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ABSTRACT

In-depth knowledge of electrode processes is crucial for determining the electrochemical performance of lithium-ion bat-

teries (LIBs). In particular, the conduction mechanisms of charged species in the electrodes, such as lithium ions (Li+) and

electrons, are directly correlated with the performance of the battery because the overall reaction is dependent on the charge

transport behavior in the electrodes. Therefore, it is necessary to understand the different electrochemical processes occur-

ring in electrodes in order to elucidate the charge conduction phenomenon. Thus, it is essential to conduct fundamental stud-

ies on electrochemical processes to resolve the technical challenges and issues arising during the ionic and electronic

conduction. Furthermore, it is also necessary to understand the transport of charged species as well as the predominant fac-

tors affecting their transport in electrodes. Based on such in-depth studies, potential approaches can be introduced to

enhance the mobility of charged entities, thereby achieving superior battery performances. A clear understanding of the

conduction mechanism inside electrodes can help overcome challenges associated with the rapid movement of charged spe-

cies and provide a practical guideline for the development of advanced materials suitable for high-performance LIBs. 
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1. Introduction

Lithium (Li)-ion batteries (LIBs) are promising

sources of power for various applications ranging

from electronic devices to plug-in hybrid electric

vehicles [1-4]. For the successful implementation of

LIBs, it is crucial to meet the rigorous requirements

of the industry. As far as the operation is concerned,

LIBs should be safe and there must not be a fire haz-

ard. [5]. A typical LIB is primarily composed of porous

electrodes [6-7] (i.e., active material, conductive addi-

tive, and binder coated on the current collectors), an

electrolyte, and a separator to prevent a short-circuit

during operation. Multiple processes occur inside these

porous electrodes during the operation of LIBs [8].

Generally, there are two types of charge transfer

processes occurring inside electrodes that govern the

appropriate operation of LIB; the first process is the

electron transfer and the second process is the ion

transfer. However, it is necessary to understand the

percolation path of these charged entities at the inter-

faces when they move simultaneously during the

operation of the battery.

The electrons are supplied by the current collec-

tors for electrodes, while lithium ions (Li+) move

through the active material and pores, thereby creat-

ing a pathway through the electrolyte. It should be

noted that electron transfer through the electrolyte is

undesirable because it could cause severe damage to

the cell and may result in the explosion of the cell,

leading to serious hazards. The electronic conduc-

tion in electrodes should occur fast; therefore, a con-

ducting additive is generally used alongside the

active materials. The suitable current collectors that
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can lead to rapid electron movement are aluminum

(Al) foil for the cathode and copper (Cu) for the

anode.

Further understanding of the charge transfer reac-

tions at the electrode–electrolyte interface is crucial

to control the reaction kinetics [9]. The reactions that

do not occur at the electrode–electrolyte interface are

typically irreversible and affect the performance of

the electrochemical cell [10]. Hence, the overall reac-

tion must only occur at the interface.

The interfacial reactions are mainly responsible for

determining the reversibility of the electrochemical

reactions in LIBs. The reversibility of electrochemi-

cal reactions directly reflects on the coulombic effi-

ciency, although it does not significantly affect the

energy density of LIBs [10-11].

Charge transport mechanisms in the electrodes are

highly dependent on the properties of active materi-

als, because electrochemical redox reactions mainly

occur at the surface of these materials with the elec-

tron transport coupled to Li+ transport. Therefore, the

rate-limiting factor could either be ion or electron

transport at the electrodes, depending on the active

materials [12].

Both ionic and electronic conduction at the elec-

trodes are rate-limiting steps because the internal

resistance of the electrodes affects the conduction

path of both Li+ and electrons. The electronic trans-

port is affected by the film resistance of current col-

lectors, conducting additives, and surface resistance

induced by the active materials in the electrodes. In

contrast, ionic transport is mainly governed by the

solid-state diffusion of Li+ in the active materials as

well as the ionic resistance of the electrolyte. Conse-

quently, both Li+ and electron conduction signifi-

cantly affect the overall performance of LIBs [5].

Li+ and electron transport follow a 3D complex tor-

tuous path in the electrodes. A complex tortuous path

for the charged species is generally formed in elec-

trodes impregnated with the electrolyte and consist-

ing of current collectors coated with an active

material, a conductive additive, and a polymeric

binder. Generally, electron transport occurs through

the conductive additive and active material, whereas

Li+ transport occurs through the electrolyte-filled

pores. Thus, Li+ and electron transport may follow a

longer path when compared with the thickness of an

electrode [13-16].

Fig. 1. Electrode–electrolyte interfaces in Li-ion, Li-polymer, and all solid-state Li-based batteries. The figures were

reproduced with permission from Ref. [10]. Copyright 2018, Energy and Environmental Science.
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Electrode processes typically govern the working

of a cell. The internal resistance of every part of the

electrode restricts the movement of Li+ and electrons.

This resistance is offered by the electrode [8] during

(1) electron transfer at the boundary of the active

material and current collector, (2) electron transport

in the porous electrode, (3) ion transport in the elec-

trolyte solution infused in the porous electrode, (4)

Li+ transfer at the active material/electrolyte inter-

face, (5) Li+ diffusion in the active material, and (6)

ion transport in the electrolyte through the separator.

Electronic conduction and ionic diffusion related

electrochemical processes are explained in chapter 2

and 3 of this review, respectively.

2. Electron Conduction and Transport Mech-
anism

According to the band theory, the electronic con-

duction behavior of materials can be interpreted by

analyzing their electronic band structures, as illustrated

by quantum mechanics. In general, the materials have

distinct band structures, which are predominant features

for determining the electrical properties of materials

such as insulators, conductors, and semiconductors.

Conductors have partially filled valence bands,

whereas semiconductors have overlapped bands,

thereby enabling electrons to move in a crystal upon

the application of an external field. Moreover, metals

exhibit excellent electrical conductivity because they

have zero band gap.

In LIBs, metals that exhibit excellent electrical

conductivity, such as Cu and Al, are generally

employed as the current collectors. Active materials

(i.e., insulators) usually possess a large band gap

(e.g., lithium cobalt oxide (LiCoO2) has a bandgap of

0.5–2.7 eV and electrical conductivity of ~10-4);

hence, electron movement does not occur due to the

filled valence and empty conduction bands [12]. The

electronic conduction characteristics of active materi-

als can be described using two approaches: classical

transport theory and quantum transport theory. 

2.1 Classical approach

The classical transport theory considers electrical

conduction as a flow of free electrons. Under the

application of an external electric field and the inter-

nal frictional force, the flow of free electrons attains

equilibrium, and a constant current density is

observed. By implementing the time relaxation

approximation, the electrical conductivity can be

expressed as follows [17]:

(1)

where σ is the electrical conductivity, τ is the relax-

ation time, Nf is the number of free electrons, m is the

mass of an electron, and e is the charge of an elec-

tron. A classical approximation is generally used to

describe the typical electrical conduction in metals

[18]. 

2.2 Quantum mechanical approach

The quantum mechanical approach states that only

σ
Nfe

2τ
m

--------------=

Fig. 2. Electrochemical processes occurring within a Li-ion battery electrode.
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the electrons that are located near the Fermi level

contribute to σ of the materials. Such electrons near

the Fermi level can be accelerated via an external

electrical field. Thus, electron movement only occurs

along the direction of the applied field. The displaced

free electrons possess equal or slightly higher veloci-

ties than the Fermi velocity (γF) [12]. These free elec-

trons could participate in the electron conduction;

hence, σ for a quantum mechanical system can be

expressed as 

(2)

Equation (2) describes the dependence of σ on the

γF of free electrons, τ, and density of states. The

abovementioned equation explains that σ is directly

dependent on τ and the average time between succes-

sive collisions of free electrons [18].

σ can also be explained in terms of the absolute

value of e and the number of conducting electrons, as

expressed in equation (3) [17]. Electron mobility is a

useful entity for describing the transport or conduc-

tion of electrons. 

(3)

Quantum mechanics provides a range of concepts

for a clear understanding of the influence of dopants

and impurities in materials on altering carrier concen-

trations. The quantum mechanical expression for

conductivity considers the electrons and density of

states near the Fermi level; hence, it is more advanta-

geous as compared to the classical model.

2.2.1 Electron tunneling and percolation path

Electron tunneling is an exponential function of the

distance as well as the inverse barrier height for elec-

tron transfer. The probability of electron tunneling

tends to decrease exponentially with an increase in

the height and width of the electron transfer barrier.

(4)

In equation (4), T is the probability that an electron

will tunnel through the barrier, Eo is the total energy

of an incoming electron, V is the height of the poten-

tial barrier, L is the width of the potential barrier, and

κ is the wave number.

An efficient electron transfer between the active

material and the current collector affects the kinetic

performance of the working electrode. In addition,

electron tunneling and percolation throughout the

active material also affects the electrochemical per-

formance of the cell.

2.3 Conduction in active materials

2.3.1 Electron transfer between the current

collector and active material

In general, an increase in V reduces the probability

of electron tunneling during the operation of LIBs.

Pan et al. demonstrated the presence of electronic

conductive Cu2O and insulated Al2O3 surface oxida-

tion layers on the surface of Cu and Al foils, respec-

tively. The insulated Al2O3 layer forces the electrons

to tunnel through the Al2O3 surface layer on the sur-

face of Al foil. As a result, the working capacity of

Li4Ti5O12 (LTO) on the Al foil was found to decrease

due to the kinetic limitation at a high current density

[19].

Yang et al. [20] examined the feasibility of a 3D-

NiCrAl alloy foam as a current collector for LiFePO4

cathode material. The metal foam current collector

enables efficient redox reactions owing to the shorter

migration path of electrons and the large active sur-

face area in the electrode. It should be noted that this

short migration path of electrons and large surface

area were advantageous for reducing the charge over-

potential during the cycles, because electrons do not

need to travel towards the current collector, similar to

conventional foil-type current collectors.

The 3D-NiCrAl alloy foam features a roughened

surface, which improves its adhesion with the active

material, thereby reducing the interfacial resistance

between the current collector and the active material. 

On comparing the charge/discharge curves in Fig.

3(a), it is evident that there is no major difference in

the charge overpotential in the plateau region of the

two types of current collectors, at a low current den-

sity. At a high current density (Fig. 3(b)), however, a

significant increase in the charge overpotential is

observed in the plateau region of a foil-type current

collector. 

In addition, a significant capacity loss is observed

in the foil-type current collector at a high current den-

sity due to the limited Li+ diffusion. In contrast, the

metal foam current collector shows significantly

lower capacity loss even at a high current density, as

shown in Fig. 3(c). The increase in the internal resis-

σ 1

3
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tance restricted the performance of the foil-type cur-

rent collector.

The improved electrochemical performance is

ascribed to the lower impedance and smaller polariza-

tion arising from the metal foam current collector. The

metal foam exhibits a considerably smaller charge trans-

fer resistance (Rct) at a high current density, as compared

to the foil-type current collector [20].

2.3.2 Electron transport in porous electrodes

The high electronic conductivity of active materi-

als is essential for the electron transfer in electrodes.

Typically, additional carbon coatings are adopted for

active materials with poor electronic conductivity,

such as LiFePO4. The carbon coatings form electron

percolation pathways in the electrode, resulting in

improved electronic conductivity (Fig. 4).

A uniform carbon coating on the nanoporous

micro-LiFePO4 cathode material can effectively form

electron percolation pathways in the electrode, lead-

ing to a substantial increase in electronic conductiv-

i ty.  As a  resul t ,  the volumetr ic  capaci ty of

nanoporous micro-LiFePO4 is 2.5 times higher than

that of the nano-LiFePO4 (Fig. 5(a-c)). As shown in

Fig. 5(d-e), nanoporous micro-LiFePO4 exhibits

higher gravimetric and volumetric capacities at a

high current rate.

The mutual effect of morphology and high elec-

tronic conductivity of nanoporous micro-LiFePO4

after carbon coating might be responsible for the

higher gravimetric and volumetric capacities. The

nanoporous particles combine the high capacity and

high current rate of nano-sized particles with the high

volumetric energy density of micro-sized particles

[21].

3. Ionic Diffusion and Transport Mechanism

3.1 Macroscopic and microscopic diffusion processes

Generally, ionic transport occurs under the influ-

Fig. 3. Electrochemical performance of metal foam and foil-type current collector at (a) 0.1 C and (b) 1.0 C. (c) Cyclic

stability and electrochemical impedance spectroscopic curves for metal foam and foil-type current collectors. The figures

were reproduced with permission from Ref. [20]. Copyright 2014, Journal of Material Chemistry A.
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Fig. 4. (a–d) SEM micrographs of nanoporous micro-LiFePO4 and nano-LiFePO4, and (e) schematic diagram of electronic

conduction through the active material. The figures were reproduced with permission from Ref. [21]. Copyright 2009,

Electrochemical Solid-State Letters.

Fig. 5. Charge-discharge curves for (a) gravimetric capacity and (b) volumetric capacity, and (c) cyclability of nano-

LiFePO4 and nanoporous micro-LiFePO4. (d) Gravimetric and (e) volumetric capacities of nano-LiFePO4 and nanoporous

micro-LiFePO4. The figures were reproduced with permission from Ref. [21]. Copyright 2009, Electrochemical Solid-State

Letters.
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ence of different gradients such as the electrical field,

chemical potential, and concentration. On a macro-

scopic scale, diffusion can be better explained by

Fick’s first law, as expressed by equation 5 [22]:

(5)

where J is the flux of particles, C is the particle

concentration, and D is the chemical diffusion coeffi-

cient. The negative sign specifies the gradient of the

diffusion process, typically from higher to lower con-

centrations.

At the microscopic scale, the self-diffusion coeffi-

cient is more useful because it provides additional

information regarding the intrinsic nature of Li+

migration.

(6)

In equation (6), Ea is the activation energy barrier

for Li+ migration, ν is the vibration frequency of

migrating Li+ in the lattice, kB is Boltzmann’s con-

stant, T is the absolute temperature, and a is the hop-

ping distance [17].

3.2 Ionic conductivity

In electrochemical devices such as LIBs, ionic con-

ductivity (σ) refers to the movement of Li+ under the

influence of an external potential. The Nernst–Ein-

stein equation describes the relationship between σ

and D: 

(7)

where,

Di = chemical diffusion coefficient of species i,

R = gas constant, 

T = absolute temperature,

σi = ionic conductivity of species i,

Zi = charge,

F =Faraday’s constant, and

Ci = concentration of species i

Di can be related to ionic mobility through the

Nernst–Planck equation. Equation (8) further illus-

trates this relationship: 

(8)

where ui refers to the mobility for species I [17].

3.3 Diffusion mechanisms

Generally, microscopic diffusion is caused by the

thermal energy of the material. Below the melting

point, the amplitude of phonons at equilibrium is low,

and the thermal energy plays a critical role in deviat-

ing the atoms from their mean positions by increasing

the temperature. In an excited state, atoms tend to

overcome the energy barrier, leading to atomic

migration. However, some conditions must be satis-

fied before this atomic migration can occur. An adja-

cent empty site must be available, and the atom must

possess certain energy to break neighboring bonds

and cause lattice distortions, thereby leading to

atomic migration.

A solid is never perfect, and there exist certain

defects in the crystal lattice of solids. These defects

exist in various forms within the solids, such as sim-

ple missing atoms (vacancies) and interstitial or sub-

stitutional impurities within the crystal lattice. The

existence of defects not only governs the purity of the

solid structure but also affects the material perfor-

mance. Furthermore, the diffusion inside solids can

be categorized into two types: vacancy assisted diffu-

sion and non-vacancy assisted diffusion [22].

3.3.1 Vacancy-assisted diffusion process

The diffusion is governed by the perturbations of

atoms in the equilibrium state. Vacancy-assisted dif-

fusion occurs easily in the crystal lattice, as compared

to non-vacancy assisted diffusion. In the vacancy-

assisted diffusion process, atoms are exchanged from

a normal lattice site to the adjacent vacancy. When

the atoms diffuse along a particular direction, the

vacancy simultaneously moves in a direction oppo-

J DVC–=

D∗ 1

6
---a

2
vexp

Ea

kBT
---------–⎝ ⎠

⎛ ⎞=

σi

Di

-----
Zi
2
F
2
Ci

RT
------------------=

Di uikBT=
Fig. 6. Vacancy-assisted diffusion in a crystal lattice. The

figure was reproduced with permission from Ref. [23].

Copyright 2003, Encyclopedia of Applied Physics.
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site to the atomic diffusion. Vacancy-assisted diffu-

sion is directly related to the concentration of

vacancies in the solid crystal lattices. When the

vacancies are present in the crystal lattice, there is a

relatively lower lattice strain during atomic hopping,

and a lower activation energy barrier is experienced

by the lattice atoms [22].

On charging LIBs, the removal of Li+ creates

vacancies in the crystal structure of active materials

(Fig. 6). The change in the lattice structure is rather

small during the de/intercalation of Li+ in active

materials, which is a crucial requirement for the

improved and prolonged cycling performance of LIBs.

The concentration of vacancies in the crystal structure

plays a vital role in determining the pathway as well as

the energy barrier for Li+ migration. Fanghua et al. [24]

showed that LiCoO2 exhibited varying energy barriers

and Li+ diffusion pathways due to the presence of mon-

ovacancies and divacancies.

3.3.2 Non-vacancy assisted diffusion process

As the lattice strain inside the crystal structure is

elevated due to the absence of vacancies, non-

vacancy assisted diffusion is more complicated.

These interstitial atoms are occasionally impurities or

solute atoms that are doped or mixed to alter material

properties.

According to the direct interstitial diffusion mecha-

nism, an interstitial atom moves to an adjacent site,

and the lattice undergoes a significant amount of

strain. However, there is no permanent strain in the lat-

tice on the completion of the diffusion process,

because the matrix atom displacement is temporary, as

shown in Fig. 7(a). The sizes of the interstitial atoms

are smaller than the sizes of the matrix atoms [22]. 

On the contrary, the knock-off migration mecha-

nism represents an indirect interstitial mechanism

wherein the size of the interstitial atom is equal to

that of the matrix atom, as shown in Fig. 7(b). During

the diffusion process, an interstitial atom pushes the

matrix atom towards another interstitial site, inducing

a large strain in the lattice. Chen et al. [25] stated that

Li+ diffusion is dominated by the knock-off diffusion

mechanism during the lithiation of Li7Ti5O12. 

Fig. 7. (a) Direct interstitial diffusion in a crystal lattice. (b) Knock-off migration mechanism. The figure was reproduced

with permission from Ref. [23]. Copyright 2003, Encyclopedia of Applied Physics.
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3.4 Ionic transport in a porous electrode

The ionic transport in the electrolyte impregnated

in the porous electrode is a predominant factor for

determining the rate capability of LIBs. Ogihara et al.

[26,27] combined electrochemical impedance spec-

troscopy with a transmission line model theory for

cylindrical pores, to understand the internal resis-

tance inside electrolyte-infused porous electrodes.

As shown in Fig. 8, there are different types of

internal resistance at the electrode–electrolyte inter-

face. Moreover, the charge transfer resistance to Li+

and electron transport is dependent on the thickness

of the electrode. 

In the electrodes, ionic resistance in the pores (Rion)

is affected by the pore length, whereas Rc t  is

inversely proportional to the active surface area. Rion

is mainly responsible for the Li+ conduction in pores

filled with the electrolyte. Hence, the power capabil-

ity of LIBs is strongly affected by the ionic conduc-

tion pathways in electrodes [27].

Fukutsuka et al. [8] conducted a model study

involving anodic nanoporous alumina featuring a

porous framework with honeycomb-shaped pores

ranging from 20 to 68 nm. It was observed that the

specific σ of the electrolyte infused in the honeycomb

pores was smaller than that of the bulk electrolyte

solution (i.e., 7.6 mS/cm), regardless of the pore size.

The Nyquist plots exhibited depressed semi-circles,

referring to the presence of ionic transport resistance

in the honeycomb pores. The plots also indicated the

existence of the capacitive element associated with

the ionic transport inside the active material. Hence,

the specific σ of the electrolyte solution impregnated

in the porous electrode influences the ionic transport

resistance of the electrodes [8]. 

3.5 Ion transfer at the interface between the

active material and electrolyte

The electrochemical kinetics at the electrodes of

LIBs are affected by multiple factors. One of these

factors is the charge transfer process involved at the

electrode–electrolyte interface. Thus, it is also neces-

sary to understand the reaction kinetics of the active

materials. Abe et al. [28] evaluated the activation

energy required for desolvation at the electrode–elec-

trolyte interface. The semi-circles in the Nyquist

plots were influenced by the salt concentration of the

electrolyte and the electrode potential. The resistance

is inversely proportional to the salt concentration of

the electrolyte. The activation energy values were

calculated for the de-solvated and solvated Li+ trans-

fer based on the charge-transfer resistance vs tem-

perature plots. The activation energy values for Li+

solvation were observed to be half of those required

for the desolvation process [29].

On the contrary, solid electrolyte interphase (SEI)

is a passive layer formed on the surface of the elec-

trodes through the decomposition of electrolytes. The

Fig. 8. Internal resistance in a porous electrode. The figure was reproduced with permission from Ref. [26]. Copyright

2012, Journal of Electrochemical Society.
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interphases assist in the reversible Li+ de/intercala-

tion during the operation of LIBs, while restricting

parasitic reactions. 

Xu et al. [11] explained the interphasial reactions

for solvation and desolvation. The solvation sheath of

Li+ is composed of the solvent molecules that bind

together with the Li+ core. These molecules are stabi-

lized and remain undisplaced owing to the strong

coulombic forces exerted by Li+ on its surrounding

molecules. 

This sheath tends to stabilize Li+ in the electrolyte

by compensating the increase of Gibbs free energy.

When Li+ intercalates into the graphite anode, this

solvation sheath must be stripped out because the SEI

on the graphite surface only allows the intercalation

of naked Li+. This corresponds to the existence of a

high energy transition state, as shown in Fig. 9. The

desolvation process induces an additional resistance

to Li+ transport and is a rate-determining step at the

electrode–electrolyte interface [11].

3.6 Li+ diffusion in the active material

Ionic diffusion inside the active materials plays a

vital role in determining the performance of LIBs.

Ionic diffusion is generally favorable inside the bat-

tery; however, leakage current should be avoided.

Since the rate capability of LIBs depends on the ionic

charge transfer kinetics, it is important to understand

the critical factors governing charge transfer, to eval-

uate the power characteristics of LIBs [30]. In LIBs,

the Li+ de/intercalation process begins with the disso-

ciation of Li+-electron pairs and ends with the con-

comitant entry of Li+-electron pairs into active

materials via solid-state diffusion [31]. Ionic diffusiv-

ity (Dionic), as expressed in equation (9), is a parame-

ter to characterize the ease of Li+ movement in active

materials:

(9)

A decrease in the energy barrier can increase Li+

diffusivity (DLi). Although an increase in operating

temperature (T) enhances diffusivity, it can pose a

threat to safety. 

(10)

Dionic at the surface must be enhanced to shorten

Dionic D
0
exp

GΔ
kBT
---------–⎝ ⎠

⎛ ⎞=

τd
λ2

Dionic

-------------=

Fig. 9. Interphasial resistance from two sub-processes: (a) desolvation of Li+ and (b) migration of naked Li+ across the

interphase. The figure was reproduced with permission from Ref. [11]. Copyright 2011, Journal of Material Chemistry.
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the diffusion time (τd) expressed by equation (10),

and the electron/ion diffusion length (λ) should be

reduced [31]. The following schematic describes the

diffusion pathways of Li+ within the active material. 

As depicted in Fig. 10, during Li+ diffusion in the

electrode, the ions sequentially move through differ-

ent parts of the electrode, namely the crystal struc-

tures, primary particles, secondary particles, porous

electrodes, and bulk electrolyte [32]. Although the

energy density of an LIB can be improved by increas-

ing the thickness of the electrode, the Li+ kinetics is

significantly reduced.

As shown in Fig. 11(a-b), the thicker electrodes

exhibited a significant capacity loss coupled with a

low coulombic efficiency. τd is a function of elec-

trode thickness; therefore, the time required for Li+

diffusion increased with an increase in electrode

thickness. DLi also depends on electrode thickness

and directly affects the specific capacity and rate

capability of LIBs (Fig. 11(c)). During the operation

of LIBs, a rapid decrease in DLi was observed for

thicker electrodes due to the localized oversaturation

or over-depletion of Li+ induced by the slower Li+

transport [32].

Fig. 10. Schematic diagram indicating Li+ diffusion pathways. The figures were reproduced with permission from Ref. [32].

Copyright 2018, The Journal of Physical Chemistry Letters.

Fig. 11. (a) Coulombic efficiency and irreversible capacity of electrodes during the first cycle and (b) voltage profiles with

varying thickness. (c) Li+ diffusivity. The figures were reproduced with permission from Ref. [32]. Copyright 2018, The

Journal of Physical Chemistry Letters.
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3.7 Ion transport in the bulk electrolyte through

the separator

Thin separators are more suitable for enhancing the

performance of LIBs, because thick separators are

not feasible owing to their poor ionic conductivity. A

thin separator typically possesses high porosity,

which enables enhanced mass transport through the

pores with reduced resistance from the electrolyte.

Thus, the porosity of separators is a crucial factor in

determining the internal resistance of LIBs. A uni-

form porosity of separators is desirable for maintain-

ing a uniform current density with a smooth ionic

current flow inside the LIBs. A non-uniform current

density can cause a significant reduction in perfor-

mance [33].

As the resistance is also affected by the pore struc-

ture of the separators, the total pore volume and pore

size of separators could be tailored to enhance σ by

decreasing the thickness of the separators (Fig. 12). A

thinner separator enables an increase in the mass

transportation of ions, thereby effectively lowering

the resistance even at high current densities. For

improving cycling performance and rate capability,

the separator should be as thin as possible to mini-

mize the cell resistance but still be able to maintain

high ionic conductivity. 

Pan et al. [34] demonstrated that small over-poten-

tial and high specific capacity of LiFePO4 could be

attained by employing a thin separator even at high

current densities. 

Fig. 12 (a) Dependency of the pore size on the thickness of the separator. (b) Digital images, (c) surface SEM, and (d)

cross-section SEM images of Cladophora cellulose separator. The figures were reproduced with permission from Ref. [34].

Copyright 2017, Cellulose.

Table 1. Properties of Cladophora cellulose (CC) separators. The table was reproduced with permission from Ref. [34].

Copyright 2017, Cellulose.

Thickness (µm) Pore size (nm) Porosity (%) σ (mS/cm)

CC-25 10 21 44 0.82

CC-50 20 13 37 0.79

CC-100 40 12 33 0.69
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As shown in Table 1 and Figs. 12 and 13(a-c), the

lowest cell resistance was observed for Cladophora

cellulose (CC)-25 separator with the highest porosity

and lowest thickness. This supports the hypothesis

that a reduction in the ionic transport path is benefi-

cial for lowering cell resistance. As shown in Fig.

13(d-e), the cycling performance of CC-25 is supe-

rior to other samples due to the lower cell resistance.

4. Material Engineering

The material design is the most crucial step when

developing high-performance LIBs.

Structural modifications of active materials are

effective methods to reduce the interfacial resistance

during electrode processes. Some of the effective

structural modifications of active materials, depend-

ing on the type of active materials and interface sce-

nar ios ,  for  improving the  e lec t rochem ica l

performance of LIBs are briefly explained in the fol-

lowing section.

4.1 Surface modifications

Li-rich cathode materials, commonly known as

over-lithiated oxides (OLOs), have received signifi-

cant attention as promising cathode materials for

LIBs. In particular, lithium manganese oxide

(Li2MnO3), which has a monoclinic structure of the

C2/m space group, can offer a high capacity of

300 mAh/g on an initial charge to 4.8 V vs Li/Li+.

However, the practical use of Li2MnO3 is limited due

to the low coulombic efficiency and irreversible

capacity loss during the first cycle. Kim et al. [35]

reported a positive effect of the TiO2 surface coating

on Li2MnO3, where TiO2 acts as a suitable alternative

for improving the structural stability of Li2MnO3.

TiO2-coated Li2MnO3 exhibited a relatively lower

interfacial resistance, as compared with that of

uncoated Li2MnO3. TiO2 acted as a stabilizer and pre-

vented the decomposition of the active material in the

electrolyte at high potentials, thereby improving the

rate performance of TiO2-coated Li2MnO3. LiCoO2

has an α-NaFeO2 layered structure, which assists in

Fig. 13 Charge-discharge curves at various cycling rates for the (a) CC-25, (b) CC-50, and (c) CC-100 based cells. (d)

Nyquist and (e) capacity retention plots of Cladophora cellulose (CC) separators. The figures were reproduced with

permission from Ref. [34]. Copyright 2017, Cellulose.
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efficient reversible Li+ intercalation chemistry.

Despite its high theoretical capacity, the working

capacity of LiCoO2 is limited to just 140 mAh/g. This

limited capacity of LiCoO2 originates from a factual

phase transition (at >4.2 V) from a hexagonal to a

monoclinic structure, causing a decrease in the cou-

lombic efficiency. This leads to a decrease in Li+ dif-

fusion, resulting in high internal  strain and

degradation of mechanical properties.

A large number of LiCoO2 surface coatings have

been explored to overcome these problems. In partic-

ular, surface coatings containing metallic com-

pounds were found to be effective because they act as

a barrier between the electrolyte and the LiCoO2 par-

ticles. Kaluri et al. [36] reported a hybrid surface

coating consisting of magnesium (Mg) and phospho-

rous (P) on the surface of LiCoO2.

A surface coating consisting of Mg and P can be

effective for improving the electrochemical perfor-

mance and thermal stability of LiCoO2 (Fig. 14(a)).

After surface coating, Mg and P (MP)-coated LiCoO2

exhibited a high-capacity retention of 86.5%, even

after 100 cycles. As shown in Fig. 14(b-c), the rate

capability of MP-coated LiCoO2 was nearly 25 times

higher than the rate capability of bare LiCoO2, even

at a high current density of 10 C [37].

The decrease in the capacity of bare LiCoO2 cath-

ode could be attributed to the structural degradation

at high operating temperatures [36]. As a result, a sig-

nificant dissolution of Co in the electrolyte was

observed based on FIB post mortem analyses (Fig.

14(a)).

In addition, post-processes (i.e., heat-treatment and

washing) can improve the rate performance of nickel

(Ni)-rich layered materials. The surface of a treated,

Ni-rich layered material is considerably cleaner than

that of an untreated material, as shown in Fig. 15. As

a result, treated cathodes exhibit a significantly

higher rate performance than untreated materials due

to the reduction in surface contamination [38].

4.2 Size control

4.2.1 Particle size effect

Nanostructured materials typically possess large

surface areas as compared to bulk materials. Thus, it

should be noted that reducing the particle size would

be a wise strategy for increasing the surface area of

active materials. The properties of active materials

Fig. 14. (a) FIB micrographs of bare and MP-coated LiCoO2 particles. Cycling stability of bare and MP-coated LiCoO2 at

(a) 25oC and (b) 60oC. The figures were reproduced with permission from Ref. [36]. Copyright 2017, Advanced Energy

Materials.
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change drastically at the nanometer scale because the

active surface area is enlarged. In LIBs, the diffusion

distance and DLi are correlated to the particle size of

active materials, which directly affects the movement

of Li+ inside the active materials of electrodes [39].

Jiang et al. [40] studied the effect of the particle

size of anatase TiO2 on the electrochemical perfor-

mance of active materials. A decrease in the particle

size of anatase TiO2 reduces the interstitial sites for

Li+ insertion, resulting in a reduced diffusion or

transport length of Li+; this improves the rate capabil-

ity. Anatase TiO2 featuring a particle size of 6 nm

exhibited a more stable cycling performance, as com-

pared to other materials. Thus, a reduction in particle

size increases the active surface area of active materi-

als and facilitates the de/intercalation of Li+, thereby

leading to an improvement in the rate capability as

well as the specific capacity [40]. 

4.2.2 SEI Thickness

Liu et al. [41] demonstrated the enhanced perfor-

mance of LIBs by employing chemically active mul-

tifunctional separators (MFSs). From a microscopic

perspective, the capacity retention of electrodes can

be increased through a simultaneous reduction in the

interfacial resistance. MFSs would suppress parasitic

reactions at the interfaces and reduce the SEI film

thickness on electrodes, leading to a reduction in the

interfacial resistance.

The cycling performance and capacity retention of

LIBs could be improved through the lower interfacial

resistance achieved by a reduction in the SEI film

thickness. A thin SEI film enables a homogeneous

distribution of current on the electrode surface, lead-

ing to an improved performance of the LIB. 

4.3 Synergetic effect of the conductive binder

As a commercial binder, PVDF is commonly used

for electrode fabrication owing to its excellent elec-

trochemical stability and binding property. However,

the insulator PVDF induces an increase in the inter-

nal resistance of the electrodes. Ling et al. [42] incor-

porated naturally occurring conductive binder

sodium alginate (SA) along with poly(3,4-propylene-

dioxythiopene) (PProDOT) in electrodes, as shown

in Fig. 16 (a).

Fig. 15. Schematic of post-processes (washing and heating) of Ni-rich layered cathode materials, SEM images for untreated

(before) and treated (after) materials, and rate performances. The figures were reproduced with permission from Ref. [38].

Copyright 2020, Journal of Materials Chemistry A.
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As shown in Fig. 16(b), the electrochemical perfor-

mance of LiFePO4 could be improved by employing

the conductive SA-PProDOT binder. The cycling

performance and capacity retention of LiFePO4 are

depicted in Fig. 16 (c-d). The capacity retention of

LiFePO4 with the SA-PProDOT binder was esti-

mated to be 86.6%, without a significant capacity

loss even at a high current density of 1 C. Moreover,

excellent Coulombic efficiency was noticeable even

after 400 cycles. This clearly indicated that the con-

ductive SA-PProDOT binder would be beneficial for

improving electrochemical performance owing to its

conductive nature [42]. 

4.4 Nano-structuring

Nano-structuring is useful for tailoring active

materials so as to obtain desirable morphologies and

microstructures such as particles, wires, sheets, and

hollow porous structures. A short diffusion length

and large surface area of nanostructured active mate-

rials could enhance the rate of ionic and electronic

transport at the electrode–electrolyte interface. At the

nanoscale, materials tend to have a large surface area,

which is responsible for facilitating electrochemical

reactions at the interfaces inside electrodes. Nano-

structured materials lead to a decrease in the thermo-

dynamic activation energy barrier at the electrode–

electrolyte interface [31,43]. For example, LTO is a

commonly used active material featuring a high

capacity and a suitable potential window. However,

due to its low conductivity, the insertion of Li+ in

bulk LTO is limited. However, this could be further

enhanced by decreasing the crystallite or particle size

via nano-structuring. Feckl et al. [44] reported that

Li+ insertion is greater in nano-LTO than in porous

LTO. 

Fig. 16. (a) Micro-emulsion system for SA-PProDOT and (b) galvanostatic discharge profiles of LiFePO4 with different

binders. (c) Rate performance of LiFePO4 and (d) LiFePO4 performance for different types of binders. The figures were

reproduced with permission from Ref. [42]. Copyright 2015, Nano Letters.
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As shown in Fig. 17, nano-LTO-400 with a particle

size of 3 nm exhibited a better cycling performance,

as compared to nano-LTO-500 with a particle size of

6 nm. Such an improvement in the performance can

be explained by the enhanced insertion of Li+

induced by the smaller crystallite size [44].

Fig. 17. (a) Multi-cycling stability of nano-LTO-400 (gray symbol) and nano-LTO-500 (black symbol) at different rates and

(b) HR-TEM image of nano-sized LTO at 400oC. The figures were reproduced with permission from Ref. [44]. Copyright

2012, Angewandte Chemie.

Fig. 18. Electrochemical performance of (a, c) of N- and B-doped graphene electrode and (b, d) coulombic efficiency and

cycle performance of N- and B-doped graphene electrode vs Li+/Li. The figures were reproduced with permission from

Ref. [45]. Copyright 2011, ACS Nano.
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4.5 Dopant manipulation

Simultaneously achieving high energy and high

power at robust charging and discharging rates is a cru-

cial requirement for the development of LIBs. Cur-

rently, LIBs still suffer from low power densities due

to the use of bulk materials as active materials.

Although bulk metal oxides or graphite anodes can

offer high energy densities, the power density achieved

is limited by the slow kinetics in bulk materials. The

power characteristics of LIBs are dependent on effi-

cient charge storage capability and also on the kinetics

of charge transport during electrochemical reactions in

the bulk electrode and electrolyte. Doping or substitu-

tion in bulk materials is an effective approach to intro-

duce ions, heteroatoms, or vacancies in the crystal

structure; this in turn enhances conductivity due to the

excess or deficiency of charged species, leading to an

improvement in the overall performance of the battery.

Wu et al. [45] reported the substitution of nitrogen (N)

and boron (B) atoms in place of carbon (C) atoms on

the edges of graphite. B and N doping in graphene

facilitates Li+ intercalation into the host structure of

graphite and enhances electrical conductivity, thereby

leading to high power and energy densities. 

Graphene exhibited an enhanced coulombic effi-

ciency during the cycles, after N and B doping, as

shown in Fig. 18. The reversible capacity retentions

for N-doped and B-doped graphene were measured to

be 83.6% and 79.2%, respectively. The improvements

in the parameters indicated the effective suppression of

side reactions and electrolyte decomposition as well as

the enhancement in Li+ absorption and the diffusion

inside electrodes [45].

In addition, the Li+ diffusion path length in the 2D

layered system can be controlled through the dopant

ratio. For instance, the inter-slab size of LiO6 in the Ni-

rich layered material can be increased by reducing the

amount of Mn ions (Fig. 19). Consequently, this leads

to a favorable environment for Ni2+ to diffuse in the Li

layer (i.e., lowering the activation energy). Therefore,

NCM721 exhibits a significantly higher DLi than

NCM523 [46].

Fig. 19. Illustration of LiNi0.5+xCo0.2Mn0.3-xO2 (x = 0, 0.1, and 0.2) layered structure, slab thickness, and diffusion

coefficients of each material during charging. The figures were reproduced with permission from Ref. [46]. Copyright

2017, Advanced Energy Materials 
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4.6 Hybrid composite design

A hybrid composite approach involves the synthe-

sis of various composite materials by integrating con-

ducting additives into active materials. The

conducting additives induce the formation of suffi-

cient conduction pathways in the electrodes. In addi-

tion to increasing the electrical conductivity, these

conducting additives tend to decrease the length of

Li+ diffusion, enabling faster Li+ de/intercalation.

Magasinski et al. reported a porous silicon (Si)-C

composite containing irregular open channels that

facilitate the adsorption and diffusion of Li+ within

the composite material. Si typically undergoes a large

volume expansion; however, in this case, the volume

expansion of Si could be compensated by integrating

free spaces in the composite. The Si-C composite

exhibited better capacity retentions at high current

densities, compared with those of simply annealed

carbon black [47]. Thus, hybrid composites with a

conducting additive could be a practical approach for

further improving the electrochemical performance

of the active materials in LIBs.

5. Conclusions

Currently, LIBs are associated with a major chal-

lenge that can only be overcome through a compre-

hensive understanding of the processes occurring at

the electrode–electrolyte interface. Advanced materi-

als can be efficiently designed only after obtaining an

in-depth understanding of multiple electrode pro-

cesses and interfacial reactions occurring at the elec-

trodes. Conducting species always follow the path

that offers the minimum transport resistance. Thus,

the internal resistance to the transport of charged spe-

cies depends on multiple intrinsic and extrinsic fac-

tors of the electrodes. The porous structure of the

electrodes provides abundant interconnected open

pores that enable electrolyte absorption, which con-

siderably decreases the diffusion path of Li+. Under-

standing the basic scientific principles governing Li+

diffusion and electron transport in electrodes can help

accelerate the pace of future research on improving

the performance of LIBs. Reducing the resistance to

the transport of charged species in electrodes would

prove to be beneficial for achieving faster kinetics

and enhanced electrochemical performance in the

future.
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