
Abstract. The results of studies of composite ionic conductorsThe results of studies of composite ionic conductors
are considered. The relationship between their properties andare considered. The relationship between their properties and
the ionic salt disordering and the interfacial interactionthe ionic salt disordering and the interfacial interaction
between the components of the material is analysed. Specialbetween the components of the material is analysed. Special
attention is paid tomodels that describe the surface disorderingattention is paid tomodels that describe the surface disordering
and the mechanism of defect formation. The methods ofand the mechanism of defect formation. The methods of
calculation of physicochemical characteristics of composites,calculation of physicochemical characteristics of composites,
the thermodynamic stability and peculiarities of the genesis ofthe thermodynamic stability and peculiarities of the genesis of
the nanocomposite morphology are discussed. The bibliogra-the nanocomposite morphology are discussed. The bibliogra-
phy includes 188 referencesphy includes 188 references..

I. Introduction

Ionics, i.e., a science that studies ionic processes in systems and
materials, is a comparatively new and rapidly progressing field
of knowledge.1 ± 3 Although it ranks much below electronics in
the practical application, its role tends to increase. This is
caused first of all by the demands for new and more efficient
electrochemical systems for the accumulation and conversion
of energy at a constant threat of the shortage of natural energy
resources. This problem can be solved given a wide spectrum of
electrolytes with different functional characteristics that can be
adapted to the specific conditions of operation of various
electrochemical systems. Solid electrolytes that exhibit high
mechanical strength, thermal stability, unipolar ionic conduc-
tivity and can be used in chemical power sources, gas sensors
and other electrochemical devices occupy a special place
among these electrolytes.

Heterogeneous doping of ionic compounds with dispersed
dielectrics that are chemically inert with respect to the ionic salt
is known to enhance the conductivity inmost cases. Composite
solid electrolytes of the ionic salt ± oxide (MX±A) type can be
considered as a new class of ionic conductors with high ionic
conductivity. The combination of high conductivity with the

enhancedmechanical strength together with the wide prospects
for the targeted modification of the electrolyte properties by
varying the type and concentration of the dopant makes these
composites promising materials for real electrochemical sys-
tems. The composites LiI ±Al2O3 synthesised by Liang in 1973
proved to be convenient solid electrolytes for chemical power
sources.4, 5 This achievement has triggered a scientific boom,
and a large number of composite ionic conductors were studied
in the subsequent years. Actually, doping with dispersed oxides
was shown to enhance the conductivity of virtually all compo-
sites based on classical (non-superionic) ionic salts, i.e., it is a
general effect, which requires scientific explanation and theo-
retical substantiation.

There are several reviews devoted to the description and the
analysis of the ion transport in polycrystalline and composite
solid electrolytes.6 ± 22 The increase in the ionic conductivity
upon heterogeneous doping can be explained within the frame-
work of the space charge model proposed by Wagner and
Maier,6, 7, 9, 10, 12, 13, 15 which represents a version of the classical
Frenkel's model.23 This model allows the interpretation of
many phenomena observed in composites and is the best suited
for the explanation of experimental data for composites con-
taining oxides with relatively coarse grains. However, the space
charge model in its classical version is correct only for ideal
crystals in contact with vacuumor a structure-freemedium and
obviously ignores the real features of the interphase contact,
namely, changes in the structures of ionic crystals (e.g., for
epitaxial contacts), the effect of elastic strains, the formation of
dislocations, etc. Moreover, if the surface concentration of
defects is sufficiently high, it is impossible to ignore the
interaction between the defects, which results in their ordering
and the formation of superstructures and even metastable
surface phases.

It is known that the conductivity of composites increases as
the size of dopant particles increases. Hence, composites with
nanosized grains (about 10 nm) are of particular interest for
practice. Obviously, uniform mixing of such an oxide with an
ionic component should produce a nanocomposite the proper-
ties of which strongly depend on the energy of surface
interaction and the peculiarities of the interface between the
phases. For composites with coarse-grained dopants, the
presence of surfaces or interphase contacts has virtually no
effect on the bulk properties of the ionic salt; hence, the
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increase in the conductivity is of the purely surface nature.
However, in many cases, it still remains unclear whether the
enhanced conductivity is primarily caused by the specific
interactions at the interface or by the trivial increase in the
surface conductivity as such. To answer this question, infor-
mation on the conductivity of polycrystals is necessary. In
nanocomposites, an ionic salt is virtually totally located at the
interface. This is why its structure and thermodynamic char-
acteristics can substantially change. Particularly, for ionic
compounds containing high-temperature disordered phases,
the latter may prove to be stable at low temperatures in
nanocomposites. Therefore, it is important to understand the
thermodynamic reasons for the appearance of a disordered
phase. To this end, it is necessary to elucidate how the
thermodynamic parameters of crystals, particularly, the
enthalpy and entropy of phase transitions are related to the
lattice disorder.

In this review, the problems of thermodynamic stability of
nanocomposites and the genesis of the composite morphology
during its sintering are discussed; possible mechanisms of the
interfacial interaction and the general trends for the changes in
the ionic salt properties are analysed for a wide series of ionic
salt ± oxide systems; size effects and methods for the quantita-
tive estimation of conductivity and other physicochemical
characteristics of composites are considered.

II. General criteria for the choice of composite
electrolytes with high ionic conductivity

Even in their first stage, the studies have revealed the following
relationships typical of the composite solid electrolytes
MX±A:6 ± 8, 10 ± 15

Ð due to heterogeneous doping, a region of low-temper-
ature conductivity with a lower activation energy (Ea) appears
in the Arrhenius plots of conductivity in addition to the region
of intrinsic conductivity (at high temperatures);

Ð in the low-temperature region, the concentration
dependence of the conductivity has a maximum at a dopant
concentration of 10 vol.%± 40 vol.%; in certain systems, the
maximum is observed at lower dopant concentrations
(1 vol.%± 10 vol.%);

Ð in the high-temperature region, the conductivity mono-
tonously decreases with the increase in the dopant concen-
tration; an analogous effect is observed in superionic phases;

Ð the conductivity of composites usually increases with
the decrease in the size (LA) of particles of the heterogeneous
dopant or with the increase in its specific surface (SA).

All composite solid electrolytes known can arbitrarily be
divided into two groups:24

(1) CompositesMX±Awith the properties similar to those
of polycrystals MX (e.g., LiI ±Al2O3 , AgCl ±Al2O3 ,
AgBr ±Al2O3 and TlCl ±Al2O3). In this case, the activation
energy of the compositeMX±A is close toEa of polycrystalline
MX and virtually coincides with the enthalpy of migration of a
cationic vacancy (Ecv) in the single crystal MX. This is an
argument for the applicability of the space chargemodel for the
explanation of the conductivity mechanism in compo-
sites.6 ± 8, 10, 12 ± 15

(2) Composites with unusual properties. In certain compo-
sites, the physicochemical properties of ionic salts substantially
differ from those of single-crystal and polycrystalline samples.
The activation energy often substantially depends on the type
and concentration of a fine-grain dopant and may far deviate
from bothEcv andEa . In certain cases, the observed deviations
were apparently due to the insufficiently wide temperature
ranges in which the conductivity was measured. However, the
specific interaction between the composite components can
also be a reason for the dramatic changes in the Ea values. For
example, in composites AgI ±Al2O3, the temperature of the

b-AgI phase transition into the superionic state was observed
to decrease, which was accompanied by a decrease in the
enthalpy of the phase transition.25, 26 For composites AgI ±
Fe2O3 both the changes in the parameters of the AgI phase
transition and the increase in the NeÂ el temperature for Fe2O3

were observed.27 This suggests that the thermodynamic para-
meters of both bulk phases are different in composites. In
certain composites, in addition to the conventional phases, new
phases non-typical of pure ionic crystals were revealed.

These facts suggest that the interfacial interaction in
composites may substantially affect the bulk physicochemical
properties of the ionic component in a composite. However, so
far, no systematic studies were carried out aimed at the
synthesis of composites and the investigation of anomalous
properties of the constituent ionic salts. Themajority of studies
were focused on the increase in the ionic conductivity. The
theoretical models that describe the increase in the ionic
conductivity are usually tested on quite different objects that
usually exhibit no high conductivity.

Insofar as the thermodynamic parameters of ionic salts in
composites can substantially change, it is important to study
their relationship with the surface disordering. The deeper
insight into themechanism and thermodynamic peculiarities of
the formation of defects in the crystal bulk, on its surface or on
intergrain boundaries requires the knowledge of how the point
defects affect the thermodynamic properties of crystals. One
may consider the inverse problem, namely, judge on the degree
of disordering of a solid based on the analysis of the thermo-
dynamic data. The most distinct changes in vibrational spectra
and the degree of disordering occur during the phase transi-
tions and give rise to easily measurable changes in the entropy
and enthalpy of a crystal. The presence of grain and phase
boundaries affects the concentration of defects in a crystal
and can lead to changes in the thermodynamic parameters of
phase transitions. Thus, it is expected that the thermodynamic
studies of phase transitions would provide information on the
disordering of the ionic component in a composite.

In contrast to crystals in which the self-diffusion coeffi-
cients may differ by several orders of magnitude, the transport
properties of melts are approximately the same for all sub-
stances. In this respect, the molten state is universal, most
disordered, and the thermodynamic parameters of melting (or
crystallisation) contain information on the degree of disorder-
ing of a crystal at the melting temperature. Hence, it is the
correlations between the parameters of melting and the trans-
port properties of solids that attract the prime interest.
Elucidation of the factors responsible for melting allows one
to get a clearer insight into the processes that occur in the
transition of a substance into the superionic or orientationally
disordered state in both pure crystals and ionic salts brought in
contact with the surface of another phase.

It was shown 28 ± 33 that for a wide range of substances a
linear correlation is observed between the enthalpy of melting
(Hmelt) and the enthalpy of formation of Schottky defects (h0)
(Fig. 1)

h0= bHmelt . (1)

The ratio h0/Hmelt= b=8.6� 0.6 is independent of the
type of the substance and remains unchanged in binary ionic
substances, metals and molecular crystals. In contrast to the
correlations such as h0= aTmp , which are cited most often but
are fulfilled for a limited range of substances, correlation (1) is
more general. Within the framework of the phenomenological
quasicrystalline model, the melting process can be presented as
an abrupt increase in the mole fraction of point defects in a
crystal (c) up to a certain critical value cL followed by the
relaxation of the structure around defects. In this approxima-
tion, the parameter b has a simple physical meaning and is
defined as b=1/cL . The constancy of cL=0.12� 0.02 for
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substances with different types of interatomic interactions may
be assumed as a characteristic feature of the liquid state. The
relative changes in the volume upon melting (DV/V ) are
associated with the volume of the defect formation v0 (O is
the molecular volume)

DV
V
� cL

v0
O

.

This relationship was confirmed experimentally for metals and
crystalline alkali metal halides (in this case, v0 is the volume of
formation of the Schottky defect).33 Melting with the forma-
tion of the Schottky defects or the vacancy melting is always
accompanied by an increase in the volume. Some substances
(H2O, Bi, Sb, Si, Ge, RbNO3) melt with a decrease in their
volumes. In this case, the melting apparently follows the
inerstitial mechanism, i.e., involves the formation of Frenkel
defects, the volume of formation of which (in contrast to the
Schottky defects) can be negative.

If we assume that the vibrational frequencies of atoms or
ions in a liquid are equal to those of atoms around a defect in a
crystal, it is possible to assess the entropy of the defect
formation (s0) and the concentration of defects in crystals at
themelting temperature (cmp). The calculated s0 and cmp values
agree sufficiently well with experimental data for metals and
ionic crystals.34, 35 Insofar as for metals and alkali metal
halides, a linear correlation is observed between the enthalpy
of defect formation and the enthalpy of migration, one can
estimate the absolute magnitudes of the coefficients of self-
diffusion or ionic conduction based on Hmelt .28 ± 30, 36 The
correlations mentioned can be found in the well-known refer-
ence book.37

Superionic conductors form an unusual class of ionic
conductors characterised by the high conductivity comparable
with that of ionicmelts and aqueous solutions. The equilibrium
concentration of current carriers in superionic conductors is
high and comparable with the total amount of mobile ions in
the lattice, i.e., h0 is close to zero. Superionic conductors and
ionic melts are known to exhibit common features, for exam-
ple,

Ð a diffuse distribution of the ion density along the
conduction channels, which is analogous to the broad radial
distribution function of the same ions in melts;

Ð close values of ionic conductivity and, hence, only
minor changes in the conductivity in the melting;

Ð substantial changes in the thermodynamic parameters
of substances upon their transition into the superionic state,
which are comparable in themagnitudewith the corresponding
effects in the melting.

High-temperature phases of AgI and Li2SO4 are typical
examples of superionic conductors. On the qualitative level, a
superionic conductor may be represented as a partly ordered
system built of two sublattices, one of which is entirely ordered
and forms a rigid frame and the other is strongly disordered
and resembles a liquid phase that fills the frame. The expres-
sions for the melting temperature, which were derived within
the framework of the quasicrystalline model of melting are
similar to those obtained by Gurevich for a `strong' superionic
transition.38 ± 40 This similarity forms the basis for the predic-
tion (if only on the qualitative level) of certain properties of
superionic conductors. Apparently, the assumption that c& 1
is not true for superionic conductors. By analogy with melts, it
can be expected that c& cL=0.12. Because no reliable meth-
ods were developed so far for the estimation of the defect
concentration in superionic conductors, it remains unclear
what is the concentration of defects in superionic phases.

An interesting class of ionic conductors is formed by the
phases that contain orientationally disordered anions. Obvi-
ously, the orientational disordering should entail an increase in
the free volume in crystals, which will favour the increase in the
diffusion coefficients and in the ionic conductivity. Moreover,
the of anion reorientation event may additionally facilitate the
transfer of the neighbouring cation by the `paddle-wheel'
mechanism proposed by Lunden.41 The thermodynamic
parameters of phase transitions are related to the extent of
the crystal disorder at a temperature below the phase tran-
sition. This relationship manifests itself most clearly in a series
of alkali metal nitrates for which a decrease in the enthalpy and
entropy of melting is accompanied by an increase in the
conductivity of high-temperature phases.24, 42 Alkali metal
nitrates form an unusual class of inorganic salts, being charac-
terised by phase transitions with orientational disordering in
the anionic sublattice.43 Among the nitrates, rubidium nitrate
has the lowest Hmelt and demonstrates three phase transitions
associated with the orientational disordering of NOÿ3 ions.42

The thermodynamic data correlate well with the ionic con-
ductivity, i.e., rubidium nitrate exhibits the highest ionic
conductivity in the series of nitrates 42 and is promising for
the development of ionic conductors with the high rubidium
conductivity.44 This is why, in this review, attention is focused
on rubidium nitrate and composites on its basis.

In composites and, particularly, nanocomposites, the inter-
facial interaction affects the energy of an ionic crystal thus
favouring the stabilisation of high-temperature disordered
phases. The phase-transition temperature and enthalpy may
serve as the convenient parameters that characterise the degree
of disordering and the changes in the energy characteristics of a
crystal in a composite. For this reason, compounds containing
high-temperature superionic or orientationally disordered
phases were chosen as the best candidates for the ionic salt
component in the ionic salt ± oxide composites.

III. Surface disordering of ionic crystals

Embarking on the discussion of the effect of heterophase
additives, it is necessary to consider the possible mechanisms
of disordering, i.e., the formation of point defects on the free
surface of an ionic crystal. In is known that in many cases the
conductivity of polycrystalline samples exceeds that of single
crystals. Hence, simple dispersion of an ionic crystal MX may
be one of the reasons for the increase in its conductivity in
composites. This is accompanied by the formation of a large
number of free surfaces or grain boundaries MX±MX, which
are characterised by the enhanced surface or intergrain con-
ductivity. As a rule, the increase in the concentration of surface
defects is associated with the formation of an electrical double
layer in the near-surface region of a crystal.
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Figure 1. Correlation between the enthalpy of melting (Hmelt) and the

enthalpy of formation (h0) of the Schottky defects in crystals presented in

(a) linear and (b) logarithmic scales.
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Currently, the interpretation of surface phenomena in ionic
crystals widely employs the Frenkel ±Kliewer model.23, 45 ± 48

This model was first proposed by Frenkel 23 and is based on the
assumption that different types of defects can form separately
and independently in the crystal bulk due to the difference in
their chemical potentials. Frenkel assumed this to be associ-
ated with the appearance of an electrical potential in the crystal
bulk, which may be considered as a contact potential drop in
the crystal surface layer, caused by the difference in the energies
of formation of positive and negative defects that appear on the
surface.23 Figure 2 a illustrates the changes (in terms of the
Frenkel model) in the energy parameters, the defect concen-
tration and the electrical potential on going from the ionic
crystal surface to its bulk. This model was analysed most
comprehensively in the studies by Kliewer.47, 48

According to this model, the surface potential jS , i.e., the
potential difference between the surface and the bulk of an
ionic crystal MX containing intrinsic Schottky defects is

ejS=
gVX ÿ gVM

2
, (2)

where e is the electron charge, gVX and gVM are the partial
energies of the formation of anionic and cationic vacancies in
the crystal bulk the sum of which is equal to the energy of
formation (g0) of the Schottky defect. This expression is
remarkable because it contains no characteristics directly
related to the surface properties, namely, the quantities gVM
and gVX (as well as g0) are the bulk parameters of the substance;
hence, the quantityjS should be a universal constant of a given
substance. However, it is well known that the real surface
properties are determined by several specific factors such as the
crystal plane type, defects, adsorbed impurities, etc., which
casts doubt on the validity of the Frenkel ±Kliewer model.

The surface potential can be calculated using a more
realistic Stern model,49 which implies that the physical proper-
ties of a crystal and all its components (native and foreign ions,
point defects) on the surface differ from those in the bulk.
Particularly, the energies of formation of individual defects on

the surface (gVX)S , (gVM)S and the energy of the proper surface
disordering gS= (gVX)S+ (gVM)S will differ from the corre-
sponding parameters in the crystal bulk. This difference is the
reason for the adsorption (positive or negative) of defects on
the crystal surface. If the adsorption energies of oppositely
charged defects differ, the excessive defects with the most
negative adsorption energies are concentrated on the surface,
while the opposite-sign defects form a diffuse layer under the
surface. Figure 2 b shows the corresponding energy diagram
and the distribution of defects in a crystal. According to the
Stern model, the surface charge (QS) is defined as a sum of
contributions of different defects each calculated based on the
Langmuir isotherm

QS � NS

X
i

qi 1� 1

xi
exp

Dgi ÿ qijS

kT

� �� �ÿ1
,

where NS is the concentration of accessible surface sites
(adsorption centres), qi is the effective charge of defects, xi is
the mole fraction of defects in the crystal bulk, Dgi is the
adsorption energy of the ith defects (i.e., the excess Gibbs
energy of a crystal due to the transition of a defect of the ith
kind from the crystal bulk to the surface), k is the Boltzmann
constant, T is the absolute temperature; summation is carried
out over all possible charged defects. The surface charge is
compensated by the charge (Qd) of a diffuse layer, which is
formed under the crystal surface and described by the Gouy ±
Chapman equation for the diffuse layer charge

Qd � A
X
i

N0i xi exp ÿ qijSÿ1
kT

� �
ÿ 1

h i( )1=2

,

where A=(2ee0kT )1/2, e is the dielectric permittivity, e0 is the
dielectric constant;N0i is the bulk concentration of the ith ions
in the crystal; jS71 is the potential of the outer Helmholtz
plane. The assumption that the surface charges are equal to the
diffuse layer charge allows one to obtain a transcendental
equation the solution of which gives the surface potential.

The analysis of solutions of this equation 50 showed that the
form of the dependence jS(T ) is entirely determined by the
values of Dgi , g0 and NS . For positive adsorption energies
(Dg7>0, Dg+>0, negative adsorption), the defect concen-
tration on the crystal surface is lower than in its bulk. In this
case, the surface charge and potential are close to zero. For
negative adsorption energies of defects (Dg7<0, Dg+<0,
positive adsorption), the cationic and anionic vacancies are
concentrated on the surface to form a negative (at
jDg7j> jDg+j) or positive (at jDg7j< jDg+j) surface charge.
Figure 3 shows the dependences of the surface potential on the
temperature for a crystal of the NaCl type with the Schottky
defects, which were calculated for fixed parameters
g0=1.0 eV, Dg7=70.1 eV and different values of Dg+

(Dg+<0). The analysis has shown that the form of jS(T )
curves changes as follows depending on the ratio between g0
and Dg+:

1. For small energies of defect adsorption (jDg+j< g0/4;
Dg+<0), the quantity jS(T ) increases monotonically with the
temperature; at T ? 0, jS ? 0 (Fig. 3 a). Such a behaviour of
the surface potential cannot be explainedwithin the framework
of the Frenkel ±Kliewer model 48, 49 and is described by the
following approximate formula obtained 50 for the case of the
low potentials ejS/kT55 1:

jS &
2kT

AN0

NS exp ÿDg�

kT

� �
ÿ exp ÿDgÿ

kT

� �� �
6 (3)

6
������
N0

p
exp

�
ÿ g0
4kT

�
.

gVX

g0/2

gVM

j0
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0 ] [VM

0 ]
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.
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.
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Figure 2. Changes in the energy parameters (g), potential (j) and defect

concentration ([V]) on going from the surface to the bulk of an ionic

crystal.

(a) The Frenkel model; the surface potential jS is equal to the potential

difference between the surface (j0) and the bulk (j?) of a crystal; (b) the

Stern model; a case of a diffuse layer enriched with cationic vacancies is

considered.
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This equation is identical to the expression derived by Lifshits
and Geguzin.51 According to Eqn (3), the surface potential is
determined not only by the difference between Dg+ and Dg7

but also by the energy of defect formation. The quantity jS

increases with the increase in the concentration of surface sites
in proportion to the square root of the Schottky defect
concentration in a crystal. Thus, for a low adsorption energy,
the formation of a double layer is limited not only by the
number of surface sites but also by the capacity of the crystal to
form a diffuse layer, i.e., by the density of bulk defects.

2. For high adsorption energies (jDg+j>g0/4; Dg+<0),
the shape of jS(T ) curves substantially changes (Fig. 3 b ± d ).
In the limit at T ? 0, the dependence jS(T ) tends not to zero
but to a certain value j�S determined by the relationship

ej�S �
2

3
ÿDg� ÿ g0

4

� �
.

In the general case, the surface potential can either increase
or decrease depending on the quantities Dg+ andNS . For very
high adsorption energies jDg+j, the temperature dependences
jS(T ) differ insignificantly from the curves obtained within the
framework of the Poeppel ± Blakely model,52 which makes an
attempt to take into account the effect of the limited number of
accessible surface sites on the surface potential. This case is
shown in Fig. 3 d, namely, at small NS , the number of surface
sites becomes the limiting factor and the surface potential falls
to zero with the increase in the temperature, whereas at large
NS* 1015 cm72, the function jS(T ) tends to the high-temper-
ature limit determined by the equation

jS=
Dgÿ ÿ Dg�

2e
. (4)

A comparison of expressions (4) and (2) shows that they are
identical under the assumption that

Dg77Dg+= �DgVM�S ÿ �DgVX�S � gVX ÿ gVM.

Thus, for sufficiently high jDg+j and NS values and after the
renormalisation of the energy values, the Stern model leads to
the same result as the Frenkel ±Kliewer and Poeppel ± Blakely
models.

The Stern model allows one to calculate the surface
potential in different types of ionic crystals. In the general
case, the calculated parameters of thismodel include the energy
of defect formation, the energy of adsorption of defects and
impurity ions, the concentration of surface sites, the concen-
tration of impurities and the temperature. This model allows
one to calculate jS in NaCl crystals containing admixed
bivalent metals and to assess the isoelectric temperature. The
Stern model can be used for the interpretation of experimental
jS values for AgCl andAgBr and also for the calculation of the
surface defect concentration in a model superionic oxygen
conductor M4�

1ÿcM
3�
c O270.5 c . The main advantages of the

Stern model are that all its parameters have clear physical
meaning, its solution can be found relatively simply and it can
be applied to a wide range of problems that include the
investigation of segregation effects and the interaction of
defects on interfaces.

In the first approximation, the conductivity of a real
polycrystalline specimen can be described in terms of a model
of cubic blocks by the following expression:9, 53

s& 2s\(4sk+ sb)(2s\+ sb)71,

where s\ and sk are the contributions of double layers oriented
normally and in parallel to the electric field, respectively, to the
conductivity; sb is the conductivity in the crystal bulk. Usually,
for crystals s\44 sk , and the conductivity of a specimen is
determined by the sum of bulk and surface conductivities. If
the same carriers are responsible for the conductivity in the
crystal bulk and in the diffuse layer, the conductivity of a
polycrystal is expressed by the equation
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Figure 3. Temperature dependences of the surface potential calculated in terms of the Stern model for g0=1.0 eV, Dg7=70.1 eV and
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s= sb

�
1� 8lD

L
exp

�
� ejS

2kT

��
(5)

and is determined by the effective layer thickness equal to the
double Debye length of screening (2lD), the block size (L) and
the surface potential. The Debye length depends on the
concentration of carriers in the crystal bulk and, in the general
case, on the temperature. It was shown that the activation
energy of conduction of an impurity-free MX crystal is

Ea=
h0
4
ÿ ejS

2
� Em , (6)

i.e., it is determined by the bulk characteristics of the solid,
namely, the enthalpies of formation (h0) and migration (Em) of
a defect and the surface potential (jS).

Studies of polycrystalline AgCl have shown 24 that the
conductivity of specimens non-subjected to long-term anneal-
ing is determined by the conductivity of intergrain boundaries.
The estimates of the surface potential based on relationship (6)
produce quite reasonable valuesjS=0.1 ± 0.2 V, provided the
conductivity is assigned to interstitial cations that form the
diffuse layer. Polycrystalline specimens demonstrated the
dielectric relaxation with a small increment De/e0& 3. On
annealing, the activation energy of conduction was observed
to increase monotonically and the quantity De/e0 vanished.

Studies of polycrystalline AgI have shown 54 ± 56 that the
conductivity of mechanically dispersed samples far exceeds the
conductivities of b- and g-phases of AgI cited in the literature.
Upon heating or storage at room temperature, the conductivity
decreased, which was accompanied by a gradual increase in the
activation energy of conduction from 0.23 to 0.31 eV. For
specially purified specimens, the Arrhenius plots demonstrated
a bend at a temperature Tb in the range from 0 to 40 8C. After
sintering at T>150 8C, the absolute magnitudes of conduc-
tivity virtually coincidedwith that of a b-AgI single crystal. The
static permittivity (es), which does not depend on the electrode
polarisation, substantially increased to es/e0* 50 ± 200 after
the specimens were pressed or mechanically treated, whereas
the high-frequency permittivity (e?) (e?/e0=8� 2) was close
to the permittivity of pure b-AgI. The observed changes can be
explained by the formation of b ± g-polytypes containing
randomly alternating closely packed layers (in contrast to the
regular packing ABABAB or ABCABCABC in the b- and
g-phases, respectively). Insofar as the unit cells in both phases
(in both g-AgI and b-AgI) possess no inversion centres, the
mechanical activation of polytypes can shift the closely packed
layers. This is accompanied by changes in the polar axis
direction and may result in the formation of a contact between
two layers I7 ±Ag+. The cations on two sides of the contact
plane are in different tetrahedral positions. This contact
represents an antiphase boundary, i.e., a boundary between
antiphase domains. In this case, the strong Coulomb interac-
tion between the Ag+(T+) and Ag+(T7) layers is compen-
sated by the partial transition of Ag+ ions from their regular
positions to the vacant tetrahedral and octahedral positions,
i.e., to form the Frenkel defects at the antiphase boundary. The
accumulation of the space charge at antiphase boundaries is
the reason for the high dielectric permittivity of this material.

The presence of a small concentration of a heterogenic
admixture (e.g., metallic silver) stabilises the antiphase
domains. A qualitatively similar effect was observed in the
AgI ± poly(tetrafluoroethylene) system.57, 58 Themechanism of
stabilisation of antiphase boundaries resembles that of disper-
sion strengthening in metals where fine heterogeneous inclu-
sions prevent the annealing of grain boundaries.

IV. Disordering of ionic crystals at interfaces.
Conductivity of microcomposites

The physical reason for the surface interaction in a composite
of the ionic salt ± oxide type lies in the trend of both substances
to decrease their surface energy due to the interaction of
surface ions with the ions of the neighbouring phase. The
surface energy of the interface between an ionic salt MX and
alumina is determined in the first approximation as a sum of
the cation ± cation (M+±Al3+), cation ± anion (Al3+ ±X7

and M+±O27) and anion ± anion (X7 ±O27) interactions
(EM±Al , EX±Al , EM±O and EX±O, respectively)

G s
MXÿA = gMX±ASMX±A&EM±Al+EAl ±X+EM±O+EX±O ,

where g is the specific surface energy and S is the surface area.
For the sake of simplicity, we assume that, as a result of

their interaction, the lattices of MX and A phases are fitted to
one another at the interface. Because the energies EM±Al ,
EX±Al , EM±O and EX±O are different in the magnitude (due to
the different energies of interaction in the ion pairsM+±Al3+,
Al3+ ±X7, M+±O27 and X7 ±O27), in the interface layers,
the ideal structure inherent in individual phases will be dis-
torted in such a way as to provide a gain in the surface energy
due to the mutual approach or removal of surface atoms. The
relative displacement of ions from their ideal positions is
determined by the balance of energiesEi . Insofar as in alumina
and in majority of salts MX under discussion, anions exceed
cations in size, it can be expected that for close packing, the
interface cations will have the larger free volumes and be
displaced by longer distances than anions. As a result, in the
space between the surface layers, an intermediate positively
charged layer enriched with cations is formed, the charge of
this layer being compensated by the cationic vacancies (VM

0 )S
that constitute the diffuse layer. The process of structural
relaxation can be presented as the following quasichemical
reaction:

0 VM
0 +(M±A)S

.
, (7)

which describes the stage of the surface disordering of MX at
theMX±A interface (the superscripts

.
and 0 correspond to the

positive and negative charges of a species, respectively, as
compared with the stoichiometric charge of a given lattice
site). If an anion is adsorbed on the surface, another reaction
proceeds

0 VX
.
+(X±A)0S . (8)

The isoelectric point of an oxide pE was proposed 59 as a
measure of its surface activity. Indeed, equations similar to
Eqns (7) and (8) may be written for the surface interaction of
an oxide with water

H2O OH0+(H±A)S
.
, (9)

2H2O H3O
.
+(OH±A)0S .

The first reaction predominates for oxides with pE>7, for
instance Al2O3 , CeO2; the second prevails for oxides with
pE<7 (ZrO2 , SiO2). By analogy with aqueous solutions, one
can expect that the surface reaction (7) will occur in composites
containing basic oxides (pE>7), whereas for acidic oxides
(pE<7) the interface interaction will follow the mecha-
nism (8). Unfortunately, to date, due to the insufficient
amount of experimental data, it is difficult to check the
correctness of the direct transfer of the model of acid ± base
equilibria in aqueous solutions to the case of composites.
Nonetheless, the competition between processes (7) and (9)

VM
0 +(M±A)S

.
+H2O OH0+(H±A)0S +MX
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can be responsible for the deterioration of the ionic conductiv-
ity of composites AgCl ±Al2O3 (Ref. 60) and AgI ±Al2O3

(Ref. 61) and the appearance of the protonic conductivity in
composites Li2SO4 ±Al2O3 (Ref. 62) and M(NO3)n ±Al2O3

(M is an alkali metal) 63 in humid atmosphere.
In essence, reactions (7) and (8) describe the formation of

the electrical double layer on the surface ofMX in contact with
Al2O3 . The changes in the energy (DgA) upon the displacement
of an ion from its normal position into the interfacial space can
be considered as the energy of cation adsorption in terms of the
Stern model; hence, the quantity DgA is related to the surface
potential (jSA) at the interface of a crystal MX

jSA*ÿDgA
qi

, (10)

where qi is the charge of the displaced ion. Insofar as the exact
jSA value is determined not only by the quantity DgA but also
by the contribution of the relaxation of oxide ions, expres-
sion (10) can be considered as merely a correlation between the
values DgA and jSA, viz., the surface potential increases with
the increase inDgA. ForT=0 K, on the surface of a saltMX in
contact with an oxide, a dense layer similar to the Helmholtz
layer exists. With the increase in the temperature, the cationic
vacancies form a diffuse layer, which provides the enhanced
conductivity of the composite.

Insofar as ions in the dense layer are bound to the surface of
oxide A and have limited mobility, the conductivity of MX in
composites is determined by the defects that dominate in the
diffuse layer. The mobility of defects in the diffuse layer is
assumed equal to their mobility in the crystal
bulk.6, 7, 10, 12, 13, 15 This statement is based on the assumption
that the defect concentration in the surface layer remains low;
hence, the crystal structure does not change (the absence of
deformations, surface phase transitions, etc.). Within the
framework of these assumptions, the conductivity across the
diffuse layer in the composite is described by expression (5),
where jSA should be substituted for jS and the migration
energy Em pertains to the defects that form the diffuse layer.
For low jSA , i.e., for a relatively weak surface interaction, the
absolute magnitudes of conductivity are low and the activation
energy of conduction is

Ea �
h0
4
ÿ ejSA

2
� Em .

The quantity Ea can vary within the limits
(h0/4+Em)>Ea> (h0/4+Em7ejSA/2) and is sensitive to
the surface state of the MX±A contact, i.e., to the presence of
structural defects, adsorbed admixtures, etc.; the measured
parameters of conductivity are often characterised by poor
reproducibility. Such effects are observed in insufficiently
sintered composites.

If as a result of surface interaction, the surface potential
increases to its limiting value ejS= h0/2, the activation energy
of conduction decreases to Ea=Em [see Eqn (6)]. As was
shown by Maier,10, 13, 15 the activation energy of conduction
in composites MX±A is close to the energy of migration of a
cationic vacancy, which indirectly confirms the fact that the
surface potential is sufficiently high and reaction (7) proceeds
on the interface to afford a diffuse layer built of cationic
vacancies.

Most composites considered in the early studies can be
classified with microcomposites, because they were prepared
from oxides with the average particle size of 0.06 ± 10 mm. The
properties of microcomposites are similar to those of poly-
crystalline specimens, and all physicochemical properties of
ionic salts (except for the ionic conductivity) in these systems
are analogous to the properties of pure starting compounds. A

typical example of such systems is the composites
AgCl ±Al2O3. The dependence of the conductivity (s) on the
mole fraction (x) of the oxide has a maximum at x=0.30,
the activation energy of conduction is close to the energy
of migration of cationic vacancies.6, 60 The estimates of
the energy of formation of silver chloride in a composite,
which were obtained using an electrochemical cell
Pb/PbCl2/(17x) AgCl ± xAl2O3/Ag, showed that the thermo-
dynamic properties of AgCl in composites remain virtually
unchanged.64 The exposure of composites to a humid medium
lead to the reduction of their conductivity, particularly, at
x>0.5 ± 0.6.60

Based on correlations obtained earlier 65, 66 and an assump-
tion that Ea=Em , it is possible to assess the concentration of
current carriers in composites. The following relationship
between the conductivity at 25 8C (s25 /S cm71), the defect
concentration (n /cm73) and the activation energy (Ea /eV) was
proposed:53

log s25= log n714.5Ea720.55.

In composites with the highest conductivity, the concen-
tration of defects proved to be high and comparable with their
concentration in superionics. This suggests that additional
channels for the defect formation exist in composites so that
the correct interpretation of experimental data requires that
the specifics of interphase interactions and the real structure of
the interface were taken into account. It cannot be ruled out
that the disordered surface phases formed at the interface will
manifest most strongly their specific properties on going from
micro- to nanocomposites. These effects are discussed below.

V. Calculations of physicochemical properties
of composites

The model of cubic blocks,53, 67 which is similar to that used
earlier to describe the conductivity of polycystalline specimens,
may be applied for the quantitative calculation of the physical
characteristics of composites MX±A. If a layer with a thick-
ness l and properties differing from those of the MX phase in
the substance bulk exists near the interface, this layer can be
conditionally assumed to be the surface phase. The model of
cubic blocks allows one to estimate the volume and mole
fractions of the surface phase ( fS and xS, respectively) for the
uniform random distribution of equal-size particlesMX and A
in a composite

fS=
2bl f �1ÿ f �

LA

,

xS=
2bldx�1ÿ x�

LA�1� x�dÿ 1�� ,

where b is the constant determined by the particle geometry,
for cubic or spherical particles, b& 3; l is the surface phase
thickness; f and LA are the volume fraction and the size of
particles of the component A in the composite; the coefficient d
is determined by the ratio of densities (d ) andmolecularmasses
(m) of components, namely, d=(mAdMX)/(mMXdA); x is the
mole fraction of the component A. The volume fraction of an
ionic salt ( fMX)bulk beyond the surface layer can be determined
using the expression

( fMX)bulk=17f7fS =

�
1ÿ 2bfl

LA

�
(17f ), ( fMX)bulk5 0, (11)

which is very convenient for the estimation of the surface layer
thickness provided the size of particles A is known. In real
systems, LA corresponds to the size of an aggregate of particles
A and dA corresponds to the average density of aggregates.
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Expression (11) allows one to determine the ratio l/LA based
on the concentration dependence of any extensive character-
istic of theMXphase; moreover, provided the average size of A
particles is known, the absolute magnitude of the surface phase
thickness l can be found (Fig. 4).

To assess the conductivity of composites, the models of
effective medium or the theories of percolation, which were
adapted to the specific features of the morphology of compo-
sites, are used. The most precise calculations of the conductiv-
ity of conventional composites of the conductor ± dielectric
type (17f )M7fA can be performed for the limiting cases
( f? 0 and f? 1), where the particles of phases A orM pertain
to the second-phase matrix and are isolated from one another.
As the volume fraction of the second phase increases, its
particles are no longer isolated and the calculations of the
conductivity of composites require the use of more intricate
models. A simpler method for the calculation of the composite
conductivity based on the well-known mixing equation was
proposed 68, 69

sa=(17f )saM + f saA , (12)

where the parameter a is determined by the empirical fitting of
dependence (12) to experimental values. The comparison of
Eqn (12) with the exact solutions obtained for the limiting
cases showed that the parameter a depends on the composite
morphology. The morphology of real composites changes as
the content of the second component increases, which makes
extremely difficult the theoretical calculations of the conduc-
tivity within the framework of models mentioned above. The
use of rules of mixing allows one to solve this problem by
introducing the linear dependence of the power index a in
Eqn (12)

a: a( f )= a1(17f )+ a2 f, (13)

where a1 and a2 are the constants corresponding to the
morphology of composites in the regions of limiting dilution
(for f? 0 and f? 1, respectively). Taking into account expres-
sion (13), it is possible to represent expression (12) in the
general form

sa1�1ÿf ��a2 f =(17f )sa1�1ÿf ��a2 fM + fsa1�1ÿf ��a2 fA . (14)

In the limiting cases, Eqn (14) is reduced to expressions
obtained within the framework of the effective mediummodel.
The form of dependences log s ( f ) and s ( f ) shown in
Figs 5 a,b is entirely determined by a1 and a2. These depend-
ences allow one to describe the conductivity of composites the
morphology of which is determined by quite different factors
including the percolation effect. The theoretical curves are
close to those obtained using theMcLachlan equation,70 which
is widely employed for the description of the percolation
behaviour of composites. Figure 5 c shows the experimental
conductivity of different composites 71 in comparison with
calculated curves.

As in the case of conductor ± dielectric composites, the
most accurate calculations of the conductivity of solid electro-
lytes (17f )MX± fA can be performed for the limiting cases
( f? 0 and f? 1), where isolated particles of phases A or MX
are located in the second phase matrix. In the general case, the
conductivity of model systems is described in terms of a
percolation model 11 with two percolation thresholds, namely,
p1 (dielectric MX± ionic conductor) and p2 (ionic conductor ±
dielectric A). The most serious difficulties in calculations
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emerge in the vicinity of percolation thresholds at f& p1 or p2 .
In these regions, intricate models 72 ± 81 are used. Moreover,
even for composites with simple morphologies, rather cumber-
some analytical expressions with a large number of fitting
parameters should be used, which complicates the testing and
practical application of these models. The mixing equation can
be applied for the description of composite ionic conductors.
The additional contribution of the surface conductivity can be
taken into account in terms of themodel of cubic blocks, which
allows one to assess the concentration of the surface conduct-
ing phase. The mixing equation should take into account the
contribution of this phase and can be presented as follows:

sa=
�
17f76f �1ÿ f � l

LA

�
saM � 6f�1ÿ f �saS

�
l
LA

�
� fsaA . (15)

For 6(l/LA)sS44 sMX , the expression takes a simpler form

s=
�
6f�1ÿ f � l

LA

�1=a
sS. (16)

For a>0, dependence (16) has a symmetrical form with the
maximum at f=0.5. The introduction of the linear depend-
ence a= a( f ) [expression (15)], which takes into account the
changes in the morphology, allows one to obtain a modified
mixing equation suitable for the description of conductivity of
composite solid electrolytes. Analysis showed that the form of
curves substantially depends on the parameters a1 , a2 and that
theoretical curves allow one to describe the conductivity as a
function of the composition for specimens with totally differ-
ent morphologies (Figs 6 a,b). It is interesting that the con-
ductivity of a composite should increase with the increase in the
size of particles of the oxide additive according to the expo-
nential law s* (1/LA)b, where b= a715 1, and only in the
limiting case a( f )=1, it is expressed by the relationship
s* (1/LA) conventionally used in the literature.15, 22, 25, 26

Equation (15) type describe well the experimental data for
composites LiI ±Al2O3 (Ref. 4) and AgCl ±Al2O3 (Ref. 60)
(Fig. 6 c). The mixing equation in the form (15) is qualitatively
consistent with the basic expressions obtained within the
framework of the effective medium model and the percolation
theory and also with the results of computer calculations.

VI. Thermodynamic description of composites.
The effect of self-dispersion of ionic salts.
Synthesis of nanocomposites

In the general case, a solid-phase composite represents a
complex multicomponent system that comprises several real
solid phases. By a real solid phase is meant a combination of
single crystals of different sizes, which contain admixtures,
lattice defects (point defects and pores), free surfaces, cracks
and grain boundaries. Many properties of composites depend
on their morphology, viz., the size distributions of particles of
each phase and the mutual spatial arrangement of monophase
domains. In the presence of the surface interaction between the
phases MX and A, the expression for the excess Gibbs energy
of the composite can be presented as follows:24, 82 ± 84

G=(G�MX + gMXSMX+DG elas
MX)+ (17)

+(G�A + gASA+DG elas
A )+ gMX±ASMX±A .

Here, G�MX and G�A are the standard changes in the Gibbs
energies of the formation of individual componentsMXandA;
gMXSMX and gASA are their excess surface energy determined
by the specific surface energy (g) multiplied by the free surface
area; DG elas

MX and DG elas
A are the elastic strain contributions;

gMX±ASMX±A is the energy of the interface, where gMX±A is the
specific surface energy at the interface; SMX±A is the area of the
contact between components MX and A; the contribution of
the elastic energy is taken into account by terms DG elas

MX and
DG elas

A . The expression for the Gibbs energy of the component
MX can be obtained from Eqn (17), if we assume that the
interface energy is evenly distributed between the components

GMX=G�MX + gMXSMX+
gMXÿASMXÿA

2
+DG elas

MX . (18)

The contribution of elastic strains (DG elas
MX) to the total energy

of the MX phase is largely determined by the elastic energy of
themisfit in lattice parameters at the interface and the energy of
dislocations that arise in the interface regions. The calculations
of G elas even for thin films with simple morphologies are very
tedious; hence, it is difficult to assess this contribution in
composites. Nonetheless, in all the cases irrespective of the
nature of elastic strains (dilatational or compression strains),
the quantity DG elas

MX is positive and should increase with an
increase in SMX±A. Hence, the last two terms in expres-
sion (18), which determine the energy of theMX phase depend
on the area of the interphase contact in the composite.

Sintering of a mixture of a low-melting component MX
(with the higher self-diffusion coefficients) with the nano-
particles of a high-melting component A can be accompanied
by both a decrease and an increase in the interface area. In the
former case, the sintering is reduced to simple recrystallisation
of phases. The latter case is more interesting for solid-state
chemistry. The process of the formation of an interphase
contact (Fig. 7) is thermodynamically favourable if
dG/dSMX±A<0. In this case, the sintering is accompanied by
an increase in the interface area SMX±A. If we ignore the
dependences of the specific surface energies and the elastic
energy on the surface area (or the particle size) [gMX , gA ,
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gMX±A , G elas
MX, G

elas
A = f(SMX±A)] and express gMX±A through

the free energy of adhesion (ga)

ga= gMX+ gA7gMX±A ,

we can find the change in the Gibbs energy of a composite with
the increase in the interface area by dSMX±A

dG

dSMXÿA
� gMX

dSMX

dSMXÿA
� gA

dSA

dSMXÿA
+ gMX+ gA7ga . (19)

Pines 85 and Geguzin 86 considered in detail the mechanism of
sintering, i.e., the formation and the growth of the interface.
The mechanism and kinetics of sintering differ for two cases
determined by the conditions ga<2 gMX and ga>2 gMX . In
the former case, a neck is formed between two grains the shape
and size of which are determined by the shape and size of
particles and the absolute magnitudes of gMX , gA and ga .

The expression

ga>2 gMX (20)

is known as the Gibbs ± Smith condition for complete spread-
ing. It can be derived from Eqn (19), provided that
dG/dSMX±A<0, dSA/dSMX±A=71, dSMX/dSMX±A& 1,
i.e., if the decrease in the free energy of a component A
(substrate) is accompanied by the formation of the equivalent
free surface of a component MX (film). The same condition is
prerequisite for the stable layer-by-layer growth of films
according to the Frank ± van der Merve mechanism.
Figure 7 (1) shows the corresponding changes in the morpho-
logy. However, upon sintering of mixtures with an arbitrary
microstructure, the newly formed free surfaces of the compo-
nent MX can overlap if the distances between the surfaces of
phase A are sufficiently small [Fig. 7 (2)]. At the complete
overlap of free surfaces, the derivative dSMX/dSMX±A

approaches zero, and the following expression can be derived
from Eqn (19):

ga> gMX , (21)

which represents a condition of the feasibility in principle of
spreading of the componentMX over the surfaces of the phase
A in a composite. A comparison of condition (21) with the
condition (20) for the complete spreading (or epitaxy) in films
shows that the interfacial interaction in composites should
proceed more actively and at lower energies of adhesion in
contrast to ordinary film structures. The surface roughness is
known to improve wettability. The roughness coefficient is
equal to the ratio of the true contact area to its apparent area
and can take values in the range from zero to unity. Equa-

tion (21) corresponds to the limiting roughness coefficient of
the phase A equal to unity.

If conditions (20) or (21) are met, the interface area in the
system spontaneously increases or the sufficiently well devel-
oped surface of nanocrystals A is `wetted' with the substance
MX. A comparison of values g& 100 ± 300 erg cm72 for alkali
metal halides 87 with the specific surface energies of oxides
Al2O3 , FeO, MgO and SiO2 (g& 600 ± 1200 erg cm72)
(Refs 88 and 89) suggests that the wetting condition (20)
should be fulfilled for composites that consist of ionic halides
and high-melting oxides including alumina.

If substance A is in the nanocrystalline state, the effective
size of particles of the phase MX should decrease to very small
values, i.e., an unusual effect, the self-dispersion of component
MX to form a two-phase nanocomposite is observed.24 Indeed,
the self-dispersion effect was observed during the solid-phase
sintering of composites AgCl ±Al2O3 ,60 AgI ±Al2O3 (Refs 61,
71 and 90 ± 92) and Li2SO4 ±Al2O3.

82, 83, 93, 94 A similar effect
was observed in heterogeneous systems based on alkali metal
nitrates [LiNO3 ±Al2O3 , NaNO3 ±Al2O3 ,95 RbNO3 ±
Al2O3 ,67, 96, 97 CsNO3 ±Al2O3 (Ref. 96)] and halides
[NaCl ±Al2O3 , KCl ±Al2O3 and RbCl ±Al2O3 (Ref. 24)],
which points to the good adhesion of ionic salts to the alumina
surface. Self-dispersion serves as the indicator of strong
interfacial interaction in the system and occurs at long-term
sintering until the whole surface of the component A is covered
with substance MX. In this limiting case, the quantity SMX±A

approaches SA , and the system spontaneously reaches firm
metastable equilibrium where

G=(G�MX +G�A)+ gMX±ASA+
ÿ
DG elas

MX+DG elas
A

�
,

GMX=G�MX +
gMXÿASA

2
+DG elas

MX . (22)

According to the latter expression, the properties of an
ionic salt are determined not only by the standard thermody-
namic parameters of the substance, but also by the contribu-
tion of the energy of interfacial interaction, which increases in
proportion to the surface area of the oxide A (or in the inverse
proportion to the size of its particles). If the components taken
in a volume ratio of 1 : 1 are uniformly mixed so that the total
surface of a component A is completely wetted with a compo-
nent MX, the effective size of MX grains is approximately
equal to LA/2. In composites with oxide nanoparticles
(LA/2& 10 nm), the size of MX particles becomes sufficiently
small for the manifestation of pronounced size effects.

VII. Size effects in composites

Size effects in heterogeneous systems 84 are determined by
many factors, namely, the chemical nature of components in
the heterogeneous mixture, the morphology of the system and
the interfacial interaction between the components. Since it is
difficult to take into account these factors, no adequate
theoretical description of the size effect in composites has
been developed so far. As in the case of pure substances, the
most pronounced changes in the properties are observed in
nanocomposites, i.e., heterogeneous systems with the average
size of particles of both phases below100 nm. In recent years,
the interest in the unusual effects observed in nanosize systems
has arisen.17 ± 22, 24, 84, 85, 88, 98 ± 128 This is not surprising, since
the processes that involve nanosystems form the basis for
future solid-state nanotechnologies.

Size effects can conditionally be divided into two types.
1. Weak effects, where the physicochemical properties of a

substance change insignificantly with an increase in the specific
surface area (or a decrease in the particle size) and all the
changes observed can be explained by the additive effect of the

MX MX7A

D

ga> gMX

ga>2 gMX

LA LMX

A

(1)

(2)

Figure 7. Illustration of self-dispersion of an ionic salt MX at its contact

with a nanocrystalline oxide A (see the text).
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surface on the basic properties of a crystal. According to the
classification proposed by Shcherbakov,129, 130 these effects
may be assigned to capillary effect of the first kind. As a rule,
these effects are observed in crystals with the size above 10 nm.

2. Strong phase size effects or, according to the Shcherba-
kov classification, capillary effects of the second kind respon-
sible for the qualitative changes in the substance properties,
which are impossible to explain in terms of ordinary surface
phenomena. As a rule, these effects are observed in very small
particles the size of which does not exceed 10 nm. It is these
systems that should be considered as truly nanosize systems.
The concept of Shcherbakov was qualitatively confirmed
by the subsequent experimental and theoretical stud-
ies 84, 100 ± 104, 116, 117, 124, 126.

As a result of spreading or self-dispersion, theGibbs energy
of an ionic salt increases to a value described by expres-
sion (22). The excess energy is determined by twomain factors,
namely, the interface energy, which depends on the nature and
the energy of interactions between the surface atoms of phases
in contact, and the elastic strains that arise in the bulk of
contacting phases.

The mechanism of interactions in composites MX±A is
determined by the contribution of non-dispersion interactions,
namely, ion ± ion, donor ± acceptor, dipole ± dipole, etc. The
correct estimation of the interface energy requires consider-
ation of the structure of the contact plane and the real
potentials of ion ± ion interactions in the contact region,
which is an extremely complicated and still unsolved problem.
It was shown 24 that lithium salts in systems with alumina
exhibit a stronger trend for the formation of nanocomposites
as compared with rubidium and caesium salts, while iodides
more readily form nanocomposites as compared with chlorides
and fluorides. This suggests that the polarising power of the
cation and the polarisability of the anion in the ionic compo-
nent play an important role in the surface interaction mecha-
nism.

Studies of thin films have demonstrated that the structure
of a solid in the near-interface region depends substantially on
the features of the crystallography and energy of planes in
contact. As a rule, in very thin films, the epitaxal contact
between phases is energetically favourable and the film struc-
ture is determined by the effect of the support and can differ
from the structure of the same substance in the individual state.
With the increase in the film thickness, elastic strains are
accumulated in its bulk, which results in the film restructuring
upon reaching a certain critical thickness hcr. For a minor
misfit in the structural parameters, the film acquires a structure
corresponding to the pure component and a network of misfit
dislocations is formed on the interface. For a 1%±0.1%misfit
in the lattice parameters, the thickness of the epitaxial layer was
calculated to be hcr& 5 ± 25 nm.131 ± 133 If the structural
parameters of the substrate and the film differ substantially,
hcr becomes very small, and the relaxation of the elastic energy
of the growing epitaxial layer necessitates the formation of a
very large number of dislocations, which becomes energetically
unfavourable. In this case, the relaxation of elastic strain
energy can proceed through different channels, namely, the
film can be divided into separate blocks the size of which
increases with the increase in the film thickness or an amor-
phous surface phase is formed.100, 133

In the above-mentioned cases, the formation of thin
epitaxial, nanocrystalline or amorphous films may be consid-
ered as the manifestation of the phase size effect in heteroge-
neous systems, viz., with the increase in the characteristic size
(film thickness), new surface phases are formed.

In the composites MX±A the distance between the grains
of the oxide component A plays the role of the MX layer
thickness. If the size of particles A far exceeds hcr , the proper-
ties of the ionic component are similar to those of thick MX

films. If the oxide grains are sufficiently small and comparable
with hcr , then at sufficiently high oxide concentrations, theMX
phase is localised in nanopores between oxide particles, i.e.,
under the conditions similar to those of the existence of a thin
MX layer on the surface of A. In a real composite, two states
always coexist (a `normal' state of coarse MX grains and an
`interfacial' state with anomalous properties) in a quantitative
ratio determined by the composition and morphology of the
composite.

The thermodynamic properties of substances deposited on
a solid support to form adsorbed layers or thin films differ from
those in the bulk.85, 98 ± 100, 131 The characteristic grain size at
which noticeable deviations in the thermodynamic properties
are observed is *10 nm.84, 100 ± 102, 105, 107 ± 111, 113, 116, 117, 124

The temperature of a phase transition (Tt) that occurs in the
bulk of an ionic salt MX can be estimated 24, 100, 115 using the
following approximate relationship:

Tt
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MXÿA ÿ gaMXÿAS
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�
1

Ht

,

where T �t is the standard temperature of the transition, super-
scripts a and b correspond to high-temperature and low-
temperature phases, respectively, DG elas is the difference
between the excess elastic energies of phases b and a, Ht is the
enthalpy of the phase transition. The interface energies gMX

and gMX7A decrease with the increase in the temperature; this
is why if the phase transition is accompanied by only small
changes in the bulk and DG elas (Sa

MX &Sb
MX *Lÿ1MX;

Sa
MXÿA &Sb

MXÿA *Lÿ1A ; DG elas& 0), the temperature of
transformation to the high-temperature a-phase will decrease,
which indeed was usually observed for thin films where the
layer thickness plays the role of the particle size. The literature
offers two types of phase diagrams plotted in coordinates
Tt(T,L71) for supported films of different metals;85, 98 ± 100 the
phase transition temperatures can decrease by hundreds of
degrees as L decreases to 10 nm. In the general case, the phase
transition temperatures in a composite can either decrease or
increase depending on the concrete form of functions
G8=f(T ); s=f(T ); DG elas= f(T ) in different phases of a
given composite.

The above-described self-dispersion effect caused by the
surface interaction of ionic salts with nanodispersed oxides (the
particle size not exceeding 10 nm) allowed a wide range of
nanocomposites of the MX±A type to be synthesised and
studied.24, 84, 134 ± 148 Ionic salts in the nanoheterogeneous sys-
tems mentioned exhibited several specific features.

1. Crystal structure and morphology. In sintered compo-
sites AgI ±Al2O3,61, 71, 90 ± 92 either various polytypes or an
amorphous phase were formed depending of the oxide particle
size and the conditions of the composite synthesis. Nano-
composites synthesised at 600 8C comprised globular AgI
particles measuring 2 ± 5 nm and uniformly distributed over
the composite volume (Fig. 8). According to the results of
structural studies of composites LiX ±Al2O3 (X7=F7, Cl7,
Br7, I7, 1/3 PO3ÿ

4 , 1/2 SO2ÿ
4 ) synthesised by decomposition of

a precursor, the size of particles in both phases of the composite
did not exceed 10 nm, i.e., solid-phase nanocomposites were
formed.53 The most thoroughly studied nanocomposites
Li2SO4 ±Al2O3 exhibited the highest conductivity among
these nanocomposites.53, 82, 83, 93, 94 On the interfaces of these
composites, regardless of the method of their synthesis [by
decomposition of the precursor Li2SO4

. 2nAl(OH)3 .mH2Oor
by simple mixing of components followed by sintering], an
intermediate aluminate layer with a thickness of about 1 ± 2
monolayers was formed to provide a good epitaxial contact

Ionics of nanoheterogeneous materials 425



between Li2SO4 and Al2O3 . The average particle size varied in
the range of 3 ± 10 nm (Fig. 9). In composites CsCl ±Al2O3 ,
according to the X-ray diffraction data, a high-temperature
face-centred CsCl phase with the particle size in the range of
20 ± 80 nm was stabilised.144 In nanocomposites based on
alkali metal nitrates, amorphous phases of ionic salts were
formed.67, 95 ± 97

2. Thermodynamic properties. Rubidium nitrate attracts
attention because in the temperature range of 25 ± 330 8C it
undergoes three polymorphous transitions (at 164, 219 and
286 8C) before melting at 315 8C. The results of differential
scanning calorimetry (DSC) studies of composites
RbNO3 ±Al2O3 showed 67 that sintering did not virtually affect
the temperatures of all phase transitions of rubidium nitrate
including the melting temperature, while the corresponding
enthalpies dramatically decreased (Fig. 10 a). At a relatively
low mole fraction of the oxide (x5 0.7), the curves demon-
strated no heat effects that would point to the presence of
crystalline rubidium nitrate in the composite. In line with the
decrease in the enthalpy of crystalline RbNO3, the DSC curves
acquire a new strongly broadened peak at 250 8C. The men-
tioned effects were not observed in composites containing
coarse-grained alumina (with the grain size of several micro-
metres); hence, the effects were intrinsic in the oxide surface
(Fig. 10 b). In composites RbNO3 ±Al2O3, an amorphous
phase was formed and the heat effect at 250 8C was caused by
the phase transition, namely, its vitrification. The formation of
an amorphous phase in nanocomposites was also confirmed by

the disappearance of the heat effect associated with salt
melting. The amorphisation of an ionic salt also occurred in
composites RbNO3 ± SiO2 ,145 CsHSO4 ± SiO2 (Refs 146 and
147) and LiClO4 ±Al2O3 (Ref. 148). In composites
CsCl ±Al2O3, with the increase in the oxide concentration,
the enthalpy of the transition to the high-temperature phase
gradually decreased, which was accompanied by the broad-
ening of the hysteresis loop of the phase transition temper-
ature.144

Expression (11) allows one to assess the ratio l/LA and, for
a given particle size (LA), the thickness of the surface phase (l),
based on the concentration dependence of the enthalpy of
phase transitions in composites. The l estimates were 3 and
4 nm in composites AgI ±Al2O3 (Ref. 92) and RbNO3 ±Al2O3

(Ref. 97), respectively. For a sufficiently high concentration of
the oxide (x>0.6 ± 0.7, which corresponds to the volume ratio
f>0.5 ± 0.6), the effective size ofMXparticles was comparable
with l and virtually the whole volume of the ionic salt was in
the amorphous state (Fig. 11).

Self-dispersion of rubidium nitrate in contact with nano-
crystalline alumina (the specific surface of 200 m2 g71) was
studied 97, 149 in situ by the DSC method; the results are shown
in Fig. 12. For non-mixed starting components, the surface
interaction began at the rubidium nitrate melting temperature,
as indicated by the appearance of the exothermic effect. In the
melting, the liquid-phase spreading occurred being accompa-
nied by liberation of the heat of wetting. The DSC curves
obtained in the repeated heating of the same specimen corre-
sponded to amixture of the residual crystalline and amorphous
phases. When the starting components were mixed more
thoroughly, the surface dispersion and self-dispersion pro-
ceeded at noticeable rates even at temperatures substantially

20 nm

Figure 8. Morphology of the nanocomposite 0.2AgI ± 0.8Al2O3 syn-

thesised at 600 8C.

20 nm

Figure 9. Microstructure of the composite Li2SO4 ±Al2O3.
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Figure 10. (a) DSC curves of composites (17x)RbNO3 ± xAl2O3

[x=0.1 (1), 0.3 (2), 0.5 (3), 0.7 (4 )] containing nanocrystalline alumina

(Ssp=270 m2 g71), which were heated at 350 8C and (b) segments of

DSC curves in the region of phase transition RbNO3-IV>RbNO3-III for

the composites 0.3RbNO3 ± 0.7Al2O3 containing (1) coarse-grain and (2)

nanocrystalline alumina.
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below Tmp , i.e., where rubidium nitrate was in the crystalline
state. Due to the solid-phase spreading, the amorphous phase
was formed, i.e., the crystalline phase spontaneously passed to
the amorphous state. The solid-phase spreading to form the
amorphous phase was also observed upon sintering of compo-
sites AgI ±Al2O3.92

The possible reason for the spontaneous amorphisation of
an ionic salt MX in the composites MX±A due to the liquid-
phase or solid-phase spreading could be the relaxation of
elastic strains that arise in the MX volume formed as a result
of the salt spreading over the surface and in the pores of the
oxide matrix. If the lattices of the contacting phases do not
match one another, the contribution of the elastic energy
becomes substantial. Moreover, in contrast to thin films, the
MX particles in nanopores are adhesively bound with the
randomly oriented oxide surfaces surrounding a pore, which
should lead to rather active formation of microdomains of
particles and provide the excess surface energy. Apparently,
the structural relaxation can occur by spontaneous amorphisa-
tion of an ionic salt. This process may be illustrated by a phase
diagram shown in Fig. 13.97, 139, 140 The amorphisation is
possible if with the decrease in the effective particle size, the
free energy of the crystalline MX phase becomes higher than
the energy of the amorphous phase. A concept of the sponta-
neous transition from the crystalline to the amorphous state
was discussed earlier in the literature in context of the reasons
for the mechanical alloying of ionic salts.150 ± 158 The data on
the amorphisation of alkali metal halides 159, 160 and certain
other inorganic crystalline hydrates 161 ± 167 in nanopores are
available. Amorphous hydrates incorporated into nanoporous
matrices turned out to exhibit unusual thermodynamic proper-
ties, which are responsible for the changes in the parameters of
chemical processes of hydration and dehydration.

3. Ionic conductivity and dielectric properties. In the low-
temperature range, all the nanocomposites (17x) AgI ±
xAl2O3 studied exhibited enhanced ionic conduc-

tivity.61, 71, 90 ± 92 A comprehensive analysis of the temperature
dependence of conductivity and the results of calorimetric
studies of composites revealed the presence of two phase
transitions. The temperature dependences of conductivity had
a non-trivial shape, namely, with the increase in x, the phase-
transition hysteresis gradually widened and the conductivities
of the high-temperature (superionic) and low-temperature
phases gradually became equal, i.e., the phase transition of a
salt to the superionic state gradually disappeared 61, 71, 91

(Fig. 14 a). The conductivity maximum (*1073 S cm71 at
25 8C) was situated not at x=0.20 ± 0.30 as was observed
earlier but at a higher mole fraction of the oxide, x=0.5 ± 0.6
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Figure 11. Mole fractions of (1, 2) bulk (xbulk) and (3, 4) surface (xS)

phases in composites (1, 3) (17x) AgI ±xAl2O3 (Ref. 92) and (2, 4)

(17x) RbNO3 ±xAl2O3 (Ref. 67) as a function of the additive content.

Experimental values were calculated from the enthalpy of phase transi-
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Figure 12. (a) DSC curves of original RbNO3 ±Al2O3 mixtures (lower

curves) and the same mixtures in repeated heating (upper curves) for

different component ratios; (b) a DSC curve of a thoroughly ground

mixture 0.6RbNO3 ± 0.4Al2O3 obtained in the first heating and (c) a

comparison of a segment of this curve (1) with the corresponding segments
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(Fig. 14 b). The activation energy of conduction in both
superionic and low-temperature phases increased monotoni-
cally with the increase in x. The concentration dependence of

the dielectric permittivity e (x) had two maxima, namely, the
first weak maximum at x=0.2 and the second more pro-
nounced maximum at x=0.9 (see Fig. 14 b).92 These results
are consistent with the percolationmodel 11 according to which
the permittivity maxima corresponding to two percolation
thresholds should be observed at the oxide volume fractions
p1=0.1 and p2=0.9 (i.e., at x=0.12 and 0.94).

The temperature dependence of conductivity of the nano-
composite Li2SO4 ±Al2O3 lacked the conductivity jump at
575 8C associated with the transition of lithium sulfate to the
superionic state (Fig. 15).82, 83, 93, 94 The s(T ) dependence had
a shape typical of solid electrolytes with the fluorite structure in
the vicinity of the `diffuse' phase transition.

Studies of the conductivity of composites based on alkali
metal nitrates MNO3 ±Al2O3 (M=Li, Na, K, Rb, Cs) have
shown 95, 96 that doping of nitrates with alumina with a specific
surface area of 270 m2 g71 is accompanied by a sharp increase
in the conductivity (Fig. 16). The dependences of the conduc-
tivity on the dopant concentration had a maximum at
x=0.5 ± 0.7, and the relative increase in the conductivity
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Figure 13. State diagram of an ionic salt in a composite; the changes in the

energy of the system in the amorphisation of ionic compounds are

indicated.
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(s/so) at 343 K depended on the cation type and varied in the
range from 102 (in composites CsNO3 ±Al2O3) to 108 (in
composites LiNO3 ±Al2O3). For x>0.5 ± 0.6, the Arrhenius
plots s(T ) of all composites studied were not linear and lacked
conductivity jumps at phase transition temperatures. The
physicochemical properties of composites based on rubidium
nitrate were studied in more detail. The decomposition voltage
Ud=4 V assessed from voltammetric curves was close to the
corresponding values in fused alkali metal nitrates and halides
which allows one to assume that rubidium cations are the main
current carriers in the composites RbNO3 ±Al2O3.

In the composites CsCl ±Al2O3, with the increase in the
oxide concentration, the conductivity jump associated with the
transition to the high-temperature phase gradually disap-
peared, which was associated with the stabilisation of the latter
phase (Fig. 17).144

Thus, in all systems under study, the nature of conduction
was observed to change at sufficiently high concentrations of
the fine-grain additive. These changes can be associated with
either the appearance of new highly conductive amorphous
phases atypical of pure ionic compounds (composites based on
nitrates, AgI ±Al2O3) or with the stabilisation of high-temper-
ature phases (the phase-transition hysteresis in Li2SO4 ±Al2O3

and AgI ±Al2O3 , the formation of a face-centred cubic phase
in CsCl ±Al2O3) in composites. Moreover, the properties of
high-temperature phases stabilised in nanocomposites differed
from those of the same phases in pure salts, namely, the former
had higher activation energies andmodified lattice parameters.
A clear trend for the levelling of the characteristics of high-
temperature and low-temperature phases was observed, the
phase transition region widened and the transition itself
became diffuse approaching the second-order phase transi-
tions. Nanocomposites differ basically from polycrystals and
microcomposites in their properties; this is explained by the
increasing effect of surface interactions on the bulk properties
of ionic salts. Under certain conditions, this leads to the
appearance of phase size effects or capillary effects of the
second kind. Figure 18 illustrates the changes in the ionic salt
structure in the vicinity of the MX±A interface, which were
observed as the surface interaction increased, i.e., on going
from micro- to nanocomposites.

Computer simulation methods can be used for the elucida-
tion of the nanocomposite structure and the conduction
mechanism. Nanocomposites LiI ±Al2O3 were studied 168 by
the molecular dynamics techniques. It was shown that the
phase contact was epitaxial, the electrical double layer was

formed at the interface and the activation energy of diffusion of
lithium cations was close to the experimental value.

The molecular dynamics methods were also applied 169 for
the simulation of the CsCl ± a-Al2O3 interface. The calculation
model represented a two-layer heterostructure that comprised
22 080 ions (3840 ions of Cs+ and Cl7 each and the balance
number of Al3+ and O27 ions). The calculations were per-
formed for cyclic boundary conditions and involved the use of
the Born ±Mayer potential. The parameters of the potential
were taken from the literature and refined in the preliminary
simulation of individual starting components Al2O3 and CsCl.
The heterostructure was obtained as a result of spontaneous
crystallisation of amodel CsClmelt, which was followed by the
long-term isothermal exposure at T=0.8Tmp up to the estab-
lishment of the steady state (Fig. 19). Caesium chloride crystal-
lised to form a high-temperature phase structure of the NaCl
type and did not pass to the low-temperature state as the
temperature decreased. The CsCl ± a-Al2O3 interface was real-
ised along the (110) CsCl jj (10�10)Al2O3 planes whichwere off-
oriented by a small angle of*10 ± 138 and contained boundary
dislocations at a distance of *5 nm from one another. The
boundary dislocations corresponded to the sites of the surface
exposure of low-angle boundaries localised in the caesium
chloride bulk. Although the bulk of caesium chloride as a
whole represented a monolythic crystal, the low-angle boun-
daries divided it into twomicrodomains disoriented by 3 ± 3.58.
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Figure 18. Changes in the ionic salt structure in the vicinity of theMX±A
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Figure 19. Heterostructure CsCl ±Al2O3 calculated by the molecular

dynamics method.169

(a) For temperatures above the melting point of caesium chloride;

(b) immediately after its hardening and isothermal exposure at

T=0.8Tmp .
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In contrast to the system LiI ±Al2O3, no double layer was
formed on the interface. Nonetheless, the ions located in the
vicinity of the interface and on low-angle boundaries exhibited
enhanced mobility. The self-diffusion coefficients of caesium
and chloride ions were approximately the same, i.e., equal to
*1076 cm2 s71 at 700 K, which is smaller than the corre-
sponding values in molten CsCl by merely an order of
magnitude. Apparently, the main difference of the system
CsCl ±Al2O3 from the system LiI ±Al2O3 is the weak interface
interaction. In this case, it is the energy of elastic strains the
relaxation of which favours the appearance of intergrain
dislocations and small-angle boundaries that makes the main
contribution to the changes in the ionic salt properties. Hence,
the real composite structure and the mechanism of ionic
conduction in nanosized systems depend not only on the
energy of interactions, but also on the energy of elastic strains
that arise in the interface zone.

The spectrum of phenomena observed in nanocomposites
is very wide. Particularly, nanocomposites with protonic con-
ductivity, which are based on acid salts, were shown to exhibit
interesting properties.146, 170 ± 176 In our studies, we have shown
that the physicochemical characteristics of ionic salts depend
on the pore size in the silica gel used as the dispersed additive,
viz., there is an optimum pore size (*2 nm) corresponding to
the maximum changes in the thermodynamic, structural and
transport properties of CsHSO4.170 In our studies, we deliber-
ately ignored the systems with chemical interactions between
the components. The chemical reactions make possible the
formation of three or four-layer components that include the
starting reagents and interfacial phases.177 Recent years were
marked by the discovery of metacomposites, i.e., heterogene-
ous systems the interfacial interaction in which brings sub-
stantial changes into the physicochemical properties of both
components.149, 178 Moreover, such a heterosystem as a whole
exhibits the properties typical of none of its individual compo-
nents. Such materials form a new interesting class of metama-
terials. The transport properties of metamaterials synthesised
by the layer-by-layer deposition of nanolayers CaF2/BaF2

were studied.179, 180 Nanostructurised solid solutions 181 ± 183

the lattices of which contain separate nanodomains coherently
attached to one another and divided by interdomain bounda-
ries are of special interest for solid-state ionics. Highly doped
superionic fluorides that comprise extended clusters in their
structure are another example of nanoheterogeneous sys-
tems.184 It is not improbable that nanostructuring is the
general property of highly doped solid solutions.

Nanoheterogeneous solid-phase systems are of great inter-
est for practice. Like all composite solid materials, they are
characterised by the enhanced mechanical strength and ther-
mal stability and can be used in chemical power sources, gas
sensors and other electrochemical devices. The high ionic
conductivity is among the most important characteristics of
nanocomposite solid electrolytes. Nanocomposites based on
conventional ionic salts far surpass the corresponding poly-
crystalline materials and microcomposites in the conductivity.
Another valuable characteristics of these materials is that the
phase transitions in them are absent or levelled off, which
prevents the loss of their mechanical strength at thermal
cycling. In model medium-temperature fuel cells with a nano-
composite solid electrolyte CsHSO4 ± SiO2 , sufficiently high
current densities were reached.185, 186 The performance of a
fuel cell with a composite electrolyte compares well with the
performance of a cell that employs pure salt as the electro-
lyte.187 Nanocomposites LiClO4 ±Al2O3 exhibit high lithium
conductivity at 150 ± 200 8C.148 Studies of medium-temper-
ature lithium cells with solid electrolytes and oxide electrodes

were initiated.188. Further miniaturisation of these devices, the
decrease in the electrolyte thickness and the optimisation of
characteristics of electrode materials may provide high power
of batteries.

VIII. Conclusion

Summarising the results of studies of composite ionic conduc-
tors, it may be concluded that the properties of composite solid
electrolytes are determined by both the intrinsic disordering of
an ionic salt and the interfacial interaction between the
composite components. The intrinsic disordering of a conven-
tional ionic crystal involves the stages of the defect formation
in the bulk and on the surface of the crystal. The surface
disordering is well described by the Stern model, which allows
the surface potential to be easily calculated. The same model
can be employed for the description of themechanism of defect
formation as the main stage of the interfacial interaction.
Methods for the estimation of the conductivity and other
physicochemical characteristics of composites were proposed.
The problems of the thermodynamic stability of nanocompo-
sites and the genesis of their morphology during the sintering
were considered. The general peculiarities of the variation of
ionic salt properties in a wide series of the ionic salt ± oxide
systems were analysed as well as the size effects.

In heterogeneous systems with sufficiently strong interfa-
cial interaction, the effect of self-dispersion of an ionic salt was
observed, which allowed the nanocomposites to be synthesised
by the method of liquid-phase or solid-phase spreading. The
nanosize state of a salt in systems thus obtained is thermody-
namically stable if the size of oxide particles remains constant.
Based on the combined studies of a wide series of composites
MX±A with different ionic compounds, it was shown that
nanocomposites are characterised by considerable changes in
the thermodynamic and structural properties of ionic salts.
These changes manifest themselves most clearly in compounds
that contain high-temperature disordered phases, namely, AgI,
Li2SO4 and alkali metal nitrates. Disordered crystalline surface
phases are stabilised in silver iodide and lithium sulfate,
whereas the amorphous state is stabilised in nitrates. Rapid
quenching of nanocomposites AgI ±Al2O3 allowed amor-
phous silver iodide to be obtained for the first time. This
convincingly proves that the pronounced size effects can be
observed on going from microsystems to nanoscale systems,
which opens up the possibility for the synthesis of new
materials with unusual properties.
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