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Introduction

With the proliferation ofmobile telecommunication devices arising fromremarkable
developments in information technology (IT), the twenty-first century is moving
toward a ubiquitous society, where high-quality information services are available
regardless of time and place. The establishment of a ubiquitous society can be traced
back to lithium secondary batteries, which were first commercialized in the early
1990s. Compared to other secondary batteries, lithium secondary batteries not only
have higher working voltage and energy density, but also have long service life. Such
superior characteristics enable secondary lithium batteries to fulfill complex require-
ments for diversified growth in devices. Global efforts are underway to further
develop the existing technology of lithium secondary batteries and expand their use
from eco-friendly transportation to various fields, such as power storage, health care,
and defense.

A fundamental and systematic understanding of lithium secondary batteries is
essential for the continuous development of related technologies along with tech-
nological innovation.

1.1
History of Batteries

A battery can be defined as a system that uses electrochemical reaction to directly
convert the chemical energy of an electrode material into electric energy. The battery
was first described in an 1800 study by Volta, an Italian professor at the University of
Pavia, and published by the Royal Society of London. In 1786, Galvani of Italy
discovered that touching a frog�s leg with a metal object caused muscular convul-
sions. He claimed that �animal electricity� was generated from within the frog and
transported through its muscles. Volta, who doubted the credibility of animal
electricity, confirmed that the animal�s body fluid merely served as an electrolyte
between two different metals. In 1800, Volta invented the voltaic pile, in which an
electric current is produced by connecting the two ends of a stack of two metal disks
separated by cloth soaked in an alkaline solution. Thiswas thefirst formof the battery
as we know it today [1].
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A 2000-year-old clay jar, believed to be the earliest specimen of a battery, was
discovered at a historic site near Baghdad in 1932 (Figure 1.1b). This clay jar had a
height of 15 cm and contained a copper cylinder that was held in place by copper and
iron rods. The rods had been corroded by acid. Although the artifact is accepted by
some scholars as a primitive cell, it is uncertain whether it was indeed used for such a
purpose.

Batteries can be classified into primary batteries, which are used once and
disposed, and secondary or rechargeable batteries, which can be recharged and
used multiple times. Since the invention of the voltaic pile, various batteries have
been developed and commercialized.

The first widely used primary battery was the Leclanch�e (or manganese) cell
invented in 1865 by Leclanch�e, a French engineer. The Leclanch�e cell, containing a
zinc anode, a manganese dioxide (MnO2) cathode, and an acidic aqueous electrolyte
of ammonium chloride (NH4Cl) and zinc chloride (ZnCl2), had a wide range of
applications with an electromotive force of 1.5 V. Later, the aqueous electrolyte in the
Leclanch�e cell was replaced with an alkaline electrolyte of potassium hydroxide
(KOH). This became the alkaline battery, which enhanced capacity and discharge,
with the same voltage. New types of primary batteries later emerged, such as zinc–air
batteries (1.4 V) and silver oxide batteries (1.5 V). The performance of primary
batteries was greatly improved in the 1970s when 3V lithium primary batteries
with lithium as an anode became commercialized.

The oldest type of secondary batteries is lead–acid battery, invented by French
physicist Plant�e in 1859. Lead–acid batteries have a lead peroxide anode, a lead
cathode, and weak sulfuric acid as an electrolyte. With an electromotive force of 2V
per cell, they are commonly used as storage batteries in motor vehicles. When NiCd
(1.2 V) batteries became widespread in 1984, they began to replace primary batteries

Figure 1.1 The voltaic pile (a) and the Baghdad battery (b).
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in small electric appliances [2]. However, owing to the harmful environmental effects
of cadmium, NiCd batteries are not as widely used today.

In the early 1990s, NiMH (1.2V) cells were favored over NiCd batteries for their
eco-friendliness and enhanced performance. This was followed by the emergence of
3V lithium secondary batteries with greatly improved energy density. Compact and
lightweight lithium secondary batteries soon dominated the market for portable
devices, including cell phones, laptops, and camcorders [3].

1.2
Development of Cell Technology

After the invention of the voltaic pile in 1800, two significantmilestoneswere reached
in the 200-year history of cell technology. One was the development of primary
batteries into secondary batteries and the other was the advancement to a working
voltage of 3 V. Lithiumsecondary batteries, whichuse lithium ions as themain charge
carrier, can maintain a high average discharge voltage of 3.7 V despite being
lightweight. With the highest energy density among all currently available batteries,
lithium secondary batteries have led the revolution of cell technology.

Looking at the changes in energy density with developments in secondary cell
technology, lead–acid batteries have a specific energy of 30Wh/kg and energy density
of 100Wh/l, whereas the energy density of lithium secondary batteries has shown an
annual increase of 10%. At present, cylindrical lithium secondary batteries have a
specific energy of 200Wh/kg and energy density of 600Wh/l (Figure 1.2). The
specific energy of lithium secondary batteries is five times that of lead–acid batteries
and three times higher than that of NiMH cells [4].

NiMH cells, a type of secondary batteries, have limited working voltage and energy
density, but are attractive in terms of application to hybrid electric vehicles (HEVs)
owing to their high stability. Recently, the advent of plug-in hybrid electric vehicles
(PHEVs) and electric vehicles (EVs) has brought greater attention to lithium secondary
batteries, which have higher energy and output compared to NiMH cells. Because
secondary batteries in electric vehicles shouldoffer fast charging time, lightweight, and
high performance, future technology developments surrounding lithium secondary
batteries are likely to be highly competitive. We can expect revolutionary and contin-
uous technological progress that will overcome current limitations.

1.3
Overview of Lithium Secondary Batteries

For a cell to be characterized as a secondary battery, the anode and cathode have to
repeat charging and discharging. The electrode structure should be kept stable
during the insertion and extraction of ions within electrodes, while an electrolyte acts
as an ion transfer medium. The charging of a lithium secondary battery is illustrated
in Figure 1.3.
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Figure 1.2 Changes in energy density with developments in cell technology.

Figure 1.3 Movement of Liþ in an electrolyte and insertion/extraction of Liþ within electrodes in a
lithium secondary battery.
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Charge neutrality occurs when ions flowing into electrodes collide with electrons
entering through a conductor, thus forming a medium to store electric energy in the
electrodes. Furthermore, the rate of reactions is increased as ions from the electrolyte
are drawn to the electrodes. In other words, the overall reaction time of a cell heavily
depends on themovement of ions between electrolyte and electrodes. The amount of
ions inserted into electrodes for charge neutrality determines the electrical storage
capacity. Ultimately, the types of ions and materials are main factors that influence
the amount of electric energy to be stored. Cells based on lithium ions (Liþ ) are
known as lithium secondary batteries.

Lithium, which is the lightest of all metals and has the lowest standard reduction
potential, is able to generate a working voltage greater than 3V. With a high specific
energy and energy density, it is suitable for use as an anode material. Since the
working voltage of lithium secondary batteries is greater than the decomposition
voltage for water, organic electrolytes should be used instead of aqueous solutions.
Materials that facilitate the insertion and extraction of Liþ ions are appropriate as
electrodes.

Lithiumsecondary batteries use a transitionmetal oxide as an cathode andcarbonas
a anode. The electrolyte of lithium ion batteries (LIBs) is held in an organic solvent,
while that of lithium ion polymer batteries (LIPBs) is a solid polymer composite.

As shown in Figure 1.4, commercialized lithium secondary batteries can be
classified according to cell shape and component materials. The various forms of

Figure 1.4 Different shapes of lithium secondary batteries: (a) cylindrical, (b) coin, (c) prismatic,
(d) pouch [4]. Reprinted by Permission from Macmillan Publishers Ltd: [4], copyright 2001.

1.3 Overview of Lithium Secondary Batteries j5



batteries include cylindrical laptop batteries, prismatic cells for portable devices,
single-cell coin-shaped batteries, and pouch-shaped cells cased in aluminum plastic
composites [4].

Table 1.1 shows the key components of a lithium secondary battery. Its materials
can bedescribed as follows. Because lithium is removed from the lattice structure and
released as ions, stable transitionmetal oxides are used as cathodes. Anodematerials
should have a standard reduction potential similar to that of lithium so as to stabilize
the released ions and provide a large electromotive force. The electrolyte consists of a
lithium salt in an organic solvent, thus maintaining electrochemical and thermal
stability within the range of the working voltage. In addition, separators made of

Table 1.1 Characteristics and examples of key components in a lithium secondary battery.

Component Material/characteristics Example

Electrode Cathode active material Transition metal oxide/
cell capacity

LiCoO2, LiMn2O4,
LiNiO2, LiFePO4

Anode active material Carbon/noncarbon alloy/
reversion reaction with
electrodes

Graphite, hard (soft) car-
bon, Li, Si, Sn, lithium
alloy

Conductive agent Carbon/electron
conductivity

Acetylene black

Binder Polymer/binding
property

Polyvinylidene fluoride
(PVdF), SBR/CMC

Current collector Metal film/formation of
pole plates

Cu (�), Al (þ )

Electrolyte Separator Polymer/separation of
cathode and anode, pre-
vention of short circuits

Polyethylene (PE), poly-
propylene (PP), PVdF

Lithium salt Organic and inorganic
lithium compound/ion
conduction

LiPF6, LiBF4, LiAsF6,
LiClO4, LiCF3SO3,
Li(CF3SO2)2N

Electrolyte solvent Nonaqueous organic
solvent/dissolution of
lithium salt

Ethylene carbonate (EC),
propylene carbonate
(PC), dimethyl carbonate
(DMC), diethyl carbonate
(DEC), ethyl methyl
carbonate (EMC)

Additive Organic compounds/SEI
formation and overchar-
ging protection

Vinylene carbonate (VC),
biphenyl (BP)

Others Tab Metal/pole socket Al (þ ), Ni (�)
Outer casing Cell protection and casing Mo-rich stainless steel, Al

pouch
Safety component Overcharging and over-

discharge protection,
safety device

Safety vent, positive tem-
perature coefficient
(PTC) device, protective
circuit module (PCM)
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polymers or ceramics have a high-temperature melt integrity, which prevents short
circuits caused by electrical contact between the cathode and the anode.

1.4
Future of Lithium Secondary Batteries

To date, the development of lithium secondary batteries has focused on small electric
appliances and portable ITdevices. Lithium secondary batteries are expected to build
upon these achievements and create new applications described by buzzwords, such
as �green energy,� �wireless charging,� �self-development,� �recycle,� �from portable
to wearable,� and �flexible.� It is an important task to make advance preparations for
future batteries by considering the functions of these applications.

Among the future applications of lithium secondary batteries, medium- and large-
sized cells show great promise. Energy storage systems, in the form of batteries for
electric vehicles and robots, or high-performance lithium secondary batteries capable
of storing alternative energy such as solar, wind, and marine energy, are viewed as a
key component of next-generation smart grid technology.

Other types of future lithium secondary batteries are microcells and flexible
batteries. Microcells can be applied to RFID/USN, MEMS/NEMS, and embedded
medical devices, while flexible batteries are mainly used in wearable computers and
flexible displays. The structural control andmanufacturing process of these batteries
will be very different from today�s methods.

The development of all-solid-state lithium secondary batteries is highly anticipated
as well. With massive recalls caused by frequent battery explosions, an important
challenge that lies ahead is to resolve the instability problem of existing liquid
electrolytes through application of electrolytes consisting of polymers or organic/
inorganic composites, along with the development of suitable electrode materials
and processes.
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