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Nanostructured materials offer the possibility to make use of small transport lengths and small separation
distances almost like in fluids, but unlike fluids, the higher structural stability of the solid state can be taken
advantage of. Recent findings in the field of Li-batteries highlight the potential for room temperature
applications. This paper addresses advantages and disadvantages of nanostructured matter with respect to
stability, storage capacity, voltage and charging/discharging rates. In this context we discuss a novel
interfacial storage mechanism for lithium which, in the mesoscopic case, forms a bridge between batteries

and capacitors.

1. Introduction

It is well-known that electronic transport properties can
be tuned by interfacial design and by varying the spacing of
interfaces down to the nano-regime. For that reason, nano-
electronics has become a well-established field in physics and
materials science. Ionic transport properties are of similar
significance (chemical kinetics of solids, electrochemical
devices) for the physical chemistry of solids and for materials
science, and essentially over the last two decades many experi-
ments and theoretical considerations have shown the impact of
interfaces and of the spacing of interfaces on ionic transport
properties.! While fundamental aspects of nano-ionics have
been addressed in previous papers (Part I-IIT,>*?), this contri-
bution refers to the important field of Li-batteries. This appli-
cation refers to low enough temperatures that provide
sufficient stability of the metastable morphology which is
inherent to nanocrystalline matter.

Owing to the strict thermodynamic and kinetic constraints
with regard to the choice of materials for Li-ion batteries, it
is highly desired to extend the palette of available candidates.
The traditional ways in selecting appropriate materials are: (a)
the choice of optimal bulk structures; and (b) the composi-
tional optimisation by doping. Prominent examples of the first
path are intercalation compounds such as TiS,, Li;_,CoO, or
carbon offering beneficial storage capacities and Li-mobili-
ties.>® A recent example for the second path is the attempt
to drastically increase the electronic conductivity of LiFePO,’
by doping with higher-valent metal ions. Similarly, as one tries
to increase the ionic conductivity of solid electrolytes,' the
electrode function can also be improved by interfacial engi-
neering. In this respect, a novel research area emerges charac-
terised by tailoring the electrode properties via introducing
nanostructural features.'®'® In comparison with the research
on nanocrystalline solid electrolytes, the optimisation of
electrode functions also has to envisage the storage capacity.
Several recent examples are highly relevant in this context.

Poizot et al.'* showed that a variety of transition metal oxi-
des (e.g., Co, Ni, Cu, Fe) can be used as anodes. They are
reduced to the metal on Li incorporation. The result is a nano-
composite consisting of a metal and Li,O. Surprisingly, this
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process is almost reversible in spite of poor reactivity and/or
transport properties of massive Li,O. This kind of storage
mechanism has been found even for transition metal fluor-
ides.!” Interestingly, this reversibility has not been observed
for some metal oxides MO (M = Sn, Sb, In, Pb, Zn) (see,
e.g., refs. 20 and 21). Unlike the transition metal oxides men-
tioned above, these metals form alloys with Li. It is not clear
how far this is correlated with the kinetic issues. In cases of
transition metal oxides or fluorides a sloped charge-discharge
graph has been found in the voltage range in which the reac-
tion to the metal has already been completed. The nanostruc-
ture is formed in-situ after the first cycles, thus needs not be
prefabricated and stays constant or forms reversibly after the
following cycles.

Padhi er al.?* showed that LiFePO, can—in spite of its poor
electronic conductivity—be used as a cathode material. Its effi-
ciency can be much improved if, e.g., a few nm thick carbon
coating of individual LiFePO, particles formed in-situ during
the LiFePO, synthesis is accomplished.'* The carbon coating
provides an efficient electronically conductive network for
the poorly conducting phosphate particles (““nanopainting’’)
but it is still permeable enough for Li* ions. As far as the role
of the size of the phosphate particles is concerned, there are
different opinions in the literature.!>-**23

Also, interfacial contributions to the storage capacity have
been reported: Beaulieu er al*> communicated Li storage
in the grain boundaries of otherwise “inactive” SnMn;C.
Grugeon et al'® reported storage within the metastable
organic coating formed on the redox active electrode.

In spite of interesting and advantageous effects observed in
the nano-crystalline state, there are also drawbacks. One of
the major difficulties stems from the fact that nano-crystallinity
inherently introduces a perceptible excess energy and, thus,
stability problems into the system (see section 2). The agglo-
meration of nanocrystalline Si during the performance of a
Li/LiSi cell upon cycling as described in ref. 15 provides a rele-
vant example. In order for Li-batteries to exhibit a stationary
performance, the nanocrystalline materials have to rely on
kinetic (rather than on thermodynamic) stability. For an
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elementary material (such as Li) this is an impossible task due
to the high Li-mobility. In binary or multinary compounds, a
high mobility of one constituent, e.g. Li, does not exclude mor-
phological stability, as long as the other components are suffi-
ciently immobile. In the case mentioned above, obviously, the
mobility of Si which is sluggish when compared to Li is still too
high to prevent the particle growth and agglomeration. Mor-
phological stability can be further improved if several materi-
als are combined in an appropriately structured composite.”*>’
Especially carbon coatings appeared to be efficient in this
respect.28

In this paper, effects of the nanocrystalline state on the per-
formance of Li-ion batteries are discussed from a rather con-
ceptual point of view. As pointed out in ref. 29, two types of
size effects may be distinguished: trivial size effects which rely
solely on the increased surface-to-volume ratio, and true-size
effects which also involve changes of local materials properties.
After a brief discussion of thermodynamic aspects (cell vol-
tage) size effects with respect to capacity, reaction kinetics
and transport rates are considered. It is hoped that this discus-
sion forms a frame within which different nano-crystallinity
effects can be systematically addressed, and which may help
to understand relevant phenomena.

2. Thermodynamic stability and emf

Before we start to discuss the kinetic issues it is certainly
important to clarify how far equilibrium thermodynamics is
affected, which will be reflected in modified phase stabilities
and cell voltages.

The excess value of the grand thermodynamic potential of
crystals with surfaces (tension y;, area a; of plane j), edges (ten-
sion Ky , length L, of edge k) and corners (tension ¢; of corner /)
is given by:31 QF = Zya;+ Ziri Ly + Zge; . for the purpose of a
first approximation we can neglect non-idealities such as point
defects on the surface. If y, x and ¢ are assumed to be indepen-
dent of size (which is usually fulfilled for sizes above 1 nm) and
if the crystal is surrounded by a gas phase against which 7, k
and ¢ are measured, the equilibrium crystal shape is
determined by"!

1 OLy
r—j(}{,——i-zkxka—aj) = const, (1)

where r; denotes the height of the crystal plane with respect to
the origin. Ignoring edges and corners, the equilibrium shape
adopts the Wulff form, i. e. y;/r; = const,} for any surface ;.
The excess chemical potential of the component « in a given
Wulff-crystal is given by> WX = v,25/F, where 5 and 7 are the
area averaged y- and r-values, i. e. y=Xay;/a and 7 = X;a;;/
a, while v, denotes the partial molar volume of the component
o. Even though the full equilibrium shape is usually not
achieved, the above equations will be useful to estimate the
energetic effects. According to the excess chemical potential, the
Gibbs energy of reactions involving nanocrystalline matter of
grain size 7 is modified and reads (v, : stoichiometry coefficient)

ARG:ARG(r—>oo)+Za21/1%V&. 2)

The index o denotes the reaction partners and also the crys-
tal to which the respective reaction partner refers. Let us con-
sider an elemental crystal. The parameter v, then becomes the
molar crystal volume ¥V, . The surface tension 7 of pure mate-
rials is typically of the order of 1 J m~2. In realistic systems, the
relevant y-value is distinctly lower (interfacial tension of solid—
liquid, solid-solid contacts). If we take a value of 0.1 J m~ 2 as
a typical value for the materials under regard and further
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assume v, = 25 cm® mol~!' and 7 = 1-100 nm as typical para-
meters, then 1 amounts to 0.1-10 kJ mo'~!. This corresponds
to an electrical voltage equivalent of 1-100 mV which might be
perceived in the open circuit voltage, but is not of great signifi-
cance for the overall electrical performance. Even though the
Waulff-shape corresponds to a minimum free energy at given
radius, it is not expected that other shapes lead to exceedingly
higher values.

The above estimated values of the excess energy are much
smaller than typical chemical reaction energies. Nevertheless,
in special cases in which the competing G-values are not very
different (e.g., in phase transformations), the interfacial contri-
bution may even be of qualitative influence. Thus, it has been
suggested in ref. 34 that in nanocrystalline state anatase is ther-
modynamically stable while in the microcrystalline state rutile
has the lowest free energy.

At smaller sizes, edge and corner effects become increasingly
more important. As experience shows, they do not significantly
change the overall energy unless we go below a size of typically
a few nm. Then, however, we have to pay attention to the fact
that structural changes come into play. At such extremely
small sizes, it is better to use a bottom—up approach (by cluster
calculations) than a top-down approach. The limit can in
many cases be found to be on the order of 1 nm. To give an
example: the rock salt structure of NaCl is found to be adopted
for cluster sizes of 10 units (~ 1 nm) and more, while below
that value cluster chemistry dictates very different equilibrium
structures.*>

An important consequence of the nanocrystallinity is that
we do no longer expect sharp plateaus in the charge—discharge
curvest in the case of heterogenecous solid state reactions in
multiphase regimes. Obviously, the 7/7 - term in the chemical
potential offers one reason for this. Even though we do not
have a homogeneous chemical potential for the immobile
constituents, we can assume y; to be spatially invariant and
being given by*?

i) = (7 = o0) + 270w, )

If we consider a monomodal distribution, eqn. (3) indicates
that up;i(7) and hence the cell voltage changes during the char-
ging/discharging even in multiphase regimes whenever the
grain size or the surface structure varies. This should be the
rule rather than the exception. Eqn. (3) tells us also that at
a given charge state a grain size distribution gives rise to a
distribution in the Li-composition (V(y/7)#0, hence
Vupi(F — 00) #0, and thus Vxp; #0).

3. Reaction kinetics

In section 2 it was demonstrated that for typical nano-sized
crystals the impact of surfaces on AzxG (eqn. (2)) may be per-
ceptible, but usually not paramount. The reason lies in the fact
that the bulk contribution prevails over the surface term sim-
ply due to the larger number of atoms sitting in the bulk.
The situation in the case of reaction kinetics is fundamentally
different. If the overall solid state reaction can be divided into
the pure reaction step occurring on the surface (interface) and
the accompanied transport steps occurring in bulk, then the
kinetics of the reaction step is governed by the surface struc-
ture and hence strongly dependent on surface energetics.
Owing to the effective curvature of small crystals, the density
of edges, corners and the confined number of surface atoms
becomes significant. Also, particular surface defects such as
steps or surface vacancies are active owing to their increased
local standard chemical potential. Thus, the activation energy

T At the contact to a neighbouring solid phase this expression has to
be appropriately generalised, see ref. 32.
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of the surface reaction will be strongly modified if compared to
a surface reaction at a flat extended interface.

It is expected that the strongly modified surface reaction rate
will have a strong impact on elementary processes during elec-
trochemical deposition, nucleation, early growth and forma-
tion of the passivating layers. A further discussion requires
information on details of the reaction mechanism which are
not yet available.

4. Modified storage capacity of electrodes

The state-of-the-art storage mechanism in modern Li-batteries
(““Li-ion batteries”) occurs via insertion into the host electrode
structure. As touched upon in the introduction, a high capacity
can be achieved by storage that makes use of heterogeneous
solid state reactions.!>!” Both mechanisms are distinctly
affected by grain size as far as kinetics (see next section) and
surface thermodynamics are concerned. The specific storage
capacity is not expected to be greatly altered. Besides this
absorptive mechanism (insertion reaction) and this reactive
mechanism (heterogeneous reaction) there is a third one, the
adsorptive mechanism (reversible interfacial reaction), the
capacity of which depends on the grain size in the first place
and indeed resorts on the presence of nano-particles. Different
possibilities of interfacial reactions have been mentioned in the
literature: one is under-potential deposition®® where typically a
monolayer of Li is bonded on a metal associated with a partial
charge transfer. A second possible mechanism is the lithium
storage by reaction with the grain boundary phase® in poly-
crystalline materials or by reaction with the liquid electrolyte
at the solid/liquid interface.'*!® Here, we consider a third
mechanism which has not been explicitly addressed in the field
of Li-batteries, namely the charge separation at phase bound-
aries. Fig. 1 compares the homogeneous, absorptive storage
(Fig. 1a) with this kind of storage that happens if the electrode
particles exhibit only ionic conductivity (b) or if they exhibit
only electronic conductivity (c). Then, only one charge consti-
tuent enters the particle (ions in case (b), e.g. in Li,O, and elec-
trons in case (c), e.g. in the case of a semiconductor. Obviously,
if in the latter case we increase the electron density we
approach the case of underpotential deposition). It is impor-
tant to note that the same also happens on pure thermody-
namic grounds, namely if the particle is completely saturated
with respect to the neutral component it only accepts addi-
tional charge carriers on the account of interfacial charging
(i.e. contact equilibrium in excess of phase equilibrium) before
Li-deposition.

Naturally, the mechanism of interfacial storage will depend
on the material. Let us consider the adsorptive storage of
lithium characterised by electron injection (see Fig. lc). In
order to highlight the chemical driving force (reflected by the
open circuit voltage) we simply consider a metal (¢f. under-
potential deposition) and distinguish between a metal M that
cannot alloy with Li and a metal N that does. For the purpose
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of illustration we approximate the state shown in Fig. 1c in
terms of a pure ionic bonding (full ionisation). Then, the con-
tact situation is determined by the ionisation potential of Li,
the electron affinity of M (or N) and a Coulomb term that
measures the charge interaction. When we compare M with
N and assess the energetics of the electron injection, it is essen-
tially the electron affinity of the metal that is altered, the varia-
tion of which is also reflected in the variation of the
electronegativity difference between metal and Li. While the
electronegativity difference becomes very small if the metal
can dissolve large quantities of Li, it remains large and offers
a strong driving force in the case of the contact between Li
and the metal M. Therefore, one expects interfacial charging
preferentially in the case of a non-alloying metal. In fact,
experiments provide indication for such a storage in the case
of non-alloying transition metals.'®*

Let us now quantitatively discuss the size effect for the sto-
rage shown in Fig. 1b and without restriction of generality
focus on the ion injection. For the calculation®® we adopt a
single step function for the standard chemical potential of
electrons (Fig. 2). In addition, we set the step in uf; to zero,
since this only affects the open circuit situation. The situation
resembles a usual double-layer capacitor with metal electrodes,
the difference being that the space charge layer is formed
within the interior rather than outside the electrode. The spe-
cific capacity of such an electrode is proportional to 1/L, L
being the particle size. Non-trivial nano-size effects are
expected in the sub-Debye length regime in which the space
charges overlap, ie. for L< /. We investigate this effect by
exemplarily assuming the electrode to be shaped in the form
of a thin layer (quasi one-dimensional system) (Fig. 2). For
simplicity, we further assume Boltzmann statistics to apply.
Fig. 3 shows the numerically calculated size dependence of
the specific differential capacity for different electrode poten-
tials. The solid lines refer to a situation in which the finite size
of the ions®® (i.e. Helmholtz-layer in liquid electrochemistry)
was neglected. For thicknesses which are large compared to
the Debye length, the specific capacity increases linearly with
1/L, as expected. In the sub-Debye length regime, two interest-
ing effects are observed: (i) the thickness dependence asympto-
tically disappears; and (ii) the value of the specific capacity
approaches the value characteristic for the case of volume
insertion (Fig. 3, dashed lines). In other words, in the sub-
Debye regime there is almost no difference between the storage
through volume insertion and storage through charge separa-
tion, at least as far as the capacity is concerned. The effect is
less pronounced if the finite ion size (finite distance of the clo-
sest approach) is taken into account (Fig. 3, dotted plots). The
critical L at which the difference between the two storage
mechanisms disappears decreases with increasing space charge
potential ¥ and, thus, with the amount of Li inserted.

The storage via heterogeneous reaction, in principle,
includes all storage modes discussed (Fig. 4). In the first stage
(Fig. 4a) Li is homogeneously inserted into the bulk and

Fig. 1 Charge storage in electrode particles by means of (a) insertion reaction; (b), (c) interfacial reaction associated with charge separation.
In case (b) solely ions, and in case (c) solely electrons are injected. Although in cases (b) and (c) no redox reaction takes place, the differential
capacitance for very tiny samples could reach the values, as expected for a pure bulk insertion case (cf. Fig. 3).
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I
Li* \;
-
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Fig. 2 Sketch of the cell considered in the calculation of space charge
capacitance as a function of the size L. It consists of a pure Lit
ion conductor sandwiched between two electronically conductive
electrodes. The electrodes are at the potential  (versus Li metal)
and permeable for Li* ions.

the charge/discharge curve puy;(x) exhibits the well-known
characteristics of an insertion electrode (usually slightly sloped
with additional possible anomalies due to structural transi-
tions). After having reached the solubility limit (which depends
also on the particle size, see section 2) new phases and hence

8 : , .
71 o
2
6]
v=0.125V,

log ¢

Specific differential capacity C/volume

0 2 4 6 3 10
AL

Fig. 3 Specific (per unit volume) differential capacity of the slab
sketched on Fig. 2. Storage via charge separation is considered, the
space charge potential i is normalised with respect to the thermal vol-
tage, being the parameter. The difference between the solid and the
dotted curves is due to the Helmholtz capacitance which was set to
0.1¢eo// in the case of dotted curves. For comparison, the capacitance
values for the case in which homogeneous insertion would be possible
are given (dashed lines).
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interfaces are formed (Fig. 4b). The corresponding puy;(x)
profile is expected to be nearly flat (non-vanishing slope due
to nanocrystallinity effects, see section 2). Even if these phases
no longer dissolve Li, further storage is possible via interfacial
charging until yy;(x) becomes equal to the chemical potential
of metallic lithium. As pointed out above, electron injection
occurs at the surface of the non-alloying metal M while ion
injection is probable at the Li,O/M surface. Fig. 4c shows
the expected charge carrier distribution if excess lithium is
accommodated at the M/Li,O interface which is likely to be
formed in the course of the heterogeneous solid state reaction.
In all these cases of interfacial storage py;(x) resembles the
characteristic of a capacitor. Such interfacial charging has
been suggested to be very reversible unlike Li storage in the
passivating layer that might also occur.'®

5. Modified charging and discharging rates

The charging and discharging rates are determined by: (i) the
transport through the electrolyte; (ii) the transport of Lit
ions and electrons within the composite electrodes (usually
via different pathways, e.g. ions along the pores occupied by
liquid electrolyte, electrons along the surface of the electroche-
mically active particles and via carbon black particles) to the
proper electrode particles; (iii) surface incorporation of Li*
into the electrochemically active particles; and (iv) the transport
within them accompanied with the electrochemical reaction.
We will focus on steps (i) and (iv), since they seem especially
interesting in this context.

Transport of Li* ions and electrons to the electrode particles

The distribution topology of fast electronic and ionic pathways
within the electrode decisively determines the kinetics of the
subsequent steps (iii) and (iv). Whilst a simple random mixture
of, e.g., LiFePO,4 and carbon black (the fraction of the latter
being above the percolation threshold) provides good electro-
nic conductivity of the overall material, it however offers quite
poor charging properties. If, however, the topology of fast
electronic and ionic pathways is such that all the particles
are effectively wired in parallel, much faster charging and
discharging rates are achieved.

Besides using carbon, fast ionic and electronic interconnect-
ing pathways within the composite could also be provided by
enhanced surface conductivity of the electrochemically active
particles themselves. There are many examples of enhanced
surface conductivities due to space charge layers in composite
and polycrystalline ionic and electronic conductors.! The
space charge layers within the particles in composite electrodes
do not form only upon charging/discharging in the case of the
heterogeneous insertion (Fig. 1b) but, in general, at each inter-
face in thermodynamic equilibrium. Fig. 5 displays exemplarily
how the space charge conductance of an effectively one-dimen-
sional system depends on the particle size (please note the simi-
larity with the capacity behaviour shown in Fig. 3). In the case
shown in Fig. 5 it is assumed that the surface concentration ¢,
(>c.o) of the relevant charge carrier is approximately constant
and that its mobility u is size independent. The two horizontal
lines denote two important values: (i) mean specific space
charge conductivity of the semi-infinite case, gqu,/coCs
(¢ denotes the charge carried per carrier); and (i) the
limiting value which is calculated assuming that the whole
sample adopts the surface concentration ¢y . The excess of the
real conductivity values with respect to the first line,*!
g(L), reflects the local size dependent changes of concentration,
referring to a true size effect. In the field of lithium batteries,
these effects have hardly been studied.

Certainly, the situation here is much more demanding,
not only due to complex microstructure but also due to
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LiX

a) Volume insertion

b) Phase separation

MX

c¢) Interfacial insertion

Fig. 4 Sequence of three different stages of a Li storage. Insertion in the bulk of MX (a). If the solubility limit is exceeded a heterogeneous solid
state reaction characterised by phase separation occurs (b). Finally, the interfacial charging takes place (c).

compositional and structural variations upon charging and
discharging. The experimental fact that the electronic conduc-
tivity of dry LiMn,Oy is far less than the conductivity of the
same material when built and cycled in a Li-ion battery®!
may be correlated with such effects.

Transport within the electrode particles

The size dependence of rates referring to step (iv) depends on
the storage mechanisms considered. If we discuss, e.g., an
insertion cathode material, then the over-potential due to step
(iv) will be inversely proportional to the sum of ionic, R,
and electronic, R..,, particle resistances (see, e.g., ref. 42). If
the conductivities, ;,, and .., , can be considered as position
independent, R;,, and R.,, will be proportional to L' assum-
ing that all the particles are wired in parallel and are in contact
with the electrolyte, the polarisation resistance per mass unit
will decrease with L* Due to different technologies used in
the preparation of electrode materials the topology of particle
wiring certainly differs. We think that this is one of the main
reasons for different findings'*>* with regard to the importance
of particle size for charging and discharging rates.

Area related conductance per layer thickness

1/(41)

Inverse layer thickness 1/L

Fig. 5 Effective conductivity of a slab in lateral direction. The dashed
lines denote two characteristic values: (i) the effective conductivity of
non-overlapping space charge zones (assuming the effective thickness
of the zones to be 21); and (ii) the conductivity as in the case of
spatially homogeneous concentration ¢ .

As discussed above, even rather poor mixed conductivity
does not prevent materials from being considered for homo-
geneous Li-insertion, if proper wiring is achieved. If, however,
a material is a pure ionic or a pure electronic conductor ambi-
polar diffusion will be too sluggish for practical relevance.
Nevertheless, this does not prevent the use of such a material
for interfacial charging (Fig. 1b). In such a case only ionic or
only electronic conductivity (not both) need to be sufficiently
high. The transport rates achieved are determined by the self
diffusion coefficient (not chemical diffusion coefficient) of the
mobile charge carrier solely and by the distance over which
the charge separation takes place (usually equal or less than
Debye length). For very small particles the capacity appro-
aches that of the insertion mechanism, while for larger
particles the increased storage speed may still offer benefits.

Finally, we will make a brief statement with respect to elec-
tronic properties. If they are polaronic in nature, the size effect
on the transport properties should be similar to those of ionic
defects. If we deal with delocalised states, quantum confine-
ment effects come into play at much larger sizes and also tun-
neling effects may assist in contact and percolation problems
addressed.

In short, the nanocrystallinity state may be very beneficial
for the room temperature applications such as Li-batteries
since, in a certain way it forms the bridge between the
completely homogeneous fluid state and the structurally
stable solid state.
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