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Abstract—Successive analysis of interface defect formation and its implications for the ionic conductivity was
carried out for ionically conducting nanocomposites that hold much significance for technological applications.
It was shown that the most efficient way to prepare such composites is through the use of nanosized particles.
A review was made of the current state of research on inorganic composites and hybrid membrane materials
that are already in use in alternative power engineering.
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INTRODUCTION

Ionically conducting nanocomposites find extensive
technological application. At the same time, relevant
studies have a comparatively brief history. In 1914,
Turbandt and Lorentz discovered that, after a phase
transition at 420 K, a typical ionic crystal, silver
iodide, exhibited a high ionic conductivity which was
earlier observed for electrolyte solutions solely [8]. It
was not until a fairly long period had passed that the
importance of this discovery was realized. In fact, the
first systematic studies of ionic conductivity of solid
electrolytes date back as far as the middle XX century.

Nearly sixty years after the Turbandt and Lorentz’s
discovery, Liang revealed enhancement of ionic
conductivity in composites relative to their individual
constituents. The conductivity of lithium iodide having
a fairly low cationic mobility is enhanced by several
orders of magnitude in a system comprised of Lil and
finely dispersed alumina, which is a dielectric [9].
Surprisingly, a mixture of two substances that do not
react with each other acquired a novel property. This
discovery was comprehended by the scientific com-
munity much more rapidly, due above all to the
prospects it offered for high-capacity condenser and
lithium ion cell applications [10]. Subsequently, the
relevant ionic conductivity studies were focused
primarily on composites based on silver salts and
alumina or silica. The Liang’s discovery was
immediately followed by numerous studies into ionic
conductivity enhancement, caused by introduction into
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silver, mercury, lithium, and monovalent copper halide
crystals of finely dispersed inert powder, above all,
alumina, silica, and titania [11-17].

This line of research is of much practical signi-
ficance. lonically conducting composites are promising
candidates for numerous technical and engineering
applications (gas and liquid sensors, electrochemical
devices, and, above all, alternative power sources, etc.).

We present here a review of studies into ionic con-
ductivity of nanocomposites, in particular, hybrid
membrane materials, with emphasis on relevant ac-
tivities by Russian researchers.

Interface Defect Formation

The processes occurring in composite electrolytes
are driven by interface defects. The uncompensated
and unsaturated bond system on the surface of every
crystal makes it reactive toward other phases (surfaces
of other solids, liquids, and gases).

Let us once again turn to a system comprised of
lithium iodide and finely dispersed alumina with a
developed surface. The surface sorption conditions for
different cations and anions are typically non-
equivalent, with a certain sort of ions being sorbed pre-
ferentially. In the Lil-Al,O; system, only lithium ions
exhibit mobility. Being unable for penetrating inside
alumina particles, they can be actively adsorbed on
alumina surface. The electrical neutrality of such sys-
tems is maintained by negatively charged cationic
vacancies that are concentrated in the adjoining lithium
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Fig. 1. Scheme of electric double layer formation at the
Lil-Al,O; interface.

iodide layer. This leads to formation at the Lil/Al,O;
interface of a ~1-um electrical double layer.

There are not a lot of experimental facts validating
this effect. For example, the IR absorption spectrum of
iron hydrosulfate—silica composite does not contain a
band associated with stretching vibrations of the
surface OH groups weakly involved in hydrogen
bonding, characteristic for the initial silica gel [19].
More active protons of hydrosulfate are partly sorbed
on the silica gel surface, which leads to formation of a
highly deficient interfacial layer. The sorption theory
for composite electrolytes [20-30] interprets this
phenomenon as sorption of cationic vacancies or
interstices at the interface. The oppositely charged
defects are concentrated in a narrow Debye layer near
the surface. This induces the so-called surface charge
which is negated in the crystal bulk [21, 31, 32]. The
interface defect formation can be quantitatively
interpreted as involving formation of (1) cationic
vacancies V and (2) interstices i in the crystal bulk,
accompanied by generation and annihilation of metal
ions on the surface:

My + Vg =Mg + Vi, (N
Mg+ V;=M;+ Vg, (2)

where, in Kroeger—Wink notation, the subscripts
denote the cationic (M), surface (S), or interstitial
siting of a metal ion or vacancy, and the superscripts
indicate positive or negative charge of the species
relative to the site it occupies.

Let us designate the Gibbs energy of quasichemical
reactions (1) and (2) as AG, and AG;, respectively. At
AG, < AG; the interface is enriched in cations, and the

vacancy concentration in the interface vicinity
increases relative to the bulk. At AG, > AG; an op-
posite process occurs. Kliewer [31] reported that de-
fects are primarily located inside the Debye layer,
within which their concentration varies from C,y to
1.7C\«. In most of practically important situations, the
thickness of this layer A is small relative to the crystal
dimension along x axis (Fig. 1) and can be calculated
as

A= (eeokT/2°C.) ", (3)
where ¢ is the relative dielectric permittivity of the
material; g, absolute dielectric permittivity; e, electron
charge; and C, = N,, = N, defect density in the
crystal bulk.

The defect concentration profile can be represented

as.
N, = Ny, exp[Z], “4)
]vi = ]Vioc exp[_Z]a (5)
where
Z = 4th ™' (exp[—x/A]th[Zy/4]), (6)
Zo=Z(x=0)=—(AG,— AG)/(CRT). (7

The electric potential difference between the bulk
(x = o) and surface (x = 0) can be represented as

0— 00 = (AG, - AG)/(2e). )

For crystals whose size is large compared to the
Debye length, this is a constant parameter. The surface
potential for the silver chloride (silver bromide)
crystal—air interface changes from —0.1 to —0.25 eV
upon heating from 298 to 550 K [33, 34]. Hence, at
room temperature, the concentration of cationic
interstices in these compounds exceeds that in the
crystal bulk by three orders of magnitude [33].

Maier [25] described various types of interactions
at solid-solid interfaces, having substantially different
implications (Fig. 2). For example, in systems com-
prised of alumina and lithium iodide, silver chloride, or
a bivalent metal fluoride, mobile monovalent ions (Li",
Ag', F)) are adsorbed at the interface, with the vacancy
concentration increasing in the Debye layer (Figs. 2a,
2b) [26, 35]. Interaction of the silver chloride crystal
surface with ammonia vapor leads to an increase in the
cationic vacancy concentration via sorption of NH;
molecules at the interface with formation of relatively
strong complexes with silver ions (Fig. 2c) [25]. By
contrast, reactions of silver chloride or calcium
fluoride with Lewis bases (BF; or AsFs) yield strong
anionic complexes on the surface. This is accompanied
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Fig. 2. Scheme of formation and variation of concentration of defects at interfaces along the sample length in (a) AgCl/AlOs,
(b) CaF»/ALOs, (c) AgCI/NHj3, (d) CaF,/SbFs, (e) Agl/AgCl, and (f) polycrystalline AgCl (AgCl/AgCl) composite system.

by a sharp increase in concentration of silver cations in
interstices and of vacancies at fluoride sites within the
Debye layer (Fig.2d) [25, 27, 36]. However,
interaction of B-modification of silver iodide with
silver bromide or silver chloride containing similar
cations also leads to a significant conductivity
enhancement [37, 38]. The reason lies in the difference
between the chemical potentials of silver in Agl and
AgCl crystals (Figs. 2e, 2f).

Ionic Conductivity of Composites

Most of currently available models describe the
electrical conductivity of composite materials in the
approximation of series- and parallel-connected ele-
ments with different resistances [39—41]. The solution
of the problem is typically reduced to determining the
conductivity oy for a system comprised of two
individual phases with conductivities 6, and o, and
volume fractions (1 — m;) and m,, respectively. The
simplest models can be found in systems with series-

and parallel-connected conducting segments whose
conductivity is determined as

Tt = (1 =)o ' +mu0, ©)
Gtot — (1 - nz)Gl + 1M20,. (10)

These simple models can predict the lower and
upper conductivity limits for composite materials. Real
systems comprised by alternating series- and parallel-
connected particles are described by intermediate
versions.

However, all these models cannot explain a sharp
increase in conductivity of composites relative to those
of their constituents. Stoneham et al. [42] presumed
that formation of a high-conductivity phase is
associated with water sorption. Jow and Wagner [12]
attributed the conductivity enhancement in MI-AL,O;
binary systems to an increase in defect concentration
for salts containing mobile M" ions. This hypothesis
specifically underlies modern transport theories as
applied to composite materials.
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Fig. 3. (a) Schematic structure and (b) equivalent electric circuit for a “bicrystal” comprised of ionic crystal MX, an inert phase B,

and a highly defective layer S at their interface.

As known, transport processes in solids are driven
by defect migration exclusively [43]. Hence, the
conductivity of a material can be represented as the
defect concentration Cp multiplied by the defect
mobility pp:

(11)

At the interface, the defect concentration can
increase by several orders of magnitude. Also, uncom-
pensated valence bonds and weaker steric hindrance to
transport in the subsurface layer are responsible for the
ionic mobility at interfaces being typically much
higher than in the bulk. Increases in both multipliers on
the right-hand side of Eq. (11) lead to enhancement of
ionic conductivity near interfaces in composites.

o = CDHD-

Let us consider the model suggested by Maier
[21, 44] as applied to interaction of two single crystals
MX (ionic crystal) and B (inert nonconductive phase).
The corresponding scheme shows that the interface is
parallel to the potential difference vector (Fig. 3a).

The total conductivity of this system can be
represented as the sum of three components corres-
ponding to three parallel-connected resistances

Giot = XOB + XmxOmx + XsOs,

(12)

where X and ¢ are the volume fraction and conductivity
of each of the components, respectively; Xgop and
XuvxOwmx, contributions from conductivities of the inert
phase and ionic crystals MX, respectively; and Xsos,
contribution from conductivity of the surface charged
layer in MX. The contribution from the inert phase,
Xgop, is typically negligible. As to the two remaining
terms, Xyxomx dominates for large, and Xsos, for small
crystals.

Having integrated the defect concentration profile,
Maier obtained a fairly simple expression describing

the contribution from the surface component to the
ionic conductivity of the material:

Xp0p = quy(2AM(CoCii) ', (13)

where ¢ and u, are the vacancy charge and mobility,
respectively, and C,, and C,;, vacancy concentration in
the crystal bulk and at the interface, respectively.

Thus, the contribution to conductivity from the
Debye layer can be represented by means of a parallel-
connected resistance with the thickness 2A and a
certain averaged concentration of carriers near the
interface, determining its conductivity (see Fig. 3a).

Real objects are typically represented by poly-
crystalline systems comprised of a multitude of con-
ductive and nonconductive crystals and their
interfaces. In the simplest case, the conductivity of a
polycrystalline sample consisting of numerous small
cubic crystals with the edge length L can be described
in terms of the cubic block model (Fig. 4). Under L >>
2). presumption, it is possible to neglect a minor
contribution to the conductivity from the layers
perpendicular to the potential difference vector. Then,
the ratio of the contributions to the total system
conductivity from the block—crystal bulk interfaces can
be represented as:

XMxﬁMx/Xscs = (L — Z)L)XM)(/Z}\‘XS (14)

In the case of real heterogeneous systems, the
calculation of conductivity is a much more com-
plicated task because of diversified topological
distribution of two (more precisely three) phases
(including the highly deficient Debye layer) [45-47].

The Monte Carlo simulation of the conductivity of
Li[-Al,O; binary system in terms of the percolation
model [46, 48] yielded the following results, as
exemplified by a two-dimensional model shown in
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Fig. 4. (a) Cubic block model and (b) equivalent electrical
circuit for a polycrystalline sample. The high-conducting
Debye layer is shown in grey.

Fig. 5. At low oxide phase concentrations the con-
ductivity increases because of appearance of highly
conducting contacts (Fig. 5a). At inert phase con-
centrations above which the oxide particles are in
permanent contact (first percolation threshold), highly
conducting chains are formed (Fig. 5b). The second
percolation threshold is achieved at the inert phase
concentration above which the highly conducting
chains are broken (Fig. 5c). Between these critical
points the conductivity of the system varies fairly
insignificantly, being close to a maximum. Upon
passing through the second critical concentration the
conductivity of the system rapidly decreases and tends
to zero (Fig. 5d). This approach was employed for
describing the concentration dependence of the
conductivity for a series of systems comprised of
lithium or silver salts and various oxide additions [49].
The blocking effect is of greatest significance for
superionic salts [50] and systems containing ionic
crystals characterized by a fairly high intrinsic
defectiveness [51].

A typical conductivity—composition plot for com-
posite electrolytes passes through a maximum at the
highly dispersed oxide phase content ranging from 20
to 40% (Fig. 6).

For most of solid electrolytes the temperature
dependence of ionic conductivity is described by the
Frenkel equation

[@

Fig. 5. (a)—(d) Scheme of formation of highly-conducting
chains in a solid composite electrolyte with progressively
increasing content of inert phase.

oT = Aexp(-Ec /kT). (15)

where A is the pre-exponential coefficient, and £,
conduction activation energy. For neat binary crystals
AX the activation energy is equal to the sum of the
defect mobility activation energy FE, and the halved
enthalpy of defect formation AH:

Ec =E, + 1/2AH. (16)

Heterogeneous doping of ionic crystals leads to a
decrease in the conduction activation energy. The
parameter AH for composites is equal to the enthalpy
of defect formation at the interface, which is con-
siderably lower than that in undoped crystal. When the
enthalpy of ion sorption at the interface is negative and
fairly large in modulus, sorption is weakly
temperature-dependent, and the conduction activation
energy tends to E, Thus, at low temperatures, the
conductivity of heterogeneous systems increases, and
the conductance activation energy, decreases (Fig. 7,
curves 1-3) [21, 48, 53, 54]. However, the intrinsic
conductivity, being weakly dependent on the
heterogeneous doping level, increases much faster with
increasing temperature because of a higher activation
energy. This is responsible for its typical dominance at
high temperatures. In the high-temperature region, a
low-conducting impurity may cause, by contrast, a
decrease in conductivity. This effect is most
pronounced in compounds exhibiting a superionic tran-
sition accompanied by an increase in intrinsic dis-
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Fig. 6. Conductivity—composition plots for composite systems: (/) (1 —x)Li,CO5xAL,03, (2) (1 —x)Li,CO;xBaTiO; at 250°C [52],

and (3, 4) (1 — x)CsHSO4xTiO, at (3) 80 and (4) 170°C [50].
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Fig. 7. Temperature dependence of conductivity, represented in the Frenkel equation (16) coordinates for (/-3) (1 — x)CuBrxTiO,
[54] and (4-6) (1 — x)CsHSO4xTiO, [50] composites with x of (7, 4) 0, (2) 0.199, (5) 0.2, (3) 0.212, and (6) 0.5.

ordering of crystals. In that case, the presence of a
heterogeneous impurity leads to an increase in con-
ductivity and a decrease in conduction activation
energy at low temperatures. By contrast, at high
temperatures the conductivity decreases and the
conduction activation energy remains unchanged or
slightly increases. These trends were also observed for
Agl-1,05 [55], CsHSO4-10, [56-59], and CsHSO4—
TiO, [50] systems (Fig. 7, curves 4-6).

Why, Specifically, Nanocomposites?

The subtitle question with the word “composites”
removed belongs to a group of rhetorical questions that
have been posed in recent years. This question has a
very simple answer which is evident from the above

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 80

discussion: Since the conductivity enhancement for
composite materials is driven specifically by inter-
faces, the higher the proportion of interfaces, the
higher the conductivity of a system. Considering the
fact that the Debye layer thickness is governed by the
nature of the initial components solely, this implies the
following: The smaller their particles, the larger the
specific surface area of interface. Equation (16)
suggests that the contribution to the total conductivity
from interfaces steadily increases with decreasing
particle size.

Thus, size-dependent effect in conductivity of solid
composite electrolytes has a very simple explanation. For
larger particles, the composition has a negligible effect
compared to bulk conductivity, while for small particles

No. 3 2010
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the conductivity can be virtually entirely determined by
the surface properties. Moreover, with particle size reduc-
tion to nanoscale the boundaries of highly defective
Debye layers can overlap, which will render highly con-
ductive the entire nanoparticle [60].

Studies of hydrogen phosphates and sulfates of
polyvalent metals as examples revealed the following.
The protonic conductivity of systems comprised of
large particles is independent of the particle size.
When the particle size decreases beyond 100 nm, the
protonic conductivity rapidly increases (Fig. 8). This
trend is explained by an increase in the surface
proportion with decreasing particle size. Also, ions
from deep-lying layers are involved in mobility by the
surface ions exhibiting enhanced mobility. An NMR
examination of a zirconium hydrogen phosphate
crystal showed that the proportion of mobile (surface)
ions tends to increase with increasing temperature [61].
This trend is even more pronounced in composites
comprising the second phase that typically exhibits a
high sorption activity.

Studies of ionic conductivity and thermodynamic
properties of nanocomposites showed that the physical
properties of ionic salts in composite systems con-
siderably differ from those of individual compounds
[55, 62—66]. At high concentration and high dispersity
of the oxide phase, the formation of the composite is
accompanied by MX salt dispersion of via solid-phase
“spreading” over the oxide surface. In the limiting
case, the salt can virtually exhaustively pass to the so-
called “surface” state. Formation of a surface phase
with high mobility in composite materials was also
supported by relevant NMR data [67]. Another
validation can be found in decreases in the endo-
thermic effect accompanying the superionic phase
transition and in the temperature of this transition,
observed for some ionic salts (Li,SO4, AgBr, Agl,
CsHSO,4, and RbHSO,) constituting the composite
matrix. At a high content of the oxide component, no
phase transition is observed [50, 55, 56-58, 68, 69].
Thus, a new superionic phase characterized by high
cationic disordering is formed at interfaces between
particles in the composite.

It was also shown [50, 52, 53, 70] that the
properties of composite electrolyte are strongly
affected by the degree of dispersity of the oxide phase.
With increasing dispersity, the influence exerted by the
oxide phase on the electrical conductivity of the com-
posite and on ion current blocking is enhanced [49]. It

-2.0
3.0 7 %&
IE _\\ \\‘.
5] “\\
_I v . 3
S 4.0 F femmmm - - ?—‘-—‘—H—‘—
© e —00—0—0
[=11] -
e D%
-5.0 b g
I ¥ I
Vo e e —BE—o—
_6'0 1 1 1 1 1 1
1 2 3 4 5 6
log L, nm

Fig. 8. Electrical conductivity measured in the direction
perpendicular to z crystallographic axis vs. particle size for
(a) Zr(HPOy4),H,0, (b) Fe(HSO,),4H,0, and (¢) InH(SO4)y
4H,0 [61].

should also be noted that the pore size of the oxide
phase also strongly affects the properties of composites
because of the changes in sorption activity of the pores
with respect to various cations and dispersing ability
with respect to ionic salts. For example, a maximal
increase in conductivity for MHSO,~Si10, composites
can be achieved at the pore size of 35-100 A [57-59].

Main Lines of Conductivity Research
for Inorfanic Composites

Major views of the transport properties of com-
posites have already been shaped by now. The
emphasis in relevant studies is further placed on
broadening the spectrum of composite materials
covered. Along with traditionally examined lithium,
copper, and silver chlorides, bromides, and iodides,
significant developmental efforts are devoted to sys-
tems containing lithium salts, in particular, fluoride
[53], carbonate [52, 53, 71], sulfate [68, 72], per-
chlorate [73], and phosphate [53]. Much attention is
paid to composites based on alkali metal nitrates [62,
64, 74-77], as well as to composites containing other
cationically conducting salts, in particular, silver
sulfate [78], sodium carbonate [79], cesium chloride
[66], etc. Among anionically conducting composites,
the focus is on those based on calcium [27, 36, 80] and
lead halides [26, 35].

Also, special mention should be made of studies
that revealed formation of surface phases with unusual
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transport properties in calcium tungstate- and WOs-
based ceramic composites [81, 82].

Much effort was dedicated to improving the
properties of protonically conducting solid electrolytes.
Indeed, a high polarizing effect must be responsible for
active sorption of protons at interfaces with various
oxide phases. In this connection, attempts were made
to increase the conductivity of hydrated antimony
oxide [83], zirconium hydrogen phosphate [84, 85],
and heteropoly acids [86] by doping finely dispersed
oxides of polyvalent elements and zeolites. However,
those attempts were unsuccessful. The main reason lies
in high intrinsic disordering in the materials chosen for
these experiments, in which situation heterogeneous
additions are of little use for improving the properties
of these materials.

Much progress was achieved in stabilization of
highly conducting phase of cesium, rubidium, potas-
sium, and ammonium hydrogen sulfates by doping
highly dispersed silica and titania [56-58, 87-91].
Also, some other relevant studies deserve mentioning
[92-94]. The protonic conductivity of iron and indium
hydrogen sulfates was significantly increased by
doping finely dispersed silica and zirconia [19, 95, 96].
Relevant IR spectroscopic studies showed that this
effect was achieved via sorption of protons from acid
groups on silica gel [19].

Much searching activity is undertaken with respect to
composite solid electrolytes based on hydrogen phos-
phates, in particular, cesium hydrogen phosphate [97],
and mixed cesium sulfate-phosphate [98,99]. New
composite electrolytes were prepared on the basis of
TaH(PO4)22H20 and SIOZ [100]

A large interfacial area in composites is typically
achieved when one or both substances are introduced
in the nanodispersed state, which is followed by heat
treatment of the resulting material at a high tem-
perature, close to or even exceeding the melting point
of the ion-conducting component. Recent years have
witnessed active use of physical or chemical
approaches in the search for alternative nanocomposite
formation routes. For example, a new technique was
suggested for increasing the ionic conductivity of solid
electrolytes by chemical modification of their surface
[101]. For example, a thin nanometer-thick layer of the
ion-exchange products on the surface of zirconium
hydrogen phosphate crystals leads to a sharp increase
in conductivity of the system. It should be noted that
the layer thickness does not exceed that of the highly

deficient Debye layer. With increasing degree of
substitution this layer is blocked by exchange products,
which causes the conductivity of the system to de-
crease [102].

A conceptually similar and very interesting
approach to nanocomposite formation implies suc-
cessive deposition of calcium and barium fluoride
layers [103, 104].

Also, nanocomposites were prepared by introduc-
ing silver iodide into porous alumina [105], as well in
mesoporous oxides characterized by ordered arran-
gement of nanosized (2—10-nm) pores [106].

Hybrid Membrane Materials

Heterogeneous composition and flexible polymer
chains of ion-exchange membranes based on macro-
molecular compounds predetermine their specific
structural features of which heterogeneity is the most
important [107]. It is manifested in the occurrence in
such membranes of segments dominated by
hydrophobic moieties (hydrocarbon chains, aromatic
groups, perfluorinated chains). Hydrophilic functional
groups form nanosized clusters inside the membranes.

Gierke et al. [108-110] deduced a heterogeneous
structure of these membranes from analysis of small-
angle reflections in X-ray diffraction patterns and
presumed a close-to-spherical shape for the cluster.
Hydration of membranes leads to an increase in the
cluster size, associated both with increased number of
functional groups and additional water molecules
embedded into the membrane [108, 111]. In terms of
this model, the transport through the membrane is
described with the use of narrow channels integrating
individual clusters into a single network.

Heterogeneous structure of the membranes was also
detected with small-angle X-ray scattering technique
[110, 112, 113], Mdssbauer [114] and nuclear mag-
netic resonance [115] spectroscopy, porosimetry, elec-
tron microscopy [116], differential scanning micro-
scopy, etc. [127, 128].

The existing ion-exchange membranes do not fully
satisfy the steadily increasing demands, above all in
terms of thermal stability and transport properties. This
motivated intensification of efforts that have been
recently focused on modification of membrane
materials and preparation of hybrid membranes
containing inorganic and macromolecular components
[107, 119, 120].
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The macromolecular components in these mem-
brane materials are represented by reactive ion-
exchange membranes able of sorbing both cations
[121-123] and anions [124]. Suitable for these
purposes is a broad spectrum of inorganic dopants, in
particular, hydrated oxides of polyvalent elements
(aluminum, silicon, titanium, zirconium, hafnium,
tantalum, tungsten, antimony) [121, 125-130], zeolites
and clay minerals [131, 132], heteropoly acids [122,
133-137], and acid salts [123, 138-142]. The
characteristic size of the embedded particles ranges
from several nanometers to several hundreds of
nanometers [133]; in most cases, they form individual
islands in membranes [143, 144]. Composite mem-
branes are beneficial in terms of improved mechanical
properties, selectivity, and enhanced (in some of these
systems) ionic conductivity. For example, in certain
cases composite materials of this type have an ionic
conductivity of 10°-0.2 S ¢cm'. Noteworthy, these
systems exhibit enhanced conductivity at low
humidities [121, 124, 127, 140, 145].

There exist two principally possible routes for
modification of membrane materials with nano-
particles: solution-casting of membranes with the use
of finely dispersed dopants and nanoparticle synthesis
in membrane matrix [119].

Membranes offer unique matrices for nanoparticle
synthesis. Their nanopores are able of efficiently sorb-
ing one of the reactants, e.g., cations in the case of
cationic membranes. Subsequently, nanoparticles can
be synthesized in the same nanopores (acting as
peculiar nanoreactors), thereby limiting the amount of
the reactants spent. Lastly, the resulting particle can be
efficiently isolated from one another by the membrane
walls, so that the surface tension will be decreased and
thermodynamic stability of the particles will be
provided. This technique was applied for synthesizing
materials containing nanosized silica, zirconia, and
zirconium hydrogen phosphate particles [144, 146—
148]. The resulting particles (detected by electron
microscopy, X-ray phase and microprobe analyses, and
high-resolution NMR spectroscopy) measured several
nanometers in size, which corresponds to the pore size
in the initial membrane (Fig. 9).

The composite membranes prepared by this tech-
nique possess a set of practically valuable properties,
e.g., increased protonic conductivity in many cases.
Some of the materials exhibit significantly enhanced
ion-transport selectivities, as suggested by manifold

Fig. 9. Electron image of MF-4SK membrane with in situ
synthesized hydrated silica [144].

decrease in the anion transport number [147]. The
same technique was applied for preparing membranes
characterized by gradient distribution of dopant
particles, which exhibited diffusion permittivity
anisotropy [ 144, 149].

Radiation-chemical grafting of vinylidene chloride
to MF-4SK perfluorinated sulfocationic membrane,
followed by dehydrochlorination of grafted polymer,
yielded carbon nanoparticle-modified membranes
[150]. Compared to the initial membrane, the syn-
thesized material exhibit ionic-electronic conductivity,
but has a slightly lower protonic conductivity.

Of much interest are the experiments on modi-
fication of MF-4SK perfluorinated membranes with
polyaniline. A composite was synthesized both by
aniline polymerization in the membrane matrix and in
MF-4SK solutions, followed by membrane casting
[151-158]. In the latter case the polyaniline particle
size was not limited by the pore size and ranged from
several nanometers to several tens of nanometers
[151]. It was shown [152] that the electronic con-
ductivity can contribute with 60-70% to the total
electrical conductivity of those composites. As to pro-
tonic conductivity of the composites prepared by
aniline polymerization in an MF-4SK solution, it
passes through a maximum at a close to 0.05 ratio of
the number of nitrogen atoms in polyaniline to that of
sulfo groups in MF-4SK [151]. Also, such membranes
are characterized by decreased water transport
numbers [152—154].
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CONCLUSIONS

Synthesis of ionically conducting composite
materials not only is a matter of academic interest but
also represents one of the major lines of research in
modern electrochemistry. Early stages of studies into
ionic conductivity phenomenon, which have a brief
history of 35 years only, were focused on inorganic
composites. For them, a fairly coherent theory was
developed which interprets the nature of the
phenomenon but not always provides a correct
quantitative description thereto. Recently, emphasis
has been placed on synthesis and study of hybrid
membrane materials based on macromolecular ion-
exchange membranes and nanodispersed inorganic
dopants. These systems showed good results in
hydrogen power engineering applications, which is
widely believed to be a promising solution to many
environmental problems. At the same time, the
processes occurring in hybrid membranes are con-
siderably different from those in inorganic composites
and need special examination.
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