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CONS P EC TU S

I ntercalation compounds, used as electrodes in Li-ion batteries, are a fascinating
class of materials that exhibit a wide variety of electronic, crystallographic,

thermodynamic, and kinetic properties. With open structures that allow for the easy
insertion and removal of Li ions, the properties of these materials strongly depend on
the interplay of the host chemistry and crystal structure, the Li concentration, and
electrode particle morphology. The large variations in Li concentration within electrodes
during each charge and discharge cycle of a Li battery are often accompanied by phase
transformations. These transformations include order�disorder transitions, two-phase
reactions that require the passage of an interface through the electrode particles, and
structural phase transitions, in which the host undergoes a crystallographic change. Although the chemistry of an electrode
material determines the voltage range in which it is electrochemically active, the crystal structure of the compound often plays a
crucial role in determining the shape of the voltage profile as a function of Li concentration.

While the relationship between the voltage profile and crystal structure of transition metal oxide and sulfide intercalation
compounds is well characterized, far less is known about the kinetic behavior of these materials. For example, because these
processes are especially difficult to isolate experimentally, solid-state Li diffusion, phase transformation mechanisms, and
interface reactions remain poorly understood. In this respect, first-principles statistical mechanical approaches can elucidate the
effect of chemistry and crystal structure on kinetic properties.

In this Account, we review the key factors that govern Li diffusion in intercalation compounds and illustrate how the complexity
of Li diffusion mechanisms correlates with the crystal structure of the compound. A variety of important diffusion mechanisms and
associated migration barriers are sensitive to the overall Li concentration, resulting in diffusion coefficients that can vary by several
orders of magnitude with changes in the lithium content. Vacancy clusters, groupings of vacancies within the crystal lattice, provide
a common mechanism that mediates Li diffusion in important intercalation compounds. This mechanism emerges from specific
crystallographic features of the host and results in a strong decrease of the Li diffusion coefficient as Li is added to an already Li rich
host. Other crystallographic and electronic factors, such as the proximity of transition metal ions to activated states of hops and the
occurrence of electronically induced distortions, can result in a strong dependence of the Li mobility on the overall Li concentration.
The insights obtained from fundamental studies of ionic diffusion in electrode materials will be instrumental for physical chemists,
chemical engineers, synthetic chemists, and materials and device designers who are developing these technologies.

Introduction
A Li-ion battery is unique among devices in how it relies on

itsmaterial components during use. In a lithium battery, the

electrode materials undergo dramatic changes in Li con-

centration during each charge and discharge cycle. Large

changes of composition in the solid state are often

accompanied by phase changes. In fact, the kinetic pro-

cesses that occur in the electrodes of a Li battery during

each charge and discharge cycle are not unlike the complex

phase transformations that are often exploited during

high temperature processing of materials, involving long-

range atomic transport and crystallographic changes.
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The difference with materials synthesis, which is a one-time

event, is that the dramatic structural and chemical changes

that transpire in Li battery electrodes occur every time the

battery is charged and discharged and in large part deter-

mine battery performance and lifetime.

The Li-battery designs in current use typically consist of a

carbon (graphite) based anode and a transition metal oxide

intercalation host as cathode. In the charged state, Li ions

reside between the graphitic sheets in the anode while the

transition metal oxide is Li deficient. Thermodynamically,

the Li ions between the graphitic layers would much rather

occupy the empty interstitial sites of the transition metal

oxide cathode material. However, a spontaneous chemical

reaction involving the transfer of Li from the anode to the

cathode is prevented in a Li battery due to the presence of

the electrolyte, which only allows passage of Liþ ions (as

opposed to neutral Li atoms). The Liþ can only trickle

through the electrolyte if an external circuit through which

electrons can travel connects the anode and the cathode. In

this way, the resulting electrochemical device converts the

change in free energy due to the transfer of Li from the

anode to the cathode into electrical work.

Changes in Li composition affect the electronic properties

and phase stability of the active electrode materials. The

ability to shuttle Li back and forth between anode and

cathode relies to a large extent on the kinetics of Li diffusion

and the nature and rates of phase transformations within

the electrodematerials (Figure 1).While several intercalation

compounds exhibit solid solution behavior over the entire

composition domain, most undergo a variety of first-order

phase transformations as the Li composition changes. Often

phase transformations in intercalation compounds are be-

tween crystallographically very similar phases. Li extraction

from LiFePO4, for example, occurs through a first order

phase transformation to an FePO4 host structure having

the same crystal structure as LiFePO4. Li insertion into

graphite, in contrast, results in a change of the graphene

stacking sequence from ABAB to AA stacking. Similar stack-

ing sequence changes occur in layered cathode materials

such as LixCoO2.
1�3

While the kinetics that emerge upon Li removal and

reinsertion into intercalation compounds can be complex

and varied, a common kinetic phenomenon of all intercala-

tion compounds is the solid-state diffusion of Li from the

electrode�electrolyte interface to the interior of the elec-

trode particles (Figure 1). Since the Li concentration can vary

from dilute to fully concentrated limits, diffusion in intercala-

tion compounds occurs at nondilute concentrations where

interactions among different Li ions are important. Further-

more, intercalation compounds for Li-batteries exhibit a

wide variety of crystal structures that offer a range of

interstitial sites having one-, two-, and three-dimensional

connectivities.

Accurate experimental measurements of Li diffusion

coefficients have proven challenging, as most are indirectly

derived from the dynamic response of an entire electroche-

mical cell for which geometry and competing kinetic pro-

cesses are poorly characterized. Powerful local probes such

as NMR have provided important insight about atomic hop

mechanisms,4�7 but have so far shed little light on collective

Li transport and the resultant macroscopic diffusion coeffi-

cient appearing in Fick's law. This has prevented the estab-

lishment of a clear understanding of the role of chemistry

and crystal structure on Li diffusion and its concentration

dependence, which is of crucial importance in improving

charge and discharge capabilities. A variety of first-principles

statistical mechanical studies have been successful at eluci-

dating collective transport mechanisms and their depen-

dence on intercalation compound chemistry and crystal

structure.8�14 Here we review key insights gained from

these studies. We start with a brief overview of fundamental

crystallographic and thermodynamic properties of intercala-

tion electrode materials followed by a more in depth de-

scription of diffusion mechanisms and their relationship to

macroscopic metrics of Li transport.

Crystallography
Many of the important transition metal oxide and sulfide

intercalation compounds consist of a close-packed oxygen

or sulfur sublattice, which provides an array of octa-

hedral and tetrahedral interstitial sites that can be occupied

by the transition metal and Li cations (Figure 2).15,16 The

oxygen sublattice of layered transition metal oxides

FIGURE 1. A variety of kinetic phenomena, including Li diffusion and
first-order phase transformations involving nucleation and interface
migration, occur within individual electrode particles during each
charge and discharge cycle of a Li-ion battery.
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(e.g., LixCoO2, Lix(Co0.33Ni0.33Mn0.33)O2) and of spinel transi-

tion metal oxides have an ABCABC stacking sequence.

Meanwhile the anion sublattice of layered LiTiS2 and de-

lithiated CoO2 have an ABAB stacking sequence. In most of

these compounds, Li prefers to occupy octahedral interstitial

sites. Spinel LixM2O4 (M=Mn or Ti) is an exception with Li

preferring tetrahedral sites when x is less than 1. Crystal

structures such as anatase TiO2 can also be described as

having an ABCABC stacking of close-packed oxygen planes

with Ti ordered over half the octahedral sites. The particular

Ti ordering breaks the symmetry of the cubic ABCABC

stacking generating a lattice with tetragonal symmetry.

Even more complex chemistries such as LixFePO4 in the

olivine structure can be viewed as having an ABAB oxygen

sublattice with Li, Fe, and P occupying a subset of octahedral

and tetrahedral interstitial sites.

Thermodynamics
While abstract thermodynamic quantities such as free en-

ergies and chemical potentials are often only obtainable

through indirect measurement, simply tracking the voltage

of a Li battery provides direct access to the Li chemical

potential within the electrodes. According to the Nernst

equation, the voltage (EMF) measured across the anode

and cathode is equal to the difference of the Li chemical

potentials between the electrodes according to

Φ ¼ �
μcathodeLi � μanodeLi

� �
e

where e is the charge of an electron and the chemical

potentials μLi
anode and μLi

cathode are expressed in eV per Li

atom. The voltage curve of an electrode material when

measured with respect to a Li metal reference electrode

(for which the Li chemical potential, μLi
anode, remains

constant during charge and discharge) is therefore line-

arly related to minus the Li chemical potential within the

electrode. The chemical potential of interstitial Li in an

intercalation compound in turn is equal to the derivative

of the free energy of the material with respect to Li

concentration according to

μLi ¼
Dg
Dx

Here g is the Gibbs free energy per LixMA formula unit,

where MA represents the host chemistry (e.g., CoO2,

FePO4, or Mn2O4 with M being the transition metal and

A the anion unit) and x denotes the fraction of available

interstitial sites occupied by Li. Graphically, the Li chemi-

cal potential within an intercalation compound at a

particular composition x is equal to the slope of the free

energy g at that composition as illustrated in Figure 3. A

voltage measurement, therefore, provides direct infor-

mation about the thermodynamic properties of electrode

materials, including the Li chemical potential, the Gibbs

free energy and derived properties such as entropy. Any

changes in crystal structure or chemistry of the electrode

FIGURE 2. Important crystal structures and Li hop mechanisms in common intercalation compounds. Many intercalation compound chemistries
haveeither (a) a layered crystal structure (with anABABorABC stackingof a close-packedanion sublattice) or (b) a spinel crystal structure characterized
by a three-dimensional interstitial network for Li ions. Diffusion in these crystal structures is often mediated by vacancy clusters (divacancies in the
layered form and triple and divacancies in the spinel form) if Li occupies octahedral sites.
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material will affect its Gibbs free energy and Li-chemical

potential and hence the voltage.
The straightforward connection between a measurable

voltage curve and the Gibbs free energy means that the

occurrence and nature of phase transformations due to

variations in Li concentration will have clear signatures in

the voltage profile. This is illustrated in Figure 3. If the

electrode host material forms a solid solution with Li

(Figure 3a) as occurs in LixTiS2, itwill exhibit a smooth sloping

voltage curve as illustrated in Figure 3b. If, however, Li

insertion is accompanied by a first-order phase transforma-

tion from a Li poor phase, R, to a Li rich phase, β, as occurs in

LixFePO4, it will have a free energy curve as illustrated in

Figure 3c, exhibiting two local minima (assuming the host

maintains the same crystal structure). The Li chemical po-

tential inside the miscibility gap (between x1 and x2 in

Figure 3c) is constant as the free energy of the two-phase

mixture resides on the common tangent to the free energy

wells corresponding to R and β. This results in a plateau in

the voltage curve as illustrated in Figure 3d. Steps in the

voltage profile appear if an intermediate phase is stable

(Figure 3c and f). Often intermediate phases emerge at

stoichiometric compositionswhere the Li ions andvacancies

order in an energetically favorable arrangement over the

interstitial sites of the host or where an energetically favor-

able interstitial site becomes fully filled as occurs in spinel

LiMn2O4.

It is customary in thermochemistry to compare the actual

thermodynamic properties of a particular material to that of

a thermodynamically ideal solution. Thermodynamic ideality

in the present context refers to hypothetical intercalation

compounds in which interactions between Li ions over the

interstitial sites of the host can be neglected. The energy of

the intercalation compound then depends linearly on Li

concentration and is independent of how Li ions and va-

cancies at fixed Li concentration arrange themselves. The

free energy per interstitial site of an intercalation compound

LixMA is then (for systems with one type of Li interstitial site)

g(x) ¼ g0 þ εxþ kT x ln xþ (1 � x)ln(1 � x)
� �

where go is the free energy of the host MA in the absence

of Li and ε is the free energy change minus the config-

urational entropy per Li added to the host. The third term

accounts for the ideal solution configurational entropy

arising from the many possible ways of distributing Li

ions and vacancies over the interstitial sites of the host.

The voltage, linearly related to minus the Li chemical

potential, of an ideal solution cathode relative to a

metallic Li reference anode is then equal to

Φ ¼ �
εþ kT ln

x
1 � x

� �
� μoLi

� 	
e

where μLi
o is the free energy per atomofmetallic Li and is a

constant. It has a shallow sloping variation with Li con-

centration similar to that illustrated in Figure 3b.
The voltage profiles of most intercalation compounds

deviate strongly from thermodynamic ideality. Furthermore,

the crystal structure of the intercalation compound often has

a significant influence on the shape of the voltage curve. The

voltage profiles of spinel intercalation compounds, such as

LixMn2O4 and Li1þxTi2O4, for example, are quite distinct

FIGURE 3. Voltage curves are linearly related to the slope of the free energy of the electrode material. See the text for a description of the various
types of voltage curves and their relation to phase transformations.



1220 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1216–1225 ’ 2013 ’ Vol. 46, No. 5

Understanding Li Diffusion Van der Ven et al.

from those of layered or olivine intercalation compounds.

Layered intercalation compounds such as LixCoO2 and Lix-

(Co1/3Ni1/3Mn1/3)O2 have relatively flat, though sloping

voltage profiles. Spinel intercalation compounds, in contrast,

typically exhibit a large voltage step at half capacity (i.e., at

x = 1 in LixMn2O4), while the voltage profile of olivine

LixFePO4 is a simple plateau between x = 0 and x = 1.16

First-principles statistical mechanical approaches ac-

counting for configurational degrees of freedom can predict

the shape of the voltage curves of intercalation compounds

with remarkable accuracy. These approaches rely on a

cluster expansion formalism that in combination with ab

initio electronic structure methods and Monte Carlo simula-

tions enable a prediction of finite temperature phase stabi-

lity and voltage curves. Examples of systems studied in this

manner include Li2CoO2,
17,18 LiFePO4,

19 Lix(Ni0.5Mn0.5)O2,
20

LiTiO2,
12 LiTiS2,

11,14 and LixC6.
13

Kinetics: Li Transport
While the shape of the voltage profile and the intrinsic

storage capacity are determined by thermodynamic proper-

ties of the intercalation compound, the rate with which a Li-

battery can be charged and discharged depends on kinetic

properties such as the Li mobility and phase transformation

mechanisms. A convenient starting point to describe Li

diffusion within an intercalation compound is at the macro-

scopic phenomenological level where a net flux of Li ions

can be related to a gradient in Li chemical potential accord-

ing to
JLi ¼ �LrμLi

The kinetic coefficient L is a materials property that

depends on the chemistry and crystal structure of the

intercalation compound as well as the local Li concentra-

tion within the host. Since electrode materials must have

some degree of electronic conductivity, often signifi-

cantly larger than Li mobilities, it is usually justified to

neglect electric fields and their effect on Li transport.

Possible exceptions include LixFePO4 where evidence

for polaronic electron transport suggests that Li and

electron transport may need to be treated on an equal

footing21,22 or intercalation compounds that are semi-

conducting as, for example, LixCoO2 when x is greater

than 0.95. Proceeding under the assumption of high

electron mobilities, we can relate the kinetic coefficient

L to a Li mobility M according to L = xM/Ω with Ω being

the volume of the crystal per Li site (an ionic mobility

relates a Li velocity in the crystal to a gradient in chemical

potential, i.e.vB=�Mrμ). Themobility,M, is itself an implicit

function of the Li concentration, but does not directly

scale with x, converging instead to a constant value as x

goes to zero. Thephenomenological flux expression canbe

converted into a Fickian flux expression by simple applica-

tion of the chain rule of differentiation, yielding
JLi ¼ �DrCLi

where D is the chemical diffusion coefficient and CLi is the

local Li concentration defined as the number of Li ions per

unit volume (equal to x/Ω). It is useful to factor the chemical

diffusion coefficient into a jump-diffusion coefficient, DJ,

and a thermodynamic factor, Θ, according to

D = DJΘ where

DJ ¼ kT
x
ΩΛ L and Θ ¼

D
μLi
kT

� �
D lnx

The volume factor,Λ, is equal to [1� (∂ lnΩ/∂ ln x)]�1 and

accounts for thevariationof thevolumeonLi concentration.

SettingΛ equal to 1 is equivalent to neglecting the concen-

tration dependence of the volume. The jump-diffusion

coefficient is related to themobility according toDJ = kTΛM.
The thermodynamic factor,Θ, measures the deviation of

the intercalation compound from thermodynamic ideality,

being equal to 1 for an ideal solution. It is a quantity that can

easily be extracted from a measured voltage curve relative

to a metallic Li reference anode. In Li intercalation com-

pounds, the thermodynamic factor often deviates substan-

tially from 1 at nondilute concentrations, diverging at Li

compositions where Li-vacancy ordering is stable.10,24

The jump-diffusion coefficient, DJ, measures the ease

with which Li ions collectively migrate within the intercala-

tion compound crystal structure. While it is a kinetic coeffi-

cient, describing the response of the solid removed from

equilibrium, it can nevertheless be related to fluctuations in

Li density that occur at thermal equilibrium according to a

Kubo-Green expression25,26

DJ ¼ 1
2td

1
N

XN
i¼1

ΔRBi(t)

 !2* +

where d is the dimension of the interstitial network over

which Li diffuses, N is the number of diffusing Li ions, and

ΔRi(t) is the vector that connects the trajectory of Li ion i

after a time t. The angular brackets denote an ensemble

average in the usual statistical mechanical sense and the
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term within the brackets is related to the square of the

displacement of the center of mass of the Li ions at

equilibrium. The expression for each measure of Li mo-

bility (i.e., L,M,D, andDJ) becomes a tensor for anisotropic

crystal structures. The jump-diffusion coefficient can be

calculated numerically using kinetic Monte Carlo simula-

tions that sample representative Li trajectories.

Diffusion in Thermodynamically and Kineti-
cally Ideal Intercalation Compounds
Basic insight about the role of chemistry and crystal structure

on Limobility can be obtained by consideration of analytical

expressions of D for thermodynamically and kinetically

ideal intercalation compounds. We can extend the defini-

tion of a thermodynamically ideal intercalation compound

to one that is also kinetically ideal by insisting that its migra-

tion barrier, ΔE, for each Li hop is independent of the local

degree of Li order/disorder. For these idealized intercalation

compounds, the thermodynamic factor reduces to 1/(1 � x)

while the jump-diffusion coefficient can be shown to be27

DJ ¼ (1 � x)Fλ2Γ

where F is a geometric factor that depends on the

symmetry of the sublattice of interstitial sites and λ is

the hop distance between adjacent interstitial sites. The

hop frequency, Γ, can, as derived by Vineyard in the

classical limit,28 be approximated as

Γ ¼ ν�exp �ΔE
kT

� �

with ν* being a vibrational prefactor. (This expression is

derived in the classical limit of the Harmonic approxima-

tion and more rigorous estimates within a quantum

mechanical description can also be used as was done,

for example, in ref 29. In this study, the difference

between a classical and quantum mechanical treatment

of hop frequencies is of the order of 30% at room

temperature). While the jump-diffusion coefficient scales

directly with vacancy concentration (1� x), decreasing as

the Li concentration of the host increases, the chemical

diffusion coefficient, obtained bymultiplyingDJ withΘ to

yield

D ¼ Fλ2Γ

has no explicit concentration dependence. Any varia-

tion of the chemical diffusion coefficient D with Li con-

centration in an ideal intercalation compound therefore

arises from a dependence of the activation barrier and

vibrational prefactors on the average Li concentration.

Due to the exponential dependence of D on ΔE, a small

variation in the migration barrier due to compositional,

chemical or crystallographic changes translates into a

large change in the diffusion coefficient, especially at

room temperature.
The role of the dimensionality and connectivity of the

interstitial network on D manifests itself in the geometric

factor, F, which for interstitial sites that form a lattice is equal

to z/2dwith z the coordination number and d the dimension

of the lattice. The geometric factor is equal to 1 for a cubic

(three-dimensional), square (two-dimensional), and linear

(one-dimensional) interstitial network, showing that there

is no particular advantage gained by using intercalation

compounds with three-dimensional interstitial networks.

Larger geometric factors occur in crystal structures with high

coordination numbers z.

Diffusion in Nonideal Intercalation
Compounds
The above expressions for Li diffusion coefficients are

usually inadequate in describing transport in real intercala-

tion compounds, except when the Li concentration is very

dilute or very concentrated.30 Additional complexities arise

at intermediate Li concentrations where varying degrees of

short and long-range order among Li ions are possible.

Furthermore, unique crystallographic features of intercala-

tion compounds lead to complex migration mechanisms

that can result in a strong concentration dependence of the

Li diffusion coefficient. In this context, it is both the nature of

the anion sublattice and the arrangement of cations over the

interstitial sites that in large part determine the mechanism

of Li hops aswell as theirmigrationbarriers.We illustrate this

with LixTiS2, one of the first intercalation compounds used in

Li batteries16 that has many crystallographic features in com-

mon with important oxide intercalation compounds. LixTiS2
canbe synthesizedashavingeither a layeredor a spinel crystal

structure with Li occupying the octahedral sites in both struc-

tures. Both forms of LixTiS2 exhibit a solid solutionwith respect

to Li-vacancy disorder at room temperature allowing us to

isolate the role of host crystal structure on Li diffusion from

other complicating factors, such as phase transformations,

order�disorder reactions andmore complex electronic effects

involving charge localization.

Energetically, the least hindered hop path between

neighboring octahedral sites of a close-packed anion
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sublattice is along a curved path that passes through an

adjacent tetrahedral site (Figure 2).10,11,14 The energy of an

intermediate tetrahedral site depends on the extent with

which it is coordinated by neighboring cations. In the

layered host, for example, a Li ion passing through a

particular tetrahedral site could hop into a single vacancy

or into adivacancy as illustrated in Figure 2c.Migrating into a

single vacancy results in strong Li�Li interactions since the

intermediate tetrahedral site shares a face with an occupied

octahedral site. When hopping into a divacancy, however,

this repulsion is absent and the migration barrier becomes

significantly smaller than that for hops into isolated vacan-

cies. First-principles calculations of the energy along the

migration path confirm this as illustrated in Figure 4a. As is

clear from Figure 4a, the tetrahedral site is a local minimum

and can be quite stable for a divacancy hop. The same

behavior is predicted for Li hops between adjacent octahe-

dral sites in the spinel form of LixTiS2. Due to the three-

dimensional nature of this host structure, however, the

intermediate tetrahedral sites are 4-fold coordinated by

octahedral Li-sites. Li can now not only hop into isolated

vacancies and divacancies, but also into triple vacancies.

Following the same trend as in the layered compound, the

migration barriers and the energies of the intermediate

tetrahedral sites decrease as the number of vacancies sur-

rounding the intermediate tetrahedral site increases as illu-

strated in Figure 4b.

As the LiTiS2 example illustrates, the structural constraints

imposed by the close-packed stacking of the anion sublat-

tice and the particular transition metal ion ordering over a

subset of the interstitial sites lead to Li hopmechanisms that

favor vacancy clusters: divacancies in the two-dimensional

layered intercalation compounds and triple vacancies in

three-dimensional compounds. The fact that the migration

barriers for Li hops into vacancy clusters are significantly

lower than into isolated vacancies means that diffusion is

predominantly mediated by vacancy clusters. This was con-

firmed by kineticMonte Carlo simulations.10,11,14 Divacancy

and triple-vacancy diffusion mechanisms lead to strong

concentration dependencies of the chemical diffusion coef-

ficient D, even in thermodynamically ideal intercalation

compounds. Neglecting any deviation from thermodynamic

ideality, the thermodynamic factor, Θ, scales with the in-

verse of the vacancy concentration. Meanwhile, the jump-

diffusion coefficient scales with the concentration of diffu-

sionmediating defects, which for divacancies is to first order

(neglecting short-range order among vacancies) propor-

tional to the vacancy concentration squared and for triple

vacancies proportional to the vacancy concentration cubed.

Hence, anydiffusionmediatedby avacancy clusterwill have

an explicit vacancy concentration dependence, which

FIGURE 4. Li migration barriers for hops between neighboring octa-
hedral sites in layered and spinel LiTiS2 are very sensitive to the
occupancy of sites adjacent to the intermediate tetrahedral site of the
hop. The barrier for hops into isolated vacancies is significantly larger
than for divacancy hops and triple vacancy hops.

FIGURE 5. The variation of the chemical diffusion coefficients with Li
concentration for layered and spinel LixTiS2 is substantially different,
showing the importance of crystal structure on Li diffusion coefficients.
Layered intercalation compounds usually undergo a contraction along
the c-axis as the Li concentration is reduced, resulting in higher migra-
tion barriers and a reduction of the diffusion coefficient as xdecreases. Li
diffusion in spinel is primarily mediated by triple vacancies and diva-
cancies, while divacancies mediate Li transport in layered LixTiS2.
Vacancy cluster diffusion mechanisms result in a strong concentration
dependence of the diffusion coefficient at high Li concentrations where
the vacancy concentration is low.
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decreases as the Li concentration increases. Kinetic Monte

Carlo simulations of Li diffusion in layered and spinel

LixTiS2
11,14 predict this qualitative trend at high Li concen-

trations (x > 0.5) as illustrated in Figure 5, showing that the

decrease in diffusion coefficient in the three-dimensional

spinel structure is more pronounced than in the two-dimen-

sional layered structure.

Variations of the lattice parameter in layered intercala-

tion compounds have also been shown to cause a strong

concentration dependence of the diffusion coefficient.10,11

Contraction of the c-lattice parameter of layered intercala-

tion compounds as Li is removed leads to dramatic increases

in the Li migration barriers. This results in a reduction of the

Li diffusion coefficient as Li is removed, particularly below

x = 0.5 in LixMO2 or LixTiS2.

Diffusion in intercalation compounds is not always

mediated by vacancy clusters, even if they have a close-

packed anion sublattice. Li ions in spinel oxides such as

LixMn2O4 and LixTi2O4 occupy tetrahedral sites when x < 1.

Lithium hops between adjacent tetrahedral sites pass

through intermediate octahedral sites, which are the acti-

vated state in LixTi2O4.
12 The intermediate octahedral sites

are only coordinated by two tetrahedral sites, one being the

initial state of the hop and the other the final state of the hop

(Figure 6). This low coordination of the intermediate acti-

vated state by Li sites renders a vacancy cluster mechanism

for diffusion impossible and Li diffusion proceeds through a

single vacancy mechanism at all Li concentrations.

Other factors, in addition to vacancy cluster diffusion

mechanisms, can result in a strong concentrationdependence

of the Li diffusion coefficient. In layered transition metal

oxides such as LiCoO2, LixNiO2 and Lix(Co1/3Ni1/3Mn1/3)O2,

where Li diffusion is mediated by divacancies, the inter-

mediate tetrahedral site shares a face with an oxygen

octahedron containing a transition metal as illustrated in

Figure 7. Any change in the effective valence of the transi-

tionmetal cation with Li concentration will affect the energy

of Li occupancy in the tetrahedral sitemore than in the initial

octahedral site. In general, this leads to an increase in the

migration barrier as Li is removed since the effective valence

of the transition metal increases from M3þ to M4þ.8,10

Alloyed layered intercalation compounds such as Lix-

(NiyCozMn1�y�z)O2 have additional complexities due to re-

lative differences in electron affinities between the various

transitionmetal cations. For example, in Lix(Ni0.5Mn0.5)O2, Ni

cations tend to draw charge away from Mn, resulting in

mixtures ofNi2þ andMn4þ in the fully lithiated compound.31

Hence, a Li hop that passes through tetrahedra sharing a

face with a Ni octahedron will have a lower barrier than one

passing in the vicinity of Mn4þ. Localized charge ordering

and variations in oxidation states on transitionmetal ions in

the spinel crystal structure can also introduce a concentra-

tion dependence on the Li migration barrier whenmigrating

between tetrahedral sites.32

More subtle electronic effects can introduce a strong

concentration dependence of the migration barriers for Li

hops in intercalation compounds as well. Several transition

metal oxides, for example, undergo Jahn�Teller distortions

as their effective oxidation state is varied due to Li insertion

or extraction. The resulting dimensional changes of the host

crystal structure affect the activated state differently than the

initial state and thereby also the migration barrier. The

migration barrier for Li hops in anatase, for example, is very

different dependingonwhether the Li concentration is dilute

FIGURE 6. Li migration between neighboring tetrahedral sites of spinel
oxides, LixM2O4, with x < 1 pass through intermediate octahedral sites.
Only the initial and final tetrahedral sites of a hop coordinate the
intermediate octahedral site, and are emptywhen Li passes through the
activated state, rendering a vacancy cluster diffusion mechanism im-
possible in these compounds.

FIGURE 7. The intermediate tetrahedral site of Li hops in layered
intercalation compounds having an ABC close-packed anion sublattice
stacking shares a face with a transition metal ion. Removal of Li from
LiMO2 results in a progressive increase in the effective valence of the
transition metal ion resulting in larger electrostatic repulsions in the
activated state that cause an increase in the migration barrier with
decreasing Li concentration.
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(i.e., x ∼ 0) or whether it is very concentrated (x ∼ 1) due to

the change in the degree of octahedral TiO6 distortions as Li

is added to the host. In contrast to layered and spinel crystal

structures, Li migration in the anatase crystal structure must

pass through a pair of oxygen ions as illustrated in Figure 8.

In the dilute limit, the oxygen octahedra around the Ti

cations are highly distorted due to a second order Jahn�
Teller effect aroundTi4þ cations. This distortion opens up the

Li migration path by increasing the distance of adjacent

oxygen ions in the activated state. An increase in the overall

Li concentration, however, leads to a progressive reduction

of the Ti cations and causes a straightening out of the TiO6

octahedra, thereby constricting the activated state and

resulting in a dramatic increase in the migration barrier.

The concomitant large drop in the Li diffusion coefficient with

increasing Li concentration is likely to be a factor that prevents

full Li intercalation in anatase TiO2 in large particles.33

Conclusion
The Li diffusion coefficient of an intercalation compound is a

crucial kinetic parameter that determines how rapidly Li can

be removed and reinserted into the compound. The Li

diffusion coefficient and its concentration dependence is

strongly affected by crystal structure and chemistry. Herewe

reviewed relevant equations describing Li mobility in inter-

calation compounds used as electrodes in Li-ion batteries. A

crucial insight is that various crystallographic features com-

mon to many intercalation compounds will often introduce

a strong concentration dependence of the Li diffusion coef-

ficient. This is especially true if vacancy clusters mediate Li

diffusion. For example, Li diffusion in layered intercalation

compounds, including LixCoO2, LixTiS2, and alloyed com-

pounds Lix(CoyNizMn1�y�z)O2, are mediated by divacancies.

In intercalation compounds having a three-dimensional

Li network, diffusion may even be mediated by triple

vacancies, as is predicted for spinel LixTiS2. Diffusion

mediated by vacancy clusters is likely to occur if three or

more Li sites directly coordinate the intermediate activated

state of Li hops. A concentration dependence of the diffusion

coefficient also occurs in crystal structures susceptible to large

lattice parameter variations with Li concentration, in crystal

structures where the activated state is coordinated by transi-

tion metal cations, whose effective valence changes with Li

concentration, and in compounds that undergo electronically

induced distortions. These insights, generated in large part

from comprehensive first-principles statistical mechanical

studies of diffusion, will prove invaluable in the design of

newelectrodematerials that are specifically optimized to have

a particular concentration dependence of the Li diffusion

coefficient.
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