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Nanoionics: ion transport and

electrochemical storage in confined systems

The past two decades have shown that the exploration of properties on the nanoscale can lead to

substantially new insights regarding fundamental issues, but also to novel technological perspectives.

Simultaneously it became so fashionable to decorate activities with the prefix ‘nano’ that it has
become devalued through overuse. Regardless of fashion and prejudice, this article shows that
the crystallizing field of ‘nanoionics’ bears the conceptual and technological potential that justifies

comparison with the well-acknowledged area of nanoelectronics. Demonstrating this potential

implies both emphasizing the indispensability of electrochemical devices that rely on ion transport and

complement the world of electronics, and working out the drastic impact of interfaces and size effects

on mass transfer, transport and storage. The benefits for technology are expected to lie essentially in

the field of room-temperature devices, and in particular in artificial self-sustaining structures to which

both nanoelectronics and nanoionics might contribute synergistically.
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The triumph of electronics in both science and daily
life relies, on the one hand, on the availability of
solid materials in which atomic constituents exhibit
negligible mobilities whereas electronic carriers can
be easily excited and transferred; and, on the other,
on the necessity of fast and precise information
exchange. However, electronic devices cannot
satisfy all the technological needs of our society: as
far as the transformation of chemical to electrical
energy or the chemical storage of electrical energy
is concerned — as is possible in batteries and fuel
cells, or as far as the transformation of chemical in
electrical information is concerned — as verified in
(electro)chemical sensors, electrochemical devices
are indispensable’™. Solid electrochemical devices
use the fact that (at least) one ionic component

is immobile whereas another ionic component

is highly mobile, and hence combine mechanical
durability and electrochemical functionality. Such
solids may be solid electrolytes — that is, pure ion-
conducting solids — but they may also be mixed
conducting solids that exhibit both significant
electronic and ionic conductivities and can, for
example, be used as powerful electrodes. Mixed
conductors can also be used as key materials in
related devices such as chemical sensors, chemical

filters, chemical reactors and electrochromic
windows. Figure 1 provides a schematic overview
by using the example of oxide ion conductivity.
Beyond that, the study of mixed conductors offers a
general phenomenological approach to electrically
relevant solids in which the pure ionic and the pure
electronic conductor appear as special cases.

In the nanometre regime, interfaces are so
closely spaced that their influence on the overall
property can become significant if not prevailing.
It can even no longer be taken for granted that one
can assume semi-infinite boundary conditions;
in other words, it cannot be taken for granted
that, with increasing distance, the impact of the
interface dies off to the bulk value, because the
next interface might already be perceptible. In
interfacially controlled materials the overall impact
of the interfacial regions increases with decreasing
size. As long as their local influence is identical to or
comparable with that of isolated interfaces we may
use the term ‘trivial size effects, whereas the term
‘true size effects’ implies that interfaces perceive
each other®®. As long as we can ignore the effect of
curvature this distinction is possible.

Nanoelectronics®'* is essentially based on the
quantum-mechanical confinement effect, a true
size effect as a consequence of which the energy
of delocalized electrons increases with decreasing
size. As far as electronic devices' are concerned,
trivial size effects are important in varistors
(insulating grain boundaries become conductive
under bias), PCT ceramics (resistance shows a
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Figure 1 Electrochemical devices relying on ionic and mixed electronically and ionically conducting
solids enable the transformation of chemical energy or information into electrical energy or information
(or vice versa). Top cell: by using 0>--conducting electrolytes, oxygen can be pumped from one side

to the other by applying an electrical field. Under open-circuit conditions, different partial pressures of
oxygen give rise to a cell voltage that can be used as a sensor signal. Middle cell: high voltages and high
power output without being limited by Carnot efficiency can be achieved in a fuel-cell arrangement in
which the chemical formation energy of water is directly converted into electrical energy. The reversal

of the process is relevant for hydrogen generation at elevated temperatures. Bottom cell: in mixed
conductors, oxygen is dissolved in the solid and can permeate through. This can be used to purify gases,
to increase the effective electrode area in fuel cells or to store oxygen. The storage aspect is relevant

for equilibrium gas sensors (for example oxygen detection through conductivity changes of mixed
conductors), or — in particular if H* and Li* are used instead of 0>~ — for energy technology (storage of
H, or Li); the compositional variation can also be exploited with respect to other properties (for example
optical properties in electrochromic windows, or mechanical properties).

Reprinted with permission from ref. 91; http://www.tandf.co.uk.

positive temperature coefficient'*) or Taguchi

sensors (adsorbed gases alter the charge-carrier
concentration on the surface of semiconductors®), in
which the interaction between interfacial chemistry
and electrical resistance is decisive. Note that in
these examples solid-state ionics has a major role.

©2005 Nature Publishing Group

It has been shown during the past two decades
that ionic transport properties are also drastically
changed at interfaces, leading to significant trivial
and true size effects that at a sufficient number
density of interfaces can become prevalent for the
whole material®'¢*°. Not only can an insulator or
an electronic conductor be turned into an ionic
conductor or an anion conductor into a cation
conductor, but artificial conductors can also be
generated that are unavailable otherwise. Given this
enormous influence of interfaces on ion transport,
and given the indispensability of electrochemical
devices, it can be expected — and this will be set
out in more detail below — that the importance of
nanoionics™*!¢2! to electrochemistry will be similar
to that of nanoelectronics to semiconductor physics.
One necessary condition is that the nanostructured
arrangement be sufficiently stable. Even though
this point is naturally more critical than in
nanoelectronics, it has been shown in many cases that
metastable interfaces can be durable even up to quite
high temperatures.

SIZE EFFECTS IN SOLID-STATE IONICS

Let us first consider the implementation of an
interface in a solid system and study its impact

on the ionic transport properties. In general this
process breaks symmetry by introducing a structural
discontinuity. In contrast with the bulk, where
electroneutrality must be obeyed, at the interface

a narrow charged zone, the so-called space-charge
zone, is tolerable and even thermodynamically
necessary'>?2%, The effects on both electrons and
ions can be quantitatively studied, if an abrupt
structural change (see Fig. 2) at the interface is
assumed®*. Here, the reader may be more interested
in a qualitative approach and for this purpose it is
advisable to consider the different charge carriers

— being strongly coupled by the condition of
electroneutrality in the bulk — as independent. Of
course, the deviation from charge neutrality results in
an electrical field that limits the magnitude and spatial
extent of the carrier redistribution. Before considering
the impact on charge-carrier concentration more
specifically, let us note that because of the different
structure of the interfacial core, mobilities change
there too. Whether such core effects or space-

charge effects are more important for the transport
depends on the parameters of the materials and

the current direction. If we consider, for example,
transport along interfaces, space-charge transport is
typically significant if bulk mobilities are high, bulk
concentrations are small and carriers are accumulated,
whereas in low-mobility materials grain boundaries
are likely to offer enhanced mobilities.

Now let us concentrate on the
thermodynamically required space-charge effects and
consider the simplest case, namely grain boundaries
in chemically homogeneous materials. As a result
of the difference in structure between boundary
and bulk, they are loci of charge separation: in
polycrystalline AgCl (Fig. 2d) and polycrystalline
CaF, the space-charge zone adjacent to the grain
boundaries exhibits enhanced vacancy conductivity
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(silver ion vacancies and fluoride ion vacancies'’).
In nanocrystalline samples especially, this interfacial
effect is dominant in overall transport?. It can be
chemically enforced and enhanced by contamination
with NH; and SbF; (ref. 17), respectively. In SrTiO,
or CeO, the grain boundaries show a positive
excess charge, which leads to a depression of hole
and oxygen vacancy concentrations there and
hence to a decrease in ionic and electronic (in the
p-regime) conductivities (Fig. 3, top middle)*-*.
As both carriers are needed for (chemical) oxygen
diffusion, the simultaneous depression of both types
of conductivity results in a significant chemical
resistance exerted by the boundary and observed
during an experiment in situ in which the oxygen
stoichiometry is varied and locally recorded®.
Whereas the positively charged holes are depleted at
such boundaries, the negatively charged conduction
electrons have to be accumulated. This phenomenon
is clearly seen in (weakly Gd-doped) CeO,, in which
the grain boundaries become n-type conducting
whereas the bulk is ionically conducting?,

It turned out that a very efficient method of
directing or enhancing the space-charge effect is
to decorate the grain boundaries with surface-
active second-phase particles. Let us specifically
consider the addition of fine-grained insulating
AL O, particles to AgCl in which the defect
concentration is quite small but in which the
defects possess a significant mobility. Then we refer
to the situation displayed in Figs 2a and 4d. As
the basic oxide acts to adsorb the mobile cation,
excess cation vacancies are necessarily formed
in the AgCl matrix adjacent to the contact. By
this heterogeneous doping process® insulators
can be transformed into conductors (for example
Lil:AL,O, (refs 36, 37), which was in fact the
first composite electrolyte to be studied), anion
conductors into cation conductors (for example
TICL:ALO, (ref. 38)), interstitial conductors into
vacancy conductors (AgCl:AL,O, (ref. 35)), or even
superionic transitions can be provoked (Agl:Al,O,

Interstitial ionic level 7
—_——| At —————_— - —
Frenkel
— level
Regular ionic level
0
[ Chemical

7w 2

potential of Ag

Fermi
level

Conduction band

(PP 22s

(ref. 39)). By using mesoporous insulator phases
with pore sizes of a few nanometres, this effect
can be driven towards very high conductivities**!.
Similarly, SiO, is active in adsorbing anions; in
this way the F~ conductivity in fluorides can be
distinctly enhanced®. It has recently been shown
that heterogeneous doping can even be used to
significantly increase the Li* conductivity of liquid
non-aqueous Li* electrolytes* (an effect that will
be revisited below). The mechanism is the same

— in both cases anions are adsorbed; in CaF,, F~ is

removed from the strongly bonded ion arrangement

leaving the uncompensated cation (and hence an
anion vacancy), whereas in the liquid the Li* ions,
which are significantly associated with the anions
in the bulk, are set free as a consequence of anion
adsorption in the contact zones.

A Dbeneficial effect of oxide particles on
polymeric Li* electrolytes has also been

reported**. As a large fraction of the Li salt is also

expected to be undissociated, contributions by a
similar mechanism are likely (see also ref. 46).
The inverse effect of a liquid phase on a solid

conductor is also known; even gas phases (Fig. 2c) can

be used if they are acid-base active, for example NH;
in the case of AgCl (ref. 47) or BF, in the case of CaF,
(ref. 17), leading to a novel sensor principle.

At the contact of two ionic (mixed) conductors
(in addition to a possible charging of the proper
interfacial core) a redistribution over both space-
charge layers is thermodynamically required*®
(Fig. 2d). This explains the huge conductivity
enhancement effects observed in two-phase
systems of two silver halides*** or in the CaF,/BaF,
heterolayer systems**' (Fig. 3, top left).

The modifications affect not only transport;
storage anomalies, too, occur at interfaces'”?*>%,
Even if the abrupt structural model is valid and the
chemical potential of the element to be stored is
spatially invariant within a given phase, a striking
effect can occur at the contact®. Consider a
compound MX that can be stored in neither phase
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Figure 2 lon redistribution at
equilibrium.

a—d, Four prototype situations
involving boundaries to solid
ion conductors (using Ag*
conductor as an example).

a, Contact to an insulating
phase that adsorbs Ag*; b,
grain boundary; ¢, contact

to an acid—base active gas
phase; d, contact to a second
Ag* conductor. e, The ionic
excitations (Ag* transfer from
aregular site to an interstitial
site, leaving behind a vacancy)
can be represented in a (partial
free) energy-level diagram,

as is commonly used for
electronic excitations. At
boundaries the charging leads
to bending of the levels. The
coupling of the ionic (Ag*,

top) and electronic (bottom)
pictures is determined by the
(Ag) stoichiometry. A given
interfacial charge leads to
predictable consequences with
respect to ionic and electronic
carrier concentrations.
Reprinted from ref. 92 with
kind permission of Springer
Science and Business Media.
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Figure 3 Size effects classified
according to their contribution
to the total chemical potential
4 (see the text). Top, from

left to right: penetrating
accumulation zones in
CaF,/BaF, heterolayers,
penetrating depletion zones

in SrTi0, nanoceramics, and
heterogeneous storage of Li

in Li,0/Ru nanocomposites

as examples of electrostatic
effects. Middle left: variation of
the free formation energy of a
localized defect or delocalized
electron if confinement
becomes perceptible. Bottom
left: impact of edges and
corners on the surface

energy, breakdown of crystal
structure. Bottom middle:
effects of curvature on the
activity of components and

the distribution of ions. Bottom
right: effects on interaction
(interstitials (i) and vacancies
(v) cannot separate) and
configurational effects (see the
text for more details).
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A nor phase B; let us assume that in phase A storage
is impossible because X~ cannot be accepted (but M*
can), whereas in phase B the solution of M cations is
forbidden (but not that of X"). Job sharing, however,
would allow the composite to store up to (typically) a
monolayer of MX at the heterojunction. This storage
effect will be considered again in the context of Li
batteries (in which X~ = e7; see Fig. 3, top right).

As already mentioned, at interfaces mobilities
are altered as well; furthermore, significantly
changed local reactivities are expected and have been
observed in several investigations (see, for example,
ref. 54). A substantial finding in the present context
is that point defects act as most efficient acid-base
active centres on the surface, as demonstrated
by homogeneous and heterogeneous doping of
heterogeneous catalysts®>>°.

These examples should convince the reader
not only of the richness of the field but also of
the powerful additional degree of freedom when
leaving single crystals and using interfacially
controlled materials.

Now let us briefly consider the thermodynamic
consequences of the introduction of point defects
(Fig. 3, middle; ref. 16). The generation of a single
defect is connected with a severe expenditure of
energy that is not ironed out by the alteration of
the local (vibrational) entropy; the formation of
defects therefore costs locally free energy (see the
p° term in Fig. 3) and would forbid their existence
in thermodynamic equilibrium were there not
the significant free-energy gain caused by the
huge number of microscopically different but
energetically equivalent possibilities of distributing
these defects (gain in configurational entropy). The
different aspects are expressed in Fig. 3 in terms of
various contributions to the chemical potential of a
defect. Note that the chemical potential of a species
measures the increase in the total free energy if
the concentration (c) of this species is marginally
increased; it is therefore the relevant measure when
the concentration that corresponds to the minimum
of the free energy is to be discovered. If defects are
dilute and randomly distributed, the well-known
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Boltzmann form results (4 = 4° + RTInc). Corrections
to this occur at higher concentrations where the
defects feel each other and/or feel the limited
number of available sites (or quantum states). This
leads to corrections in terms of energy and entropy
(4. (Another correction becomes necessary if
concentration gradients are so steep in the interfacial
regions that the local properties depend on them

and not only on the local value.) In the bulk we

meet as many positive as negative charge carriers.
This is different at interfaces, with the consequence
that electrical field terms (zF¢, where z is charge
number, F is Faraday’s constant and ¢ is electrical
potential) have to be considered explicitly. The total
chemical potential, which also contains the electrical
effects, is usually called electrochemical potential
(and termed jiin Fig. 3). If the structure does not
change abruptly at an interface, the local formation
term is a function of the distance. This is particularly
important if the interfacial contact results in severe
strain, as frequently occurs in epitaxial thin films. The
peculiarities of the interfacial situation can even lead
to interfacial phase transformations®”*%. Finally, we
also have to take account of the three-dimensional
shape of the grains, which is reflected by its (mean)
curvature (1/7, where 7 is mean radius). An increased
curvature leads to an enhanced internal pressure that
augments the chemical potential by (at least) 2(y/7)v,
where v is the partial molar volume.

Figure 4 Different
dimensionalities of interfacially
controlled systems in
solid-state electronics and
ionics. a, Quantum dots in
nanoelectronics''. b, Nanowires
as nanomagnets. ¢, Nano-
sized ionic heterolayers as
artificial ion conductors. d,
nanocomposite ion conductors
consisting of insulator A in ion-
conducting matrix MX.

Part a reprinted from ref. 6.
Copyright (2002), with
permission from Elsevier.

Parts b and ¢ reprinted from
refs 93 and 50, respectively,
with permission from Nature.
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It is important in our context that all these
contributions (and the list given is not exhaustive)
give rise to, or are relevant in terms of, true size
effects, the most important of which are addressed in
Fig. 3 (for more details see refs 7, 16). Let us consider
some of them, and first ignore curvature; that is, let
us concentrate on thin films (1/7 = 0). If the spacing
of the interfaces is perceptibly less than the effective
width of space-charge layers, these layers overlap and
the sample is charged throughout. Such effects with
regard to accumulation layers (Fig. 3, top left) are
discussed in epitaxially grown ionic heterolayers®
whose thickness has been varied from 1 nm to 1 pm
or in Agl nanoplates® in which heterolayers appear
inherently, which represent the best binary solid
electrolyte material at room temperature known so
far. The counterpart — namely, penetrating depletion
layers (Fig. 3, top middle) — has recently been
observed in nanocrystalline SrTiO, (ref. 61). In the
latter case the effective space-charge width is much
larger than for the accumulation layers because the
screening is much less and as the dielectric
constant in SrTiO, is quite high. The top right
panel in Fig. 3 shows the size effect on the storage
capacity already mentioned.

In practice, although not a bad approximation
in many situations*®*, the structural change at the
interface will not be restricted to one or two atomic
layers; in some cases elastic effects can penetrate
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quite deeply and — if the interfacial spacing is very
small — even penetrate the whole sample. Then the
u° term (Fig. 3) will be dependent on position and
will be different from the value of the bulk in a large
single crystal. However, even if the perfect structure
decays in a step-function way, very narrowly spaced
interfaces can change the formation energy and
entropy of a defect. Let us first consider the energetic
part in terms of two phenomena. First, the introduced
defect polarizes the neighbourhood and the effective
sphere of influence ranges much more widely than
the atomic size (Fig. 3, middle left). If this sphere of
influence is comparable to or larger than the spacing,
this confinement will severely alter the energies”'.
This is the classical counterpart of the confinement
effect that delocalized electrons experience; they

can be much more extended and can perceive the
boundaries much earlier. As electrons and ions
perceive confinement with different sensitivities,

the exploration of size effects of mixed conductors

is of fundamental importance. Second, in the same
way that electrons and holes cannot separate in tiny
crystals’, this is true for ionic defect pairs or pairs of
ionic and electronic defects (Fig. 3, bottom right).

In addition, entropic contributions are affected
by the particle size. First, the vibrational properties
differ and hence the vibrational entropy. Second, in
tiny systems the small number of atoms does not
allow one to draw the usual statistical conclusions
about the configurational entropy. At best an
ensemble of nano-sized particles can be treated as
a statistically significant ensemble (Fig. 3, bottom
right). The consequence is that the conductivity (or
reactivity) may vary significantly from particle to
particle and may lead to peculiar effects.

In substantially curved crystals — that is,
small ones — a size variation leads to variation
in interfacial area, curvature and bulk volume.

Like soap bubbles they experience an increased
internal pressure (Fig. 3, bottom middle) and hence
a greater chemical potential than that in a large
single crystal. The most prominent consequence of
this is the substantial decrease in the melting point
of nanocrystals®. The (free) energetic difference
shows up directly in the cell voltage of ‘symmetrical’
electrochemical cells that differ only in the grain size
of active electrode components (for example in the
all-solid-state cell in Fig. 3, bottom middle, which
relates to the measurement of the excess free energy
of nanocrystalline silver)**®. For the same reason
charging is also predicted if two particles of the same
composition and orientation but different sizes come
into contact’. It has already been mentioned that this
excess contribution is proportional to the effective
interfacial tension and inversely proportional to the
effective radius as long as the surface tension stays
constant. At tiny sizes the interfacial tension itself
becomes a function of size, for a variety of reasons
(such as the importance of edges and corners or the
confinement of atoms within interfaces or edges;

see Fig. 3, bottom left). At sizes of typically a few
nanometres the macroscopic structure finally breaks
down (Fig. 3, bottom left). In NaCl, for example,

the rock salt structure is well established if the size

is of the order of a few lattice constants; however,

PROGRESSARTICLE

below that size completely different structures are
thermodynamically stable®. Then we leave the regime
of solid-state chemistry and enter the regime of cluster
chemistry; accordingly, we leave the range of validity
of our top-down approach, and a bottom-up approach
becomes advisable.

MATERIALS STRATEGIES

So far it has become clear that the deliberate
introduction of interfaces (‘heterogeneous
doping’®) is a powerful method of modifying the
electrochemical properties of materials (see above;
ceramics, polymers and liquids, but also glasses®”)
besides the conventional tools (i) of searching

for novel ground structures and compositions,

(ii) of varying temperature and stoichiometry,

or (iii) of introducing impurities. The similarity

of ‘heterogeneous doping’ to conventional,
homogeneous doping (dissolution of foreign atoms)
is striking because in both cases defects (but of
different dimensionality) are irreversibly introduced,
resulting in significant and quantifiable effects on
charge-carrier density®.

The benefit of narrowly spaced interfaces that act
as fast pathways for ions or components lies not only
in the enhanced effective conductivity but also in the
possibility of rapid bulk storage resulting from the
reduction of the effective diffusion length. Because
the equilibration time is proportional to the square
of the diffusion length, storage in nanosystems can
be enormously fast. A size reduction from 1 mm to
10 nm reduces the equilibration time by 10 orders of
magnitude. However, the same effect simultaneously
sets a limit on the kinetic stability.

For 10 nm grains not to grow (on a timescale of
years), the diffusion coefficient must be smaller than
107 cm? s7". This constraint does not contradict
the materials electrochemical functionality because
the diffusion coeflicient, which is decisive for
morphological stability, relates to the most sluggish
component. (Typical values of diffusion coefficients
in metals are between 10" and 107 cm?s7'.) In
addition, the danger of growth can be effectively
diminished by the presence of second phases:
Examples are the hetero-layers already touched upon
(see Fig. 4c) or the nanocomposites in the context of
Li-battery electrodes (see Fig. 5 and ref. 69).

For atomic-scale structures to exhibit sufficient
stability, one has to engineer systems that are in spatial
equilibrium (illustrative examples are the f-alumina
ion conductors™ (Fig. 6a), the high-temperature
superconductors” or the alkali suboxides’ in which
conducting and non-conducting regions coexist on
the atomic scale) or to rely on extremely low transport
or reaction coefficients (as typically observed in
covalent organic systems such as biopolymers).

To benefit from nanomaterials one can make
use of confinement in one, two or three dimensions
(Fig. 4). The last situation is met in nanodot
systems, as represented by isolated grains or grain
arrangements as in nanocrystalline ceramics. (Fig. 4a
relates to nanoelectronics and displays a quantum
dot.) Confinement in two dimensions is met in
nanowires, nanotubes or nanoneedles. (The example
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in Fig. 4b relates to one-dimensional magnets.) Thin
films finally offer the possibility of a one-dimensional
confinement. In all cases we may refer to single-
phase or multiphase systems, such as are realized
in nanocomposites (or core-shell structures and
nanoporous systems) or nano-sized heterolayer films.
Figure 4c, d gives examples relating to nanoionics.
The significance of the possibility of generating
systems that rely on the integration of metastable
subsystems in the nanometre range can hardly be
overestimated. In this regime the distances involved
are small enough to permit high storage and rapid
exchange of energy and information on an accessible
timescale, but the distances are not yet so small that
kinetic stability with respect to transport and reaction
has to be given up (Fig. 6); it is not accidental that
the integration of biological functions (Fig. 6d) is
essentially connected with nanostructuring. (Note
that, in addition, biomolecules themselves are
pronouncedly (meta)stable as a result of the strong
covalent bonds.) It is generally expected that on this

the first because Li* cannot enter the structure (but
e~ can) and in the second the electron is difficult

to accommodate (but Li* can be). However, the
synergistic situation discussed above and shown in
Fig. 3 should apply, leading to the possibility of an
extra storage of up to about a monolayer of Li* per
boundary. In nanosystems in which the proportion
of interfaces amounts to several tens of per cent

by volume, this excess storage is able to deliver an

Figure 5 Reversibility of the
redox reaction Li,0 + Ru

<> Li+Ru0, inthe
nanocomposite upon Li
extraction and incorporation.
a, Original situation; b, lithiated
nanocomposite; ¢, delithiated
nanocomposite. (SE: interphase
between electrode and

scale the introduction of higher dimensional defects explanation of pseudo-capacitive behaviour observed  electrolyte.)
or the integration or combination of subsystems can in many discharge curves close to 0 V with respect Reprinted with permission from
lead to non-equilibrium systems with a much higher to Li. If the grains are so small that the space-charges ref. 7.
information content than is possible at equilibrium overlap in Li,O, this mechanism forms the bridge
(‘soft materials science’™). Artificial nanomaterials of between a supercapacitor and a battery electrode and
interest may be fabricated by artificial design, as in may offer a reasonable compromise between speed of
heterolayers, or be self-assembled, as in dissipative discharge and capacity.
biological structures. The small particle size is also able to explain
other apparent anomalies in the discharge curve
APPLICATIONS such as altered absolute voltage values, sloped
discharge curves where flat curves would be expected

It was stated above that nanosystems reveal their for macro-sized samples, and the occurrence
advantages typically at temperatures that are low of inhomogeneous distribution of Li within the
or moderate. It is no coincidence that the most nanocrystalline electrode®.
striking results in the field of electrochemical Nano-size effects are also important as far as
devices have been obtained in the context of Li the electrolyte is concerned. Composites in which
batteries that work at room temperature. Lil is infiltrated in nanoporous AL O, achieve

In high-performance (secondary) Li batteries conductivities as high as 107 S cm™ at 60 °C,
a reversible discharge—charge procedure has to be which makes them interesting candidates for
connected with high power density and capacity. battery electrolytes*'. Oxide additions also proved
The established way to achieve the first is to choose beneficial in polymer electrolytes**, which because
electrodes that accommodate Li without structural of their high Li* conductivities and favourable
change; that is, to use intercalation compounds or mechanical properties, are candidates for solid
— to put it more generally — to work within the electrolytes in high-performance Li batteries.
homogeneity range of the Li-containing material. It In these polymer electrolytes, which solvate Li
is clear that this restricts the storage capacity severely.  salts, intrinsic structural features extend from the
So it was a great step forward when Poizot et al.™* atomistic (functional groups) to the nanometre
recognized that CoO can almost reversibly take up (side chains, backbone) or even the micrometre
Li down as far as reduction to the metal or even to (composite of crystalline and amorphous regions)
the alloy. Although one is dealing with multiphase range. In (non-aqueous) liquid electrolytes an
mixtures, the tiny transport lengths involved make important nano-sized heterogeneity is the metastable
the nanocomposite behave as a semi-fluid phase. The interface between the Li-rich electrodes and the
same effect could be verified for a variety of oxides, liquid electrolytes’, because its kinetic stability
fluorides and nitrides>’®. In RuO,, four Li per RuO, is the key criterion for the durability of the cell.
can be reversibly stored with an initial degree of Nano-sized heterogeneities can also be generated
conversion of virtually 100% (Fig. 5)". within the liquid. It has been recently shown (and

Another striking phenomenon related to storage already mentioned above) that admixtures of tiny
can be predicted to occur in such nanocomposites SiO, particles to non-aqueous liquid electrolytes can
(Fig. 3, top right), which is of fundamental substantially improve the battery electrolytes (‘soggy
importance and has already been addressed briefly®. sand’)”. In this way this new class of electrolytes
Let us consider the Li,O/Ru composites that form in combines high conductivities with the favourable
situ during the process of discharging a RuO,-based mechanical properties of soft matter (Fig. 6c). Cells
Li battery. A significant uptake of Li does not seem using such electrolytes may be operated without a
possible because neither Ru nor Li,O can store Li, polymer spacer and offer greater safety. The higher
nature materials | VOL 4 | NOVEMBER 2005 | www.nature.com/naturematerials 811
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Figure 6 Integration of
subfunctions in functional
solids. a, Equilibrium structure
of the ion conductor Na--
alumina comprising conduction
planes and insulating zones on
an atomic level™. b, ¢, Solid—
liquid nanocomposites with
non-equilibrium morphology
composed of an insulating
and a conducting phase and
combining mechanical strength
and conductivity: b, Additive
effects in AgCl(s)-AgNO,(aq)
composites®. ¢, Synergistic
effects in ‘soggy sand’ (in
which the solvent is a non-
aqueous solvent, the anion

is adsorbed counterion and
the matrix is SiO, (ref. 43)) or
Nafion (in which the solvent is
water, the anion is covalently
bonded sulphonic acid, and
the matrix is an insulating
organic backbone®%). d, Lipid
bilayer (containing membrane
proteins) as the basic element
of the plasma membrane of
eukaryotic cells regulating the
influx and efflux of matter®.
Parts a—c reprinted from

refs 97-99, respectively.
Copyright (1992, 2002, 2000)
with permission from Elsevier.
Part d reprinted from ref. 96.
Copyright (1995) with
permission from John

Wiley & Sons.
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conductivity occurs when percolation between the
boundary zones takes place: the particles either
touch or are so close that the space—charge zones
overlap severely.

In the end, the situation in the ‘soggy-sand
electrolytes’ is quite similar to that of the Nafion
electrolytes (used in low-temperature polymer-
based fuel cells) except that, in the latter case,
the negatively charged counterions are covalently
built into the covalent network right from the
beginning (Fig. 6¢). The protons of these sulphonic
acid groups are dissociated away in the tiny water
channels interpenetrating the polymer matrix.
Clearly, in Nafion the width of these channels is
so small that finite size effects might be realized.
Variants of this proton electrolyte address
modifications of the framework, of the terminal
groups as well as of the solvent, for example, using
a polysiloxane network instead of the organic
backbone, phosphoric acid groups instead of
sulphonic acid groups or heterocycles instead
of water. The ultimate goals are to prepare fully
polymeric solvent-free networks providing high
conductivities and to prevent the permeation of
molecules such as water or methanol***!,

A different issue in the polymer-based fuel
cells relates to the electrocatalysts. Here, too, the
size is important. It has been shown™ that metallic
nanoparticles can provide a different catalytic activity,
and size variation may be a possible way of ending
up with a better electrode performance. Generally,
enhanced reactivities may be caused by variations in
defect concentration, by different fractions of atoms

©2005 Nature Publishing Group
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sitting in corners, edges or at the very surface and also
by locally varied structure, composition and bonding.

In this context we should also note the
attempts to use nanostructured matter for fast
hydrogen storage®*-*.

Fuel cells operating at high temperatures
have the advantage of improved electrode
kinetics such that also hydrocarbons can be
electrochemically converted without reforming.
As far as the electrolyte is concerned, at these high
temperatures the typically stronger activated bulk
effects will dominate transport unless extremely
tiny particles are used, whose morphology
should be difficult to control. Nonetheless
nanostructuring might be helpful, for example
by trying to block electron conductivity in CeO,.
In particular, as regards the electrode a higher
rate is feasible simply as a result of an enhanced
interfacial area. In addition, however, size effects
may be relevant for the electrode reaction itself in
terms of modified reactivities. This is particularly
relevant if the operation temperature of the fuel
cells is to be lowered.

Similar aspects are valid for electrochemical (gas)
sensors. Devices relying on complete equilibrium
with the gas phase are sensors in which the gas is
absorbed: the stoichiometry changes and so does
the conductivity (see Fig. 1, bottom cell). The sensor
sample itself has to be a mixed conductor. If bulk
transport is rate-determining, nanostructuring can be
helpful in reducing the transport length, whereas in
interfacial control, nanostructuring can be helpful in
directly influencing the mechanism. Because in this

nature materials | VOL 4 | NOVEMBER 2005 | www.nature.com/naturematerials
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sensor mode bulk diffusion is decisive for low cross-
sensitivity, miniaturization may lead to a selectivity
loss, albeit with a gain in response time.

Another important sensor type uses a purely
ionically conducting material, namely a solid
electrolyte (see Fig. 1, top cell) for which only
equilibrium with the ions is achieved and the open-
circuit potential is measured. Evidently, in this case
the benefits of size effects with respect to the electrode
reaction are more important than a potential
improvement of the electrolyte conductivity. (The
latter is more significant in the amperometric mode.)

Low-temperature (gas) sensors typically relate
to the Taguchi principle in which neither is the gas
incorporated nor equilibrium with the ions achieved
in contact with typically semiconducting oxides. For
oxygen, electrons are trapped by the adsorbed gas
molecules, an effect that is reflected by the modified
surface resistance'®. Because it is the surface reaction
that determines the signal response, nano-size effects
are expected to be of significance for the response
time. The same is true for drift effects. Although
bulk diffusion is usually considered to be sluggish, a
recent analysis for SnO, has shown that it is a sluggish
subsequent step in the surface kinetics that prevents
bulk equilibration in nanocrystals®. At any rate, nano-
size effects are expected to influence performance.
An enhanced sensor action with nanocrystalline
oxide has indeed been reported for SnO, (refs 86, 87).
The Taguchi principle can also be generalized to
acid-base-active gases; electronic conductors then
have to be replaced by ion conductors®. For NH,
sensing, downsizing of the electrode contacts has
already been shown to improve the sensor action
significantly because of the greater sensitivity to
surface properties®.

Similar remarks apply to devices such as
permeators, electrochromic windows, chemical
storage devices (see Fig. 1) and photogalvanic cells*,
in which analogous principles are operative. At
the end of this article, and as a pertinent outlook,
stands the aspect of cellular integration of both
electrochemical and electronic ‘organs’ on the
nanometre scale. The integration of tiny sensor,
actuator and computer elements — that is, of nano-
sized ‘hands’ and ‘legs’ in addition to the computer
‘brain, the whole ensemble being sustained by an
energy-providing ‘metabolism’ — is expected to
characterize future autonomous systems (similar
to that sketched in Fig. 7) that could act as adaptive
nanomachines. In this context, knowledge from
biology (note that biological systems integrate fuel
cell, sensor and actuator functions) and nanoscience
would converge on learning from living systems
how to combine artificial intelligence with artificial
sensing and actuating organs into energetically
autarchic systems.

Because the implementation of a high density
of interfaces can lead to a substantial impact on
the overall or even local ionic transport properties
of solids and as nanostructured matter can be
pronouncedly morphologically stable, the crystallizing
field of nanoionics is expected to have a substantial
role in future materials research. The span of relevant
materials and preparation procedures is enormous,

I Sensor ® SensorI

‘\

Fuel cell

-
N

Actuator

ranging from quasi one-dimensional heterolayers

to three-dimensional composites on the one hand,
and from tailored deposition procedures to self-
organization on the other. Not only should new
artificial materials come to the fore, but so should
systems integrating ionic and electronic functions

on the nanometre scale. Much experimental and
theoretical research is necessary not only for exploring
the full potential of this approach but also for

arriving at relevant nanostructures that improve the
performance of present devices or enable the design of
novel ones. The future will reveal how much remains
vision and how much can be realized. At any rate, the
exploration of the nanometre regime brings about
powerful new degrees of freedom for engineering
ionically active materials.

doi:10.1038/nmat1513
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