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TOPICAL REVIEW — Fundamental physics research in lithium batteries
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The physics of ionic and electrical conduction at electrode materials of lithium-ion batteries (LIBs) are briefly sum-
marized here, besides, we review the current research on ionic and electrical conduction in electrode material incorporating
experimental and simulation studies. Commercial LIBs have been widely used in portable electronic devices and are now
developed for large-scale applications in hybrid electric vehicles (HEV) and stationary distributed power stations. However,
due to the physical limits of the materials, the overall performance of today’s LIBs does not meet all the requirements for
future applications, and the transport problem has been one of the main barriers to further improvement. The electron and
Li-ion transport behaviors are important in determining the rate capacity of LIBs.
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1. Introduction

Lithium-ion batteries (LIBs) have the best comprehen-
sive performance of the currently commercialized secondary
battery systems, due to high energy density, long cycling
life, non-toxicity, non-pollution, flexibility, and lightweight
design.[!l Nowadays, LIBs are widely used to supply power
for portable electronic devices. With the ever-increasing de-
mand for energy conversion and storage devices in new in-
dustries like electric vehicles (EV), the performance of the
LIBs required by industry becomes very strict. In addition
to higher energy density and better safety, the rate capabil-
ity is emphasized in the EV industry because it directly de-
termines the charging and discharging speed of the batteries.
From the physical point of view, the rate capability of the LIBs
is strongly associated with the ionic and electronic conduction
in electrode materials.

The electrochemical reaction occurring in electrode ma-
terials in LIBs includes two kinetic behaviors in the charging
and discharging process: (i) Li-ion insertion and extraction;
(ii) electron/charge transfer upon Li insertion and extraction
induced in the process of oxidation or reduction of the elec-
trode materials. In the process of the electrochemical reaction
in electrodes, Li-ion distributions at the surface and inside the
electrode differ, which manifests as a Li-ion concentration gra-
dient and drives Li-ion diffusion. In most cases, Li diffusion
plays an import role in the kinetic process that occurs in the
electrode materials, because the diffusion determines the re-
action velocity of electrode materials and thus the rate perfor-
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mance of the electrode. >

Both cathode and anode materials are mixed ionic and
electronic conductors. Electronic conduction performance can
be improved by enhancing the intrinsic electronic conductiv-
ity or by other technical strategies like carbon coating, adding
a conduction additive, etc.[*! For ionic conduction, the intrin-
sic ionic conductivity is the key factor. It is intrinsically dif-
ficult to improve ionic conduction, as the ionic transport is
strongly related with the structure and composition of the ma-
terial. On the other hand, although technically decreasing the
particle size of electrode materials and then shortening Li-ion
migration paths can improve the rate capability,®! it simulta-
neously increases the specific surface area of electrode materi-
als, which causes new stability problems related to the surface
or interface.

In recent years, more and more research is focused on the
transport mechanism of the charge carriers in lithium batteries,
both experimentally and theoretically.!>°) Understanding the
transport mechanism helps researchers find ways to improve
the relatively low electrical or ionic conductivity of LIB mate-
rials. In this paper, we review the kinetic behavior of electrons
and ions in electrode materials for LIBs and summarize the
current status of research in the literature.

2. Li-ion transport dynamics and mechanism

Ionic transport is associated with the macroscopic diffu-
sion and microscopic migration behavior of ions under the in-
fluence of various gradient forces such as concentration gra-

*Project supported by the National High Technology Research and Development Program of China (Grant No. 2015AA034201), the National Natural Science
Foundation of China (Grant Nos. 11234013 and 11264014), the Natural Science Foundation of Jiangxi Province, China (Grant Nos. 20133ACB21010 and
20142BAB212002), and the Foundation of Jiangxi Education Committee, China (Grant Nos. GJJ14254 and KJLD14024). C. Y. Ouyang is also supported by

the “Gan-po talent 555 Project of Jiangxi Province, China.

TCorresponding author. E-mail: cyouyang@jxnu.edu.cn
© 2016 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

018206-1


http://dx.doi.org/10.1088/1674-1056/25/1/018206
mailto:cyouyang@jxnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 25, No. 1 (2016) 018206

dient, chemical potential gradient, and electric field gradi-
ent. The diffusion process can be described by Fick’s law of
diffusion: 1!

J =-DVC, (1)

where the vector J is the particle flux, and D and C are the
chemical diffusion coefficient and the particle concentration.
The negative sign indicates that the direction of diffusion is
from high concentration to low concentration.

Fick’s law describes the diffusion process from the
macroscopic aspect; other factors besides concentration are
considered in the chemical diffusion coefficient D. From the
microscopic point of view, according to statistical physics, the
self-diffusion coefficient is more reasonable to reveal the in-
trinsic nature of the Li-ion migration. According to transi-
tion state theory,[“’m the self-diffusion coefficient (D*) can
be calculated through the following formula:

1 E
D* = 8azvexp ( kBa ), 2)

where E, is Li-ion migration activation energy barrier; V is the
vibration frequency of the migrating Li ions in the lattice; kg
is Boltzmann’s constant; 7 is the absolute temperature, and
a is the hopping distance. From the above formula, the self-
diffusion coefficient is dominated by E, and v, which can be
calculated from first-principles calculations. The activation
energy barrier E, can be calculated through the climbing im-
age nudge elastic band (CI-NEB)!!3] method, while the vibra-
tion frequency v can be calculated through the force constant
method.'* Generally, v is in the magnitude of 10! Hz.
Another commonly used quantity to characterize ion mo-
tion is the tracer-diffusion coefficient (D), which is defined

as(!!]
1 N

D= g LI =m0, 3

where N is the number of Li ions in the system and 7;(¢) is
the position of the i-th Li ion at time ¢. Experimentally, the
Li-ion movement trajectory can be traced (monitored) through
isotope techniques, which is generally very expensive. On the
other hand, molecular dynamics (MD) and Monte Carlo (MC)
simulations are widely used to generate 7;(¢) from numerical
simulations.

Although the Li-ion diffusion coefficient is generally ac-
cepted to describe diffusion behavior, ionic conductivity is
also widely used to describe the motion of Li ions under ex-
ternal electrical potential. The relationship between ionic con-
duction and the diffusion coefficient can be described by the

Nernst—Einstein equation!!
o _ZIFG @
D, RT '

where D; is the chemical diffusion coefficient of species i, R
is the gas constant, T is the absolute temperature, G; is the

ionic conductivity of species i, Z; is the charge of species i, F
is Faraday’s constant, and C; is the concentration of species
i. In addition to the above definition, the Nernst—Planck
equation''®! is used to link the diffusion coefficient with the
mobility of the ions. The relationship can be written as

Di = I/l,'kB T, (5)
where u; is the mobility for species i.

2.1. Li-ion diffusion mechanisms

From the microscopic viewpoint, diffusion is character-
ized by the Brownian motion of atoms or molecules. In solid
materials, the amplitude of a particle’s vibration near its equi-
librium position at a given temperature is smaller than that at
its melting point. The thermal energy gives a certain driving
force to make the atoms deviate from their equilibrium po-
sitions, the atoms have a certain probability to overcome the
energy barrier, and then migration occurs. For an atom (ion)
to make such a movement, two conditions must be met: (i) an
adjacent site must be empty, and (ii) the atom must have suffi-
cient energy to break bonds with its neighbor atoms and then
cause some lattice distortion during the displacement. Gener-
ally, diffusion in solids can be classified into two categories:
vacancy mechanism and non-vacancy mechanism. In LIBs
materials, the diffusion mechanism is more complex and other
factors should also be included when we analyze Li-ion diffu-
sion.

2.1.1. Diffusion without vacancy

Without vacancy in the lattice, interstitial diffusion is
very important. Interstitial diffusion involves atoms that mi-
grate from one interstitial position to a neighboring one that is
empty. For example, the diffusion of the charge carrier ions
(Li*, Nat, Agt, K*, RbT, Cs*) in B-A1,0;3!'7) is in the in-
terstitial mechanism. The transport process of the interstitial

(18] The migrating atom is

mechanism is shown in Fig. 1(a).
initially located at an interstitial site of the host atomic matrix,
and it moves to an adjacent interstitial site. When this process
occurs, the system encounters a large lattice strain, but there
is no permanent displacement of the matrix atoms when the
process is completed. Therefore, this process is denoted as
the direct interstitial mechanism. In most cases of direct in-
terstitial diffusion, interstitial atoms must be smaller than the
matrix atoms and are incorporated into interstitial sites of the
host lattice to form an interstitial solid solution.

Comparable to the direct interstitial mechanism, there
is the indirect interstitial mechanism. In this case, the size
of the interstitial atoms can be the same as the host matrix
atoms. These atoms push their neighboring matrix atoms
away, into adjacent interstitial sites, and replace them, as
shown in Fig. 1(b).!'8] Indirect interstitial diffusion is a col-

lective mechanism, which will be discussed in the following
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of this paper, because at least two atoms are involved and
moved in the migration process. In LIB materials, Li diffusion
through a direct interstitial mechanism is not very common,
while an indirect interstitial mechanism can be observed in
many materials. Indirect diffusion is also known as the knock-
off mechanism, and it is very common in LIBs materials when
the Li concentration is high. For example, knock-off diffusion
dominates the Li diffusion in the lithiated state of LiyTisO,

anodes.['®! Furthermore, Shi et al.2%21] also demonstrated
that Li diffusion behavior in Li;COs3 is achieved via a knock-

off mechanism rather than direct-hopping.
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Fig. 1. Interstitial diffusion mechanism. (a) Direct interstitial diffusion.
(b) Knock-off migration mechanism. '8!

..

ol

CP

nterstiti

matrix atom interstitial atom

Fig. 2. Direct exchange and ring diffusion mechanism.#]

Atoms can also migrate in a collective manner, which in-
volves the simultaneous motion of several atoms in substitu-
tional solid solutions, in which solute atoms are similar in size
to the matrix atoms. The diffusion can be classified into two
simple categories: direct exchange mechanism and ring mech-
anism, as shown in Fig. 2.['8] The former is formed by two
neighboring atoms moving simultaneously, and the latter cor-
responds to a ring of three (or more) atoms moving as a group
by one atom distance. As there are no vacancies or interstitial
atoms involved, this is also called the non-defect mechanism

of diffusion. Generally, non-defect diffusion needs higher ac-
tivation energy than mechanisms with defects, especially for
the direct exchange mechanism. For instance, the process of
Li-ion migrating between internal Li,N layers in LizN[?%23]
applies to the collective diffusion mechanism.

2.1.2. Vacancy assisted diffusion

When vacancies are available, vacancy-assisted diffusion
is much easier than the non-vacancy diffusion. The vacancy
diffusion mechanism involves the exchange of an atom from
a normal lattice site to an adjacent vacancy, as shown in
Fig. 3.1'8 The diffusion of atoms in one direction corresponds
to the “motion” of vacancies in the opposite direction. Va-
cancy diffusion requires vacancies in the lattice, and it is di-
rectly related with the concentration of the vacancy defects.
With the existence of a vacancy in the lattice, the vacancy
mechanism involves much smaller lattice strain upon atom
hopping and therefore encounters a much lower activation en-
ergy barrier.
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Fig. 3. Vacancy diffusion mechanism. [!8]

Vacancy diffusion dominates the Li diffusion in most
electrode materials. On one hand, many Li vacancies are cre-
ated in the electrode material upon charging (Li removal) of
On the other hand, the lattice change to the
electrode material is rather small upon Li insertion/extraction,

the electrode.

which is a general requirement for electrodes of LIBs. There-
fore, vacancy diffusion in the electrode materials is much eas-
ier than interstitial diffusion. Lithium diffusion in all cathode
materials is related with the vacancy mechanism. The con-
centration of vacancies is important to the Li migration path-
way and the energy barrier. For example, Li diffusion path-
ways and energy barriers in LiCoO; cathodes are different for

mono-vacancy and divacancy. 2421

2.1.3. Phase boundary diffusion

In some LIB materials, clear phase separations and two-
phase coexistence may occur during the charging/discharging
process. In those cases, the Li migration behavior near

the phase boundary is very important. As an example, the
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LiFePO4 phase changes into the FePO,4 phase upon Li re-
moval, and a clear LiFePO4/FePO4 phase boundary is formed
in this process. Lithium diffusion behavior in these materials
can be monitored through the movement of the phase bound-
ary from the macroscopic point of view. The diffusion be-
havior with this mechanism clearly differs from those in solid
solution materials.

The phase boundary movement mechanism for LiFePO4
was first proposed by padihi er al.,*®! and now has been ex-
tensively discussed in the literature.>’-3?! Three typical mod-
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els are proposed, as shown in Fig. 4: the mosaic model,!?’! the
shrinking core model,*!! and the domino-cascade model.[*?]
Regardless of different nucleation sites, it is generally ac-
cepted that in the charging process, Li-ions are extracted along
the b-axis direction accompanied by the LiFePO4/FePOy
phase boundary moving along the a-axis direction. So far,
the Li-ion diffusion mechanism at the LiFePO4/FePO,4 phase
interface has not been clarified in sufficient detail. LiFePOy4
is not the only case: phase separation also occurs in the
LisTisO12 3334 and FeF;[3339] cathode materials.
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Fig. 4. Schematic representations of (a) mosaic model,!?”] (b) shrinking core model,3!! and (c) domino-cascade model!3?! for lithium

insertion/extraction in LiFePQOy.

2.2. Diffusion coefficient measurements and computer
simulation

2.2.1. Experimental measurement

Experimentally, Lithium’s chemical diffusion coefficient
can be measured using electrochemical techniques. Several
methods, such as electrochemical impedance spectroscopy
(EIS),’7-381 the potentiostatic intermittent titration tech-
nique (PITT),?%! the galvanostatic intermittent titration tech-
nique (GITT),!*%! and the potential step chrono-amperometry
(PSCA),[*142] can be used to study the Li diffusion kinetics
and to estimate the chemical diffusion coefficients in solid
electrodes. These measurement techniques have been widely
applied to electrode materials. The measurements of the chem-
ical diffusion coefficient for several typical electrode materi-
als are summarized in Table 1.143-571 However, the results are

not consistent under various measurement methods, as illus-
trated by Table 1. Taking the LiCoO, [*4! cathode as an exam-
ple, the Li-ion chemical diffusion coefficients can differ by 4
to 5 orders of magnitude between various measurement tech-
niques. Such discrepancies among reported studies may origi-
nate from many factors, including experimental measurement
errors and errors intrinsic to the measurement techniques.

2.2.2. Computer simulation methods

Atomic scale simulation of Li diffusion is one way to un-
derstand the Li diffusion mechanism in electrodes in detail
from the microscopic point of view. Computer simulation,
especially first-principles calculation, 3011 is a powerful tool
for understanding atoms’ diffusion in an electrode at the mi-

croscopic level.
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Table 1. Chemical diffusion coefficient of Li ions in different electrode materials.

Electrode materials

1

Chemical diffusion coefficient/cm?-s~ Measurement method

Li,CoO,

Cathode materials

LiMn,04

Li,FePOy4

natural graphite

mesocarbon microbeads (MCMB)
Anode materials

highly oriented pyrolytic
graphite (HOPG)

silicon

1.5x10710-8.0x 1078 (single particle) PSCA43]
10-1-10"7 (single particle) EIS143]
(3.85 V< E/V vs. Li/lLIT <4.2V)
x = 0.5, (003) orientation, thin film
thickness, 0.31 um
1.9x10712 GITT!*
1.6x 1013 PITTH4
1.6x10710 EIS[*4
4.0x1071-3.0x10719 (0.45 <x < 0.7) PITT]
1.71x10~'2: virgin thin film PSCAL]
6.0x10711-5.0x10710: ESD thin film PITTI4
(4.07 V< E/V vs. LIL™t <4.19 V)
3.4x1078-0.7x1078 (0.04 < x < 0.92) GITT!8!
1076-10-10: singlt; particle EIS4!
(3.8 V< E/V vs. LI/L't <4.3V)
10 14-10-12: thin film p—
(34 V<E/V vs. LIIL* <3.6V)
4.97x107160-9.13x10~ 15 GITTIS!!
0.1 <x<0.9)
1.91x10715-1.29x 10714 —
0.1<x<0.9)
107°-10719: measured at RT PSCA?I
New calculation model:
1.94%x 107! (thin film thickness, 10 pm) GITT!53!
1.70x 10~ ! (thin film thickness, 60 pm)
(0.05 V< E/V vs. Li/Lit < 0.25 V)
1.14x10712-3.87% 10~ !1: bulk
1.42x10712-1.82x 107! powder EISP4
(0.05 V< E/V vs. Li/Lit <0.2V)
thin film: 4x10~13-2x 1013 at 50 °C
(048 V< E/V vs. Li/Lit < 0.5V) PITT!
nano-size Li,Si: 5x10713-5.1x 10712 GITTS!
(15<x<4)
thin film (0.25 um): 2-3x10~13 EISIS7]

(E=0.01 V (Li/Lit))

Many published studies of lithium diffusion in LIB mate-
rials used Monte Carlo (MC) simulations. For example, com-
bining kinetic MC simulations with first-principles calcula-
tions, Van et al.[2%61.62] calculated the Li diffusion coefficient
in Li,CoO; with a Li concentration of 0 < x < 1. They found
that Li diffusion in this compound occurs predominantly by
a divacancy mechanism, and the activation energy barrier for
the divacancy migration strongly depends on the Li concen-
tration. Ouyang et al.19%%4] investigated Li diffusion behav-
ior in Li,Mn;0O4 by MC simulation, in which the MC step is
imbued with real meaning of time through a comparison with
specifically designed experiments. With a real time step, the Li
flux can be directly converted into current density, from which
the Li-ion conductivity can be calculated via Ohm’s law. The
same method was also shown to correctly predict the Li diffu-
sion behavior in LiFePO, materials.[®]

Another powerful tool that is widely used to study the
Li diffusion behavior in LIB materials is ab initio molecular
dynamics (AIMD).[96-6%1 Little classical MD simulation of Li

migration in electrode materials is reported in the literature be-
cause of the difficulty in figuring out a reliable potential to de-
scribe the inter-atomic interactions.’%”!1 In contrast, ab initio
calculation can correctly reproduce the inter-atomic interac-
tion, and therefore AIMD can give a correct description of the
Li diffusion behavior in solid materials. Ouyang et al.[”! in-
vestigated the Li dynamics in the spinel LiMn,04 compound
from AIMD calculations. They found that the energy barrier
of Li monovacancy migration is about 0.23 eV and 0.61 eV
in LiMnyO4 and LigsMnyOy, respectively. With a selective
AIMD simulation within the adiabatic trajectory approxima-
tion, they also identified the one-dimensional (1D) Li diffu-
sion pathway in the LiFePOy cathode.!”3! In addition, Johari et
al."*! studied the diffusion kinetics during the lithiation pro-
cess of crystalline as well as amorphous Si anodes using ab
initio finite temperature MD. They found that the diffusivity
of Li is 10 times faster in amorphous Si (~1078 cm?-s~!) than
in crystalline Si (~10~° cm?-s~!). Moreover, the diffusivity
of Si is 2 orders of magnitude slower than Li in amorphous
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Si, while 4 orders of magnitude slower in crystalline Si. As
a consequence, their results reveal that Li has to penetrate the
anode by pushing out the Si atoms, generating stress, and the
faster diffusion of Si in amorphous Si helps mitigate the large
diffusion-induced stress in Si anodes.

First-principles calculations combined with the NEB
technique provide another approach to studying Li diffusion
in LIB materials in a more microscopic manner. The NEB
method optimizes the Li migration pathway and calculates the
Li migration energy barrier from the atomic scale, which pro-
vides a better understanding of the Li migration mechanism.
Recently, many papers have reported on Li diffusion behav-
ior in LIB materials in the literature.!”>~77! For example, us-
ing the NEB method, Chen et al."”! studied the Li diffusion
mechanism in Lig4,TisO1, anodes. They demonstrated that Li
migration in the discharged state Li4TisO;, is dominated by
the vacancy mechanism, while cooperative migration (knock-
off mechanism) is dominant in the lithiated state Li;Ti5O,.
With the same methodology, Xu et al.l”8! investigated Li dif-
fusion in graphite. Their results show that the Li migration
is sensitive to the stacking mode of the graphite and that A—
B stacking results in a higher migration energy barrier than
A-A stacking. Similar studies have also been carried out to
investigate Li migration in graphene!”®! and silicone.®"! After
the Li migration energy barrier is obtained, it is convenient to
evaluate the self diffusion coefficient through transition state
theory!'?! and the lattice gas model,’®! as given by Eq. (2).
With the same method, Wan er al.[8?! studied the energetics
and dynamics of Li insertion into bulk Si at different Li dop-
ing concentrations. Their results show that the most stable
position of single Li atom insertion into bulk Si is the tetrahe-
dral (Ty) site, and the Li migration energy barrier between the
adjacent Ty sites is 0.58 eV; the value is similar to the diffu-
sion barrier calculated by Zhao et al.13 Subsequently, Wang
and co-workers®*! studied the local interaction of Li with Si
in single-layer and double-layer structures of silicene; their
results indicate that the barriers for Li diffusion are smaller
than those for diffusion in bulk silicon. Furthermore, Chan
et al.!® studied the electrochemical lithiation and delithiation
of faceted crystalline silicon by ab initio molecular dynamics
simulations using slab models, and gave a good explanation of
the anisotropy of the lithiation observed in experiments.

2.3. Factors that influence Li-ion transport

Temperature is the most profound influence on diffu-
sion behavior. No matter which diffusion mechanism, diffu-
sion as a function of temperature always obeys the Arrhenius

D—Doexp(—kf;), (6)

where Dy is a temperature-independent pre-exponential fac-

formula(80!

tor, Qq is the diffusion activation energy, kg is Boltzmann’s

constant, and T is the absolute temperature. The activa-
tion energy, which is a statistical average of the Li migra-
tion energy barrier over all possible migration pathways in
a solid environment, may be thought of as the energy re-
quired to produce diffusive motion. The Li migration en-
ergy barrier is strongly related with the crystal structure of
the solid material. For example, the Li diffusion patterns in
LiFePOy (olivine structure),!’3! LiCoO, (layer structure),®7]
and LiMn,Oy4 (spinel structure)!®®! cathodes are one-, two-,
and three-dimensional, respectively.

As discussed above, electrode materials should be mixed
ionic-electronic conductors. Therefore, the Li-ion migration
interacts with electron transfer in solid materials; i.e., electron
transfer influences Li-ion diffusion.®”] The chemical diffusion

coefficient for species i can be expressed as
D; = DgW, (N

where Dg; and W are the component diffusion coefficient and
the Wagner factor, respectively, and

Dgi = bikgT. (8)

The component diffusion coefficient Dg; is a measurement of
the random motion of the particles of species i in the crystal,
and b; is the general mobility. In LIB materials, the Wagner
factor W can be expressed as

dlna}

where ¢, is the electron transfer number, and the sum of 7. and

W=t ®

t1i (the Li-ion transfer number) is equal to 1; a and c represent
activities and concentrations of neutral species i, respectively.
From Eq. (9) we can see that if . — 1, the W is not related to
the electron motion but is solely determined by Li-ion motion.
In contrast, if ¢, — 0, Li-ion chemical diffusion coefficient is
determined by the electronic component diffusion coefficient
instead of by Li-ions themselves.

In addition to the widely studied factors mentioned above,
some other factors also affect the Li-ion transport in electrode
materials. Some important point defects, such as O vacan-
cies, Li/M (M = transition metal ion) antisites, doping ions,
and so on, are also strongly associated with Li mobility and
conductivity. Luo er al.l®”! showed that the oxygen vacan-
cies in LiTi, (PO4)3 can substantially enhance rate capability.
Koyama et al.’!l systematically study the defect chemistry
in a series of layered LiMO;. Their results also emphasized
the role of the defects in the electrochemical performance for
the layered cathode materials. The Li/M antisite defects and
doping cations in LiMPOy4 olivine are typical defects that in-
fluence the Li diffusion and electronic conductivity.[®?) Fur-
thermore, the Li-ion transport is also sensitive to the external
strain[®3! and particle size!®*! of the material; both of these re-
lationships are demonstrated clearly in the LiFePO4 cathode.
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3. Electron transport and electronic conduction
mechanisms

According to the band theory, we can evaluate the elec-
tronic conduction behavior simply by analyzing the electronic
structure of the material. Materials with metallic electronic
structures generally exhibit good electronic conductivity, and
so are called conductors. Insulating electronic structure is
associated with a band gap and low electronic conductivity.
When the band gap is small, such materials are classified as
semiconductors.

Quantitatively, two approaches have been developed and
widely used to describe electronic conduction characteristics:
classic electron transport theory and quantum transport the-
ory. From the classical point of view, electrical conduction is
considered to be a flow of free electron gas. When a flow of
free electron gas reaches the equilibrium state under an exter-
nal electric field force and the internal friction force, we can
observe a constant current density in the material. With the
relaxation time approximation, the electrical conductivity can

be obtained from>!

Nf€2T
[
m

; (10)

where o is electrical conductivity, Ny is the number of free
electrons, 7 is relaxation time, e is the charge of the electrons,
and m is the mass of an electron. The classical approxima-
tion has been successfully applied to describe conduction in
metallic materials. ']

From the quantum mechanical concept, only those elec-
trons located near the Fermi level contribute to electrical con-
ductivity. Those states drift in k-space due to an external elec-
trical field with a high velocity approximately equal to the
Fermi velocity (vg), and only their movement in the direction
of the electric field is considered. Thus, only these electrons
participate in conduction, and conductivity can be described
by!%]

1
c= gezvl%rzv(EF). (11)

This quantum mechanical equation reveals that conductivity
depends on the Fermi velocity (vg), the relaxation time (7),
and the population density N(Eg), which is proportional to the
density of states.

Another useful quantity to characterize electron conduc-
tion is electron mobility. The relationship between conductiv-
ity and mobility is expressed as!!?!

o =nle| Ue, (12)

where [, is electron mobility, n is the number of free or con-
ducting electrons, and |e| is the absolute value of the electron
charge.

3.1. Free electron conduction

The electron transport character of an electrode mate-
rial is one important factor in evaluating its rate performance.
During the charge/discharge process, electrons/charge must be
transferred from (to) the electrode through an external circuit.
Electron transport in the solid electrode can be described by
electrical conductivity, which is a measurement of the elec-
trode material’s ability to conduct electric current.

According to band theory, materials with a metallic elec-
tronic structure, that is, their Fermi level lies in their conduc-
tion band, have a large number of free conduction electrons
available for electron transport. In these materials, electrical
conductivity is very high. For LIB materials, the electronic
structure of graphite anodes exhibits a metallic electronic
structure, and the electron transport in a graphite anode is fast
—its electrical conductivity is measured to be ~10* s-cm™!.[%0]
For most carbon anode materials, electrical conduction behav-
ior is similar to that of graphite materials.[®’! Technically, as
carbon has good electrical conductivity, it can be used as a
coating material to enhance the electrical conductivity of elec-
trode materials with poor electrical conductivity.*8-102]

However, materials with insulating electronic structures
(that is, the position of their Fermi level lies within their band
gap) have poor electrical conduction ability, because the con-
centration of the free conduction electrons (charge carrier) in
those materials is very low under room temperature. In those
materials, free conduction charge carriers (electrons and holes)
can be generated through thermal excitation of electrons from
the fully occupied valence band to the fully empty conduction
band, from which free holes and electrons are created in the
valence and conduction band, respectively. The electrical con-
ductivity of those materials continues to increase as the charge
carrier density increases. In most of the oxide electrode ma-
terials, the electronic structure is insulating. The band gaps
of the three typical cathode materials LiCoO;, LiMn;Oy4, and
LiFePOy are presented in Table 2.[103-113]

Thermally exciting electrons at room temperature to hop
from the valence band to the conduction band is very difficult
for most of the oxide electrodes, because the thermal energy
kgT is only ~ 23 meV at room temperature, while the band
gaps are at least hundreds of meV or even several eV, as shown
in Table 2. Therefore, intrinsic electrical conductivity is very
low in these materials. However, defect states can substan-
tially enhance the electrical conductivity of these materials.
For example, doping is a widely used technique to enhance
the electrical conductivity of oxide electrode materials. The
dopant atoms increase the majority charge carrier concentra-
tion by donating electrons to the conduction band or accepting
holes in the valence band. For both types of donor or accep-
tor atoms, increasing dopant density can enhance conductivity
by several orders of magnitude. For example, Chung et al.[%!
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showed that doped Ligg9Mp o1 FePO4 (M = Nb, Zr, Mg, Ti)
material is a p-type semiconductor, and its electrical conduc-
tivity can be enhanced substantially compared to the intrinsic
material. Shi er al.''! also demonstrated that Cr doping at
the Li site enhances the electrical conductivity of the LiFePO4
materials by 8 orders of magnitude. From density functional
theory (DFT) calculations, they showed that the doped mate-
rial exhibits half-metallic electronic structure. Similar dop-
ing effects are observed in LiC00,,M103] 1iMn, 04,114 and
Li4Ti5012“15J materials. In addition to doping atoms, other
defects can help improve electrical conductivity, as they can
introduce defect states within the band gap and enhance the
density of the charge carrier. Those defects include O vacan-
cies in the LiMn,Oy spinel and LiCoO,,"°!! Li/M antisites in
LiFePOy4 olivine,®? and so on.

Table 2. Room-temperature conduction property of various cathode
materials.

Electrical conductivity

Cathode material 11 Band gap/eV
/o-S™'-cm

LiCo0, 103-103] ~ 1074 0.765-2.7

LiMn, Q4 106-110] ~107° 1.2-2.0

LiFePOQ, 98.111-113] ~107° 0.3-3.7

Although doping and other defects can enhance the elec-
trical conductivity of oxide materials in many cases, they in-
troduce other problems. For example, Cr doping in the Li
site of the LiFePO4 compound can solve the problem of elec-
trical conductivity,!!''! but it deteriorates Li diffusion, since
the large Cr atom may block the one-dimensional Li diffu-
sion pathway.[%>73] Furthermore, defects in the oxide materi-
als also harm structural stability, and thus worsen cycling per-
formance as electrode materials. It is known that the Ni/Li an-
tisites in LiNiO, and LiNiyCoyMn;_,_,0O; are at least partly
responsible for the poor cycling performance of those lay-
ered cathodes. Xia et al.!''®! reported that oxygen deficiency
is harmful to the structural stability of the spinel cathode
LiMn, Oy, although O vacancies may favor electrical conduc-
tion.

3.2. Small polaron conduction

In addition to the free electron conduction mechanism,
small polaron conduction is quite important in the oxide ma-
terials with insulating electronic structures. In 1993, Goode-
nough et al. suggested that small polaron conduction is more
of a concern in oxide cathodes.!!!”) Since then, few papers fo-
cused on this mechanism until more recently, with the develop-
ment of first principles calculation techniques. Generally, the
polaron concept was proposed to describe the electron-phonon
interaction in dielectric crystals. The polaron state is formed
and localizes or traps the electron and therefore lowers elec-
tron mobility. This trapping or localization effect gives rise to

the insulating electronic structure in electrode materials. Tak-
ing the LiMn,O4 compound as an example, when the localiza-
tion effect is not considered, Mn atoms are in an average ox-
idation state of Mn3* and the electrons are “shared” by Mn
atoms, which results in the metallic electronic structure.!!18!
However, Mn-3d orbital is able to localize (trap) the electrons
and the oxidation state exhibits as half Mn>* and half Mn**.
The Mn3*t holds one more electron than Mn**t, and the ex-
cess electron is localized at the Mn-3d-z2 orbital, which lowers
the energy of the crystal through the local lattice Jahn—Teller
distortion. A localized electron at the Mn-3d-z? orbital com-
bined with the local lattice distortion is called a Jahn—Teller
type small polaron.!!"”! Figure 5 presents the polaron states in
A-MnO,, which is the delithiated state of the LiMn, Oy spinel.

Fig. 5. Polaron states in the A-MnOj unit cell. Notations “+3” and “+4”
around Mn atoms indicate their valence states. Mn—O bond lengths (in
A) are presented around each bond. The electron is localized at the 3d-
state of the Mn3* atom, as shown by a transparent blue isosurface. The
gray and red spheres are Mn and O atoms, respectively. 1]

Although a polaron state localizes the electron and lowers
the mobility of the conduction electron, the polaron state itself
can be transported in the lattice, and can also transport charge
and contribute to electrical conductivity. As the polaron state
is associated with local lattice distortion, propagation of the
lattice distortion in the crystal implies the transport of the lo-
calized electron. Studying the polaron conduction mechanism
in LIB electrode materials helps us understand electrical con-
duction in those oxide compounds. Experimentally, as the po-
laron state is difficult to characterize, no report is available in
the literature, as far as we know. On the other hand, computer
simulation provides a powerful tool to study this problem. In
2006, Maxisch et al.l'?1 were first to study the formation
and transport of small polarons in olivine Li,FePO4through
DFT+U calculations. Their results show that excess charge
can be localized at the Fe?* cations, thus forming small po-
larons, which can be transported among Fe?>* and Fe?* cations
with relatively low activation energy barriers. Later, Ouyang et
al. studied the polaron state migration in the LiMn,O4 com-
pound and showed that polaron transport in LiMn;QOy is im-
portant to its electrical conductivity.!!!%]

First principles calculations can be used to optimize the
polaron migration pathway and calculate the polaron migra-
tion energy barrier, which is the most important parameter de-
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termining the mobility of the polaron state. However, elec-
trical conductivity is also sensitive to the concentration and
distribution of polaron states. In the LiMn;O4 compound, the
polaron state concentration decreases during the charging pro-
cess because more Mn3* cations change into Mn** upon Li
removal. In the case of LiFePO, cathodes, the LiFePO4 phase
and FePOy4 phase are separated, and thus polaron migration
occurs only at the phase boundary. Inside of the LiFePO4
and FePO4 phases, polaron migration is not very important
because there is no polaron state available in the FePO4 phase
and no acceptor in the LiFePO4 phase. When the polaron con-
centration is low, we can create those bound states through
technical strategies. For example, Mn are all in the Mn** ox-
idation state in the LioMnO3 cathode, and therefore no intrin-
sic polaron states exist in this compound. It has been shown
that polaron states can be created in this compound through F-

U211 However, it has also been

doping and replacing O atoms.
shown that those polaron states are trapped by the F atom in the
lattice, and the mobility of the polaron states is low, which in-
dicates that F-doping cannot help electrical conductivity much

in the Li,MnQOj5 cathode.

4. Concluding remarks

Charge transfer is a fundamental physical phenomenon
in LIB electrode materials. In the present work, we briefly
reviewed the elementary physical problems concerning the
mechanisms of Li-ion diffusion and electron conduction, as
described in the literature. Understanding the elementary
physical transport problems of electrons and Li ions helps to
design materials with better rate performance, which becomes
more and more important with the growing demands from the
EV industry. Demands for advanced LIBs emphasize not only
high energy density but also high power density, which is di-
rectly determined by the charge and discharge speed and, in
turn, by the rate performance of the battery.

Although many experiments and theories are developed
to study the Li-ion diffusion problems in LIB materials, one
very important problem is still unclear to the researchers: the
Li migration energy barrier is high in some materials while it
is low in other materials. More specifically, why is Li diffu-
sion in some materials one-dimensional, while in some oth-
ers it is two- or three-dimensional? In order to answer this
question, we need to figure out more general rules, rather than
empirical diffusion mechanisms, to explain the Li migration
behaviors. For electron transport in electrodes, the question
is less important for those materials with metallic electronic
structures. Unfortunately, most cathode materials are insula-
tors, due to their intrinsic electronic characteristics. Thermal
excitation-generated free conduction charge carrier density is
very low in those oxide cathodes. Doping can help enhance
the electrical conductivity, but it also brings new problems.

Polaron conduction can be an alternative to the free conduc-
tion electron transport in those materials. In order to improve
a material’s electrical conduction performance, we can think
of material design strategies that make use of polaron conduc-
tion, which is not often considered by most researchers. With
further development of computational capacity and simulation
techniques, computer simulation will help us with those de-
signs.
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