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Control parameters for electrochemically relevant materials:
The significance of size and complexity

J. Maier
Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany,

s.welglein@fkf. mpeg.de

Abstract

The contribution is concerned with the control parameters for arriving at defined, electro-
chemically relevant materials. The treatment is precise as far as the equilibrium situation
of simple crystals is concerned but becomes more and more qualitative if the distance
from equilibrium or the (structural or compositional) complexity increase. It proves use-
ful to distinguish between in-situ parameters and ex-situ parameters the number ratio of
which decrease with increasing distance from equilibrium. A particularly complex situa-
tion is met if not only size, shape and phase distribution are important, but even morpho-
logical details are of relevance, as it is the case for modern battery electrodes (“electro-
chemical integrated circuits”). For such cases archetypical examples along with their ad-
vantages or disadvantages for electrochemical storage properties are discussed. Special
emphasize in this context is laid on the dimensionality and distribution topology of build-

ing elements.

1. Introduction

As far as applications are concerned, materials under consideration may be as simple as
single crystals but also as complex as multiphase composites. Most materials of techno-
logical interest contain frozen structure elements. In biology and biotechnology stationary
structures can be to the fore that are out of equilibrium but not frozen, their stationarity is
maintained by export of entropy; in usual electrochemical application they do not play an

important role at the moment. Here, we rather deal with structures that are stationary and
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non-dissipative. Table I gives an overview on morphologies with increasing deviation
from equilibrium. In complete equilibrium not only all fluxes (J), but also all driving
forces (F) vanish; while in the case of frozen morphologies some driving forces are non-
zero, yet the corresponding fluxes disappear owing to kinetic reasons. Note that in all the-
se cases the entropy production (P, given by the product of forces and fluxes) is zero.
This is however not the case for the aforementioned dissipative structures; yet it can be
shown that for specified boundary conditions the variation of the entropy production at
least with respect to forces nullifies.'

This paper considers the control parameter for materials definition for various degrees of
complexity. The complexity is determined by the number of (practical) degrees of free-
dom and hence the information content. Complexity of a given material (Fig. 1) can be
increased by varying composition (introduction of zero-dimensional defects), but also by
varying morphology (introduction of higher-dimensional defects). As to the latter, nano-
structuring has proved to be an efficient means of defining electrochemically relevant
materials. Even though not always completely independent, Fig. 2 depicts the two coor-
dinate-axes size and complexity along which many modern materials developments have
been made possible.

Figure 3 refers to two extreme cases: the uniform single crystal in equilibrium with only
point defects present (top) and a multi component composite with many frozen elements
(bottom). It illustrates the theme of this paper which investigates: (i) the impact of build-
ing elements defining a real electrochemically relevant material on the properties, where-
by we mainly concentrate on electrochemical storage, (ii) the parameters that are neces-

sary to define the real material in terms of the constituting building elements.

2. Equilibrium
1.1 Point defect chemistry

The chemistry of real materials includes the chemistry of the perfect state as well as the
defect chemistry to be superimposed. The simplest situation as far as charge carrier
chemistry is concerned, is met for an infinite crystal in equilibrium. Then only point de-

fects are of significance. They define the equilibrium charge carrier situation we are in-
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terested in. Under conditions at which point defect concentrations are small (Boltzmann
conditions) and the complexity of charge carrier chemistry is moderate (Brouwer condi-
tions, typically two majority carriers), ideal mass action laws (with mass action constants

K ) can be formulated for inner reactions and outer reactions connecting the inner situa-
tion with the component partial pressures (P,) fixed by neighboring phases (e.g. gas

phase).” For the concentration of any charge carrier (j), then it can be formulated that®

2 p’

¢,(T.P,.C)=a,(11,P")C" (MK, (T)") (1)

where «a, M, and y, are simple rational numbers characteristic of the respective

)2/
defect regime (i.e. majority charge carrier situation). The decisive control parameters are
in-situ parameters T, P,’s and the ex-situ parameter C, denoting the effective doping
content. While the in-situ parameters can be reversibly varied under the conditions of in-
terest, the variation of the ex-situ parameters requires a change of the experimental condi-
tions (e.g. going to higher temperatures) or even a new preparation. Accordingly one can
formulate three rules for the characteristic exponents N, M, y that are of decisive im-
portance for materials design (see T-rule, P-rule and C-rule in ref. 3) as far as charge car-
rier chemistry is concerned. Here we only discuss the rule of homogeneous doping (C-

rule) stating that

z.0c, . z,
<+ <0ie |L|M, <O ()
z6C z )’

In words: On positive (negative) doping, i.e. an aliovalent substitution that leads to a
fixed effective positive excess charge, the concentrations of all negative (positive) defects
are increased and all positive (negative) defects that take part in the defect-chemical equi-
librium are decreased ( z, : charge number of dopant defect). The non-trivial point here is
that it affects all these charge carriers. This is not only a consequence of the electroneu-
trality condition but also of the mutual mass action laws. To give a well-known example:
A partial substitution of Zr*" by Y’ does not only result in an increased oxygen vacan-

cy (V) concentration, also the hole (h”) concentration is increased while the conduction

electron (e ) concentration is decreased.
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Eqn (2) ignores elastic effects of dopants. Such effects can even lead to homovalent do-
pant effects.’*

Certainly in most cases the validity range of dilute conditions is exceeded. Then associ-
ates and activity coefficients are to be considered, that may introduce further materials
constants (dielectric constants, mass action constants) but not further control parameters.
Taking account of an invariant dopant concentration already touches the next paragraph
and the next complication, namely the consideration of a (partially) frozen-in point defect
chemistry.”® Usually, at least at temperatures quite below the melting point not all com-
ponents are mobile via point defects. Let us consider a binary oxide MO. At very high
temperatures M- and O-defects may be mobile and in equilibrium (here creep can occur).
On lowering the temperature, the O-lattice may stay mobile, while the M-defects now act
as frozen dopants. When at even lower temperatures also oxygen defects are immobile,
then we consider the situation typically assumed in semi-conductor physics (immobile
ions, mobile electrons). Not only does the situation become more complex, also the num-
ber of practical degrees of freedom increase since new parameters such as freezing-in
temperature and partial pressures or even kinetic adjusting screws (cooling kinetics)
come into play. Figure 4 (we now refer to the concentrations not labelled by Q) shows
how significant the freezing procedure changes the defect chemistry.

Table II gives an overview on the electronic concentrations in an oxide in the different
temperature regimes characterized by predominant ionic disorder. It assumes infinitely
fast quenching which can be approximated by very long annealing at temperatures at

which equilibrium takes rather long followed by fast cooling. This temperature is denoted

as T°. The concentrations labelled by Q, refer to the equilibrium values at 7° (as dis-

cussed above). The other concentrations refer to situations where the ionic disorder is

frozen. These concentrations are discussed as a function of F, at T . For details the

reader is referred to ref. 6. The above introduced distinction between parameters that can
be reversibly changed in-situ (in-situ parameters) and those the definition of which re-
quire higher temperatures and then a new preparation (ex-situ parameters) is very helpful
in this context. Eqn (1) is still valid under these assumptions but freezing is equivalent of

losing in-situ parameters (P’s) to the benefit of the ex-situ parameter C (cf. table II).

Page 4 of 20
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3. Excursion: Control parameter and thermodynamic state variables

Here it is important to make some remarks on the terms “control parameters” used in this
paper. With this term we designate the parameters available and necessary to define the
sample.

In the simplest case of the infinite crystal in equilibrium, they are in-situ parameters and
just identical with the thermodynamic state parameters (e.g. open isobaric system (“inten-

sive system”): T, p, u’si.e. P’s, u denoting the chemical potential).

This is already different in the case of defining dopant effects or frozen-in defects. Most
simply we may take their concentrations as given and consider these concentrations as
control parameters which are in fact ex-situ parameters. Alternatively as shown in section
2 one can prepare the situation under regard by freezing an equilibrium situation and in-
stead use the thermodynamic state variables of the freezing conditions. This typically
fails if higher-dimensional defects and formally morphological patterns are to be consid-
ered. It is for the vast majority of situations not possible to define the transformation from
an equilibrium state to such a real situation. Thus, we simply take all the formal frozen
structure elements (such as interfaces; nature, density and orientation of them; phase dis-
tribution, phase topology, size etc.) as given and the parameters necessary to describe

them as ex-situ control parameters.

4. Point defect chemistry in the vicinity of higher-dimensional defects

A further increase of complexity with respect to section 1 is achieved if higher-
dimensional defects are irreversibly introduced. Irrespective of varied mobilities within
interfaces or dislocation networks, the defect concentrations near surfaces, interfaces or
dislocations may be characteristically varied compared to the infinite bulk. This is partic-
ularly the case if we assume abrupt heterogeneities such as a mono-atomic interfacial
core layer inserted with negligible structural relaxation. Owing to the novel boundary
condition and the concomitant symmetry break, a point defect redistribution will occur
such that an excess charge will establish, balanced by space charge zones with greatly

varied carrier concentrations.
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Owing to the enormous impact on e. g. conductivities and the similarity to homogeneous
doping (= zero-dimensional doping), the technique of influencing carrier concentrations
by implementing higher-dimensional defects has been termed heterogeneous doping (=
higher-dimensional doping). Even a similar rule (rule of heterogeneous doping’) can be
formulated:

z,0c,
oz

Here we need to know the compensating interfacial charge density X (rather than the ef-

<0, 3)

fective charge of an atomistic dopant) to predict how the individual concentrations will
be varied. Again the rule includes the variation of minority species. The latter is of great
significance (but usually overlooked) for electronic conductors as there often ionic point
defects are in majority and the electronic effects may be dictated by the behavior of the

ions (fellow traveler effect).’
5. Hetero-interfaces and phase combinations

Apart from grain or domain boundaries, interfaces separate different phases. The conse-
quence of such hetero-interfaces on charge carrier redistribution is analogous to what was
stated in the previous paragraph, up to one point: Here a charge transfer from one phase
to the other can occur and a bilateral space charge situation develops without even any
excess charge in the interfacial core. (This however can be an additional effect.) Such ef-
fects depend critically on the phase combination and it is this circumstance’ that provides
a manifold of opportunities to purposefully vary defect chemistry and hence conductivi-

ties, reactivities, and related properties. If, e. g., a combination of CaF, and BaF, phases
result in a net transfer of F~ from BaF, to CaF, then [be] in the space charge regions
BaF, (Can) is increased (decreased) while [F,] shows the opposite behavior. The elec-
tronic minority species are changed accordingly: [e']in BaF, (Can) is increased (de-

creased) while [h] is oppositely varied.®

Page 6 of 20
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By selecting a suitable second phase contacted with the matrix, ion and electron conduc-
tivities in the matrix can be often varied by orders of magnitude, in particular if the densi-
ty of interfaces is very high as it can be achieved in nano-composites or heterolayers.

This heterogeneous doping effect has been predicted to be of great influence also for

fields such as catalysis, superconductivity or thermoelectricity.’

6. Size effects

Size is expression of the distance of neighboring surfaces. Many properties directly de-
pend on it (nano-ionics).” As far as transport and storage parameters are concerned, in
Figure 5lhs a distinction was made between explicit and implicit size dependencies.'® The
latter which concerns the intensive terms (materials constants), can then be divided into
trivial and non-trivial size effects. Explicit size dependence (cf. L"-term in Fig. Slhs) re-
fers to the remaining geometry-relevant part of the size dependencies of resistances or
capacitances and is often primarily responsible for the enormous influence of size on
storage kinetics. Rhs of Fig. 5 gives a collection of power laws for explicit size depend-

ence for various mechanisms. As we refer to storage kinetics the reader’s attention is to

be drawn to the second line (7 oc L) highlighting the enormous influence of size on dif-
fusion time. Implicit size dependencies refer, to give an example, to the size dependence
of effective conductivities in inhomogeneous systems that may be caused by space charge
effects at surfaces or internal boundaries. As long as neighboring space charge zones are
well-separated, their contribution to the overall property scales simply with size unlike
situations where space charge layers overlap causing non-trivial size effects. Such a dis-
tinction is meaningless for homogeneous phenomena such as capillary pressure that can
be of enormous consequences on phase stability, partial pressures of components, cell

voltage, solubilities, defect concentrations and many others.
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7. Shape and dimensionality in nano-sized systems

While in macroscopic crystals shape and dimensionality are only of influence if aniso-
tropic or extremely surface-sensitive properties are concerned, these parameters are deci-
sive for nano-sized systems.

For simplicity we refrain from distinguishing between different surface crystallographies
and anisotropies caused by the perfect structure. Then we may be concerned with nano-
particles, nano-grains in ceramics, nano-rods or nano-plates the shapes of which are com-
pletely kinetically controlled or controlled by mechanical equilibrium (round nano-
particles, nano-ceramics with equilibrium grain-angles'' etc.).

It is important to note that having a stationary non-equilibrium structure or composition
does not preclude reversible processes. In fact such situations are rather the rule than the
exception as far as functional materials are concerned. Thus, oxygen ion conduction or
even stoichiometric changes in the oxygen sub-lattice are possible in structures with fro-
zen-in cation sub-lattices; equally, nano-sized or even amorphous electrodes can function
as reversible anodes or cathodes in Li-based batteries. Only those processes that immedi-
ately affect the frozen-in structure elements cannot be reversible.

Let us concentrate on conductivity and storage properties. As far as the equilibrium stor-
age capacity of a component is concerned it is increasingly varied from nano-2 D (nano-
plate) to nano-0 D (nano-dots) via nano-1 D (nano-rods) according to a modified chemi-

cal potential of this component. Note that e.g. the excess chemical potential of Li in a

crystallite due to capillarity is given by 2(y/r)v,; (y: effective surface tension, r: ef-

fective radius).'*'® The partial molar volume of Li (v;) in the compound under regard

can be positive or negative depending on the fact whether Li-addition leads to expansion
or shrinkage of the crystallite. Even more important are kinetic issues that are dealt with
below in the next section by means of a few exemplary examples.

In terms of transport, percolation efficiency is of great significance. While nano-0 D ob-
jects require agglomeration to higher-dimensional ones, nano-1 D objects are ideal as
percolating objects provided their intrinsic transport properties are appreciable. If aligned

properly, they are favorable solutions as far as covered transport length per mass is con-

8
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cerned. Equally good are nano-plate mixtures that connect two electrodes. Hierarchical
geometries as well as fractal geometries can be very favorable, too, in order to achieve a
good electrical connectivity.

The complexity is further increased by the presence a multitude of phases. A typical ex-
ample is a composite electrode consisting of a mixture of an electro-active mass with cur-
rent collectoring and electrolyte phase. Here then the total morphology needs to be con-

sidered.
8. Nano-morphology and Li-storage
8.1.  The necessity of electrochemical integrated circuits

As a rule an efficient storage electrode consists of a bicontinuous network of electron col-
lector and electrolyte which is heterogeneous on a scale comparable with the size of the
electroactive particles whereby this size is chosen such that diffusion problems become
just negligible. If the electroactive mass is identical with the current collector or the elec-
trolyte, the morphology is significantly simplified.

The greatest simplification is achieved if the electroactive mass is simultaneously a good
electron and Li" conductor. If then the related chemical diffusion coefficient is very

high, the particle size can be very large. A wonderful but exceptional example is Ag,S 14

in which Ag can be quickly stored, even if it is present as a macroscopic single crystal.
There is no need of nano-structuring or of further network components, and the cell may

be as simple as Ag|Agl| Ag,S|C. But let us consider the frequently occurring case that

the electroactive mass is electronically and ionically rather insulating.

Nano-0-D electro-active particles are then preferred owing to the fact that diffusion time
scales with size squared. Size reduction from a 1mm particle to an ensemble of 10nm-
size particles reduces the diffusional relaxation time by 10'°. On the other hand, the vol-
ume scales with size cubed meaning that we decompose the 1mm-sized particle into 10"
10nm-sized particles, each of which needs to be sufficiently electronically and ionically
connected, obviously requiring highly sophisticated network solutions. The use of liquid

electrolyte wetting all the particles is the solution of choice for ion transport while adding

9
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carbon particles is the standard method to achieve sufficient electronic contact. On one
hand the carbon volume fraction must be high enough to ensure percolation, on the other
hand one has to care about connectivity down to nano-size which requires going beyond
usual techniques. This is described in detail below.

Nano-1-D electroactive masses are providing special advantages (e.g. percolation effi-
ciency) but may not be the best solution for high energy systems. An elegant example has
been given in the literature'® in the form of Si-nanowires growing on copper where the
nanobrush so-formed is embedded in liquid electrolyte. The rate performance is excellent
yet the absolute energy stored small (but see 9.2.).

Nanoplates, or better thin films, are preferred in microbatteries as far as the electrolyte is
concerned. Arranged parallel to the electrode they may also be useful as protection layer
or separation layer thin enough as not to cause too much resistance. Perpendicular ar-
rangements would be necessary if connectivity is important. One might think of hetero-
layered packages as electrolyte or electrode systems to exploit interfacial effects, yet for
practical systems they might be too expensive.

Most successful proved composites that use various dimensionalities. Let us describe a
few archetypes in the subsequent section and use the following notation: o::3 denotes a

two-phase system constituted by the phases o and f irrespective of phase distribution;
a@p specifies that a and S are distributed more or less equitably (co-arranged rather

than sub-ordinated). Characteristic examples are random two-phase systems or bi-
continuous two-phase systems. The symbol « — £ denotes a situation where « is com-
pletely embedded in a f -surrounding, characteristic examples being non-percolating par-
ticles or rods in a solid or liquid matrix or non-percolating particles in a tube. Naturally,
this simple nomenclature cannot cover all topological cases. Moreover, the inclusion of
the electrolyte phase (i.e. of pores) is also important requiring the description of a three-
phase morphology. Whenever avoidable, we will refrain from using a too detailed nota-
tion. Note that we use the terms 0 D, 1 D, 2 D to denote extreme aspect ratios on the scale
specified by the respective prefix (e.g. nano—1D means that one dimension is nano-

scale (but not atomistic) while the others are macroscopic).

10
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8.2.  Electroactive nanoparticles in electronically conducting nanotubes

8.2.1. Sn-nanoparticles in carbon nanotubes: (nano -0D Sn) c (nano -1D carbon)

The first sketch in Table III refers to Sn-nanoparticles dispersed in electrospun carbon-
nanotubes embedded in liquid electrolyte.'® The excellent performance of this morpholo-
gy is due to a variety of reasons: a) The Sn-particles are small enough to provide fast dif-
fusion. b) The Sn-particles are easily addressed by electrons via the electronically con-
ducting C-nano fiber which ¢) are easily forming percolating pathways. d) The Sn-
particles have also access to Li* stemming from electrolyte, owing to appreciate Li* dif-
fusivity in C and the short distances involved. €) Though perfectly electrochemically
coupled the Sn-particles are mechanically decoupled what allows for an easy buffering of
volume changes that usually lead to the most important failure mode of Sn-electrodes. f)
The fibers act as binder and holder serving for a distinctly stationary morphology. g) As
Sn-atoms or Sn-ions are not mobile in the carbon matrix impeding thus chemical or elec-

trochemical Ostwald-ripening.

8.2.2. MoS, nanodots in C-nanotubes: (nano —0 D MoS, ) < (nano—1 D carbon)

This example refers to ref. 17 (cf. again first sketch in Table III). Here the size of electro-
active particles (MoS, ) is extremely small so that we can truly speak of nanodots. In fact
the particles are atomistically thin (0.4nm corresponding to a single SMoS layer) and ul-
trasmall (4nm). Apart from the above mentioned advantages, this morphology allows for
a completely reversible conversion reaction.

Lithiation of macroscopic MoS, leads to conversion to separate Mo and Li,S phases.
Reversing the situation is not trivial as it assumes reversible nucleation and fast diffusion.
In the present case we refer to extreme reaction confinement and hence almost to a clus-

ter reaction whereby the cluster is fixed in space. It can be assumed that the transfer of

4e” corresponding to the reaction with 4Li does not lead to a significant spatial separa-

11
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tion, rather the reaction will occur at the tiny clusters lowering if not nullifying transport
and nucleation problems. Indeed striking reversibility could be achieved for at least thou-
sand cycles. Simultaneously the cell voltage is lowered by the small size, which is favor-

able for the use as anodes.
8.3. Nanocomposites of electroactive mass and electron conductors

8.3.1. Hierarchical nanoporous TiO, with RuO, wiring:

(nano—O D TiOz)@(nano -0D Rqu)

If the electroactive mass was both a perfect e and Li" conductor, even a single crystal
could be used. If the electroactive mass is well electrochemically conducting such as car-
bon, the morphological problem reduces to a distribution of electroactive mass and elec-

trolyte (see e.g. ref. 18). If a liquid electrolyte is used a hierarchical pore structure is best
for a rapid Li" transport to the particles.

If the electroactive mass is not a good electron conductor (such as TiO, or LiFePO,) a
hierarchically porous TiO, structure does not suffice to achieve high rate performance

rather it is highly beneficial to incorporate an electronically conducting phase into the
nanostructure. This has been achieved in ref. 19 with high capacities even at very high

rates.

8.3.2. TiO,/carbon-coaxial nanocables: (nano -1D TiO2 )@(nano —1 D carbon)

A further instructive structure are double-walled nanotubes.® The morphology refers to
the second sketch in Table III. Also here the performance is exceptional and even syner-

gistic performance could be achieved, in the form that carbon assists storage in TiO,

while TiO, appears helpful for storage in carbon.

8.3.3. Carbon coating of LiFePO,/carbon embedding:

12
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((nano—0 D LiFePO, ) = (nano—0 D carbon ) ) < (porous — carbon)

A well-working principle is carbon-coating of nanoparticles (see e.g. ref. 21). This car-
bon-coating delivers good contact to admixed carbon current collecting particles. If the
coating is thin, the Li" can penetrate through the coating, otherwise it is important that
the coating is porous allowing electrolyte access. A very well-working simple technique
is achieved with two organic precursors leading to carbon-coated particles embedded in a

porous carbon matrix.”> LiFePO , contacted in this way proved very efficient.

8.3.4. Carbon coating of NaVPO, /carbon embedding:

((nano 0—D NaVPO, ) = (nano 0—D carbon)) = (porous —carbon)

An even more exciting example of how well this very nanostructure can work is the ap-

plication to NaVPO, *2 which outperforms Li-cathodes even per mass under high per-
formance conditions. This extreme high rate performance also relies on the very high
Na” conductivity in the NASICON structure of the phosphate and the low transfer re-

sistance of Na® from electrolyte to electroactive mass.
9. Conclusions

Electrochemically relevant materials can be as simple as macroscopic single crystals but
also as complex as multiphase nanostructured composites. In the present paper the focus
is on electrochemical impact and on controllability of the building elements involved.
While in the extreme case of a single crystal the equilibrium charge carrier situation can
be fully defined by a few thermodynamic state parameters (in-situ parameter), with in-
creasing complexity and deviation from equilibrium ex-situ parameters become increas-
ingly relevant. According to the increased information content all morphological details
may finally become relevant (electrochemical integrated circuit). Thus only archetypical
examples can be discussed rather than a precise thermodynamical description given. Such

examples refer to electrochemical storage in specially designed electrode structures.

13
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Tables
Table I
Classification and Characteristics of (Quasi-) stationary morphologies
(P = entropy production, F = force, J = flux)
Classification Thermodynamic Characteristic Examples
Characteristics Properties
equilibrium P=F=J=0 absolutely stable / re- | Wulff-shaped single
morphology producible / typically | crystals
boring / low infor-
mation content
frozen P=J=0=#F partially stable / re- technology relevant
morphology producible / materials
most relevant for
technology
dissipative o,P=0 living / self-healing / | biologically rele-
morphology Fx0=] sustained by outer vant systems
fluxes / dissipative /
high information con-
tent

14
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Table 11

Partially Frozen-in Defect Chemistry of Oxide MO

Temperature  Control parameters (total number = F =3)  State parameters to be defined

R P
ange (total number = z (F-1)>F)
i=0
very high reversible: 7,7, , R, in situ: 3 IR, P 3)
fixed: ¢ ex situ: 0
high reversible: 7,7, in situ: 2 TR T, P, P (3+2)
fixed: [V"] ex situ: 1
low reversible: 7 in situ: 1 LT P T, PR, Py (3+2+1)
fixed: [VS'1,[VY] ex situ: 2
(not realistic) reversible: ¢ in situ: 0 T, TV RPYTY, R, PY (3+2+1+0)

fixed: [h*],[VS1,[ VL] ex situ: 3

The upper index Q labels quenching parameters (QO refers to quenching of A-sublattice,
Q1 to quenching O-sublattice and Q2 to (unrealistically) quenching the electronic struc-

ture). Reprinted with permission from ref. 6.

15
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Table II1

Two examples of electrochemical network topologies
topology examples literature sketch
[a c ,3]@7 a =nano-0D Sn ref. 16

£ =nano-1D C

y = liquid electrolyte

[«@pl@y | @ =nano-1D TiO, ref. 20
£ =nano-1D C

y = liquid electrolyte

a = electroactive phase £ = current collecting phase ¥ = electrolyte phase

16
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Figures

Figure 1
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Figure 4
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[ Size Effects on Transport and Storage | mechanism E R C i
& & &
dielectric response | 2-d d-2 0
P (R, C) o L" x (eff. material parameter)
mechaiism diffusion controlled | 2-d | d 2
/ bulk storage
trivial non-trivial interfacial rate con- | 1-d | d 1
\ / trolled bulk storage
meohansy, (R, C) oc LM x (eff. material parameter) interfacial Storf}ge 1-d d-1 0
(semi-infinite)

L.H.S.: Implicit and explicit size effects on electrochemical, chemical or electrical resis-
tors and capacitors. The first effects can be divided in trivial and non-trivial effects. Size
effects may change R and C such that even another mechanism may become dominant.
Reprinted with permission from ref. 10.

R.H.S.: Dimensionality dependent exponents (n) of the explicit thickness (L) dependence
of resistors, capacitors, relaxation times for various electrochemical mechanisms (E) in
nano-structured materials. The parameter d gives the number of nano-sized dimensions

(1 <d< 3) of extension L (taken the same for simplicity). “In the finite size regime the

situation also depends on the neighboring phases. Reprinted with permission from ref. 10.
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