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1.1 Introduction

1.1.1 History of the Lithium-lon Battery

Lithium is the lightest metal in nature, with an atomic weight of 6.94, a density
of 0.534 gcm™3, and a standard electrode potential of —3.045V, which is the lowest
potential among all the metal electrodes. In the 1970s, the first lithium metal battery
was prepared by using titanium sulfide as the cathode and lithium metal as the
anode. However, the lithium dendrites caused by the uneven deposition and distri-
bution oflithium during charging will cause a large irreversible loss of active lithium,
and even short-circuit of the battery, thus the battery is prohibited from charging [1].
In the 1980s, it is found that the lithium ions can be reversibly and freely embedded
into the graphite materials, and soon, the battery was successfully prepared by using
graphite as the anode material. Lithium ions can be freely and reversibly inserted and
extracted between the cathode and anode, which is visually called “rocking chair bat-
tery” and later named “lithium ion battery” [2]. Both of the lithium-ion batteries and
lithium metal batteries can work by the insertion and extraction of lithium ions at the
electrode. However, compared with the lithium metal battery, the lithium metal can
be replaced by other active materials to solve the safety problem of lithium metal as
the anode material in lithium-ion battery [3]. As the first company to commercialize
lithium-ion batteries, Sony Corporation has done much research work [4, 5]. Cur-
rently, commercial lithium-ion batteries mainly use transition metal lithium salts as
the positive electrode Li,M, (M represents a transition metal such as Co, Mn, Ni, Fe,
etc.), and inexpensive and excellent conductive porous graphite as the negative elec-
trode. They are widely used in digital products, grid energy storage, electric vehicles
(EVs), hybrid electric vehicles (HEVs), and etc. [6-9].

1.1.2 Basic Structure of Lithium-lon Battery

The composition of lithium-ion battery is shown in Figure 1.1. Lithium-ion battery
is mainly composed of the following four parts: cathode, anode, electrolyte, and
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Figure 1.1  Structural
Cost distribution illustration and relative cost of
each component. Source: Zhou
et al. [10]. Reproduced with
permission of John Wiley Sons.
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separator. The main purpose of cathode materials is to provide lithium ions for the
whole battery system. At present, the main positive materials are Li,M (M = Co, Ni,
Mn, and other transition metals) with layered structure, ternary materials (Li [Co,
Ni, Mn],), LiMn,0,, and LIMPO, (M = Fe, Co, Ni, Mn, and so on) with spinel struc-
ture. The main commercial cathode material of lithium-ion battery is LiCoO,. The
cost of the material can account for about half of the total cost of lithium-ion battery.
Its theoretical capacity is 274 mAh g1, and the discharge voltage is 3.6 V [5].

The anode is generally prepared by uniformly loading the active material together
with the conductive agent (generally carbon black) and the binder on the current
collector, and it is the key part of lithium-ion battery. Currently, the commonly used
collector is copper foil with the thickness of 7-15 pm.

The electrolyte in lithium-ion batteries is an important medium for the free trans-
portation of lithium ions between the cathode and anode. The electrolyte is generally
composed of lithium salts (LiPF,, LiClO,, and LiBF,) and organic solvents. The
common organic solvents are ethylene carbonate (EC), propylene carbonate (PC),
dimethyl carbonate (DMC), and diethyl carbonate (DEC).

The function of the separator in the lithium-ion battery is to prevent the anode and
cathode from contacting and thus avoiding the short circuit of the battery. The most
commonly used membranes are polymer films, including polypropylene (PP) and
polyethylene (PE). Generally, the strength of the separator is improved by three-layer
structure, and the lithium ions can pass through the separator smoothly.

1.1.3 Working Mechanisms of Lithium-lon Battery

The working principle of lithium-ion battery is a simply process of lithium-ion con-
tinuously embedding and detaching between the cathode and anode. Its essence is a
kind of concentration battery. Figure 1.2 shows the working principle of lithium-ion
battery [11]. During charging process, the oxidation reaction of the cathode materi-
als is taken place and the lithium ion transfers from the cathode to the anode. The
lithium ion is embedded in the anode material after passing through the electrolyte
and separator. At the same time, the electron reaches the anode through the exter-
nal circuit. During the discharge, the lithium ion is removed from the anode and
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Figure 1.2 The working
principle of lithium-ion battery.

Source: Wang et al. [11] =]
Reproduced with permission of -
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transferred to the cathode and embedded in the cathode materials, accompanied by
the electron transfer in the external circuit.

Taking porous graphite as the anode materials, lithium cobaltate (LiCoO,) as the
cathode materials, the electrochemical reactions during the charge and discharge
process are briefly described as follows:

LiCo, + 6C = Li,_Co, + Li,C, (1.1)
Cathode:LiCo, = xLi* + e~ + Li,_,Co, + Li,C (1.2)
Anode:xLi* + e~ + 6C = Li,C, (1.3)

1.1.4 Characteristics of Lithium-lon Batteries
The advantages of lithium ion batteries are mainly as follows:

e Compared with normal chemical batteries, the lithium-ion battery has a large
specific capacity and energy density. The volume of the lithium-ion battery is
20-50% of that of a chemical battery with the same capacity. At this stage, the
actual specific energy of the lithium ion battery is 150-200 Whkg~!, and the
specific energy of the lithium ion battery can eventually reach 250-300 Wh kg~!.

o Lithium-ion battery allows a wide working range. Under room temperature, the
discharge capacity of the battery accounts for more than 85% of the overall theo-
retical capacity after one month in an open circuit. Lithium-ion batteries can be
discharged steadily in a wide temperature range (—20 to 55 °C).

o Lithium-ion battery can be recycled and used many times. The lithium-ion bat-
teries currently used have avoided the problems of internal lithium dendrite short
circuits that cause damage and potential safety hazards. The remaining capacity of
the lithium-ion battery with carbon material as the anode is still more than 60% of
the theoretical capacity after 1200 cycles, which is much higher than that of other
types of batteries.

o Compared with lithium metal battery, lithium-ion battery possesses the resistance
characteristics of short circuit, overcharge, overdischarge, and impact. It can be
quickly charged and discharged at a current density of 1 C.
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o No memory effect exists in lithium-ion battery, and it can be repeatedly charged
and discharged.
o Lithium-ion battery can be packed with small size and lightweight.

The shortcomings of lithium-ion batteries are mainly manifested as follows:

o Since the electrolyte of lithium-ion battery mainly consists of organic component,
the conductivity is lower than that of a chemical battery on the market, so the
corresponding internal circuitimpedance is greater than that of a chemical battery.

o Thevoltage platform of the lithium-ion battery changes greatly (about 40%) during
the discharge process, and there is no relatively more stable discharge platform.
For a device that requires stable power supply, it is impossible to maximize its effi-
ciency, and also due to the large change in the voltage platform of the lithium-ion
battery, it is also difficult to estimate the remaining capacity.

e The cost of battery composition materials is high. The main cost of lithium-ion
batteries comes from the relatively expensive cathode material LiCo,0,.

e A comprehensive battery management system is needed to prevent the
lithium-ion battery from overcharging.

1.2 Cathode Materials for Lithium-lon Batteries

Cathode material is one of the key components of lithium-ion battery, which
determines the working voltage, capacity, and cycle life of the battery. At present,
the potential cathode materials mainly include layered-structural cathode mate-
rials (LiCoO,, LiMnO, LiMn,0,, LiNi,Co,Mn,0,, and LiNij3Coy,5Al050,),
spinel structural materials (LiMn,0O, and LiNi, sMn, ;0,), polyanionic materials
(LiFePO,, Li,V,(PO,),, and Li,FeSiO,), etc. The ideal cathode material should
have the following characteristics: (i) high capacity; (ii) high oxidation reduction
potential; (iii) good chemical and thermal stability; (iv) high ionic and electronic
conductivity; (v) high safety; (vi) low price.

1.2.1 Layer-Structured Cathode Materials

Common layer-structured cathode materials mainly include lithium cobalt oxide
(LiC00,), lithium nickel oxide (LiNiO,), and lithium manganese oxide (LiMnO,), all
of which exhibit the crystal structure of a-NaFeO,. Among them, LiCoO, with rhom-
bohedral structure is the first commercialized layered cathode material, and the O
atom is formed hexagonal dense accumulation according to the order of ABCABC
(Figure 1.3). Itis first reported by Goodenough in 1981, the theoretical specific capac-
ity of LiCoO, is 274 mAh g!, and the average working voltage is 3.9V (vs. Li/Li*).
However, during the actual charging process, the layer structure of Co—O octahe-
dron will become unstable and gradually transition to spinel phase when the amount
of lithium removal is more than 50% and thus results in the decrease of battery
capacity. Thus, the actual reversible specific capacity of LiCoO, can only be up to
140mAh g!. In addition, the high cost and toxicity of Co limit its application in
large-scale energy storage system.
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Figure 1.3 Crystal structure diagram of LiCoO, (red: oxygen, purple: cobalt, green: lithium).
Source: Erickson et al [12] Reproduced with permission of IOP Publishing.
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Figure 1.4 Crystal structure diagram of LiNiO, (red: oxygen, brown: nickel, blue: lithium).
Source: Manthiram et al [13]. Reproduced with permission of Elsevier.

As shown in Figure 1.4, the layered LiNiO, cathode materials have a theoretical
specific capacity of 274 mAh g~!, but only 140 mAh g=! can be used in the actual
charging and discharging process. During the charging process, lithium ions are
removed from the interlayer of LiNiO,, due to the approach of the Ni** ion radius
(0.69) and Lit* (0.76), it is very easy to occupy the lithium position and cause the
mixed arrangement of lithium nickel, which will lead to the destruction of the orig-
inal layered structure, and some lithium ions cannot be re-embedded into LiNiO,
during discharging and thus cause the rapid attenuation of reversible capacity [14].
In addition, it is very difficult to synthesize and unstable at high temperature, the
structure will change from hexagonal phase to cubic phase.
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Figure 1.5 (a) Orthorhombic LiMnO, (Pmmn), (b) monoclinic LiMnO, (C2/m); (red: oxygen,
pink: manganese, green: lithium). Source: Erickson et al [12]. Reproduced with permission of
|OP Publishing.

The theoretical specific capacity of LiMnO, is 285mAh g™!, and the actual spe-
cific capacity is about 165-195 mAh g~!. As shown in Figure 1.5, the layer-structured
LiMnO, belongs to metastable phase, in which Mn3* is prone to disproportionation
to form Mn?* and Mn**. Meanwhile, Mn3* is easy to dissolve and occupy the posi-
tion of Li* during the charging process, finally forming Jahn-Teller distortion and
causing the damage of layered structure [15]. In addition, it is difficult to synthe-
size layer-structured LiMnO, because it is easy to transform into rhombic or spinel
structure; thus, the application of pure LiMnO, as cathode materials is difficult.

As cathode materials of lithium-ion batteries, LiCoO,, LiNiO,, and LiMnO,
exhibit their own shortcomings as cathode, and they cannot be widely used in the
field of power batteries. However, it is possible to obtain new cathode materials with
high capacity, high voltage, and high cycle stability by preparing Li-Ni-Co-Mn-O
ternary materials, in which LiCoO, has a higher electron and ion transfer rate
to ensure the rate performance, the higher capacity of LiNiO, can provide the
cathode a high capacity, and LiMnO, mainly plays a role in stabilizing the structure.
Theoretically, the three components can form any uniform solid solution while
maintaining the original layered structure. In the ternary system, Ni, Co, and Mn
elements can be randomly distributed in the transition metal layer, and Li still
occupies the original position. Liu et al. [16] prepared ternary cathode materials
with excellent electrochemical performance for the first time in 1999. Among them,
the high capacity of nickel-rich ternary cathode material (more than 60% Ni in the
composition) makes it a potential cathode material for the current development
of high-energy-density power battery. Therefore, the current research field is
mainly focused on the area near the LiNiO, component. As shown in Figure 1.6, it
mainly includes the common LiNi, ;Co,;;Mn, ,;0, (NCM333), LiNi, ;Co, ,Mn, ;0,
(NCM523), LiNi,¢Co,,Mn,,0, (NCM622), and LiNi,3Co,;Mn,;0, (NCM811).
However, these kinds of nickel-rich cathode materials exhibit some drawbacks for
the commercialization, including capacity fading during long-term cycling, poor
rate capacity, thermal instability, short storage lifetime at elevated temperature, high
residual lithium, gas evolution, serious safety concern, Li/Ni cation mixing, and so
on. Thereby, some crucial mechanisms are proposed to explain these problems in
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Figure 1.6 Phase LiCoO,
diagrams of LiNiO,, LiCoO,, (rate)
and LiMnO, ternary
systems and some
representative
components. Source:
Erickson et al [12].
Reproduced with
permission of IOP
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literature: (i) side reaction of electrolyte catalyzed by the delithiated NCM at volt-
ages above 4.3V with a concomitant oxygen release; (ii) dissolution of the transition
metal ions corroded by HF acid from the electrolyte; (iii) layered-to-spinel phase
transformation and occurrence of NiO-type phase; (iv) formation of micro-crack
and particle fracture originated from internal strain, expansion, and contraction
of lattice volume during cycling. The micro-cracks enlarged along the parasitic
reaction area between active materials and the electrolyte and accelerated the
fracture of particles and decomposition of the electrolyte. Finally, the pulverization
of bulk cathode particles occurred. The pulverized and separated particles cannot
participate in electrochemical reaction, resulting in the capacity decay (Figure 1.7).

In addition to the common LiNi,CoMn, . 0, (NCM) ternary cathode
materials, there is also a special high-capacity ternary cathode material, which
is LiNiy4Coq;5Al,0sO, (NCA) [18]. The actual specific capacity is as high as
220mAh g~!. A small amount of Al can stabilize the layered structure. Compared
with NCM, NCA has higher structural stability. However, the amphoteric charac-
teristics of Al element make it difficult to synthesize the stable NCA precursor. At
present, the NCA cathode materials have been successfully developed by Panasonic
in Japan and Tesla in USA, and the energy density of 300 wh kg™! of single cell can
be obtained by matching the NCA with silicon/carbon anode.

1.2.2 Spinel-Structured Cathode Materials

LiMn,0O, with spinel structure belongs to cubic system, and the space group is
Fd-3m. Among them, O atoms are arranged in cubic dense packing, Li ions are in
the tetrahedral sites, and Mn occupies half of the octahedral sites (Figure 1.8). Thus,
LiMn,0O, has three-dimensional lithium-ion diffusion channel and excellent rate
performance, which is suitable for high-power lithium-ion batteries [19, 20]. The
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Figure 1.7 Capacity fading scheme of Ni-rich cathode materials. Source: Ryu et al. [17].
Reproduced with permission of American Chemical Society.
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theoretical specific capacity of LiMn,0, is 148 mAh g~!, and the working voltage is
4.0V (vs. Li/Li*). However, Jahn-Teller distortion caused by entering the octahe-
dron sites of lithium ions will occur during the charging and discharging process,
which will affect the reversible capacity and cycle performance of the material.
Therefore, the actual specific capacity of LiMn,O, can only be 110-120mAh g=!. In
addition, Mn is easy to dissolve in the electrolyte, and the self-discharge will lead to
the decline of reversible capacity of the battery.

LiNi, sMn, 50, can be formed by replacing part of Mn in LiMn, O, with Ni. During
charging and discharging process, the valence state of Mn in LiNi, ;Mn, ;O, remains
unchanged and only Ni?* and Ni** change, which will ensure the high structural sta-
bility of the materials. At the same time, the working voltage is also increased from
the original 4.0 to 4.7V, which helps to improve the energy density of the battery
[21]. According to the different positions occupied by Ni and Mn, LiNi, :Mn, O,
can be divided into Fd-3m and P4,32 space group. In comparison, LiNi, sMn; ;O,
with Fd-3m space group has better structural stability and cycle performance. How-
ever, the ordinary organic electrolyte will decompose when the voltage is charged to
4.7V, resulting in the rapid degradation of the battery capacity deterioration of cycle
performance.
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Figure 1.9 Crystal structure diagram of LiFePO,. Source: Nakayama et al [22]. Reproduced
with permission of Elsevier.

1.2.3 Olivine-Structured Cathode Materials

Lithium iron phosphate (LiFePO,) with olivine structure has been widely used in
power batteries for its excellent cycling performance and safety [22]. It was first
reported by Goodenough et al. LiFePO, of orthorhombic system belongs to the
Pnma space group, and its theoretical specific capacity is 170 mAh g~!, the working
voltage is about 3.4V (vs. Li/Li*). During the charging and discharging process,
Lit occupied in octahedral sites can be transmitted in one-dimensional channel,
accompanied by the phase transition of LiFePO, and FePO,. Due to the strong
bonding energy of polyanion PO,>~, it can still maintain the structural stability
when Li ions are completely removed from LiFePO,. However, due to the low ion
and electric conductivity of pure LiFePO,, it is necessary to optimize the structure
of LiFePO, for practical application. To sum up, LiFePO, with low cost and mature
synthesis technology is suitable for energy storage system with low energy density
requirements (Figure 1.9).

1.3 Anode Materials for LIBs

For cathode materials, the commonly used materials such as lithium cobaltic
acid, lithium iron phosphate, and lithium manganate have been well developed,
and the capacity is close to the theoretical value. Sulfur and other high-capacity
cathode materials are also under development. Therefore, in addition to properly
increasing the capacity of cathode materials, people are looking for high-capacity
anode materials to replace the traditional graphite anode, which is also one of
the most effective strategies to improve the energy density of the lithium-ion
battery.

The anode materials of lithium-ion battery can react with lithium ion during the
charging process to form lithium-containing compounds, and also lithium ions can
be effectively removed during the discharging process. The requirements for an ideal
anode material are as follows:
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Figure 1.10 Schematic diagram of several representative nanostructured anode materials
for LIBs. Source: Cheng et al. [23]. Reproduced with permission of Elsevier.

low operating voltage;

high electron and ion transfer rate;
high capacity;

high stability

Due to its high stability, graphite with the theoretical specific capacity of
372mAhg™! is commercially used as anode material, and the actual specific
capacity can only be 320-350mAh g~!. With the increasing requirement of the
energy density for lithium-ion battery, the low capacity of graphite cannot meet
the requirements of the battery. Therefore, newly high-capacity anode materials
are highly desired to replace graphite to improve the energy density of the battery
(Figures 1.10 and 1.11). According to the mechanism of lithium storage, the
anode materials mainly studied at present can be divided into the following three
categories: that is, (i) intercalation anode material (lithium ion is reversibly inter-
calated/exfoliated in the gap between material layers), mainly including common
graphite like carbon materials and lithium titanate, (ii) alloy-type anode materials
(lithium ion reacts with anode material to form alloy for lithium storage), including
silicon, germanium, tin, aluminum, magnesium, etc., and (iii) conversion anode
materials (lithium ions react reversibly with metal oxides, nitrides, or phosphates
to form metal atoms and lithium-containing compounds including transition metal
oxides, sulfides, nitrides, etc.).
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Figure 1.11 The calculated relationship between the LIBs voltage and the theoretical
capacity of different compounds for screening materials. Source: Cheng et al. [23].
Reproduced with permission of Elsevier.

1.3.1 Intercalation Anode Materials

Intercalation anode materials mainly rely on the lithium ion diffusion to the gap of
layered structure for lithium storage, including carbon-based materials and spinel
structured lithium titanate (Li,TisO,,). According to the graphite degree of the
carbon-based materials, it can be divided into layered graphite, soft carbon, and
hard carbon. As a typical carbon, graphite, which mainly includes artificial graphite
and natural modified graphite, was commercially used as anode material in 1990s.
As shown in Figure 1.12a, during the charging process, lithium ion can be inserted
into the interlayer of graphite to form LiC, which will impart the graphite with the
theoretical specific capacity of 372 mAh g=!. Meanwhile, the voltage of lithiation
platform is low. Due to its excellent cycle stability and low cost, graphite anodes are
widely used in commercial lithium-ion batteries. However, the poor compatibility
between graphite and organic electrolyte will cause the solvent co-insertion during
charging, which affects the performance of the battery. In addition, the lower redox
potential of carbon materials (close to that of lithium precipitation) is prone to
cause the precipitation of lithium dendrite at a high rate or under the condition of
overcharge, which leads to short circuit of battery and serious safety problems.

As shown in Figure 1.12b, three lithium ions can be reversibly intercalated
into the spinel structured lithium titanate (Li,Ti;O,,) to form Li,Ti;O,, phase,
and the theoretical specific capacity is 175 mAh g1, the working voltage is about
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Figure 1.12 Crystal structures of (a) lithiated graphite and (b) Li,Ti;O,,. Source: Nitta et al.
[24]. Reproduced with permission of Elsevier.

1.55V (vs. Li/Li*). The formation of lithium dendrites can be effectively avoided
by a higher lithium intercalation/de-intercalation platform, thus improving the
safety of battery [25]. At the same time, no structural change of Li, Ti;O,, occurred
during the whole charging and discharging process, and the volume change is less
than 0.2%, which is called a “zero strain material” with ultrahigh structural and
cyclic stability. However, the poor ions and electric conductivity of Li,Ti;O,, will
result in the poor rate performance of the battery [26]. In general, the intercalation
anode materials are of low cost, high safety, and long cycle life. However, the low
theoretical specific capacity makes it suitable for energy storage systems with low
energy density requirements.

Compared with the ordered materials such as graphite or lithium titanate,
amorphous carbon with disordered structure can be thought to be a large number
of graphite particles with high crystallinity that are dispersed in the amorphous
carbon matrix. Amorphous carbon mainly can be prepared by pyrolysis of the
organics at high temperature, and the graphitization degree can be increased with
the increase of carbonization temperature. It is worth noting that amorphous
carbon can be divided into soft carbon and hard carbon according to the degree
of graphitization, as shown in Figure 1.13. Among them, soft carbon refers to
the amorphous carbon materials, which can be graphitized above 2000 °C. Soft
carbon with low crystallinity, large crystal surface spacing, high irreversible capac-
ity, and good compatibility with electrolyte mainly includes mesophase carbon
microsphere, coke, carbon fiber grown in gas phase, and pitch-based carbon fiber,
etc. Therefore, soft carbon is generally not directly used as the anode material for
lithium-ion battery. Hard carbon refers to the amorphous carbon materials, which
are difficult to graphitize even at 3000 °C, and it can be prepared by pyrolysis of
polymer (such as polyvinyl alcohol and polyethylene, etc.) and biomass materials
(such as shell, animal shell, and cotton, etc.). As anode materials for lithium-ion
battery, hard carbon with the high specific capacity of 1000 mAh g~! is favorable for
the intercalation of lithium ions without significant expansion of the structure [28].
The layer spacing of amorphous carbon is generally larger than that of traditional
graphite, and more lithium ions can be stored in the process of lithium intercala-
tion. In addition, defects in amorphous carbon can absorb lithium ions stably and
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Figure 1.13 Schematics of morphologies of
graphite, graphitizable carbon (soft carbon),
and nongraphitizable carbon (hard carbon).
Source: Nishi et al. [27]. Reproduced with
permission of John Wiley & Sons.
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improve the lithium storage performance. In conclusion, amorphous carbon with
high capacity possesses a wide range of applications as the anode of lithium-ion
batteries.

1.3.2 Alloy Anode Materials

Alloy anode materials mainly include silicon (Si), germanium (Ge), tin (Sn),
antimony (Sb), aluminum (Al), and magnesium (Mg). Table 1.1 compares the
relevant parameters of alloy anode materials in IVA family and graphite. For C,
Si, Ge, and Sn, their fully lithium embedded states are LiC, Li, ,Si, Li, ,Ge, and
Li, ,Sn, respectively. Compared with carbon-based materials, one atom in the alloy
anode can react with many lithium ions and show high capacity. In addition, the
alloy anode also has a suitable lithiation/delithiation platform, which is considered
to be the most promising alternative anode material to carbon materials for the
new generation of battery. For example, Si and Ge can achieve high theoretical
specific capacities of 4200 and 1625 mAh g=! by forming Li, ,Si and Li, ,Ge alloys,
respectively. However, there are also some problems behind the high capacity of
alloy anode materials. Due to the large volume change of active substances during
cycling, the active material will be powdered and even peeled off from the current
collector and lose electric contact with the conductive network, and the reversible
capacity and the cycle stability of the battery will be deteriorated. In addition, the
poor conductivity of alloy anode also limits its capacity. In order to realize the
commercialization of alloy anode, it is necessary to optimize their structure and
composition to improve its electrochemical performance.
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Table 1.1 Comparison of Group IVA elements as anode materials for lithium-ion batteries.

Materials C Si Ge Sn
Bulk density (gcm=3) 2.25 2.33 5.32 7.36
Lithiated phase LiCq Li, ,Si Li, ,Ge Li, ,Sn
Theoretical gravimetric capacity (mAh g™!) 372 4200 1625 994
Theoretical volumetric capacity (mAh cm~3) 837 9781 8645 7316
Voltage (vs. Li/Lit) 0.05 0.4 0.5 0.6
Volume change (%) 12 400 272 259

Source: Liu et al. [29]. Reproduced with permission of Wiley-VCH.

1.3.3 Conversion Anode Materials

The conversion anode materials mainly include oxides, nitrides, phosphates, and
sulfides of various transition metals. As an anode material for lithium-ion battery, it
has a high theoretical specific capacity and is considered to be a new type of anode
material with application prospect. Among the conversion anode materials A,B,
(A = Co, Fe, Ni, Cu, Mn, Cr, Mo, etc.,, B= 0, S, N, P, etc.), transition metal atom
A can react with multiple lithium ions and thus impart the materials with high
specific capacity [30]. Take metal oxide A,O, as an example, Figure 1.14 shows a
schematic illustration of the conversion reaction of transition metal oxides for LIB
anodes. From Eq. (1.4), 2y lithium ions can be stored per formula unit of metal oxide
through a conversion reaction, causing a structural change and amorphization of
transition metal oxides that involves large volume expansion. At the end of lithiation,
nanoscale transition metal clusters are embedded in the lithium oxide (Li,O) matrix.
During delithiation, these transition metal clusters are oxidized to form amorphous
transition metal oxide. The Li, O, which is inert to lithium, will cause the loss of the
first reversible capacity, resulting in the lower initial coulomb efficiency of the mate-
rial. The high working voltage of these materials (0.5-1.5V, vs. Li/Li") can avoid the
formation of lithium dendrites and ensure the high safety of batteries. However, in
order to obtain high energy density of battery, it is necessary to match high-voltage
cathode materials, which limits the practical application of conversion anode. In
addition, A, B, anode material is also accompanied by a certain volume change dur-
ing cycling, which will inevitably cause the collapse and destruction of electrode

O Transition metal
o Oxygen
» Lithium
Delithiation
—

—_ e
Lithiation

Figure 1.14 Working mechanisms of the conversion anode materials. Source: Yu et al. [31].
Reproduced with permission of John Wiley Sons.
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structure, eventually leading to the decline of electrode capacity and the shortening
of battery life. It is worth noting that the density of most transition metal elements
is relatively high, which will increase the proportion of the anode material in the
whole battery and reduce the overall energy density of the battery.

M,O, + 2yLi* + 2ye” = xM° + yLi,O (M transition metals) (1.4)

Taking tin oxide (SnO,) as an example, it is considered as one of the most potential
anode materials for the next-generation lithium-ion batteries because of its low
operating voltage, high specific and volumetric capacity, high abundance, and low
cost [32, 33]. However, the SnO,-based anode materials suffer from three main
issues during the charge/discharge process. The first one is the large volume change
(~400%) during the lithiation and delithiation process, resulting in severe electrode
pulverization and even peel off from the current collector and thus fast capacity
fading during cycling [34, 35]. The second one is the poor electric conductivity of
the SnO,-based anode materials, which will reduce the charge transfer and lead to
the low rate capability [36]. The last one is the poor initial Columbic efficiency due
to the irreversible conversion reaction during the initial lithiation process, which
finally results in the additional cathode material consumption [37, 38]. It is well
known that both the conversion reaction and alloying reaction between SnO, and
Lit* exist during lithium storage process, as shown below (Eq. (1.6)).

SnO, +4Li* + 4e~ — Sn + 2Li,0 1.5)

Sn + xLi* +xe” — Li, Sn (1.6)

The conversion reaction (Eq. (1.5)) is partially reversible, while the alloying
reaction (Eq. (1.6)) is fully reversible. The common theoretical capacity of SnO,
anode materials, which can be calculated from the maximum uptake of the Li ions
of 4.4mol per unit of Sn in Eq. (1.6), is 782mAh g-!. Assuming that Eq. (1.5) is
reversible, the capacity contribution from Eq. (1.5) will be 712mAhg~!, and in
this case, the total theoretical capacity of SnO, anode materials will reach as high
as 1494 mAh g~!. It can be concluded that the electrochemical performance of the
SnO, anode materials largely depends on the reversibility of the two reactions,
and thus it is crucial to improve the reaction reversibility of the reactions during
charge/discharge process.

Three strategies can be adopted to solve the above issues (Figure 1.15). One is
to encapsulate SnO, NPs in robust physical barriers of carbonaceous materials
(e.g. amorphous carbon [C], carbon nanotube [CNT], and graphene [Gr], etc.),
conductive polymers (e.g. polypyrrole [PPy], polydopamine [PDA], and polyaniline
[PANI], etc.), or inorganic materials (e.g. TiO,, Au, NiTi, vanadium carbide [V,C]
MXene). These physical barriers can effectively hinder Sn coarsening by disjoining
SnO, particles, while simultaneously improving the structural stability and elec-
trical conductivity of the electrodes. Moreover, during the synthesis process, the
physical barriers can function as loading matrixes that promote the generation of
well-dispersed SnO, NPs. The second one is to construct hierarchical, porous, or
hollow-structured SnO, architectures containing plenty of voids inside the particles
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Figure 1.15 Schematic diagram showing the structure evolutions of (a) bulk SnO,, (b)
Sn0,-based nanocomposites with robust physical barriers, (c) hierarchical/porous/
hollow-structured SnO, with stable void boundaries, and (d) stannates and heterogeneous
materials/Sn0O, hybrids with abundant heterophase interfaces. Source: Zhao et al. [39].
Reproduced with permission of John Wiley Sons.

that divide particles into nanosized subunits separated by high-specific-area void
boundaries. The voids not only promote electrolyte infiltration, shortening the
lithium transfer distance, but also buffer the volume changes of SnO, particles,
preventing particle pulverization and stabilizing the void boundaries that hinder
Sn coarsening among the divided subunits. The last one is to fabricate stannates
(e.g. M,Sn0O, or MSnO;, M = Mn, Co, Zn, Ba, etc.), doping SnO, with metal ions
(Mx*, M = Zn, Fe, In, W, etc.), or mixing SnO, with heterogeneous materials (e.g.
metals (Ms, M = Au, Co, Pb, Fe, Mn, Ag, etc.), metal oxides, or sulfides (MOs or
MSs, M = Co, Fe, Mn, Ni, Cu, Zn, V, Mo, Ti, etc.). The introduced Mx*, Ms., MOs, or
MSs generate abundant heterophase interfaces in cycled SnO,-based electrodes that
divide SnO, into individual nanocrystalline domains and impede Sn coarsening
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between the isolated SnO, domains. Furthermore, some transition metal elements
(e.g. Co, Fe, Ni, Mn, etc.) that exhibit high conversion reaction reversibility with
Li, O can promote the decomposition of Li,O and facilitate the reverse conversion
reaction from Sn and Li, O to SnO,, improving the capacity.

1.3.4 Lithium Metal Anode

Lithium metal anode has been thought to be the holy grail to realize the highest
energy density owing to the high theoretical capacity (3860 mAh g1, about 10 times
that of the graphite anode) and the low electrochemical potential (—3.04 V vs. the
standard hydrogen electrode) of Li metal anode [40-42]. Nevertheless, Li dendrites
formed during cycling hinder the development of lithium metal anode, which leads
to low Columbic efficiency, poor cycle stability, and even short-circuiting-related
safety hazards [43, 44]. As illustrated in Figure 1.16, the lithium foil contacts and
reacts with electrolyte to form a solid electrolyte interface (SEI) during cycling due
to its high activity, and the SEI between the lithium and electrolyte is inhomoge-
neous and relatively fragile. In the stage of lithium deposition, Li* ions are more
likely to deposit on the bumps located on the surface of the lithium foil due to
the accumulation of electrons, forming dendritic lithium metal. The generation of
dendrites and the volume change of the electrode during cycling lead to the rupture
of the SEI, and the fresh lithium is again exposed to the electrolyte and reacts
with it to form new SEI. This process continues throughout the battery cycling,
constantly consuming electrolyte and lithium, resulting in low Columbic efficiency.
The lithium dendrites may break from the matrix and be wrapped by the SEI [45],
accompanied by losing their activity and forming “dead lithium,” at the same time,
the SEI also becomes thicker and thicker, resulting in higher and higher interface
resistance. More seriously, the gathering of dendrite is highly possible to pierce the
membrane, causing a short circuit inside the battery, leading to ignition or explosion

Cracked SEIl and

Inhomogeneous electric field adverse reactions

Protuberance
I Self-driven SEI\\lU/
Plating Li
Li dendrite
“Dead Li” Broken dendrite
« Accumulated SEI
Wl.“

Stripping Li

Figure 1.16 Scheme of dilemma for Li metal anode in rechargeable batteries.
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Figure 1.17 Solutions for Li metal anode in rechargeable batteries.

of the battery. Therefore, suppressing dendrite growth and mitigating electrode’s
volume change are fundamental methods for improving the performance of lithium
metal anode [46-51].

According to previous reports, the current strategies for addressing the issues of
lithium metal anodes are as follows (Figure 1.17): (i) designing a stable and uniform
artificial SEI to replace the fragile native SEI, and thus achieving homogeneous Li
deposition [52, 53]; (ii) developing electrolyte additives to help uniform Li deposition
or stabilize SEI [54-56]; (iii) employing high-modulus solid-state electrolyte (SSE)
to inhibit the growth of lithium dendrites [57-59]; (iv) replacing lithium metal with
lithium alloy to suppress dendritic lithium formation [60, 61]; (v) constructing novel
structured Li metal anode by nanotechnology to regulate Li ions plating/stripping
behavior and mitigate the volume change during repeated cycling [62-65]. Each of
the above methods has its advantages and disadvantages. For example, although
the artificial SEI cannot reduce the overall energy density of the batteries, most of
them are not strong enough to withstand the constant volume change and may be
ruptured after a long cycling. Adding additives into electrolyte is easy to operate
on a large scale; however, those additives will be continuously consumed during
cycling. SSEs are considered particularly promising because of their inherent safety
characteristics and potential to prevent dendritic deposition of the lithium, while
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the problems of low ionic conductivity and large interfacial impedance hinder the
commercialization of SSE [66]. Alloyed anodes can efficiently suppress the Li den-
dritic formation, but they will increase the mass of the electrode, resulting in lower
energy density of battery. Structured anodes can improve the performance of lithium
metal anode in several aspects, but they should present good mechanical properties,
and almost all of them meet the trouble of severe interfacial side reactions.

1.4 Electrolyte

The electrolyte acts as a bridge between cathode and anode to transport Li*. The
basic requirements of electrolyte with excellent performance include: (i) high ionic
conductivity and low viscosity; (ii) low melting point, high boiling point, and wide
temperature range; (iii) wide electrochemical window and good chemical stability;
(iv) good compatibility with positive and negative materials. The above requirements
are necessary for the electrolyte to work continuously and stably in the lithium-ion
battery and guarantee the high performance of the lithium-ion battery [13]. The
compatibility between electrolyte and cathode and anode will also affect the perfor-
mance of lithium-ion battery. The reduction of electrolyte on the surface of carbon
anode results in the formation of solid electrolyte interface, referred as SEI film. The
oxidation reaction on the surface of metal oxide leads to the formation of cathode
electrolyte interface film, which is referred as CEI film. The formation of stable inter-
facial film is conducive to improve the cycle stability of batteries.

1.4.1 Liquid Electrolyte

The electrolyte consists of lithium salt, solvent, and functional additive, and the
three components and their working principles are described in detail below.

1.4.1.1 Lithium Salts

Lithium salt mainly provides a large amount of Li* for electrolyte, but its anion is
also an important factor affecting the physical and chemical properties of electrolyte.
Proper lithium salt can effectively improve the energy density, broaden the electro-
chemical window, improve the cycle life of the battery, and broaden the working
temperature range of the electrolyte. Lithium salt should exhibit the following char-
acteristics: (i) it is easy to dissolve in organic solvent with high solubility; (ii) it is easy
to ionize, so that the electrolyte can be highly ionic conductive; (iii) good thermal sta-
bility and not easy to decompose; (iv) good oxidation-reduction stability; (v) noncor-
rosive to Al and Cu collector; (vi) easy to prepare, low cost, environmentally friendly.
At present, the widely used lithium salts mainly include LiPF, LiBF,, lithium hex-
afluoride arsenate (LiAsFy), lithium perchlorate (LiCl0O,), and other inorganic salts,
as well as the organic lithium salts such as LiBOB, LiODFB, lithium trifluoromethyl-
sulfonate (Li(CF;SO,), and lithium trifluoromethylsulfonimide [LiTFSI]) [67-69].
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LiPF,. At present, the commercial lithium salt is mainly LiPF, which possesses
the following advantages: high solubility and conductivity; effective film forma-
tion on the electrode surface; passivation of the positive collector to prevent its
dissolution; wide electrochemical stability window. However, the thermal sta-
bility of LiPF, is poor, and it is easy to decompose into PFs and LiF at high
temperature, and the decomposition products are easy to hydrolyze to produce
HF, which will damage the structure and performance of the battery and pollute
the environment [70].

LiBF,. LiBF,, which exhibits higher thermal stability than LiPF, is not sensitive
to water and is not easy to generate HF. It has small charge transfer impedance
at low temperature. It is the most widely used lithium salt in industry except
LiPF, [71]. Compared with LiPF,, LiBF, has a small anion radius and is easy
to associate, so its solubility in organic carbonate solvent is low and its conduc-
tivity is not high. Moreover, LiBF, has a poor film-forming property and poor
compatibility with the electrode, so it is usually used in combination with other
lithium salts [72].

LiBOB. LiBOB is a new type of boron-based lithium salt. Due to its excellent
performance, its research is more in-depth. LiBOB has high decomposition
temperature, good thermal stability, easy to form film on the negative electrode
surface, and has a good passivation effect on Al collector [70]. The lithium-ion
battery with LiBOB can be cycled well at 60 and 70 °C, while lithium-ion battery
with LIPF, cannot work under the same conditions [67]. LIBOB is mainly
sensitive to water, and its solubility in common carbonate solvent is small.
Although it is easy to form a film, its impedance is large, which seriously affects
the low-temperature performance and rate performance of the battery [69]. It is
rarely used alone and is generally used as an additive.

LiODFB. LiODFB is another new type of boron-based lithium salt. It combines
the structure and advantages of LiBOB and LiBF,. LIODFB is not only similar
to LiBOB, but also can form stable SEI film on the anode surface. Compared
with LiBOB, the SEI film formed by LiODFB has smaller impedance and higher
stability [73]. LIODFB can passivate aluminum foil and inhibit the oxidation
of electrolyte, so it has good compatibility with cathode materials. However,
the high impedance of LIODFB at low temperature limits its application at low
temperature.

LiTFSI. Because of its high conductivity (comparable to LiPF,) and high thermal
decomposition temperature (>360 °C), the stable interfacial film on the cathode
surface and low charge transfer resistance at low temperature can be obtained.
It has attracted wide attention in the field of high and low-temperature batteries
[74]. However, LiTFSI is corrosive to the current collector.

1.4.1.2 Organic Solvent

The properties of organic solvents also affect the properties of electrolyte. The follow-
ing properties should be considered in the selection of solvents for wide-temperature
electrolyte: (i) high flash point and low vapor pressure, which are related to the safety
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Table 1.2 Some physical properties of organic solvents.

21

Melting Boiling Flash Dielectric

point point point constant  Viscosity
Statue  Solvent (°C) (°Q) (°Q) (25°C) (25°C) D.N. AN.
Carbonate Ring EC 36.4 248 150 89.78 1.90 16.4
(40°C)
PC —48.8 242 135 64.92 2.53 151 18.3
BC =53 240 53 3.2
vC 22 162 73
Chain DMC 4.6 91 15 3.107 0.59 16
(20°C)
DEC —74.3 126 33 2.805 0.75 14.6
EMC -53 110 23 2.958 0.64
Carboxylate  Ring yBL —-435 204 101 39 1.73 18 18.2
Chain EA -84 77 -4 6.02 0.45 17
MF -99 32 =32 8.5 0.33
MA -98 57 6.7 3.64 16.5
PA -92.5 101.6 14
EP -73.9 99.1 12.2 0.9
(15°C)
MB -84 102 11 0.6

EC: Ethylene carbonate, PC: Propylene carbonate, BC: Butene carbonate, VC: Vinyl carbonate, DMC:

Dimethyl carbonate, DEC: Diethyl carbonate, EMC: Ethyl carbonate, y BL: y-butyrolactone, EA: Ethyl
acetate, MF: Methyl formate, MA: Methyl acetate, PA: Propyl acetate, EP: Ethyl propionate, MB: Methyl

butyrate.

of the battery at high temperature; (ii) low melting point and high boiling point, the
solvent is in a liquid state in a wide temperature range; (iii) high dielectric constant,
which is favorable for the dissolution of lithium salt and ionize into free ions; (iv)
wide electrochemical window. At present, the main solvent used in the electrolyte
of lithium-ion battery is carbonate solvent. The common organic solvents are listed
in Table 1.2.

Carbonate mainly includes two types, that is, ring carbonate with high dielectric
constant and viscosity, and chain carbonate with low dielectric constant and vis-
cosity. Carbonate solvents are widely used in lithium-ion batteries because of their
good electrochemical stability, high flash point, and low melting point. The ring
carbonate solvents (EC and PC) with a higher dielectric constant and flash point
can effectively dissolve and ionize lithium salts. EC is an indispensable component
in electrolyte solvent system because of its good film-forming property. The ionic
conductivity of EC is higher than that of the corresponding PC-based electrolyte,
but EC is a solid at room temperature, which is often mixed with chain carbonate
(mainly DMC, DEC, and EMC [Ethyl carbonate]) with lower melting point; how-
ever, the low-temperature performance of the electrolyte system containing EC is
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poor. The lower melting point of PC can widen the lower temperature limit of elec-
trolyte. However, PC and Li* are easy to be co-embedded into graphite. In general,
PC needs to be used together with solvents with good film-forming properties, such
as EC, or film-forming additives. It can be seen from the data in Table 1.2 that the
polarity of the solvent with high dielectric constant is larger, which is conducive to
the dissolution and ionization of lithium salt, meanwhile, the viscosity and melting
point of the solvent are often high, which will affect the low-temperature perfor-
mance of the electrolyte, while the relative dielectric constant of the solvent with
low viscosity is also lower. Therefore, it is not easy to meet all the requirements of
electrolyte for one solvent. Generally, the ring carbonate and chain carbonate are
used together to widen the application temperature range of electrolyte.

Due to the low oxidation potential of ether-based electrolyte, it is rarely used
in lithium-ion batteries. Sulfone solvents are often used in high-voltage batteries
because of their wide electrochemical window. However, the melting point of
sulfone is generally high, so it cannot be used in wide-temperature electrolyte
system. Carboxylate solvent has low melting point and can be used as a cosolvent in
low-temperature electrolyte system [75]. However, carboxylate with low flash point
and high vapor pressure may reduce the safety of electrolyte at high temperature,
which is not suitable for wide-temperature electrolyte [76].

1.4.1.3 Functional Additives

Additives are also one of the essential components in the electrolyte system and are
considered to be the most economical and effective component to improve the cycle
performance and life of the battery. The amount of additives, whether calculated by
mass or volume fraction, shall not exceed 5%. There are many kinds of electrolyte
additives, such as lithium salt, solvent, and even polymer. According to its function,
it can be divided into anode film-forming additive, cathode film-forming additive,
anti-overcharge and overdischarge protection additive, and flame retardant additive.
The film-forming additives of electrodes affect the interface properties between the
electrolyte and the electrode.

(1) Anode film-forming additive. During the first charge of the battery, the elec-
trolyte will reduce and decompose on the surface of anode, thus forming SEI
film on the surface of anode. PC is an ideal solvent for widening the lower tem-
perature limit of electrolyte because of its low melting point. However, PC and
Lit are easy to be co-embedded between graphite layers, so it is necessary to add
film-forming agent to form stable SEI membrane.

At present, vinyl carbonate (VC) is widely used as anode film-forming additive,
due to the unsaturated C=C double bond in VC molecular structure and the
lower energy of the lowest space orbit (LUMO), which can preferentially
reduce the electrolyte, form a stable SEI film, and improve the capacity of
cell. It is reported that the initial capacity of cell can be increased from 208 to
334mAhg™!. It is shown that the mechanical properties of SEI film can be
improved by adding VC in the electrolyte [76]. Fluoroethylene carbonate
(FEC) is also a commonly used anode film-forming additive [77]. F atom can
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be introduced into EC to form C—F bond by adding FEC. Due to the strong
electron absorption ability of C—F bond, the LUMO energy of FEC is lower
than that of EC. Similar to VC, FEC can preferentially reduce to form stable and
low-impedance SEI film, so as to improve the compatibility between electrode
and electrolyte.

Boron compounds have been extensively studied because of their ability to
improve the interfacial membrane of the battery. For example, the LIBOB men-
tioned above also has the advantage of low LUMO energy than that of organic
carbonates, which can be used as an additive to give priority to film formation,
inhibit the decomposition of electrolyte, and stabilize the interface impedance.
LiODFB formed by introducing F atom with stronger electronegativity to
LiBOB has similar film-forming performance with LiBOB, and SEI film with
higher stability and lower impedance can be formed on the surface of anode
[78].

Cathode film-forming additive. When Li* is embedded/removed from the cath-
ode materials, the valence state of the central transition metal atom will change,
which makes the lattice constant change. During the charging process, when
a large amount of Li* comes out of the cathode, the change of lattice constant
may lead to the phase transformation of crystal structure and even destroy the
crystal structure, resulting in the dissolution of metal ions. The electrolyte will
be oxidized and decomposed under the catalysis of transition metal ions at high
potential. Therefore, in order to protect the stability of the cathode materials,
the cathode film-forming additive should also be added. The formation mech-
anism of CEI film is that the electrolyte is oxidized on the surface of cathode.
According to this mechanism, as long as the molecules with higher energy of
the highest electron occupied orbit (HOMO) than that of the electrolyte solvent
are selected and added to the electrolyte, they will be preferentially oxidized, so
as to improve the compatibility between the electrolyte and cathode.

It has been reported that biphenyl and thiophene possess high orbital energy
(HOMO) and are prone to oxidative decomposition. The capacity retention of
LiCoO, cells can be significantly improved by adding 0.1% biphenyl and thio-
phene [79]. It is shown that biphenyl and thiophene can form interfacial film
on the surface of cathode, which will inhibit the oxidation decomposition of
the electrolyte and improve the cycle performance of the battery. In addition,
LiBOB and LiODFB can also help to form film on the surface of cathode, finally
improving the cycling performance of the battery [80].

1.4.2 Solid Electrolyte

Solid electrolyte, also known as fast ionic conductor or super ionic conductor [67],
can be divided into polymer electrolyte and inorganic solid electrolyte (Figures 1.18
and 1.19). According to crystalline state, it can be divided into crystalline elec-
trolyte and amorphous electrolyte. Crystalline electrolyte refers to inorganic solid
electrolyte, while amorphous electrolyte includes polymer electrolyte and glassy
inorganic solid electrolyte. The solid electrolyte for lithium-ion battery should meet
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Figure 1.19 Reported total ionic conductivity of solid-state lithium-ion conductors at
room temperature. Source: Bachman et al. [81]. Reproduced with permission of American
Chemical of Society.
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the following requirements [82]: good lithium-ion conductivity; very low electronic
conductivity; no or very small grain boundary resistance; good chemical stability,
no reaction with electrode materials and Li; high electrochemical decomposition
voltage; green environmental protection, low price and easy to prepare.

1.4.2.1 Polymer Electrolyte

Polymer electrolyte is a kind of polymer/lithium salts composite, which is based on
the amorphous structure of PEO, polyvinyl butyral (PVB), polyacrylonitrile (PAN),
polyvinylidene fluoride (PVDF), polymethylmethacrylate (PMMA), and so on. The
conductivity comes from the migration or transition of lithium ions in the spiral
channel formed by polymer chain (Figure 1.20). At the early stage, the polymer
electrolytes were mainly formed by PEO and alkali metal salts, and the ionic con-
ductivity was only 1078 Scm™! [84]. Later, the researchers found that the room tem-
perature conductivity of the material was obviously improved to 1074-10"3Scm™!
by introducing the organic solution into polymer electrolyte to form gel polymer
electrolyte [85, 86]. Decreasing the glass transition temperature and increasing the
number of carrier (Li*) are the main ways to improve the ionic conductivity of mate-
rials, include doping, adjusting polymer structure, organic solvent plasticizing, and
changing the structure and concentration of lithium salt [86]. However, due to its
poor thermal stability and mechanical properties, its development and application
are seriously limited.

1.4.2.2 Li;N and its Derivatives

Li;N is the first reported inorganic solid electrolyte with high ionic conductivity at
room temperature. Its crystal structure is hexagonal system, which contains Li,N
layer and pure Li layer perpendicular to the ¢ axis (Figure 1.21). The conductivity
of Li;N crystal is anisotropic. The conductivity of ions perpendicular to the c-axis

Figure 1.20 Schematic diffusion pathway of the Li* cations in PEO,:LiPF,. Thin lines
indicate coordination around the Li* cation; solid blue spheres, lithium in the
crystallographic five-coordinate site (note that the fifth thin line is very short in this view);
meshed blue spheres, lithium in the intermediate four coordinate sites; green, carbon; red,
oxygen. Source: Stoeva et al. [83]. Reproduced with permission of American Chemical
Society.
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[Lio.{N] layer

Figure 1.21  Structure of Li;_,_ M,N. Polyhedral representation showing layers of
edge-sharing NLi,(Li, M), hexagonal bipyramids linked by vertexes along the ¢ axis. Source:
Gregory et al. [87]. Reproduced with permission of American Chemical Society.

can reach 1073 Scm™!, but the conductivity parallel to the c-axis is very low. The
decomposition voltage of Li;N is only 0.45V, and its chemical stability is poor
(sensitive to air and flammable in water, etc.), which seriously limits its practical
application. In order to improve the performance of Li;N, LiX (X = CI"!, Br™!, I'!)
was added to form Li;N-LiX eutectic. The stability and decomposition voltage of
Li;N-LiX eutectic were improved obviously (>2.5V), but the ionic conductivity
decreased to 107°-10"*Scm™!. The conductivity of Li;yN,Cl, was improved by
replacing part of Li* with metal cations such as Na*, K*, Rb*, CS*, Mg?*, Ba?*, and
APt [87].

1.4.2.3 Perovskite Solid Electrolyte

The general structural formula of perovskite solid electrolyte is Li; La,;  TiO,
(0.04<X<0.17, LLTO) (Figure 1.22) [88]. Lij,,La,sTiO,4 with the room-
temperature ionic conductivity of 107>Scm™! was successfully synthesized by
Ingaguma and Chen Liquan et al. Although this kind of material has high ionic con-
ductivity, when contacting with Li, Ti*" in the structure is reduced to Ti*", it makes
the material to show high electronic conductivity and become a mixed conductor of
electrons and lithium ions, leading to the failure of battery, which seriously limits
its practical application. The properties of the electrolyte materials can be improved
by substitution of some elements. For example, Sr>* is used to replace part of Li*
and La* in the structure of ABO;, the vacancy concentration of Li is increased, the
cell volume is increased, and the bottleneck of Li* transport is enlarged. The bulk
lithium ionic conductivity at 25°C can be as high as 1.5x 1073 Scm™!, while the
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Figure 1.22 Structure of perovskite solid electrolyte. Source: Varez et al. [88]. Reproduced
with permission of American Chemical Society.

total conductivity is 5.5 x 10*Scm™! [89]. The properties can also be improved by
doping at B position with metal elements (SN, Zr, Mn, Ge, Al, etc.).

1.4.2.4 LISICON

Li,,Zn(GeO,), reported by Hong at Massachusetts Institute of technology is the first
LISICON (lithium super ionic conductor) compound. The ionic conductivity can
reach 0.13Scm™! at 300 °C and ~10~7 Scm™! at room temperature. Then, Bruce and
West studied the properties of Li,, ,,Zn, _,GeO, [90]. LISICON can be considered as
the solid solution of Li,GeO, and Zn,GeO,, and the structure is similar to that of
y-Li;PO,. At the same time, the solid solutions of Li,XO, (X = Si, Sc, Ge, Ti) and
Li;YO, (Y =P, As, V, Cr), with the general formula of Li,, Y, _ X O,, have also been
studied (Figure 1.23) [91, 92]. The volume of crystal cell increased significantly by
substituting 0%~ with S*~ of larger radius, and the size of ion transport channel was
increased, in addition, the binding of structural framework to Li* was weakened
due to the strong polarity of S?~, making the conductivity of Li,S-GeS,-P,S; reach
103 Scm™!, which is equivalent to that of liquid organic electrolyte [93, 94].

1.4.2.5 NASICON

NASICON is the sodium fast ionic conductor, which firstly refers to solid solution
of Na,,,Zr,Si P, . O,, (x =2), Li;Zr,Si,PO, was obtained by replacing Na* in the
structure with Li*; however, due to the larger radius of Na* than that of Li*, its ionic
conductivity is very low (Figure 1.24). The channel that is suitable for Na* trans-
portation is too large for Li* [96, 97]. Based on this, the LiTi,(PO,), was obtained
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are derived in the temperature range of 50-300 °C. Source: Deng et al. [90]. Reproduced
with permission of American Chemical Society.

by replacing Zr** in the structure with Ti** with a smaller ion radius, and the ionic
conductivity was significantly improved. In addition, Ti*" can be replaced by AI3*,
In3*, Ga3*, La**, and Y3*, which can also effectively improve the ionic conductiv-
ity of the material. It is difficult to obtain single dense phase of the solid electrolyte
with NASICON structure. The large resistance of the grain boundary is an important
factor for the low conductivity of the material. Moreover, the poor chemical compat-
ibility between NASICON and lithium must be overcome before commercialization.

1.4.2.6 Garnet

Li;La;M,0,, (M = Ta, Nb) with garnet structure found by Thangadurai and wepp-
ner et al. [98] is another type of lithium-ion solid electrolyte. Figure 1.25 shows the
crystal structure of Li;La;M,0;, [99], which belongs to the cubic system, and the
space group is Ia-3d. At room temperature, it has high conductivity of ~1076 Scm~!
[100] and high decomposition voltage (6 V vs. Li/Li"). In the garnet crystal structure,
lithium ions occupy tetrahedral and octahedral positions, respectively, while tetrahe-
dron and adjacent octahedron are coplanar. When the transition lithium ions enter
the tetrahedron sites, due to coplanar connection, the lithium ions will generate
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Figure 1.24 Structures of
NASICON polymorphs: (a)
orthorhombic (Pbna), (b)
monoclinic (P2, /c), (c) triclinic,
and (d) Corundum-like. Source:
Anantharamulu et al. [95].
Reproduced with permission of
Springer Nature.
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strong electrostatic repulsion with the lithium ions at the octahedron site, thus, part
of the lithium ions at the octahedron site will transport to the tetrahedral position
or octahedral position connected by common edges, and the above lithium ion will
interact with the adjacent lithium ions, thus forming a so-called synergistic effect,
and finally lithium ions can migrate rapidly in the crystal by this synergistic effect.
The ionic conductivity of the materials can be improved by substitution of La?* with
Ca?*, Sr?*, Ba?*, Eu*t, K*, or M with In**, Zr**, Gd3*, and Y3* [101, 102].

1.4.2.7 Glassy Inorganic Solid Electrolyte

Amorphous fast ionic conductor, also known as ionic conducting glass, is charac-
terized by a long-range disordered structure of rigid skeleton. Compared with the
crystal fast ionic conductor, the amorphous state itself belongs to the high defect
structure, which is conducive to the migration of ions. The chemical composition is
continuously adjustable, which makes it easy to explore and find new materials in
a wide range of components. The macroscopic properties are isotropic, the prepa-
ration and processing are relatively simple, and the production cost is low. On the
other hand, like other amorphous materials, there are inherent disadvantages, such
as thermodynamic instability, spontaneous crystallization, and so on.

Glass itself belongs to an irregular network structure with different sizes of chan-
nels, which is easy to block cations with larger radius, while for lithium ions with
smaller radius, conduction in the glass network will not be blocked. Therefore, the
conductivity of glassy solid electrolyte is high, which can reach 1073 Scm™! at room
temperature. However, due to its metastable state, it is unstable at high tempera-
ture and easy to crystallize, which will decrease the strength and conductivity of the
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Figure 1.25 Crystal structure of garnet-like Li;La;M,0,, (MO,: octahedral, lanthanum:
large solid circles; Li(l): empty circles; Li(ll): small solid circles). The lithium’s oxygen
coordination environment is shown on the right-hand side. Source: Thangadurai et al. [98].
Reproduced with permission of American Chemical Society.

material. At present, glass-based inorganic lithium-ion solid electrolyte is mainly
divided into oxide glassy electrolyte and sulfide glassy electrolyte.

The oxide glassy electrolyte is mainly composed of network-modified oxides
(Li,O) and network oxides (such as SiO,, P,0,, B,0,, etc.), and in general, the
conductivity is about 107 Scm™!. The concentration of Li* can be increased by
increasing the content of Li,O or adding some lithium salt, so as to improve the
conductivity of the material. LiPON with the improved ionic conductivity can be
formed by introducing nitrogen into Li,O-P,O oxide glass solid electrolyte [92];
meanwhile, the thermal stability, the hardness of the glass, and the ability to resist
the corrosion of water and salt solution have also been significantly improved. In
addition, the introduction of ceramic crystal phase to form glass ceramic composite
electrolyte can also improve the ionic conductivity of the material.

The ion conductivity of sulfide glassy electrolyte prepared by using S?~ with larger
ion radius and higher polarity to replace O~ in the oxide glass electrolyte system
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can reach 1073 Scm™! [103]. The developing trend of solid-state sulfide electrolytes
is shown in Figure 1.26. However, the environmental and equipment conditions
during the preparation process are crucial due to the intrinsic sensitivity of the raw
materials to air and water.

1.5 Separators

Battery separators are electric insulating membranes placed between cathodes and
anodes. They have complex three-dimensional porous structures. When liquid elec-
trolyte fills in, the separator allows rapid transfer of lithium ions between cathode
and anode, which are necessary to complete the circuit of the battery. Moreover,
separators are electrically insulating. Thus, the cathodes and anodes are physically
isolated apart, which otherwise would lead to internal short-circuiting.

Although separators are not active components in batteries, it can be seen from the
above discussion that the separator is very important for the lithium-ion battery sys-
tem, and its structure and performance directly affect the performance of the whole
battery [105]. Some key parameters influencing the battery safety are as follows.

e Thickness. The thickness controls the mechanical strength of the separators and
the impedance of the lithium-ion battery. The thicker the separators, the better the
mechanical strength, the stronger the piercing resistance. However, the increase
of thickness will also increase the internal resistance of lithium-ion battery, reduce
the utilization of active substances, and reduce the battery capacity. The thickness
of separators is generally required to be less than 25 pm.

e Permeability. The permeability refers to the time required for gas to pass through
the separators per unit area under a certain pressure, generally using Gurley value
to evaluate. The smaller the Gurley value is, the shorter the time for gas to pass
through the separators and the faster the gas speed is, the larger the pore and
porosity are. The pressure drop method is generally used to determine the Gur-
ley value of the separators. For commercial polyene separator, the Gurley value is
generally less than 750 seconds. For a specific separator, the permeability of the
separator is positively related to the internal resistance. It is suggested that the
pore structure of the separator affects the transport of lithium ions, so a low Gurley
value represents the high air permeability and low resistance.

o Pore size and distribution. The pore size of the separator is strictly required, which
must be submicron. This is because the self-discharge of lithium-ion battery is
serious when the pore size of the separator is too high, while the small pore size
will affect the lithium ion transport.

o Porosity. The porosity of separator is crucial for lithium-ion battery, which directly
affects the core of the battery (transport of lithium ion and storage of electrolyte).
The separator with high porosity has better lithium ion permeability, and at the
same time, it can also provide the storage site for the electrolyte of the battery.

e Mechanical strength. During the LIB battery fabrication process, separators
are wound with the electrodes under tension. Thus, there are some basic
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1.5 Separators

requirements for the mechanical strength of a separator: a reasonable tensile
strength to sustain the stress during battery assembly (take the Celgard 2325 as
an example, the machine direction Tensile Strength is as high as 1700 kgf cm—2);
a high puncture strength to avoid penetration of electrode material through the
separator (empirically, the puncture strength should be at least >300gmil™),
a good mix penetration strength to avoid loose electrode particles penetration
and short cell, which requires >100kgfmil~! for separators in LIBs [106]. It
should be noted that the selection of battery materials should be considered based
on the circumstances where they will be practically used. The possibilities of
harsh conditions such as battery crush and mechanical drop off should be given
considerable attention.

o Thermal stability. Most of the battery separator membranes are polymeric materi-
als, which will shrink and wrinkle apparently above a certain temperature. Thus,
the thermal shrinkage at the early stage of battery thermal runaway process should
be minimized, otherwise the cathode and anode of the battery will physically con-
tact and eventually lead to thermal runaway. The requirement is generally <5%
thermal shrinkage after 60 minutes at 90 °C (in a vacuum) [107].

o Wettability. The separators should wet out quickly and completely in typical bat-
tery electrolytes. Incomplete and nonuniform wetting of the separator could result
in heterogeneous lithium ion flux and thus the possible plating of lithium den-
drites, which may short-circuit the battery.

o Ionic conductivity. The ionic conductivity of the separators refers to the ionic
flow energy of the separators after being fully wetted by the electrolyte. The per-
formance of lithium-ion battery mainly depends on the ionic conductivity of the
electrolyte in the separator. The ionic conductivity of the common organic liquid
electrolyte at room temperature is 1074-103Scm™!. The separator prevents the
electrodes from contacting; however, the volume occupied by the separator will
undoubtedly reduce the capacity of electrolyte between electrodes, resulting in the
reduction of the effective conductivity of electrolyte and increase of the resistance.

e Chemical and electrochemical stability. The separator is soaked by electrolyte for a
long time, and it needs to exist stably in the battery for a long time without shrink-
age or swelling by solvent, etc. At the same time, it cannot be degraded by the
strong oxidizing electrolyte, and it is strictly electrochemical inert. The material
determines the stability of the separator (solvent resistance, strong oxidation resis-
tance, electrical resistance, and chemical stability). The electrochemical stability
of the separator can be measured by linear voltammetry.

It is difficult to simultaneously meet all the requirements. Most of the commer-
cial LIB separators are polyolefin membranes, e.g. PE and/or PP. And some other
separator materials with different chemical components are also emerging in the
literatures. The scheme in Figure 1.27 describes the primary considerations for the
separator modification in improving the battery safety.
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Figure 1.27 Scheme describing the primary considerations for the separator modification
in improving the battery safety. Source: Yuan and Liu [108]. Reproduced with permission of
Elsevier.
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1.5.1 Polyolefin Separator

Due to its good insulation, low density, high mechanical strength, chemical resis-
tance, and electrochemical corrosion resistance, almost all the separators for com-
mercial lithium-ion batteries are made of semicrystalline polyolefin-based materials,
such as PP, PE, and composite membranes of PP/PE/PP. The thickness of polyolefin
separator used in 3 C electronic products is generally not greater than 25 pm. In order
to meet the high power demand of HEV and EV, the thickness of separator is 32
and 40 pm, respectively. However, the polyolefin separators still have shortcomings.
Firstly, due to the high crystallinity and low polarity of the polyolefin, the surface
energy of the polyolefin separator is low, while the polarity of the electrolyte is high,
and the affinity between the separator and the electrolyte is poor, so it is not easy to
be infiltrated by the electrolyte, thus it makes the electrolyte easy to leak. Secondly,
the porosity of polyolefin separator prepared by melt-drawing process is low, and
the liquid absorption rate of the separator also decreases, which is not conducive
to the migration of lithium ion and finally affects the electrochemical performance
of the battery (rate performance and cycle stability). Thirdly, the thermal stability of
polyolefin separator is limited, which may lead to temperature rise and even out of
control of heat during overcharge, the separator began to shrink itself before shutting
down the electrochemical reaction of the battery, resulting in the contact of positive
and negative electrodes, causing short circuit and even explosion, thus posing a huge
threat to the safety of lithium-ion battery. Among them, the major issue of polyolefin
separators is their thermal instability. PP and PE are the most commonly used poly-
olefin separators, whereas their thermal stability is poor. The melting point (T,) is
just ~165 °C for PP and ~135 °C for PE [106], respectively. As temperatures approach
their melting points, the separator shrinks dramatically in dimension. The internal
short circuit of the battery happens and is further exaggerated afterward by the “posi-
tive feedback loop” (Figure 1.28), leading to thermal runaway. Several strategies have
been employed to alleviate the safety issue of polyolefin-based separator.

A popular strategy is to employ multilayered structure to shut down the con-
duction pathway of lithium ions through the separator in case of overheating.
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Separators with a PP/PE/PP trilayer structure have already been well commer-
cialized (Figure 1.29a). When the internal temperature of the battery increases
above ~130°C, the porous middle PE layer partially melts, closing the pores
inside the separator and preventing conduction of lithium ions in the liquid
electrolytes (Figure 1.29b), while the PP layer provides mechanical support to
maintain the overall dimensional stability, thus avoiding internal short-circuiting.
The trilayer structure of the separator indeed has enhanced the safety of the LIBs.
However, it does not always function well. In practical application, the heat in
the cell could accumulate very quickly under harsh conditions and the internal
temperature climbs up so fast that the thermal shutdown effect in PP/PE/PP can
only last for a short duration due to the small melting temperature gap between
PP and PE. Thus, the melting of the separator is still inevitable in some practical
circumstances.

flaws
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[ dendrite ] [ ] [ Cell crush ]
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Internal l External I
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Figure 1.28 Flowchart illustrating the thermal runaway process. The key role of separator
and liquid electrolyte is highlighted. Source: Yuan and Liu [108]. Reproduced with
permission of Elsevier.
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Figure 1.29 (a) Cross-section scanning electron micrographs of Celgard 2325 (PP/PE/PP)
separator used in LIBs; (b) internal impedance (at 1 kHz) of Celgard 2325 (PP/PE/PP)
separator as a function of temperature; heating rate: 60 °C min~1. Source: Zhang et al. [106].
Reproduced with permission of American Chemical Society.

1.5.2 Polymers with High Melting Points for Separators

Porous membranes of poly(esters) [109], cellulose [110], polyimide [111], and
other analogous have been demonstrated to be effective strategies to improve the
thermal stability of separators (Figure 1.30a). For example, it has been reported that
polyimide is a kind of thermosetting polymer widely considered as a promising
alternative to polyolefin due to its excellent thermal stability (stable over 400 °C),
high tensile strength, good electrolyte wettability, and flame retardancy, etc.
(Figure 1.30b). The key step for preparing this kind of separator is to make inter-
penetrated micro/nanopores as lithium ion transportation channel across these
polymer membranes. In a recently reported work, recyclable LiBr was utilized as the
template for nanopores creation. The fabrication was carried out at the intermediate
polyamic acid stage of the polyimide, which shows much better processability. LiBr
salt, used as the template, was mixed with the intermediates, and then the final
mixture was casted into thin films after the chemical condensation reaction was
finished. Uniform and interconnected nanopores across the thin membrane can
be created by simply removing LiBr in the water bath. Once dissolved, LiBr can be
further recycled. This facile synthesis method offers an exciting possibility for a PI
separator both in lab-scale and potential manufacturing in industry.

1.5.3 Inorganic Composite Separators

The inorganic composite separator is based on a highly ordered porous structure
matrix, which is coated with a layer of inorganic ceramic particles in the presence
of high molecular organic adhesive. Due to its large specific surface area and good
hydrophilicity, the inorganic ceramic particles exhibit excellent affinity with organic
electrolyte solvents (ethylene carbonate [EC], propylene carbonate [PC], and buty-
rolactone [GBL]); meanwhile, rigid inorganic particles can improve the thermal sta-
bility of the separator. The most common composition of ceramic coating is mainly
composed of nonmetallic oxides such as SiO, and Al,O, with hydroxyl groups on the
surface, which are bonded with PVDF-HFP or PVDF. The characteristics of these
nonmetallic oxides are that the particles are tightly stacked and the existing gap
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Figure 1.30 (a) Molecular structure of some high-melting temperature polymers as
separator materials with low shrinkage at high temperatures. Top: polyimide (PI). Middle:
cellulose. Bottom: poly(butylene) terephthalate. (b) Left: comparison of the differential
scanning calorimetry (DSC) spectra of the Pl with the PE and PP separator; the Pl separator
shows excellent thermal stability at the temperatures ranging from 30 to 275 °C. Right:
digital camera photos comparing the wettability of a commercial separator and the
as-synthesized P| separator with a propylene carbonate electrolyte. Source: Lin et al. [111].
Reproduced with permission of American Chemical Society.

provides a developed porous structure without affecting the air permeability and
porosity of the separator, the thermal stability and liquid absorption of the separator
can be improved. The most classical one is prepared by Kim et al. [112], who used
PVDF-HFP as binder and coated SiO, particles on both sides of a commercial PE
separator. It was found that the composite separators with SiO,: PVDF-HFP of 9:1
possessed better porous structure, good liquid absorption, and high ionic conductiv-
ity and excellent thermal stability.

It should be noted that although numerous new materials have been reported
in the literature, which are considered to be promising to replace the commercial
polyolefin separators, few of them have been really commercialized. For prac-
tical applications, a good balance of the different parameters of the separators
should be considered, such as mechanical strength, melting point, process ability,
and cost.
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1.6 Conclusions and Perspective

Energy density is the main issue of the batteries for commercial application.
Lithium-ion batteries with high energy density are highly desired for the electric
vehicles, portable devices, and large-scale energy storage techniques. Materials are
crucial for the development of lithium-ion batteries, although various technologies
have been developed to improve the electrochemical performance of the electrode
materials, electrolytes, and separator, there are still many difficulties that limit
their commercialization; thus, new materials design and full understanding of the
charge/discharge mechanisms of the batteries are the two main challenges in the
future. Incremental developments can be expected in the following four aspects:

Firstly, a thorough understanding of the deposition behavior of lithium as well
as the formation mechanism and components of SEI film is the basis for the devel-
opment of next-generation lithium-ion batteries. The advanced characterization
methods such as freeze electron microscopy, environmental scanning electron
microscopy, and in situ techniques need to be further developed to reveal the
essence of the lithium-ion batteries.

Secondly, the commercialized graphite-based anode materials limit their wider
application due to their relatively low theoretical capacity, easy to form lithium den-
drite, and low lithium-ion intercalation potential. Therefore, it is highly desirable to
explore the substitute anode materials with high electrochemical performance. Ide-
ally, the optimized architecture, geometry, and compositions of materials will impart
the electrode with high stability and high energy density simultaneously.

Thirdly, the low energy density is the main reason for the limited application
of lithium-ion batteries at present, and the development lag of cathode materials
is the bottleneck of the improvement of energy density of lithium-ion batteries.
Lithium-rich manganese-based materials have high discharge capacity and wide
voltage window, which are considered as the main candidates for the next gener-
ation of high-performance lithium-ion battery cathode materials. Therefore, how
to solve the issues such as low first coulomb efficiency, poor cycling performance,
continuous voltage attenuation, and so on, which hinder the practical application
of materials, needs to be further researched.

Fourthly, the traditional lithium ion separator is difficult to adapt for the
lithium-ion batteries with lithium metal as the anode and flexible lithium-ion
batteries with bending. Therefore, further efforts should be made in the polymer
electrolyte system with spectral suitability, such as the gel electrolyte based on the
covalent self-cross-linking system and ionic liquid gel electrolytes based on the
curved cross-linking system.

Last but not least, all solid-state lithium-ion batteries are thought to be the most
promising candidate for the next-generation lithium-ion batteries with high energy
density. Compared with organic electrolyte, solid electrolyte has lower ionic con-
ductivity and better machining performance. Therefore, how to realize the thin-film
electrolyte to promote the development of all solid-state thin-film battery will be an
important research direction in the future.
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