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I. Introduction

The understanding of basic principles and the development of new
methods for the synthesis of functionalmaterials with unusual and
valuable properties is a key problem of solid state chemistry.
Currently, `dry' (i.e., partially or completely solvent-free) tech-
nologies are known to be the most efficient and ecologically safe
way to carry out chemical reactions.1

Mechanochemical processes meet this requirement. A mecha-
nochemical reaction is a multistage process proceeding by a
complex mechanism, which requires that many factors be taken
into account when optimising the conditions for mechanical
activation of reactants. The mechanism of a mechanochemical
reaction involves the following main stages: initial deformation of
the crystal structures of reactants; formation and accumulation of
both point and linear defects and interaction between them;
dispersion of the reactants into blocks; formation of intermediate
metastable states in the regions of phase contacts and, finally,
chemical homogenisation of the reaction product followed by its
relaxation to reach a thermodynamically equilibrium state.

These processes have been best studied for metals where
mechanochemical reactions proceed with relative ease. However,
the results of recent investigations showed that ionic and molec-
ular crystals are also promising objects for studying mechano-

chemical processes. In ionic crystals, the charge and potential of
the double electrical layers on the phase boundaries have a
pronounced effect on the interphase interaction. In molecular
crystals, there is a broad spectrum of chemical bonds differing in
nature, direction and energy and each type of these bonds is
characterised by a specific response to mechanical treatment. By
varying the type and positions of functional groups in the
molecules of the crystal one can control the mechanism of
mechanochemical reactions, which is of great importance for the
synthesis of advanced materials.

Mechanical activation of heterogeneous mixtures allows
preparation of nanocomposites with unusual properties, includ-
ing supramolecular systems. Supramolecular nanoscale systems
comprise chemically active components (substrates) bound to
particular atoms or molecular groups of the carrier matrices
(receptors) by non-covalent interactions. Such systems have been
poorly studied as yet; however, a novel class of materials based on
them has been designed. Unique properties of these materials are
due to both specific types of intramolecular and intermolecular
interactions in the bulk of the substrate and the character of the
receptor ± substrate interactions. Here, the role of receptor can be
played by either the molecular fragments or by a particular
sublattice in the crystal structure of the reactant (intercalated
compounds or `guest ± host' inclusion compounds), or by active
groups on the surface of heterogeneous inclusions, which favour
the formation of, e.g., Langmuir films or other surface layers.

A salient feature of supramolecular heterogeneous systems is
the strong interface interaction, which depends on many interre-
lated factors including chemical, structural, morphological and
thermodynamic ones. This interaction is responsible for the
structural rearrangement in the substrate and for the changes in
its thermodynamic, transport and chemical properties. In certain
systems, the cationic or protonic conductivity of an ionic salt
(substrate) can increase by several orders of magnitude and
unusual phases can be stabilised in the receptor ± substrate contact
region. For instance, composites of the ionic salt ± oxide type are
candidates for the synthesis of supramolecular solid electrolytes
based on them. Of considerable interest are also heterogeneous
systems of the molecular crystal ± oxide type.

Theoretical analysis of the mechanism of the surface inter-
action between different phases is a complicated problem. Cur-
rently, the properties of intergrain and phase boundaries in metals
have been fairly well investigated. However, the ionic crystal ±
oxide or molecular crystal ± oxide interfaces are still inadequately
explored both experimentally and theoretically. Experimental
studies are hampered by the problems of controlling the morphol-
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ogy of the composite, which leads to irreproducibility of the
results obtained. Modern calculations require the inclusion of
the contributions of not only covalent, hydrogen and van der
Waals interactions but also long-range Coulomb and dipole ±
dipole interactions, which makes them rather difficult. Moreover,
consideration of characteristic features of real interface structures
is also of great importance. Nevertheless, one can carry out trial
calculations of the energetically favourable surface configurations
for systems of the molecular crystal (substrate) ± oxide (receptor)
type using the knownmodel interaction potentials. Such estimates
would be useful for targeted search of a substrate for a particular
receptor.

Since the action range of surface forces is confined to a thin
near-surface layer, one can expect that nanocomposites will hold
the greatest promise for the synthesis of supramolecular systems.
Nanocomposites are heterophasic systems, which represent dense
aggregates of nanoparticles of both phases, which are uniformly
distributed in the bulk. The particle size of a nanocomposite does
not exceed 10 nm. In nanocomposites, virtually the whole bulk of
the substrate is in the interface region, which allows experimental
investigations of its physicochemical properties at the nanoscale
level. To date, the properties of nanocomposites have been poorly
studied, since the preparation of these systems by conventional
methods is an extremely complicated task. Mechanical activation
facilitates considerably the grinding of the active component and
its spreading over the oxide (receptor) surface, thus favouring
strong adhesive interaction.

It is known that the physical and chemical properties of solids
change as the particle size decreases. These types of phenomena
are usually called size effects. Numerous papers dealing with
theoretical and experimental studies of size effects have appeared
(see, e.g., reviews 2 ± 13). Currently, it has been reliably shown that
size effects are inherent in all solids; some phenomenological
models have been proposed for qualitative or semiquantitative
description of these effects.

Size effects have been best studied for metals and to a lesser
degree for ionic crystals. For many materials, size effects are
observed at relatively large grain size. For instance, the diffusion
coefficient, conductivity and mechanical properties of a material
become dependent on the average grain size (L) for L* 103 ± 104

nm; as L reduces to 10 ± 102 nm, the melting temperature
decreases and a change in the crystal lattice parameter of the
material is observed. Size effect is most pronounced in nanoscale
dispersed systems with a characteristic particle size in the range
from 1 to 10 nm. In this case, the properties of the material can
change basically, e.g., it can undergo a transformation into a high-
temperature phase or another high-energy state, which cannot be
realised under standard conditions.

In heterogeneous systems, size effects depend on some addi-
tional factors such as the chemical nature of the components of the
heterogeneous mixture, the particle morphology (spatial distribu-
tion of the components in the bulk of the composite) and the
interface interaction. Consideration of these factors is a compli-
cated problem and no satisfactory theoretical model for the
description of size effects in composites has been proposed so
far. The most pronounced changes in the properties are observed
in both pure substances (undoped homogeneous individual com-
pounds) and nanocomposites if the average particle size in these
systems is less than 10 nm.

Recently, the interest increased in the studies of unusual
effects observed in nanoscale systems. This is not surprising since
the processes proceeding in such systems serve as the basis for
future solid-state nanotechnologies. However, chemical reactions
in solid-phase mixtures are still the least investigated aspect of
solid state chemistry. This is to a great extent due to the necessity
of taking into account specific features of small particles involved
or formed in the reactions. For instance, the reaction system can
become a nanocomposite where the properties of reactants differ
substantially from those at equilibrium in the stage of nucleation
of the reaction product phase. In this review, we tried to describe

the most plausible mechanisms of the influence of size effects on
the course of physicochemical (including mechanochemical) proc-
esses in heterogeneous solid-phase systems. In presenting the
material, we pass from simple systems to more complex ones.
First, size effects in isolated particles of simple substances are
considered. Then, we discuss size effects in ensembles of small
particles, in heterogeneous systems of different morphologies and
in the nanoparticles formed in the initial stages of heterogeneous
chemical reactions and prepared by mechanical activation.

II. Size effects in single-component systems

Size effects can be arbitrarily divided into two types. Weak effects
where insignificant changes in the physicochemical properties of a
substance are observedwith an increase in the specific surface area
(i.e., with reduction of the particle size) belong to the first type of
size effects. Here, all the changes observed can be explained by
surface effects. As a rule, these effects are usually observed in
crystals with a characteristic size exceeding 10 nm. These systems
will be referred to as microcrystalline ones.

Strong effects where dramatic changes in the properties of a
substance cannot be interpreted in terms of conventional surface
phenomena belong to the second type of size effects. Most often,
they are observed for very fine particles with a characteristic size of
less than 10 nm. These systems will be referred to as nanoscale
ones.

In this review, we will compare these two types of size effects
and follow a gradual transformation of microcrystalline systems
into nanoscale ones.

1. Microcrystalline systems
It has been experimentally shown that physicochemical properties
of substances change noticeably as the particle size changes in the
range from 10 to 100 nm. As mentioned above, the effects
observed in this case are explained by the influence of the surface
on the properties of crystals. As L decreases, the fraction of
surface atoms increases. A 10 nm isotropic crystal of a simple
substance has *1%±5% of the atoms on the surface. The
classical Gibbs thermodynamics treats all the excess thermody-
namic characteristics of such fine particles, which differ from the
corresponding bulk values, as being due to surface effects.

Let us consider a small particle of a substance. Ignoring
adsorption, the excess Gibbs free energy, DG, per unit area of the
tension surface is the surface tension g of the substance. For an
isotropic medium (e.g., a liquid), g equals the surface energy of the
substance, s. If the particle size (here, the diameter of a drop of the
liquid) is much larger than the characteristic molecular size, the
tension surface virtually matches the geometric surface of the
particle. For a spherical particle, the excess energy is

Gs � gA � sA � s
6V

L
, (1)

whereA,V andL are the surface area, volume and diameter of the
particle, respectively. Generally, the surface tension, ĝ, of a phase
in an anisotropic medium is a tensor quantity. For a slightly
curved surface, it is defined as the difference between the proper
local value of the stress tensor, EÃ, and its bulk value, EÃa,
extrapolated to the same point and is found by integration

ĝ �
�?
ÿ?

�Ê ÿ Ea
^ �dz , (2)

where z is the coordinate normal to the surface of the layer. The
absolute value of g is defined as half the spur (trace) of the surface
tension tensor

g � 1

2
Trhĝi � 1

2
�g11 � g22�. (3)

For a liquid or an isotropic medium, g= g11= g22 and
expression (1) holds. In the crystalline phase, the surface area
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can be increased in two independent ways, viz., by increasing the
number of surface atoms and by elastic deformation of a crystal. A
specific feature of a solid is the presence of an immobile structural
component, the chemical potential of which is considered to be a
tensor quantity.14, 15 Nonuniformity of the chemical potential
distribution over the surface layer of the crystal can lead to
substantial difference between the surface tension at and surface
energy of different surface areas. Owing to anisotropy of the
crystal lattice, each face of the crystal is characterised by its own
values of the surface tension and surface energy. In addition to the
crystal faces, some contribution to the excess energy of the crystal
also comes from the excess energy due to the presence of edges and
vertices. Assuming an ideally smooth surface, the surface tension
of ith crystal face is related to the surface energy by the following
relationship

gi � si � Ai

dsi
dAi

. (4)

The effective surface energy of a crystal withN faces,M edges
and Z vertices equals 16

s=
�XN

i

siAi �
XM
j

kjlj �
XZ
k

ek

�
Aÿ1, (5)

where kj is the energy of formation of the jth edge, lj is the length of
the jth edge, ek is the energy of formation of the kth vertex (these
parameters depend on the crystal shape) andA=

P
Ai is the total

tension surface area. The terms in formula (5) describe the
contributions of crystal faces, edges and vertices to the excess
energy of the crystal ignoring surface stress. For a crystal with an
equilibrium shape,

s&
3V

A

si
hi

,

where hi is the distance from the Wulf point to the ith crystal face.
It is appropriate to choose the parameter 16

L=
6V

A
(6)

as the characteristic crystal size.
If the parameters s and L of a crystal are defined by formulae

(5) and (6), an additional term can be entered into Eqn (1) and it
can be rewritten in the form

Gs � gA � sA � DGe � s
6V

L
� DGe , (7)

where DGe is the elastic strain energy

DGe &
X

Ai

dsi
dAi

.

In real microcrystals, the DGe value depends on many factors
such as the crystal shape, the tension surface area A, the type of
lattice symmetry, presence of defects in the crystal, etc. Estimation
of the elastic strain energy in real crystals is a complicated
problem. Expression (7) holds for both the liquid and crystalline
phases (note that the contribution of elastic strain energy is
nonzero only in crystals, since for liquid DGe=0).

As follows from the general thermodynamic expression for the
Gibbs free energy,

G(P,T,A)=U+PV7TS+ sA+DGe(A), (8)

where U, V, S are the internal energy, volume and entropy of a
crystal at a pressure P and temperature T, the surface area of the
crystal plays the role of an additional external parameter that
defines the thermodynamic properties of the material.

If the substance is highly dispersed, the contributions of the
surface-dependent terms become noticeable. This leads to specific
size effects such as changes in the crystal lattice parameters, low-
temperature (at temperatures close to 0 K) heat capacity, the
Debye temperature, phase transition temperatures and stabilisa-

tion of unusual phases. The electronic structure of the substance
also changes, which is responsible for unusual optical, electrical
and magnetic properties.

Among all the size effects, the effect of a decrease in the phase
transition (e.g., melting) temperature, Tt, of small particles has
been studied in most detail. Transition temperatures are deter-
mined assuming that the corresponding phases have equal Gibbs
energies. In the framework of the classical Thomson model for an
isolated particle, the relative change of Tt is a linear function of
1/L (see Refs 17 ± 19).

Tt

T 0
t

� 1ÿ 6�gaVa ÿ gbVb�
Ht

1

L
, (9)

where T 0
t and Ht are the temperature and enthalpy of the phase

transition from the high-temperature a-phase to the low-temper-
ature b-phase, respectively; ga and gb are the surface tensions of the
a- and b-phases at temperatureTt , respectively; andVa andVb are
the molar volumes of the a- and b-phases, respectively. Deviation
of the experimental dependences of Tt/T

0
t on 1/L from linear ones

can be explained by the formation of a thin film of the liquid phase
on the surface of a crystal owing to melting of small particles,20 by
the dependence of ga and gb on the particle size 21 or by the
contribution of elastic strain energy DGe(A).11 In the last-men-
tioned case, Eqn (9) can be represented in the form

Tt

T 0
t

� 1ÿ 6�saVa ÿ sbVb�Lÿ1 � DGe�L�
Ht

, (10)

where sa and sb are the specific surface energies of the a- and
b-phases, respectively. From Eqn (10) it follows that the transi-
tion temperature depends not only on the particle size and specific
surface energy, but also on the change in the molar volume, the
elastic strain energy difference between two phases, DGe(L), and
the enthalpy of the phase transition. In the case of melting, the
term DGe(L) includes the contribution of elastic strain energy of
the crystalline phase at the melting temperature.

Neglecting the DGe contribution allows construction of the
phase diagrams of a substance in the T ± (1/L) coordinates. They
can be used not only for the estimation of changes in the transition
temperatures, but also for the prediction of the phase size effect
with a decrease in the crystal size below a certain critical
value.6, 7, 13 This effect manifests itself in, e.g., stabilisation of
new phases which are atypical of the macrocrystal. Currently,
numerous experimental studies have confirmed the existence of
phase size effects in both films 6, 7 and polycrystalline samples.11, 13

For instance, the equilibrium crystal structure of Al2O3 was found
to be dependent on particle size. If the radius of alumina particles
does not exceed 35 nm, the g-phase is stable; if the particle size
increases, g-Al2O3 undergoes transformations into b-, e-, y- and
a-Al2O3.8 The formation of amorphous phases in a number of
systems can also be due to size effects.7, 22, 23

In the early studies on size effects, changes in the crystal
structure of small particles were explained by the effect of excess
pressure,

Dp=
4g
L

,

produced owing to surface tension.2, 4 Indeed, isolated particles of
many metals, alkali metal halides, oxides and nitrides exhibit a
monotonic decrease in the lattice parameter with a decrease in L,
which corresponds to positive Dp values. However, the unit cell
parameters of nanocrystals (e.g., Si, Se, Cr and Pd) increase as the
particle size decreases.3 Most often, a decrease in L leads to
stabilisation of high-temperature modifications rather than high-
pressure phases. An explanation 24 of this fact involves the
assumption of the effective negative pressure in small particles,
so that the classical concept of the Laplacian pressure cannot be
generally used to describe their properties.
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Recently, intensive research has been carried aimed at the
synthesis of highly dispersed materials such as metals, oxides,
ceramics and high-melting compounds. Currently, substances
with the characteristic particle size of less than 100 nm are usually
classified as nanocrystalline materials.25, 26 Most of the systems
studied to date are characterised by a grain size, L, ranging from
10 to 100 nm and their properties differ insignificantly from those
of large crystallites. Hence, they should be considered as micro-
crystalline rather than nanoscale systems. As will be shown below,
the systems with a particle size smaller than 10 nm can be
classified as nanoscale ones. Diverse morphologies of, e.g., the
particles of ceramic materials complicate the problem of descrip-
tion of their physical properties using a unified approach. Partic-
ular effects, such as the appearance of additional contribution to
the heat capacity, a decrease in theDebye temperature, an increase
in the coefficients of thermal expansion and enhanced diffusion
depend on the state of intergrain boundaries and can be described
in the framework of an additive model which takes into account
the contributions of the bulk and the surface to the physical
properties of amaterial. In this case, the intergrain boundaries and
pores in the material can be considered as specific metastable
phases, the concentrations of which increase as L decreases. On
the other hand, such characteristics as the magnitude of micro-
stresses or elastic properties of the materials under study are
strongly dependent on the prehistory of a sample (viz., on the
procedure for its preparation and heat or mechanical pretreat-
ment). For samples with relatively large grain size, these proper-
ties can be satisfactorily described using the Hall ± Petch model.
As the grain size becomes less than 10 nm, the response of the
dislocation structure, formed owing to the presence of intergrain
boundaries, to mechanical action becomes hardly predict-
able;8, 12, 27 however, this can also be due to inadequate exper-
imental procedures employed in studies of these materials.

2. Nanoscale systems
Numerous experimental studies have shown that if the particle
size is less than the critical size Lc* 10 nm, the bulk properties of
materials change noticeably. A particle of size L& 10 nm con-
tains 104 ± 105 atoms, of which 1%±5% are on the surface of the
particle and contribute largely to the physicochemical properties.
Ensembles of such particles form nanoscale (nanocrystalline)
systems in which the following characteristic effects are observed.

1. Structural changes. If L<Lc, the average interatomic
distance in the crystal changes dramatically and the crystal lattice
parameter a becomes dependent on L. In the near-surface layer,
the interplanar spacings along the normal to the surface are
smaller than in the bulk of the crystal,3, 4 which is due to the non-
symmetrical action of interatomic forces on the near-surface
atoms. High-resolution electron microscopy (HREM) studies
have shown that the region of noticeable changes in the lattice
parameter is confined to five or six atomic planes and has a
characteristic size ls* 1 ± 3 nm. The same values have been
obtained in calculations on alkali halide crystals.28, 29 The ls
value can be considered as the action range of surface forces or
the effective thickness of the crystal surface. The entire near-
surface region of thickness ls is in the state that is characteristic of
the surface and the crystal structure of this region depends on
particular characteristics of the surface. In this connection,
mention may be made that the structure of, e.g., nanoscale
particles of metal glasses, which is experimentally determined
from the radial distribution functions, differs from the structure of
the same glasses in bulk specimens.10

2. Changes in thermodynamic properties. In nanocrystalline
systems, the Debye temperature decreases and an additional
contribution to the low-temperature heat capacity of the material
appears, which increases as the particle size decreases.2, 11, 12, 30

These effects can be explained by changes in the vibrational states
of the nanocrystal,3, 4, 12 namely, by `softening' of the spectrum (an
increase in the number of low-frequency modes owing to a
decrease in the number of high-frequency modes) with a decrease

in L. Qualitatively, `softening' of spectra can be explained by the
action of the pure surface effects: the atoms on the surface of a
bulk crystal are characterised by increased amplitudes and lower
vibration frequencies. However, analysis of the behaviour of the
atomic Debye ±Waller factors using the data of X-ray diffraction
study has shown 3 that changes in the Debye temperature in
nanocrystals cannot be explained only by the contribution of the
vibrations of the surface atoms since a decrease in L causes a
stronger lattice `softening' than it could be expected. This means
that not only the vibrational frequencies of the surface atoms, but
also those of the atoms in the bulk of the nanocrystal are lowered.
Yet another interesting feature of nanocrystals is that both the
entropy of melting and the melting temperature decrease as L
decreases.11 Since changes in the vibrational entropy makes the
major contribution to the entropy of melting, this effect is also
explained by the `softening' of the lattice of the nanocrystal with
the decrease in its size.

3. Phase size effect. This is an example of a specific type of
manifestation of structural and thermodynamic changes in mate-
rials. Phase size effect is most pronounced in nanoscale systems. A
decrease in L down to 10 ± 100 nm leads to stabilisation of high-
temperature phases in both nanocrystals and microcrystals. In
some instances, phases that are not characteristic of a given
substance (including the amorphous phase) can be formed.2, 6, 7, 8

Structural data for even smaller particles are lacking; however,
numerous theoretical studies suggest that simple substances
(metals, inert gases) occur in the form of polyatomic clusters as
the particle size reduces to several nanometres.3, 4, 31, 32

4. Changes in the electronic properties of materials. Among
the effects experimentally observed in nanoscale systems, the
quantum size effect 4, 7, 33, 34 seems to be the most interesting for
chemistry. If the size of a crystal is comparable with the de Broglie
wavelength of elementary excitations, the quantisation conditions
of electron energy are changed and the energy bands split into a
system of energy levels (Fig. 1). In semimetals, this effect leads to
the appearance of low-temperature oscillations of the kinetic
coefficients and optical absorption with a decrease in the thickness
of specimens (films).7 In wide-band semiconductor crystals,
electronic excitation results in the formation of loosely bound
electron ± hole pairs. In this case, the quantum size effectmanifests
itself markedly as changes in the optical spectra, namely, reduc-
tion ofL leads to an increase in both the energy at themaximumof
the absorption band and the exciton peak intensity and to a shift
of the luminescence spectrum towards the short-wavelength
region. The pattern of the absorption spectrum becomes similar
to that of the spectra of individual macromolecules. Semiconduc-
tor nanocrystals possessing these properties are called `quantum
dots'; they can be used in optoelectronics and are currently

EF

Density of states

Nanoparticle Crystal

Molecule

Energy

Figure 1. Electronic spectra of an isolatedmolecule, a nanoparticle and a

semiconductor crystal. EF is the Fermi level.
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intensively studied.33, 34 As the size of ferromagnetic crystals
reduces to * 10 ± 100 nm, the coercive force increases and a
decrease in the Curie temperature is observed. However, further
decrease in the particle size causes a decrease in the coercive force
and disappearance of ferromagnetic properties owing to the effect
of superparamagnetism.4 Ferromagnetic clusters with sizes of the
order of several nanometres or layered structures with the layer
thicknesses of the same order of magnitude possess abnormally
high magnetoresistance coefficients.35 ± 37

The above-mentioned effects can hardly be explained in the
framework of the commonly accepted theory of surface phenom-
ena. A correct mention has beenmade 3 that the concept of surface
tension loses its meaning in the case of nanocrystals since all atoms
can be treated as surface ones. Changes in the interatomic
distances in small particles are mainly due to the decrease in the
number of atoms in the particle,3 which means that the size effect
is a collective property of all the atoms constituting the particle.
Therefore, it is helpful to follow the changes in the properties of
materials on going from molecules to clusters, then to nano-
crystals and, finally, to conventional bulk crystals in order to gain
a deeper insight into the phenomena observed.

Let us consider pure substances with a Lennard-Jones poten-
tial of the interatomic interaction. If the number of atoms in a
particle, N, is small (N4 7), regular polyhedral clusters are
formed. If 7<N<13, a large number of isomeric forms of the
clusters exists, the energies of the isomers being only slightly
different. If N=13, a relatively stable icosahedral cluster is
formed. Using this cluster as a `seed', one can obtain larger
icosahedral clusters with N=55, 147, 309, 561, etc., by building
up the atomic layers on the cluster faces.3, 4, 31, 32 Seldom, can large
crystals of the icosahedral phase (quasicrystals) be obtained.38, 39

In addition to icosahedral clusters, pentagondodecahedral ones
are also relatively stable. Owing to the presence of the five-fold
symmetry axes, an increase in the cluster size should inevitably
result in the development of elastic strain. According to theoret-
ical estimates, the icosahedral and dodecahedral structures
become unstable for N& 500, which corresponds to the particle
size L>* 2 nm. In this case, the particle is broken into tetrahe-
dral blocks with a close-packed, face-centred cubic (fcc) structure
separated by defect domains such as systems of twin boundaries,
dislocations and disclinations.4, 40 These defects provide the
thermodynamic stability of the particle; in other words, small
crystalline particles with imperfect structure are in the thermody-
namically equilibrium state. Further increase in N leads to
stabilsation of the defect-free Wulf polyhedra, the shape of
which is determined from the minimum condition for the surface
energy of the crystal.

Thus, each substance is characterised by two `threshold'
lengths denoted as L1 and L2. If the particle size of a substance is
less than L1, the particle spontaneously breaks down into nano-
crystalline blocks. If L<L2, a phase transition into an X-ray
amorphous phase (ensemble of clusters) occurs in the particle. It
should be mentioned that for small particles there is a great
number of different atomic configurations with close energies.41

This makes the concept of the equilibrium state of a particle
ambiguous and is responsible for a gradual, diffuse character of
phase transitions in the nanoscale systems. In particular, melting
of clusters is considered as a dynamic equilibrium between the
`solidlike' and `liquidlike' clusters that coexist at any temper-
ature.41, 42

On going from individual clusters to ensemble of nanopar-
ticles, the effect of intergrain boundaries on the physicochemical
properties of the ensemble becomes noticeable. Since the number
of surface atoms in a nanoparticle is comparable with that in the
bulk, in the case of random packing of particles the structure of
each crystallite is `tuned' to correspond to the local environment,
which leads to effective broadening of the intergrain boundaries.
Information on the structure of intergrain boundaries in nano-
scale materials is contradictory. Both strongly disordered boun-

daries with a loose amorphous structure 9, 10 and the boundaries
with relatively high concentration of atoms (typical of bulk
polycrystals) are observed.12 In a 10 nm nanocrystal with an
intergrain boundary width of 0.5 ± 1 nm, the fraction of the
atoms situated on these boundaries reaches 15%±30% of the
total number of atoms.10, 12 Depending on the conditions for the
preparation and annealing of ceramic nanoparticles, the struc-
tures of the intergrain boundaries can be different. Freshly
prepared specimens have more disordered structures compared
to either sintered or simply stored specimens in which the
boundary atoms are ordered to form conventional intergrain
boundaries. This is accompanied by the growth of crystallites
owing to a decrease in the concentration of disordered boundary
atoms. According to molecular dynamics calculations of model
ensembles using the Coulomb or Lennard-Jones interatomic
potentials,43, 44 these relaxation processes should be observed
after intense mechanical deformation of nanoscale systems.

3. Transport properties of microcrystals and nanocrystals
Polycrystalline materials are characterised by increased mobility
of atoms. This has been confirmed in studies on the kinetics of
sintering and recrystallisation,45 diffusion of radioactive iso-
topes 46 and ionic conductivity.47, 48 In bulk crystals, diffusion
and mass transfer occur by migration of point defects which has
an activation character. Earlier, enhanced diffusion in fine crys-
tallites was thought to be due to changes in the concentration of
vacancies caused by curvature of the crystallite surface. In fact, the
expression for the excess concentration of point defects in a metal
near the curved surface, [VM], obtained using the Thomson ±
Kelvin equation for the equilibrium of vacancies in crystal, has the
form 45

�VM� � �VM�? exp

�
ÿ 2gu
RkT

�
� �VM�? exp

�
ÿ Q

kT

�
, (11)

where [VM]? is the concentration of defects in the bulk andR is the
radius of curvature. If g=100 erg cm72 and u=10 cm3 mol71,
the curvature of the surface makes an additional contribution, Q,
of 0.003 eV (R=10 nm) and 0.03 eV (R=1 nm) to the energy of
formation of defects. This effect can lead to a noticeable increase
in the concentration of defects only in very fine particles with the
size of about 1 nm.

Currently, it is accepted that the activation energy of grain
boundary diffusion in metals is lower than that of bulk diffusion;
this is explained by the relatively loose local grain boundary
structure and by high concentration of boundary defects.10, 46

The formation of a defect in the bulk of a metal involves two
stages,49 namely, the formation of a pair comprising an excess
atom above the surface and a vacancy in the surface layer and
detachment of the vacancy from the surface followed by its
diffusion into the interior of the metal. This is illustrated in
Fig. 2 in which the plots of changes in the free energy of the
crystal upon the formation of a surface vacancy and its diffusion
into the bulk of the metal are also presented. In the first stage,
surface disordering occurs: the metal atom M goes out of the
surface layer on the outer surface of the crystal, which leads to the
formation of a pair of defects, viz., the adatom,Ms, and a vacancy
in the surface layer, VMs. The concentration of defects on the
surface, [VMs], and in the bulk, [VM]?, are determined by the
corresponding energies of formation (gs and g0 , respectively)

�VMs� � �Ms� � exp

�
ÿ gs
2kT

�
, (12)

�VM�? � exp

�
ÿ g0
kT

�
. (13)

Surface diffusion can occur owing to both migration of atoms
over the outer surface and migration of vacancies within the
surface layer. In polycrystals, the role of the outer surface is played
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by the intergrain boundaries; in this case, [Ms]& 1 and surface
disordering is described by the equation

�VMs� � exp

�
ÿ gs
kT

�
. (14)

The energy of formation of a defect and, hence, the concen-
tration of defects in the bulk of the crystal are determined by the
fundamental properties of matter rather than surface disordering.
On the contrary, the gs value can vary between 0 and g0 depending
of many factors such as orientation of the surface, the type of
intergrain boundary, adsorption of impurities on the surface,
etc.50 Hence, the activation energy of surface diffusion should
depend on the procedure for the preparation of a given material.

In ionic crystals of the MX type, surface disordering is
accompanied by the formation of the electrical double layer
since both cationic (V0Ms) and anionic (VXs

.
) vacancies within the

surface layer can be formed independently in accordance with the
equations of quasichemical reactions

0> V 0Ms +Ms
.
, (15)

0> VXs
.

+X0s (16)

(here, zero corresponds to a perfect crystal).
As in the case of metals, the concentration of uncharged

surface defects should be completely determined by the energy of
formation of these defects

gs= (gVM
)s+ (gVX

)s.

However,

(gVM
)s 6� (gVX

)s ,

hence, an excess surface charge and the corresponding surface
potential js appear. The magnitude of js depends on the energy
difference between the quasichemical surface disordering reac-
tions:50

js=
�gVX
�s ÿ �gVM

�s
2e

. (17)

The concentration of the Schottky defects in the bulk of a
crystal is determined by the equilibrium constant of a quasichem-
ical reaction involving the formation energy of bulk defects of g0,

0> V 0M? +VX?
.

. (18)

The concentrations of defects on the surface,

[V 0Ms]= [V 0M? ] exp

�
g0 ÿ gs
2kT

� ejs

kT

�
, (19)

[VXs
.
]= [VX?

.
] exp

�
g0 ÿ gs
2kT

ÿ ejs

kT

�
(20)

depend on both the surface potential (17) and the additional
contribution of the surface disordering. In the absence of the
latter, (i.e., in a particular case g0= gs), Eqns (19) and (20)
coincide with the expressions obtained in the framework of
Frenkel's model.51, 52 Analogous expressions can also be obtained
for crystals with Frenkel defects.

The parameter js can be considered as the potential jump at
the crystal ± vacuum interface; this takes into account the proper-
ties of the surface, in particular, specific adsorption of charged
particles (vacancies) on the surface. The defects localised on the
surface can form a dense diffusion layer. At low concentrations of
defects, the properties of this layer (or the space charge region) are
described in the framework of the Gouy ±Chapman model. The
concentration of defects in the diffusion layer is calculated using
the Poisson ±Boltzmann equation which relates the space charge
to the potential. The simplified expression for the ionic conduc-
tivity due to the electrical double layer has the form 53

K � B

L
T ÿ1=2exp

��
ÿ h0

4
� ejs

2
ÿ Em

�ÿ
kT
�ÿ1�

, (21)

where B is the constant which includes all temperature-independ-
ent terms, h0 is the enthalpy of formation of the defect, Em is the
migration energy of the defects that form the electrical double
layer; for simplicity, the entropy contribution to js is taken as
zero. The expression for the conductivity of the diffusion layer
written in the coordinates of the Arrhenius equation has the form:

log �KT1=2� � log
B

L
ÿ Ea

kT
,

where the activation energy of conductivity is

Ea=
h0
4
ÿ ejs

2
� Em.

Two regions corresponding to the high-temperature and low-
temperature conductivities can be seen on the plot of experimental
temperature dependence of the conductivity of a polycrystalline
ionic salt. The former corresponds to the intrinsic conductivity,
while the latter is due to the contribution of surface defects and is
described by Eqn (21).

The mobility and transport properties of atoms in small
crystals or in clusters have not been studied so far. Nevertheless,
computer simulation predicts high mobilities of the atoms and
points out that a distinctive feature of themechanism ofmigration
is its collective character.3, 54 This has been confirmed by the
results of experimental studies of nanocrystalline powders of pure
substances.55 ± 57 For instance, the coefficient of self-diffusion in

Gs / 2

G0 / 2

a

b

G ln[V 0M], ln[VX
.
]

1 2 3 4 5 1

1

2

2

3 4 i

c d

Figure 2. Schematic representation of the elementary act of surface

disordering (a) and the formation of a Schottky defect in the bulk of a

crystal (b) as well as change in theGibbs free energy of the crystal upon the

formation of a defect (c) and the spatial distribution of defects in the near-

surface layer of the ionic crystal of the MX type (d).

[V 0M] is the concentration of cationic vacancies (1), [VX
.
] is the concen-

tration of anionic vacancies (2); i is the order number of the near-surface

layer along the normal to the surface directed into the interior of the

crystal (i=1 corresponds to the outer surface of the crystal).
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copper nanocrystals at 271 K is 14 to 20 orders of magnitude
greater than in conventional bulk copper.55 An analogous effect
was also found in studies of bulk diffusion in nickel nanocrys-
tals.56

However, one should treat the interpretation of the results
obtained in studies of self-diffusion with caution. A critical
analysis 58 of the experimental results obtained in a study of
diffusion in Cu, TiO2 and Pd nanocrystals 57 has shown that
correct consideration of the diffusion `suction' into the bulk of the
crystal makes the coefficient of surface diffusion in Cu nano-
crystals typical of polycrystalline copper rather than abnormally
high. It has also been mentioned 58 that the coefficients of oxygen
diffusion in TiO2 nanocrystals are 5 ± 6 orders of magnitude
greater than in bulk crystals and that the coefficients of diffusion
of the dissolved hydrogen in palladium nanocrystals are greater
than in the bulk specimen.

III. Heterogeneous multicomponent solid-phase
systems (composites)

Generally, a solid-phase composite is a complex, heterogeneous
multicomponent system which comprises several real solid phases
considered as components. By a real solid phase is meant a totality
of single crystals of different sizes, which contain impurities, point
lattice defects, dislocations and pores as well as free surfaces (e.g.,
cracks, intergrain and outer boundaries). Many properties of
composites depend on their morphologies, namely, the particle
size distribution of each phase and mutual spatial arrangement of
monophasic domains. From the standpoint of connectivity of
their components, composites can be divided into (i) three-dimen-
sional random mixtures of different phases, (ii) layered and (iii)
columnar structures.59, 60 Film and porous structures can also be
considered as composites. Real heterogeneous systems are usually
characterised by mixed morphologies.

When studying composites, one should take into account both
the properties of each individual phase and those of interphase
boundaries. If different phases interact with one another, the
interfaces can exhibit specific properties that are characteristic of
neither of the individual phases. It is appropriate to use the
thermodynamic approach to describe the properties of heteroge-
neous systems and find the conditions for their stability. We will
restrict ourselves to consideration of two possible types of the
surface interaction (a weak interaction and a strong one) between
components of a simple system taking a two-phase composite as
an example.

1. Interface interaction and sintering of composite
For a two-phase composite composed of macrocrystalline phases
(phase 1 and phase 2) with weak interaction between them, the
Gibbs energy, G, can be thought to be approximately equal to the
sum of the Gibbs energies of the pure components:

G=G1+G2 .

In real polycrystalline specimens, the energies G1 and G2

depend not only on the bulk parameters but also on a number of
additional factors such as the presence of (i) dislocations and
corresponding elastic strain, (ii) point defects, (iii) interfaces and
outer surfaces, etc. Assuming that the largest contribution to the
total excess Gibbs energy of the real pure components comes from
their surface energies, one can write:

G=G1+G2+Gs= (G �1 + G �2) + (G s1 +G s2�. (22)

Here, G �1 and G �2 are the standard Gibbs energies and Gs1 and
Gs2 are the surface energies of the components, which are defined
for each component by expression (7).

Long-term heat treatment of such a composite leads to
conventional sintering accompanied by growth of crystallites of
both phases and annealing of dislocations.45 After sintering, the
Gibbs energy of each phase becomes close to its bulk value, G �1
and G �2, and the system reaches a thermodynamic equilibrium. If

the mixture was mechanically treated in such a manner that the
particle sizes of one or both components decreased substantially, a
post-annealing phase separation will occur in the composite to
give a mixture of the initial macrocrystalline phases (Fig. 3 a).

Let us consider the case where the rates of recrystallisation and
annealing of the component 1 are much higher than those of the
component 2. The expression for the Gibbs energy of the compo-
site annealed at the sintering temperature of the component 1 can
be written in the form

G=G �1 + G �2 + s2A2+DGe2 . (23)

After sintering, the component 1 reaches an equilibrium state
(G1=G �1), though the entire system remains thermodynamically
nonequilibrium since the component 2 remains dispersed.
Changes in the Gibbs energy of the composite are schematically
shown in Fig. 3 b.

If surface interaction occurs between the constituent phases of
the composite, an additional term, Gs12, appears in the expression
for the Gibbs energy; this term represents the total change in the
Gibbs energy of a heterogeneous system owing to the appearance
of interphase contacts

G=G1+G2+Gs12. (24)

The Gs12 is calculated as follows

Gs12 = s12A12 ,

where s12 is the specific surface energy of the interface and A12 is
the interface area between the components 1 and 2. The contri-
bution of the elastic strain energy should be taken into account by
introducing additional terms, DGe1 and DGe2. The total Gibbs
energy of the composite with inclusion of surface interaction is

G=(G �1 +s1A1+DGe1)+ (G �2 +s2A2+DGe2)+s12A12 . (25)

The expression for theGibbs energy of the component 2 of the
composite can be obtained from Eqn (25)

a

Initial mixture After sintering

b

Composite

Component 1

G �1 � G �2 � G s1 � G s2

G �1 � s12A2=2

G �1 � G s1 G �1

G �1 � G �2 � G s2

G �1 � G�2 � s12A2

G

Component 2

G �2 � s12A2=2

G �2 � G s2
G �2 � G s2

G �2

Figure 3. Schemes of sintering (a) and changes in the Gibbs energy of a

composite (b) in the absence of adhesion between the components (dashed

arrows) and in the case of strong adhesion (solid arrows).
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G2=G �2 + s2A2+ s12
A12

2
+DGe2 , (26)

assuming that the interface energy is evenly distributed between
the components 1 and 2. The contribution of the elastic strain
energy, DGe2, to the total energy of the phase 2 is mainly
determined by the elastic strain energy due to the crystal lattice
misfit at the phase 1 ± phase 2 interface and by the energy ofmisfit
dislocations formed in the near-interface regions.6 ± 8 Calculations
of Ge values are very complicated even for simple thin film
morphology, which make estimation of this contribution in
composites difficult. Nevertheless, irrespective of the character
of elastic strain (a dilation or compression strain), the contribu-
tionDGe2 is always positive and should increase with an increase in
A12. Thus, the third and fourth terms in expression (26), which
determine the energy of the phase 2, depend on the interface area
in the composite.

Sintering of a mixture of a low-melting component 1 with the
greater self-diffusion coefficient with nanoparticles of a high-
melting compound 2 can lead to both a decrease and an increase
in the interface area A12. In the former case, sintering results in
conventional recrystallisation of the phases. In the latter case,
which is of particular interest for solid state chemistry, the
formation of the interface is thermodynamically favourable if

dG

dA12

< 0 .

Sintering is accompanied by an increase in the interface area
A12. Neglecting the dependences of the specific surface energies
and elastic strain energy on the surface area (or particle size) and
expressing s12 in terms of the free energy of adhesion (sa),

s12= s1+ s27 sa ,

one can write

dG

dA12

� s1
dA1

dA12

� s2
dA2

dA12

� s1 � s2 ÿ sa. (27)

The formation and growth of the interface (the so-called
`sticking') have been considered in detail.45, 61, 62 The mechanism
and kinetics of `sticking' are different in two cases defined by the
conditions

sa<2s1, (28)

sa>2s1. (29)

If condition (28) is met, a `neck' is formed between two
particles of the composite. The shape and size of the `neck' depend
on the shapes and sizes of the particles and on s1, s2 and sa.
Inequality (29) is known as the Gibbs ± Smith condition for ideal
wetting of films. If this condition is met, phase 1 completely covers
the particle of the phase 2 after sintering.

Inequalities (28) and (29) also determine the growth mecha-
nism of the films of the phase 1 on a support formed by the
phase 2. Growth of island films according to the Volmer ±Weber
mechanism is observed in the former case while a steady layer-by-
layer growth of films according to the Franck ± van der Merve
mechanism is observed in the latter case.6, 63 The inequality (29)
follows from expression (27) if

dG

dA12

<0,
dA1

dA12

& 1,
dA2

dA12

� ÿ1,

i.e. if a decrease in the free surface area of the component 2 (the
support) leads to the formation of an equivalent free surface area
of the component 1 (the film). Considering the general case of an
arbitrary morphology of the initial mixture of the components 1
and 2, one can see that the newly formed free surfaces of the
component 1 can overlap if the distance between the surfaces of
the phase 2 is sufficiently short (see Fig. 3 b). Complete overlap of

these free surfaces makes the derivative dA1/dA12 close to zero
and, assuming that the following conditions are met,

dG

dA12

< 0,
dA1

dA12

=0,
dA2

dA12

&71

from Eqn (27) it follows that

sa> s1 . (30)

This inequality determines the condition for spreading of the
component 1 over the surfaces of the phase 2 in the composite.
Comparison of inequalities (30) and (29) (the condition for ideal
wetting or epitaxy in films) shows that the surface interaction in
composites must be much stronger and requires a lower adhesion
energy than in conventional film structures. It is known that
roughness of a surface improves its wetting and that the roughness
factor can vary between 0 and 1. Inequality (30) corresponds to
the limiting case where the coefficient of roughness of the surface
of the phase 2 is equal to unity.

If condition (29) or (30) is met, a spontaneous increase in the
interface area or `wetting' of the well-developed surface of the
component 2 with the component 1 occurs in the system. If
compound 2 is in the nanocrystalline state, the effective particle
size of the phase 1 can be substantially reduced. In other words, an
unusual effect, viz., self-dispersion of the component 1 to give a
two-phase nanocomposite, will be observed. Self-dispersion is an
indicator of a strong interface interaction in the system. This
interaction will occur during the long-term sintering of the
composite until the entire surface of the component 2 will be
covered with the component 1. In this limiting case, A12&A2 and
the system reaches the state of metastable equilibrium, where

G=(G �1 + G �2)+ s12A2+ (DGe1+DGe2) , (31)

G1=G �1 + s12
A2

2
+DGe1(A2). (32)

The effect of self-dispersion was experimentally observed in,
e.g., solid-phase sintering of composites AgCl ±Al2O3 (see
Ref. 64), AgI ±Al2O3 (see Ref. 65) and Li2SO4 ±Al2O3

(see Ref. 66). An analogous effect was detected in the heteroge-
neous systems based on alkali nitrates and halides such as
LiNO3 ±Al2O3 andNaNO3 ±Al2O3 (see Ref. 67), RbNO3 ±Al2O3

and CsNO3 ±Al2O3 (see Ref. 68), NaCl ±Al2O3, KCl ±Al2O3 and
RbCl ±Al2O3 (seeRef. 53). This is indicative of strong adhesion of
ionic salts to the alumina surface.

Analysis of expression (32) shows that the properties of an
ionic salt depend not only on the standard thermodynamic
parameters of the material, but also on the contribution of the
energy of interface interaction, which increases as the oxide
surface area increases. If the components are taken in a
50 : 50 (vol.%) ratio and mixed uniformly and an ideal wetting
of the entire surface of the oxide with the MX component is
achieved, the effective MX grain size is nearly equal to half the
particle size of the oxide. In the composites with nanoscale oxide
particles (*10 nm), the size of the MX particles becomes suffi-
ciently small to provide noticeable size effects.

2. Adhesion energy and formation of point defects at the
interface
Stable interphase contacts require that the energy of adhesion be
sufficiently high. Generally, the mechanism of adhesion depends
on the character and strength of the interaction between the atoms
arranged on the contacting surfaces. The authors of classical
monographs on adhesion 69 ± 71 have studied the systems in which
the major contribution to the surface interaction comes from the
dispersion forces. In this case, the energy of adhesion can be
calculated using the Hamaker ± de Buhr theory

sa=2 (sd1 sd2)1/2+ s 012, (33)
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where sd1 and sd2 are the contributions of the dispersion forces to
the surface energies of the components 1 and 2, respectively, and
the last term includes the contributions of the non-dispersion
interactions, viz., the ion ± ion, donor ± acceptor, dipole ± dipole
interaction, etc. In composites of the ionic salt ± oxide type, it is the
last term of expression (33) that makes the largest contribution to
the energy of adhesion. In the absence of the electrical double
layers, the sa value can be approximately estimated using the
model of `weak boundary layers',72 according to which the work
of adhesion is equal to the geometric mean of the works of
cohesion of the components

sa& (W1W2)1/2=2 (s1 s2)1/2. (34)

From relationships (34), (29) and (30) it follows that self-
dispersion should occur if s2> s1 and be enhanced with a
decrease in s1. Among alkali halides, lithium salts are character-
ised by the highest specific surface energies s, while cesium salts
are characterised by the lowest ones, the s values being monotoni-
cally decreased on going from fluorides to iodides.29 Therefore,
self-dispersion should proceedmost easily in the composites based
on cesium iodide and have the lowest rate in the systems based on
lithium fluoride. However, it was noted 70 that the model of `weak
boundary layers' 72 does not take into consideration specific
characteristics of the interface in composites (its morphology
and the presence of surface-active centres), which prevents a
correct separation of the contributions of different types of
interactions to the surface energies of the components, and does
not assume the formation of the double surface layers.72 There-
fore, this model allows only qualitative estimation. To carry out
more reliable calculations, one should take into account the
structure of the contact surface and the potentials of the ion ± ion
interactions at the ionic crystal ± oxide interface, which represents
an extremely complicated problem that has not been solved so far.
Approximate estimates of the surface energy using the Harkins
`broken bond' method have shown 13, 69, 73 that s increases in
proportion to the crystal lattice energy for isostructural com-
pounds, the coefficient of proportionality being dependent on the
type of the corresponding crystallographic plane. Comparison of
the s values for alkali halides 29 with the corresponding values for
oxides Al2O3 , FeO, MgO and SiO2 (100 ± 300 and 600 ±
1200 erg cm72, respectively) 13, 69 shows that the wetting condi-
tion (30) should be met for the composites based on ionic halides
and high-melting oxides including alumina.

Physically, a tendency of the components of composites of the
ionic salt ± oxide type to decrease the surface energy owing to the
ion ± ion interaction at the interface is the reason for rerrangement
of surface layers. To a first approximation, the MX±A interface
energy (MX is the ionic salt and A=Al2O3)

Gs
MXÿA � sMXÿA AMXÿA &

&EMÿAl � EAlÿX � EMÿO � EXÿO
(35)

is determined by the sum of the energies of the cation ± cation
(M+±Al3+), cation ± anion (Al3+ ±X7 and M+±O27) and
anion ± anion (X7 ±O27) interactions. For the sake of simplicity,
let us assume that strong interfacial interaction provides a
structural correspondence between the crystal lattices of the MX
andA phases. Since the energiesEM7Al,EX7Al,EM7O andEX7O

differ from one another, an ideal structure of the boundary layer
of each phase will be distorted to provide an additional gain in the
surface energy owing to the mutual approach (or removal) of
different surface ions. The magnitudes of the displacements of the
ions from ideal positions are determined by the balance of energies
Ei. Since the sizes of the anions of alumina and most of MX salts
are larger than those of the cations, one can expect that, provided
that both contacting phases are close-packed, the cations at the
interface are displaced to longer distances than anions. As a result,
an intermediate, positively charged layer enriched with cations is
formed between the surface layers of the components (Fig. 4) and

a layer of cationic vacancies (V0Ms). Such a structural relaxation
can be represented as the following quasichemical reactions:

0 > V 0Ms + (M7A)s
.
, (36)

0 > V 000Al + (Al7MX)s
...
, (37)

which describe the surface disordering in MX (36) and Al2O3 (37)
at the MX±A interface. In addition to reaction (36), interstitial
cations also can be transferred into the space charge layer 48, 74

Mi
. > (M7A) s

.
. (38)

The formation of surface defects at the MX±A interface can
also proceed by other mechanisms. If the energy of the interaction
between aluminum cations and X anions is sufficiently high, the
following reactions can proceed at the interface:75

0 > VX
.
+(X7A) 0s , (39)

0 > Mi
.
+(X7A) 0s . (40)

Reaction (39) is analogous to reaction (36) except that the
role of cations is played by the anions; this can occur in composites
based on fluorides, e.g., PbF2 ±A (A=CeO2, ZrO2, SiO2,
Al2O3).75 Reaction (40) can be observed in AgF±Al2O3 compo-
sites. Since the binding energy of Al ±X dramatically decreases on
going from fluoride anions to other halide anions, the reac-
tions (39) and (40) in MX±Al2O3 systems are unlikely. More
probable is the reaction

0 > X 0i +(M7A)s
.
, (41)

which can occur in the salt-basedMF2 ± SrCl2 composites with the
anti-Frenkel defects.

Shukla et al.75 proposed to use the pE value of the isoelectric
point of an oxide as an indicator of the surface activity of the
oxide. Indeed, equations analogous to Eqns (36) and (39) can also
be written for the surface interaction of an oxide with water

H2O > OH 0 + (H7A)s
.
, (42)

2H2O > H3O
.
+ (OH7A) 0s , (43)

The former reaction dominates for oxides with pE>7 (e.g.,
Al2O3, CeO2) and the latter is predominant for oxides with pE<7
(ZrO2, SiO2). By analogy with aqueous solutions one can expect
that the surface reactions (36), (38) and (41) are typical of
composites with basic oxides (pE>7), while reactions (39) and
(40) are typical of acid oxides (pE<7). Currently, the lack of
experimental data makes it impossible to assess the transferability
of the model of acid-base equilibria in aqueous solutions to

a

A

MX

b

(M7A)s
.

V 0Ms

Figure 4. A scheme for the formation of defects at the interface between

two binary ionic compounds.

Initial surfaces (a) and interface (b).
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composites. Nevertheless, the competition between the proc-
esses (36) and (42)

V 0M + (M7A)s
.
+H2O > OH 0+ (H7A)s

.
+M�M , (44)

where M�M is a cation with a zero effective charge, can be
responsible for deterioration of the ionic conductivity of the
composites AgCl ±Al2O3 (see Ref. 64) and AgI ±Al2O3 (see
Ref. 65) and for the appearance of protonic conductivity in the
composites Li2SO4 ±Al2O3 (see Ref. 76) and M(NO3)n ±Al2O3

(see Refs 77 and 78) in a humid atmosphere.

3. Ionic conductivity of composites
In essence, reactions (36) ± (41) represent the formation of an
electrical double layer at theMX±Al2O3 interface. The formation
of this layer affects the properties of the oxide; e.g., a decrease in
the NeÂ el temperature of iron(III) oxide was observed in AgI ±
Fe2O3 composites.79 The effect of the electrical double layer on the
properties of the ionic salt is even more pronounced. A change in
the energy upon the displacement of the ion from its normal
(equilibrium) position characteristic of isolated MX crystal to the
space charge layer (Dgi ± A) can be considered as the work of
charging of the surface; therefore, Dgi ±A is related to the surface
potential at the MX±A interface

jAs*
DgiÿA
qi

, (45)

where qi is the charge of the displaced ion. The exact jAs value is
determined not only by the Dgi ±A value, but also by the contribu-
tion of the spatial relaxation of the oxide ions; therefore, relation-
ship (45) should be considered only as a correlation between
Dgi ±A and jAs. If adhesive binding is strong, the Dgi ±A value is
always negative; hence

jAs>0 for qi < 0

and
jAs<0 for qi > 0.

For T=0, there is a dense layer on the surface of the MX
particle contacting the oxide. This layer is analogous to the
Helmholtz layer. An increase in temperature leads to the forma-
tion of a diffusion space charge layer built of cationic vacancies,
which is responsible for enhanced conductivity of the composite
since the ion mobility in the dense layer is low. The mobilities of
defects in the diffusion layer are taken to be equal to their
mobilities in the bulk of the crystal 48, 74 since the concentration
of defects in this layer is low and the crystal structure remains
unchanged (no deformations, surface phase transitions, etc.). In
this case, the conductivity of the composite is given by expres-
sion (21) with jAs introduced instead of js and the migration
energy Em corresponding to those defects which form the diffu-
sion layer; for the sake of simplicity, the entropy contribution to
jAs is taken as zero. For low potentialjAs, which corresponds to a
relatively weak surface interaction, the conductivity is low and the
activation energy of conductivity is

Ea �
h0
4
ÿ ejAs

2
� Em .

Here, Ea ranges from h0/4+Em7ejAs/2 to h0/4+Em and
depends on the state of the MX±A interface (on the presence of
structural defects, adsorbed impurities, etc.). Therefore, the con-
ductivity parameters measured in the experiments are poorly
reproducible, which is sometimes observed in poorly sintered
composites.

If the surface potential jAs is high, the energy of adhesion is
rather high, which favours the formation of a dense interphase
contact and a substantial increase in the charge density in the
diffusion layer. As jAs increases, the concentration of surface
defects increases and at a surface potential equal to

jAs=
h0
2e

, (46)

a full coverage of the surface with the similarly charged ions or
defects is attained. If ejAs> h0/2, several layers of similarly
charged ions should be on the surface, which is unlikely. Thus,
the condition (46) determines the maximum value of the surface
potential ejAs in a composite.53 In composites with high surface
potential, the concentration of surface defects is close to the
limiting value. In this case, the conductivity and activation energy
of conductivity are given by the relationships

K � A

L
T ÿ1=2exp

�
ÿEm

kT

�
,

Ea=Em . (47)

The results obtained using these expressions are in good
agreement with the experimental data for composite systems
AgCl ±Al2O3, AgBr ±Al2O3, TlCl ±Al2O3 and LiI ±Al2O3.48

Certain new factors affecting the transport properties of ionic
salts appear on going to nanoscale systems. The assumption of
constant mobilities of defects within the diffusion layer and in the
bulk of the crystal is acceptable if the thickness of the space charge
region, 2lD, does not exceed the size of the MX crystal. It is
reasonable to assume that the mobilities of defects within the
diffusion layer of the crystal depend on the position of the defect
owing to the drag effect of the ion `atmosphere'. Near theMX±A
interface, the defect mobility is low; it gradually increases with
distance from the surface and reaches a maximum deep in the
interior of the crystal. Size reduction of theMX crystal (this can be
achieved by increasing the concentration of A) leads to a decrease
in the defect mobilities and to an increase in the activation energy
of conductivity, which is equal to the migration energy of the
defect. This effect is noticeable if the crystal size L is less than 2lD.
In fact, the activation energy of conductivity in AgI ±Al2O3

nanocomposites monotonically increases as the oxide concentra-
tion increases.65

If L< lD, the total concentration of defects in the bulk of the
crystal becomes high. The defect ± defect interactions in crystals
can lead to phase transitions into the superionic state.80 ± 82 It
cannot be ruled out that the superionic phases can be formed in the
near-surface region of the crystal. The formation of the superionic
phase on the surface of the pure ionic crystal has been reported;83

in composites, this seems to be even more probable.
If the concentration of defects, n, is temperature-independent,

the expression for conductivity has the form

K � n

�
e2a2v0
6kT

�
exp

�
Sm

k

�
exp

�
ÿEm

kT

�
, (48)

where a is the jump length of the defect, n0 is the vibrational
frequency of the mobile ion and Sm is the entropy of migration,
which can be calculated using the formula for the compensation
effect

Sm �
Em

T �
,

observed in alkali halide crystals. In this case,T *=2.16103 K.84

The formula given below 85 relates the conductivity of the compo-
site at 25 8C to the activation energy of conductivity and to the
concentration of defects in the MX particles; it includes the
compensation effect and uses two empirical parameters,
a=0.3 nm and n0=3610712 s71, typical of ionic crystals,

log K25 (S cm71)= log n (cm73)7 14.5 Ea (eV )7 20.55. (49)

Figure 5 presents the experimental data for different compo-
sites. The straight lines were plotted using Eqn (49) with different
defect concentrations. The experimental data for a number of
superionic conductors are also shown in Fig. 5. As can be seen, the
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concentration of defects in the composites with the highest
conductivity is also high and close to the corresponding values
for superionic conductors. This indicates the possibility of stabi-
lisation of disordered phases in composites.

4. Size effects in heterophasic systems
In studies of thin films it has been shown that the structures of
solids in the near-interface regions depend strongly on peculiar-
ities of themorphology and energetics of the contacting planes. As
a rule, the epitaxial interphase contact is the most energetically
favourable. In the case of strong adhesive binding, building up the
layer of phase 2 on a support proceeds by the van der Merve
mechanism. Owing to the crystal lattice misfit between the
adjacent phases, elastic strain is accumulated in the bulk of the
component 2 (the elastic strain energy increases as the thickness of
the layer of phase 2 increases).6, 86, 87 According to calculations,88

the continuous layer is destroyed after reaching a certain critical
thickness hc and a network of misfit dislocations is formed at the
interface. If the latticemisfit parameter lies between 0.1%and 1%,
the calculated thickness of the epitaxial layer, hc, is *5 ± 25 nm
(see Ref. 88), which is consistent with the experimental data. If the
rate of film precipitation is high, thin films with an amorphous
structure are deposited on the support instead of the epitaxial
layer. As the temperature or the thickness of the layer increases,
the amorphous phase undergoes transformation into a crystalline
film.7 The formation of thin epitaxial or amorphous films can be
considered as manifestation of the phase size effect in heteroge-
neous systems, viz., the reduction of the characteristic size (film
thickness) leads to the formation of new surface phases.

In composites, the role of the thickness of the epitaxial layer is
played by the average distance between the grains of the inert
component 2 (r22). At low concentrations of the phase 2, the
distance between the grains of this phase exceeds hc and the
properties of the phase 1 are similar to those of the island thick
films oriented parallel to the faces that confine the intergrain
space. On the contrary, at high concentrations of the compo-
nent 2, the phase 1 is distributed in the micropores of the phase 2
after sintering. In this case, if the grain size of the phase 2 is
sufficiently small (less than 10 nm), one gets r22< hc and the
phase 1 occurs in the form of a thin layer or a surface phase. Since
the properties of substances in the surface phase differ substan-
tially from the bulk properties of the same substance, two phases

can coexist in composites, viz, the surface phase with anomalous
properties and a conventional bulk polycrystalline phase with a
high concentration of dislocations.

Thermodynamic properties of substances coated on solid
supports in the form of adsorbed layers or thin films differ from
their bulk properties.2 ± 7, 18, 19, 89 Noticeable distinctions between
the thermodynamic properties appear at a characteristic crystal
size of *10 nm.2 ± 7 Changes in the temperatures of phase tran-
sitions that occur in the bulk of the component 1 can be estimated
using the formula

Tt

T 0
t

� 1ÿ
�
sa1Aa1 � sb1Ab1�

� sa12Aa12 ÿ sb12Ab12

2
� DGe

�
H ÿ1t ,

(50)

where the subscripts a and b correspond to the a- and b-phases at
temperature Tt, respectively, and DGe is the excess elastic strain
energy difference between these phases. If the changes in the
volume and DGe upon the phase transition are small
(Aa1&Ab1*L71; Aa12*Ab12*L71; DGe& 0), the temper-
ature of the phase transition into the a-phase decreases, which is
usually observed in thin films. Some examples of the phase
diagrams constructed in the coordinatesTt ± (T,L71) for different
supportedmetal films are available in the literature (see Refs 6 ± 8,
18, 19). According to these phase diagrams, transition temper-
atures can decrease by hundreds of degrees upon reduction ofL to
10 nm.6, 7 Generally, the temperatures of phase transitions in
composites can either decrease or increase depending on the
particular form of the functions G �= f (T), s= f (T) and
DGe= f (T) for a given component in different phases.

The results of studies on the physicochemical properties of
composites AgI ±Al2O3 (see Refs 65, 90 ± 94), Li2SO4 ±Al2O3

(see Ref. 66), LiNO3 ±Al2O3, NaNO3 ±Al2O3, KNO3 ±Al2O3

(see Ref. 67), RbNO3 ±Al2O3 (see Refs 68 and 95), CsNO3 ±
Al2O3 (see Ref. 68), CsHSO4 ± SiO2 (see Refs 96 and 97),
CsCl ±Al2O3 (see Ref. 98) with the specific surface area of Al2O3

particles, s, of 270 m2 g71 show that nanocomposites prepared by
self-dispersion technique exhibit unusual structural, thermody-
namic and transport properties. Thermodynamic calculations for
all the above-mentioned systems showed that bulk chemical
interaction at the temperatures of synthesis of nanocomposites is
thermodynamically unfavourable. This is also confirmed by the
results of special experiments on the sintering of the initial
mixtures under `severe' conditions (high temperatures and long-
term heat treatment).

Thermodynamic properties of silver iodide in (17 x)AgI ±
xAl2O3 nanocomposites differ substantially from those of pure
AgI. This can be illustrated by nearly complete absence of the
thermal effect at 147 8Cupon the phase transition into the a-phase
of AgI in the nanocomposite with high Al2O3 concentrations
(x>0.8). Presumably, the superionic a-phase is stabilised in the
composite; however, the absence of AgI reflections in the X-ray
diffraction patterns (including those typical of the a-phase)
suggests that silver iodide is in the amorphous state. This is also
confirmed by the absence of a thermal effect at the melting
transition in AgI (see Ref. 93) and by the unusual luminescence
spectra observed upon UV irradiation of the nanocomposite.94

More detailed studies have shown that an increase in the Al2O3

content in the composite leads to a gradual change in the proper-
ties of silver iodide. Namely, two phase transitions are observed
instead of one a? b transition, which gradually disappear as x
increases. Both transitions are characterised by distinct hysteresis
loops on the plots of the temperature dependences of conductivity
and heat capacity, the temperature of the high-temperature phase
transition depends slightly on x, while the temperature of the low-
temperature phase transition decreases appreciably as the mole
fraction of Al2O3 increases (see Refs 92 and 93).

This suggests that silver iodide can occur in two crystalline
states during sintering of the composites under study. These are
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the bulk state with the properties of pure AgI and the surface state
localised at the AgI ±Al2O3 interface. The properties of the latter
are affected by the interfacial interaction. Like the bulk state, the
surface crystalline state can be in the high-temperature and low-
temperature disordered phases. As the Al2O3 content increases,
the effective intercrystallite distance in the oxide (and the effective
particle size of AgI) decreases and the conductivities of both
phases approach each other, thus indicating a gradual levelling of
distinctions between the phases.

In addition to this effect, the increase in the concentration of
Al2O3 leads to a dramatic decrease in the enthalpies ofmelting and
b? a phase transition in AgI, which points to the appearance of
the interface amorphous AgI phase in the composites (Fig. 6). At
sufficiently high concentration of alumina, nearly all the silver
iodide can be stabilised in the interface amorphous state.91, 93, 94 It
was shown that doping ofAgIwithAl2O3 leads to a decrease in the
temperature and enthalpy of the phase transition in AgI.99, 100

This is in excellent agreement with the results of our investigations
of composites with low Al2O3 content. However, the authors of
the papers cited (cf. Refs 99 and 100) have observed only minor
changes in the transition temperature and enthalpy, since the
heterogeneous additive used in their experiments was a relatively
coarse-grained (0.06 mm) Al2O3. The use of alumina with a grain
size of 0.01 mm allowed us to observe much more pronounced
effects.

Composites MNO3 ±Al2O3 (M is an alkali metal) (see
Refs 67, 68, 95) and the CsHSO4 ± SiO2 system 96, 97 behave
analogously. DTA studies of composites (17x)RbNO3 ± xAl2O3

have shown 95 that all the phase transition temperatures of
RbNO3 including the melting temperature remain virtually
unchanged upon sintering, whereas the enthalpies of the phase
transitions decrease dramatically. For x5 0.7, the DTA curves
exhibit no peaks indicating the presence of crystalline RbNO3 in
the composite (Fig. 7). Instead, a weak broad peak appears near
250 8C with the maximum intensity for 0.4< x<0.6.

These effects are not observed in the composites containing
coarse-grained Al2O3 (with grain sizes of several micrometres),

which means that they are due to the influence of the oxide grain
surface. Electron diffraction studies and conductivity measure-
ments revealed the formation of an amorphous phase of RbNO3

in the RbNO3 ±Al2O3 composites. The thermal effect at 250 8C is
due to the glass transition in the amorphous phase and the
transition temperature is much higher than the calculated value
(755 8C).101 However, it should be taken into account that in this
case the amorphous RbNO3 phase is formed at the
RbNO3 ±Al2O3 interface and its properties can be very different
from those of pure amorphous rubidium nitrate. The results of
thermodynamic studies of RbNO3 ±Al2O3 composites are consis-
tent with those obtained by the ionic conductivity measurements,
Raman spectroscopy and X-ray diffraction analysis.95

The concentration and thickness of the interface phase in
composites can be estimated using a simple brick-wall model for
cubic particles.85, 93, 95 The model is based on the assumption that
the brick size is equal to the particle size of the dispersed additive
(LA) and uses the following formulae for the calculation of the
volume fraction, fs , or themole fraction, xs , of the interface phase

fs � b
2l
LA

f �1ÿ f�, (51)

xs � b
2l
LA

g x�1ÿ x�
1� x�gÿ 1� , (52)

where b is the geometric factor, l is the thickness of the surface
layer, f and x are the volume fraction and molar concentration of
the dispersed phase 2 (the oxide A), respectively, and the coef-
ficient g depends on the densities (d) and molecular masses (m) of
the components and is defined as follows

g � mAd1
m1dA

.
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The fraction of the ionic salt ( f1 or x1) that remained in the
bulk phase can be calculated using the expressions

f1 � 1ÿ fÿ fs �
�
1ÿ fb

2l
LA

�
�1ÿ f�, (53)

x1 � 1ÿ xÿ xs � 1ÿ xÿ b
2l
LA

gx�1ÿ x�
1� x�gÿ 1� . (54)

These formulae are convenient for estimating the thickness of the
interface phase provided that the particle size of the dispersed
component, LA, is known. The ratio l/LA and the thickness of the
interface phase, l, can be estimated from the concentration
dependence of any extensive characteristic of the phase 1 in the
composite using expressions (53) or (54) (Fig. 8). According to
calculations, the amorphous layer in AgI ±Al2O3 and
RbNO3 ±Al2O3 composites is respectively 3 93 and 4 nm 95 thick.

Studies of the conductivity of the nitrate-based composites
revealed a substantial increase in the low-temperature conductiv-
ities and disappearance of the conductivity jumps observed upon
phase transitions. Note that the Arrhenius plots of the temper-
ature dependences of conductivity are nonlinear (Fig. 9). Among

the composites based on alkali nitrates, the greatest increase in
conductivity is observed for the LiNO3-based ones. At 100 8C, the
conductivity of the composite 0.5 LiNO3 ± 0.5Al2O3 is 7 orders of
magnitude higher than that of pure lithium nitrate.67 The smallest
increase in conductivity is observed for the CsNO3 ±Al2O3 sys-
tem.68 Similar effects were also found in CsHSO4 ± SiO2 compo-
sites.96, 97 Here, the physicochemical characteristics of cesium
hydrosulfate depend on the pore size of silica gel used as a
dispersed additive, that is, there is an optimum pore size
(*2 nm) at which the thermodynamic, structural and transport
properties of CsHSO4 change to the greatest extent.97

Physicochemical properties of lithium sulfate change substan-
tially on going from the bulk crystal to (17x)Li2SO4 ±xAl2O3

nanocomposites.66, 85 The low-temperature ionic conductivity of
the composite substantially increases while the well-defined (for
pure Li2SO4) phase transition becomes diffuse in the composite
(Fig. 10). The results of DTA studies of these composites showed
that lithium sulfate occurs in two states at low oxide concentra-
tions. One state exhibits the properties of the initial Li2SO4 while
the other state possesses the properties of the phase localised near
the Li2SO4 ± g-Al2O3 interface. If the content of Al2O3 additive, x,
exceeds 0.5, virtually the whole lithium sulfate is stabilised in the
interface phase after sintering. In composites with the oxide
particle size of the order of several nanometres the concentration
of the interface phase is very low and no additional thermal effect
is observed. Compared to the pure substance, the phase transition
in the interface phase of Li2SO4 occurs at a much lower temper-
ature (470 8C).

In this case, the mechanism of adhesion involves a stage of
surface chemical reaction between Li2SO4 and Al2O3 resulting in
the formation of a thin interface lithium aluminate layer. The
thickness of this layer was estimated at 1 ± 2 monolayers on the
surface of the Al2O3 grains. Analysis of the X-ray and electron
diffraction patterns of the nanocomposite points to epitaxial
character of the lithium sulfate layers, which is due to the close
(111) interplanar spacing in Li2SO4 and Al2O3 and to strong
adhesion of Li2SO4 to the alumina surface. Lithium aluminate
forms an intermediate layer and represents a specific `glue', which
provides a denser epitaxial contact between the Li2SO4 and Al2O3

nanocrystals.
The nanocomposite 0.33Li2SO4 ± 0.67Al2O3 can be prepared

in two ways, viz., by sintering of the starting materials and by
decomposition of the precursor, Li2SO4

. 4Al(OH)3 .mH2O.85 The
second method allows one to synthesise a nanocomposite with
uniform distribution of the components and an average particle
size of less than 10 nm for both Li2SO4 and Al2O3 (Fig. 11). If the
alumina particles are uniform in size, both synthetic procedures
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result in the formation of nanocomposites with identical struc-
tural, transport and thermodynamic characteristics after suffi-
ciently long-term heat treatment of the mixtures. This indicates

that the composites reached metastable thermodynamic equili-
brium. Decomposition of precursors, LinX . 2nAl(OH)3 .mH2O,
allows the preparation of nanocomposites with different lithium
salts LinX (X=F, Cl, Br, I, SO4, PO4); these systems exhibit high
ionic conductivities.85

X-Ray diffraction and DTA studies of (17x)CsCl ± xAl2O3

composites (with Al2O3 with a specific surface area, s, of
270 m2 g71) showed that long-term sintering leads to stabilisation
of a high-temperature CsCl phase localised at the interface
(Fig. 12).53, 98 No changes are observed in the X-ray diffraction
patterns as the particle size of Al2O3 increased up to*1 mm; this is
in agreement with the known results.102 The size effect, i.e.,
stabilisation of the high-temperature CsCl phase, seems to be
due to the interface interaction, which is most pronounced in the
composites with nanocrystalline additives.

In the ionic salt ±Al2O3 systems, lithium salts form nano-
composites somewhat more easily than rubidium and cesium salts
and iodides form nanocomposites more easily than chlorides or
fluorides. This points to important role of the polarising power of
the cation and the polarisability of the anion in the mechanism of
surface interaction.

IV.Mechanochemical synthesis of nanocomposites
and nanoparticles

Mechanochemical processes proceed at low temperatures where
the formation of a perfect crystal structure is difficult. Therefore,
the use of mechanochemistry for the synthesis of metastable
products, in particular, nanoparticles and nanocomposites, is of
considerable interest.103 ± 109 Mechanochemical methods for the
preparation of nanocrystalline materials have been intensively
developed recently 105 ± 108 and investigations into the fundamen-
tal problems associated with the formation, relaxation and
stabilisation of metastable states during mechanical activation
seem to be of great importance.

1. Mechanical action on a solid and the formation of
nanoscale systems
Mechanical action leads to the development of elastic stress in the
crystal. For different reasons (crystal lattice anisotropy, specific
features of electronic and ionic properties, different energies of
chemical bonds), elastic stress relaxation can follow different
mechanisms such as vibrational and electronic excitations, ionisa-
tion of chemical bonds, bond cleavage, rearrangements of atoms
and migration of atoms and ions.109 By varying the intensity and
character of mechanical action one can control the properties of
materials obtained by mechanical activation.104

One of the most often encountered effects accompanying
mechanical activation is failure which leads to grinding of the
particles of a substance. Failure is preceded by accumulation,
interaction and concentration of defects as well as by crack
formation and propagation into the interior of the crystal.
However, direct mechanical grinding of a solid usually does not
allow preparation of nanoparticles since mechanical activation
leads to acceleration of mass transfer owing to the formation of
metastable defects. In addition, the stored elastic strain energy is
partly transformed into thermal energy and the temperature in the
impact zone can be significantly increased, thus favouring both
recrystallisation of the substance and `healing' of defects that
prevent grinding.106

Mechanical activation of heterogeneous mixtures seems to be
more promising for the preparation of nanoparticles. Initially, the
harder component acts as a crusher, thus favouring finer grinding
of the softer component. Dispersion in deeper activation stages is
due to the interfacial interaction between the components; here,
the soft component plays the role of surfactant and facilitates the
grinding of the harder component owing to the Rehbinder effect.

Mechanochemical reactions in heterogeneous mixtures repre-
sent the most efficient method for the preparation of nano-
composites.106 ± 108 In this case, nanoparticles of a new phase are
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formed at the interface or as a result of decomposition of
metastable states stabilised upon mechanical activation of the
mixture. A unique feature of mechanochemical processes is the
possibility of `deformation mixing' (mechanical alloying) of the
components of a mixture, i.e., mixing of the starting components
at the atomic level.105 ± 109 Mechanical alloying occurs at low
temperatures whereupon diffusion is retarded. This allows stabi-
lisation of various metastable intermediates including nanopar-
ticles.

2. Methods for mechanochemical synthesis of
nanocomposites and nanoparticles
Mechanochemical synthesis of nanocomposites in metal systems
is fairly well studied. The main classes of mechanochemical
reactions used for the preparation of metal nanocomposites are
as follows.110

1. Conventional mechanical treatment of a composite result-
ing in transformation of one of the components into the nano-
crystalline state.

This is the simplest and most widely used procedure for the
preparation of nanocomposites by exposing mixtures of solids to
high-powermechanical impulses. If one component of amixture is
hard while the other is soft, mechanical treatment will lead to
comminution of the former and deformation of particles of the
latter. This can result in the formation of a composite comprising
plate-like particles of the soft component with a thickness of
several nanometres separated by large nanoparticles of the hard
component.

This type of nanocomposites has been obtained in, e.g.,
bimetallic systems Cr ±Fe,111 Ni ±Ti 112 and Ce ±Yb 113 (for a
detailed list of systems, see the review by Matteazzi et al.114).
Mechanically alloyed Cu30Cr170 has been obtained by treatment
of a Cu ±Cr mixture 115 and studied by EXAFS, DSC and
anomalous scattering of synchrotron radiation. It was shown
that the alloy represents a nanocomposite rather than a solid
solution of copper in chromium and that the Cu nanoparticles
occur in the metastable phase. Mechanical treatment of a Cu ±Co
mixture, 80 : 20 (at.%), allowed the preparation of a nanocompo-
site containing nanoscale cobalt particles.116 Thorough field-ion
microscopy studies of the structure of the nanocomposite showed
that the material contains both individual 15-nm Co nanopar-
ticles and 1 ± 3-nm cluster inclusions of Co atoms in the copper
matrix.117 The presence of small Co clusters is responsible for
anomalous magnetoresistance of the nanocomposite. Layered
Co ±Cu structures obtained by vapour deposition or using pulse
electrochemical deposition also possess analogous properties.118

2. Transformation of an amorphous phase into a nanocrystal
owing to the elastic strain energy stored during mechanical treat-
ment, e.g., preparation of nanocomposites from amorphous
alloys based on iron and aluminium:119

AaBb (amorphous solid) AaBb (nanocrystal).

Yet another example is the transformation of amorphous
Fe ± Si ± B alloys into nanocrystals upon mechanical treatment.
The process can be either accelerated by addition of cobalt or
slowed down by addition of niobium (this can inhibit crystallisa-
tion and retain the amorphous alloy). The reasons for the trans-
formation of the amorphous phase into a crystalline one upon
mechanical treatment have been discussed.120 ± 122 If mechanical
treatment is carried out in air, the formation of nanocomposite is
often favoured by the formation of an oxide film on the metal
surface.119

3. Decomposition of an amorphous phase (usually, an inter-
metallide) to give one of the components in the form of nano-
particles:

AaBb (amorphous solid)

cA (nanocrystal) + Aa7cBb (amorphous solid).

4. More complex mechanochemical reactions:

aA+ bB AaBb (nanocrystals),

AaBb +C AaBbC (nanocrystals),

AaBb +CcDd AaBbCcDd (nanocrystals).

Mechanical alloying of the mixtures of different metals with
graphite, silicon or tin is used for the preparation of carbide,114, 123

silicide and stannide nanoparticles.124 Nanocomposites can also
be obtained by mechanochemical solid-phase displacement and
exchange reactions, e.g., by the interaction of iron nitride with
aluminium or silicon or by the reaction of iron carbide with
chromium 125:

Fe2.5N + Al AlN (nanocrystals) + 2.5 Fe,

4 Fe2.5N + 3Si Si3N4 (nanocrystals) + 10Fe,

Fe3C + 3Cr (Fe,Cr)3C (nanocrystals).

Hydrogenation of an intermetallide Pr(Co17xCux)5 results in
the formation of copper and cobalt nanoparticles with sizes
10 ± 20 nm incorporated into the matrix of hydrogenation prod-
ucts Pr(Co17yCuy)5Hx and PrH2 (see Ref. 126).

Specific methods are used if one needs to obtain nanoparticles
of a single component of a nanocomposite rather than the nano-
composite itself. For instance, nickel ± zinc ferrite nanoparticles
with sizes 8 ± 50 nm were obtained by long-term (200 h) heat
treatment of a mixture of the ferrite and quartz.127 To separate the
metals from quartz and other components, the mixture was
treated with 2M HClO4 for 1 h. This kind of treatment makes
the particles on the ferrite surface charged, whereas other particles
remain uncharged; this phenomenon is used for the separation of
the mixture. Ferrite particles form a sol that can be destroyed by
controlled change in the pH.

An efficient method for preparation and isolation of nano-
particles from mechanically alloyed composites has been pro-
posed recently.128 ± 130 Nanoparticles were formed by solid-phase
exchange reactions chosen in such a way that the by-products be
readily soluble while the desired product, i.e., nanoparticles, be
insoluble in conventional solvents. For instance, ZnS nanopar-
ticles were prepared by the solid-phase mechanochemical reaction

ZnCl2 + CaS ZnS + CaCl2 .

The newly formed zinc sulfide particles with an average size of
500 nm were found to represent aggregates comprised of smaller
particles with characteristic sizes of 10 ± 12 nm. The formation of
aggregates can be prevented by adding calcium chloride to the
initial mixture; in this case, the desired product is obtained as
separated ZnS particles of size 7 ± 9 nm. Calcium chloride is
removed from the mixture of reaction products by selective
dissolution in methanol followed by centrifugation. A similar
procedure is used for the synthesis of CdS nanoparticles following
the reaction

CdCl2 + Na2S CdS + 2NaCl .

The starting mixture was additionally diluted with NaCl.
After mechanical treatment for 1 h the mixture was washed with
water to remove NaCl. The sizes of the CdS particles formed were
from 4 to 8 nm (i.e., less than the Bohr radius of an exciton), which
allowed the mechanochemical synthesis of `quantum dots'.

Mechanochemical reduction of oxides is also known. The use
of a peroxide instead of oxide allows transformation of this
reaction into self-propagating high-temperature synthesis.131 By
performing the reaction in the `smouldering' (incomplete combus-
tion) rather than conventional combustion regime (this can be
achieved by changing the heat treatment regime of the mixture or
by diluting it with an inert compound), one can obtain the reaction
product in the form of nanoparticles with sizes 40 ± 50 nm. Using
this regime in the reactions of BaO2 with metals, mixed titanium-
molybdenumoxide, barium aluminate and barium stannate nano-
particles were obtained.131
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Preparation of zinc ferrite nanoparticles by mechanical treat-
ment of a mixture of zinc and iron oxides represents yet another
example of mechanochemical synthesis of nanoparticles of com-
plex oxides from simple ones. However, in this case heating leads
to rapid growth of stable large ferrite crystals.132 Mechanical
treatment of the preliminarily prepared zinc ferrite, a-Fe2O3 and
g-Al2O3 nanoparticles also leads to their growth.133 Therefore,
optimisation of reaction conditions (in particular, mechanical
treatment) should receive due attention when performing mecha-
nochemical synthesis of nanoscale materials.

A specific case of mechanical activation of a topochemical
reaction has been studied.134 Intercalation of g-Al(OH)3 (gibbsite)
with lithium salts from solution was shown to result in the
development of wedging stress in the gibbsite lattice. This leads
to an increase in the interlayer distances in the gibbsite structure,
thus improving the intercalation conditions. Relaxation of
mechanical stress can lead to the appearance of lattice defects.
This will also favour an enhancement of the reactivity of gibbsite
and can be used for carrying out various chemical reactions in the
interlayer space of gibbsite.135 ± 138

A salient feature of this type of reactions is the possibility of
crystallographic control of mutual orientation of the reactants,
intermolecular distances and their mobilities. Nanoparticles can
be prepared by intercalating the reactants into the interlayer
space. They can be formed either if both reactants are present
within the interlayer space or if the second reactant (e.g., oxygen)
is supplied from the outside to oxidise the first reactant in the
interlayer space. Nanoparticles thus formed can sometimes be
retained within the interlayer space, as is the case of
[MnOx(OH)4]472x7y nanoparticles formed by the reaction of the
intercalated permanganate ions and unsaturated organic acids.139

In other cases, the products can form a separate phase and break
down the layered matrix structure, as in the thermal decomposi-
tion of complexes intercalated into the structure of hydrargillite
(monoclinic gibbsite).140

V. Chemical properties of nanoscale systems

In studies of nanoparticles and heterogeneous nanoscale systems
it is of great importance to take into account a `feedback' between
the reactivities of solid reactants and the character of the reaction
between them.1

There are different forms of such a `feedback'. Sometimes, it
can arise owing to the development of mechanical stress due to the
absence of structural correspondence between the starting sub-
stances and the reaction product (the so-called misfit).141, 142 In
other cases, the reaction product can affect the electron ± hole
equilibrium or the concentration of ionic defects in the region
adjacent to the starting point of the reaction. Finally, the `feed-
back' can manifest itself in transformation of a kinetically
controlled reaction into a diffusion-controlled one if the molec-
ular volume of the product is larger than the molecular volumes of
the starting materials. It should also be kept in mind that the
`feedback' can depend on the particle size of the solid reactants
and products.

1. Properties of particles formed in the initial stages of
heterogeneous chemical reactions
Let us consider the oxidation of lower iron and manganese oxides
as an example. Here, the size effect can manifest itself in the
dependence of the composition of the reaction products on the
sizes of their particles. In some instances, the mechanism of a
solid-phase reaction can change upon change in the particle sizes
of the reactants. This is thought to be due to transformation of a
homogeneous system into a heterogeneous one, as is the case of,
e.g., oxidation of Fe3O4 into Fe2O3.143, 144 Oxidation of fine Fe3O4

particles with a size less than 300 nm is a homogeneous process
which involves the formation of a solid solution of oxygen in the
magnetite lattice accompanied by gradual transformation of the
Fe3O4 crystal lattice into the g-Fe2O3 lattice. Oxidation of larger

Fe3O4 particles is a heterogeneous process since the Fe ions have
no time to diffuse through the whole bulk of the particle, so it is
only the surface layer that is oxidised. The appearance of the oxide
concentration gradients and the development of stress in the
surface layer of the particles facilitate the nucleation of rhombo-
hedral Fe2O3. Analogously, fineMn3O4 particles are oxidised into
Mn5O8, whereas oxidation of large particles gives a-Mn2O3.145

Similar effects seem to be expected for other systems.
Size effect manifests itself in a somewhat different manner in

the chemical and physical development of the latent photographic
image, which begins as the Ag particle size exceeds a certain
minimum value.146 ± 148 The usual chemical development involves
treatment of silver bromide with a solution of a reducing agent
and is due to the catalytic activity of Ag clusters formed upon
aggregation of the surface silver atoms and comprising at least five
atoms.149, 150 Physical development, or the appearance of an
image owing to the deposition of the metal atoms from a solution
on the potential crystallisation centres, occurs as the Ag crystal-
lites become larger than the critical size of*4 nm.

Palladium-free metallisation of dielectrics is similar to phys-
ical development and proceeds analogously.151, 152 The process
involves deposition of particles on a copper catalyst (obtained by
thermal decomposition of copper hypophosphite) from a solution
containing the copper salt and a reducing agent. The best results
are obtained when the particle size of the copper catalyst is
*25 nm. An increase in the particle size up to 80 nm leads to
substantial reduction of the catalytic activity.

Treatment of silver stearate with bromides results in the
formation of nanoscale AgBr particles which serve as sensitisers
for silver carboxylates; the latter are candidates for modern
photographic processes.153 The case in point is as follows. Treat-
ment of silver carboxylate with a KBr solution results in the
formation of an AgBr particle and leads to the carboxylate lattice
distortion at the AgBr ± silver carboxylate interface owing to
misfit. A HREM image of the AgBr ± silver stearate interface is
presented in Fig. 13. If the electron beam is oriented parallel to the
basal plane of silver stearate, the layers of silver ions form rows of
dark bands. As can be seen, these layers are disordered in the
interface region and form an interfacial defect zone several nano-
metres wide. This zone seems to play a significant role in the
sensitisation of silver stearate contacting the AgBr particles.

2. Catalytic properties
As mentioned above, the chemical properties of a substance
including catalytic ones change on going from a bulk specimen

60 nm

Figure 13. A HREM image of the AgBr ± silver stearate interface.153
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to a nanocrystal.34, 154 For instance, the shifts of the energies of the
conduction and valence bands in opposite directions cause
changes in the photocatalytic properties of semiconductor par-
ticles. Khairutdinov 34 has reported numerous examples of the
effect of particle sizes on the optical and redox properties as well as
on the kinetics of photochemical processes in various oxide and
sulfide systems. In particular, it has been shown that the specific
photocatalytic activity of TiO2 depends on its particle size.
Unusual chemical properties of a-Fe2O3 ± SnO2 nanocomposites
have also been reported.155 A salient feature of this system
obtained by mechanical alloying of a mixture of oxides in high-
energy mechanical activators is the high sensitivity and selectivity
towards ethanol vapours and a moderate sensitivity to the
accompanying gases, CO and CH4. This is mainly due to the
very large area of the contact surface between the two oxides and
to the presence of tin ions on the surface of a-Fe2O3 particles. As a
result, the oxide a-Fe2O3, initially assumed to be insensitive to
ethanol vapours, acquires sensitivity and a gas sensor based on it
allows detection of 1000 ppm of ethanol vapour in air.

A correlation was found between the particle size of a
platinum catalyst and its catalytic activity in the reaction of
hydrogenation of p-chloronitrobenzene, which is often used as a
test for catalytic activity in hydrogenation reactions.156 Using
commercial catalysts, the process can proceed up to the stage of
formation of chloroaniline. The use of nanoscale platinum par-
ticles with sizes 3 ± 4 nm allows the hydrogenation to reach deeper
stages with the formation of aniline and cylohexylamine. Nano-
crystalline platinum catalyst also appeared to be suitable for
further hydrogenation of cylohexylamine to give dicylohexyl-
amine as the end product.

Finally, zinc ferrite nanoparticles were found to exhibit better
sorption properties towardH2S as compared to conventional pure
ferrite.125

3. Hydrogenation of metal systems
Hydrogenation and dehydrogenation of magnesium have been
studied.157 The use of nanocomposites formed upon mechanical
treatment of mixtures of magnesium with nickel and other metals
leads to an increase in the rate of hydrogenation and in the yields
of the end products. The rate of hydrogen absorption and the
hydrogen capacity of the mechanically alloyed composite with
stoichiometryMg2Ni also increased. Taking LaNi5 as an example,
it was shown that the addition of a hydrogenation catalyst (e.g.,
palladium) to the system together with mechanically treated
absorbent leads to even greater increase in the rate of hydrogen
intake. Nanocomposites obtained by mechanical treatment of
Fe40Ti60, Fe50Ti50 and Fe67Ti33 alloys and by direct mechano-
chemical alloying of elemental Fe andTiwere found to have a high
hydrogen capacity. Compared to the starting alloys, these nano-
composites absorb hydrogen at lower pressures and are stable
towards the phase transition of the materials into the g-phase.
Unusual properties of the alloys were explained by the presence of
mechanical stress in the crystallites constituting the nanocompo-
sites.

4. Electrochemical and anti-corrosion properties
Electrodes made of mechanically alloyed Ti2Ni nanocomposite
were found to be more efficient in the electrochemical production

of hydrogen gas than those produced by conventional proce-
dures.158

A distinguishing feature of mechanically alloyed nanomate-
rials is improved corrosion resistance.159 Nanostructuredmaterial
with stoichiometry Fe32Ni36Cr14P12B6 obtained by crystallisation
of an amorphous alloy exhibits a higher corrosion resistance than
the initial alloy.160 This was explained by the possibility of fast
diffusion of Cr atoms towards the surface along numerous block
boundaries in the composite followed by the formation of a
protective layer. A similar effect has also been observed.161

However, it does not always happen that the corrosion resistance
increases. In studies of the behaviour of electrochemically depos-
ited Ni ±P alloys in 0.1M H2SO4 (see Ref. 162) it was shown that
nanocomposites exhibited a reduced corrosion resistance com-
pared to bulk nickel owing to enhanced activities at block
boundaries and the possibility of accelerated propagation of the
reaction along these boundaries. Nanocomposites with stoichi-
ometry FeAl8 also exhibit a reduced corrosion resistance towards
H2SO4 and Na2SO4 solutions.163

Overvoltage (up to 900 mV) on steel cathodes is one of the
main sources of energy loss in the electrochemical production of
chlorates. It was proposed to use nanocrystalline cathodes pre-
pared by mechanochemical activation of a RuO2 ±Fe ±Ti mix-
ture.164 The mechanically alloyed nanocomposite appeared to be
an excellent material for cathode production. At a current density
of 250 mA cm72 and 70 8C, the overvoltage on the nanocompo-
site cathodes decreases by 300 mV, which allows a 15% reduction
of the expenditure of electrical energy in the production of
chlorates. A nanostructured material obtained by mechanical
alloying of Ti and TiO in an Ar atmosphere exhibits similar
properties.165 The nanocomposite with oxygen content between
18.5 at.% and 33 at.% can be used as a cathode material in
electrochemical production of sodium chlorate. At the operating
current density of 250 mA cm72 and solution temperature of
70 8C, the overvoltage on this cathode is 600 mV, which is nearly
half as large as the overvoltage on the cathode made of metallic
titanium (1107 mV).

5. Size effects in the chemistry of solid organic compounds
Back in the late 1930s, it was found that stearic acid, which usually
crystallises in stable b-form, undergoes transformation into the
a-form as the crystal size reduces.166 As the size of molecular
crystals decreases, the temperature of the a ± b-transition and the
heat of melting also decrease. A change in the ratio between the
surface area and volume of molecular crystals leads to changes in
both dissolution rate and solubility. Reduction of the size of
molecular crystals of chemical compounds used as medicinal
drugs to submicron level enhances their biological assimilation
and therapeutic efficiency.

Since microscopic and nanoscale molecular crystals are prone
to aggregation, it is desirable to place nanoparticles obtained by
certain procedures on a support or to prepare nanocomposites of
the molecular crystal ± support type. One of the well-known and
popular methods for the preparation of this sort of nanocompo-
sites involves treatment of the molecular crystal ± support mixture
in a mechanical activator. This procedure can be conveniently
used to prevent transformations of highly active, metastable
polymorphous crystalline modifications formed during mechano-
chemical activation into stable, low activity ones.167, 168 Here, it is
appropriate to refer to a number of studies on the preparation of
highly active, readily soluble forms of aspirin, sulfathiazole and
other medicinal drugs in order to eliminate their major drawback
of low solubility.169 ± 173

6. Specific chemical properties of nanocrystals of ionic
compounds
Incomplete compensation of the anion and cation charges in ionic
compounds leads to the appearance of charged nanoparticles; this
is a reason for changes in their chemical properties on going from
bulk crystals to nanocrystals.174 This can be followed taking alkali
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halides as an example. It is known that alkali halide vapours
contain charged clusters comprised of, in particular, a small odd
number of ions.175 In larger particles, electroneutrality can also be
violated. Figure 14 presents the structure of a cubic nanocrystal of
the (3, 3, 3) type (figures denote the number of ions along three
edges). As compared to the ideal cubic lattice of ionic saltMX, the
nanocrystal lattice is built in such a way that the X7 anions
protrude out while the metal cations are recessed.

Charged nanocrystals possess some characteristic properties.
For instance, adsorption of polarmolecules such asNH3 andH2O
occurs in different manner depending on the number of lattice
sites on the crystal edges. Perfect crystals of the (3, 3, 3) or (3, 3, 5)
types do not adsorb polar molecules at room temperature. The
loss of two ions (M+ and X7, or a single MX unit) leads to the
appearance of pits on the surface and to enhancement of the
reactivity of crystals. In Fig. 14, the structures of clusters
[MnXn71]+ (M=Na, X=F) with such pits are shown. These
clusters are highly reactive towards NH3. The structures of
[MnXn71]+ clusters that are passive towards ammonia are also
shown in Fig. 14. It should bementioned that the cluster structure
remains unchanged after the adsorption of a polar molecule.

The reaction of [Na53F52]+ nanoparticles with the surface of
silicon occurring in their collisions is yet another example of the
reactions of ionic nanoscale clusters. Upon collision, a single
fluorine atom is transferred to the silicon surface to form a F7Si
bond. The reaction occurs only if the silicon surface is pure. If the
silicon surface is preliminarily passivated with hydrogen, the
collision event will only result in the cleavage of the nanoparticle.

Condensation of metal atoms on the surface of a nanoparticle
leads to the formation of the structures similar to F-centres, where
an electron is mainly localised at the anionic vacancy site. These
centres are characterised by very low ionisation potentials, e.g.,
3 eV for (Na+)n(F7)n71e7 and 5 eV for (Cs+)13(I7)11e7. As the
temperature increases, the electron can wander onto the metal
cation. A neutral metal atom thus formed leaves the surface. In the
case of a perfect nanocrystal without anionic vacancies, an
electron that is loosely bound to the surface forms a surface
centre, which is a strong electron donor. Photolysis of nano-
crystals leads to transfer of the electron from the anion to the
cation followed by desorption of a halogen atom from the surface.
The transfer energy lies between the energies of analogous transfer
in diatomic molecules MX and in bulk (MX)? crystals.

By and large, studies of alkali halide nanocrystals showed that
they aremore passive towards many reagents as compared to bulk
crystals. On the other hand, nanocrystals are prone to self-
aggregation; therefore, the search for protective coatings for
stabilisation of nanocrystals is topical.

VI. Conclusion

Size effects play an important role in chemical processes including
mechanochemical reactions. One should distinguish two groups
of size effects. Some of them, inherent in microcrystalline systems,
are due to the purely surface phenomena. Stronger phase size
effects manifest themselves if the particle size is less than 10 nm. In
the former case, the properties of a substance can be interpreted in
terms of the classical thermodynamic approach, which includes
standard models for taking into account the contribution of
surface effects. A basically new situation appears on going to
nanoparticles since virtually the whole bulk of the sample under
study falls within the action range of surface forces and classi-
fication of the atoms into the surface atoms and bulk ones
becomes unjustified. In this case, a nanoparticle should be
considered to be a cluster or a macromolecule, the structural,
thermodynamic and transport properties of which are strongly
different from those of the macrocrystal.

Various size effects are observed in heterogeneous systems
represented by microcrystalline and nanoscale composites, the
properties of which are affected by the interface interaction.
Particularly strong are the interface effects typical of heteroge-
neous systems with the ionic type of bonding. Here, the interface
interaction involves the stage of formation of surface defects,
which leads to abrupt increase in the ionic conductivity. Similarly
to isolated nanoparticles, the material nanocomposites are made
of occurs in unusual states and its properties (like those of the
adsorption layers) are to a great extent determined by the
characteristics of the interface, i.e., by the interatomic interactions
within the adjacent phases in the near-surface region.

Practically, nanocomposites represent a promising class of
advanced materials with unique electronic properties and high
molecular, atomic and ionic mobilities. Mechanochemical proc-
esses in heterogeneous mixtures are strongly influenced by size
effects, which is of great importance for solving practical tasks
associated with controlling the process intensity and obtaining the
desired reaction products. Problems which have arisen in this case
are directly related to studies of the effect of particle size on the
catalytic, electrochemical and specific chemical properties of
materials. Therefore, further investigations of size effects in
heterogeneous systems are of great theoretical and practical
importance.

This review has been written with the financial support of the
Programme `Fundamental Problems of Modern Chemistry.
Chemical Transformations Involving Nanoscale and Supramo-
lecular Systems' of the Russian Federation Ministry of Industry,
Science and Technology (Grant No. 3) and the US Civilian
Research and Development Foundation (Grant REC-008).
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