— 16) = (10— 15) = #(10—18)

Figure 2. Examples of highly symmetrical close packings of atoms in copper clusters
(the distances are in Aangstréoms).>3

(a) Tetragonal antiprism, () icosahedron, (¢) hexoctahedron, (d) trigonal bipyramid, (e)
double icosahedron.3?
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et al.®®); in the case of the Th Pdse; cluster and graphene
substrate, the Pd—C interaction was calculated using the
Morse potential for binary systems parametrized using
quantum chemical calculations,'?

owr-anferu (- )] oft )

g y

where the first term describes the Coulomb interaction of
charges ¢g; and ¢; on Pd and C atoms; r; are the Pd—C
interatomic distances; D, y; are fitting parameters to
experimental values of the cohesive energy for the interface
between graphene and palladium planes.

In the modelling of metal —carbon systems, various rules
of combining exponential potentials such as the Morse
potential are used to estimate the M — C interatomic inter-
actions.10

Rusina er al.?? performed the structure classification for
energetically most stable highly symmetrical atom packings
in copper clusters starting from dimers and up to 19-atom
clusters in terms of the electron density functional theory
(Fig. 2). Among the optimized 3D structures, most stable
are the tetrahedron (Cuy), bipyramid (Cus), regular octahe-
dron (Cug), Archimedean antiprism (Cujg), and icosahedra
(n = 12). The data were obtained from the results of
simulation in the low-temperature region taking into
account only the dynamics of thermal vibrations.

For thermodynamic conditions corresponding to a tem-
perature close to 0 K, MD simulation was carried out (the
results are discussed below) not only for magic (N from 13
to 147) but also for other °® clusters using potentials similar
to the Sutton—Chen potential [embedded atom model
(EAM)]. The dependences of the specific energies of silver
and iron clusters on the number of atoms forming them are
shown in Fig. 3, while Table 1 gives the estimates of
energies for a number of most stable metal clusters relative
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Figure 3. Specific energies (u = U/N) of iron (/) and silver (2)
clusters vs. the number of atoms they contain (MD calculation with
EAM potentials).%®

to the energy of the locally stable liquid silver clusters with
the same number of atoms. The cluster stability was
estimated using statistical geometric analysis of tetrahedric-
ity and octahedricity distribution of Delaunay simplices.%”
Each cluster was characterized by the standard deviation of
the tetrahedricity and octahedricity and by the number of
constructed simplices. A cluster was considered to be locally
stable if the sum of standard deviations did not exceed 1/5
of this sum for a silver cluster taken as the reference.
According to the comparison results, clusters with cubocta-
hedral coordinations typical of the fcc structure can be
regarded as most stable, while the clusters with configura-
tions typical of a bce structure had defective many-particle
shells and possessed no symmetric structure. For compar-
ison, Table 1 presents the results of statistical geometric
analysis for a fcc model of argon constructed based on the
short-range Lennard-Jones (LJ) pair potential and reflect-
ing a different nature of interatomic bonds. No significant
differences from fcc metals were revealed, because both the
packing density and the high contribution of the repulsion
potential served as counterbalances for disordering proc-
esses for the argon model.

For more profound study of the dynamics of atoms and
nucleation processes, it is necessary to take into account the
effect of the cooling rate and the final temperature on the
physical parameters of nanoparticles. For this purpose,
cooling of a vapour—gas Cu system with three different
cooling rates, Vool = 0.05, 0.025 and 0.005 K ps—!, and
two final temperatures 7= 373 and 77 K was studied by the
MD method.”! These final temperatures were selected in
view of the fact that not only inert gases but also liquid
nitrogen and even usual water (boiling points of 77 and
373 K, respectively) are used as cooling agents in the
facilities for the production of metal nanopowders.

From the standpoint of efficiency of planning of indus-
trial processes, it is important to elucidate the degree to
which the temperature factor, together with other factors,
affects the size and structures of the nanoparticles formed.
Within the framework of the statistical computer methods
being developed [both classical (MD and MC)#87!-72 and
quantum methods like the Car—Parinello method 73] using
the multiple-processor computations of cluster series
(LAMMHS 13), it is possible to elucidate this effect on the
real vapour —gas condensation processes. For this purpose,
one should study virtual analogues of the elementary events
of the atom and cluster kinetics such as the formation of
primary atomic configurations (dimers, trimers and so on),
their growth by atom-by-atom deposition and via mutual
collisions and the subsequent coalescence and coagulation
processes at specified thermodynamic and kinetic parame-
ters.

The results of MD calculations of the structures and
forms of copper nanoclusters condensed from the gas phase
depending on the final temperature and cooling rates are
presented in Table 2. Data for six computer experiments are
given, which demonstrate that the rate of cooling of the gas
mixture affects the number of the obtained particles for an
invariable number (85000) of atoms at the initial similation
stage. When the cooling rate was decreased 10-fold, the
number of the resulting particles decreased 2.7-fold at the
final temperature of 77 K and 3.1-fold at the final temper-
ature of 373 K. This correlation is quite reasonable as in the
case of slow cooling, there is enough kinetic energy in the
system for rather large particles to be formed during chaotic



V A Polukhin, N A Vatolin Russ. Chem. Rev. 84 (5) 498539 (2015) 505

Table 1. Most stable configurations of clusters of specified size and locally stable silver clusters.®3

Para- N fec clusters bee clusters
meter

Ag Cu Ni Al Ar(LJ) Cs Fe (Ref. 8) Fe (Ref. 10) K Ta Ag(liq.)
1 13 0.0 0.0 0.0 0.0 0.01 0.02 0.0 0.01 0.0 0.0 0.06
11 0.0 0.0 0.01 0.01 0.01 0.01 0.0 0.0 0.01 0.0 0.17
111 20 20 20 20 20 20 20 20 20 20 20
1 19 0.0 0.0 0.01 0.01 0.03 0.04 0.01 0.01 0.02 0.0 0.18
11 0.0 0.0 0.01 0.01 0.01 0.06 0.01 0.01 0.04 0.01 0.2
I 40 40 40 40 40 40 40 40 40 40 39
1 23 0.0 0.01 0.01 0.01 0.01 0.02 0.04 0.01 0.03 0.18 0.35
11 0.0 0.01 0.01 0.01 0.01 0.03 0.08 0.01 0.04 0.21 0.38
111 56 56 56 56 56 56 56 56 56 51 57
1 26 0.0 0.01 0.32 0.01 0.01 0.05 0.04 0.01 0.06 0.26 0.23
11 0.0 0.0 0.43 0.01 0.02 0.05 0.07 0.02 0.04 0.25 0.3
111 69 69 61 69 69 69 69 69 69 60 63
| 28 0.0 0.08 0.01 0.28 0.29 0.06 0.27 0.28 0.4 0.28 0.3
11 0.0 0.05 0.02 0.26 0.26 0.06 0.24 0.25 0.4 0.3 0.22
11T 69 73 69 78 78 71 78 77 79 70 75
1 32 0.0 0.01 0.09 0.40 0.55 0.33 0.55 0.56 0.71 0.29 0.24
11 0.0 0.01 0.1 0.25 0.42 0.24 0.42 0.43 0.61 0.22 0.34
111 86 86 82 90 95 82 95 95 97 85 88
1 39 0.0 0.24 0.24 0.35 0.07 0.39 0.34 0.35 0.35 0.23 0.38
11 0.0 0.42 0.41 0.52 0.1 0.43 0.43 0.53 0.40 0.31 0.36
111 110 110 110 117 112 106 119 116 124 109 119
| 40 0.0 0.01 0.22 0.39 0.5 0.11 0.31 0.42 0.62 0.21 0.62
11 0.0 0.02 0.19 0.33 0.47 0.05 0.29 0.38 0.64 0.14 0.48
111 107 107 114 121 124 106 121 125 133 109 127
1 46 0.0 0.54 0.72 0.53 0.54 0.31 0.5 0.54 0.51 0.72 0.62
11 0.0 0.5 0.67 0.46 0.57 0.34 0.47 0.45 0.51 0.62 0.54
111 130 134 139 147 141 136 152 147 145 153 144
| 49 0.0 0.42 0.37 0.52 0.31 0.16 0.4 0.5 0.41 0.25 0.39
11 0.0 0.46 0.44 0.44 0.38 0.26 0.42 0.44 0.45 0.28 0.36
11T 144 147 151 162 147 142 161 162 161 148 159
| 55 0.0 0.0 0.01 0.09 0.16 0.1 0.8 0.74 0.61 0.54 0.54
11 0.0 0.01 0.02 0.01 0.03 0.06 0.66 0.62 0.56 0.39 0.39
111 164 164 164 160 176 160 187 193 189 176 189
1 147 0.0 0.08 0.15 0.12 0.27 0.38 1.17 1.5 1.23 0.89 1.78
11 0.0 0.07 0.07 0.08 0.08 0.36 1.05 1.33 1.17 0.68 1.63
111 549 552 560 542 584 560 619 635 610 564 663

Note. Three numbers in each cell characterize the deviations of the tetrahedricity (parameter I) and octahedricity (parameter 1) defined as the
distances between the tetrahedricity and octahedricity vectors of the considered clusters and the reference silver clusters (for the latter, the values
are zero); parameter III is the number of Delaunay simplices.

Table 2. Contents of various structures and forms of copper nanoclusters synthesized by gas phase deposition.”!-7#

Veool T/K Number of Content of nanoclusters (%) with the structure Content of nanoclusters (%) with the shape
/K ps—! clusters
fee (hep) Ih Dh? amorphous chain spherical

0.05 77 46 22.02 45.83 20.87 11.28 76.08 23.92

0.025 77 35 22.51 41.93 30.02 5.54 74.28 25.72

0.005 77 17 23.59 26.82 49.59 0 58.83 41.17

0.05 373 19 22.57 31.38 46.05 0 89.47 10.53

0.025 373 13 29.43 30.07 40.5 0 84.61 15.39

0.005 373 6 38.33 26.67 35 0 83.34 16.66

4 Designation of the decahedral structure.
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motions and atom-—cluster and cluster —cluster collisions.
The statistical average time range for the nucleation of
critical-size clusters from several tens of atoms with pros-
pects for further growth was estimated at 30—60 ns.!3-38 In
computer experiments, the size of these particles was
attained upon combination of nuclei of even 10 nm size. In
this case, further growth can be implemented through the
subsequent coalescence of tens of smaller clusters.

For the change in thermodynamic conditions, it is
necessary to take into account the appearance of a faceted
structure of the cluster surface, which determines the course
of coalescence and coagulation processes. The variation of
the nanoparticle structure as a function of the cooling rate
was consistently analyzed.”"-7* As expected, transition to
close-packed structures took place irrespective of the final
cooling temperatures. However, detailed analysis demon-
strated that at high final temperature, the content of Dh
clusters decreased with a decrease in the cooling rate
compared with their content at 77 K. This is related to the
fact that the Dh structure was intermediate between the
icosahedral and close-packed fcc and hcp structures under
conditions where there was enough kinetic energy initiating
internal rearrangements in the system.”*

It follows from the data of Table 2 that the most
favourable conditions for the formation of clusters with
close-packed fcc or hep structures appeared in the system
with a cooling rate of 0.005 K ps—! and a final cooling
temperature of 373 K. The calculated Cu— Cu bond ener-
gies for these regular packings (with interatomic distances
of 0.235-0.270 nm) are limited to the range of 2.5-2.8 eV
per atom; the bond energies for larger and more stable
clusters with a regular structure were 3.15—-3.25 eV per
atom in the low-temperature region (200—-400 K).

Of interest are the ratios of the structures and shapes of
nanoclusters formed by different mechanisms in systems
with different final temperatures. A comparative analysis of
structures obtained at 77 and 373 K showed the predom-
inance of close packings (fcc, hep, Dh) in a system with the
final temperature of 373 K; no amorphous particles were
present. This is associated, first of all, with the fact that the
energy of clusters is sufficient for optimizing their internal
structure under conditions of free motion in the specified
volume of the model space over a rather short period of
time (~20 nm). The particles obtained under these condi-
tions represent a sort of aggregates made of a large number
of smaller particles stuck together and they have rather
large surface area. It was shown that spherical clusters are
formed, most often, when the cooling fluid temperature is
about 77 K; they consist of icosahedral and decahedral
particles aggregated without forming a common coherent
structure or specific faceting of a common polytetrahedral
cluster.

Clusters with predominantly fcc and hep structures are,
most often, worm-shaped. The vast majority of clusters
having this shape are agglomerates consisting of several
tens of smaller clusters that agglomerated during free
motion in the system at temperatures close to the temper-
ature of cooling gas or vapour being fed to the reactor. In
this case, the kinetic energy is insufficient for fusing
together the primary nanoparticles; therefore, the clusters
mainly stick together (most often, through interatomic
interaction forces) without the formation of coherent boun-
daries. The particles obtained under these conditions are
large, the largest one containing 37 140 atoms and having

resulted from collision and sticking together of more than
20 smaller clusters. Particles of this type tend to have a
rather great surface area, which is necessary for catalytic
applications where the contact area with other reaction
components is crucial for catalyst efficiency.”>- 76

The most favourable conditions for the synthesis of Th
nanoparticles were created by the cooling rate of
0.05 K ps—! down to 77 K final temperature. Under these
conditions, about half of the particles formed had the Ih
structure and comprised not more than 1000 atoms. Partic-
ularly, such copper clusters are demanded for the manufac-
ture of ductile steel.

During the gas phase synthesis, the clusters can be
formed according to two key scenarios:

— a cluster is formed without relaxation (or with
incomplete relaxation), which is observed when inert gases
(in particular, argon) are employed to cool the vapour—gas
mixture; in this case, a shell structure according to the
multifractal diplo type is formed on rapidly rotating and
colliding clusters (Fig. 4);74.77-78

Figure 4. Surface (a) and equatorial cross-section (b) morphology
of multifractal diplo clusters.”*

— the formation process of a large cluster comprises all
of the stages with relaxation: nucleation, condensation,
growth of single clusters, cluster collisions and coalescence
(Fig. 5).7479

The relaxation of the model system activated by the
stored energy of clusters and coordination restructuring of
diplos resulted in the formation of coherent boundaries
within the cluster. During each relaxation step, a coherent
structure formed as a result of thermally activated diffusion
rearrangements. Thus, instead of disordering boundaries, in
the multifractal diplo structures, coherent couplings of
fragments with topologically compatible coordinations
were obtained throughout the whole cluster.

In the case of formation of competing structuring
centres with comparable surface energies and chemical
potentials, the cluster was split into two particles, an inter-
face appeared and two independent shells of the separating
clusters formed.

As can be seen in Fig. 5, the cluster formation (bottom-
up along the time scale) !3-7479.80 in the metastable gas
phase started with homogeneous nucleation.!3-62.4 After
completion of this process, different mechanisms of the
subsequent growth are possible, the most important of
these being agglomeration and coalescence.'*71-830 The
cluster agglomeration includes the stage of accretion vir-
tually without change in the shape. Upon coalescence, the
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Illustration of the cluster condensation process lasting for 2.75 ns and including nucleation, condensation of single clusters and

cluster coalescence upon collision to give a 1697-atom integral cluster.”*

clusters are fused to one another to give a single particle
with a shape differing from the shapes of the primary
clusters before the collision. Under certain thermodynamic
conditions, a coherent cluster structure is formed (all atoms
both in the bulk and on the surface are considered). The
results are in good agreement with the data of computer
investigations of the condensation of nickel nanopar-
ticles,!>-89 which demonstrated that coalescence plays an
important role at early stages of the synthesis, that is, when
the temperature in the system is high. In the case of intense
cooling with an inert gas, the temperature rapidly decreases,
and agglomeration giving multifractal diplo structures (see
above) becomes the predominant growth mechanism. When
such processes considerably predominated, the synthesized
particles acquired various shapes and their coordination
segments were composed of different crystalline structures.

IV. Thermal stability and size effects during
heating of isolated clusters: isomerization,
order — disorder transition, hysteresis

An important issue for the design of functional nanoclusters
is the research into the mechanisms of stabilization of
nanodispersed state. First of all, this concerns the thermal
stability of isolated clusters and maintenance of the multi-
level 2D system they form upon attachment to the substrate.
Other problems include the initial formation of a geometri-
cally perfect internal atomic packing and surfaces of single
nano-sized (~2 nm) clusters followed by their precise spac-

ing during positioning on the substrate. The optimal num-
ber of transition metal atoms in nanoclusters does not
exceed a thousand. The thermal evolution of nanoclusters
of exactly this size was studied by the MD techni-
que.!7-61-67.71.72

Analysis of the results of MD simulation of heating of
fce nickel, copper and palladium clusters with size variation
and the data obtained for other metals, in particular, for
gold and silver,® 12 revealed specific thermal size effects
manifested as atomic packing rearrangements and a
decrease in the structure stability. The researchers estab-
lished the influence of the initial structure characteristics of
the nanoclusters, heating modes and kinetic factors during
thermally activated development of diffusion on the nano-
structuring processes — thermal evolution of clusters com-
prising isomerization, quasi-melting* and decay of the
regular structure classified as an analogue of the order—
disorder phase transition in bulk systems.

IV.1. Isomerization

According to MD results,”!- 727480 melting of nickel, palla-
dium and gold clusters, unlike melting of macroscopic
solids, is extended over a considerable temperature range,
which is matched by quasi-melting in the solid-like state. On

1 The terms ‘isomerization’ and ‘quasi-melting’ were introduced in 1989
by nanoscience classics R S Berry and D J Wales,?! who analyzed
unusual states of clusters.
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Figure 6. Nisq; nanoclusters with initial Th structure at 300 (a)
and 1500 K (b).%-8!

heating, the Ih clusters of the above-listed metals (for
example, nickel) comprising <1000 atoms proved to be
energetically more stable (Fig. 6). The potential energy
changes corresponded to the kinetics of structural intercon-
versions (Fig. 7).

While the solid-like state of the cluster was maintained,
its structure changed considerably following temperature
rise and enhancement of the diffusion motion (e.g., tran-
sient hybrid forms appeared as a result of heterogeneous
accretion of structures of different types). The quasi-melting
stage was preceded by structural rearrangements, which
were regarded as thermal nanosize effects. These rearrange-
ments, classified as isomerization, preceded the proper
melting, the initial stage of which was the appearance of
adatoms and vacancies.3! 84

Polukhin er al.®*%7 employed MD simulation of the
thermal evolution of perfect Niy and Pdy nanoclusters
comprising 13 to 561 atoms and having different initial
structures (fcc, bece or Ih) upon stepwise heating (50 K
steps) from 300 to 1350 K.

In the simulation of heating of fcc nickel and palladium
nanoclusters, specific thermal size effects were identified,
caused by change in the atomic packing and a loss of
structure stability initiated by cuboctahedral to icosahedral
packing transformation. By analogy with macroscopic sol-
ids, melting of clusters with a perfect polyhedral structure
started from the surface; it was initiated by displacements of
atoms located at the vertices and edges followed by dis-
placements of atoms located on adjacent faces and in the
outer shell, while atoms of the inner shells (centre) were
rigidly fixed at their sites.

The specific thermal size effects manifested as atomic
packing rearrangements and deterioration of the structure
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Figure 7. Temperature dependences of the potential energy of
nickel nanoclusters with different initial structures.®3

(a): Nise; cluster with initial structures: fcc (1), bec (2), Th (3);
(b): heating of isolated Nisg9 fcc clusters (7), Nise; Ih clusters (2),
glass transition of the Nizg9 melt (3).

stability induced by development of the diffusion mobility
and cuboctahedral to icosahedral packing transformation
were also detected in the case of relaxation annealing of
copper clusters (Fig. 8). This mechanism of diffusion in
nanoclusters is related to the absence of vacancies, disloca-
tions and disclinations and developed grain boundary sur-
face inherent in real polycrystalline metals.?>

The temperature variation of the potential energy of
clusters during heating to complete melting and subsequent
cooling gives rise to caloric hysteresis loops, the character-
istic features of which are determined by the cluster size and
the direction of temperature change (heating or cooling)
(Fig. 9). For example, in the case of the Au;ss cluster, the
transformation of the fcc structure into the Ih structure
occurred during heating at 395-405 K, while during cool-
ing, the structure instability region was manifested as sharp
energy changes at higher temperatures (in the 520530 K
range).®® The transformations were manifested most clearly
as the shift to higher temperature of kinks and peaks
corresponding to isomerization. In the case of the Cuag
cluster, this thermal size effect is manifested as a sharp
decrease in the energy (actually, a kink) in the 750 —755 K
range and as resolution of an additional structure as a
prepeak (see Fig. 95).71-80 Heating of the Nij¢o7 cluster (see
Fig. 9¢) resulted in a partial replacement of the hybrid
structure (fcc + Dh + Ih) by mainly polytetrahedral packings
(Ino + Dh +Th). This process is reflected by a kink in the
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Figure 8. Melting and crystallization dynamics of the Cuai19 cluster at 400 (a), 800 (b), 1500 (c), 1200 (d), 800 (e) and 400 K (f).7* 84
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Figure 9. Temperature dependences of the potential energy during melting (/) and crystallization (2) for Aujss (a),”"7° Cuao1 (b) and
Nijeo7 (¢) and illustration of the disorder of the initial Niyo; fcc structure (d).7+ 80




510

V A Polukhin, N A Vatolin Russ. Chem. Rev. 84 (5) 498539 (2015)

temperature dependence of the potential energy in the range
of 380-400 K and an energy decrease, while during heating
from 850 to 1080 K it is responsible for replacement of the
smooth increase in energy to 850 K by a sharp rise. For the
Nizo; cluster, the kink is located in the range of ~980 K
(Fig. 9d). These changes can be treated as being due to the
destruction of the shell structure of the cluster; they are
manifested as shifts of the kinks and peaks corresponding to
isomerization to higher temperatures. The simulation of the
thermal evolution of nickel clusters demonstrated higher
stability of the fcc structure and a noticeable increase in its
stability upon increase in the cluster size. Transitions from
the fcc to Th packing took place at 285 K (Nij3s) and at
352 K (Ni;77), i.e., the stability of the fcc structure increased
with increase in the cluster size.%¢

The thermal size effects are also manifested in the
temperature dependences of other characteristics, for exam-
ple, the internal pressure and internal stress (Figs 10 and 11)
over a broad temperature range even when liquid- and
solid-like states coexist (during quasi-melting). The non-
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Figure 10. Temperature dependences of the internal pressure (p) for
the Nisoo clusters with the fcc (1), bee (2) and Th (3) structures.®?
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Figure 11. Temperature dependences of the internal stress (g) for
fce (1), bee (2) and Th (3) clusters.®3

monotonic temperature dependence of the internal pressure
reflects complex structure transformations and modifica-
tion of the cluster state on heating.

IV.2. Specific details of the order — disorder transition
Specific thermal size effects are caused by an increase in the
atom diffusion velocity. The diffusion in nanoclusters dur-
ing heating is initiated by intensification of surface atom
displacements and the appearance of pair structure defects
— vertex atoms displaced on the surface (classified as
adatoms) and vacancies that drift in the surface shell along
the edges.

An increase in the fraction of surface atoms affects the
specific details of the diffusion mobility mechanisms deter-
mined by the cluster surface morphology. Upon heating, the
kinetic energy (activation energy) of the near-surface layer
atoms becomes sufficient to transform a part of the surface
atoms to adatoms; this transformation is the initial phase of
diffusion. Further development of the diffusion is deter-
mined by switching-on of the mechanism of interchange of
edge atoms and subsequently (as heating is continued) also
face atoms. When heating is terminated, the vacancy drift
may end in vacancy deformation between two coordination
sites (vacancy splitting) but as the diffusion process prop-
agates deep into the cluster, the stability of vacancies
increases. The subsequent increase in the number of ad-
atoms due to departure of atoms from the cluster surface
shell may occur if heat is supplied or upon pronounced
kinetic energy fluctuations.

The transition of cluster shells into the fluid state with
the disappearance of faceted and then shell structure com-
pletes the melting phase transition analogue. The possibility
of non-stationary states such as isomerization and quasi-
melting for nanosystems does not contradict experimental
data.?-85-90 During heating, the energy of atoms increased
to a level sufficient for optimization of the whole structure.
With the solid-like state being maintained, the cluster
structure experienced strong coordination fluctuations dur-
ing heating accompanied by the formation of transient
hybrid forms (see Figs 8, 12), which were defined as thermal
nanosize effects preceding the proper melting process. For
example, for the Cujeo7 cluster, the structure transition
(analogue of melting) was completed at 1200 K by the
final stage of quasi-melting involving successive transition
of all shells into the fluid state.®” The completion marked
the structure branching point: further heating induced
development of the melting process with ‘structure homog-
enization’ of the melt, while cooling led to probable resto-
ration of the initial state (depending on the cooling rate).

Simulation of the heating of copper clusters revealed a
characteristic hysteresis region (Fig. 13) confined by two
temperatures, which were called, by analogy with bulk
systems, melting and crystallization points. For nanoclus-
ters of the metals considered here, these temperatures were
markedly different, although the regions of coexistence of
fluid and solid-like states were present. The temperature
hysteresis region markedly changed with the change in the
number of atoms in nanoparticles: as the cluster size
increased, the region narrowed down, while the potential
energy increased according to a steeper pattern resembling
the pattern of caloric curves for bulk systems.”!

It was noted above that perfect clusters contain no
adsorbed or own adatoms, which are always present on
the surface of bulk crystals at ambient temperatures; they
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Figure 12. Thermal evolution of the copper nanocluster heated
from 400 (a) to 800 K (b ) and relaxing for 20 ns (c).”*
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Figure 13. Temperature dependences of the specific potential
energy during melting (/) and crystallization (2) of the Cuaiio
cluster.”

determine the mechanisms of development of surface dif-
fusion, which destabilizes the structure of the adjacent
shells. To switch-on these mechanisms in a morphologically
perfect cluster, it is necessary to create thermal conditions
under which some of the near-surface atoms can be trans-
formed into adatoms capable of migration over the cluster
surface. In other words, a certain activation energy (E,) is
required to convert a surface-coordinated atom to an

adatom. The atoms located at the vertices and edges of the
cluster in the quantity No are most susceptible to this
thermally activated transformation. With the assumption
that heating the cluster to temperature 7 would produce N,
of such atoms, the activation mechanism can be described
by the exponent

E,
N, = N, exp<kaa )

The atoms at the edges and vertices that migrate from
their initial equilibrium positions form primary vacancies
(pop-in defects) and adatoms (pop-out defects) of, for
example, the sixth additionally arising shell of Mse; clus-
ters.?

The thermal size effects are manifested in both a
substantial decrease in the cluster melting points, as can be
seen from caloric curves, and the pattern of the temperature
dependence of the kinetic diffusion coefficients¥ and shear
viscosity. Thus the full diffusion coefficient (D) for the Nise,
cluster comprises considerably different components —
radial D,(T) and tangential D.(T) components — with the
activation energy variation at 650 K: from 0.41 to 0.28 eV
for E; and from 0.19 to 0.15 eV for E- .

From the time dependence of the root-mean-square
displacement of atoms at 1500 K calculated for nickel
clusters, the following diffusion coefficients were found:®

Cluster Nizg9 Nisp9 Nizoo Nise1
Structure fce bee Th Th
D/10~%xcm? s—! 53 5.1 6.3 4.9

The substantial increase in the ratio of the root-mean-
square diffusion displacement of an atom to the average
interatomic distance with a decrease in the nanocluster size
is also manifested as a thermal size effect. As compared with
the 13% Lindemann criterion for macroscopic systems, this
ratio had a radial dependence even in the stage of nano-
cluster quasi-melting and increased from 10% for central
atoms to 40% for peripheral atoms (a shift by 2—3 inter-
atomic distances along the edges in 10~ !! s). After disorder-
ing (fusion) of the whole cluster at >850 K, the root-mean-
square displacement in 10~ !'! s was 1 nm for surface atoms;
only 60% of atoms had this displacement in the fourth shell,
there were 15% of such atoms in the third shell, and out of
the 13 central atoms there were none. Analysis of atom
displacements upon heating and melting of nanoclusters
demonstrated that oppositely directed components of dif-
fusion motion are present in each coordination shell.

Since operational study of the crystallizing phase growth
from molten clusters is difficult due to restricted size of the
model and duration of nucleation, Polukhin et al.83 studied
superfast quenching to give metastable states: amorphous,
X-ray amorphous with local structure fragment coherence
and quasi-crystalline with predominant icosahedral pack-
ing.

The amorphous state of palladium and nickel can be
obtained from a melt when the quenching rate is not less

§ For clusters with tangential and radial displacements of atoms and a
gradient change in the structure and even in the states of shells, diffusion is
a more appropriate term than self-diffusion, which is used by some
authors (see, for example, Refs 3, 9 and 86).
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b

Figure 14. Ino decahedron, side view (@) and top view (b), the
coordination polyhedron of the hcp lattice (¢) and combined
coordinations of the Ino polyhedron and hcp (d). %4

a b
¢

1011-10'2 K s—!, i.e., in the mode where the computer
simulation of cooling can be performed in conformity with
real processes. In the case of slower cooling, hybrid forms
between octa- and cuboctahedral, amorphous, icosahedral,
quasi-crystalline and other structures can appear
(Fig. 14).%* Structural changes that occur on fast cooling
are irreversible (the amorphous-type structure is retained; at
~300 K, a glass-like cluster is formed). Note that this was
followed most clearly for iron clusters.®

The structures of Nisg; nanoclusters, unlike Pdsg;, con-
tain hybrid Ino decahedra. The solid-like state of nickel
clusters with regular bcc or Ih structure (or, much less
probably, fcc structure) is generated only upon very slow
cooling. Nanoparticles of palladium, as well as other
platinum group metals with the stable Th structure,!4 8292
also tend to form various hybrids, which arise as a result of
coherent coupling of the Th and hcp packings (approxi-
mately in 2:1 ratio). These hybrids are decahedron and
Friauf truncated tetrahedron with four triangular and four
hexagonal faces.” Larger structures composed of 20 Friauf
polyhedra — Bergman polyhedra, which have both five-
and six-membered faces — also form hybrids. This is
typical, most of all, of nickel;?-°0~92 similar structures are
also formed upon free condensation of copper nanoparticles
from the gas phase.

It is noteworthy that the growth dynamics of nano-
clusters (see, for example, Fig. 15) is dictated by the
stochastic mechanism of their collisions with the aggrega-
tion probability predominating over the decay probability
provided that the primary nuclei have reached critical size
with several tens of atoms.?? During smooth heating, melt-
ing and subsequent crystallization of these nanoparticles, as
noted above, an interface can appear and structure splitting
or twinning may occur to give two independent shells of
separating clusters (see Figs 8, 16), i.e., the situation resem-

1 1 | | | |

0 50 100 150 200 250 300

Time /ns

Figure 15. Increase in the cluster size (a) and the number of atoms
in the cluster (b) over 328.8 nm.%?

The steps correspond to the cluster growth upon coalescence with
other particles.

Figure 16. Structure of the Cuaiio cluster synthesized from the
gas—vapour phase projected on the xy plane.”*

bles the formation of a grain-boundary structure in eutectic
alloys. During cooling of the Cuz19 nanocluster, the poten-
tial energy per atom (see Fig. 13) has decreased, which
attests to structure stabilization.”#

The discrepancy between the MD simulation data and
experimental results obtained in the studies of condensation
of the vapour—gas mixture is related, most of all, to
impossibility to exactly reproduce the real condensation
conditions.*® First of all, this concerns heat removal in the
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gas—cluster system 3~ 95 and maintenance of the required
ratio between the partial pressures of the metal vapour and
the buffer gas.”® Due to interaction of metal atoms, energy
redistribution upon collisions of the cluster nuclei depends
little not only on the cooling gas temperature but also on
the density of the vapour—gas mixture (dissociation energy
of the Cu, dimer is estimated at 2.0 eV, and the thermal
motion energy of atoms in clusters is 0.3—0.37 eV for
clusters comprising several tens of atoms and ~0.37 eV
for clusters of 500 atoms).”® The time required for the
equilibrium to establish upon redistribution of the cluster
rotational and vibrational degrees of freedom is shorter
than the relaxation times of the internal degrees of freedom.

Thus, melting of the model transition metal clusters
occurs via transition of regular structure to a disordered
structure with high migration mobility of atoms rather than
upon a phase change. The mechanism of melting of such
clusters is more complicated than the melting mechanism of
macroscopic crystals: in the nanorange, melting starts at
temperatures that are less than half the crystal melting
point, proceeds over a wider temperature range (~1/3 of
the heating range) and comprises several stages.®”>74 The
nanosize effects in the clusters — small objects with marked
density fluctuations and continuous redistribution of the
kinetic and potential energy — start to be manifested before
melting as structural transitions with continuous intercon-
version of coordinations (isomerization) and the loss of
structure stability.

V. Specific details of thermal size effects in the
cluster/substrate systems

The unique properties of nanoclusters are affected by not
only the internal coordination and surface morphol-
ogy,’* %7 but also by their self-assembly as non-aggregated
2D-arrays on substrates or as 3D-arrays in solutions and
framework structures and also upon their formation under
conditions of coating (encapsulation) by, for example,
fullerene-like shells (according to the ‘onion’ type).%8-99
The electron rearrangements in nanoclusters occur over
picoseconds and cannot always be monitored by modern
measuring instruments. Important thermally activated
processes accompanied by various quantum effects, in
particular, the considerable decrease in the electron free
path length occur on this spatial and temporal scale. The
substrate affects the general surface topology, structure
and the charge state of clusters and the self-assembly
processes; it is involved in cooperative interaction and
electron density redistribution, which, in particular, influ-
ences the catalytic efficiency.

The activity of nano-sized clusters is associated with a
substantial growth of conductivity of the immobilizer mate-
rial, which thus acquires semiconductor properties upon
electron density redistribution throughout the whole cata-
lytic assembly consisting of metal nanoparticles and the
immobilizer.”? The electron density redistribution enhances
the catalytic activity only in the case of the optimal number
of atoms in each nanocluster. The average conductivity of
this assembly depends not only on the nanocluster size and
shape but also on the mutual arrangement of nanoclusters
and density of their arrangement on the substrate. For the
assemblies of ~2 nm Ni, Pd and Pt nanoparticles, non-
activated electrotransport mechanism operates even at rel-
atively low density of arrangement.

V.1. Fragmentation of cluster catalysts

Bukhtiyarov and co-workers7>-190 developed an original
approach to the molecular design of heterogeneous catalysts
and discussed the ‘size effect’ problem for different-scale
materials ranging from macroscopic to nano-sized ones. A
number of active components were studied and the possi-
bility of improving the properties of heterogeneous catalysts
such as activity, selectivity and stability was demonstrated,
which corresponds to new fundamental advances of the
surface theory.!0!

As a development of the known Balandin ideas (see
monographs ¢ 7) concerning the multiplet theory of cataly-
sis, it was stated 2!-22-100 that for the description of selectiv-
ity of the chemical processes, it is insufficient to consider
only the structural compliance of the precursors and cata-
lysts. If the stabilizing ligand forms rather strong bonds
with the catalyst, then chemical transformations can
actually involve only one type of metal nanoparticles
throughout the whole chemical process with limited dis-
placements of atoms within the vibration amplitude or
interatomic distances. In other cases, the catalysts in the
reaction mixture are represented by a set of interconverting
different-type metal particles of both precursor clusters and
their fragments constituting, according to Ananikov and
Beletskaya,?? a ‘cocktail’ (Fig. 17 a, b). The term ‘cocktail’,
in their opinion, implies the presence of a definite catalysis
mechanism, structure and composition and has nothing to
do with the obscure notion ‘centres of unidentified nature’.
Indeed, in complex Heck and cross-coupling reactions,
leaching may be not limited to the removal of only single
atoms but be accompanied by fragmentation of clusters on
substrates.

Figure 17 ¢ illustrates the nanomechanics of complex
leaching of the cluster catalyst precursors (My) upon their
interaction, successive destruction and migration of single
atoms and several-atom fragments into the solution in the
reaction steps (R is substituent, X is reactant) and the in situ
formation of high-performance catalytic ‘cocktail’ with the
subsequent interconversion and possible self-assembly of
cluster fragments at the final stage. In this case, additional
centres of catalysis would appear on dissociated fragments;
like the precursor clusters, they also would disintegrate with
abstraction of single metal atoms under the action of the
oxidant present in the solution,??192 which was actually
observed in the experiment.!03

Heterogeneous catalytic reactions involving nano-sized
palladium particles have specific features caused by atom
dynamics and particle fragmentation. During leaching,
atoms of the precursor nanocluster may oscillate, being
located on the surface, migrating to the solution (even in
groups during fragmentation of the precursor cluster??) and
moving away by interatomic or longer distances. They can
remain in the solution for some time or till the end of the
reaction if there are no chemical prerequisites for their self-
assembly (at least partial) to the initial states. Leaching can
be substantially accelerated upon the addition of other
reagents (atoms).'%* The ability of metal nanoparticles to
self-assemble in situ at the final step of the catalytic reaction
can be regarded as a sign of recycling or reversibility;!03. 106
this gives rise to new centres of self-assembly in the solution
of not only single atoms but also atomic groups formed
upon fragmentation of the precursor clusters.

Apart from noble metal nanoclusters, excellent catalytic
properties in homogeneous and heterogeneous processes are
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Figure 17. Flow chart of the in situ formation of the highly efficient
catalytic cocktail (a, b) and complex leaching of the precursors of
cluster catalysts (¢) upon interaction and successive destruction
down to atomization and transfer to the solution.??

exhibited by nanoparticles of cheaper nickel and the salts
[M(ZR)> ], where M is metal; Z = S, Se; and R is organic
substituent.!07

The application of nano-sized catalysts is, in some cases,
more efficient and economical if binary stationary systems
are used. An example of preparation of such systems is
electrodeposition coating of a graphene-supported 2D
ensemble of gold nanoparticles (<5 nm size) by a mono-
layer of palladium atoms.’® This catalyst having smaller
nanoparticles than traditional catalysts of gold particles
(~16-19 nm) is structurally stable, environmentally safe
and has a higher hydrogen after-burning coefficient.!08.109

As the number of atoms in the cluster decreases, the
distance between the energy levels increases and the cata-
lytic activity of nanoclusters sharply grows. Taking account
of the temperature range of a catalytic reaction, it is
possible to determine the optimal size of the clusters (for
clusters comprising from 300 to 1000 atoms, it is 1.5 to
7.5 nm).

It has been noted above that the catalytic activity
depends on the number of atoms having stationary posi-
tions in the most catalytically active sites — at the vertices
and edges.® 73 In the case of platinum clusters, the highest
catalytic activity is manifested when atoms are located in
high-coordinate positions on the faces, while the high
density of edges on the cluster surface creates an additional
potential barrier to the reaction kinetics; hence, the effect
can be attained in the case of increased areas of faces, i.e.,
for large clusters with sizes of > 10 nm (up to several tens of
nanometres). Thus, the catalyst selectivity and maximum
activity are related to both electronic and geometric factors,
which predetermine the ratio of the number of atoms on the
surface to the number of atoms in the bulk in the cluster
catalysts in some chemical process. For example, the highest
catalytic activity of nickel and palladium in benzene hydro-
genation is achieved if this ratio is close to unity.”> 76

These phenomena reveal the nature of the nanocluster
states related, on the one hand, to a considerable effect of
the surface and, on the other hand, to the quantum
restrictions on the nanoscale of cooperative processes.

For increasing the efficiency of catalysts, in addition to
thermally stable structure, high density of active sites
(vertices and edges) and great total contact surface area, it
is necessary to thoroughly select the material of substrates.
Depending on the type of catalytic reactions, aluminium,
titanium and silicon oxides and carbon materials (graphite,
graphene) are widely used. These materials not only serve as
substrates for cluster attachment but also affect the process
intensity. This effect is especially pronounced in the case of
low pH values where the electronic properties of metallic
catalysts, including noble metal catalysts, sharply change.
The contact of metal clusters with metals induces thermo-
electric effect with electron transfer to the metal with lower
Fermi energy, while the contact with a dielectric induces
polarization; this would exert a ‘locking’ effect, which will
be more pronounced if the metal cluster with relatively low
ionization potential is in contact with a dielectric with a
high ionization potential.

It is noteworthy that irrespective of the diversity of
precursors in the reactions with nano-sized catalysts (this
may be metal salts, metal complexes, colloid systems,
separate metal particles or supported particles), reverse
catalytic leaching processes can occur if organic compounds
are present in solutions.?! An important stage of industrial
catalytic processes (including filtration and centrifugation
stages) is regeneration of the expensive catalyst. A topical
problem is to prevent the environmental pollution by nano-
fragments, most hazardous among which are the contami-
nant nanoparticles (Pt, Au) activating metabolism and
triggering self-killing of cells in living organisms.!10-111
One cannot but mention the advances in the field of
stabilization of metal clusters in nanostructured matrices
of highly cross-linked polystyrene. These catalytic systems
were obtained with nanoclusters formed by Pt, Ru, Pd and
their alloys (Pt —Pd, Pt—Ru, Pd — Ru, Pt —Pd — Ru). These
systems proved to be efficient towards selective oxidation,
hydrogenation (including enantioselective version) and fine
organic synthesis.!1?

V.2. Interfaces in M/G, systems

Functional elements with contacting interfaces of cluster-
islet metal coatings on oxides and graphene occupy the
central place in the development of innovative devices for
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optoelectronics, gas detectors, heterogeneous catalysts and
so on.!'13-116 The adhesion and adsorption properties and
thermal stability of these 2D systems depend on many
factors: electronic and atomic structure, characteristics of
interatomic bonds, charge state, morphology and coherence
of the internal coordinations in metal clusters and on the
type of fragmenting of deposited films, deposition methods,
substrate material and properties, the nature of bonds at the
metal/substrate interface, etc.

Graphene can be synthesized by using technology-inten-
sive thermal methods, in particular, CVD. The primary
stage of the CVD process is the preparation of a vapour—
gas mixture from carbon and hydrogen by thermal decom-
position of, for example, methane at 1300 K followed by
sorption of the carbon atoms on a heated metal foil surface.
On cooling, carbon atoms are desorbed, thus enabling
controlled formation of one or several graphene layers
from these atoms on the metal surface.

A natural criterion for the selection of the foil metal is
excluding the development of bulk diffusion. From this
standpoint, copper is most workable for the production of
monolayer graphene. In the case of a nickel substrate,
metastable Ni>C phase is formed in the near-surface layer.
Upon chemical removal of the metal, monolayer graphene
sheets can also be produced from this phase (the optimal
temperature is 750980 K).!!3- 117 Graphene synthesized in
this way as a 2D crystal is separated from the metal surface
by a polymer adhesive (or by chemical dissolution of the
metallic substrate) and is transferred onto the substrate as a
functional element.!''>~11® The thermophysical character-
istics of the metal-graphene composite were found to be
high. The thermal conductivity [~460 W (m K)—!'] was
higher than for crystalline samples [~380 W (m K)~'];
therefore, effective heat withdrawal is possible in the basic
blocks of computer equipment such as field effect transis-
tors and switches.

Deposition of metals (including Cu, Pd and Ni) onto
graphene or graphene coating of clusters (synthesis of the
endohedral clusters M@C,) ¥ is of considerable interest for
the production of nanomaterials with unusual magnetic
properties.!!8: 119 The interaction of transition metal atoms
with defective graphene induces hybridization of carbon sp?
orbitals with the s-, p- and d-orbitals of the metal. The
metal atom that occupies a single or double vacancy and the
surrounding carbon atoms form a cluster dispersed phase
with unusual magnetic properties in which the bond energy
between the graphene carbon atoms and the transition
metal atoms deposited onto it reaches 0.2—1.5 V.18

Note that nanoparticles composed of iron and nickel
atoms having even numbers of valence electrons are non-
magnetic, while the nanoparticles of cobalt and copper
atoms having odd numbers of such electrons are magnetic.
The magnetic properties of copper and gold clusters differ
from those of clusters of other transition metals. Since the
copper and gold atoms have filled d-orbitals, a substantial
portion of atomic magnetism is due to the s- and p-states
(50% for Au and 30% for Cu). The other portion of the
magnetism is due to the environment of these atoms
representing the carbon atoms of the cluster dispersed

4/ Such coated materials are designated by the abbreviation GCNg (Graph-
ite-Coated-Nanoparticles: Nanocrystalls, Nanoclusters, Amorphous Par-
ticles).

phase. The formation of magnetic complexes is possible
only at very low temperature and precise focusing of cluster
beams. Only in this case are the vacancies in graphene filled
by transition metal atoms. However, at high temperatures,
defects in graphene can also be formed spontaneously. It is
not clear as yet how much these defects are stable.!20

It should be borne in mind that the characteristic
vibrations of the fragmented graphene sheets initiate their
corrugation and folding, and this induces bond recoordina-
tion to give more complex stable structures:!?! depending
on the area of the sheets, this may be fullerene molecules or
nanotubes,!??- 123 transition metals being exactly the cata-
lysts for the growth of such structures.!?*

The range of materials based on cluster dispersed
systems formed by transition metals promising for practical
applications is rather broad. Such materials should be not
only stable but also chemically inert. For example, unlike
noble metals, nanodispersed copper materials having high
electrical and heat conductivity are highly chemically reac-
tive: in open air, they are soon coated by an oxide film even
at room temperature.”®

Graphite coating solves the problem of protection of
metal nanoparticles, which rapidly degrade under the action
of air oxygen and opens the prospects for replacing the
functional noble metal particles by carbon-coated particles
of cheaper metals (e.g., iron or copper), in particular, for
the design of the hardware components for data recording,
storage and processing devices and for the manufacture of
stable magnetic liquids. It is necessary to add that graphite-
coated particles are more compatible with biological tissues
than particles of gold and other platinum group metals.

In the absence of dangling covalent bonds (for example,
as in fullerites, carbon nanotubes and graphene), graphite-
coated particles are not chemically reactive.!1%- 111 Encapsu-
lation of nanoparticles changes considerably not only their
thermodynamic but also electrophysical (electronic proper-
ties and electrical and heat conductivity) and mechanical
properties,'?> 126 which are of interest for the developing
nanotechnologies.!?”~ 134 Encapsulation is carried out by a
variety of physicochemical methods: using arc dis-
charge,!3* 135 pyrolysis of organometallic compounds,!3®
CVD,137.138 mechanochemical activation 13° and
other, 140~ 144

The results of experiments on encapsulation of cop-
per?® and iron®° nanoclusters by deposition of secondary
products of detonation of dispersed precursor phases
(ammonium and metal nitrates) are of great promise in
this respect. The graphite-coated copper particles were
obtained using a highly explosive mixture of approximately
the following composition /mass %: (10—20)% ammonium
nitrate + (50—70)% copper + (5-8)% carbolite. A study
of the morphology of contact surfaces of encapsulated
nanoparticles demonstrated that the thickness of the graph-
ite coating shells is 3—5 nm and the maximum size of the
copper intercalates in Cu@G did not exceed 20 nm. In the
region (~0.34 nm) between the metal and graphite shell
surfaces, there were no voids. The structure of intercalated
copper nanoparticles was identified as fcc.

Luo et al.®® reported the noteworthy results of gas-phase
synthesis of graphite-coated iron nanocrystals where a
mixture of readily ignitable gas (methane), an oxidant and
aerosol of a Fe(CO)s solution in acetone was used as the
precursor. A crystallographic study using the selected area
electron diffraction (SAED) method revealed clear-cut
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reflections corresponding to the bce-structure of the single
crystalline a-Fe phase. The data from X-ray photoelectron
spectroscopy confirmed the presence of both iron single
crystals (peaks at 706.5 and 720.6 ¢V) and carbon sp-bonds
(peak at 284.80 eV). The diameter of the spherical o-Fe
single crystals in the a-Fe@G nanoparticles varied from 15
to 50 nm (the average value was ~32 nm). A study of the
morphology of a-Fe particles (~45 nm) demonstrated that
a 5—8 nm-thick coating had an onion type layered structure
and the contacting (002)G/(110)Fe planes were separated by
a 0.20—-0.34 nm distance. Relying on the experimental
results, a schematic structure of the graphite-coated clusters
was proposed (Fig. 18).

Experiments on the encapsulation of metal nanopar-
ticles into carbon nanotubes (CNTs) are successfully carried
out for the design of novel materials for electronic 1D
elements (nanowires) using in situ pea-pod technique, scan-
ning and transmission electron microscopy and the SAED
method.!#5-146 This chemically inert nanowire with a length
of several hundreds of nanometres has a unique mechanical
strength at a diameter of several tens of nanometres and
represents by itself a unique element for data storage upon
appropriate selection of metal particles.!4®

The described 1D material acquires specific properties
due to the change in the Fermi energy, density of charge
carriers and the band gap width of graphene.'*” Note that
liquid metals cannot be inserted into nanotubes due to very
high surface tension forces; therefore, salts are used as
precursors, which are heat-treated directly in the nanotubes.
The endohedral M@ Ceo—_9¢ clusters of appropriate size can
be inserted.!47~ 15! Under the action of encapsulated nano-
particles, the CNT walls are markedly deformed; however,
they still withstand heating with retention of crystal-like
phases in them up to 1550 4+ 50 °C, which is higher than the
melting point of the corresponding bulk metal phases. Only
upon maintenance at this temperatures for two hours, the
material starts to flow (melt) under the action of the
pressure of walls that has increased upon heating, and
subsequently it is actually squeezed out from the tube.!#4¢

The strength of surface cohesion at the interfaces in
encapsulated fullerene-like onions,’®-°° nanotubes 43~ 151
and layered materials 1527157 and the intensity of atomic
migration in them upon thermal activation are determined,
to a large extent, by the strength of the M —C bond being
formed, which can be described in terms of the density
functional theory. It was shown 32 that the thermal stability
of the interface structure of a copper monolayer film on
graphene depends appreciably on the parametric incom-

Figure 18. General view (a)° and cross-section (b)°%°° of free
metal cluster encapsulated into a fullerene-like shell.

mensurability of the crystal lattices, namely, the fcc lattice
of copper and the hexagonal lattice of graphene, which gives
rise to considerable stresses. The development of velocity
(of about 0.01 nm ns—!) at the borders of graphene sheets
related to the characteristic vibrations of the sheets (see
above) should also be taken into account. The enhancement
of characteristic vibrations with heating and the interaction
between copper atoms and graphene carbon atoms give rise
to atom recoordinations to give a more complex stable
structure. 132 153

V.2.a. Sorption

A graphene layer deposited on a metal surface protects the
surface from adsorption and chemical oxidation. By means
of MD simulation, it is possible to elucidate how the energy
of cohesion of metal—graphene layers, the electron band
structure and the transfer properties are related to the
formation of the atomic structure of the interface. The
bonds formed upon the contact of graphene with most
transition metals are weaker than covalent bonds but
stronger than van der Waals interactions.®” In terms of
strength of interaction with graphene, metal atoms can be
conventionally classified into two types:

— the first type comprises the Fe, Co, Ni and Pd atoms,
which are bound to graphene more strongly, thus stabilizing
the planar structure of graphene even during heating;

— the second type comprises the Al, Cu, Ir, Ag, Au and
Pt atoms, which weakly interact with graphene; this inter-
action does not prevent reorganization of some planar
(clover-like) atomic coordinations into steric coordinations;
the latter not only induce the corrugation of graphene
planes but also give rise to cluster structures with specific
coordination, namely, ring clusters formed by graphene
atoms and adatoms of the adjacent (111) surface of the
metal.®” In ring clusters as the sites of the moiré structure
being formed, transitions from the planar network of the
graphene C=C double bonds to a tetrahedral network of
C —C single bonds are possible.

In the transition metal interstitial alloys M,C;_, the
carbon atoms occupy octahedral positions; hybridization of
the carbon atomic orbitals with the metal d-orbitals is
possible (the true nature of the M —C bonds in the alloys
is not entirely clear as yet).!33~ 13 Upon the M/G contact,
the position of the metal Fermi level changes up to the
intersection with the bands of carbon mn- and w*-orbitals
(i.e., with the occupied and vacant states separated by the
carbon Fermi level). As follows from analysis of the curves
shown in Fig. 19 and calculations of the tensile strength
(18.70 GPa for Ni/G versus 2.92 GPa for Cu/G), the greater
the binding energy, the higher the tensile strength.!>® This
mechanism of formation of the interface with specific
properties and interactions is attributable to the short-
range character of the dipole dispersion attraction forces
initiated by the charge redistribution between the contacting
graphene and metal surfaces (Fig. 20).

The results of ab initio calculations of the key parame-
ters of the electronic structure of the M/G system are
presented in Table 3. The left-hand part of the Table
shows data for metals with interfaces (with the cohesion
energy E. in the conventionally chosen range of
0.031 < E. < 0.046 eV per atom and the length of inter-
atomic bonds along the normal to the interface plane of
d > 0.296 nm) classified as physical-adsorption ones, while
the right-hand part shows values for interfaces classified as
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Figure 19. Interface binding energy (Ec) () and interaction force
(b) vs. the distance (r) between atoms of the (111) face of a metal
cluster and C of a graphene substrate.!>®

(1) Cu/G, (2) Ni/G, (3) Pd/G.

chemisorption ones (with the energy E. in the range of
0.033 < E. <0432 ¢V and bonds shorter than
d < 0.344 nm). The calculated data are similar to experi-
mental results reported in several publications.!3¢- 161163
Since the density of the fermionic states for graphene is
low as compared with that for transition metals, the Fermi
level shifts upon charge transfer from the metal (for level-
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Figure 20. Scheme of the change in the electronic structure (with
levelling shift of the Fermi energy AEf) upon formation of the
interface with the cohesion energy E..'%7

The potential AU appears upon charge redistribution and displace-
ment by the distance R, to the contact zone between the graphene
and metal planes spaced by the distance d; ¢m and ¢g are the
electron work functions for the metal and graphene, respectively.

ling of graphene and metal charge densities): for gold, the
shift is ~0.20 eV, and the greatest shift has been found for
aluminium (0.49 eV). The bond energies found for the
interface pairs in the case of physical adsorption vary from
one metal to another in the range from 0.030 to 0.046 eV
and the corresponding distances are ~0.3 nm and more (for
example, for aluminium, d = 0.359 nm). The Fermi energy
shift to the Dirac level (point) for interfaces with physical
adsorption can be approximately estimated as the difference
between the electron work functions for the metal and
graphene: ¢pg ~ 4.3 eV, ¢pcu ~ 4.40 eV (see Ref. 161) and
@G ~ 4.48 eV (see Ref. 156).

In the interface formed upon physical adsorption under
weak cohesion of contacting surfaces, the electronic struc-
ture of graphene remains virtually unchanged. In view of
this fact, it was assumed that the ¢ value for the interface
is equal to that for an isolated graphene plane. The above-
noted dependence of AEE can hold to within 0.5 nm.!33 The
change in the work function upon the charge transport with
the shift AU corresponds to the electron—hole charge trans-
port from the metal to graphene, which specifies the proper-
ties of the doped system. Thus, on the contact of the metals

Table 3. Results of quantum mechanical calculations for the M/G interfaces.!3 157

Parameter Physical adsorption (doping) Chemisorption

Al Ag Au Cu Pt Ir Pd Ru Co Ni Ti
E./eV per atom  0.042 0.031 0.037 0.030 0.046 0.033 0.089 0.139 0.432 0.133 0.417
—Aq/10% e~ 0.3 0.7 0.78 0.81 0.11 0.13 0.23 0.21
d /nm 0.359 0.326 0.327 0.296 0.318 0.344 0.247 0.222 0.211 0.207 0.213
AEFf [eV 0.49 0.35 0.20 0.47 —0.31 —0.23
ac /nm 0.405 0.409 0.408 0.361 0.392 0.384 0.389 0.271 0.428 0.251 0.295
cp /nm 0.428 0.409 0.470

Note. The following designations are used: E. is the cohesion energy of the metal and graphene planes per carbon atom; d is the equilibrium
interatomic distance between the contact layers; AEF is the shift of the Fermi energy; Aq is the quantity of charge '3 (doping) transported to align
the Fermi levels of the metal and graphene; ac, ¢y are lattice parameters. '8 100
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discussed here and graphene, which have different electron
densities, the Fermi energy is levelled due to the overall
electron transport; finally, the charges +Ag (+Ag from
graphene and —Ag from the metal) are arranged at the
distances R, (see Fig. 20).

The appearance of new levels of states in the band gap
caused by hybridization and the considerable shortening of
the equilibrium interplanar spacings in the interface result
in the complete disappearance of the tunnelling conduc-
tance barrier typical of systems that have been formed upon
charge doping (physical sorption). The contributions of the
repulsive Pauli interactions in the case of chemisorption
enhance the effect of hybridization on the change of states
in the band gap. This brings about dispersion of the
spectrum of m-states, and the hybridization energy levels
fall in the region of metal d-states, thus initiating further
shift toward the band of high-energy unoccupied m-states.
Thus, in the case of chemisorption, hybridization results in
overlap of the d- and =m-states of the metal and graphene
carbon atoms, respectively, and in band gap opening
(appearance of occupied levels) in the n-bands with chaotic
distribution of the arising states. Under the action of
interactions determined by the nature of sorption (chem-
isorption or adsorption), superposition of the metal and
graphene lattices of different topology affords various
moiré superstructures or superlattices.®”-74 The cells of
these structures comprise in some cases several thousand
atoms.

The MD simulation of the Ni/G,'** Pd/G°7-7* and
Cu/G7+11° interfaces (listed in the order of decreasing
strength) with interaction potentials estimated by the den-
sity functional theory method '%-15° involved comparative
analysis of the effect of metal subsystems on the thermal
evolution of M/G systems depending on the strength of
binding of the contacting metals and graphene. Analysis
was performed of the influence of heating on the triggering
of disordering and melting processes and accompanying
structure changes — thermally activated ordering of ring
cluster configurations, destruction of the regular structure
of the system, quasi-melting and order to disorder transi-
tion, the analogue of melting of two-dimensional systems.

For simulation of the contact surfaces of transition
metals and ring clusters using the tabulated results of the
quantum mechanical calculations of interaction energies,
parameters of the Sutton—Chen !%-%¢ potentials for Ni and
Cu and the Cleri—Rosato ® potentials for Pd were estab-
lished. The methods for estimation of interaction potentials
were developed deliberately for the simulation of metal
surfaces and layers in interfacial contacts!32~ 157,165,166
(including M/G interfaces) and, first of all, for simulation
of atomic dynamics in the layers adjoining the interface,
taking into account not only many-body interactions but
also long-range effects. The interatomic interactions in
graphene were described using the Tersoff potential,'67-168
which was constructed based on the concept of coordina-
tion bond ordering. In the calculation of interactions
between carbon atoms i and j in the graphene layers,
reported %167 parameters of the potential functions were
used. The interactions of metal (Cu— Cu, Ni—Ni) atoms in
the M/G,, systems were estimated, as in the case of simu-
lation of isolated clusters, by the Sutton — Chen procedure in
terms of the EAM formalism.!°

The arrangement of metal atoms above the unit cells of
the hexagonal lattice of monolayer graphene in the zone of

M/Ge interface formed at 300 K (where M = Cu, Ni) was
uniform but had vacant sites as a result of incommensur-
ability of the metal and graphene lattices:

Rcu_cu = 0.2556 nm, RNi—Ni = (.2489 nm, RC-C = 0.142 nm

According to the density functional theory estimates,!%”
the Cu—C distance was 0.2243 nm and the Ni— C distance
was 0.2018 nm. Ultimately, the arrangement of the metal
atoms corresponded to the extended (deformed) (111) plane
of the fcc structure with a minimum distance between the
atoms.

It has been noted above that the thermal stability of the
M/G structure (in particular, a copper monolayer on
graphene) is affected, apart from the parametric incommen-
surability of the crystal lattices, by the energy of character-
istic vibrations of the graphene plane, which also cause
considerable stress and deformation (corrugation). An
algorithm has been developed for preventing the deforma-
tions by counterbalancing the factors that cause them. The
undesired effects were smoothed down upon increase in the
coherence scale of covalent interactions in the model from
0.21 to 0.23 nm with introduction of an additional Lennard-
Jones potential, which damps the metal and carbon atom
dynamics for local coordinations of each hexagonal unit of
graphene. In addition, to prevent gyrations of the M/G,
systems, a correcting potential was additionally introduced
for each graphene atom according to a publication.'®

A regular packing of metal atoms in the (111) plane
above the graphene surface seemed to be optimal for the
interaction with the graphene substrate; however, it was
metastable at the initial simulation temperature of 300 K.
As was to be expected, at this temperature, the M—M
interatomic distances started to decrease and the initial
packing geometry started to change. Determination of the
size of a copper film implies finding of the average coor-
dinates (x, y) of three terminal copper atoms that have not
vaporized. The removal of an atom from all other metal
surface atoms to a distance of >0.3 nm served as the
criterion for vaporization.

Starting from the initially specified temperature of
300 K, the system temperature was increased by 500 K in
every time step, and the calculation was continued. The
final calculation corresponded to a temperature of 3300 K.
For comparison, the same calculations were performed for
the M/G; system (G; is the bilayer graphene). The mutual
arrangement of graphene sheets corresponded to the Bernal
packing (ABAB...), as in the bulk graphite. The distance
between the graphene sheets was taken to be equal to the
value predicted by density functional theory calculations
(0.3347 nm).'>® The interaction between the carbon atoms
belonging to sheets 4 and B was estimated using a para-
metrized potential (see Refs 169—171). A graphene sheet
containing 210 atoms was extended along the x and y
direction upon the use of periodic boundary conditions in
the same way as the metal subsystem. Along the z direction,
the boundary conditions were free. The total energy of free
monolayer graphene found at 300 K was —7.02 eV, which
is consistent with the quantum mechanical calculation
(—6.98 ¢V).!72 The calculated copper— graphene interac-
tion energy was — 1.4 eV at this temperature. The heat
capacity (Cy) of monolayer graphene calculated via kinetic
energy fluctuations increased from 19 to 28 J (mol K)~!
in the temperature range of 300 < 7'< 1300 K, which
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corresponded to experimental values of 23.74-—

26.80 J (mol K)~! (see Ref. 173).

V.2.b. Thermal diffusion

The atomic dynamics of interfaces in the M/G systems
(where M = Pd, Cu, Ni) formed taking account of the
structure of G was studied based on analysis of components
of the diffusion coefficients (Figs 21 —23).74- 119164 Since the
placement of metal clusters on a graphene sheet implies,
from the geometrical standpoint, transition from a two-
dimensional to a three-dimensional system, it was expedient
to consider separately the atom mobility within the xy plane
(D«, component) and along the z direction perpendicular to
this plane (D. component). The orders of magnitude of
these values are often estimated using the expressions

(Az*) =2D.1

where (Az?) is the particle displacement in the specified
direction (more precisely, the mean square of the displace-
ment along the z axis),?

(Ar)
Dy = 47
2 1 ZN 0) 0
<Ar\\> = Nn, T {' (t) — Iy (zO)]
where
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Figure 21. Temperature dependences of components of the diffu-
sion coefficients Dy, (a) and D. (b) for palladium atoms in the
Pd,3/G systems with the fcc (1), Th (2) and rep (3) structures.”
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Figure 22. Temperature dependences of components of the diffu-
sion coefficients Dy, () and D- (b) for copper atoms in systems with
mono- (Cu/G) (1) and bilayer graphene (Cu/G) (2).'1°

T is the observation period from time ¢, ¢ is the current time,
N is the number of atoms in the two-dimensional system, 7,
is the number of initial time periods #.

The interaction of the carbon atoms of the monolayer
graphene with the nickel and copper atoms in the adjacent
(111) planes gives rise to three packing modes as ring
clusters with coordinations of ~4—8 carbon atoms in the
cells being formed, which is manifested as specific atomic
dynamics and the pattern of temperature dependences of
the diffusion coefficients of the interfacial heterostruc-
tures.®7-119-164 I the studies of the latter, it is necessary to
take into account the band structure of the metal atoms and
the degree of hybridization of the carbon m-states with the
transition metal d. states (this determines the strength of the
M —C bonds and, hence, the activation energy of diffusion)
and the predominating channels and saddle points in the
potential energy curve of diffusion.

Analysis of the temperature changes in the kinetic
coefficients Dy, and D:, which characterize the mobility of
metal atoms in the temperature range studied for interfaces
differing in the character of binding (see Figs 21-23),
demonstrated that the increase in the D,, component on
heating is most pronounced for the diffusion of copper
atoms in the Cu/G system: near 2000 K, the D,, value was
almost twice as high as at 1120 K and was
~14x10—8 cm? s~ ! (see Fig. 22 @). This attests to a weaker
interaction of copper atoms (and lower activation energy of
the diffusion process) with carbon atoms as compared with
Pd—C (see Fig. 21) and Ni—C (see Fig. 23) interactions on
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Figure 23. Heating-induced change in the configuration of the
nickel—graphene system with two-sided arrangement of nickel
clusters on the graphene sheet (a) and components of the diffusion
coefficient of nickel atoms Dy, (b) and D- (c).'%*

(a): heating up to 1300 K in 200 ps; (b, ¢): (/) for one-sided
arrangement Ni/G; for two-sided arrangement Ni/G/Ni: (2) Ni is
above, (3) Ni is below.

graphene. Upon temperature rise, the D,, component for
copper atoms decreases, while the D. component, con-
versely, increases (see curves / in Fig. 22). The decrease in
Dy, is due to the gradual drawing together of copper atoms,
i.e., consolidation of the contacting metal cluster layer. The
increase in D. is related to enhancement of the atom
mobility in the direction free for movement. The substantial
growth (surge) of the D, value near 1150 K for the Cu/G>
system (see Fig. 22 a, curve 2) and the D,, and D. values at

2150 K for the Cu/G system (see Fig. 22, curves /) can be
interpreted as approach of the order—disorder transition
point (analogue of melting) and more intense disorder in the
copper layer adjoining graphene (the melting point of the
copper phase is 1357 K). The decrease in D. at temperatures
of <500 and ~2800 K can be regarded as fluctuations
caused by adjustment of the structure of the contacting
layer of copper atoms (and the arising fluid film) to the
graphene structure.

The increase in the atom mobility in nickel-containing
systems is also accompanied by thermally activated ejection
of carbon atoms (at higher temperature than for Pd/G or
Cu/G systems) upon the displacement of metal atoms in
contact planes towards the interface being formed (see
Fig. 23).The melting point of the fcc Nisg; cluster placed
on graphene determined by MD-calculations ¢’ using the
Sutton—Chen potential was 1100+50 K (the isolated
Nisogs cluster melts at ~ 1250 K).”* However, the diffusion
coefficients of nickel in the Ni island films in the horizontal
(D«y) and vertical (D:) directions change slightly up to
1800 K (see Fig. 23). This is due to maintenance of the
coherence and thermal stability of the cluster atomic struc-
ture and the partial consolidation (2% —3%) of this struc-
ture caused by strong interatomic interactions, which is also
typical of Pd—C contacts at moderate heating temper-
atures. Above 1800 K, the diffusion coefficients character-
izing the atomic dynamics in different directions increase.

All of the considered systems (Cu/G, Ni/G, Pd/G)
displayed the following common feature of metal atomic
dynamics: as the temperature was raised to 3000 K, in the
graphene-adjoining layers of the metal films (faces in the
case of palladium clusters), the mobility (D,,) increased and
the interatomic distances increased (by ~30% —50%) in the
longitudinal direction (‘zigzag’ direction) with respect to the
transverse direction (‘chair’ direction) of the graphene
structure. In the presence of Ni clusters, on both sides of
the graphene sheet (see Fig. 23 a), the carbon atom migra-
tion diminished ~4-fold and the structure stability
increased due to metal atom interactions through the
graphene sheet (their mobility is mutually retarded, most
of all, in the xy plane). In the case of Ni films located on
either one or two sides of the graphene sheet, the pattern of
temperature dependence of D. for the two systems bears
more resemblance, which can be attributed to the relaxation
recoordinations of the hybridized bonds in film layers
adjoining the hexagonal lattice of graphene (i.e., displace-
ments that reduce the energy of deformation stresses caused
by the incommensurability of the atomic packings in the
metal and graphene layers). Note that the coefficient D, of
graphene is, most often, higher than D. by a factor of tens.
This attests to high strength of bonds between the carbon
atoms in graphene, which are not broken upon interaction
with the metal atoms deposited onto it even at high temper-
ature.

The temperature dependences of the diffusion coeffi-
cients D, and D. of carbon atoms were non-monotonic for
Pd/G and Ni/G interfaces, which can be attributed to
rigidity of the C — C bonds and strong influence of collective
interactions, responsible for a complex profile of the poten-
tial barriers of the diffusion channels, on the structure
formation. As the temperature is raised to 1200—1500 K,
the mobility of carbon atoms in the graphene sheet plane in
the Pd/G system mainly increases, and on further temper-
ature rise, the mobility of these atoms along the normal to
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this plane also increases. As the clusters are destroyed, the
contact between the Pd and C atoms becomes closer, while
the coefficient D, becomes more stable.57-6874 If the
palladium atoms that are mobile at high temperature are
located in a confined area (clusters), strong local impact on
the graphene sheet takes place and, as a consequence,
pronounced oscillations of the function D,,(T) of carbon
atoms are observed.

It was shown '° that heating up to 2300 K of the Cu/G»
interface activates most appreciably vaporization of copper
atoms and defragmentation of the metal subsystem. This is
reflected in the two-stage character of the temperature
dependences of diffusion coefficients of copper (see
Fig. 22): the first noticeable increment is observed in the
>500 K and 800-1200 K ranges for Cu/G and Cu/G»,
respectively, due to the onset of quasi-melting of the
interfacial pseudophase, while the second increment is at
20002300 K at the stage of surface atom vaporization.

The destruction of the periodic metal structure (as the
solid—liquid transition analogue) was accompanied by
accumulation of most of copper atoms mainly in the central
part of the graphene sheet, the major part of the atoms
being assembled in a flat drop. This picture was observed at
a lower temperature (1300 K) than the melting point of the
bulk copper crystal. At 1300 K, the copper atoms were
noticeably displaced also in the z direction (0 < z and z > 0)
without substantially moving away from the major material
of the metal film or graphene sheet. It is at this temperature
and in this state that the first penetrations of copper atoms
to the other side of the graphene sheet were detected, and at
1800 K, vaporization events of single copper atoms were
noted. The boiling point of the bulk liquid copper (2840 K)
is more than 1000 K above this temperature. The copper
atom vaporization and penetration to the other side of the
graphene sheet substantially enhanced at 2300 K. However,
at 2800 K, the distances between the copper atoms mark-
edly decreased and simultaneously they were drawn closer
to the carbon atoms of the adjacent surface. On further
heating to 3300 K, the copper atom vaporization and
penetration to the other side of the graphene sheet were
again intensified.

In the bilayer graphene model, the copper atoms
behaved in a different way. At 800 K, the fluctuations of
distances between the carbon atoms in graphene were
sufficient for their thermally activated diffusion through
the adjacent layer, exit into the graphene—graphene inter-
layer space and formation of bonds with the carbon atoms
in the sublayer. However, no diffusion of copper atoms
beyond the surface of the second graphene layer was
detected even upon long-term maintenance of the system
at 3300 K, although the presence of the second graphene
layer indirectly intensified the copper atom diffusion both in
the xy plane and in the z direction upon weakening of the
Cu—C bond (see Fig. 22). On heating to 1300 K, the
mobility of copper atoms in the z direction was markedly
higher when the atoms were located on the bilayer graphene
than on the monolayer graphene. In the case of monolayer
graphene, the maxima of the coefficients D;, and D. fell on
the temperature of 2300 K; while in the case of bilayer
graphene, the highest Dy, corresponded to a temperature of
2800 K, while the highest D. corresponded to 1300 K. The
metal atoms that passed through the first layer were
attracted by the second graphene layer and were removed

from the first layer by a longer distance than in the case of
monolayer graphene. However, even at 3300 K, the copper
atoms did not penetrate the second graphene layer.

Owing to weaker Cu—C interactions, the thermally
activated penetration of the metal atom across the interface
occurs at a 200—300 K lower temperature for the Cu/G
heterostructure than for the Pd/G and Ni/G heterostruc-
tures. Due to increasing fluctuations of graphene bond
lengths (and, hence, the sizes of six-membered rings), the
probability of more intense penetration of copper atoms,
compared to Ni and Pd atoms, through the graphene lattice
increases, the metal subsystem being retained as a whole
entity as additional fairly strong bonds appear between the
metal atoms located on both sides of the graphene sheet.

The anisotropy of atom migration in the graphene
planes deserves attention. Indeed, the film dimension in
the longitudinal direction of the bilayer graphene decreased
more smoothly with temperature rise, while in the trans-
verse direction it decreased less rapidly than in the case of
monolayer graphene. At 3300 K, the contraction of the
metal film in the longitudinal direction is more pronounced
for the bilayer graphene, while in the transverse direction it
is more pronounced for monolayer graphene.!!® 144 The
considerable enhancement of the temperature oscillations
and the formation of voids in the 2D hexagonal lattice at
3400 K (Ref. 174) were interpreted in the MD model (using
the Brenner potential 173) as melting of the graphene nano-
ribbon. However, in another study,!’”® MC calculations
(using the LCBOPII potentials !77 and the 2D Lindemann
criterion) gave a much higher value for the graphene
melting point (4900 K). The Pd;3 clusters with the fcc and
random packings were already destroyed on heating in this
temperature range. The Pd;3/G cluster having random
packing proved to be least stable to temperature rise.

V.2.c. Binding energy
In the case of nickel—graphene systems with one-sided
(Ni/G) and two-sided (Ni/G/Ni) arrangement of nickel
clusters on a graphene sheet, the temperature dependences
of the potential energies of interaction of nickel atoms
(Uni—ni), nickel and carbon atoms (Uni—c) and carbon
atoms (Uc_c) (Fig. 24) reflected substantially stronger
correlations of the Ni—C bonds, as has already been
noted, in comparison with the Cu—C bonds. The decrease
in the Uni—ni values is already significant at 800 K in the
Ni/G system, while in the Ni/G/Ni system it becomes
significant only at 1300 K, which is caused by competition
between metal atoms in both surfaces for rehybridization
with the graphene carbon atoms. The specific partial vol-
ume energy of the metal was equal to the binding energy of
the considered element, the experimental value of which for
nickel at 300 K is —4.44 eV per atom.!”® The close value of
Uni—ni (—4.39 eV per atom) for a nickel fcc crystal was
provided by MD calculation for the NPT ensemble * (see
Ref. 179). The uni_ni energy of the Ni»s cluster calculated
using the Sutton—Chen potential was —3.70 eV per
atom.!80 The Un;_ i value for the highly stretched Ni film
was higher at the considered temperatures.

On further heating, the partial potential energy Uni—Ni
increased, the increase being especially pronounced at

1N is the number of atoms at constant pressure and temperature.
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Figure 24. Temperature dependences of the partial potential ener-
gies Uni—ni (1, 3); Uni—c (2, 4) (a) for the Ni/G (1, 2) and Ni/G/Ni
(3, 4) systems and the energy Uc—c (b) for a free graphene sheet (/)

and a graphene sheet coated by a Ni film on one or both sides (2
). 164

>2300 K for the Ni/G system and at >1800 K for the
Ni/G/Ni system. The temperature dependence of Uni_c for
both systems changed in approximately the same way,
except that no decrease in Uni—c following the initial
heating of the Ni/G system was detected. Only when the
temperature of 1800 K was reached, the Uni_c energy in
both systems increased. The potential energy for a neat
graphene sheet (bearing no metal film) was minimal at
1800 K (see curve [ in Fig. 24 b). Analysis of the temper-
ature dependences of Uc_ ¢ for graphene in the presence of
one or two Ni films demonstrated that they were fully
identical (see curve 2 in Fig. 245).'%* In the region of
T < 1300 K, the presence of a transition metal stabilized
the structure of the graphene sheet, so that the energy Uc_c
decreased as compared with the energy of isolated gra-
phene. This result is in line with the data of Song and
Zha,'8! who demonstrated a decrease in the stresses in
graphene after deposition of the Ni film. The decrease in
the energies Uni—ni and Uc—c upon contact of a graphene
sheet with a nickel surface (including nickel cluster) is
attributable to the considerable attractive interaction
between them.!'82 Only at temperatures of > 1300 K, was
an increase in the potential energy detected. The increase in
the graphene energy above 1300 K was faster in the pres-
ence of metal atoms than without these atoms. The Uc_c
value at 3300 K for the Ni/G and Ni/ G/Ni systems was
~4Y% greater than for a neat graphene sheet.

V.2.d. Stress tensors
The shear stress that acts on atom i located on the (111)
surface of the metal was determined by the tensor '3

& k a n+2
ol =g 3| () +

i#] i
1 1 a m+2 8
+me| —+—)— Ty
(\/ﬁi \/ﬁl> (ri/) :| vy

where ¢ is a parameter with the dimensionality of energy, a
is a parameter with the dimensionality of length, which is
usually chosen to be equal to the lattice constant; the
volume of single atom ; can be associated with the
Voronoy polyhedron volume; m and n are positive integers,
where n > m ; and ¢ is a dimensionless parameter,

The temperature dependences of the tensor components
for monolayer graphene have complex patterns. For the
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Figure 25. Temperature dependences of the stress tensor compo-
nents o- (a), o=, (b) and o (¢) for copper films.!"?
(1) Cu/G system, (2) Cu/G> system.
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Cu/G and Cu/G; systems, the temperature dependences of
the stress tensor components oy, 0-, and ¢.. are appreci-
ably different (Fig. 25). A common feature of these depend-
ences is the presence of extrema at 1800 K. At other
temperatures, the stress components for the Cu/G and
Cu/G, systems were commensurable;''® furthermore, at
the highest temperature of 3300 K, the difference between
the like components of the mentioned systems is noticeably
smaller than that at the minimum temperature (300 K).
Analysis of the results of the temperature stress relax-
ation in the Ni/G and Ni/G/Ni systems (Fig. 26) demon-
strated that the 0.y, 0., and o.. stresses decreased with
temperature rise.'%* For the Ni/G system, weak actions on
the metal atoms were detected (the greatest of them cause
the stresses o..). The strong interaction of the nickel
surfaces with graphene in the Ni/G/Ni system induced the
development of substantial stresses in the metal planes. The
magnitudes of the stresses acting in the xy plane were
always greater for the lower Ni film than for the upper
one, which is due to the smaller thermal stability of the
lower film caused by great fluctuation displacements of
atoms in the upper film. The initial minimal distance
between the nickel atoms in different layers was almost 2.7
times greater than the distance between the closest neigh-
bours in the bulk metal. Even at the initial temperature of
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Figure 26. Temperature dependences of the stress tensor compo-
nents o- (a), 0=, (b) and o (¢) for nickel films.'%4
(1) Ni/G system; Ni/G/Ni system: (2) Ni is above, (3) Ni is below.

300 K, the stresses g-- were negative for both the upper and
the lower metal films, as a result of substantial drawing
together of atoms at the boundary between the metal and
graphene separating two nickel films. The positive value of
o-- at 300 K for the Ni/G system indicates that the attrac-
tion of nickel atoms to the graphene sheet is rather weak,
i.e., the nickel atoms are bound to a lesser extent. Up to
1800 K, slight reduction of film dimensions was observed
for both systems (Ni/G and Ni/G/Ni) due to the initially
applied tensile strain. Thus, the effects revealed in the
analysis of temperature dependences of the stress tensor
components are mainly due to the incommensurability of
the lattice parameters of the metal films and gra-
phene. 74 119. 164

It should be specially emphasized that, unlike the Cu/G,
Ni/G and Pd/G systems, in the model Cu/G, bilayer
graphene system, the horizontal diffusion of copper atoms
(Dyy) at temperatures of > 1500 K develops more inten-
sively than the vertical diffusion (D.).!'° This is attributable
to the fact that the temperature dependences of the defor-
mation stress tensor components for the Cu/G and Cu/G»
systems are fundamentally different: the contact of a metal
surface with monolayer graphene at > 1800 K gives rise to a
sharp extremum in the dependences of these components,
which may be caused by the increasing amplitudes of the
deformations (up to the ‘island’ fluctuations with partial
defragmentation of the closed packing of the metal).

V.2.e. The Pdn/G clusters (N = 13, 561)

Within the framework of computer simulation, the thermal
evolution of Pd;3 clusters with different initial structures
(fce, Th, rep) attached to a graphene substrate (Pd/G) was
analyzed (Fig. 27).67-74 152 Since the effects of rehybridiza-
tion in the Cu/G, Ni/G and Pd/G systems were different, the
scales of formation of tetrahedral coordinations in different
systems had their own distinctive features.

The diffusing palladium atoms, upon interaction with
graphene carbon atoms, form two-dimensional ring struc-
tures — ring clusters (as in the case of Cu/G and Ni/G
interfaces).¢”-74 They are constructed of graphene unit cells
(with the lattice parameters ag = 0.246 and 0.492 nm) with
a shift and arrangement of either four carbon atoms around
one central metal atom (as in the case of Ni, Co, Cu) or (as
in the case of Pd, Pt, Au, Ag and Al) eight atoms of carbon
superlattice around three central metal atoms. For the Pd;3
fce cluster, as for the Pdsg; fcc cluster with the initial Th
structure (Fig. 28a), on heating to 1300 K (Fig. 285),
superlattice points are formed in the of Pd/G contact areas
(Fig. 28 ¢) by three carbon atoms of the first and three more
carbon atoms of the second coordination around single
palladium atoms that have been inserted into the graphene
plane.®” The most pronounced change in the palladium
coordination upon temperature rise was noted for the Pd;3
fcc cluster (see Fig. 27 b).

The diversity of structure transformations can be inter-
preted taking into account the difference between the
interaction energies of metal and carbon atoms.!84185
Indeed, the lowest Pd—C interaction energies were noted
for the system that forms the interface between graphene
and Pd;; fcc clusters (Fig. 29). The lowest Pd —Pd binding
energy was inherent in the Pd;3; Ih clusters; therefore, they
underwent the least structure changes, which is interpreted
as the energy autonomy effect. Only for these clusters, the
binding energy with graphene changed little up to 4000 K.



524

V A Polukhin, N A Vatolin Russ. Chem. Rev. 84 (5) 498539 (2015)

z /nm

10

Figure 27. Hexagonal graphene plane () and three modes of arrangement

of Pd;3 clusters with the initial fcc (b), Ih (¢) and rcp (d) structures on this
x/nm —10 plane at 3900 K.74.152
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Figure 28. Pdse; nanocluster with the initial Th structure at 300 K
(a), that on the graphene substrate after heating to 1300 K (b), and

the scheme of formation of the Pdss/G heterostructure with
formation of the PdCg ring clusters (c).%”
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Figure 29. Temperature dependences of the Pd—C interaction
energy for the Pd;3/G systems with the fcc (7), Th (2) and rcp (3)
cluster structures.®” 152

The structures of the Pd;s clusters having other types of
atomic packings were destroyed under these conditions;
randomly packed clusters were least stable: their initial
coordinations were completely destroyed under the action
of carbon atoms at 3900 K to give mainly Pd — C bonds.

The specific features of atomic dynamics and interaction
of Pd clusters with the substrate can be derived from the
above analysis of the coefficients D, and D- (see Fig. 21).
The clusters with the Th structure either present initially or
having appeared after isomerization and transformation of
unstable (100) and (110) faces proved to be most stable on
heating. Despite the fluidization induced by heating-initi-
ated diffusion of surface shell atoms, the contours of the
faceted morphology of clusters were retained but gradually
smeared up to complete melting of all shells. The interaction
with the graphene substrate changed considerably the heat-
ing thermodynamics and the kinetics of cluster ‘melting’.
This is even more obvious if the clusters are intercalated
into a nanotube or are surrounded by a fullerene-like
shel].145. 146

The character of binding and specific atomic dynamics
clarify the thermal evolution of endohedral clusters. Indeed,
in the case of physically adsorbed interface of an endohedral
copper cluster with relatively low Cu— C binding energy at
a temperature 15—20 K higher than the melting point of
bulk samples, pressure build-up and, hence, increase in the
kinetic energy (kgT') of copper atoms boost the probability
that some of these atoms would migrate beyond the surface
of the fullerene-like shell (as through the graphene sheet ''°)
with retention of its integrity. In the case of chemisorbed
interfaces of endohedral M @C, clusters with high energy of
hybridized bonds, heating above the melting point would
induce deformation stresses in the interface followed by
stress relaxation accompanied by bond recoordination in
graphene, increase in the fraction of M —C bonds and the
volume of the endohedral sphere as well as by the formation
of a bond network similar to the bond network formed in
metcars (e.g., in TigCj2). Further heating and increase in the
atomic energy to values comparable with the activation
energy for metal atom vaporization and increase in the
excessive density of bonds of different type would inevitably
cause destabilization and destruction of the endohedral
structure.'#3

As a Pdsg; cluster was heated and ‘melted’ on a graphene
substrate, the pattern of temperature dependence of the

phonon contribution to the specific heat capacity Cyp
changed. This contribution can be estimated by integrating,
from 0 to oo, the spectrum of vibration frequencies (w) of
cluster atoms D(w) as the Fourier image of autocorrelation
functions of atom velocities v(fo+nAt), where n is the
number of time steps Az. In the one-phonon approxima-
tion 8 10

o _ 3N [fl0)D(@)d(w)
' I D(w)d(w)

where f(w) is the quantum oscillator statistical function

B ho \*  exp(hio/kyT)
flo) = ks (kB—T) lexp(fiw/ky T) — 1]

The electronic contribution is determined via the elec-
tron density states at the Fermi level [N(EF)] and is also
temperature-dependent

kg TN(EF)

Co=—-—"7-—"7—
3

If the frequency spectrum is known, it is possible to
estimate the diffusion coefficient, which is proportional to
the value of the spectrum at zero frequency. However, in
MD calculations, it is preferable to estimate diffusion via
the root-mean-square displacement and to estimate the
specific heat capacity Cy via the root-mean-square fluctua-
tions of the kinetic (temperature) or internal (potential)
energy

¢, -y o
NkygT?
(here N is the number of atoms in the cluster).

The temperature variations of thermodynamic values
such as internal energy (caloric curve for the potential
energy per atom) and the heat capacity Cp appear equally
demonstrative for the thermal size effects and the substrate
effect. Note that the non-monotonic temperature depend-
ence of the caloric curve reflects to a larger extent the
complex structure transformation processes and states of
clusters than the gradual decrease in, for example, shear
moduli.

The energy redistribution with increase in the surface
component leads to non-additivity of thermodynamic com-
ponents, which is especially pronounced in the character of
the temperature dependence of the heat capacity Cy calcu-
lated by relation (2) for an isolated Pdse; nanocluster heated
from 300 to 1500 K. From the initial stage of heating to the
completion of quasi-melting and onset of intense melting of
all shells, the heat capacity changes are exceptionally non-
uniform.

Under the action of even slight heating or upon weak
interaction between metal atoms and graphene, rearrange-
ment of metal atom coordinations takes place in the contact
area, which affects the curve Cy(T) of the cluster. The
Cu/G and Pd/G systems differ substantially in the degree of
hybridization; in view of the stronger Pd — C interactions, it
is natural to expect that this would affect the temperature
dependences of the heat capacities of these systems
(Fig. 30); in particular, the Cu/G system does not show
the well-resolved peak on the right from the major peak.
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Figure 30. Temperature dependences of the heat capacity Cy on heating from 300 to 1300 K of Cus (a, ¢) ''” and Pdse (b, d)7# clusters
with the initial fcc and Th structures, respectively; (a, b) isolated clusters; (¢, d) clusters on a graphene substrate.

On hardening on the graphene substrate, the structure of
Pdse; nanoclusters comprising five shells was not the same
as the structures of isolated clusters or bulk samples. On the
nanoscale, the structure changed from Ih to hcp during
various stages of heating and hardening.!36-18% For Nisg,
on a graphene substrate, a fcc rather than icosahedral
structure proved to be most stable from the energy stand-
point.

The specific features of interaction of the island films of
nickel 14 and palladium clusters 74152 with the substrate
can be followed from temperature dependences of compo-
nents of the kinetic coefficients D,, and D. (see
Figs 21-23). It has been noted above that even a slight
heating and weak interaction between the metal and carbon
atoms induce a mutual rearrangement of metal atom coor-
dinations to give a substructure (moiré¢) upon superposition
of the metal and graphene lattices with incommensurable
parameters. As tetrahedral coordinations with incorpora-
tion of metal atoms are formed, a contact sphalerite
structure appears in which local coordinations can be
represented as carbon ring clusters centred at the hcp points
or triangular fcc points (with groups of three carbon atoms
around the substrate atoms). Recoordination occurred also
in a graphene monolayer on heating to 900 K and a relative
compression of > 0.4 in the ‘zigzag’ direction (the Lennard-
Jones potential was additionally introduced in the calcula-
tions to damp the dynamics of carbon atoms in each
hexagonal unit in order to avoid the wave-like corrugation
of the graphene plane).74. 119,164

A possible method for stabilization of the diffusion
processes at the interface activated by the parametric

incommensurability is doping of metal films by deliberately
chosen metal atoms. For, example, manganese atoms can
initiate restructuring processes to form Mn—M —Mn
chains, which not only induce local changes in the intera-
tomic distances (with increase in the contact area by ~1%)
but also generate a network of randomly oriented local
stresses,'89-193 which prevent atom migration. The stabili-
zation energy can be estimated using the formalism that
takes into account three factors:!°0 the structure disorder,
the activation interactions related to phonon transport and
impurity migration. Using the MC and MD techniques it is
possible to estimate the effect of doping elements (in
particular, manganese) by calculating the decrease in the
incommensurability potential, which activates the diffusion
mobility of atoms.!®!-192 Naturally, the doping elements
would also change the electronic spectrum of the interface,
namely, additional levels would appear in the band
gap.189-190

V.3. Catalysis models
The thermal evolution of transition metal clusters attached
to a graphite substrate was analyzed.!®*1°> The thermal
stability of catalysts comprising platinum nanoclusters
supported on graphite in the region of 200—1700 K was
studied as a function of size (clusters composed of 256 to
1372 atoms were considered). The temperature of destruc-
tion of the cubic structure (analogue of melting) markedly
increased with increase in the number of atoms in the
nanocluster: from 850 K at N = 256 to 1100 K at N =~ 1400.
Molecular dynamics simulation 24195 of the thermal
growth of the single-walled carbon nanotubes catalyzed by
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nickel nanoclusters of various shapes and morphologies was
carried out starting from nucleation and formation of the
cap covering the nanotube end up to the formation of an
extended cylindrical body up to 10 nm long.

The processes that can occur with high probability
during a real transition metal-catalyzed synthesis of nano-
tubes from the carbon vapour phase formed upon laser
ablation were reproduced.'?®~ 19 The initial stage of nucle-
ation and nanotube growth was distinguished and its
duration was determined (~ 150 ps). This stage started
with the adhesion of separate atoms and terminal chains
consisting of several carbon atoms from the vapour phase
or penetration of these atoms into the outer shell of the
nickel cluster followed by formation of graphene networks
on the cluster surface. The following question remains open:
how important for the intensity of synthesis is the initial
supersaturation of the vapour—gas phase with carbon? The
supersaturation is a short-term phenomenon (in view of the
high rate of the process) difficult for experimental or
computer investigations. After a period of 2860 ps, the
step of tube cap formation ended and the formation of the
cylindrical walls started. By varying the substrate, it is
possible to enhance its interaction with the cluster atoms
and control its thermal stability, thus considerably increas-
ing the melting point. As > 10% of the cluster surface atoms
have been attached, the melting point in the contact zone
sharply increases and the strongly acting bonds in this zone
affect the atoms of adjacent layers.

To study the substrate effect on the electron charge
distribution on the cluster surface and conditions for the
appearance of tunnelling current in the system of 2D
spacers, it is necessary to utilize other quantum statistical
methods for estimation of electron states. From known
geometry of the possible overlap of the long-range electron
density profiles, one can estimate the distances between the
nanoclusters without allowance for the quantum mutual
effects of electron densities. To intensify a chemical reaction
at high density of catalytic sites with a specifically changed
local electronic structure, conditions are necessary for the
most low-energy electron (or proton) transfer between the
adsorbed reactant molecules and a nearby catalytic site. The
most active sites are formed upon the overlap of oscillating
electron density profiles, which is sufficient to provide for
tunnelling current.

The electronic ‘long-range action’#> within 1 nm,
depending on the Fermi wave vector, ensures the required
overlap even at distances of r = 1.7—2.0 nm with a nano-
contact tunnelling conduction determined by the probabil-
ity that is proportional to the exponent exp[—2r(2¢)'/?] (¢
is the electron work function, which is much greater than
the electric potential of the nanocontact).

It should be taken into account that the maximal
activity of nano-sized clusters can be associated with a
change in the conduction of the immobilizer material,
which can thus acquire a semiconductor behaviour as a
result of electron density redistribution throughout the
whole catalytic assembly. This redistribution would actually
enhance the catalytic activity at a certain (optimal) number
of atoms in the nanocluster, while in the presence of a
fraction of larger clusters, it would not have the desired
effect.’ Evidently, the appearance of additional charge on
active sites should enhance the efficiency of the catalysis.

In the nickel and palladium nanoparticle assemblies
with the size comparable with the critical value (~2 nm),

non-activated electron transfer mechanism is implemented
even at a moderate packing density. The average conduc-
tivity of this assembly actually depends not only on the
nanocluster size and shape but also on the nanocluster
mutual positions and packing density. As the packing
density factor increases, nanoparticle assemblies forming
extended structures may switch from the tunnelling ther-
mally activated conduction to a metallic conduction (up to
superconductivity). For instance, a monolayer coating of
copper nanoparticles may change the conductivity of the
resulting film by nine orders of magnitude.”® 2°° Thus, apart
from the influence on the general surface topology and
internal structure, the electronic and charge state of the
substrate determines the cluster self-assembly processes by
participating in their cooperative interaction and electron
density redistribution, and, finally, affects the catalytic
activity.

V4. The interface in the Ag/SiO; system

Even the first studies of catalysis by deposition of tran-
sition metal nanoclusters on oxides demonstrated 200-203
that the size effect with a high degree of regio-, stereo- and
nanoselectivity in chemical transformations accompanied
by low energy expenditures but having unexpected effi-
ciency would give the key for controlling other chemical
processes that have been considered impossible. Silver is
widely used in photography and catalysis; it is also
demanded in the manufacture of new optoelectronic
devices.?%* Silica nanoparticles coated by a 15-20 nm
silver layer or by gold exhibit a therapeutic effect in
tumour treatment.?95-297 Such a nanoparticle is able to
convert the absorbed IR radiation energy into thermal
energy and induce cell destruction. Experimental studies
of the behaviour of (Au)«(SiOz), nanoparticles demon-
strated that their optical response is caused by hybridi-
zation of plasmons of the inner and outer shells.?0% A
study 2% of binding of gold atoms to small silica clusters
demonstrated that this system may have the same thera-
peutic effect on tumours as larger nanoparticles. The
adsorption of silver on the surface of the a-SiO, cluster
enhanced the Raman effect.

Galashev and Polukhin?°! performed MD calculations
for the adsorption of silver atoms on a a-SiO, surface and
formation of the cluster/island Ag/a-SiO, interface. The
absorption and transmission IR spectra, Raman spectra
and the numbers of IR-active electrons were calculated. The
major effect of the attachment of silver atoms to a silica
cluster is the considerable increase in the thermal emission
power. The electronic properties of Ag(SiOz ), small clus-
ters, where n = 1 -7, were studied by the density functional
theory.?'% In the researchers’ opinion,?'? these clusters
could serve as an alternative to more expensive
(Au)«(Si0,), systems with n = 1—7, as they have the same
functional properties. The interaction of atoms in the SiO»
group of Ag(SiO,), was represented by the Coulomb and
Morse potentials.?!!

The interaction between silver atoms can be described
by a different potential the parameters of which have also
been reported (see Ref. 212). The Si—Ag and O—Ag
atom—atom interactions were estimated based on the para-
metrized Lennard-Jones potential.?!3 In the calculation of
molecular interactions, bond flexibility should be taken into
account by using the deliberately developed procedure in
terms of Hamiltonian dynamics.?!#
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The initial packing of SiO4 tetrahedra representing a
quartz nanoparticle (SiO2)so with isolated structural units
was obtained using GRINSP software.?!> The positions of
silver atoms were determined using a virtual fcc lattice
piercing the (SiO»)so cluster. The lattice constant was
0.6 nm. The lattice points most proximate to the silica
nanoparticle occupied by silver atoms were spaced by not
more than 0.6 nm from each silicon or oxygen atom. Three
calculations were accomplished for different numbers of
silver atoms (Nag= 10, 30 and 50) surrounding the
(Si02)sp nanoparticle. Examples of some elementary cluster
configurations (Fig. 31) with ring groups of adsorbed Ag,
clusters (n = 2—7) on the a-SiO surface were reported.?'¢

Examination of the Agso(SiOz)so structure formed in
250 ps (Fig. 32) demonstrated that the interaction of silicon
dioxide with silver atoms does not prevent the aggregation
of Si0O; islands, the spheroid cluster shape being retained.
The silver atoms are in close contact with silicon and oxygen

X /nm

Figure 32. Configuration of a Agso(SiO2)so nanoparticle formed at
300 K in 250 ps.?!

@ 2

(* B Qo

Figure 31. Examples of some elementary configurations from the
adsorbed Ag, clusters (n = 2—7) on the a-SiO surface.?'®
The crosses mark the centres of the SiO rings.

atoms, as they fill the gaps between the SiO, structural
units. The inner part of a silver cluster contacting with SiO»
islands is disordered. However, the crystal order inherited
from the initial fcc lattice of silver can be followed at the
periphery. The observed structural relaxation is mainly
associated with migration of lighter and more mobile SiO»
groups.

The integral intensity of the Raman spectrum (Fig. 33)
for the considered model decreases as more silver atoms are
attached to (SiO»)so. The integral intensities of systems
I—1IV obey the ratio: 1:0.81:0.56:0.34. The location of
the first peak (with a 87 cm—! frequency) does not change,
and the diffuse second peak shifts to higher frequency. The
experimental Raman spectrum of a-quartz?!” has four
peaks in the frequency range from 100 to 500 cm—!, the
major peak being at 467 cm— 1.

The dependence of the number of electrons (Ne)
involved in the interaction with IR radiation on the number
of silver atoms in the cluster (i) has a maximum at i = 30
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Figure 33. Raman spectra for the systems formed by a self-
assembled cluster from (SiOz)sp particles and adsorbed silver
atoms.?°!

(1—4) Calculation for systems -1V containing 0, 10, 30 and 50
silver atoms, respectively, on a a-SiO> nanoparticle; (5) experimen-
tal Raman spectrum 2!7 of a-quartz at 300 K.
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Figure 34. Number of electrons interacting with external electro-
magnetic radiation (/), mechanical stability factors 1/Vfr (2) for
the Agi(SiO2)so clusters and a-quartz (3) vs. the number of silver
atoms.?0!

(curve I in Fig. 34). The N, value for the cluster of thirty
silver atoms is 1.6 times higher than that for the (SiO2)so
cluster. The silica cluster containing 30 silver atoms is also
most stable according to the mechanical criterion of stabil-
ity 1/Vfr > 0, where V is the volume, fr is the isothermal
compressibility coefficient of the cluster (the method for
calculating this value has been reported !'5). The stability
factor 1/Vfr for the Ag;(SiO,)so clusters in question has a
dome of stability at i = 15—30 (see curve 2 in Fig. 34). The
1/VpBr values for the clusters are lower than that for
a-quartz (see curves 2 and 3 in Fig. 34).

Thus, the deposition of silver atoms on a silica cluster
does not induce an increase in the absorption coefficient of
IR radiation but decreases the intensity of Raman spectra
and substantially enhances the power of heat radiation
emitted by the clusters; also, the number of IR-active
electrons increases and, at a moderate number of absorbed
silver atoms, the mechanical stability of the cluster
increases. Owing to high heat conductivity of silver, effec-
tive transfer of the emitted energy to the objects contacting
with the clusters is expected.

VI. Stability and thermal size effects of silicon
clusters determined by the specific character of
covalent bonds

Clusters with a different character of interatomic bonds,
namely, silicon clusters with covalent bonds were examined
for comparison with the evolution of metal clusters. These
clusters are a sort of semiconductor materials and impor-
tant functional elements in opto- and nanoelectronics
(nanoparticles including crystallites and nanoclusters are
demanded in the manufacture of microchips). Semiconduc-
tor clusters with covalent bonds are synthesized at a low
vapour pressure under the strict control over physicochem-
ical properties, which depend on the change in the chemical
composition, energy dissipation, vaporization and atom-
and-molecular transformations occuring over picosecond
time periods.

Extensive studies were mainly carried out for hydro-
genated silicon clusters with up to 45 silicon
atoms;!1-218-222 the Sy H, (N < 44)221:222 and SijoHS
ions 223.224 were detected, quantum statistical stability esti-

mates for the hydrides SiyH! and SiyH, were per-
formed 229-225 and computer simulation of the thermal
evolution of diamond-like fragments of the clusters was
carried out.??® It was found experimentally that upon
formation of SiyH, nanoclusters in porous silicon, the
silicon acquires photoluminescent properties.??7-228 It was
also shown 2?8 that temperature rise induces dehydrogen-
ation of the SiyH. nanoclusters down to the minimum
hydrogen content — from x = 28 at 301 K to x =8 at
943 K; stoichiometric clusters are very thermally stable.

Currently, research into silicon clusters comprising 60
atoms and more, i.e., fullerene analogues, is topical, in view
of the fact that silicon and carbon are neighbours in Group
1V of the Periodic Table.!!-22° The optimistic view concern-
ing the possible synthesis of these silicon clusters is related
to the experimentally detected?3° and theoretically con-
firmed 23! the presence of five-membered rings in amor-
phous silicon.

Silicon nanoparticles of up to 50 nm size are transparent
for light up to UV range and upon deposition of these
particles (up to 10 nm-thick layer) onto light-absorbing
surfaces of solar cells, the efficiency of the cells increases
due to the ultraviolet re-emission effect. This result is
impressive in view of the considerable researchers’ effort
aimed at increasing the efficiency of such devices by at least
1%. An equally noteworthy effect is observed if spherical
silicon nanoparticles coated by a shell of inert triplet oxygen
atoms are illuminated by a laser beam: oxygen converts
from the triplet to singlet state and becomes a very potent
oxidant. Being surrounded by malignant cells, such a cluster
can accumulate light energy upon laser irradiation and burn
out the cells. Nanofragments with a graphene monolayer
packing composed of carbon and silicon atoms formed on
metal nitride substrates can serve to create an element base
of transistors/switches with a high degree of miniaturiza-
tion.3—11

The physical well adjusted the model, which directly
depends on the appropriately selected interaction potential,
and the high accuracy of calculations not only help to
understand the essence of the phenomena being studied
but also open up the possibility to predict particular effects.
It is this approach that provided the design, over shortest
periods since the discovery of carbon nanotubes and full-
erenes, of unique dislocation-free nanocrystalline silicon
phases and various Si nanostructures of 5 to 60 nm size —
spherical assembled ligands with oxygen or hydrogen outer
shells, onions, nanotubes (hollow, intercalated or having
outer shells) and pea pods hundreds of nanometres long.
The nanostructured silicon phases are formed upon varying
the temperature and the cooling rate of the argon plasma
with silicon pre-injected into it at 6000 °C in the presence of
transition metal atoms.”4°

The sizes of clusters used in optoelectronics occur in the
range in which quantum effects influence the electronic
properties. The nano-sized materials for microelectronics
are subject to stringent requirements for purity, size and
perfection of shape of the clusters as functional elements. A
considerable portion of the fractional composition in the
vapour—gas condensation processes are small particles,
which rapidly coagulate. The size of primary spherical
particles and the degree of agglomeration of the ultra-
dispersed fraction depend on the ratio between the dura-
tions of particle collision and coalescence processes. Coa-
lescence predominates if the time of processes limiting its
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rate exceeds the characteristic period between the collisions.
The variation of the ratio between these time periods
provides for the control of the nanoparticle morphology
and size required by the technology regulations. Practically,
the particle size is controlled either by varying the charac-
teristic time between the collisions upon change in the
particle concentration in the flow or by varying the charac-
teristic time of coalescence. Further progress in the studies
of the mechanisms of increasing the thermal stability of
such devices can be achieved by experimental studies and
computer simulation of phase transitions in nano-sized
systems.*?-229

The models are based on the data on electronic struc-
tures and nature of interatomic interactions obtained by
computational MD and MC methods. These methods make
it possible to simulate the changes in the structure and
chemical composition of various composites. For instance,
the MD calculations that use the density functional theory
method and the electronic structure theory demonstrated
the ability of silicon drops comprising 274 to 323 atoms to
form distorted icosahedral structures on cooling. Computer
simulation can be used for predicting the structure and
properties of new non-crystalline materials for improve-
ment of the production processes. The simulation showed
that in the case of free boundaries, the silicon nanostruc-
tures composed of 20 slightly distorted face-sharing tetrahe-
dra are unstable but upon assembly into a dense extended
structure, they can form a slowly relaxing irregular solid
medium, viz., glass.”

The influence of hydrogenation on the optical and
electronic properties of semiconductors in different states
receives increased attention,?3? especially in the develop-
ment of functional nano-sized components of new technical
equipment 233 (in particular, for the design of high-speed
and compact chromatographs for separation and rapid
analysis of multicomponent gas mixtures, polymer mem-
branes for the production of non-traditional fuels, viz.,
gaseous hydrogen and methanol).?34235 The necessity of
further research into nanostructured semiconductor nano-
materials is due to the unique optical, magnetic and surface
properties they possess and the quantum effects that are
demanded in the design of high-tech equipment.

According to Mousseau and Lewis,??¢ the Sigo cluster
with ‘open surface structure’,¥ unlike hydrogenated SigoHgo
with the closed surface structure, has a non-zero spin and,
hence, it is an example of a single-molecule magnet. Relying
on the results derived from theoretical models,23¢ the full-
erene structure is preferred for Sigp over the network
structure (similar to naphthalene) or cylindrical structure.
The fullerene structure corresponds to a local minimum on
the potential energy surface but it is unstable for silicon and
susceptible to relaxation to a structure with restoration of
the tetrahedral coordination.!!

Several publications?!8-220 were concerned with the
properties of intercalated silicon nanoparticles constructed
as fragments of a diamond-like lattice and a random atom
packing and a nanoassembly of 60-atom fullerene contain-
ing an embedded 13-atom icosahedron in comparison with
the same systems with hydrogen-passivated dangling bonds
of the silicon atom.

1 A surface with non-passivated external bonds.

In the initial system consisting of fullerene intercalated
with a distorted icosahedron, an icosahedron atom is
coordinated to five atoms of the fullerene structure with
the bonds of length Ly ~ 0.24 nm. The total number of
bonds between the fullerene-like outer shell and intercalated
icosahedral shells reaches 60. The neighbour atoms in the
icosahedron are spaced by a distance ~ 1.9 times longer
than L. The central atom of the icosahedron is removed
from the peripheral extended icosahedral shell by a distance
1.8 times greater than Ly, which, in principle, makes it
possible to enhance the intraicosahedral coordinations by
additional tetrahedral atomic groups. The Tersoff potential
parameters for silicon were reported by Tersoff;!¢7-168 the
Lennard-Jones potential parameters were reported by
Zhang and Jiang.?37 The repulsion (Lennard-Jones poten-
tial) was taken into account only if the atoms approached
one another to inadmissibly short distances in the simula-
tion of nanoassembly of an icosahedron and fullerene. The
Tersoff potential is applicable to simulation of the systems
with, on average, 3—4 covalent bonds per atom.?> The
initial system had 5 fullerene atoms per each atom located
on the icosahedron surface. Five closest neighbours of an
icosahedron surface atom were not taken into account
because the distance to them was ~ 1.9 times longer than
the bond length Ly . In the absence of repulsion, the atoms
rapidly approached one another to inadmissibly short dis-
tances with a surge in the internal pressure; therefore, the
interatomic repulsion was included into the model algo-
rithm.

VI.1. Model of the Si73 nanoassembly
The algorithm of integration of the motion equations in the
simulation of Si73 nanoassembly was based on the fourth-
order Runge—Kutta procedure with the time step of
At = 1072 ps. The calculations involved three stages,
100 ps long each, starting from the same temperature of
35 K with heating in 90 K steps up to 1560 K. In one series
of calculations, an onion nanoassembly of a 60-atom full-
erene-like cage intercalated with an icosahedron with the
lattice parameter Ly = 0.24 nm served as the initial struc-
ture (the lattice parameter of the bulk crystal is 0.235 nm).
In another series of calculations, a diamond lattice fragment
as a sphere comprising the coordination of 72 closest atoms
around one of the lattice points was taken as the initial
structure. Yet another calculation series was performed for
the initial structure obtained by mimicking the cluster
growth upon vapour condensation to form interatomic
distances corresponding to a crystal. In subsequent calcu-
lations,??3 the same models were used to study stabilization
of silicon clusters by passivating the dangling bonds with
hydrogen, i.e., based on MD simulation of HeoSi73 clusters.
The observed fast destruction of the local environment
of atoms belonging to the icosahedron surface in the Siz3
intercalate was due not only to their binding to fullerene but
also to the absence of the tetrahedral angle (109.47°)
between the bonds. The collapse of the nanoassembly in
the case of using only the Tersoff potential was prevented
by inclusion of repulsion forces (Lennard-Jones potential)
in the consideration for atoms that approach each other to a
distance of < 0.28 nm.2%3.218.229 Three series of calculations
were performed for silicon nanoparticles. The initial tem-
perature was taken to be 10 K for each series; the comput-
ing duration was 100 ps for each temperature; the temper-
ature for every subsequent computation was raised by
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100 K, and the final computation was carried out at
1710 K.

To determine the initial configuration of the nanopar-
ticle, in a series of calculations using the random packing of
atoms, a sphere of a definite radius was filled with silicon
atoms by means of the random number generator. In the
initial state, the minimum distance between silicon atoms in
the random packing did not exceed this value for the
corresponding bulk crystal (0.24 nm). Therefore, and also
due to reduction of the sphere filling time, the density of the
initial atomic packing was not more than 0.6 of the density
of the corresponding nanocrystal. In the series of nano-
assembly computations, the initial configuration was a 60-
atom fullerene structure containing an intercalated 13-atom
icosahedron. The minimal distance between the atoms in
this packing corresponded to the same characteristics of the
bulk crystal of silicon.???

During the simulation, the temperature dependences of
the potential energy and the volume of the silicon clusters
were calculated (Fig. 35). The energy for a nanoparticle
with a random packing of atoms is negative over the whole
temperature range considered, while for particles with the
initial crystal packing of atoms, a sharp peak is present in

—u /eV per atom
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Figure 35. Temperature dependences of the specific potential
energy (a) and volume (b) of nanoparticles comprising 73 silicon
atoms.?!8

(1) Particle with diamond-like structure, (2) randomly packed
particle, (3) nanoassembly of 60-atom fullerene and 13-atom
icosahedron.

the curve u (T') for u > 0 at 710 K. In the temperature range
covered by this peak (500 < 7'< 900 K), the u values were
found to be higher for a crystalline nanoparticle than for
other nanoparticles. Similarly, the potential energy for a
nanoparticle with the random packing of atoms in the
region of the major peak (1100 < 7" < 1300 K) in the curve
u(T) was higher than for other nanoparticles. In all other
cases, the u values for nanoassembled nanoparticles were
higher than the energies of other particles.

The volume containing 73 atoms was defined as the
volume of a sphere circumscribed around the centre of mass
of all the atoms that initially form the nanoparticle. The
radius of this sphere was equal to the distance from the
centre of mass to the centre of the most remote atom. In the
case of a crystalline nanoparticle, a sharp growth took place
at temperatures of >1010 K due to vaporization of various
atoms. For other nanoparticles the increase in the volume
with temperature rise was more gradual. A fast growth of
the volume was detected starting from 510 K for a particle
assembled from fullerene and icosahedron and starting from
910 K for a nanoparticle based on the random packing of
atoms. Thus, the crystalline nanoparticle proved to be most
resistant to atom vaporization.

The heat capacities of the models

dH
CP:E

were calculated by numerical differentiation of the enthalpy
H=E+ PV

where E is the internal energy. The resulting value was
compared with the heat capacity Cp of crystalline silicon.?38
In the case of the crystalline nanoparticle, a divergence of
the Cp values was observed near the vicinity of the temper-
ature of 710 K (Fig. 36), and the isobaric heat capacity of
randomly packed nanoparticles had two maxima, at 610
and 1210 K. For the nanoassembled nanoparticle, the Cp
value was especially low in the range of 1000 <7< 1300 K.

To ensure the required spherical symmetry in the con-
struction of radial distribution functions (RDFs) of atoms,
the atom located most closely to the centre of mass was
chosen as the reference point in the models. At 1710 K, the
RDFs for three types of nanoparticles were found and
compared with the experimental RDF (Ref. 239) for amor-
phous silicon. The limiting distance (2.5 nm) for which the
RDFs were determined corresponded to the volume of
~ 65 nm?; hence, it reflected the contributions of not only
the nanoparticle atoms but also of most of vaporized atoms.
As the temperature was raised, the pattern of the RDF of a
nanoparticle with crystalline atomic packing was smeared
but some of the peaks were still well-resolved even at
1710 K.

The density of randomly packed nanoparticles
decreased following the increase in temperature, which was
accompanied by displacement of the principal RDF peak
from 0.25 to 0.28 nm. Initially (at 10 K), the RDF curve for
the nanoassembled nanoparticle had the highest first peak.
The increase in the scale of RDF correlations at 10 K for
the assembled nanoparticle is caused by considerable dis-
placements of the central and outer atoms resulting from
strong repulsion from the neighbours. The number of
vaporized atoms for such a nanoparticle was 8 at 1710 K,
while for the randomly packed particle it was 6, and for a
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Figure 36. Temperature dependences of the isobaric heat capacity
of silicon nanoparticles comprising 73 atoms.?!®

Initial structure: (¢ ) diamond-like: (/) MD calculation, (2) exper-
imental value for crystalline silicon;?*® (b) randomly packed; (c)
icosahedron intercalated into fullerene.

crystalline nanoparticle it was 4.2°3 From analysis of the
initial configuration of the nanoassembled nanoparticle
(Fig. 37a) and its projections, it followed that the positions
of atoms had considerably changed and the whole cluster
structure had transformed. At high temperature, the par-
ticle was an amorphous entity in which close packing frag-
ments alternated with voids.?2% 229

The average number of bonds 7n1, per inner atom of the
nanoparticle was determined by direct counting of the
number of interatomic distances not exceeding 0.3 nm for
12 atoms located most closely to the nanoparticle central
atom. The number 7, found in this way was maximum for
the crystalline Siy3 nanoparticle (n, = 4.19) at 10 K and
minimum for the nanoassembled nanoparticle (n, = 1.78) at
1710 K. In the crystalline nanoparticle at 10 K, all bond
angles coincided with the tetrahedral angle to an accuracy

¥y /nm

X /nm

Figure 37. Structures Si73 (@) 2°3 and HeoSi73 () 225222 at a temper-
ature of 1560 K in the final point of the MD trajectory after 10°
steps.

of up to 1.5°; however, as temperature increased, the
angular distribution spectrum in the nanocrystal consider-
ably changed. At 1710 K, the most intense range of the
angular spectrum was from 90 to 146°, and the position of
the principal peak was 117°.22°

The diffusion coefficient of atoms was calculated by a
standard procedure as the limit of the root-mean-square
atomic displacement over a time period of 50 ps corre-
sponding to atom migrations. It was shown 22° that the
atom mobility in the nanoparticles in question increased
with increasing temperature approximately according to a
linear law (Fig. 38). In the case of a regular atomic packing,
the local deviations of the temperature dependence of the
diffusion coefficient D(7 ) from linearity were more sub-
stantial and D(T) determined for 73-atom nanoparticles
was more than twice greater than the experimental diffusion
coefficient of atoms on the surface of crystalline silicon at
1273 K.240

The difference between the physicochemical properties
of nanoparticles is largely determined by their different
initial structures. The high peak in the temperature depend-
ence of the potential energy of a crystalline nanoparticle at
710 K is caused by its melting , which starts on the surface.
The minor peaks at 710 and 1200 K in the u(7T") curve of a
randomly packed silicon particle corresponded to the ori-
entational structure ordering. The structural rearrange-
ments in a nanoassembled nanoparticle were smooth. Only
small peaks were present at 410 and 1200 K. Computer
simulation using the MC method and the EDIP potential 4!
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Figure 38. Temperature dependences of the diffusion coefficient of
atoms in silicon nanoclusters.?93.229

(1) Particle of diamond-like structure, (2) particle with a random
packing, (3) nanoassembly of 60-atom fullerene and 13-atom
icosahedron, (4) experiment.?*!

for the crystalline and liquid phases of silicon at zero
pressure revealed a feebly expressed liquid—liquid transi-
tion at 1135 K and a fluid to amorphous state transition at
843 K.

According to the Ehrenfest classification, phase transi-
tions accompanied by a jumpwise change in the first
derivatives of the thermodynamic potential (TP) are classi-
fied as the first-order phase transitions, while transitions
with a sharp change of the second derivatives of the TP are
referred to as second-order transitions.?*?> Melting of bulk
crystals is a first-order transition as both the volume and the
entropy change jumpwise.

For small nanoparticle sizes, the changes in the volume
and the entropy are slight, so that the melting phase
transition in nanoparticles can be conventionally classi-
fied as a second-order transition.?*3 For normally melting
compounds, the increase in the nanoparticle volume upon
melting can be counterbalanced by its compression under
the action of Laplace pressure. Since the Laplace pressure
is inversely proportional to the nanoparticle size, the
counterbalancing is not effective for large particles, melt-
ing in which is thus a first-order transition. In the case of
silicon, the situation is different. On melting of a silicon
crystal, the volume decreases, i.e., the transition to a
closer packing takes place. The decrease in the volume
upon melting could also be expected for Si nanoparticles,
but due to the short-range character of Si—Si interac-
tions, the more free surface atoms are easily detached
from the bulk part. This gives rise to a negative radial
density gradient and brings about the necessity to mini-
mize the change in the volume upon the disordering of the
pre-melting structure. Due to the specific character of the
interatomic Si—Si interaction, the Laplace pressure
should not affect the coordination.

The temperature dependence of Cp for a crystalline
nanoparticle exhibited a sharp peak at 710 K. Less clear-
cut peaks were noted in this curve at this temperature for
randomly packed nanoparticles. The specific features of the
Cp(T) curve that were found for a nanoassembled particle
can be regarded as fluctuations. The temperature of 710 K
corresponded to the maximum deviation (to lower values)
of the diffusion coefficient for a crystalline nanoparticle
from the linear dependence.??® This is attributable to the
fact that the irreversible destruction of the crystal structure

was immediately preceded by retartadion of the thermal
motion of atoms through chaotization.?44

The essence of this phenomenon is as follows. The
arrangement of atoms in a crystal lattice can be represented
as a packing of atom layers alternating in a particular way.
The silicon atoms are held in the lattice by strong short-
range interactions. Initially, the lattice has no point defects
(vacancies or interstitial atoms). At high temperature, the
crystal lattice is distorted, the atomic layers are highly
deformed and it is difficult to identify them. In the vicinity
of the melting point, the amplitudes of atomic vibrations
increase so that some atoms can cleave the bonds with
atoms of the same layer; however, they are not free to
migrate to the second layer. The transition from a regular to
irregular atom packing is a collective process in which
separate atom motion is hampered.?*> The kinetic compli-
cations in the structural rearrangement are reflected in the
sharp decrease in the diffusion coefficient. On further
heating of the system, atom collisions become more fre-
quent and more intense. The number of broken bonds
sharply increases and specific translational motion of
atoms is detected as a considerable increase in the diffusion
coefficient upon transition of the model system into the
fluid (liquid) state.

A highly important problem of the synthesis of silicon
nanoclusters is their calibration according to size with
efficient control over the coalescence process in gas flow as
a result of decrease in the number of reactive collisions, for
example, upon cluster ionization.??3-229-246-248 Ap alterna-
tive way for decreasing the reactivity of collisions is hydro-
gen passivation of dangling bonds on the surface of Si
particles in the temperature range of 3001800 K.!! The
presence of hydrogen atoms on the nanoparticle surface
imparts elasticity to the atom collisions in controlled gas
flows and even in liquids. Indeed, Murphy ez al.,*” who
proposed a priori the hypothetical possibility of the exis-
tence of a fullerene-like Sigo structure and estimated its
electronic characteristics, concluded that the existence of a
set of ‘open’ and ‘closed’ fullerene-like structures based on
the truncated Sigp icosahedron is possible. The question of
synthesis of a new class of supramolecular magnets based
on this structures remains open as the problem of thermal
stability of the clusters has not been solved.

In the study of thermal stability of the disperse states by
chemical nanomechanics,!'! intercalated Si;3 particles were
taken as the initial cluster structures and onion composi-
tions were constructed based on them (the model particles
were surrounded by a shell of hydrogen atoms). In the
Si73Hgo structures thus formed,??> hydrogen atoms were
located at a 0.22 nm distance from each other and from
the closest silicon atoms (see Fig. 37 b). The construction of
this structure resulted in the hydrogen ligand density of
~42-45 kg m~3, which is almost twice lower than the real
density of liquid hydrogen at 20 K (70 kg m—3). The initial
temperature for the MD simulation of this ligand was 35 K,
which was higher than the boiling point of liquid hydrogen
(20 K); in other words, the ligand corresponded to a dense
gas if the adjacent Sigo shell was neglected.

Comparison of the thermal evolution of the cluster
ligands with different initial structures upon temperature
rise demonstrated the monotonic increase in their internal
energy from —5.18 eV per atom at 35 K to —2.65 eV per
atom at 1560 K for Si73 (a diamond lattice fragment). For
the nanoassembled cluster and randomly packed cluster, the
energy changes were more abrupt. In the case of a nano-
assembled cluster at 2/3 of the complete heating range, the
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energy was found to be close to —4.33 eV per atom, which
corresponded to the energy of bulk crystal (—4.36 eV per
atom).?*® During heating of the randomly packed cluster
ligand, the same value was attained at a lower temperature
(about 750 K). For all of the simulated cluster ligands, the
RDFs around the atoms proximate to the centre of mass
were calculated. The nanoassembly had the most stable
structure, judging from the fact that the initial RDF form
was retained: the two initial peaks corresponding to the first
(comprising 12 atoms) and second (a 60-atom fullerene
cage) coordinations at 1560 K coalesced into one peak.
More complex RDF peaks of nanocrystals and a randomly
packed cluster changed with heating: mainly, they gradually
shifted due to increase in the interatomic distances (low-
ering of density). Noteworthy are also the transformations
of the distribution functions of angles between the Si—Si
bonds where the predominant angle of 91.8° was retained
for all of the considered clusters. As the temperature
increased, the angle distribution in the Siy3 nanocrystal
changed fundamentally (the peak at 110 K disappeared).

The dependence of the cluster size on temperature was
elucidated by analyzing the thermal expansion caused by
the change of bond lengths and by vaporization of atoms
from the cluster surface. Overally, this resulted in either a
monotonic or stepwise increase in the cluster radius (Rci)
defined as the distance from the centre of mass to the most
remote silicon atom on the surface. The temperature
dependence of R for Siyz passes through a maximum,
which is indicative of a pronounced influence of vapor-
ization.??® The less clear-cut peaks at higher temperature
are characteristic of the nanoassembled and crystalline
clusters, which confirms their higher thermal stability as
compared with clusters with different structure. The small-
est radius at 1560 K was found for the nanoassembly, which
was most stable out of the three clusters. Yet another
criterion of cluster thermal stability was the heating-initi-
ated penetration of hydrogen atoms into the cluster shell
determined by the ratio 2°°

f _ Rcl — RH

Rcl
where Ry is the distance to the hydrogen atom located most
closely to the centre of mass. The kinetic penetration for the
nanoassembled cluster was maximum at 1100 K; for the
nanocrystallite, a similar dependence had two maxima on
heating to 1150 K; for the randomly packed cluster, the
value was the highest, the dependence was generally mono-
tonic and had a slight peak at 690 K.??°

It is noteworthy that the extrema in the temperature
dependences of R. and ¢ were parallel. The penetration
process was activated with the onset of heating and
occurred as intense transitions of hydrogen atoms from the
state of adatoms to the absorbates (this was most pro-
nounced for the cluster having random and looser packing),
which was reflected in the increase of the diffusion mobility.
The shell of adatoms was most thermally stable over the
whole heating range and had a considerable stabilizing
effect at T < 600 K via the Laplace pressure (enhanced by
the H— H mutual repulsion) on the adjacent shells of silicon
atoms. Also, single cases of spontancous vaporization of
some silicon atoms were detected. The feebly pronounced
tetrahedral angle of 109.5° and the highest density at
1560 K were characteristic of the nanoassembled cluster
upon coalescence of two concentric shells (he fullerene cage
and the intercalated icosahedron), while retention of a high

degree of tetrahedral coordinations on heating was charac-
teristic of the nanocrystallite.?>! Note that the linear expan-
sion coefficient f for the Sigy cluster with additional
stabilization of the fullerene-like core by intercalation of
60 hydrogen atoms'! was negative, as opposed to other
models considered above (8 = —1.51 x 10—5 K—1). This is
caused by the capillary contraction of the shell and the
action of surface tension of the proper Sigo cluster.?2®

VI1.2. Silicene, germanene and stanene

The successful application of the beam epitaxy and gas-
phase synthesis techniques 2°2 for the formation of graphene
sheets and stacks of acceptable sizes stimulated the attempts
to prepare by the same methods silicene, stanene and
germanene 23255 — two-dimensional crystals of silicon,
tin and germanium, respectively. In the case of graphene,
the interface is formed upon sorption (adsorption or chemi-
sorption) largely owing to the nanorange and the specific
character of interplane interaction. The specific interface
structure in the contact areas upon the epitaxial deposition
of silicon, germanium and tin atoms as island films on
metallic substrates is caused by the superposition of the
incommensurable lattices of these films and the metals.

The early attempts to obtain germanene as a two-dimen-
sional germanium crystal on the (111) silver surface, which
would have reproduced the successful synthesis of silicene
[on the (111) surface of Ag, Ir, ZrB, and Au],?>3 failed due
to the instability of germanium (the structure formed by the
Ag>Ge phase proved to be more stable; one-third of the
silver atoms of the contact monolayer were replaced by the
germanium atoms). The surface of silicene deposited on
Ag(111) was corrugated and the Si/Ag(111) interface was
clear-cut. However, attempts to synthesize germanene on
metallic substrates resulted in not only uncontrolled struc-
ture distortions of coordinations of the monoatomic germa-
nium sheet but also undesirable changes in its electronic
properties. It was only in 2014 that attempts of Davila et
al.,?>* who used Pt and Au substrates, led to the synthesis of
germanene with a complex ring cluster superlattice.

Gao and Zhao ?°¢ carried out comparative analysis of
the formation and thermal evolution of two-dimensional Cy
and Siy clusters and layered Cy/M and Siy/M composites
(M =Pd, Ni, Cu, Al) based on MD simulation using
interparticle interaction potentials calculated in terms of
the modified density functional theory.'3? The silicene inter-
face proved to be non-planar (the overall interface thickness
was 1.6 nm) but ribby (corrugated) (Fig. 39) and having no
so clear-cut sp?- and sp3-hybridized coordinations as model
Si spheroids 2?9 (fullerene analogues). The charge transfer in
silicene occurs as a flux of weightless high-speed fermions
(~10°-10° m s—1).233

Analysis of the silicene surface for model structure 7 (see
Fig. 39a) demonstrated that the double rings (six-atom
inner rings and twelve-atom outer rings) are formed by
only one-third of the silicon atoms, which is consistent with
the STM experiment data,?>3 whereas in the case of struc-
ture /7, the superlattice cells involve only pairs of silicon
atoms spaced by 0.576 nm and comprising ~1/7 of all
silicon atoms located on the outer surface (see Fig. 39 ).

Each of the hexagonal rings of superstructure II7
involves one outer silicon atom. Thus, in the series of
structures /— 1711, the number of silicon atoms that violate
the planar structure of silicene decreases (see Fig. 39 ¢),
which is in line with experimental results.?>3> The studies
using STM methods and low-energy electron diffraction
also revealed the specific features of the hexagonal struc-
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Figure 39. Atomic structures of silicene [deposition of silicon
atoms on the (111) surface of silver].2%¢

Type of structure: I (a), II (b), III (c); on the left is top view, on the
right is side view: AZ is deviation from the Ag(111) surface; the
most remote atoms (by ~0.2 nm) are enlarged and darker col-
oured.

tures of germanene and established the degrees of distor-
tion.2%4

However, the results of quantum mechanical calcula-
tions of characteristics of stanene and stanane (stanene
passivated by hydrogen atoms, in essence, analogue of
graphane) proved to be most surprising. According to the
data of prognostic calculations,?>5~ 257 a tin nanoribbon
decorated by fluorine or chlorine atoms on the edge can be
classified by a superconductor.

VII. Conclusion

The review presents a discussion of the results of computer
experiments studying clusters not only as nanophase pre-
cursors but also as an intermediate form of atomic-and-
molecular organization with structure and specific proper-
ties brought about by a small volume and the non-autono-
mous surface layer composed of several shells (<1 nm) and,
most of all, the last one with the highest bond unsaturation.
Full description of nano-sized objects such as clusters
requires the idea of scaling, superposition of quantum states
and statistical characteristics in the bulk and in the surface
shells, interfacial states and bond hybridization upon con-
tact of clusters with the substrate.® 194165 A topical problem
is development of effective methods for the synthesis and

attainment of thermodynamic stability of cluster-dispersed
materials with promising properties, in view of the high
potential of the energy of dissipative structures they store,
and retention of the service characteristics upon subsequent
operation.

The studies of interactions of nanoparticles with the
substrate material, which is far from being inert in the
general case, are also important. Apart from enhancement
of the cooperative effect of the interface, the substrate in a
cluster-dispersed 2D system increases substantially the ther-
mal stability of the clusters as the integrating tunnelling
current appears. The substrate also prevents intense leach-
ing — atom emissions and migration appearance of reactive
zones in the stationary states of catalysts.

The destruction of the regular structure (as analogue of
melting of bulk systems) of isolated metal nanoclusters and
their cluster/substrate interfacial compositions is not a phase
change but is an order—disorder transition with high the
atom mobility. This transition has a more complex mecha-
nism than melting of bulk crystals, as it is accomplished in a
wider temperature range (~1/3 of the heating range),
involves several stages (isomerization, quasi-melting, disap-
pearance of the faceted morphology and shell structure).
The disorder processes and stability of clusters are affected
by not only the substrate material but also the specific
features of sorption in the contact area, which is either
chemisorption or adsorption on the metal/graphene inter-
face depending on the electronic structure of the metal. In
the case of chemisorption, the stability of the metal sub-
system is 200—300 K higher than in the case of adsorption.
The melting temperature in the case of graphite (graphene)
coating of endohedral clusters M@ C,, or metal intercalation
into CNTs can be more than 50 K higher than the melting
point of bulk phases.'#3-14¢ The thermal stability of silicon
in the nanorange decreases less abruptly than for metallic
nanosystems. For example, it increases upon intercalation of
fullerene-like silicon clusters with metal atoms or clusters or
introduction of hydrogen to saturate the dangling
—Si—Si— bonds.?25:229 The thermal stability of two-dimen-
sional Si, clusters (nanocrystals) is controlled by selecting
appropriate substrates [Ag(111), Pt(111) and so on].253,2¢

An efficient increase in the thermal stability of the
atomic structure and control over the electron band struc-
ture [retention of the linear or parabolic dependence E(k)
shaped like the Dirac cone] in interfaces with graphene 2>%
and silicene 2> can be achieved by intercalation doping.
First of all, this refers to sandwich type interfaces (M/G/M,
M/Si/M) in which films of, for example, Group VIII
ferromagnetic metals serve as two-sided electrodes. Indeed,
the Ni/G/Ni system is able to separate (filter) electrons
according to their spin states.?>® The separation mechanism
is as follows: the charge transport of electrons of only one
spin state occurs via the overlap of the metal and graphene
Fermi levels.?°® The synthesis of such materials is highly
important for the development of spintronics considering
both the high speed of electrons in graphene- (M/G) or
silicene- (M/Si) reinforced composites and a substantial
increase in the capacity of data storage media and data
processing rate. The high-precision intercalation of inter-
layer M/G/M structures is achieved by epitaxial (or CVD)
deposition of an additional protector monolayer (of either
d-metals having adsorption properties such as Au, Cu,
Pt 258 or other metals such as alkali metals or aluminium)
for doping the structure with electrons.?%®~262 The interca-
lation doping of the interface by, for example, a gold
sublayer (Ni/G/Ni + Au, Ni/Au/G/Ni) to prevent the deg-
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radation of electronic characteristics caused by atomic
structure disordering results in the position of the Dirac
cone band structure exactly corresponding to the Fermi
level,>>® while intercalation doping with alkali metals or
aluminium 2¢! results in the position below the Fermi
leve] 260. 262

The simulation reproduces processes that are still difficult
to observe experimentally but that occur with high proba-
bility during the real synthesis of nanoelectronic elements.
For instance, a computer analogue of the catalytic synthesis
of nanotubes on transition metal clusters in a reactor with
the carbon vapour phase of the same composition as in real
experiments was implemented by the MD method and
studied in detail at the atomic and molecular level.

Thus, computer simulation making use of physically
substantiated interatomic interaction potentials?®? reveals
the atomic and molecular details of the key features of
nucleation, nanocluster growth, successive and defect-free
formation of coordination shells, structure transitions and
morphological details of the cluster surfaces, provides for
effective control of functional properties during hybrid-
ization of cluster bonds with substrates and ensures the
retention of other physicochemical parameters of nano-
systems during the material synthesis.

The obtained simulation data and analysis of their
agreement with experimental results prompt that computer
simulation using quantum mechanical estimates of intera-
tomic interactions would also make it possible to predict the
structure and thermodynamic properties of some new non-
crystalline materials.
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