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Outline

The endurance of electric vehicles and the energy storage capacity of power grids
demand higher performance from energy storage devices. Since their commercial-
ization in 1991 by Sony, LIBs have rapidly gained traction in both industry and
scientific research due to their high output voltage, high energy density [1], and
long cycle stability [2, 3]. LIBs are primarily composed of cathode materials [4],
anode materials [5], separators, and electrolytes [6]. Over the past three decades,
the energy density of LIBs has increased nearly fourfold, solidifying their role
in modern technology. The 2019 Nobel Prize in Chemistry was awarded to three
pioneering scientists in LIBs research, underscoring their significant contributions
to technological advancement [7].

The United States initially led the development of LIBs, followed by Japan and
South Korea. Although China entered the LIB industry later, it surpassed Japan
and South Korea in lithium-ion car battery patents by 2023 [8, 9]. The LIBs industry
value chain includes raw materials, intermediate products, batteries, system
integration, and battery recycling, with varying profit margins and revenues across
these segments. Battery and new energy vehicle manufacturers dominate the supply
chain, but raw material prices significantly impact battery costs. The trend toward
vertical integration in the LIBs industry blurs traditional boundaries between
upstream, midstream, and downstream sectors, with companies increasingly
diversifying their operations.

Declining raw material costs (e.g., lithium carbonate) further enhance LIBs afford-
ability, positioning them for steady growth until 2030. [10].

1.1 Polyanion Cathodes

Polyanion-type cathodes offer several advantages, including low cost, high specific
capacity, excellent cycle performance, and enhanced safety [11]. Currently, the main
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2 1 Research Developments on Lithium-Ion Batteries

Table 1.1 LiFePO4 and LiFe1-XMnXPO4 cathode materials production information.

Cathodes Synthetic technologies Major producers

LiFePO4

Spray-drying method Hunan Yuneng New Energy Battery
Material, Dynanonic,
Fulin Precision Machining

Solid-phase method
Hydrothermal method

LiFe1-XMnXPO4
Spray-drying method

Ronbay Technology, Lithitech, HCM
Solid-phase synthesis

commercial polyanion-type cathode materials include LiFePO4 and LiFe1-XMnXPO4.
Common production methods and manufacturers are summarized in Table 1.1.

1.1.1 Lithium Iron Phosphate

In 1997, Goodenough and colleagues first proposed that LiFePO4 could be used as
a cathode material for LIBs [12], has a theoretical specific capacity of 170 mAh g−1.
During the charge–discharge process, LiFePO4 and FePO4 are mutually converted.
The structure is shown in Figure 1.1a. LiFePO4 belongs to the orthorhombic crystal
system and is classified in the Pnma space group. The oxygen atoms create a hexag-
onal structure, with lithium and iron atoms situated at the center, forming regular
FeO6 and LiO6 octahedra. A strong covalent bond is formed between P and O, which
stabilizes the oxygen atom and prevents its release due to oxidation during charging.
The de/intercalation of Li+ during cycling does not cause a significant change in the
volume of LiFePO4, which gives LiFePO4 material strong thermodynamic stability.
The P-O tetrahedral structure, interspersed within the Fe-O framework, impedes the
deintercalation and intercalation of Li+ ions during the cycling process. This leads
to a low Li+ diffusion rate and reduced electronic conductivity in LiFePO4 batteries
[13]. Under low-temperature conditions, the Li+ diffusion rate of the material will
be further reduced, the charge transfer impedance will be significantly increased,
and the battery capacity will be significantly attenuated.

In view of the above problems of LiFePO4, the modification methods are mainly
carried out in three aspects [14]: (i) Surface coating: The conductivity between
LiFePO4 particles was improved by constructing a stable C coating layer. The
conductive coating formed on the surface of the material can effectively control
the size of secondary particles, reduce the transmission distance of Li+ in the
material, and improve electrochemical performance. (ii) Ion doping: There are
three types of doping: lithium-site doping, iron-site doping, and lithium-iron mixed
doping. The ion radius of lithium-site doping is small, such as Mg, Al, and Na.
The iron-site-doped ions are mainly Mg, Cu, V and Ti. The doping and function of
each site are detailed in Table 1.2. (iii) Morphology control: Nanocrystallization can
effectively improve the diffusion rate of Li+. The preferred crystal orientation was
optimized, and the crystal structure of LiFePO4 was changed.
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Figure 1.1 The crystal structure simulations of (a) LiFePO4 and (b) LiFe1−XMnXPO4.

Table 1.2 The functions of elemental doping on LiFePO4.

Doping sites Elements The effects of elemental doping

Li
Mg Promotes the migration of Li+

Ti Improves conductivity and enhances rate ability

Fe
Cu, V, Ti Enhances rate ability
Zn Increases the transmission space for Li+ and enhances rate ability

Li and Fe
La, Mg Improve low-temperature performance
Mo Improve conductivity and enhance rate ability

Source: [11]. Electrochemical Energy Reviews 2021/John Wiley & Sons.

1.1.2 Lithium Manganese Iron Phosphate

The structure of LiFe1−XMnXPO4 is analogous to that of LiFePO4, as illustrated in
Figure 1.1b. LiFe1−XMnXPO4 features a voltage platform of 4.1 V for Mn2+/Mn3+

and a voltage platform of 3.4 V for Fe2+/Fe3+; the solid solution of iron phosphate
and manganese phosphate is formed when all lithium ions are removed [15, 16].
The addition of Mn atoms not only enhances the performance of LiFePO4 materials
but also brings new challenges. The difference in the proportion of manganese and
iron introduced in the material will significantly cause differences in electrochem-
ical performance: When the content of manganese is too low, the platform voltage
is not significantly increased, and the energy density of the material is not signifi-
cantly increased. When the manganese content is excessively high, it can induce the
Jahn–Teller effect, causing lattice distortion. The dissolution of manganese reacts
with the electrolyte, which negatively impacts the cycle stability and capacity reten-
tion rate [17–19]. The modification is carried out from three aspects [20]: ion doping,
surface coating, and morphology control to improve the intrinsic conductivity, rate
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Table 1.3 The performance of various LiFe1-XMnXPO4 cathode
materials.

Cathode materials
Potential window/
V (vs. Li+/Li)

Discharge capacity
at 0.1C (mAh g−1)

LiFe0.5Mn0.5PO4 2.7–4.5 142 (0.05C)
LiFe0.6Mn0.4PO4 2.0–4.5 160.2
LiFe0.7Mn0.3PO4 2.5–4.5 162
LiFe0.9Mn0.1PO4 2.5–4.6 145

Source: [21]/John Wiley & Sons.

performance, and phase transition mechanism. The performance of LiFe1-XMnXPO4
with common ratios is shown in Table 1.3.

With the rapid growth of the new energy automotive industry and the demand for
base station energy storage, significant progress has been made, and the demand for
low-cost, high-performance cathodes will continue to rise. Lithium iron phosphate
will continue to dominate, and lithium manganese iron phosphate is expected to be
more widely used in high-energy-density batteries.

1.2 Layered Oxide Cathodes

Layered oxide cathode materials are pivotal in LIBs due to their high energy density
and excellent electrochemical performance [22]. Generally, layered oxide cathode
materials include the earliest commercialized lithium cobalt oxide (LiCoO2),
high-energy-density nickel cobalt manganese oxides (LiNi1-x-yCoxMnyO2, NCM),
and the current research focus, lithium-rich phase materials (xLi2MnO3⋅yLiTMO2,
LRM). Common production processes and manufacturers and 2023 annual
production are listed in Table 1.4.

Discovered by Professor J.B. Goodenough in 1980, LiCoO2 has a theoretical capac-
ity of 274 mAh g−1 and remains a primary cathode material for portable electronics
[23]. LiCoO2 features an 𝛼-NaFeO2-type layered structure, belonging to the hexago-
nal crystal system, the R-3M space group. The thermodynamically stable O3 phase
of LiCoO2 consists of edge-sharing LiO6 and CoO6 octahedra. As Li+ is extracted,
the O3 phase undergoes three phase transitions: the first transition occurs at a Li+
extraction level of 0.07–0.25, resulting in an H1–H2 transition; the second transi-
tion occurs at about 0.5 extraction, involving a disordered-to-ordered transition of
Li+ and a structural change from hexagonal to monoclinic; and the third transi-
tion occurs at 0.6–0.9 extraction, with the voltage rising to about 4.5 V, resulting
in an O3–O1 transition, with the intermediate H1-3 phase causing significant lat-
tice (c-axis) and volume contraction. Higher voltages can extract more lithium ions,
releasing more energy, but high-voltage charging may lead to rapid capacity, effi-
ciency, and cycle life decay due to surface degradation, destructive phase transitions,
and uneven reactions [24]. Doping and surface coating methods are widely used
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Table 1.4 Production informations of layered oxide cathode materials.

Cathodes Synthesis technologies Producers

LiCoO2

Solid-phase synthesis RiseSun MGL,
Coprecipitation method BSBM,

Sol–gel method
Ronbay Tech.,
Xiamen Tungsten

NCM
Coprecipitation method Ronbay Tech.,

Solid-phase synthesis
Tianjin B&M,
Minmetals New Energy,
LG Chem

LRM
Coprecipitation method Easpring,

Solid-phase synthesis
Ronbay Tech.,
BASF Shanshan,
Ningxia Hanyao

for material modification. Coating materials include LiAlO2, Al2O3, and lithium-ion
conductors like Li2ZrO3; doping elements include Zr, Al, Ti, Nb, and multielement
co-doping [25].

For example, for LiCoO2 materials, the theoretical capacity calculation formula is
as follows:

C = nF
M

(1.1)

C is the theoretical capacity in mAh g−1, n is the number of moles of electrons
transferred per mole of silicon (for LiCoO2, n = 1), F is the Faraday constant
(96 485 C mol−1), and M is the molar mass of silicon (98 g mol−1). For LiCoO2, this
results in a theoretical capacity of approximately 274 mAh g−1 [26].

Ternary materials (NCM) partially replace Co in LiCoO2 with Ni and Mn to
reduce costs and improve electrochemical performance through synergistic effects
among the elements [27]. Different transition metals have unique physical prop-
erties: Ni increases cathode capacity, Co enhances charge–discharge kinetics, and
Mn improves structural stability during cycling. Various NCM cathode materials
are derived based on the ratio of Ni, Co, and Mn, such as 424, 333, 523, and 811.
LiNi1-x-yCoxMnyO2 also has an 𝛼-NaFeO2-type layered structure (R-3m space group),
with its crystal structure shown in Figure 1.2. Li+ and transition metals alternately
occupy the 3a (0 0 0) and 3b (1 1 1/2) sites, with O2− located at the 6c (0 0 z) site.

In industrial production, the coprecipitation method is the standard synthesis
method for polycrystalline ternary cathode materials. Increasing the synthesis
temperature promotes grain growth, resulting in single-crystal particles with better
stability and electrochemical performance. The theoretical specific capacity of
ternary materials is about 275 mAh g−1. Different compositions of ternary materials
have different discharge-specific capacities in the voltage range of 2.7–4.3 V, usually
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Figure 1.2 The crystal structure simulation of LiNi1-x-yCoxMnyO2.

increasing with higher Ni content. As the demand for longer driving ranges and
lower battery costs in the electric vehicle market increases, the Ni content in
ternary materials continuously increases, making nickel-rich ternary materials
an important development direction [28]. However, in ternary LIBs, the cathode
material undergoes phase transitions from the original hexagonal phase (H1) to
two other hexagonal phases (H2 and H3) during lithium-ion extraction. The failure
modes of ternary LIBs are complex behaviors: (i) Due to the similar ionic radii of
Ni2+ (0.69 Å) and Li+ (0.76 Å) and their low migration barriers, increasing the Ni
content in the material leads to Li–Ni site exchange at the 3b lattice sites, resulting
in Li+/Ni2+ cation mixing. This cation mixing obstructs the Li+ transport channels,
leading to low initial efficiency and poor long-term cycling performance of the
battery [29]. (ii) The extraction of Li+ ions necessitates charge compensation, result-
ing in the formation of highly oxidative Ni4+ species. These species facilitate the
decomposition of the electrolyte on the cathode surface, consuming active lithium
ions in the system and compromising the thermal stability of the material [30].
(iii) H+ species in the electrolyte attack the surface of the cathode material, causing
the dissolution of transition metal ions from the electrode surface. This induces
heterogeneous interfacial chemical reactions, increasing interfacial impedance.
Additionally, the dissolved transition metal ions may migrate to the anode surface
and deposit on the solid electrolyte interphase (SEI) layers [31]. To address these
issues, ion doping, morphology control, and concentration gradient methods are
employed to enhance the electrochemical performance of ternary materials [32, 33].
Table 1.5 lists the effects of different element doping, and Table 1.6 shows the types
and main functions of commonly used coating materials.

When the Co position in the layered structure also contains Li, the material is
referred to as lithium-rich cathode material xLi2MO3⋅(1− x)LiM2 (M = Ni, Co,
Mn). This material typically consists of a composite of Li2MnO3 and LiMO2-layered
structures in varying proportions, with a theoretical capacity of up to 280 mAh g−1.
LiMO2 belongs to the hexagonal crystal system with the same 𝛼-NaFeO2 configura-
tion (R-3m space group) as LiCoO2, while Li2MnO3 has a superstructure ordering
of Li and Mn atoms, belonging to the monoclinic crystal system.
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Table 1.5 The effects of elemental doping on NCM cathodes.

Elements Main effects

Mg Cation ordering and “pillar” effect
Al Relieving phase transition and refining particles
Zr Cation ordering and “pillar” effect
Ti Cation ordering and “pillar” effect
B Modulating microstructure
W Decreasing the surface passivation layer
Na Improving Li+ kinetics and mitigating transition metals migration
K Improving Li+ kinetics and mitigating transition metals migration
F Enhancing the oxygen framework stability
S Enhancing the oxygen framework stability
Nb Spheroidization of primary particles

Source: [32]/John Wiley & Sons.

Table 1.6 Various coating materials and main effects.

Coating layers Main effects

Metal oxides
Al2O3

Initiative coating protective layersTiO2

CeO2

Phosphates
AlPO4 Improvement of cyclic and thermal stability
Cu3(PO4)2

Fluorides
AlF3 Prevention of corrosion by hydrofluoric acid
LiF

Lithium
transition metal
oxides

Li2ZrO3

Protective layer with excellent lithium-ion
conductivity

Li4Ti5O12

LiAlO2

Li1.3Al0.3Ti1.7(PO4)3

Carbon
materials

PPy Improvement of structural stability and
electronic/Li+ conductivityCNT

Source: [33]. Oxygen loss in layered oxide cathodes/John Wiley & Sons.

Lithium-rich phase materials have a high lithium/transition metal molar ratio
and higher discharge capacity. However, during charging, the oxygen anions
in lithium-rich phase materials partially oxidize to O− radicals or oxygen gas
and escape from the lattice, reacting with the electrolyte [34]. During cycling,
transition metals enter the Li layer, causing the material to transition to a spinel
structure, lowering the discharge plateau [35]. Surface modification, bulk doping,
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and electrolyte design methods can alleviate lattice oxygen loss and metal ion
migration in lithium-rich manganese-based materials during cycling, improving
cycle performance and initial coulombic efficiency [36].

1.3 Spinel Structure Cathodes

Lithium manganese oxide (LiMn2O4) and high-voltage lithium nickel manganese
oxide (LNMO) are both spinel-type cathode materials utilized in LIBs [37]. They are
characterized by their high energy density, excellent cycle stability, and prolonged
service life, rendering them extensively applied within the battery industry [38].
According to the statistics of Huajing Industrial Research Institute, the output of
the lithium manganate industry in 2021 has been greatly improved compared with
2020, with an output of 87 400 tons, an increase of 45.9%. The import volume was
305.84 tons. The year-on-year growth was 42.05%, and the export volume was 468.96
tons, a decrease of 8.88%. Common production processes and major manufacturers
are delineated in Table 1.7 for reference.

The first lithium manganate cathode material with three-dimensional lithium-ion
channels was developed by Hunter in 1981 [39]. In LIBs, charge and discharge with
LiMn2O4 as the cathode are shown as follows:

Cathode:

LiMn2O4

charge
−−−−−−→←−−−−−−

discharge
Li1−𝜆Mn2O4 + 𝜆Li+

During the charging process, 8a lithium ions traverse the 8a–16c–8a channel to
dissociate from the three-dimensional lattice, while Mn3+ undergoes electron loss
and oxidation to become Mn4+. Upon discharging, lithium ions are incorporated
into the 8a position under the influence of electrostatic force, while Mn4+ acquires
electrons and is reduced to Mn3+, ultimately leading to a structural transformation
into LiMn2O4. Manganese dioxide was regarded as one of the most promising cath-
ode materials for LIBs due to its theoretical specific capacity of 148 mAh g−1 and a
discharge voltage plateau at 4.15 V. However, the Jahn–Teller effect gives rise to sig-
nificant capacity degradation issues such as material deterioration and electrolyte

Table 1.7 LiMn2O4 and LiNi0.5Mn1.5O4 cathode materials production information.

Cathodes Synthetic technologies Major producers

LiMn2O4

Solid-phase synthesis DX Energy,
Microwave synthesis Boshi High-Tech.,

Hydrothermal
synthesis

Xiangtan Electrochemical,
Xinxiang Hongli,
South Manganese

LiNi0.5Mn1.5O4 Solid-phase synthesis Boshi High-Tech.,
BSBM
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decomposition [40]. The most effective solution to this problem involves partially
substituting Mn with other metal ions (such as Li, Mg, Al, Ti, Cr, Ni, and Co) and
modifying the surface of the materials [41, 42].

High-pressure lithium nickel manganate LiNi0.5Mn1.5O4 was first reported by
Blasse in 1964 as specific LiNi0.5Mn1.5O4 along with a series of mixed metal spinel
oxides [43]. Lithium nickel manganate crystals have two different structures: one
is a disordered structure, which is also known as the spinel type and expressed as
D-LNMO, in which nickel and manganese ions are disordered at the 16d site of the
lattice. The other is the olivine structure, represented as O-LNMO, in which nickel
and manganese ions are orderly distributed in the lattice, occupying the 4a and 12d
sites, respectively. Its reversible capacity is 146.7 mAh g−1, similar to that of lithium
manganate; in the battery charging process, lithium ions will be removed from a
specific point through a three-dimensional channel; Ni2+ and Ni3+ will be oxidized
into Ni4+; and LiNi0.5Mn1.5O4 will eventually be converted into Ni0.5Mn1.5O4; and
the discharge process is opposite to the charging process. The high-voltage lithium
nickel manganate discharge voltage can reach 4.7 V, mainly because of its unique
chemical composition and electrochemical properties; nickel provides a higher
voltage; and manganese helps to inhibit the excessive oxidation of nickel. However,
when it is operated under high-voltage conditions during the cycle, side reactions
occur between its surface and electrolyte, resulting in a short cycle life due to rapid
capacity decline [44]. Doped metal ions and surface coatings can be used to reduce
side reactions [45, 46].

Lithium manganate is an important precursor for the synthesis of other LIBs
cathode materials, such as lithium-rich materials, multicomponent materials, and
solid lithium manganese oxides. Also, the solid-state battery made of high-pressure
lithium nickel manganate material as a positive electrode has higher energy density,
higher safety, and lower cost advantages than ordinary lithium ions. It is believed
that under this development trend, lithium manganate and high-pressure lithium
nickel manganate will be more widely used.

1.4 Anode Materials

Anode materials are crucial for the electrochemical performance of LIBs. Pure
lithium metal is ideal due to its high capacity and lightweight, but safety concerns
with lithium dendrites limit their use. Currently, anode materials are categorized
into carbon and non-carbon types. Carbon materials include graphite, soft carbon,
and hard carbon. Non-carbon materials encompass silicon-based materials, lithium
titanate, and tin-based materials [47–49].

The ideal anode material for LIBs should possess low chemical potential, high
coulombic efficiency, and good electrical conductivity, stability, and compatibility;
should be abundant; and should have low cost. Currently, graphite carbon is the
most widely used anode material, offering the best overall performance to meet
these criteria. In battery production, anode materials account for about 10% of
the total material cost. Research is focused on developing low-cost, high-capacity
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anode materials. Silicon-based materials are promising for next-generation
high-energy-density LIBs due to their high theoretical capacity, environmental
friendliness, and abundant reserves. The specific details of common lithium anode
materials are shown in Table 1.8 [56, 57, 59].

For example, for silicon-based materials, the theoretical capacity calculation for-
mula is as follows:

C = nF
M

(1.2)

C is the theoretical capacity in mAh g−1, n is the number of moles of electrons
transferred per mole of silicon (for silicon, n = 4.4), F is the Faraday constant
(96 485 C mol−1), and M is the molar mass of silicon (28.0855 g mol−1). For silicon,
this results in a theoretical capacity of approximately 4200 mAh g−1 [60].

As new energy vehicles and energy storage markets rapidly develop, the need for
high-performance anode materials will continue to increase. While graphite anode
materials will remain prevalent, emerging alternatives like silicon-based and SiOx
materials are anticipated to see broader application in high-energy-density batter-
ies. Advancements in technology and process enhancements will be crucial for the
progress of anode materials.

1.5 Cell Technology

The cell technology of energy storage batteries refers to the unit technology used
to store and release electrical energy in energy storage batteries, mainly involving
cell materials and cell integration technology. The cell technology is a key factor
in determining the output power density, cost, and service life of energy storage
batteries [61, 62].

1.5.1 Battery Cells

With the rapid increase in demand in the energy storage market, various types of
energy storage cells have been developed, as shown in Figure 1.3, and have been
widely used. Coin cells have the advantages of small size, safe and convenient
use, and wide applicability in various electronic products. The full-cell button
battery assembled from lithium iron phosphate/graphite and NCM811/silicon can
achieve the specific energy of 100–160 and 300–350 Wh kg−1 and the specific power
of 160–230 and 300–350 Wh kg−1, respectively [63]. The specific energy (E) and
specific power (P) are calculated as follows:

E =
k ⋅ ΔU ⋅ Cp

M
(1.3)

k is the mass fraction of the active material, that is, the sum of the cathode active
material mass mp and the anode active material mass mn divided by the total cell



�

� �

�

Ta
bl

e
1.

8
M

ai
n

pa
ra

m
et

er
s

of
va

rio
us

an
od

e
m

at
er

ia
ls

fo
rl

ith
iu

m
-i

on
ba

tt
er

ie
s.

An
od

e
Li

th
iu

m
st

or
ag

e
m

ec
ha

ni
sm

St
or

ag
e

po
te

nt
ia

l/
V

(v
s.

Li
+

/L
i)

Sp
ec

ifi
c

ca
pa

ci
ty

/(
m

Ah
g−

1
)

In
iti

al
co

ul
om

bi
c

ef
fic

ie
nc

y/
%

M
aj

or
pr

od
uc

er
s

Re
f.

G
ra

ph
ite

In
te

rc
al

at
io

n
m

ec
ha

ni
sm

∼
0.

1
37

2
85

–9
0

BT
R,

BS
BM

,e
tc

.
[5

0]
H

ar
d

ca
rb

on
A

ds
or

pt
io

n–
in

te
rc

al
at

io
n

m
ec

ha
ni

sm
,

in
te

rc
al

at
io

n–
ad

so
rp

tio
n

m
ec

ha
ni

sm
,

ad
so

rp
tio

n–
in

te
rc

al
at

io
n–

ad
so

rp
tio

n
m

ec
ha

ni
sm

,e
tc

.

0–
1.

5
20

0–
60

0
∼

70
K

ur
eh

a
C

or
po

ra
tio

n,
SG

L
C

ar
bo

n,
et

c.
[5

1–
53

]

So
ft

ca
rb

on
A

ds
or

pt
io

n–
in

te
rc

al
at

io
n

m
ec

ha
ni

sm
,

et
c.

0–
1.

2
>

35
0

∼
50

BS
BM

,B
TR

,e
tc

.
[5

4]

Si
A

llo
yi

ng
re

ac
tio

n
m

ec
ha

ni
sm

<
0.

1
65

0–
42

00
65

–9
3

Sh
in

-E
ts

u
C

he
m

ic
al

C
o.

,
Lt

d.
,S

U
M

CO
C

or
po

ra
tio

n,
et

c.

[5
5]

Si
/C

co
m

po
si

te
an

od
e

A
llo

yi
ng

re
ac

tio
n

an
d

in
te

rc
al

at
io

n
m

ec
ha

ni
sm

0.
01

–1
.5

70
0–

35
00

47
–9

5
G

ro
up

14
Te

ch
no

lo
gi

es
,

Sh
ow

a
D

en
ko

,e
tc

.
[5

6,
57

]

Si
O

x
C

on
ve

rs
io

n
re

ac
tio

n
an

d
al

lo
yi

ng
re

ac
tio

n
m

ec
ha

ni
sm

0.
01

–0
.5

78
5–

28
75

.2
44

–8
2.

2
M

its
ub

is
hi

C
he

m
ic

al
,

To
pp

an
Pr

in
tin

g,
et

c.
[5

8]



�

� �

�

12 1 Research Developments on Lithium-Ion Batteries
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Figure 1.3 The pictures of commercial coin cells, cylindrical cells, pouch cells, prismatic
cells, and blade batteries.

mass. ΔU is the average voltage difference between the cathode and anode. Cp is the
gram capacity of the cathode active material. M is the total battery mass.

P = E
√

t
(1.4)

E is the specific energy. t is the discharge time.
Additionally, the cylindrical cells have the characteristics of large capacity, long

cycle life, and wide operating ambient temperature, which have gained a firm
foothold in the power market with the unified model and standardized production.
Japan’s Sony company first designed a standard LIB, the 18 650 cylindrical cells
(18 mm diameter and 65 mm axial length) [64], but the energy density is lesser and
the charging speed is slower. Compared to the 18 650 battery, the energy density of
the whole package composed of the 2170 battery (21 mm diameter and 70 mm axial
length) can be further improved, and the charging speed can be faster. Later, Tesla’s
4680 battery (46 mm diameter and 80 mm axial length) only changed in terms of cell
design, while the levelized cost of electricity (LCOE) of the cell was reduced by about
14% compared with the 2170 battery, and the power of a single cell was increased
to 5.48 times. Many other battery types, such as pouch cells, have the advantage
of high energy density and lightweight but require additional protection against
battery damage and thermal runaway. Prismatic cells are currently the most widely
used cells in the international field, which have advantages such as high strength,
small internal resistance, and high space utilization; however, it is difficult to unify
the standard production process, and the heat dissipation during operation is poor.
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The blade battery is a single battery with a long and thin blade-like shape and
adopts cell-to-pack (CTP) module-free integration technology [64]. The cell struc-
ture adopts the design of the battery pack instead of the traditional shell structure;
meanwhile, the beam and cell of the battery are directly applied by the blade battery;
and finally, the top and bottom are connected by aluminum plates.

BYD launched the lithium iron phosphate blade batteries in 2020, which increase
the energy density by 50%, reduce the manufacturing cost by 30% without changing
the battery system, and can withstand safety level tests such as collision, high
temperature, and puncture, which greatly expands the application field of LIBs.

The blade battery is a single battery with a long and thin blade-like shape and
adopts CTP module-free integration technology. Due to the change in the battery
structure, the design of the battery pack cancels the shell structure of the traditional
battery. The blade battery acts as the beam and cell of the battery and then adopts
the design of honeycomb aluminum plates, with two high-strength aluminum plates
pasted on the upper and lower sides. The blade batteries are arranged within this
structure.

1.5.2 Cell Integration Technology

In the early days, major battery manufacturers mainly used cell-to-module (CTM)
cell integration [65], which is a mode that integrates battery cells directly into mod-
ules, and the general configuration method is “cell–module–pack loading,” but the
space utilization rate of the module configuration mode is only 40%, and with the
increase of energy density requirements of power trams, it is gradually replaced
by technologies such as CTP and cell to chassis (CTC). CTP integration technol-
ogy integrates the battery cells directly into the battery pack, eliminating the need
for standardized module linking, also known as “module-less battery” [66]. From
the perspective of product performance, compared to conventional battery packs,
the CTP method has increased the volume utilization rate by 15–20% and the pro-
duction efficiency by 50%, and the energy density can reach more than 200 Wh/kg,
while effectively reducing costs. As a result, CTP has become a mainstream bat-
tery cell integration technology [67]. Products with typical CTP technology include
BYD’s blade batteries, CATL’s Kirin batteries, and Svolt Energy Technology Co., Ltd.
(SVOLT’s) short-knife batteries. The CTC first proposed by Tesla is considered to be
the key core technology in the next stage of new energy vehicles. CTC technology
directly integrates the battery cell into the vehicle chassis [68]. It reduces the loss
of space caused by the connection between the car body and the battery cover, thus
improving space utilization.

1.6 Electrolyte

The electrolyte is a vital component in every electrochemical device [69], which
plays a pivotal role in promoting the migration of ions between the anode and
cathode, and is vividly called the “blood” of the battery. The electrolyte not only
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plays an important role in regulating the performance of the electrode and the elec-
trolyte interface but also directly impacts the specific capacity, internal resistance,
charge and discharge performance rates, operating temperature range, and storage
characteristics of the battery [68]. To date, the mainstream LIBs electrolytes are
often composed of solvents, lithium salts, and functional additives.

The primary constituent of the electrolyte is an organic solvent, which can dis-
solve lithium salts and deliver a carrier for lithium ions. An ideal LIBs electrolyte
requires organic solvents to meet a variety of conditions [70]: high dielectric constant
to ensure sufficient dissolution of lithium salts; low viscosity; high electrochemical
and chemical stability; low melting point, high boiling point, and high flash point;
and non-toxic, harmless, and cost-effective. Currently, the commonly used organic
solvents are mainly carbonates and organic ethers, as shown in Table 1.9. In addition,
a single solvent is difficult to meet the requirements of batteries in extreme environ-
ments, so mixed solvents are often used to combine multiple excellent properties.

The application of lithium salt in LIBs needs to meet the following characteristics
[71]: high solubility in organic solvents, easy dissociation to release Li+ ions, and
high conductivity. It exhibits excellent antioxidant stability and remains unaffected
by electrochemical and thermodynamic reactions with organic solvents, electrode
materials, and battery components. Moreover, it is environmentally friendly
and boasts straightforward preparation, purification, and industrial scalability.
Commonly used lithium salts are shown in Table 1.10.

Electrolyte additives refer to specific chemicals mixed into the electrolyte. In gen-
eral, the number of additives is not more than 20% by weight or volume percent-
age. Compared with conventional electrolytes, including only solvents and lithium
salts, electrolytes containing different additives have a huge impact on battery perfor-
mance, which can adjust some physical and chemical properties of the battery and
significantly enhance the electrochemical performance [73]. The common types of
electrolyte addition and their effects are shown in Table 1.11.

Table 1.9 Physical properties of common organic solvents.

Solvents
Dielectric
constant

Boiling
point /∘C

Melting
point /∘C

Ethylene Carbonate (EC) 89.78 248 36.4
Propylene Carbonate (PC) 64.9 242 −48.8
Dimethyl Carbonate (DMC) 3.11 91 4.6
Diethyl Carbonate (DEC) 2.81 126 −74.3
1,2-Dimethoxyethane (DME) 5.5 82.5 −58
Ethyl Methyl Carbonate (EMC) 2.96 110 −53
Ethyl Acetate (EA) 6.02 77 −84
Tetrahydrofuran (THF) 7.58 66 −108.5
Dipropyleneglycol Dimethyl Ether (DMM) 2.7 41 −105

Source: [71]/John Wiley & Sons.
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Table 1.10 Common lithium salts and their advantages and disadvantages.

Salts Advantages Disadvantages

LiPF6 Soluble, high ionic conductivity, and
capable of forming a stable passivation film
on the current collector surface

Poor thermal stability and
prone to decomposition
reactions

LiBF4 Wide operating temperature range and
good stability at high temperatures

Low ionic conductivity

LiBOB High conductivity, a wide electrochemical
window, and excellent thermal stability
contribute to the formation of the SEI film

Low solubility

LiDFOB Good film-forming and low-temperature
performance, with higher solubility in
carbonate solvents and higher electrolyte
conductivity

Expensive

LiTFSI Enhanced solubility and conductivity,
along with a high thermal decomposition
temperature and hydrolysis resistance

Corrosive to aluminum
foil

LiFSI High conductivity Corrosive to aluminum
foil

LiPO2F2 Excellent low- and high-temperature
performance

Low solubility

Source: [72]/John Wiley & Sons.

Table 1.11 Common additives and their functions.

Additives Functions

Fluoroethylene Carbonate (FEC) SEI-forming additive
Biphenyl Overcharge protection additive
Triphenyl Phosphate/Tributyl Phosphate Flame-retardant additive
Graphene Conductive additive

Source: [73]/John Wiley & Sons.

1.7 Binders

During the assembling of the electrodes, binders are polymer compounds which
can adhere the cathode or anode active substances to the current collectors. The
binder mainly has the following functions: first, the binder acts as a dispersant
or thickening agent to improve the uniformity of electrode components. Second,
the binder can bind the conductive agent, active substance, and fluid collector
to maintain the integrity of the electrode structure. Finally, the wettability of the
electrolyte is improved to promote the conveyance of Li+ at the electrode–electrolyte
interface [74, 75].
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The desirable binder should have the following characteristics: (i) the binder
should not have an electrochemical reaction with the electrolyte or other substances.
(ii) The binder should have good dispersion, and its dispersion effect is related to
surface charge density, main-chain flexibility, and electrostatic repulsion effect.
(ii) The binder must have excellent mechanical traits, such as elasticity, hardness,
and adhesion strength. These properties are related to the molecular weight and
functional group of the binder. (iv) The binder also needs to have good electrical
conductivity, which can be improved by gas-phase doping, electrochemical doping,
solvent doping, and ion-exchange doping. (v) The binder should be able to maintain
stability under a certain ambient temperature and humidity to avoid affecting
the battery performance due to changes in temperature and humidity [76, 77].
Commonly used binders are listed in Table 1.12. However, there is currently no
binder that fully meets all of the above requirements. Therefore, when selecting
binders, the selection should be optimized according to the specific application
environment and needs. By taking these factors into account, the binder that is most
suitable for the specific application can be selected, thereby raising the performance
and life of the battery.

With the incessant progress of LIBs technology, more and more new binders have
begun to enter people’s vision, such as polyimide (PI) [78, 79]. These new binders
have significant potential to improve battery performance, extend battery life, and
enhance environmental adaptability. In the future, the custom design of binders will
become an important direction, and it will be developed according to factors such
as the morphology, state, and functional groups of the material surface to satiate the
demands of high-energy-density batteries.

1.8 Outlook

In the modern era, information and transportation technologies are increasingly
dependent on rechargeable batteries, creating a pressing need for higher energy den-
sity. For over 15 years, LIBs have been the primary power source for portable elec-
tronic devices, achieving high maturity and reliability. However, the quest for greater
energy density remains a focal point for global research communities and intensive
industry research and development (R&D) efforts. This necessitates the develop-
ment of new, advanced rechargeable LIBs and a comprehensive understanding of
their working mechanisms during charge and discharge cycles.

Traditional LIBs utilize liquid electrolytes that typically contain highly volatile
and flammable organic solvents, which increase the risk of fire and explosion
and limit their ability to withstand high operating voltages. Additionally, liquid
electrolytes react with lithium metal to form an unstable SEI layer, leading to the
growth of harmful lithium dendrites. In contrast, solid-state LIBs employ solid
electrolytes, significantly enhancing safety and reducing the risk of fire and explo-
sion. Solid-state batteries offer higher energy density, longer cycle life, and faster
charging speeds, thereby improving the user experience. With the development
of solid electrolytes such as oxides, sulfides, and polymers, solid-state LIBs have
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broad application prospects in renewable energy storage, consumer electronics,
and electric transportation and are expected to lead a new revolution in battery
technology. Although aqueous LIBs currently face the challenge of lower energy
density, their safety, low cost, and environmental friendliness make them an
emerging research hotspot.

In the exploration of battery working mechanisms, in-situ characterization tech-
niques provide multi-angle real-time data analysis by monitoring operating batteries
with high temporal resolution. For example, in-situ X-ray diffraction (XRD), Raman
spectroscopy, and scanning transmission electron microscopy (STEM) can be used to
observe phase changes and lattice parameters of electrodes or electrode–electrolyte
interfaces in real time during charge–discharge cycles, providing critical insights
and data support for studying battery working and failure mechanisms. To achieve
higher battery energy density, it is essential to promote innovation in cell structure
and platformization of battery systems. This involves seeking the optimal cell struc-
ture by integrating factors such as lightweight, safety, and rate performance and
aligning with typical structures like blade batteries, large cylindrical batteries, and
large pouch batteries, while accelerating the standardization of cell sizes.

With the widespread application of computers in materials science, theoretical
simulations can help researchers understand the microstructure and electro-
chemical reaction mechanisms of battery materials, guiding material design and
performance optimization. Additionally, artificial intelligence technologies, such
as machine learning and deep learning, can be employed for big data analysis and
prediction, accelerating the discovery of new materials and optimization of battery
performance. Finally, combining theoretical simulations and artificial intelligence
methods can enable predictions and management of the entire battery lifecycle,
enhancing battery efficiency and lifespan.
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