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a b s t r a c t

Conduction has been one of the main barriers to further improvements in Li-ion batteries and is expected
to remain so for the foreseeable future. In an effort to gain a better understanding of the conduction phe-
nomena in Li-ion batteries and enable breakthrough technologies, a comprehensive survey of conduction
phenomena in all components of a Li-ion cell incorporating theoretical, experimental, and simulation
studies, is presented here. Included are a survey of the fundamentals of electrical and ionic conduc-
eywords:
onic conduction
lectrical conduction
athode
node

tion theories; a survey of the critical results, issues and challenges with respect to ionic and electronic
conduction in the cathode, anode and electrolyte; a review of the relationship between electrical and
ionic conduction for three cathode materials: LiCoO2, LiMn2O4, LiFePO4; a discussion of phase change in
graphitic anodes and how it relates to diffusivity and conductivity; and the key conduction issues with
organic liquid, solid-state and ionic liquid electrolytes.
lectrolyte
ithium-ion battery

© 2010 Published by Elsevier B.V.

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
2. Review of the fundamentals of conduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

2.1. Conduction in an electrochemical cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
2.2. Ionic conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

2.2.1. Diffusion in condensed materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
2.2.2. Relationship between diffusivity and ionic conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
2.2.3. Grain boundary diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

2.3. Electrical conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
2.3.1. Electrical conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

3. Survey of conduction studies in cathode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
3.1. Ionic conduction in cathode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
3.2. Electrical conduction in cathode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

4. Survey of conduction studies in anode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
4.1. Ionic conduction in anode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
4.2. Electrical conduction in anode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

5. Survey of conduction studies in electrolytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
5.1. Organic electrolytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
5.2. Solid-state electrolytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

5.3. Ionic liquid electrolytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6. Concluding remarks and future perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author at: Department of Mechanical Engineering, University of Mich
el.: +1 734 998 0006; fax: +1 734 998 00283.

E-mail address: amsastry@umich.edu (A.M. Sastry).

378-7753/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2010.06.060
oi:10.1016/j.jpowsour.2010.06.060

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

igan, Ann Arbor, MI 48109, United States.

dx.doi.org/10.1016/j.jpowsour.2010.06.060
dx.doi.org/10.1016/j.jpowsour.2010.06.060
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:amsastry@umich.edu
dx.doi.org/10.1016/j.jpowsour.2010.06.060


Please cite this article in press as: M. Park, et al., J. Power Sources (2010), doi:10.1016/j.jpowsour.2010.06.060

ARTICLE IN PRESSG Model

POWER-13278; No. of Pages 26

2 M. Park et al. / Journal of Power Sources xxx (2010) xxx–xxx

Nomenclature

Physical constants
e charge of an electron, 1.602 × 10−19 C
F Faraday’s constant, 96,487 C mol−1

� reduced Planck’s constant, 1.055 × 10−34 J s
kB Boltzmann constant, 1.38054 × 10−23 J K−1

m mass of an electron, 9.11 × 10−31 kg
NA Avogadro’s number, 6.0232 × 1023 g−1 mol−1

Rg universal gas constant, 8.3141 J mol−1 K−1

Symbols
a inter-atomic distance, m
c̄ average concentration, mol L−1

cA concentration of species A, mol cm3

cB concentration of species B, mol cm3

cA,∞ uniform concentration of species A after relaxation,
mol cm3

cB,∞ uniform concentration of species B after relaxation,
mol cm3

ci,j concentration of i in phase j, mol cm3

ĈP volume averaged heat capacity at constant pressure,
J kg−1 ◦C−1

ĈPa heat capacity at constant pressure, J g−1 K−1

ĈPi,j partial molar constant pressure heat capacity of
species i in phase j, J mol−1 K−1

Cp∞ partial molar constant pressure heat capacity after
relaxation 1, J mol−1 K−1

Cp1 partial molar constant pressure heat capacity for
reaction 1, J mol−1 K−1

Di diffusivity of solute i (i = 1, 2), cm2 s−1

Do pre-exponential factor, cm2 s−1

DGB grain boundary diffusivity, cm2 s−1

E energy of an electron, eV
Ea activation energy, kJ mol−1

EF Fermi energy, eV
Eg band gap, eV
f friction coefficient, kg m−1

qconv heat generation rate due to convection, W m−3

qi charge of solute ‘i (i = 1,2)’, C
qheat,i heat generation rate at node i, W
R electrical resistance, �
Ri internal resistance of the cell, �
Ro radius of sphere (particle), m
Rs sheet resistance, � cm2

r inter-particle distance, m
T temperature, K
Ti temperature at node i, K
Tj temperature at node j, K
t time, s
U(r) inter-particle potential, eV
ui mobility of a solute ‘i’, m2 V−1 s−1

U1,avg theoretical open-circuit potential for reaction 1 at
the average composition relative to a reference elec-
trode of a given kind, V

V cell potential, V
V̄B,∞ partial molar volume of species B after relaxation,

m3 mol−1

vf velocity of electrons at steady state, m s−1

vi velocity of a solute ‘i’, m s−1

vF Fermi velocity, cm s−1

y distance from surface along grain boundary, cm
zi valence of ion

Abbreviations
AC alternating current
CV cyclic voltammetry
CPR current pulse relaxation
DC direct current
DEC diethyl carbonate
DMC dimethyl carbonate
EC ethylene carbonate
� density, k gm−3

�o attempt frequency of the order of Debye frequency
of the lattice, s−1

� electric field, V m−1

� electronic conductivity, S cm−1

� relaxation time (average time between two consec-
utive collisions), s

fa F/RgT, V−1

G Gibbs free energy, J
h Joint thickness of porous electrodes and electrolyte

layer, cm
�H enthalpy of reaction, J
H̄A enthalpy of the system of species A, J
Ho

1,m molar enthalpy of species 1 in the secondary refer-

ence state corresponding to phase m, J mol−1

I electrical current or cell current, A
i operating current, A
I1 partial current of electrode reaction 1, A
j current density (electron flux), A m−2

ji ionic flux, mol cm−2 s−1

k wave vector, m−1

ka thermal conductivity, W cm−1 s−1 K−1

kheat thermal conductivity, W cm−1 K−1

kheat,x thermal conductivity in x direction, W cm−1 K−1

kheat,y thermal conductivity in y direction, W cm−1 K−1

kheat,z thermal conductivity in z direction, W cm−1 K−1

kheat,ij thermal conductivity between node i and node j
M̃i molecular weight (i = 1, 2), u
Mi heat capacity at node i, J K−1

me effective mass of an electron, kg
mp effective mass of a hole, kg
N(EF) number of electrons at EF, mol eV−1

Nf number of electrons at steady state, mol m−3

ni number of electrons, cm−3

ni,j moles of species i in phase j, mol
p pressure in atmosphere, Pa
pi number of holes, cm−3

q heat transfer rate, W
qheat heat generation rate, W m−3

EIS electrochemical impedance spectroscopy
ESD electrostatic spray deposition
EVS electrochemical voltage spectroscopy
GITT galvanostatic intermittent titration technique
HOPG highly oriented pyrrolytic graphite
HTT heat treatment temperature
MCMB mesocarbon microbeads
PC propylene carbonate
PLD pulsed laser deposition
PITT potentiostatic intermittent titration technique
PSCA potential step chronoamperometry
PVdF polyvinylidene fluoride
RPG ratio of potentio-charge capacity to galvano-charge

capacity
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RT room temperature, 20 ◦C
SBR styrene-butadiene rubber
SEI solid–electrolyte interphase

Greek symbols
� constant
ˇ separation of particles at W(r) = 0, m
	 friction coefficient, kg m−1

	 i,j activity coefficient of species i in phase j
ı width of grain boundary, m
ε permittivity, F m−1

εr relative permittivity
� depth of potential well of W(r), eV
� dimensionless Ohmic potential drop

 viscosity, kg m−1 s−1


i chemical potential of solute ‘i’, J mol−1

1
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e electron mobility, m2 V−1 s−1


h hole mobility, m2 V−1 s−1

. Introduction

Improvements in the capacity of modern lithium (Li) batteries
ontinue to be made possible by enhanced electronic conduc-
ivities and ionic diffusivities in anode and cathode materials.
undamentally, such improvements present a materials science
nd manufacturing challenge: cathodes in these battery cells
re normally comprised of metal oxides of relatively low elec-
ronic conductivity, and separator/electrolyte compositions must
e tuned to readily admit ions, while simultaneously forming safe,

mpenetrable and electronically insulating barriers. The challenges
aced by researchers in this field include the relatively low electri-
al and ionic conductivity values in cells, an unclear relationship
etween electrical conduction and ionic conductivity in cathode
aterials, constantly changing conduction properties in anode
aterials dependent upon phase transformations, and the inher-

nt difficulty in identifying and measuring the microstructure and
onductivity of the solid–electrolyte interphase (SEI) film.

Since the Sony Corporation first successfully marketed a com-
ercial Li-ion battery in 1991 [1], Li-ion battery technology has

een applied to both thin, light, and flexible portable electronic
evices and more recently, to batteries for transportation systems
2] including hybrid and electric vehicles. Though these markets
resent different challenges in battery cell design, the former
equiring in general higher power density, and the latter requiring
igher energy density for greater degrees of vehicle electrification,
he technical requirements of improved conductivity and diffusiv-
ty are common to both.

Models of battery cells and materials [3–5] critically require
he best available estimates for conductivity and diffusivity, in
rder to both predict response and design improved materials.
odels at the atomistic and molecular [6–9], particle, both for

olids of revolution [10–16], and for fibers [17–21] and contin-
um [22–29] scales all contribute to improved understanding of
ell response. In order, atomistic and molecular models can be used
o identify materials architectures of intrinsically high conductiv-
ty/diffusivity; particle-based models can be used to identify/design
article shapes and fractions and loading schema of additives that
une conductivity/diffusivity; and continuum models can best be
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

sed as reduced-order inputs to optimization and controls models
26,30–34]. Accordingly, at each scale accurate, validated conduc-
ivity/diffusivity values are needed.

Experimental validation of such parameters is often challeng-
ng, however. Often, battery materials characterization is carried
 PRESS
ources xxx (2010) xxx–xxx 3

out ex situ or as a post mortem analysis because of the complexity of
in situ experimental setup; though such data is still invaluable for
interpreting results, they can only describe the end state. A key chal-
lenge remains to develop experimental techniques to probe and
detect Li-ion movement within the electrode lattice structure and
the electrode–electrolyte interface at a local level as a function of
time. Interpretation of in situ characterization experiments is chal-
lenging often due to a lack of viable theories concerning cathodes,
anodes, and novel electrolytes.

While some authors [35,36] have discussed manipulating the
electrical and/or ionic conductivity of relevant materials in Li-ion
cells, few review papers are dedicated to conduction; papers that do
focus on conduction usually discuss only one kind of material (e.g.,
cathode or anode) or only summarize current key issues, namely:
a review of the diffusion problem with respect to ionic conduction
[37] in nanocrystalline ceramics with a focus on Nuclear Magnetic
Resonance (NMR) spectroscopy, a review of the importance of elec-
trical conduction in cathode materials [38], as well as other more
generalized discussions of the conduction problem [39,40]. Thus, a
comprehensive survey of conduction phenomena is provided here,
for all components of a Li-ion cell, incorporating theoretical, exper-
imental, and simulation studies. Our objectives in this work are
to

(1) survey the fundamentals of electrical and ionic conduction the-
ories;

(2) survey the critical results, issues and challenges with respect
to electrical and ionic conduction in all of the major battery
components including cathode, anode and electrolyte;

(3) review the relationship between electrical and ionic conduction
for three cathode materials: LiCoO2, LiMn2O4, LiFePO4;

(4) review phase change in graphitic anodes and how it relates to
diffusivity and conductivity;

(5) review key conduction issues with organic liquid, solid state
and ionic liquid electrolytes.

While an attempt has been made to present a unified viewpoint,
information has been drawn from many different sources and cer-
tain ambiguities and disjointedness are unavoidable. References
over 50 years old represent the foundational papers upon which
subsequent literature has built and thus are included here.

Finally, although units in the various equations may describe the
same physical quantities, they vary with context and therefore have
not been standardized. Instead they are maintained as described in
the original papers.

2. Review of the fundamentals of conduction

In this section, we introduce the fundamentals of conduction
phenomena – ionic and electronic conduction. Based upon this
succinct but essential survey, we made careful observations on
research efforts in Li-ion batteries, which are discussed in the latter
part of this review. Note that this is fundamental physics which has
been used many times in research papers dealing with conduction
phenomena, first-principle calculations and simulation, as well as
experimental papers.

2.1. Conduction in an electrochemical cell

Generally, when working with electrochemical cells (the most
oi:10.1016/j.jpowsour.2010.06.060

basic unit comprising any battery), Li-ion cells included, all key
phenomena involve conducting charged particles (electrons and
ions) from cathode to anode (primary cell) or vice versa (secondary
cell). An operating galvanic cell [41,42] is depicted in Fig. 1 (adapted
from [41,42]). Note that in the redox reaction shown, two electrons

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 1
Internal resistance of cell [41].

Type of resistance Internal resistance of cell (Ri = ionic
resistance + electrical resistance + interfacial
resistance)

Ionic • Electrode (cathode and anode) particle
• Electrolyte

Electrical • Electrode (cathode and anode) particle
• Conductive additives
• Percolation network of additives in electrode
• Current collectors
• Electrical taps

Interfacial • Between electrolyte and electrodes
• Between electrode particles and conductive
additives

T
G

Fig. 1. Generic operating electrochemical cell (adapted from [41,42]).

re transferred. Because the electrochemical reaction of a cell is
ased upon a change of oxidation state, the ease of electron-transfer
etween anode and cathode can dictate the magnitude of the cell’s
riving force [43,44]. Electrons are transferred from anode to cath-
de during the discharge of a cell; the related cell components are
lectrodes, current collectors and electrical leads. In addition to
lectrical conduction, ionic conduction through the electrodes and
lectrolyte is necessary to complete the electrochemical reaction.
or a simple illustration of conduction phenomena, the potential
quation of an operating electrochemical cell is surveyed. Gener-
lly, the operating voltage (E) of the cell is lower than the standard
ell voltage (Eo) due to potential drops caused by several factors.
his is stated mathematically [41] as

= Eo − [(�ct)a + (�ct)c] − [(�c)a + (�c)c] − iRi = iR (2.1.1)

here Eo is the standard cell potential, (�ct)a, (�ct)c are activation
olarizations (charge-transfer over voltage) at the anode and cath-
de (�c)a, (�c)c are concentration polarizations at the anode and
athode, i is the cell operating current, Ri is the internal resistance
f the cell and R is the apparent cell resistance.

All terms in Eq. (2.1.1) can be related to conduction phenomena.
ctivation and concentration polarizations are connected to the
inetics of charge transfer and mass transfer [44–46], respectively.
nternal resistance (Ri) is affected by the conduction properties of
arious materials and their interfaces and can be broken down as
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

isted in Table 1 [41]; the sum of each of the internal resistances
s the total internal resistance. Examining the sources of resistance
an provide insight into the key barriers to optimized conduction
n electrochemical cells. Given the number of potential sources
f resistance in a cell, even the relatively simple phenomenon

able 2
overning equation for diffusion and diffusion coefficients [47,48].

No. Title Equation

1 Fick’s law ji = −Di∇ci & ∂ci
∂t

= ∇ · (D∇ci

2 Arrhenius equation rate ≈ exp
(

− �G
kBT

)
3 Diffusivity in liquid Di = kBT

6�
Ro

4 Diffusivity in solid Di = a2
l
� : al is the jump len

5 Temperature dependence of diffusivity in solid Di = Do exp
(

− HM

kBT

)
6 Temperature dependence of diffusivity in solid Di = Do exp

(
− HF +HM

kBT

)

• Between electrode and current collector
• Between conductive additives and current
collector

of potential drop can be quite challenging to interpret quantita-
tively.

2.2. Ionic conduction

2.2.1. Diffusion in condensed materials
Diffusion properties of Li-ion cell determine some of the key per-

formance metrics of Li-ion battery cells, including the charge and
discharge rate, practical capacity and cycling stability. The govern-
ing equation describing the diffusion process is known as Fick’s
law (Eq. 1 in Table 2 [47,48]); the proportionality factor D is the dif-
fusivity or diffusion coefficient (Eq. 3–5 in Table 2). In condensed
materials (liquids and solids), diffusion is governed by random
jumps of atoms or ions, leading to position exchange with their
neighbors. The kinetics of this process is temperature dependent
and follows an Arrhenius type relationship [49] (Eq. 2 in Table 2).
In liquids, the temperature dependence of the diffusion is much
less than in solids. Note that no successful first-principles calcula-
tion has been made, due to insufficient understanding of the liquid
structure [47]. Thus, a simple expression derived from Stoke’s drag
law [50] is frequently used as an alternative for a diffusivity expres-
sion in liquids (Eq. 3 in Table 2) [47,51].

The generic diffusion mechanism for a solid is a good starting
point for understanding diffusion processes because diffusivity is
highly dependent upon the relevant diffusion mechanism (Table 3)
[52]. Defects play the central role and affect the terms – HF

and Do in Eq. 6 in Table 2. Diffusion mechanisms for solids
can be classified into two categories: vacancy/defect-mediated
mechanisms, and non-vacancy/non-defect-mediated mechanisms.
oi:10.1016/j.jpowsour.2010.06.060

Vacancy-mediated mechanisms require much larger activation
energies than non-defect-mediated mechanisms (Eq. 4 vs. Eq. 5 in
Table 2). Similarly, there are two primary defects affecting ion dif-
fusion in ionic crystals – Schottky pairs (cation vacancy plus anion
vacancy) and Frenkel pairs (cation vacancy plus a cation intersti-

Comments

) Governing equation for diffusion

Predicts kinetics based on thermal activation

Einstein-Stokes relation

gth, � = �o exp
(

− �G
kBT

)
Describes non-defect mediated interstitial diffusion

Describes vacancy mediated diffusion

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 3
Diffusion mechanisms in solid [52].

Mechanism Description

Vacancy
(defect)-mediated

Vacancy Self-diffusion in metals and substitution alloys
Divacancy Diffusion via aggregates of vacancies

Non-vacancy
(defect)-mediated

Interstitial Solute atoms considerably smaller than the host atoms, and atoms are
incorporated into interstitial sites of the host lattice to form an
interstitial solid solution

Collective Solute atoms similar in size to host atoms involving simultaneous
motion of several atoms. Usually substitutional solid solutions are
formed

Interstitialcy A collective mechanism important for radiation-induced diffusion. At
least two atoms move simultaneously; however, this mechanism is
negligible for thermal diffusion

Interstitial-substitutional Exchange Solute atoms are dissolved on both interstitial and substitutional sites
and diffuse via interstitial or substitutional exchange mechanisms

Table 4
Bonding potentials in Li-ion battery [60–62].

Cell component Bond type Interaction potential Bond length (Å) Bond strength (kJ mol−1)

Anode (graphite, in-plane) Covalent – 1.46 374

Anode (graphite, inter-plane) van der Waals Lennard-Jones potential U(r) = 4ε

{(
ˇ
r

)12
−
(

ˇ
r

)6
}

· · · (1) 3.35 5.9

) = q1
4�

) = q1
4�

t
t
t
o
c
m
a
t
s
o
t
t
a
i
i
p
r

T
R

Cathode (spinel, LiMn2O4) Ionic Coulombic interaction U(r

Liquid electrolyte Coulombic Coulombic interaction U(r

ial) [53,54]. Ionic solids with Schottky defects (corresponding to
he defect-mediated diffusion in Table 3) have lower ionic conduc-
ivities and higher activation enthalpies because ionic transport
ccurs from the motion of vacancies. On the other hand, ionic
rystals with Frenkel disorder (corresponding to the interstitial
echanism in Table 3) show higher ionic conductivities and lower

ctivation enthalpies because ionic transport occurs primarily from
he motion of interstitial species. Li-ions diffuse mainly by an inter-
titial mechanism due to their small radius. Although the Li-ion is
ne of the smallest ions, it is still quite big when compared to elec-
rons; the radius of a Li-ion is ten orders of magnitude larger than
hat of an electron (radius of a Li-ion: 59 × 10−12 m [55]; radius of
n electron: 10−22 m [56]). Also the motion of Li-ions is strongly
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

mpeded by the potential created by the presence of neighboring
ons as discussed below. Thus diffusion can be the rate-determining
rocess compared to electronic conduction in an electrochemical
eaction.

able 5
elation between diffusivity and ionic conductivity [51].

No. Title Equation

1 Drift velocity vi = −ui (∇
i + ziF∇ϕ

2 – ∇
i = RT
ci

∇ci

3 Drift velocity −vi = uiRT
ci

(
∇ci + cizi

F

4 Ionic flux −ji = −civi = uiRT
(
∇c

5 Nernst–Planck relationship Dio = uiRT; Di = Dio
NA

=

6 Current density j = qiji = q2
i

ciDi

kBT
� = ��

7 Diffusivity vs. ionic conductivity � = q2
i

ci

kBT
Di
q2
εr r · · · (2) 1.960 (Li–O) 426.48 (Li–O)

q2
εr r · · · (3) – –

In crystalline solids, the structure is well defined and diffusiv-
ity can be modeled with a first-principles calculation [57] (Eq. 4
in Table 2). Diffusion in a crystal is strongly affected by bonding
potential and defects; the effects are incorporated in the dif-
fusivity expression as enthalpy (H) and a prefactor, Do (Eqs. 5
and 6 in Table 2) [58,59]. Bond types and potentials of materials
used in Li-ion batteries are summarized in Table 4 [60–62]. The
two strongest chemical bonds are ionic and covalent; electron-
transfer between two species creates ionic bonds, and covalent
bonds are formed by electron sharing among atoms. The van der
Waals interaction, expressed as the Lennard–Jones potential, is rel-
atively weak despite showing a longer interaction range. In the
case of the graphite anode, a Li-ion can easily diffuse parallel
oi:10.1016/j.jpowsour.2010.06.060

rather than perpendicular to the graphene layers during interca-
lation. Thus in order to understand the diffusion of the Li-ion it is
important to consider crystal structure as well as the surrounding
potential.

Comments

) : ∇ϕ = � Drift velocity expressed using
mobility and the chemical and
electrical potentials

Relationship between and in
the dilute case

∇ϕ
RT

)
Drift velocity in the dilute case

i + cizi
F∇ϕ
RT

)
= Dio

(
∇ci + cizi

F∇ϕ
RT

)
Definition of ionic flux is
combined with Eq. (3)

uiRT
NA

= uikBT = vi
�

kBT Describes the diffusivity and
mobility relationship

Definition of current density
(j), ionic flux (ji)

A generic relationship between
diffusivity and ionic
conductivity is obtained

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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.2.2. Relationship between diffusivity and ionic conductivity
Although diffusivity is used as a main descriptor for the motion

f Li-ions it is indispensible to survey the concept of ionic conduc-
ion and the relationship between diffusivity and ionic conductivity
ecause ionic conductivity also is important for describing the
otion of Li-ions. Motion of a Li-ion gives rise to ionic con-

uction (i.e. currents) under external electrical potential. In a
i-ion battery, Li-ions should move through the electrolyte from
he cathode to the anode during charge, and vice versa during
ischarge; anything hampering this motion can be interpreted
s ionic resistivity. As shown in Table 1, resistance can orig-
nate from inside the electrode materials, from the interface
etween the electrodes and the electrolyte, and from the electrolyte

tself.
Charged particles, including Li-ions, can pass through a media

nder two driving forces: an externally applied electric field or
concentration gradient. The mobility (ui) of ions represents the
egree of ease with which ions pass through media when an exter-
al electrical field is applied, and the diffusivity (Di) represents the
ase with which ions pass through media under a concentration
radient. While mobility and diffusivity are often treated as sepa-
ate phenomena, Table 5 summarizes the key equations for deriving
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

he relationship between them (and then for ionic conductivity) as
reviously described [51]. Indeed, it can be shown that mobility and
iffusivity are the same physical entity [51]. The key here is that
iffusivity, mobility, and ionic conductivity are related properties.
erivations of the relationships follow.

able 6
rain Boundary Diffusivity [67,68,70].

No. Title Equation

1-1
Fisher’s model

(
∂ ln c̄

∂y

)2
= 1

DGBı

(
4Di

t

)1

1-2 DGBı =
(

∂ ln c̄
∂y

)−2( 4Di
t

)
2-1

Whipple’s model

(
∂ ln c̄

∂y6/5

)5/3
= 1

DGBı

(
4Di

t

2-2 DGBı =
(

∂ ln c̄

∂y6/5

)−5/3( 4D
t

able 7
oom temperature resistivity for various materials.

Cell Component Material Band ga

Current collector (anode) Copper (C11000) 0
Current collector (cathode) Aluminum (1100) 0
Anode Graphite 0

Cathode
LiCoO2 0.5–2.7
LiMn2O4 0.28–2.2
LiFePO4 0.3–1

able 8
quations related to classical concept of electrical conductivity [94].

No. Title Equation

1 Electron gas force equilibrium equation m dv
dt

+ 	v =

2 Velocity of electron gas v = vf

[
1 −

3 Steady state current density j = Nf vf e =

4 Conductivity � = Nf e2�

m

Fig. 2. GB diffusion model by Fisher (adapted from [67–69]).

The relationship between mobility and diffusivity can be
obtained by considering the drift velocity (v ) of ions in terms of
oi:10.1016/j.jpowsour.2010.06.060

i

mobility (ui) under both an externally applied electric field and a
concentration gradient (Eqs. 1–5 in Table 5). The Nernst–Planck
equation (Eq. 5 in Table 5) implies that mobility and diffusivity are
interchangeable. Using the definition of current density induced by

Comments

/2
�−1/2 • Approximate solution easily applied to

experimental results
• A plot of log c̄ vs. y yields a straight line with
slope given in Eq. (1-1)

1/2
�−1/2 • Rearranging Eq. (1-1), we can get DGB)1/2
(0.78)5/3 • Exact solution but inconvenient to apply for

experimental results
• A plot of log c̄ vs. y6/5 yields a straight line
with slope given in Eq. (1-1)

i
)1/2

(0.78)5/3 • Rearranging Eq. (2-1), we can get DGB

p (eV) Electrical conductivity (S cm−1) Reference

5.8 × 105 [75,76]
3.4 × 105 [75,77]
(2–1) × 103 [78–80]

∼10−4 [81–83]
∼10−6 [84–90]
∼10−9 [91,92]

Comments

e� Electrons moving in a solid can be
modeled as a flowing gas
experiencing friction

exp
(

−
(

e�
mvf

t
))]

; vf = �e�
m Steady state solution to Eq. (1)

�� Eq. (3) can be derived from Ohm’s
law

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 9
Equations related to electrical conductivity modified by quantum mechanics [94,95,74].

No. Title Equation Comments

1 Current density j = vF eN(EF )�E = vF eN(EF ) dE
dk

�k Expression modifying Eq. (3) in
Table 3 to consider the
electrons near the Fermi level

2 Current density j = 1
3 v2

F
e2N(EF )�E = �E Simplification of Eq. (1)

3 Conductivity � = 1
3 e2v2

F
�N(EF ) Expression for conductivity of

conductor derived from Ohm’s
law

4 Conductivity � = (nie
e + pie
h) Expression for conductivity of
an intrinsic semiconductor
considering both electrons and
holes (for details see ref. [74])

2
(

k

2�

i
t
i
i
t
[
h
r
m
m
i
s
v
s

2

d
a
i
b
e
c
m
a
p
i
a
c
a
f
G
h
d
i
e
F
s

T
L

5 Concentration of charge carriers ni = pi =

onic flux (Eq. 6 in Table 5), along with either Eq. 4 or 5 in Table 2,
he relationship between diffusivity and ionic conductivity is eas-
ly obtained (Eq. 7 in Table 5). Consequently, if the contribution of
onic conduction to the total conduction [63] (electrical conduc-
ion + ionic conduction) is known, diffusivity can then be deduced,
64] and vice versa. Generally, diffusivity in electrode materials is
ard to measure experimentally. Ionic conductivity, however, is
elatively easy to measure and as has been shown diffusivity and
obility (or ionic conductivity) can be interconverted and comple-
ent each other. Thus, diffusivity can be deduced from measuring

onic conductivity. Note that most often adopted diffusivity mea-
urement techniques including CV, GITT, PITT and EIS measure the
ariation of ionic current under applied voltage to calculate diffu-
ivity.

.2.3. Grain boundary diffusion
To fully understand diffusion phenomena and obtain realistic

iffusivity values for electrode materials, the effects of the micro-
nd macro-structure as well as grain boundaries should be taken
nto account. The grain boundary (GB) is defined as the interface
etween two crystals (or grains). The GB differs from the grains in
ither crystallographic orientation, composition, bonding state or
rystal lattice dimensions [65]. The features of GB diffusion are low
igration barriers (HM and/or HF in Eqs. 5 and 6 in Table 2) and
high concentration of diffusion-mediating defects due to incom-
lete bonding or disorder; thus, the diffusivity value along a GB

s higher than that within grains [66]. First-principles techniques
re hard to apply to GB structures due to disorder, and therefore a
ontinuum model that considers grain boundaries as slabs is usu-
lly adopted to analyze grain boundary diffusion (Fig. 2 adapted
rom [67–69]). Two frequently used continuum model solutions for
B diffusion [67,70] are shown in Table 6 [67,68,70]. Both models
ave been analyzed [71] in terms of solution form: Fisher’s Model
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

escribed in [67],is an approximate solution easily applied to exper-
mental results, whereas Whipple’s Model described in [70] is an
xact solution that is inconvenient to apply due to its integral form.
ig. 2 shows the general trend of isoconcentration line (Fisher’s
olution) change as a function of time using the model derived in

able 10
i-ion diffusivity and electrical conductivity of cathode materials.

Cathode material DLi (cm2 s−1) � (S cm−1

LiCoO2 10−10 to 10−8 10−4

LiMn2O4 10−11 to 10−9 10−6

LiFePO4 10−14 to 10−15 10−9
BT

h̄2

)3/2
(memh)3/4 exp

(
− Eg

2kBT

)
Expression for charge carrier
concentration in the band gap
(for details see ref. [74])

[67]. As expected, along the grain boundary solute atoms diffuse
much faster. For example it is reported that the ratio of DGB/Di is
about 1010 at 200 ◦C for Ag [68].

2.3. Electrical conduction

2.3.1. Electrical conductivity
The differences in electrical properties of materials, e.g., insu-

lators, semiconductors and conductors, originate from the band
structures described by quantum mechanics [72–74]. An insula-
tor usually has a completely filled valence band and an empty
conduction band with a large band gap, while conductors have a
partially filled valence band (metal) or overlapped bands (semi-
metal), thus helping electrons in the crystal move easily when an
external electrical field is applied. The band gap and conductiv-
ity at room temperature (RT) of various materials used for Li-ion
batteries is summarized in Table 7 ([75–92]). Metallic materials
(band gap = 0) have very high electrical conductivities, and elec-
tron transport is the dominant conduction mechanism. Graphite
shows highly anisotropic electrical conduction properties [93] as
shown by the theoretically calculated values given in Table 19. For
materials having a non-zero band gap low conductivity is usual, and
overall conduction can be considered as the summation of ion and
electron transport. This makes ionic conduction more important
for semiconductors and insulators than for electrically conductive
materials. However, there are no viable theories yet developed to
quantitatively describe conduction properties using band gap anal-
ysis. Therefore, the usual approach relies upon the classical concept
of conductivity to describe conducting materials such as a metal.
This classical concept will be briefly introduced here along with
an advanced concept of conductivity based on quantum mechanics
[94,95].

From the classical point of view, electrical conduction is consid-
oi:10.1016/j.jpowsour.2010.06.060

ered to be the flow of a free electron gas. When a free electron gas
flows under an externally applied electric field, a friction force (	v)
hinders the flow; this friction force can be interpreted as electrical
resistance. This force equilibrium is expressed in Eq. 1 in Table 8
[94]. From the steady state solution to force equilibrium, electron

) Year Reference

2002, 2001, 1996 [97–99]
2002, 1999, 1996 [85,86,100,101]
2004, 2003, 2001 [91,92,102]

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 11
Diffusivity of Li-ion in LiCoO2 under various conditions.

Cathode material Diffusivity (cm2 s−1) Description Measurement technique Reference

LixCoO2

• 1.5 × 10−10 to
8.0 × 10−8 (single
particle)

• 2D layered structure:
R3̄m

PSCA [108,97]

• Diffusion mechanism:
divacancy

• 1.0 × 10−11 to
1.0 × 10−7 (single
particle)

• 3.85 V < E/V vs.
Li/Li+ < 4.2 V

EIS

• 4.0 × 10−11 to
3.0 × 10−10

(0.45 < x < 0.7)

• Thin film electrode PITT [109]

• Single phase region:
0.45 < x < 0.75

• 0.1 × 10−9 to
1.5 × 10−9

(0.3 < x < 0.85)

• Two phase region
(0.75 < x < 0.93)

EVS [98]

• 9.0 × 10−13 (particle
size: 60 nm)

• Effect of nano-sized
particle

EIS [110]

• At 3.2 V vs. Li/Li+

Li0.5CoO2

(003) (104) • Thin film electrode

Various [111]
• 1.9 × 10−12 (GITT) • 3.2 × 10−11 (GITT) • Crystal orientation

dependence
• 1.6 × 10−13 (PITT) • 1.8 × 10−11 (PITT) (003): thin film

thickness, 0.31 �m
• 1.6 × 10−10 (EIS) • 6.0 × 10−9 (EIS) (104): thin film

thickness, 1.35 �m
• 6.4 × 10−13 (CV) • 7.7 × 10−12 (CV)

LiaNi1−xCoxO2 • 8 × 10−9 to 2 × 10−8:
(a = 0, 0.7, 0.8, 0.9 and
0.3 < x < 0.8)

• Diffusivity insensitive
to a and x

GITT [112]

LixCo0.5Ni0.5O2 • 9 × 10−12 to
3 × 10−11(0.2 < x <0.9)

• Investigate diffusion
mechanism using Ds

and ˚

GITT [113]

LiCo1−xAlxO2
• 0.5 × 10−15 to
3.0 × 10−15 (x = 0)

• Al doping inhibits
anisotropic expansion
of structure

EIS [114]

• 8.0 × 10−15

to0.5 × 10−14 (x = 0.1)
a-Carbon coated
LiCoO2

• 1.21 × 10−10: bare
LiCoO2:

• Amorphous-carbon-
coating increased
diffusivity

EIS [115]

• 1.73 × 10−8: C-coated
LiCoO2:

LiFePO4 coated LiCoO2

5 cycles 50 cycles • 5 wt% LiFePO4 coating
GITT [116]• 1.2 × 10−11 (bare) • 0.38 × 10−11 (bare) • Good diffusivity

ted)

v
d
e
t
d
t
e
s
c

c
c
n
t
o
s
t
a
t
c

• 1.1 × 10−11 (coated) • 1.1 × 10−11 (coa

elocity (vf ) can be obtained (Eq. 2 in Table 8), which allows current
ensity (j) to be written as Eq. 3 in Table 8. Finally, an expression for
lectrical conductivity (�) (Eq. 4 in Table 8) can be obtained from
he expression for current density (j). Thus, electrical conductivity,
erived from the classical point of view, implies that the conduc-
ivity of a material increases when a large number of free electrons
xist and the relaxation time �, i.e. the average time between colli-
ions, is long. This model has been successfully applied to describe
onduction in metallic materials.

The conductivity expression derived via quantum mechanical
oncepts is more meaningful than that derived from the classi-
al model, because it considers electrons and the density of states
ear the Fermi level. Quantum mechanical concepts can also help
o understand the effects of doping, the intentional introduction
f impurities to vary the carrier concentration, as discussed in later
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

ections. From a quantum mechanics point of view, only some elec-
rons (near the Fermi level) displaced due to an electrical field are
ccelerated, and electron movement is considered only in the direc-
ion of the electric field [94]. The interaction potential must also be
onsidered. Displaced free electrons have equal or slightly higher
retention
• At 4.05 V vs. Li/Li+

velocities than the Fermi velocity (vF ). The current density can be
written as Eq. 1 in Table 9 [74,94,95] where N(EF) is the electron
population indicating available energy densities at the Fermi level.
The current density is obtained as shown in Eq. 2 in Table 9 by
substituting expressions for dE/dk and �k into Eq. 1. The expres-
sion for electrical conductivity is obtained as in Eq. 3 in Table 9.
The resulting conductivity expression can be used to correlate con-
ductivity differences among classes of materials (i.e. conductors,
semiconductors or insulators) as well as within the same class of
materials. However, expressions for the electrical conductivity of
semiconductors are generally more complex due to the band gap
and temperature dependence of carrier concentration (Eqs. 4 and
5 in Table 9).

The cathode materials analyzed in this review are semiconduc-
tors (Section 3.2) as defined by their band gaps (see Table 7); the
oi:10.1016/j.jpowsour.2010.06.060

band gap of Si, Ge, GaAs (generic semiconductors used in elec-
tronics industry) are 1.17, 0.744, 0.43 eV, respectively. A general
expression for electrical conductivity of intrinsic semiconductors
is shown in Eq. 4 in Table 9. The effects of temperature and band
gap on conductivity are contained in Eq. 5 in Table 9

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 12
Diffusivity of Li-ion in LiMn2O4 under various conditions.

Cathode material Diffusivity (cm2 s−1) Description Measurement technique Reference

LixMn2O4

• 3.2 to 1.38 × 10−11: single crystal • 3D Spinel Structure:,
Cubic PSC [117]

• E/V vs. Li/Li+: 3.8, 3.9,
4.08 V

• 0.7 × 10−8 to 3.4 × 10−8: parent particles • Oxidative treatment
resulted in finer
particles: not
advantageous

EVS, GITT [100]

• 1.0 × 10−10 to 4.0 × 10−9: oxidative treatment • 0.08 < x < 0.96
• 6 × 10−11 to 5 × 10−10 (particle: 20 �m) • Porous laminate vs.

ESD thin film
electrodes

PITT [101]

• 6 × 10−11 to 5 × 10−10 (thickness: 10 �m) • 4.07 V < E/V vs.
Li/Li+ < 4.19 V

• 1.71 × 10−12: bare sample • SEI layer effect: thin
film (0.5 �m thickness)
with nanosized grains
(100 nm)

PSCA [118]

• 4.67 × 10−13: sample after 15 cycles
• 10−10: highly crystalline film (PLD) • Effects of thin film

fabrication process
CV [119]

• 10−8: oxygen rich defective film (UVPLD)

LiAlxMn2−xO4

• 2.7 × 10−11 (x = 0) • Al doping shrinks
diffusion path and
decrease diffusivity EIS [120]

• 26 × 10−12 (x = 0.125) • At 4.05 V vs. Li/Li+

• 8.0 × 10−12 (x = 0.25)
• 4.4 × 10−12 (x = 0.375)

LixBy Mn2−y O4

• 5.0 × 10−10 to 5.0 × 10−9 (y = 0) • B doping increases DLi

CPR [121]• 5.0 × 10−9 to 8.0 × 10−9 (y = 1/6) • Composite electrode
• 8.0 × 10−9 to 1.0 × 10−8 (y = 1/3) • 0.08 < x < 0.96

LiyMn2−yO4 (M = Co, Cr,
Fe, Ni)

• 10−9 to 10−10 (y = 0) • Doping increase due
to weakening Li–O
bonding and/or
disorder/order in

PITT [122,123]

3

a
L

T
D

• 1 × 10−10 to 5.0 × 10−8 (y = 1/6: Co or Cr)
• 6.5 × 10−10 to 5.0 × 10−8 (y = 1/6: Fe)
• 2.3 × 10−11 to 1.8 × 10−8 (y = 1/6: Ni)
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

. Survey of conduction studies in cathode materials

Since the invention of Li-ion batteries, three cathode materi-
ls, LiCoO2, LiMn2O4 and LiFePO4, have represented the majority of
i-ion cathode research. For illustrative purposes, Fig. 3 depicts con-

able 13
iffusivity of Li-ion in LiFePO4 under various conditions.

Cathode material Diffusivity (cm2 s−1) Descriptio

LiFePO4

• 1.6 × 10−9: [0 0 1], c direction at 147 ◦C • Olivine st
•<10−10: [100], a direction at 146 ◦C • Crystal o
• 2.4 × 10−9: [0 1 0], b direction at 146 ◦C

Li1−xFePO4
• 4.97 × 10−16 to 9.13 × 10−15 (0.1 < x < 0.9) • Effect of d• 1.91 × 10−15 to 1.29 × 10−14 (0.1 < x < 0.9)

LiFe1/4Mn1/4Co1/4Ni1/4PO4 • 10−15 • Quaterna

LiFe1−xMnxPO4 • ∼10−13 to ∼10−12 (0 < x < 0.2) • Mn dopin

Al-doped LiFePO4

• 6.0 × 10−8: [001], c direction at 180 ◦C • Crystal o
• 1.0 × 10−9: [1 0 0], a direction at 180 ◦C • Diffusion
• 7.0 × 10−8: [0 1 0], b direction at 180 ◦C

LiZn0.01Fe0.99PO4
• 9.98 × 10−14: undoped sample • Zn dopin
• 1.58 × 10−13: doped sample • Pillar effe

Li1−xFePO4/C composite • 2.9 × 10−11 to 1.1 × 10−12 (0 < x < 1) • Effect of n

C-coated LixFePO4

• 1.27 × 10−16: x = 0 • Bare sam
• 8.82 × 10−18: x = 0.9 • FePO4: lo
• 5.95 × 10−17: 5th cycle • C coated
• 5.44 × 10−17: 50th cycle • Good diff
spinel structure
• ∼0.2 < x < ∼0.85 GITT
oi:10.1016/j.jpowsour.2010.06.060

duction phenomena in a single composite cathode particle (LiFePO4
in contact with conductive additive and binder) during charge.
When a Li-ion diffuses out of the cathode (ionic conduction) dur-
ing the charge cycle the valence state of the transition metal ion
changes (electronic conduction); the Fe2+ ion is oxidized to Fe3+.

n Measurement techniques Reference

ructure: Pnma
DC polarization [124]rientation dependence

elithiation
GITT

[102]
EIS

ry solid solution of transition metals GITT [125]

g changed crystal structure CV [126]

rientation dependence
DC polarization [127]preference in b, c plane

g increased diffusivity
EIS [128]

ct

ano-size particle (300 nm) EIS [129]

ple

EIS [130]
wer diffusivity
sample
usivity retention

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Fig. 3. Conduction phenomena in c

hus, it is important that electrical and ionic conductivities be opti-
ized in cathode materials, since either of these values can dictate

he overall cell properties including capacity and cycle life [64,96].
owever, assuming that diffusion governs charge/discharge rates,
reater emphasis usually falls on ionic conductivity rather than
lectronic conductivity, since high ionic conductivity will allow the
apid diffusion of Li-ions into the cathode material. Average values
f Li-ion diffusivity and electrical conductivity for different cathode
aterials are summarized in Table 10 [85,86,91,92,97–102]. Note

hat both the Li-ion diffusivity and electrical conductivity of LiCoO2
re superior to those of LiFePO4 and LiMn2O4, yielding a possible
eason that LiCoO2 displays a higher realized percent of theoretical
apacity [38] than the other cathode materials. Efforts to manipu-
ate the ionic and electrical conductivity of LiFePO4 and LiMn2O4
ia doping have not yet been rewarding. To date, only conductive
oatings and particle size reduction techniques have resulted in
igher conductivity for cathode materials.

.1. Ionic conduction in cathode materials

When discussing ionic conduction in crystals, it is necessary to
onsider the structure of the host species. Diffusion of a Li-ion in a
athode particle is strongly dependent upon the interaction poten-
ial between the Li-ion and the host material structure. In Table 6
nteraction potentials are given for the different cell components

ith representative values for various materials. A simple model
or determining the diffusion path of ions in various crystal struc-
ures is introduced in [103]. This model describes the diffusion path
s the following:

T = WC + WP + WR (3.1.1)

here WT is the total potential energy, WC is the Coulombic inter-
ction, WP is the van der Waals interaction and WR is the overlap
epulsion between closed shell ions.

The total potential energy of a diffusing ion in a crystal is calcu-
ated, and it is assumed that ion transport has occurred following
he path of minimum total potential energy. According to the shape
f the diffusion path (or dimensionality of the passageway of the
i-ion) in the crystal, various structure types can be classified,
ncluding 1D unidirectional tunnels (LiFePO4 [104,105]), 2D layered
tructures (LiCoO2 [105,106]) and 3D arrays of tunnels (LiMn2O4
62,107]). The cathode structure type directly influences the Li-ion
iffusion values as seen in Tables 11–13 [97,98,100–102,108–130].
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

iCoO2, having a 2D layered structure, shows the highest Li-ion dif-
usivity among the three different cathodes, while LiFePO4 with
ne-dimensional channels shows the lowest diffusivity.

First-principles calculations [62,104,105,131–133] can be a
owerful tool for understanding atomic scale diffusion in cathode
e particle (LiFePO4) during charge.

particles and providing detailed insight into diffusion mechanisms
and structural properties. First-principles calculations of LixCoO2
diffusivity have been conducted at varying intercalation levels of
Li (0 ≤ x ≤ 1), elucidating the reason for the wide variation of dif-
fusivity based upon the activation barrier change and divacancy
diffusion mechanisms (also, see Table 7) [131,134]. First-principle
calculations were used in [135] to show that (0 1 0) surface ter-
mination in LiFePO4 is the most stable orientation and also favors
Li-ion diffusion. Theoretical calculations derived from the uti-
lized techniques, however, contain intrinsic inaccuracies [132,136]
and originate from the shortcomings of approximation [137] and
numerical error [138]. Furthermore, ab initio techniques may be
problematic or even inapplicable because of impurities, multiple
phases [109], and disordered amorphous phases in the host struc-
tures [139].

The primary schemes for manipulating the diffusivity in cath-
ode particles include doping, coating the cathode particle surface,
scaling down the particle size, and changing the crystallinity (see
Tables 11–13). The doping technique is often used by the semicon-
ductor industry in order to precisely alter silicon conductivity by
creating charge carriers in the form of excess electrons or holes
[140]. Using dopants in cathode materials is based on the same
concept. The dopants, in theory, affect the electronic structure of
the cathode by changing the crystal parameters [113] with the
intent of increasing [114] or decreasing [127] the ease of Li-ion
transport. Unfortunately, doping cathodes has not produced any
significant improvement in diffusivity; in some cases diffusivity
has been increased by an order of magnitude relative to a control
sample, although the absolute value still falls within the average
measured diffusivity of the material.

While the mechanism is not yet fully understood, coating the
surface of the cathode material with a layer of a different sub-
stance can increase diffusivity. If a cathode material is coated in a
non-conductive material, (e.g., LiCoO2 with LiFePO4 coating) [116],
there is no significant change in diffusivity; however, an increase
in cycle life is observed as the coating prevents cobalt ion disso-
lution. If a conductive species (e.g., carbon) is used as the coating
material diffusivity is increased, perhaps by enhancing electrical
conductivity.

The most straightforward scheme for manipulating diffusivity
is to reduce the cathode particle size to the nano-scale to give
a reduced diffusion length; this technique has been reviewed in
[141]. One drawback to nano-sized cathode particles is that they
oi:10.1016/j.jpowsour.2010.06.060

usually show a higher reactivity than micro-sized particles and
therefore more easily form an SEI layer which can act as a diffu-
sion barrier impeding the motion of Li-ions [110,142]. Amorphous
phases, like grain boundaries, are known to have larger diffusiv-
ity than crystalline phases. Thus, by controlling the ratio between

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 14
Electrical conductivity of LiCoO2 under various conditions.

Cathode material Electrical conductivity (S cm−1) Description Measurement technique Reference

LixCoO2
• 2.0 × 10−1 (single crystal) • Semiconductive (x = 1):

conductivity is dependent on T 4 Point Probe DC [154]

• 5.0 × 102 (single crystal) • Metallic conduction (x = 0.5):
conductivity is independent of
T

Li1.0MgyCo1−yO2

• 10−3.75: y = 0 • Mg doping induces electron holes
via 2Co2+ → Co4+ + Mg2+: NMR
study confirms this phenomenon

4 Point Probe DC [99]• 10−1.1: y = 0.03
• 10−0.75: y = 0.06

LixNi0.30Co0.70O2
• 10−3 to 10−2: 0.72 < x < 1 • Electrical conductivity:

thermally activated process for
all x

4 Point Probe DC [155]

• 10−2.5 to 100.2: 0.40 < x < 0.72 • True metallic behavior not
observed: Ni doping hinders
electron delocalization

LiGayCo1−yO2

• 6.76 × 10−4: undoped sample • y = 0.005: creates band gap
4 Point Probe DC [156]• 1.30 × 10−3: doped sample

(y = 0.005)
• y = 0.1: widening band gap

• 3 × 10−5: doped sample
(y = 0.1)

Al2O3-coated LiCoO2

• 1.30 × 10−9 (bare)
Density = 1.8 g cm−3

• Effect of density and Al2O3-coating on
electrical conductivity

– [157]

• 6.66 × 10−9 (0.2 wt%)
• 1.40 × 10−8 (2.0 wt%)
• 1.81 × 10−9 (bare)

Density = 2.0 g cm−3• 1.11 × 10−8 (0.2 wt%)
• 2.00 × 10−8 (2.0 wt%)

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 15
Electrical properties of LiMn2O4 under various conditions.

Cathode material Electrical
conductivity (S
cm−1)

Description Measurement technique Reference

LixMn2O4

• 10−6.0 (x = 1.00) • Effect of
deintercalation

4 Point Probe AC [85,86]• 10−5.5 (x = 0.98) • Small polaron
mechanism is
suggested for
electrical transport

• 10−3.6 (x = 0.75)
• 10−4.5 (x = 0.40)

Li1+dMn2−dO4

• 1.6 × 10−2 (at
50 ◦C): d = 0, bare

• Effect of heat
treatment and d
variation EIS [158]

• 1.4 × 10−2 (at
50 ◦C): d = 0.005,
bare

• Valence state
varied due to heat
treatment
temperature

• 5.4 × 10−2 (at
50 ◦C): heat treated
at 580 ◦C

• Effect of d
variation is
negligible

• 1.4 × 10−8 (at
50 ◦C): heat treated
at 800 ◦C

LixMn2O4

Electrochemical Chemical • Different
deintercalation
processes:
electrochemical
and chemical

4 Point Probe AC [159]

• 10−4.8 (x = 0.98) • 10−4.2 (x = 0.98) • Chemical process
induces highly
defective structure

• 10−3.6 (x = 0.75) • 10−3.7 (x = 0.8)
• 10−4.7 (x = 0.4) • 10−2.5 (x = 0.4)

LiCoyMn2−yO4

• 2.0 × 10−4 (y = 0),
2.0 × 10−2 (y = 1):
at RT

• Higher T: Mott
model (small
polaron)

2 Point Probe AC [160]

• 2.0 × 10−8 (y = 0),
1.0 × 10−4 (y = 1):
at −107 ◦C

• Lower T: variable-
range-hoping
model

• 10−4.2 (y = 0, to
0.5): at RT

• Lower T: hopping
of small polaron 4 Point Probe AC [161]

• 100 (y = 0), 10−1

(y = 0.5): at 394 ◦C
• Higher T: Co ions
lowers activation E

LiNiyMn2−yO4
• 2.0 × 10−4 (y = 0.1,
crystallite size:
22 nm)

• Ni2+ replaces
Mn3+: no electron
hopping at higher
Ni content (e.g.,
y = 0.5)

2 Point Probe AC [162]

• 1.9 × 10−7 (y = 0.5,
crystallite size:
22 nm)

LiCuyMn2−yO4

• 2.0 × 10−5.0 (y = 0
at 17 ◦C)

• Transport through eg

Mn electron and eg Cu
(tg Fe) holes

4 Point Probe AC [163]
• 7.0 × 10−4.0

(y = 0.2 at 17 ◦C)
• 6.0 × 10−3.0

(y = 0.4 at 17 ◦C)

C-coated LiMn2O4

• 10−4.0 (C: 0.6 wt%,
at 30 ◦C)

• Carbon coating effect
on electrical 4 Point Probe AC [164]

−5.1

c
U
i
t
i
a
s
o

• 10 (C: 2.5 wt%,
at 30 ◦C)
• 10−6.3 (C: 13 wt%,
at 30 ◦C)

rystalline and amorphous phases, diffusivity can be tailored [119].
ltimately, none of these schemes have lead to a breakthrough in

onic conductivity. A critical challenge facing experiments designed
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

o tailor diffusivity is that the measured values vary widely depend-
ng on experimental setup, measurement or simulation technique
nd electrode fabrication method. Thus, in order to evaluate these
chemes, it becomes important to know the precise range and cause
f diffusivity variation for each host structure.
conductivity

The maximum charge/discharge rate is one of the important
factors for high power applications of Li-ion cells and is directly
related to Li-ion conduction properties (diffusivities). Higher diffu-
oi:10.1016/j.jpowsour.2010.06.060

sivity results in a higher charge/discharge rate. The response of a
Li-ion cell to the various charge/discharge rates can be found in
CV plots (or diffusivity plots) [118,143–148]; as sweeping volt-
age increases, current increases or vice versa. From these plots
it can be seen that as the rate increases the features observed at

dx.doi.org/10.1016/j.jpowsour.2010.06.060


ARTICLE IN PRESSG Model

POWER-13278; No. of Pages 26

M. Park et al. / Journal of Power Sources xxx (2010) xxx–xxx 13

Table 16
Electrical properties of LiFePO4 under various conditions.

Cathode Material Electrical Conductivity
(S cm−1)

Description Measurement
Technique

Reference

Li1−xCrxFePO4

• 8.0 × 10−10: x = 0,
sintered at 700 ◦C

• Higher
conductivity for
doped sample;
p-type conduction
(holes)

2 Point Probe
DC [91,92]

• 6.0 × 10−9: x = 0,
sintered at 850 ◦C

2 Point Probe
AC

• 1.0 × 10−1: x = 0.03

LixFePO4

• 10−2:
x = 0.9(impurity:
Fe2P2O7)

• Effect of synthesis
conditions Hall Effect [165]

• 10−9: x = 1.0(no
secondary phase)

• Impurity
increases
conductivity

• 10−3: x = 1.1
(impurity: Li3PO4)
• 3.5 × 10−5: total
conductivity,

• Single crystal
(c-axis, at 146 ◦C)

AC impedance DC
polarization

[124]
• 3.5 × 10−5: electrical
conductivity

• Electrical
conductivity » ionic
conductivity

• 1.6 × 10−9: ionic
conductivity

LiFePO4/C composite
• 10−7 (size: 20 nm, C
content: 16 wt%)

• Effect of
nano-sized particle
and C coating

– [166]

• 10−3 (size: 30 nm, C
content: 6 wt%)

Li1−xMxFePO4 (M = Zr,
Nb, Mg)

• 8.0 × 10−9: undoped
samples

• Higher conductivity for doped
sample; p-type conduction (holes) 4 or 2 Point Probe DC [36,167]

• ∼10−2: doped
samples

C
coated-Li0.99NbxFePO4

• ∼10−9 • Pure LiFePO4

AC
impedance

[168]
• ∼10−1 (4.74 wt% C
and x = 0)

• Effect of carbon
coating; percolation of
C coated particles• ∼10−2 (2.50 wt% C

and x = 0)
• ∼10−3 (1 wt% C and
x = 0.01)

• Effect of carbon
coating and Nb
doping

C/LiFePO4 composite
• ∼10−1 (30 wt% C),
∼10−3 (17 wt% C) and

• Effect of carbon
phase; C added in the

inning

2 Point
Probe DC

[169]

ect of
hosph
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beg∼10−4 (7 wt% C)

Fe2P/LixFePO4

composite
• 1.0 × 10−3 at x = 0.99 • Eff

of p• 2.0 × 10−4 at x = 0.97

ower rates (e.g., distinctive current peaks) disappear and peak
urrent decreases (capacity decreases). This is caused by a limit
n ionic conductivity. Another important limiting factor is related
o the thermal properties of the cell. Li-ion cells operated at
igher charge/discharge rates generate more heat; this can induce
tructural damage and thus severe capacity loss during cycling.
herefore the maximum charge/discharge rate should be optimized
nd the operating temperature controlled by an appropriate ther-
al management scheme.
The difference between charge rate and discharge rate at the

ame voltage (or driving force) is dependent upon the material
ystem. For example, LiMn2O4 and LiFePO4 cathodes show smaller
ifferences between charge rates and discharge rates [118,143,145]
hile LiCoO2 shows quite large differences [146,148]. Common

auses of such differences are SEI layer growth rate [118], phase
ransition [148] and transition in electrical properties (transition
etween semiconductor to metal) during charge/discharge [146].
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

Diffusion phenomena with a complex geometries such as den-
rite formation, the SEI layer, and electrode deposition are very

mportant in understanding the behavior of Li-ion batteries. To
ddress these problems, the phase field approach is one of the most
owerful tools. The key point of the phase field method is treatment
of synthesis

Fe2P (metallic inclusion
ide) phase

4 Point
Probe DC

[170]

of the interface between the phases. The interface is described by a
smooth but localized change around the interface. This reduces the
mathematical difficulties associated with applying the boundary
conditions at the interfaces. The phase field method has been exten-
sively applied to the modeling of microstructure evolution such as
grain growth [149], interaction of nanoparticles with lipid layers
[150], and control morphology of nanostructures within an electric
field [151]. In electrochemistry, the phase field method has been
used to explore the equilibrium structure and kinetics of an elec-
tric field between two phases consisting of charged components
[152,153].

3.2. Electrical conduction in cathode materials

Many studies detailing the electrical conduction of cath-
ode materials have been published. The electrical properties of
LiCoO2, LiMn2O4 and LiFePO4 are summarized in Tables 14–16
oi:10.1016/j.jpowsour.2010.06.060

[36,85,86,91,92,99,124,154–170]. The ability for the cathode mate-
rials reviewed here to intercalate Li-ions is closely related to both
their electrical and ionic conduction [38]. Yet compared to the ionic
conduction process, electrical conduction is not considered a dom-
inant factor.

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Among many reviews [39,45,171–173] on cathode materials
nd cell performance limiting factors, attention has been directed
o the electrical conductivity of cathode materials for increasing dif-
usion and ultimately the performance of Li-ion batteries [172]. All
athode materials considered here have semiconductor features.
lectrical conduction in a semiconductor is a thermally activated
henomenon and usually follows an Arrhenius type relationship
s shown below [174]:

T = �o exp
(

− Ea

kBT

)
(3.2.1)

here � is the electrical conductivity, �o is the pre-exponential
actor, Ea is the activation energy, kB is the Boltzmann constant and
is the temperature.

A remarkable jump in electrical conductivity of LiFePO4 using
oping methods was reported [36]; later it was questioned whether
he enhanced electrical conductivity resulted from the dopants or
rom carbon residue impurities [175,176]. First-principles calcu-
ations [165] show that electronic conductivity of LiFePO4 is not
ffected by doping (or solid-state reaction conditions). Although
he electronic conductivity is found to be between 10−3 and
0−2 S cm−1 for LixFePO4 (0.7 < x < 0.95 or 1.05 < x < 1) when doped,
his is attributed to an increase in electronic conductivity (relative
o the values found in Table 10) caused by impurities present in the
ample. Also, unlike previous reports [36,172], LiFePO4 is actually
ound to have larger electrical conductivity than ionic conductivity,
nd thus ionic conductivity dictates electrochemical performance
177]. Unfortunately, in many cases doping decreases electrical
onductivity [156,163,178] and does not produce any significant
enefit. Thus it remains unclear how the electrical conductivity of
iFePO4 can be increased.

Another dominant factor in changing electrical conduc-
ion is phase transition. LiMn2O4 undergoes a reversible cubic
Fd3m) ⇔ orthorhombic (Fddd) phase transformation near room
emperature (∼280 K) [179,180] inducing a modification of
he atomic structure, and thus electrical conductivity. Usu-
lly low-temperature orthorhombic phases have lower electrical
onductivity [85,180]. LiCoO2 also shows insulator-to-metallic
ransformation behavior in terms of activation energy [181] when
ocal conducting domains around Co3+ become connected via Li-
ons in a partially intercalated state. This transition happens when a
ertain number of Li-ions are deintercalated [7]. The intercalation-
nduced phase transformations observed in LiMn2O4 and LiCoO2
xhibit changes in electrical conductivity of about three orders of
agnitude [181].
First-principles calculations are advantageous in understanding

he electronic structure of cathode particles and the doping effect
82]. The lack of dependable models, however, makes the prediction
f electrical conductivity from first-principles calculations much
ore difficult than comparable diffusivity predictions [131,138].

he reported band gap values of each of the cathode materials con-
idered varies widely; for example the band gap of LiFePO4 has
een reported to be between 0.3 and 1 eV [91,92,182] depending
n the computational scheme. Also, it is hard to explain why LiCoO2
hows much higher electrical conductivity than LiFePO4 [78,38] by
xamining the electronic structure (band gap) alone. For spinel (e.g.,
iMn2O4) and olivine (e.g., LiFePO4) cathodes, an often-proposed
echanism is the “hopping of small polarons” common in insula-

or materials [183–185]. This mechanism is adopted to explain the
elatively easier electron charge transfer in these materials, even
hough the cathode particles have a band gap more properly asso-
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

iated with semiconductors. This example shows the immaturity
f theories that have been used so far to understand the electronic
onduction and reveals the amount of work left to do.

The only successful scheme to enhance electrical conduc-
ivity has been a coating method using nano-sized particles
Fig. 4. Operating Li-ion battery.

(Tables 14–16). Considerable research on the effect of coating nano-
sized particles on cell performance (capacity or cyclability) has
been conducted to date [169,186–189]. However, the underlying
mechanisms are controversial and reveal a lack of fundamental
understanding. It has been argued that it is not the carbon coating
but the smaller size of the particle that brings a significant increase
in electrical conduction, due to the larger ionic conductivity of the
cathode particles [190]. In some cases [187,191], a combination of
surface coating with carbon and transition metal doping has been
attempted. Results show better cell performance (e.g., less capac-
ity fading), but the actual mechanism or dominant factor has not
been discussed. Overall, understanding the quantitative interaction
between ionic and electrical conduction remains incomplete.

4. Survey of conduction studies in anode materials

Although attempts have been made to find suitable replace-
ments, currently only carbonaceous materials are used in com-
mercial anodes [192]. Carbonaceous materials include graphites
(natural graphite and HOPG), modified graphites (MCMB, carbon
fiber, metal deposited carbon fiber), and non-graphitic carbons
[193]. There are a number of reviews on anode materials [193–196]
and many of them focus on both carbon and inorganic materi-
als. Conduction properties of carbonaceous materials are primarily
reviewed here; other anode materials display conduction mecha-
nisms similar to those described for cathode materials.

Conduction in graphite anodes is complex due to continu-
ous phase transformations and the formation of the SEI layer.
Phase transformations are reflected in the open-circuit voltage
(OCV) curve as distinct plateaus [197]. Also conduction is strongly
dependent upon the degree of crystallinity. As the fraction (f) of
amorphous phases (fraction of crystalline phases, 1 − f) increases,
electrical conductivity decreases and diffusivity increases. This
indicates the possibility of optimizing conduction properties of car-
bonaceous materials by varying the fraction of each phase [198].
Non-graphitic carbonaceous materials do not undergo phase trans-
formations and therefore do not show distinctive stages in the OCV
curve [197]. The SEI layer displays much lower ionic and electronic
conductivity than the bulk electrode. To elucidate the mechanisms
related to the properties and performance of Li-ion batteries, pre-
cise investigation of the electronic state and the diffusion process
in the carbon and the SEI layer is still required.
oi:10.1016/j.jpowsour.2010.06.060

4.1. Ionic conduction in anode materials

Intercalation/deintercalation of Li-ions in graphitized carbon is
well established and documented [199–202] (see also Fig. 4). A

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 17
Diffusivity of Li-ion in graphite under various conditions.

Anode material Diffusivity
(cm2 s−1)

Description Measurement technique Reference

Natural
graphite

• 10−9 to 10−10:
measured at RT

• Structure of
Li-GIC: P6/mmm PSCA [210]

• 10−11 to 10−10:
measured at −35 ◦C

•Effect of lower
temperature

• 10−6 to 10−5:
dilute stage 1

• Diffusivity
dependence on
stage
phenomenon; it
keeps changing in
discontinuous
manner

AC
impedance

[206]

• 10−7 to 10−8:
stage 4, 4, and 2L

• Features: order and
disorder phases,
two-phase regions• 10−8: stage 2 and

1
• 10−9: between
stage 1 and stage 2
• 10−10: between
stage 2 and stage
2L
• 1 × 10−11 (2.5 V)
to 4 × 10−10 (0.8 V)

• Novel technique
to measure
diffusivity: one
complementary
parameter needed

RPG [211]

MCMB
• 10−11.7 to 10−9.8:
new model

• Surface area
calculated by
suggested model

GITT [212]

• 10−9.5 to 10−7.7:
geometric area

• Diffusivity trend
is different even in
the same method
when geometric
surface area used

• 10−9.1 to 10−11:
geometric area

• 0.025 V < E/V vs.
Li/Li+ < 0.25 V

Graphitized
MCMB

• 10−10 to 10−9

(0.15 < x < 0.8):
insertion

• Novel technique to
measure diffusivity: no
complementary
parameter needed

Potential
relaxation

[213]

• 10−10 to 10−8

(0.15 < x < 0.8):
extraction

Graphite
• 1 × 10−11 to
1 × 10−7:

• Discussion on PITT
method for the
diffusivity of
two-phase regions

PITT [214]

(0.025 V < E/V vs.
Li/Li+ < 0.25 V)

HOPG

• 1.14 × 10−12,
3.84 × 10−11: bulk

• Diffusivities
measured at 0.05 V and
0.2 V vs. Li/Li+

respectively

EIS
[207]• 1.42 × 10−12,

1.82 × 10−11:
powder
• 5.36 × 10−12,

−11 PSCA

p
r
h
c
[
c
o
t
d
d
F
o
l

i

5.89 × 10 : bulk
• 0.70 × 10−12,
0.30 × 10−11:
powder

rominent feature of graphite anodes is the staging phenomenon
elated to the intercalation process [203,204]. The domain model
as been suggested [199], and the phase diagram for a staged inter-
alation compound using mean field theory has been calculated
205]. It has also been shown how repulsive forces in a mixed stage
an result in a pure stage during intercalation [200]. The diffusivity
f Li-ions in graphite is complicated by the constant phase change in
he Li-graphite intercalation compound (Li-GIC), which can intro-
uce disorder into the originally ordered structure [206]. As the
egree of intercalation increases, diffusivity becomes smaller [207].
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

or this reason, diffusivity is reported as a function of intercalation
r electrode voltage [206]. Note that low quality carbon, which has
ow crystallinity, does not exhibit the staging phenomenon.

Carbonaceous materials’ properties largely depend on the start-
ng materials (carbon precursor), heat treatment, the final mixture
ratio between turbostratic and graphitized phases, and/or the
straining of fibers during heat treatment [208]. Amorphous car-
bon is known to be composed of small carbon sheets [209], and
is of interest due to a much higher capacity than graphitized car-
bon. Li-ion diffusivity in amorphous carbon has been calculated to
be 5.40 × 10−6 cm2 s−1 at 300 K; Li-ion diffusivities in graphite and
modified graphite materials are summarized in Tables 17 and 18
[206–208,210–219]. Note that Li-ion diffusivity in amorphous car-
bon is generally much greater than that in graphitized carbon.

The diffusion process can vary widely from one type of car-
oi:10.1016/j.jpowsour.2010.06.060

bon to another [220–222]. Surface modification of carbon by mild
oxidation, deposition of metals, and coating with polymers or
other kinds of carbons has been shown to increase cell perfor-
mance (e.g., reversible capacity) [195,223]. Boron doped graphite
has also been researched as an option to enhance electrochemi-

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 18
Diffusivity of Li-ion in modified graphite under various conditions.

Anode material Diffusivity (cm2 s−1) Description Measurement technique Reference

Mesophase-carbon
fiber

• 2.0 × 10−8, 1.0 × 10−8

(ordered, disordered
phase): pristine fiber

• High Li ion loading
capacity PSCA [215]

• 3.5 × 10−8, 2.0 × 10−8

(ordered, disordered
phase): HTT = 250 ◦C

• Effect of heat
treatment

• 8 × 10−8, 5 × 10−8

(ordered, disordered
phase): Ag film coating
and HTT = 350 ◦C

• Effect of Ag
deposition and/or heat
treatment

• 1 × 10−10 to 9 × 10−7

(Ag film coating)
0.025 V < E/V vs.
Li/Li+ < 0.6 V

Potential Step [216]

PAN-based carbon fiber • 10−14 to 10−11 (LixC6:
0.1 < x < 0.8)

• Heat treatment and
tension realigns
molecular chain

CPR [208]

Coal pitch-based
carbon fiber

• 10−12 to 10−10 (LixC6:
0 < x < 0.6)

• CPR: evaluate
diffusivity near surface

CPR
[217]

• 10−13 to 10−10 (LixC6:
0 < x < 0.6)

• PSCA: evaluate whole
diffusion process

PSCA

Mesophase pitch-based
carbon fiber

• 10−9 to 10−8 (LixC6:
0.1 < x < 0.5,
HTT = 2000 ◦C)

• Effect of texture and
degree of
graphitization

EIS [218]

• 10−8 to 10−7 (LixC6:
0.1 < x < 0.5,
HTT = 3000 ◦C)

Disordered Structure-MCMB • 10−8 to 10−9

(0.1 < x < 1)
Dependence of DLi on
intercalation

PSCA [219]

Table 19
Electrical conductivity of graphite, Li-GIC and a-carbon under various conditions.

Anode material Electrical conductivity
(S cm−1)

Description Measurement
technique

Reference

Graphite

• 1.89 × 104 (predicted
value)

• Parallel
direction with
respect to
graphene layer

– [75,93,246,247]

• 1.0 × 104 (single
crystal)

• Perpendicular
direction with
respect to
graphene layer

• 2.1 × 102 (predicted
value)

• Crystallite
boundaries
limit electrical
conduction

• 1.0 × 100 (single
crystal)
• 1 × 103

(polycrystalline
graphite)

Li-GIC • 2.45 × 105 • Stage 1 – [245]

Graphite thin film
• 2.5 × 102: bulk
graphite

• GB interconnection
resistance 4 Point Probe [80]

• 3.0 × 10 1: ten-layers
of thin film

a-Carbon thin film
• 102: as-fabricated
sample

• Effect of pressure on ionic
conductivity of thin film
deposited by plasma
assisted CVD

4 Point Probe [248]

• 104: pressurized
sample (under 3 GPa)

PAN-based carbon fiber

• 2.2 × 101 to 2.6 × 101

(tension, 0 MPa)
• Tension under
heat treatment
induces
alignment of
molecules and
varying
electrical
conductivity

Linear sweep
voltammetry

[208]

• 4.1 × 101 to 4.6 × 101

(tension, 4.87 MPa)
• HTT = 1100 ◦C

• 4.3 × 101 to 4.8 × 101

(tension, 10.97 MPa)
• 4.4 × 101 to 4.7 × 101

(tension, 15.03 MPa)

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 20
Generic thermal models.

No. Model Governing equation Comments Reference

1 Electrical-electrochemical-thermal coupled model ∇ · (ka∇T) + �2

f 2
a hRs

H(x, y) = �Ĉpa
∂T
∂t

• Single Cell, 2D [257]

• Perturbation approach
• Analytical solution

2 Electrical-electrochemical-thermal coupled model �Ĉp
∂T
∂t

= kheat,x
∂2T
∂x2 + kheat,y

∂2T
∂y2 + qheat − qconv • Single Cell, 2D [255]

• Position, DOD considered
• Numerical solution

3 Electrical-electrochemical-thermal coupled model qheat =
∑

j

kheat(Ti − Tj) + Mi
dTi
dt

• Single Cell, 1D [256]

• Lumped node model
• Numerical solution

4 Thermal model �Ĉp
∂T
∂t

= kheat,x
∂2T
∂x2 + kheat,y

∂2T
∂y2 + kheat,z

∂2T
∂z2 + qheat • Cell Stack, 3D [30]

• q assumed to be constant
• Numerical solution

5 Energy balance-electrochemical-thermal coupled model ∂(ĈpT)
∂t

= ∇ · (kheat∇T) + qheat • Single Cell, 1D [258]
• Numerical solution

6 Energy balance model �H = 1
2cB,∞ V̄B,∞

∂H̄A
∂cA

∣∣∣
∞

∫
(cA − cA,∞)2dv + Cp∞�T • Single Cell, 1D [259]

• heat of mixing
• Numerical solution

7 Energy balance model q − IV =
∑

1

[
I1T2 d(U1.avg /T)

dt

]
−
∑

j

d
dt

[∫
Vj

∑
i

ci,jRgT2 ∂
∂T

ln

(
	i,j

	avg

i,j

)
dvj

]
−

∑
j,j /= m

∑
i

[(
�Ho

ij→m
− RgT2 d

dT
ln

	avg

i,m

	avg

i,j

)
dni,j

dt

]
+

dT
dt

[∑
j

∑
i

no
i,j

C̄avg
Pi,j

+
∑

1

∫ t

0
I1dt

n1F �CP1 +
∑
j,j /= m

∑
i

(C̄avg
Pi,j

− C̄avg
Pi,m

)(ni,j − no
i,j

)

]

• Single Cell, 1D [269]

• Numerical solution

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 21
Physical properties of organic carbonate solvent [269–271].

Physical property Carbonate solvent

EC PC DEC DMC

◦ 2.5 ◦ ◦ ◦

64
15
Cy

c
e
b
s
t
a
a
w
v
g
i
M
m
T
t
t

i
i
d
a

T
I

Viscosity (cP) 1.85 (40 C)
Relative dielectric constant 89.6 (40 ◦C)
Donor number 16.4
Molecular structure Cyclic

al performance [224,225]. Scaling down the particle size, while
ffective for improving diffusivity in cathode materials, may not
e an option in carbonaceous anode materials, as the increased
urface area leads to higher lithium consumption during SEI forma-
ion. As an example, in spite of their nano-size diameter dimension
nd other superior material properties, carbon nanotubes (CNTs)
re not successful as anode materials [196,226], due to the ease
ith which the SEI film forms on their surface. Reports on these

arious modification schemes for carbon materials usually lack a
ood understanding of the diffusion process. Diffusivity is relatively
nfrequently reported and when it is, values vary widely (Table 18).

ost frequently, reports on Li-ion diffusivity address improving
easurement techniques and not the diffusion mechanism itself.

his may derive from the complexity caused by the SEI film [227],
he staging phenomenon of graphite, and the various phase mix-
ures mentioned previously.

Due to the ease with which the SEI film forms on anodes, it is
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

mportant to understand ionic conduction at this interface, since
t is closely related to power performance (fast charge/discharge),
egradation and safety. To explain the SEI film, most studies use
n analogy to passivation films that appear in corrosion [228–230].

able 22
onic conductivity and features of Li salt solutions [41,274–277].

Salt Solvent Ionic conductivitya (S cm−1) Description

LiClO4

PC 5.6 • Lithium perch
• Satisfactory so
• High anodic s
• Less hygrosco
• Strong oxidan

EC/DMC 8.4

LiAsF6

PC 5.7 • Lithium hexafl
•The SEI forme
• Excellent ano
• Toxic

EC/DMC 11.1

LiBF4

PC 3.4 • Lithium tetrafl
• Less toxic tha
• Good stability
• Moderate ion

EC/DMC 4.9

LiTf

PC 1.7 • Lithium triflu
• Highly resista
• Thermally sta
• Outperforms
• Poor ionic con
• Causes severe

Lilm

PC 5.1 • Lithium bis(tr
• Safe, thermall
• Causes severe

EC/DMC 9.0

LiPF6

PC 5.8 • Lithium hexafl
• Combination
• Sensitive to am
• Thermally un
• Causes treme

EC/DMC 10.7

a All samples referenced are 1 mol dm−3 solutions of their respective salts
3 (30 C) 0.585 (25 C) 0.748 (25 C)
.4 (30 ◦C) 3.12 (25 ◦C) 2.82 (25 ◦C)
.1 – 15.1
clic Linear Linear

Although passivation films are good ionic conductors [229], films as
thin as 30 Å can greatly reduce the rate of corrosion by hampering
electron-transfer [230]. Similarly, the SEI film is ionically conduc-
tive but electronically insulating; it is known that Li-ions can pass
through this film [238] and the diffusion mechanism of Li-ions is
thought to be defect-mediated (Shottky and Frenkel). The structure
and chemical composition of the SEI on Li metal is reported to be
similar to the passivation film formed on the same substrate [236];
however, the structure of the SEI film on carbon varies more widely
due to the various morphologies of the carbon surface (e.g., basal
and cross-section) [231]).

The main components of the SEI are the reduced components
of the electrolyte solvents and salts, including Li2CO3, lithium alkyl
carbonate, lithium alkyloxide, and other salt moieties such as LiF
[232]. The structure of the SEI film is affected by current density,
various additives in the electrolyte [232,233], temperature, sol-
vents and the Li salt used [232,234,235]. The average resistance
oi:10.1016/j.jpowsour.2010.06.060

of SEI films is reported to be in the range of 10–1000 � cm2 and the
resistance of grain boundaries are in the range of 10–100 � cm2

for a thickness of 10 nm [236]. Thus, grain boundary effects should
not be neglected (see Fig. 2). The resistivity of a 30–50 Å SEI film is

lorate
lubility and high conductivity

tability and generates a lower impedance SEI
pic and stable to ambient moisture
t: readily reacts with most organic species at high temperature and high current

uoroarsenate
d on anode is very stable during cell operation
dic and cathodic stability

uoroborate
n LiAsF6 and safer than LiClO4

at low and high temperature
ic conductivity

oromethanesulfonate
nt to oxidation
ble, nontoxic, and stable to ambient
LiPF6 when used with carbon fiber (anode)
ductivity and generates a thick and resistive SEI film
Al corrosion

ifluoromethanesulfonyl)imide
y stable and highly conducting
Al corrosion

uorophosphate
of well-balanced properties: only successfully commercialized salt

bient moisture and solvents
stable at high temperature
ndous difficulty in preparation and purification

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 23
Ionic conductivity of various solid-state electrolytes: I. Polymeric.

Type Ionic conductivity (S cm−1) Description Measurement technique Reference

Wet polymer

• 8.46 × 10−8 (LiPF6 5 wt% in
PVdF)

• Complex film (PVdF + LiPF6)
impregnated with EC:PC (1:1)

EIS [287]

• 2.34 × 10−6 (LiPF6 10 wt% in
PVdF)
• 2.10 × 10−5 (LiPF6 15 wt% in
PVdF)
• 2.70 × 10−4 (LiPF6 20 wt% in
PVdF)

Gel-polymer

• 7.9 × 10−3 (at 30 ◦C) • EC:DEC (1:2) and LiPF6 (1 M) EIS [288]
• 9.4 × 10−8 (at 30 ◦C) • ST-BD (60:40) swollen by

electrolyte
• 1.2 × 10−5 (at 30 ◦C) • 2EHA-AN (85:15) swollen by

electrolyte
• 8.0 × 10−6 (at 30 ◦C) • 2EHA-AN (75:25) swollen by

electrolyte

Gel-polymer

• ∼ 10−4: EMITFSI (at 30 ◦C) • PEO–PMA (7:3) swollen by
ionic liquid or ionic liquid
based electrolyte

EIS [289]

• ∼ 10−2: EMITFSI + LiTFSI (at
30 ◦C)
• ∼ 10−4: HTMATFSI (at 30 ◦C)
• ∼ 10−3: HTMATFSI + LiTf (at
30 ◦C)

Li-ion conducting
polymer

• 8.0 × 10−8 • PEO (polymer): host material EIS [290]
• 1.0 × 10−8 • SiO2 (inorganic filler;

plasticizer) and LiBF4 (Li salt)
are added to PEO

Plastic crystal
• 1 × 10−4 (4%), 5 × 10−5 (15%):
LiBF4

•Succinoitrile doped by Li salts EIS [291]

• 6 × 10−4 (4%), 1 × 10−3 (15%):

P de)–p
1 ltrime

r
a
e
t
m

T
I

LiIm

EO: poly(ethylene oxide); ST–BD: styrene-butadiene; PEO–PMA: poly(ethylene oxi
-ethyl 3-methyl imidazoliumbis(trifluoromethanesulfone)imide; HTMATFSI: hexy

eported to be 3 to 4 × 108 � cm2 [237]. Although the resistance is
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

ssumed to be ionic resistance, there remains insufficient knowl-
dge about the diffusion mechanism and diffusivity of Li-ions in
he SEI. The conduction mechanism of interfacial film on cathode

aterials (LiMn2O4 [238], LiCoO2 [239], and LiFePO4 [240,241]) and

able 24
onic conductivity of various solid state electrolytes: II. Crystalline.

Type Ionic conductivity (S cm−1) Description

Crystalline (perovskite)
• 1.0 × 10−3 (x = 0, 0.1) • Solid solu

xLaAlO3–(1
amount of

• 1.0 × 10−8 (x = 0.3)
• 1.0 × 10−11 (x = 0.4)

Crystalline (NASICON) • 6.7 × 10−7 (at 250 ◦C) • Phosphat
(Li2AlZr[PO
substitutio
in Li2Ti2[PO

Crystalline
(thio-LISICON)

• 4 × 10−6 (x = 0) • Li4−2xZnx

• 5 × 10−6 (x = 0.05) • Composit
conductivi

• 4 × 10−7 (x = 0.1)
• 2 × 10−9 (x = 1)

Crystalline

• 5 × 10−4 (x = 0) • Chlorine c
(Li3InBr6−x

substitutin
• 5 × 10−5 (x = 2.0)
• 4 × 10−4 (x = 3.0)
• 5 × 10−7 (x = 4.0)

Crystalline (Garnet)

• 5 × 10−5 • Pristine s
• 5 × 10−4 • Substituti

Li6CaLa2Ta
• 5 × 10−4 • Substituti

Li6SrLa2Ta2

• 5 × 10−3 • Substituti
Li6BaLa2Ta
oly(methyl methacrylate); 2EHA-AN: 2-ethylhexyl-acrylate-acrylonitrile; EMITFSI:
thylammoniumbis(trifluoromethanesulfone)imide.

surface coatings [242–244] (metallic, non-oxide, oxide and carbon)
oi:10.1016/j.jpowsour.2010.06.060

has not been as thoroughly investigated as the SEI layer on carbon
anodes. In some cases it has been reported that Li-ions go through
the coating layer [243] but the detailed mechanism of the Li-ion
conduction is not clear and still under investigation.

Measurement technique Reference

tion,
− x)La0.5Li0.5TiO3:

LaAlO3 (x) is varied

EIS [292]

e compound
4]3): effect of
n of Al and Zr for Ti

4]3

EIS [293]

GeS4 EIS [294]
ion dependent ionic
ty

ompound
Clx): effect of
g Br with Cl

EIS [295]

ample: Li5La3Ta2O12 EIS [296]
ng La with Ca:
2O12

ng La with Sr:
O12

ng La with Ba:
2O12

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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Table 25
Ionic conductivity of various solid state electrolytes: III. Glassy.

Type Ionic conductivity (S cm−1) Description Measurement technique Reference

Glass (LiPON)

• 1.8 × 10−6 to 8.0 × 10−7 • Effect of RF power on ionic
conductivity (2.2–5.7 W cm−2)

AC impedance [297]

• 8.0 × 10−7 to 1.8 × 10−6 • Effect of N2 gas pressure
(0.5–2 Pa)

• 9.0 × 10−7 to 5.0 × 10−7 • Effect of target–substrate
distance (7–11.5 cm)

• 2.5 × 10−7 to 8.0 × 10−7 • Effect of target density
(1.48–2.22 g cm−3)

Glass
• 1.2 × 10−4 (25 kpsi) • Sulfide-based Li glass:

0.375SiS2–0.375Li2S–0.25LiCl
AC impedance [298]

• 2.0 × 10−4 (50 kpsi) • Effect of isostatic pressure on
ionic conductivity

• 3.0 × 10−4 (125 kpsi)

Composite
(glass + polymer)

• 5 × 10−3 • Sulfide-based Li glass:
0.36SiS2–0.63Li2S–0.01Li3PO4

AC impedance [299]

• 1 × 10−3 (dry process) • Sulfide-based Li glass
particles + SBR (8 vol%)

• 1 × 10−4 (wet process) • Sulfide-based Li glass
particles + SBR (4 vol%)

Glass-ceramics

• 1.12 × 10−8 • Glass; Li2O–Al2O3–TiO2–P2O5 AC impedance [300]
• 6.53 × 10−4 • Glass–crystalline mixed

phase; Li1+xAlxTi2−x(PO4)3,
x = 0.3

• 5.98 × 10−9 • Glass;
Li2O–Al2O3–GeO2–P2O5

• 3.99 × 10−4 • Glass–crystalline mixed
phase; Li1+xAlxGe2−x(PO4)3,

3
ss–cry
ed by
2S5–70
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x = 0.
• 1.00 × 10−3 • Gla

phas
(30P

.2. Electrical conduction in anode materials

The electronic structure of graphite has been researched for
ore than 60 years since a paper dealing with the band structure

nd the anisotropic electrical conductivity of graphite was pub-
ished [93]. Graphite is known as a zero band gap semi-metal due
o its unique conduction behavior under the influence of electrical
elds [78,79]. Interlayer forces are small (van der Waals force), and
he distance between graphene layers is large (3.35 Å) [61] allowing
i-ions to easily diffuse between graphene sheets. The intercala-
ion affects both the crystal and electronic structures. Electrical
onductivity of the Li-GIC increases with increasing intercalation
evels, due to the electron donor nature of the Li. This is the oppo-
ite of ionic conduction in which diffusivity decreases due to the
nsertion of Li-ions. The electrical properties of various Li-GICs
nd carbonaceous materials [245] are summarized in Table 19
75,80,93,208,245–248]. In the case of amorphous carbon, as the
isorder increases, electrical conductivity significantly decreases.
hile first-principles calculations are not applicable for analyz-

ng the electronic structure of amorphous carbon, various models
onsidering hybridization of sp3 and sp2 molecular orbitals have
een developed to predict electrical conductivities in this material
249,250].

A short circuit might be construed to be an unintentional case
f very high conduction for a Li-ion battery. Classically, a short cir-
uit is defined as a circuit element across which the voltage is zero,
egardless of the current flowing through it (electrical resistance
pproaches zero; the opposite of short circuit is open-circuit) [251].
onsequences include excessive electric current flow, causing cir-
uit damage, overheating, fire or explosion. From a safety point of
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

iew, internal or external short circuits of Li-ion batteries [252]
re very important because these can cause a sudden increase in
eat generation called thermal runaway [253]. Depending on cell
esign, up to 70% of the entire energy of the cell can be released

n less than 60 s causing significant self-heating of the cell [254].
stalline mixed
heat treating
Li2S) glass

AC impedance [301]

Although the short circuit phenomenon itself is not the main sub-
ject of modeling, many thermal models have been made to predict
temperature increase due to various factors including short cir-
cuit. These models address a single cell [254,255] and/or cell stacks
[30,256] coupling with an electrochemical model or experimen-
tal data. Various mathematical models have been summarized as a
table (see Table 20) and included here [30,255–260].

5. Survey of conduction studies in electrolytes

The ideal electrolyte for Li-ion batteries has not yet been devel-
oped; although organic electrolytes are widely used due to their
higher ionic conductivities and practical operating temperature
range, there are many reasons to develop alternatives. While
various material systems have been explored and tested as replace-
ments, most do not display a sufficient ionic conductivity to be
utilized in Li-ion batteries; a room temperature conductivity of at
least 10−3 S cm−1 is needed for an electrolyte to function well in
consumer battery systems [261]. Research in this area reveals the
complex nature of the problem and the difficulty of understand-
ing the ionic transport mechanisms due to the many parameters
involved (e.g., viscosity, salt concentration, solvation, ion associa-
tion and ion–solvent interaction). There are currently no reliable
theories for developing new electrolytes; theories developed in
previous research suggest results that cannot be reproduced exper-
imentally [262].

5.1. Organic electrolytes

The role of the electrolyte is to provide an ionic conduction
oi:10.1016/j.jpowsour.2010.06.060

path between the anode and the cathode. Thus, the prime concern
in electrolyte research is to enhance ionic conductivity [263,264].
When Li salts (e.g., LiPF6) are dissolved in a solvent, cations (Li+) and
anions (PF6

−) are produced. Dissociation of the salt is closely related
to the dielectric constant of the solvent, with a high dielectric con-

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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tant indicative of strong solvating power [265]. Solvation occurs
ecause the Li-ion is entirely surrounded by solvent molecules
educing the influence of the anion. Salts with large anions are
dvantageous for conductivity and solubility because they better
istribute their negative charge, preventing ionic pairing [262]. The
iscosity determines the motion of ions; low viscosity facilitates
onic movement [266]. Cationic (Li+) transport in electrolytes, as
ictated by the viscosity and solvating power of the solvents, is
xpressed as the transport (t+) and transference (T+) numbers. The
ransport number, as expressed by Eq. (5.1.1) [267] is defined as
he net charge carried by the cations out of the total charge carried
y both the cations and anions passing across a reference plane:

+ = i+
i+ + i−

= i+
it

= u+
u+ + u−

= D+
D+ + D−

(5.1.1)

here i+ and i− are the currents carried by the cations and the
nions, respectively, it is the total current, and u± and D± are the
obility and the diffusion coefficients of the cations and the anions,

espectively.
In reality, one measures not only cations and anions but also the

ssociated solvent molecules, which induce drag (i.e. resistance).
hus, instead of transport number, transference number is used.
he transference number of a Li-ion is measured experimentally
268] using the following equation [306]:

+
Li+ = Rb

�V/I(∞) − Rct
(5.1.2)

here �V is the polarization voltage, I(∞) is the steady state cur-
ent after polarization, Rb and Rct are the bulk resistance and charge
ransfer resistance, respectively, in the complex impedance spectra
efore polarization.

It is difficult for a single solvent system to display both a
igh dielectric constant and a low viscosity (Table 21 [269–271]);
herefore, many researchers have explored mixtures of solvents
263,264,266,272] to develop an advanced liquid electrolyte for Li-
on batteries. The following equation represents a binary solvent
ystem [264]:

m(Li salt; e.g. LiPF6) + (1 − w)(solvent A; e.g. PC)

+ w(solvent B; e.g. DEC) (5.1.3)

here m is the amount of Li salt in molality (mol kg−1) and w is the
eight fraction.

When predicting conductivity and viscosity of a single solvent it
s difficult to find a reliable theory; only empirical relations for a sol-
ent system have been proposed. The Jones–Dole (JD) (Eq. (5.1.4))
nd Debye–Hückel–Onsager (DHO) equations (Eq. (5.1.5)) for vis-
osity and conductivity for a single solvent system [262] are shown
s follows:

r = 



o
= 1 + AC1/2 + BC + DC2 (5.1.4)

here 
r is the relative viscosity, 
 is the viscosity of solution, 
o

s the viscosity of pure solvent, C is the concentration of salt and A,
, D are coefficients:

= �o − SC1/2 (5.1.5)

here � is the molar conductivity, �o is the molar conductivity at
nfinite dilution, S is the parameter depending on both the physical
roperties of the solvent and the nature of the electrolyte and C is
he solute concentration.

If the identity of the salts or solvents is changed, these empir-
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

cal equations are no longer directly applicable and should be
odified. The equations become more complicated for a mixed

olvent system. Therefore, when developing a new multi-solvent
ystem, the properties of electrolytes are determined experimen-
ally. The temperature dependence of conductivity is fitted using
 PRESS
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a Vogel–Tamman–Fulcher (VTF) type equation (Eq. (5.1.6)) [272].
The VTF type equation is a deviation from an ideal Arrhenius type
equation, and the plot usually shows a convex shape [273]:

� = A√
T

exp
(

−Ea

R

1
T − To

)
(5.1.6)

where A is the constant, Ea (kJ mol−1) is the activation energy and
To (K) is the theoretical glass transition temperature. Here A, Ea and
To are the fitting parameters.

The ionic conductivity of various Li salts in PC and EC/DMC
solvents at RT, and the important features of each electrolyte for-
mulation, are summarized in Table 22 [41,274–277]. Note that
estimating the diffusivity of Li-ions using the Nernst–Planck equa-
tion (see Eq. 5–7 in Table 8) can produce an overestimate because
ionic conductivity arises from both cations and anions [278]. The
precise value of diffusivity of Li-ions should be selectively mea-
sured by experimental methods, for example NMR [266]. Although
the conductivity of the electrolyte is the most crucial and funda-
mental factor, other aspects such as formation and properties of
the SEI layer [269,279], stability on the cathode and anode surfaces
[263], stability at high temperatures [280,281], stability at high
current rates [282], and toxicity [283] should also be considered.
Depending upon application these factors may be more decisive
than conductivity on electrolyte suitability.

5.2. Solid-state electrolytes

Solid-state electrolytes have many advantages over liquid elec-
trolytes, including: a simple design, a natural seal, resistance to
shock and vibration, resistance to pressure and temperature varia-
tions, a wider electrochemical stability and better safety [284–286].
These materials, however, still suffer from relatively lower ionic
conductivity [261]. Broadly speaking, solid electrolytes are classi-
fied as gelled (or wet) polymers, solvent free polymers, inorganic
crystalline compounds, and inorganic glasses [54]. Ionic conduc-
tivities of some of the representative solid-state electrolytes are
summarized in Tables 23–25 [287–301]. Ionic conduction in inor-
ganic crystalline compounds is due to the mobile ions hopping
among energetically favorable sites in the surrounding potential,
as previously discussed. The motion of the surrounding ions sim-
ply provides the activation energy for mobile ions to move through
channels in the crystalline framework.

The conduction mechanism of polymeric electrolytes (gelled
polymers and solvent free polymers) is substantially different
from that of inorganic crystalline materials [302] and liquid type
electrolytes. In the case of solvent free polymer electrolytes, the
motions of the polymer host are responsible for the ionic mobility;
ions move only if polymer segments undergo fairly large-amplitude
motions [285,302,303] related to the glass transition temperature
(Tg). Polymer electrolytes show fast ionic conduction above their
Tg where they are largely comprised of amorphous phases. Thus,
a low Tg polymer like PEO (polyethylene oxide; Tg, −50 to −57 ◦C
[304]) has become an important polymer host for solvent free elec-
trolytes, and amorphization of this polymer is being researched
[285,305,306] as a way to increase its ionic conductivity. Gelled
polymers show faster ionic conduction than solvent free elec-
trolytes, due to the diffusion of low molecular weight solvents in
polymers [307,308] as well as the motion of polymer segments, as
mentioned above.

Solid electrolytes based upon thin film technology developed
in the semiconductor industry have been studied intensively as
oi:10.1016/j.jpowsour.2010.06.060

a key component of solid-state microbatteries. The cost of most
crystalline and glass electrolytes developed for microbatteries is
too high due to long synthesis times and the high temperatures
required during fabrication [309]. In addition to these disadvan-
tages, inorganic materials used for solid-state electrolytes often

dx.doi.org/10.1016/j.jpowsour.2010.06.060
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ontain expensive metals such as Ge, Ti, Sc, In, Lu, La and Y [309].
ue to the difficulties mentioned for scale-up and application of
ost solid-state electrolytes, only gelled polymer electrolytes have

een commercial success, albeit limited [261,310].

.3. Ionic liquid electrolytes

Another category of materials considered as electrolytes is ionic
iquids – salts with a below-room temperature melting point [311]

because they possess unique properties [311–314] including
on-flammability, low vapor pressure, high thermal stability, good
lectrochemical stability, low toxicity, and high ion content. Phys-
ochemical properties of various ionic liquids can be found in the
iterature [312–315]. Overall, the viscosities of ionic liquids are one
o two orders of magnitude higher, and thus the ionic conductivi-
ies are three to four orders of magnitude lower, than those of liquid
lectrolytes [313,316]. The Walden rule [317] is often used for the
elationship between conductivity and viscosity of ionic liquids and
s expressed as the following:


 = constant, where � = ˙�i (5.3.1)

here �i is the ionic conductivity of ion species i and �v is the
iscosity.

Although the Walden rule is similar to the Einstein–Stokes rela-
ion (Eq. 3 in Table 7) in its interpretation, the Einstein–Stokes
elation is appropriate for non-viscous liquids (e.g., dilute liquid
lectrolyte) while the Walden rule applies to viscous liquids (e.g.,
ure ionic liquid [317] or high concentration liquid electrolyte
262]). Much effort has been focused on understanding interac-
ions among ionic species in ionic liquids because viscosity is largely
ependent upon these interactions as dictated by various param-
ters [317] – van der Waals interactions, conformational degrees
f freedoms [318], Coulombic forces and the shape of ions. In addi-
ion to low ionic conductivities, a low tendency to form an SEI layer
n carbonaceous anodes [313,314,319] leads to continuous Li-ion
epletion on cycling; in many cases, ionic liquids need additives to
e useful as electrolytes [320,321].

. Concluding remarks and future perspectives

Conduction has been one of the main barriers to further
mprovements in Li-ion batteries and is expected to remain so for
he foreseeable future. In the current review, various aspects of this
roblem have been discussed for each of the major components of a
i-ion battery (cathode, anode and electrolyte). Efforts to optimize
he electrical and ionic conductivity in the cathode have focused
argely on doping methods to improve the electrical conductivity
nd by extension the ionic conductivity. Surface coating cathode
articles with a conductive material and/or using scaled down
articles have proven to be viable methods to enhance electri-
al conductivity. Both mathematical treatments [18,19] and recent
emonstrations [322–328] suggest that fibrous architectures may
e preferred.

Major features of conduction in the anode are closely related
o phase transformations as a function of Li-ion intercalation and
EI layer formation. Optimization between crystalline and amor-
hous phases is an important strategy for tailoring conductivity in
arbonaceous electrodes. Efforts to replace conventional organic
lectrolytes will and must continue, spanning liquid, gel and solid
ystems.

Modeling is an important and critical element of Li-ion bat-
Please cite this article in press as: M. Park, et al., J. Power Sources (2010), d

ery research. It is critical to use multi-scale simulations to design
uperior materials and battery cells, with the understanding that
areful and considered reduction of order in modeling is neces-
ary for efficiency, as these models are implemented to control
evices. Future efforts to optimize conduction in the various cell
 PRESS
ources xxx (2010) xxx–xxx

components will require coupled models and experiments. Though
the review provided here provides some necessary parameters
for modeling given the present state of the art, it also highlights
gaps in the scientific literature in reported values that must be
addressed with new and improved experiments. Diffusivity in par-
ticular has been measured via multiple experimental schema, each
with its own advantages and disadvantages, but perhaps even more
importantly, with intrinsic uncertainties and errors specific to the
technique. Continuing to aggressively pursue multi-scale experi-
mental validation of key materials parameters is thus necessary, so
that parameters used are thoroughly vetted at these scales, and can
be used with confidence in optimizing materials and battery cells.

Perhaps the most important concept that we wish to convey
with this review is that theoretical/simulation approaches consid-
ering both ionic and electronic conduction are critically needed
to properly predict battery performance including, for example,
capacity fading and the variation of maximum charge/discharge
rate. This review has attempted to address the coupling of ionic
and electronic conduction. Entirely unified theories for the rela-
tionships of these parameters are not presently available, though
development of these are on-going and significant topics and we
believe that theory dealing with the coupling of ionic and electronic
conduction can and will facilitate breakthroughs in Li-ion battery
research.
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