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Abstract

This review describes the advantages and characteristics of employing polymer electrolytes in solid-state lithium-ion batteries. Criteria
for an ideal polymer electrolyte and the differences between polyelectrolytes are discussed. The emphasis of this article is on plasticized
or gelled electrolyte systems. Hence, the review focuses on four plasticized systems which have received particular attention from a

Ž . Ž . Ž . Ž . Ž . Ž . Žpractical viewpoint, i.e., poly ethylene oxide PEO -, poly acrylonitrile PAN -, poly methyl methacrylate PMMA -, and poly vinyli-
. Ž .dene fluoride PVdF -based electrolytes. Some critical concepts and points associated with this emerging technology that still require

attention are discussed in the final part of the review. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The science of polymer electrolytes is a highly special-
ized interdisciplinary field which encompasses the disci-
plines of electrochemistry, polymer science, organic chem-
istry, and inorganic chemistry. The field has attracted
ever-increasing interest, both in academia and industry, for
the past two decades due to the potentially promising
applications of such electrolytes, not only in all solid-state
rechargeable lithium or lithium-ion batteries, but also in
other electrochemical devices such as supercapacitors,

w xelectrochromic windows, and sensors 1–3 . The study of
w xpolymer electrolytes was launched by Fenton et al. 4 in

1973, but their technological significance was not appreci-
w xated until the research undertaken by Armand et al. 5,6 a

few years later. These latter authors claimed that the
crystalline complexes formed from alkali metal salts and

Ž . Ž .poly ethylene oxide PEO were capable of demonstrating
significant ionic conductivity, and highlighted their possi-
ble application as battery electrolytes. This work inspired
intense research and development on the synthesis of new
polymer electrolytes, physical studies of their structure and
charge transport, theoretical modelling of the charge-trans-
port processes, and the physical and chemical properties at
the electrolyterelectrode interface. The rapid progress in
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this field has been reported in numerous monographs and
w xreviews 1–3,7–13 .

In principle, a polymer electrolyte battery is formed by
Ž .laminating a lithium metal or a composite carbon anode,

a lithium-ion conducting membrane, and a composite cath-
w xode, as indicated in Fig. 1 14 . The entire cell assembly

can be produced as a continuous tape, or can be rolled or
folded into its finished shape. The underlying charge–dis-

w xcharge mechanism 15–19 and the insertion electrode
w xmaterials 20,21 of lithium-ion batteries have been exten-

sively discussed elsewhere, and thus are not included in
this review. The membrane plays a crucial role in a cell.
The motivation and advantages for using such a polymeric
membrane as the electrolyte component in a lithium cell
are as follows.

Ž .i Suppression of dendrite growth. Although conven-
tional separators serve well as the ionic conducting media
in rechargeable lithium cells, they unfortunately possess
many sufficiently large electrolyte-containing, intercon-
nected pores such that continuous pathways can develop
between the cathode and the anode and, thereby, encour-
age the formation and growth of lithium dendrites during
charging periods. These dendrites lower the cycling effi-
ciency and, ultimately, cause internal short-circuiting of

w xthe cells 22 . The use of continuous or non-porous poly-
meric membranes which provide few or no continuous free
paths for electrolyte solution in which lithium dendrites
propagate has been one of several successful approaches to

w xsuppressing the problem of dendrite growth 6,18 .
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Fig. 1. Schematic diagram of basic construction of polymer-based batter-
ies. The thin membrane composites are flexible and can be arranged into

Ž w x.several desired geometries after Ref. 14 .

Ž .ii Enhanced endurance to Õarying electrode Õolume
during cycling. Polymer electrolytes are more compliant
than conventional inorganic glass or ceramic electrolytes.
This feature enables the construction of solid-state
rechargeable batteries in which the polymer conforms to
the volume changes of both electrodes that occur during
charge–discharge cycling.

Ž .iii Reduced reactiÕity with liquid electrolytes. It is
generally accepted that no solvent is thermodynamically

w xstable towards lithium 22 and even carbonaceous anodes.
Polymer electrolytes, due to their solid-like nature and
much lower liquid content, are expected to be less reactive
than their liquid electrolyte counterparts.

Ž .iv ImproÕed safety. Solid-state construction of a poly-
mer electrolyte battery is more tolerant to shock, vibration,
and mechanical deformation. In addition, since there is no
or little liquid content within the electrolytes, cells can be
packaged in a vacuumed flat ‘plastic bag’ other than a
rigid metal container which is prone to corrosion. This
unique characteristic prevents build-up of internal pressure
w x23 and, hence, removes the possibility of explosion.

Ž .v Better shape flexibility and manufacturing integrity.
Due to the need for smaller and lighter batteries, the
battery shape factor has become one of the major design
issues. A rectangular battery is often preferable to a con-
ventional cylindrical battery since it occupies space more
efficiently in consumer electronics such as cellular phones
and laptop computers. A film-like, polymer electrolyte

w xbattery is quite promising from this aspect 24,25 . Another
feature associated with polymer–electrolyte batteries is the
manufacturing integrity; all elements, both the electrolyte
and electrodes, of a cell can be laminated automatically via

w xwell-developed coating technology 26 .
Although this novel class of materials is formally classi-

fied as ‘solid electrolyte’, the charge-transport mechanism
is completely different from that in inorganic crystals, and
actually resembles the ion transport in liquid media. This
follows primarily from the fact that ions are transported in
the polymeric host material which is not as rigid as the
defect crystal of the classical inorganic solid electrolyte. In
addition, chain motions or rearrangements of the polymer
host virtually contribute to the ion transport. On the con-
trary, transport of ions are usually visualized as hopping
between fixed sites within solid electrolytes, the positions
of which do not change significantly with time. Ion-con-
ducting polymers therefore present a special class of elec-
trolytes with features intermediate between those of solid
Ž . Ž .defect crystals and liquid solutions, melts electrolytes
w x27,28 . Table 1 compares the main properties of the nature

Table 1
Ž w x.Behaviour of cation-conducting electrolyte materials after Ref. 29

Phenomenonrenvironment Electrolyte behavior

Polymer Liquid Solid

Matrix Flexible Mobile Fixed
Position of ion sites Changes as chains None Fixed; accessibility

flex affected by
temperature

Solution Yes Yes Not usually
Solvation By matrix: Forms mobile No

roll-on mechanism solvated ions
Concentration of solute Usually high Often low Usually does not

apply
Participation of charged ion Often yes Usually no, except No
clusters in molten salts
Contribution from migration Important Usually No
of neutral species unimportant
High cationic transference Usually no Usually yes Often unity for
number cation conductors
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of ionic conduction in polymer electrolytes, liquid elec-
w xtrolytes, and solid electrolytes 29 .

From a practical point of view, polymer electrolytes for
rechargeable lithium andror lithium-ion batteries must

w xsatisfy certain minimal requirements 2,9,10 , as follows.
Ž .i Ionic conductiÕity. Liquid electrolytes commonly

used in ambient-temperature rechargeable lithium andror
lithium-ion batteries have ionic conductivities in the range
10y3 to 10y2 S cmy1. They comprise solutions of lithium
salts in non-aqueous organic solvents, such as mixtures of

Ž . Ž .ethylene carbonate EC rpropylene carbonate PC , and
Ž . Žtetrahydrofuran THF r2-methyltetrahydrofuran 2-

.MeTHF . Therefore, to achieve the performance level of
liquid electrolyte-based systems which can be discharged
at current densities of up to several mA cmy2 , polymer
electrolytes should possess conductivities approaching or
beyond 10y3 S cmy1 at ambient temperature.

Ž .ii Transference number. It is desirable that the trans-
ference number of lithium ions approaches unity in an
electrolyte system. Many existing electrolyte systems, ei-
ther liquid or polymeric, have transference numbers less
than 0.5, i.e., no more than half of the ionic charge is

w xtransported via the movement of lithium ions 30–32 . In
other words, anions and ion pairs are also important vehi-
cles responsible for charge transport. A large transference
number can reduce concentration polarization of elec-
trolytes during charge–discharge steps, and thus produce
higher power density.

Ž .iii Chemical, thermal, and electrochemical stabilities.
Three properties regarding the stability should be evalu-
ated. Since the electrolyte membrane is interposed between
the cathode and the anode, its chemical stability must be
such that no undesired chemical reactions occur when the
electrodes come into direct contact with one another. In
addition, in order to have an appropriate temperature range
of operation, polymer electrolytes must have good thermal
stability. Finally, they must also have an electrochemical
stability domain extending from 0 V to as high as 4.5 V
vs. LirLiq to be compatible with lithium and cathode
materials such as TiS , V O , LiCoO , LiNiO , and2 6 13 2 2

LiMn O .2 4

Ž .iv Mechanical strength. Manufacturability is over-
whelmingly the most important factor to be considered
when battery technology moves from laboratory to pilot or
full production. Although many electrolyte systems can be
fabricated as free-standing membranes and achieve various
favourable electrochemical properties, their mechanical
strength still requires further enhancement in order to
allow manufacture by conventional large-scale coating pro-
cesses.

To date, several types of polymer electrolytes have been
developed and characterized, such as those based on

Ž . Ž . w x Žpoly ethylene oxide PEO 4–6,33–46 , poly acrylo-
. Ž . w x Ž .nitrile PAN 47–60 , poly methyl methacrylate

Ž . w x Ž . Ž . w xPMMA 61–67 , poly vinyl chloride PVC 68–72 ,
Ž . Ž . w xand poly vinylidene fluoride PVdF 73–80 . Table 2

lists some polymers that have been investigated as hosts
for polymer electrolytes. Although a large number of
polymer electrolyte systems have been prepared and char-
acterized, it is possible and convenient to group all the
polymer systems into two broad categories, i.e., pure solid

Ž .polymer electrolyte SPE and plasticized or gelled poly-
w xmer electrolyte systems 9 . The first category is composed

Žof lithium salts e.g., LiClO , LiBF , LiPF , LiAsF ,4 4 6 6
Ž . Ž . .LiCF SO , LiN CF SO , LiC CF SO dissolved in3 3 3 2 2 3 2 3

Žhigh molecular weight polyether hosts e.g., PEO and
.PPO which act as solid solvents. Polymer electrolyte

systems of this category are generally produced in thin-film
configuration by using solvent evaporation coating tech-
niques. This class of electrolytes also includes copolymers
made of polyether grafted polyether, polysiloxane, and
polyphosphazene backbones. The ionic conduction mecha-
nism of this class of polymer electrolytes is intimately
associated with the local segmental motions of the poly-
mer. The second category of polymer electrolyte is the
so-called ‘gelled polymer electrolytes’ and is characterized
by a higher ambient ionic conductivity but poorer mechan-
ical properties when compared with pure SPE. Gel elec-
trolytes are usually obtained by incorporating a larger

Ž .quantity of liquid plasticizer andror solvent s to a poly-
mer matrix that is capable of forming a stable gel with the
polymer host structure. In order to improve the mechanical

Table 2
Some selected polymer hosts and their corresponding chemical formulae

Polymer host Repeat unit Glass- Melting point,
Ž .transition T 8Cm

Ž .temperature, T 8Cg

Ž . Ž .Poly ethylene oxide – CH CH O – y64 652 2 n
aŽ . Ž Ž . .Poly propylene oxide – CH –CH CH O – y60 –3 2 n
aw Ž . x w Ž Ž . . xPoly bis methoxy ethoxyethoxide -phosphazene – N5P –O CH CH O CH – y83 –2 2 2 3 2 n

Ž . w Ž . xPoly dimethylsiloxane – SiO –CH – y127 y403 2 n
Ž . Ž Ž ..Poly acrylonitrile – CH CH –CN – 125 3172 n

aŽ . Ž Ž .Ž ..Poly methyl methacrylate – CH C –CH –COOCH – 105 –2 3 3 n
aŽ . Ž .Poly vinyl chloride – CH CHCl – 82 –2 n

Ž . Ž .Poly vinylidene fluoride – CH CF – y40 1712 2 n

aAmorphous polymer.
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properties of the gel electrolytes, components which can be
cross-linked andror thermoset may also be added to the
gel electrolyte formulation.

The gel is a particular state of matter, neither liquid nor
solid, or conversely both liquid and solid. To describe a
gel is much easier than to define it because the precise
definition of a gel must refer to the molecular structure and
to the method of connectivity. Generally, a polymeric gel
is defined as a system which consists of a polymer net-

w xwork swollen with solvent 81 . It must be understood that
the solvent is dissolved in the polymer, not the other way
around. Owing to their unique hybrid network structure,
gels always possess, simultaneously, both the cohesive
properties of solids and the diffusive transport properties
of liquids. This duality enables the gel to find a variety of
important applications that include polymer electrolytes.

Gels can be obtained as a result of either a chemical or
a physical cross-linking process. When gelation occurs, a
dilute or more viscous polymer solution is converted into a
system of infinitive viscosity, i.e., a gel. A gelled solution
does not demonstrate any flow when a tube containing the
solution is tilted. Chemical cross-linking, or covalent
cross-linking, is a process associated with the covalent
bonding of polymer chains by means of a chemical reac-
tion to form a certain number of tie or junction points, as
presented in Fig. 2a. Covalent cross-linking leads to the
formation of irreversible gels. In such gels, the number of
tie-points essentially does not change upon variation of the
external conditions such as temperature, concentration, or
stress. By contrast, the gel network formed via physical
cross-linking is called the ‘entanglement network’. There
are two main types of entanglements: ‘junction zones’

Fig. 2. Diagrammatic representation of a chemical gel network with
Ž . Ž .junction points a , and physical gel networks having junction zones b

Ž . Ž w x.and fringed micelles c , respectively after Ref. 82 .

Ž .Fig. 3. Contrast between a a polymer electrolyte containing a salt LiX
Ž .and b a polyelectrolyte in which the anion is attached to the polymer

backbone via chemical bonds.

where the polymeric chains interact over a portion of their
Ž .length Fig. 2b , and ‘fringe micelles’ where the chains

Ž .align in some regions to form small crystallites Fig. 2c
w x82 . Some other weak interactions, such as ion complexa-
tion, can also favour the formation of the physical gel
network. Most gel electrolyte systems are prepared in this
way.

This article does not intend to review all reported
polymer electrolyte systems, but concentrates on four rep-
resentative plasticized systems which have received much
more attention from a practical viewpoint, i.e., PEO-,
PAN-, PMMA-, and PVdF-based electrolytes. Prior to
introducing each system, however, one important concept
has still to be clarified. As noted earlier, since many
polymer electrolyte systems exhibit transference numbers
of no more than 0.5, the ionic conductivities of these
electrolytes are established primarily through anionic trans-
port.

To increase the cationic transference number, some
researchers have synthesized polymers in which anions are
covalently bonded to the polymer backbone, as exempli-
fied in Fig. 3b. These polymers are called ‘polyelectro-
lytes’. By virtue of the anions being effectively immobi-
lized, all ionic conductivity is due to cationic transport.
Nevertheless, such materials are usually not sufficiently
flexible and exhibit ambient-temperature conductivities
only around or below 10y6 S cmy1. In fact, polyelec-
trolytes have an unique advantage for applications such as
batteries. Unlike polymer electrolytes, polyelectrolytes are
not susceptible to the build-up of a potentially resistive
layers of high or low salt concentration at the
electroderelectrolyte interfaces during charging and dis-
charging. Unfortunately, flexible polyelectrolyte films suit-
able for use in devices have yet to be prepared. Thus,
although they belong to the category of ionically conduct-
ing materials, polyelectrolytes are beyond the scope of this
review.

2. PEO-based electrolytes

PEO-based electrolyte is the earliest and the most ex-
tensively studied system. This system usually refers to



( )J.Y. Song et al.rJournal of Power Sources 77 1999 183–197 187

Table 3
Ž w x.Compositions and electrochemical properties of selected ALPE membrane samples adapted from Ref. 44

Sample Composition Ambient- Transference Anodic
aŽ .wt.% , temperature number, stability

Ž . Ž .qPEO:PEGDME: solvent , conductivity t V vs. LiLi
y1Ž . Ž .with n qn rn s1r14 and mS cmEO solvent salt

additional 10 wt.% g-LiAlO2

ALPE 1 15:85:0 0.09 0.3 5.0
Ž .ALPE 2A-1 DEC 20:60:20 0.11 0.2 5.0
Ž .ALPE 2A-6 DEC 30:35:30 0.12 – 4.9
Ž .ALPE 3A-1 DMC 20:60:20 0.20 0.4 5.1
Ž .ALPE 4A-1 EC 20:60:20 1.90 0.3 4.9
Ž .ALPE 5A-1 PC 20:60:20 1.00 – 5.0

a The molecular weights for PEO and PEGDME are 4 000 000 and 500, respectively. The solvent used in each sample is listed in the first column.

solvent-free PEOrsalt complexes. The electrolytes com-
monly exhibit conductivities which range from 10y8 to
10y4 S cmy1 at temperatures between 40 and 1008C,
which excludes practical applications at ambient tempera-
ture. This obstacle originates from, first, the high degree of
crystallinity which is unfavourable for ionic conduction in
these complexes and, second, the low solubility of salt in

w xthe amorphous phase 33 . Many valuable investigations
have therefore focused primarily on the enhancement of
the room-temperature conductivity, via various approaches

w x w xsuch as using blends 34–36 , copolymers 37 , comb-
w x w xbranch polymers 38 , and cross-linked ‘networks’ 39 .

All these enhancements have been achieved either by
reducing the crystallinity of polymers or by lowering the
glass-transition temperature.

The most striking advancements in the ionic conductiv-
ity of polymer electrolytes have been attained through the
incorporation of substantial amounts of plasticizers. In
addition to reducing the crystalline content and increasing
the polymer segmental mobility, plasticizers can result in
greater ion dissociation which allows greater numbers of
charge carriers for ionic transport. Low-molecular-weight
polyethers and polar organic solvents are two commonly
used types of plasticizers for these purposes.

w xIto et al. 40 studied PEO–LiCF SO complexes plasti-3 3

cized with PEG, which have the same repeat unit as PEO.
The conductivity increases, approaching 10y3 S cmy1 at
258C, with decreasing molecular weight of the PEG plasti-
cizer and with increasing PEG content. The conductivity
enhancement at room temperature is attributed to the in-
crease in the amorphous regions responsible for the ionic
conduction. The PEG aids in ionic transport mainly by
reducing crystallinity and increasing the free volume of the
system. On the other hand, hydroxyl end-groups of PEG

w xreact with lithium metal 41 , and such a system would not,
therefore, be suitable for battery purposes. To avoid this
problem, researchers have eliminated the troublesome hy-
droxyl end-groups of PEG by replacing them with less

w xreactive methoxy ones 41,42 . For example, Kelly et al.
w x41 studied the same PEO–LiCF SO complexes, but3 3

used mono- and di-methoxy PEG as plasticizers. Unfortu-

nately, the resulting systems, though electrochemically
stable, are about one order of magnitude less conductive.

The use of crown ethers as plasticizers can also lead to
the enhancement of conductivity. Nagasubramanian and Di

w xStefano 43 examined the effect of 12-Crown-4 on the
Žconductivity and interfacial kinetics of PEO–LiX Xs

.CF SO , BF , ClO complexes. They concluded that max-3 3 4 4

imum conductivities are obtained when the 12-Crown-4 to
Li ratio is kept at 0.003. With this ratio, the highest
conductivity is obtained with PEO–LiBF , viz., ;7=4

10y4 S cmy1. In addition, the 12-Crown-4-incorporated
sample yields a lower charge-transfer resistance in a cell.

w xRecently, Appetecchi et al. 44,45 reported a notewor-
thy series of composite electrolytes based on PEO with the

Žacronym ALPE advanced lithium polymer electrolyte
.membranes . The novelty of these electrolytes resides in

their particular composition which balances a combination
Ž Žof polymers i.e., PEO and poly ethylene glycol dimeth-

. Ž .. Žylether PEGDME , plasticizers e.g., dimethyl carbonate
Ž . Ž . .DMC , diethyl carbonate DEC , EC, or PC , a selected

Ž Ž . .lithium salt e.g., LiN CF SO , and a ceramic filler3 2 2
Ž .e.g., g-LiAlO . The electrochemical properties of some2

selected ALPE samples are listed in Table 3. In addition to
high ionic conductivities, the membranes are particularly
characterized by a wide electrochemical stability window
and stability towards the lithium metal. The improved
stability of the lithiumrelectrolyte interface is attributed to
the addition of dispersed g-LiAlO filler. Borghini et al.2
w x46 showed that this phenomenon is also exhibited by

Ž . Ž .simple PEO –LiN CF SO –g-LiAlO electrolytes.8 3 2 2 2

3. PAN-based electrolytes

Except for PEO and its modifications, a number of
polymer matrices which do not contain the –CH CH O–2 2

repeating unit either in the backbone or in the side-chain
have been plasticized to obtain electrolytes for high ambi-
ent-temperature conductivity. Among polymer hosts such

Ž . Ž .as PAN, poly vinyl pyrrolidinone PVP , PVC, poly-



( )J.Y. Song et al.rJournal of Power Sources 77 1999 183–197188

Fig. 4. Arrhenius plot of two electrolyte films prepared using PAN as the
polymer matrix. The conductivities are presented for a series of tempera-
tures between y10 and 508C. The mole percentage of each electrolyte

Ž w x.component is given in the legend to the curves after Ref. 51 .

Ž . Ž .vinylidene carbonate PVdC , and PVdF, PAN-based
polymer electrolytes have been extensively studied.

w xWatanabe et al. 47 used EC and PC to plasticize
various LiClO -polymer systems. Various polymers, in-4

Ž . Žcluding PMMA, polystyrene PS , PVC, poly vinyl ac-
. Ž .etate PVAC , PAN, and PVdF were investigated. Only

PAN and PVdF allowed the formation of homogeneous
hybrid films in which the salt and the plasticizer were
molecularly dispersed. Next, the authors prepared solid
electrolytes which comprised a plasticizer and LiClO in4

PAN, and demonstrated that the conductivity correlated
w x w xwith the mole ratio plasticizer r LiClO in the hybrid4

w xfilms 48,49 . The plasticizers were EC, PC, and N, N-di-
Ž . wmethylformamide DMF . An increase in the plasti-

x w xcizer r LiClO ratio enhanced the conductivity—prim-4

arily as a result of increase in carrier mobility—to a
maximum of about 10y4 to 10y5 S cmy1 at 258C. X-ray

diffraction patterns suggested that all PAN-based elec-
trolytes are amorphous. Because the conductivity does not
correlate well with the PAN content, it is concluded that
the PAN host is inactive in the ionic transport mechanism,
but simply a matrix of structural stability.

w xIn later studies, Abraham and Alamgir 50,51 further
elevated the conductivity of PAN-based electrolytes. A
typical electrolyte comprises 38 mro EC, 33 mro PC
containing 8 mro LiClO immobilized in 21 mro PAN. It4

has a conductivity of 1.7=10y3 S cmy1 at 208C and
1.1=10y3 S cmy1 at y108C. The temperature depen-
dence of the ionic conductivity of PAN-based electrolytes
is indicated in Fig. 4.

The elevated conductivity is doubtless a favourable
characteristic of gelled electrolytes based on PAN rather
than on conventional SPE. Nonetheless, gel systems are
essentially thermodynamically unstable. Gelled electrolytes
may undergo solvent exudation upon long storage, espe-
cially under open-atmosphere conditions. This phe-
nomenon, known as the ‘syneresis effect’, has been en-

w xcountered in many systems 52,72 . When the effect oc-
curs, the solvent will ooze to the surface of the electrolyte
membrane, and the electrolyte gradually becomes turbid in
appearance. This change results in a rise in the electrolyte
viscosity, as well as a fall in the ionic mobility and, hence,
a dramatic decrease in the ionic conductivity.

Besides good transport properties, compatibility with
the electrode materials is also an essential parameter to
guarantee acceptable performance in electrochemical de-
vices. When a lithium or a carbon anode is contacted by an
electrolyte, a thin layer of a third phase is formed between

w xthe two bulk phases. Croce et al. 52 reported that lithium
metal electrodes may undergo passivation when in contact
with PAN-based gel electrolytes. This was observed via

Ž .cyclic voltammetry of aged cells Fig. 5a and long-term
impedance analysis of symmetrical cells of the Lirelectro-

Ž .lyterLi type Fig. 5b . The observed expansion of the

Ž .Fig. 5. a Cyclic voltammetry of a SS electrode using a 16PAN–23PCr56.5EC–4.5LiClO electrolyte. Lithium reference electrode. Scan rate: 10 mV4
y1 Ž .s . The number of subsequent cycles is indicated. b Time evolution of impedance of a LirelectrolyterLi cell kept continuously under open-circuit

Ž . Ž w x.conditions at room temperature. Electrolyte composition is the same as that in part a after Ref. 52 .
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Fig. 6. Arrhenius plots of ionic conductivity for gel electrolytes of
Ž .PAN–PCrEC–LiAsF with ` no zeolite, and 5 wt.% additions of6

˚ ˚ ˚Ž . Ž . Ž . Žzeolite, I 4 A, 40 mm, ^ 10 A, 40 mm, \ 10 A, 2 mm after Ref.
w x.53 .

impedance semicircle implies that the lithium electrode is
passivated with time.

w xSlane and Salomon 53 studied composite polymer
electrolytes which consisted of zeolite powders dispersed
in PAN-based gels with LiAsF . The advantages of incor-6

porating zeolite are two-fold. One is the enhancement in
ionic conductivity at low temperatures, as revealed in Fig.
6. Although PAN-based gel electrolytes have been found

w xto be highly amorphous 49 , the polymer chain rearranges

and aligns in a more ordered or crystalline state at lower
temperatures. Additions of small amounts of zeolite parti-
cles will prevent this crystallization process, leading to the
preservation of amorphous domains which are responsible
for ionic conduction. Another way to improve the ionic
conductivities of polymer electrolytes is the addition of a
third solvent to form a ternary solvent mixture. Peramu-

w x Ž .nage et al. 55 selected butylene carbonate BC and
Ž .3-methyl-2-oxazolidione MEOX to be the third co-solvent

of ECrPC–LiAsF electrolyte solution. They reported that6

an electrolyte composed of 21 mro PAN:33.8 mro
EC:27.7 mro PC:11.5 mro MEOX:6.0 exhibits conduc-
tivities of 1.14=10y4 S cmy1 at y408C and 2.98=10y3

S cmy1 at 258C.
The other advantage is the improvement of the stability

at interfaces with electrodes. Addition of 5 wt.% zeolite to
the gels will effectively reduce the rate of growth of the

Ž .resistive layer on the lithium surface Fig. 7b . It is
believed that this beneficial interfacial characteristic is
based, in part, upon the water affinity of molecular sieves.
The dispersion of ground zeolite traps impurities and
prevents them from reacting at the interface. Another
possible reason for the improved interface may be due to
the composite film being more viscous than the gel elec-
trolytes, thus preventing the flow of corrosive solvents to

w xthe interface 53 .
A detailed discussion regarding the electrochemical sta-

bility of PAN-based electrolytes was first presented by
w xDautzenberg et al. 54 . The anodic and cathodic stability

limit for a typical PAN-based electrolyte film is shown in

˚Ž . Ž .Fig. 7. Time evolution of impedance response of LirPAN–ECrPC–LiAsF rLi cells: a gel, b composite with 5 wt.% zeolite powder, 10 A, 40 mm6
Ž w x.after Ref. 53 .
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Ž .Fig. 8. A Anodic decomposition of 16PANr23PCr56.5ECr4.5LiX gel electrolytes at room temperature. Curves a, b, and c correspond to samples
Ž . y1 Ž .containing LiClO , LiAsF , and LiN CF SO , respectively. Scan rate: 1 mV s . Working electrode: SS 304. B Cyclic voltammetry in voltage range4 6 3 2 2

Ž . Ž w x.0.2–4.0 V for sample in part A after Ref. 54 .

Fig. 8. Salt concentration, PAN concentration, and the
mixture ratio between EC and PC have no obvious effects
on the anodic stability. The anodic stability is usually
limited by the decomposition of PAN and the lithium salt.
In contrast, the situation with cathodic stability is more
complex. Fig. 8B indicates that the cathodic stability may

Ž .be affected by the reduction of water peak a , the anion
Ž . Ž .groups peak b , and the lithium peak c on the electrode.

Although the conductivities of PAN-based electrolytes
approach those found in ECrPC liquid electrolytes, NMR

Ž .line-width and spin-lattice relaxation time T measure-1

ments indicate that short-range ionic mobility is impeded
w xby the presence of PAN 57 , and the idea of inert PAN

chains providing only dimensional stability can be dis-
carded. There are many other reports on the transport
mechanism of lithium ions through PAN gel electrolytes
w x58–60 . They basically support the notion that lithium
ions experience strong interactions between plasticizers
and polymer backbone. More investigations are needed,
however, to gain a complete understanding of the transport
mechanism in gel electrolytes which are complex compos-
ites.

4. PMMA-based electrolytes

The use of PMMA as a gelatinization agent in the
w xelectrolyte was first announced by Iijima et al. 61 in

1985. They reported that a conductivity of 10y3 S cmy1 at
258C was attained with 15 wt.% PMMA with an average
molecular weight of 7000.

w xBohnke et al. 62 dissolved PMMA, up to 20 wt.%, in
Ž .a LiClO 1 M –PC electrolyte at room temperature to4

obtain a homogeneous and transparent gel. They reported
that the resulting gel electrolyte possessed a conductivity
of 2.3=10y3 S cmy1 at 258C. The presence of the
high-molecular-weight PMMA imparts a very high macro-

Ž .scopic viscosity ;335 Pa s to the system without signifi-
cantly diminishing the conductivity, i.e., the conductivity
of the gel remains very close to that of a liquid electrolyte.
They concluded that the PMMA acts primarily as a ‘stif-
fener’, that fast ion transport occurs through a continuous
conduction path of PC molecules, and that the presence of
PMMA does not affect the electrochemical stability of the
electrolyte.

w xIn later studies, Bohnke et al. 63,64 revealed that the
Ž .ionic conductivity of the PMMA–LiClO 1 M –PC system4

decreases with increasing amount of polymer and lies
between 5=10y3 and 5=10y5 S cmy1 at room tempera-
ture. On the other hand, the viscosity varies greatly, from
8=10y3 to 6=106 Pa s, and results in a solid adhesive
material. Experimental results showed that some change
occurs in the conduction path of the gel around 30 to 35
wt.% of polymer. At lower concentrations of PMMA, the
gelatinized electrolytes can be considered as a liquid elec-
trolyte engaged in an inert polymer matrix, and there is a
very small decrease in conductivity although the possibil-
ity of enhanced macroscopic viscosity still exists. Interac-
tions between the conductive medium and the polymer are
almost absent. On the other hand, for higher concentra-
tions, some stronger interactions may be established be-
tween the polymer chains and the conducting electrolyte.
These cause a dramatic decrease in conductivity and an
increase in the activation energy of conduction. Although
as high as 2.3=10y3 S cmy1 or above, the conductivities
reported by Bohnke et al. were measured over viscous or
concentrated polymer solutions.

w xAppetecchi et al. 65 examined PMMA-based elec-
trolytes, prepared as thin films, which were plasticized by

Ž Ž . .ECrPC–LiX XsClO , AsF , or N CF SO . It was4 6 3 2 2

found that PMMA-based electrolytes exhibit similar con-
ductivity behaviour with only a slight difference in the
activation energy. Arrhenius plots showed that the elec-
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Table 4
Ž w x.Lithium transference numbers and anodic stability of various gelled electrolytes at ambient temperature after Ref. 65

Ž .Sample Molar composition mro Transference Anodic
number, stability

Ž .qt V vs. LiLi

PMMA–PCrEC–LiClO 30:19:46.5:4.5 0.4 4.64

PMMA–PCrEC–LiAsF 30:19:46.5:4.5 0.6 4.86
Ž .PMMA–PCrEC–LiN CF SO 30:19:46.5:4.5 0.7 4.83 2 2

PAN–PCrEC–LiClO 16:23:56.5:4.5 0.5 4.84

PAN–PCrEC–LiAsF 16:23:56.5:4.5 0.6 4.56
Ž .PAN–PCrEC–LiN CF SO 16:23:56.5:4.5 0.7 4.63 2 2

trolytes reach conductivities of the order of 0.5=10y3 S
y1 Žcm at 608C and that even at low temperatures e.g.,

. Ždown to y208C the conductivity remains quite high i.e.,
y4 y1.around 10 S cm . Transference numbers for PMMA-

based electrolytes are higher than those obtained for con-
ventional PEO-based polymer electrolyte systems, as indi-
cated in Table 4. In addition, various current–voltage

Ž .curves obtained by sweeping a stainless-steel SS elec-
trode in cells showed that PMMA electrolytes have an

q Ž .anodic stability higher than 4.5 V vs. Li rLi Table 4 ,
and are thus compatible with high-voltage electrode cou-
ples such as Li–V O or Li C –LiCoO .6 13 x 6 2

w xStallworth et al. 66 studied the same system by means
Ž .of differential scanning calorimetry DSC and NMR spec-

troscopy. The DSC analysis revealed that only a single
glass-transition temperature exists for an electrolyte mem-
brane; this reflects the relatively homogeneous nature of
the material. Although ionic conductivities of gels ap-
proach those of liquid electrolytes above the ambient
temperature, NMR results indicate that the immediate en-
vironments of both the cations and anions differ signifi-
cantly in the gel and in the liquid because the line-widths
for 7LiyNMR spectra are significantly larger than those
for the liquid counterpart. Moreover, because the main
source of broadening of the central portion of a spectrum
is short-range nuclear dipole–dipole interactions with pro-
tons in the solvating molecules, broadened line-widths
usually imply the absence of microscopic liquid regions in
the gel, which rules out the conclusions of Bohnke et al.
w x62 .

5. PVdF-based electrolytes

Ž w x .PVdF – CH –CF – has been chosen as a polymer2 2 n

host by virtue of its various appealing properties. PVdF-
based polymer electrolytes are expected to be highly anod-
ically stable due to the strongly electron-withdrawing func-

Ž .tional group –C–F . Further, PVdF itself has a high
Ž .dielectric constant ´s8.4 for a polymer, which can

assist in greater ionization of lithium salts, and thus pro-
vide a high concentration of charge carriers. The earliest
examination of PVdF was undertaken by Watanabe et al.

w x47 in 1981. It was found that PVdF can form homoge-
neous hybrid films with a lithium salt, EC, andror PC in
the proper proportions.

w xTsuchida et al. 73,74 studied the plasticized PVdF
system. They demonstrated that in systems with 30 mol%
LiClO , plasticizers increase the conductivity in the fol-4

lowing order: DMF)g-butyrolactone)EC)PC)PEG
400)PPG 1000. This trend reveals that the viscosity,
rather than the dielectric constant of the plasticizers, is the
controlling parameter. Thus, the conductivity of a polymer
electrolyte depends strongly upon the ionic mobility within
the material. Low-molecular-weight polyethers with low
dielectric constants and high viscosities are the least effec-
tive in elevating the conductivity. Unfortunately, this work
also indicated that the preferred PVdF compositions were
capable of exhibiting a ionic conductivity above 10y5 S
cmy1 only at elevated temperatures, reportedly due to the
inability of the membrane to remain homogeneous at or
below room temperature.

Nonetheless, the most critical issue of the PVdF-based
polymer electrolyte may be its interfacial stability toward
lithium metal. In fact, fluorinated polymers are not chemi-
cally stable toward lithium owing to an interfacial reaction
between lithium and fluorine which results in the forma-
tion of LiF and renders PVdF-based electrolytes unsuitable

w xfor batteries using lithium metal anodes. Choe et al. 75
confirmed this phenomenon via lithium platingrstripping
experiments. The peak current decreased upon cycling and
the working electrode was completely covered with a
black powdery substance. Also, they reported that PVdF-
based electrolytes plasticized with a solution of

Ž . y3LiN SO CF in PC had a conductivity of 1.74=10 S2 3 2

cmy1 at 308C and oxidatively stable potential limits be-
tween 3.9 and 4.3 V vs. LiqrLi. Finally, they suggested
that ionic mobility is the primary determinant of polymer
electrolytes conductivity since this conductivity increases
by about two to four orders of magnitude on incorporating
plasticizing solvents into the SPE.

w xThe outstanding studies of Gozdz et al. 76–78 and
w xTarascon et al. 79 in recent years deserve detailed de-

scription. Previously, hybrid polymer electrolyte films were
usually made by dissolving a polymer matrix into a low-

Ž .boiling solvent THF, acetonitrile, etc. together with a



( )J.Y. Song et al.rJournal of Power Sources 77 1999 183–197192

non-aqueous Li salt electrolyte. The resulting viscous solu-
Žtion consisting of polymer matrix, low boiling solvent and

.liquid electrolyte was cast, and usually resulted in tacky
and mechanically weak films. While the many hybrid
electrolytes reported at the time exhibited high ionic con-
ductivities, most of them suffered various deficiencies
which prevented their use in practical cells. For example,
their mechanical properties were often very poor and the
films had to be hardened by either chemical or physical
Ž .high energy radiation curing. Besides the need for cross-
linking, the main shortcoming of the above process was
that it had to be carried out in a completely moisture-free
atmosphere because the moisture sensitive lithium salt was
present at the initial stage. This resulted in high processing
costs. Gozdz et al. successfully overcame these difficulties
and developed reliable and practical rechargeable Li-ion
plastic batteries. Rather than choosing commonly used gel
electrolytes, they selected a copolymer of vinylidene fluo-

Ž .ride with hexafluoropropylene PVdF–HFP which con-
tained amorphous domains capable of trapping large
amounts of liquid electrolytes, and crystalline regions
which provided sufficient mechanical integrity for the
processing of free-standing films and, thereby, eliminated
the need for a cross-linking step. Further, to bypass the
burden of assembling the cell in a moisture-free environ-
ment, Gozdz et al. used a Li salt-free plasticizer which was
then substituted by the liquid electrolyte during the final
stage of cell processing through an extractionractivation
step.

More specifically, the system can be described as a
heterogeneous, phase-separated, plasticized polymer elec-

trolyterseparator. There are at least four phases in the
activated electrolyte: a semi-crystalline polymer with a

Ž .relatively low degree of crystallinity 20–30% which is
not swollen, an amorphous part which is plasticized with
the electrolyte solution, a large volume of nanopores, and

Žinterfacial regions of the nanoparticle filler silica, alu-
.mina, titania filledrcoated by the liquid solution of the

electrolyte, and the inorganic filler.
The most critical stages of Bellcore’s process are the

plasticization of PVdF–HFP copolymers, subsequent plas-
ticizer removal, and the final reswelling in an electrolyte
solution. Low-boiling solvents, such as diethyl ether or
methanol, are successfully employed to remove dibutyl

Ž .phthalate DBP from the polymer matrix, leaving a pore
structure in the polymer layers which is then refilled with
the liquid electrolyte during the cell activation process.
The ability of previously extracted and dried PVdF–
HFPrDBP laminates to reswell after immersion in organic
electrolyte solutions is critical to their application in
lithium-ion batteries. The larger the amount of trapped
liquid electrolyte, the higher the ionic conductivity of the
membrane. While quite efficient, the pore memory effect
during the removal of DBP is not 100% efficient. Accord-
ingly, the liquid electrolyte uptake during the activation
step is slightly lower than the initial volume of DBP and
results in electrolyte films with ionic conductivities of only

y1 Ž .0.2 mS cm Fig. 9 . To enhance further the electrolyte
uptake and the ionic conductivity, inorganic fillers such as
fumed silica are included in the polymer matrix. Elec-
trolytes with excellent mechanical properties, up to tem-
peratures of about 1008C, containing up to 60% of liquid

Ž w x.Fig. 9. Ionic conductivity of hybrid electrolyte films based on PVdF–12% HFP and 1 M LiPF in ECrPC after Ref. 79 .6
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Fig. 10. Effect of inorganic filler on ionic conductivity of hybrid elec-
Žtrolyte films based on PVdF–12% HFP in 1 M LiPF in ECrPC after6

w x.Ref. 79 .

electrolyte and having ionic conductivities of 3 mS cmy1

Ž .have been prepared Fig. 10 .
w xJiang et al. 80 studied electrolyte membranes which

Žconsist of PVdF, EC, PC, and LiX XsCF SO , PF , or3 3 6
Ž . .N SO CF . They found that the conductivity of the2 3 2

electrolytes was influenced by the viscosity of the medium
and the concentration of the charge carriers, which are

Ž .directly related to the weight ratio of PVdFr ECqPC
and the type and concentration of the lithium salt. Room-
temperature conductivities as high as 2.2 mS cmy1 were

Ž .obtained for some LiN SO CF -containing electrolytes.2 3 2
Ž .Cyclic voltammetry of the LiN SO CF -containing elec-2 3 2

trolytes showed anodic stability up to 4.0 V on Al, 4.2 V
on Ni, and 4.5 V on SS, as well as cathodic stability down
to zero volts on both Ni and SS. The stability of the
lithium interface in the PVdF–ECrPC–imide polymer
electrolyte has suggested that lithium anode batteries utiliz-
ing these electrolytes may have good shelf life at room
temperature. The low lithium cycling efficiencies from
cyclic-voltammetric experiments suggest, however, that
PVdF–HFP based electrolytes may be better suited for
primary than for secondary batteries when the anode is
lithium metal.

6. Key technical issues

Ionic conductivity is certainly the most important con-
cern for polymer electrolytes. After incorporating plasticiz-
ers, conductivities of various systems have been elevated
by several orders of magnitude. From the numerous obser-
vations in recent years, it is easily concluded that ionic
mobility plays the pivotal role in the improvement of the
conductivity of polymer electrolytes, and that achieving a
high ionic conductivity is no longer a major problem. This
viewpoint is well accepted by the battery community.

Nonetheless, the use of substantial amounts of plasticiz-
ers in gel electrolytes might result in some problems which
existed in original designs of liquid electrolyte-based
lithium and lithium-ion batteries. Aside from these intrin-
sic problems, certain new problems might arise in gel

electrolyte systems. Thus, it is timely to point out several
fundamental issues that must be considered in the future
development of gel-type electrolytes.

6.1. Compositional compatibility and stability

Compositional compatibility and stability originate from
the presence of a polymer component, and present un-
avoidable problems with a plasticized polymer electrolyte
in contrast with a liquid electrolyte. The imposed con-
straints which arise from the incorporation of polymer into
a liquid electrolyte solution are two-fold: one is the com-
patibility between the polymer and the organic solvent, and
the other is the lower limit of the boiling point of organic
solvent. If any of the requirements are not satisfied, gel

w xelectrolytes will experience a syneresis effect 52,72,82 , as
noted in the third part of this article.

A gelled polymer electrolyte membrane is usually made
from a polymer, a lithium salt, and solvents which are
binary or ternary. To facilitate dissolving the polymer at
the preparation step and to obtain a homogeneous mem-
brane, good compatibility between the polymer and the
solvent should be guaranteed. Although ‘like dissolves
like’ is the well-known underlying philosophy, this aspect
can be further quantified from thermodynamic considera-
tions.

The Gibbs free energy change of mixing, DG , is am

fundamental parameter which describes the miscibility of
two components for a physical process of dissolving a
polymer into a solvent or solvent mixture

DG sD H yTDS 1Ž .m m m

where D H is the enthalpy change of mixing, T is them

absolute temperature, and DS is the entropy change ofm

mixing. Only when DG is negative can the solutionm

process occur spontaneously. The term TDS is alwaysm

positive since the dissolution of a polymer is associated
with an increase in entropy. In addition, the entropy change
of mixing, DS , is comparatively small with respect tom

that in a regular solution, as predicted by the Flory–Hug-
w xgins theory for polymeric systems 83 . Under this situa-

tion, the solubility is determined by the sign and the
magnitude of D H . On a quantitative basis, D H can bem m

expressed as:

21r2 1r2
D E D E1 2

D H sV y f f 2Ž .m m 1 2ž / ž /V V1 2

where V represents the total volume of the mixture, D Em

represents the energy of vapourization of the mixture to a
gas at zero pressure, V is the molar volume, f denotes the
volume fraction of component 1 or 2 in the mixture,
subscripts 1 and 2 denote the solvent and the polymer,
respectively. The quantity D ErV represents the energy of
vapourization per unit volume and is called the cohesive
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Ž .energy density CED , and the square root of CED is the
solubility parameter, d ;

1r2
D E

d' . 3Ž .ž /V

Since the intermolecular forces are determined by the sum
of the secondary forces, dispersion forces, polar forces,

w xand hydrogen bonding, Hansen 84 has proposed to divide
the total solubility parameter into three contributions:

d 2 sd 2 qd 2 qd 2 4Ž .d p h

where d , d , and d are solubility parameters due tod p h

dispersion forces, polar forces, and hydrogen bonding,
respectively. As for a solvent mixture, the overall solubil-
ity parameter can be estimated from the following equa-
tion:

˜x V dÝ i i i
i

d s 5Ž .mixture ˜x VÝ i i
i

˜where x is the mole fraction and V is the specific volumei i

of component i. A comprehensive survey of solubility
w xparameters can be found in compilations by Burrell 85

w xand Barton 86 .
Ž . Ž .According to Eqs. 2 and 3 , the enthalpy change of

Žmixing D H of the polymer solution depends on d ym 1
.2d . The closer d is to d , the smaller D H will be, and2 1 2 m

hence the better the intersolvation between the solvent and
polymer. Yet, ‘perfect’ affinity between these two kinds of
component is not actually desired in a polymeric elec-
trolyte solution mixture, since it will cause the mixture to
remain highly viscous and never convert into a free-stand-
ing gelled membrane. More specifically, it is best to keep
the absolute value of the difference between the solvent
and the polymer at a small value, i.e.,

< <d yd Fj 6Ž .1 2

where j is not an universal constant, but an empirical
parameter which may vary in each system. A value rang-
ing from 0.8 to 1.5 is theoretically reasonable. This condi-
tion could be realized, for completely amorphous polymers
in particular, by adding a small amount of non-solvent into
the parent polymer solution. As implied in Fig. 11, the
solution will gel at a lower polymer concentration through
a sol–gel transition boundary. Of course, the effect of
lithium ions within the mixture is temporarily ignored in
Fig. 11 for the sake of clarity.

On the other hand, polymer electrolytes require organic
solvents with higher boiling points. Commonly employed
organic solvents in liquid-type electrolytes are not neces-
sarily appropriate for use in gelled polymer electrolytes
since these volatile solvents with low boiling point will
hinder the stability of a gel. The gel systems are essentially
thermodynamically unstable and rapid solvent evaporation
actually will accelerate the degradation of a gel. Although

Fig. 11. Concentration phase diagram of a ternary polymer solution
containing one-phase region, two-phase region, and gel region.

there is no definite threshold of the lower limit of the
boiling point, 1808C appears to be reasonable.

6.2. Mechanical strength

To effect practical use of a polymer electrolyte, the
Ž .electrolyte must: i remain structurally stable during man-

Ž .ufacturing, cell assembly, storage, and usage; ii prevent
flow from occurring within the cell to prevent self-dis-

Ž .charge; iii be capable of preparation in an easy and
repeatable manner. In other words, the mechanical strength
is also one of the important factors while manufacturing
polymer electrolytes. As noted earlier in this review, incor-
porating additive such as ceramic powder can strengthen
the dimensional stability of electrolyte membranes. In
addition to this method, some other feasible approaches are
also introduced here.

The first type is the blended polymer electrolyte. The
matrix of a such an electrolyte comprises at least a first
phase adapted to absorb the electrolyte’s active species and
a second phase that is tougher and sometimes substantially

w xinert. Systems such as PEOrPMMA 37 , PVDFrHDPE
w x w x87 , and PMMArPVC 88 fall into this category. The
second phase in the polymer blend may be selected from
polyethylene, polypropylene, polytetrafluoroethylene,
polystyrene, ethylene propylene diene monomer, nylon,
etc. With respect to the relative amount of each polymer in
the blend, it is contemplated that the matrix may comprise
between 15 and 25 wt.% of the second component.

The second type is prepared via the chemical cross-lin-
w xking method 39,89,90 . Most electrolyte systems today

have been prepared by forming a temporary physical net-
work. This is a method based, at least on the microscale,
on phase separation. The disadvantage lies in the fact that
a considerable volume fraction of the phase-separated ma-
terials does not contribute to ionic conductivity. Cross-links
in a chemically cross-linked polymer electrolyte constitute,
however, only a negligible volume fraction. Besides, it
does not crystallize and can offer the advantage of good
mechanical properties. An electrolyte of this type, there-
fore, seems to be the best choice to serve as a polymer
electrolyte membrane.
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The third type is based on the new concept of ‘hairy rod
w xmolecules’ 91 , a scheme that overcomes the compatibility

limitations of rigid and flexible polymer materials. These
materials can hence be regarded as ‘molecular composites’
in which both components are dispersed on a molecular
level. Rigid macromolecules in these materials serve as the
reinforcing backbone moieties whereas flexible side chains
provide the liquid matrix for ion transport. Lauter et al.
w x Ž . Ž .92 chose poly p-phenylene PPP as the rigid backbone

Ž . Ž .attached with flexible oligo ethylene oxide EO side
chains, which forms the liquid matrix in which lithium
salts can be dissolved and in which ionic transport pro-
ceeds. Thermal analysis and X-ray investigations revealed
that the self-rearrangement in these materials give rise to a
superstructure in which the PPP backbones are arranged in
layers which are separated by the liquid EO matrix, as
shown in Fig. 12. This superstructure is responsible for the
outstanding mechanical property. It can be described as a
smetic B-type liquid-crystalline phase and remains stable
up to temperatures well above 1508C. On the other hand,
one disadvantage of the PPP-based polymer electrolyte is
that its backbones may be electrochemically unstable since

Fig. 12. Model of superstructure of PPP-reinforced SPE. PPP backbones
Ž .bars are arranged in layers separated by the EO matrix. Layer distance

Ž w x.increases with introduction of Li salt after Ref. 92 .

they are able to undergo redox reactions owing to the
p-conjugated electronic structure. Research in this area is
still underway, but it indeed represents an interesting and
valuable avenue of endeavour.

6.3. Electrochemical and interfacial stability

Finally, it should be noted that the electrochemical
stability of the electrolyte still remains largely unresolved.
Obviously, finding an electrolyte system which is stable to

Ž .both metallic lithium or lithiated carbon and highly oxi-
dizing cathode materials is not an easy task. Nonetheless,
there are already promising research studies in this area
w x w x93–95 . For example, Xu and Angell 94 synthesized

Ž .asymmetric noncyclic ethyl methyl sulfone EMSF as the
electrolyte solvent and found that it can withstand a poten-
tial as high as 5.8 V vs. LirLiq before the onset of
oxidation. This excellent work has shed light on the practi-
cal application of some high-potential cathode materials

w xsuch as the inverse spinel LiNiVO 96 .4

Good stability at the electroderelectrolyte interface is
the most critical criterion to be achieved before a reliable
polymer electrolyte battery with long cycle-life can be
realized. It is now well established that in lithium and
lithium-ion batteries containing either liquid or polymer
electrolytes, the anode is always covered by a porous
passivating layer called the solid electrolyte interphase
Ž . w xSEI 97–99 . For many electrolytes, this thin layer is
formed from oxygen or water vapour that might be present
in the cell before or after contacting the electrolyte and
electrode materials, so the layer is often an alkali metal
hydroxide or oxide, or a mixture of the two. The signifi-
cance of the SEI cannot be over-emphasized and has been
well recognized both by the scientific community and by
industry. Research into the composition, formation mecha-
nism, and growth kinetics of this passivating layer has
been in progress since its discovery in 1979.

7. Summary

In brief, plasticized or gelled electrolytes are among the
major polymeric electrolyte materials for solid-state lithium
and lithium-ion batteries. The incorporation of substantial
amounts of organic solvents has effectively improved the
ionic conductivity of conventional SPEs. Four representa-
tive plasticized systems, namely PEO-, PAN-, PMMA-,
and PVdF-based polymer electrolytes, have been the most
widely studied. Some minor problems are associated with
these electrolytes and need to be tackled, such as the
compositional compatibility and stability, mechanical
strength, and electrochemical and interfacial stability. Pos-
sible approaches and the underlying concepts for solving
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these problems are discussed at the concluding part of this
review.

References

w x1 B. Scrosati, Applications of Electroactive Polymers, Chapman and
Hall, London, 1993.

w x2 F.M. Gray, Solid Polymer Electrolytes—Fundamentals and Techno-
logical Applications, VCH, New York, 1991.

w x3 F.M. Gray, Polymer Electrolytes, RSC Materials Monographs, The
Royal Society of Chemistry, Cambridge, 1997.

w x Ž .4 D.E. Fenton, J.M. Parker, P.V. Wright, Polymer 14 1973 589.
w x5 M.B. Armand, J.M. Chabagno, M. Duclot, Ext. Abstr., Second

International Meeting on Solid Electrolytes, St. Andrews, Scotland,
20–22 Sep., 1978.

w x6 M.B. Armand, J.M. Chabagno, M. Duclot, in: P. Vashista, J.N.
Ž .Mundy, G.K. Shenoy Eds. , Fast Ion Transport in Solids, Elsevier,

Amsterdam, 1979, p. 131.
w x7 J.R. MacCallum, C.A. Vincent, Polymer Electrolyte Reviews-1,

Elsevier, London, 1987.
w x8 J.R. MacCallum, C.A. Vincent, Polymer Electrolyte Reviews-2,

Elsevier, London, 1989.
w x Ž .9 M. Alamgir, K.M. Abraham, in: G. Pistoia Ed. , Lithium Batteries:

New Materials, Developments and Perspectives, Elsevier, Amster-
dam, 1994, p. 93.

w x Ž .10 R. Koksbang, I.I. Olsen, D. Shackle, Solid State Ionics 69 1994
320.

w x Ž .11 D.F. Shriver, P.G. Bruce, in: P.G. Bruce Ed. , Solid State Electro-
chemistry, Cambridge Univ. Press, Cambridge, 1995, p. 95.

w x Ž .12 P.G. Bruce, F.M. Gray, in: P.G. Bruce Ed. , Solid State Electro-
chemistry, Cambridge Univ. Press, Cambridge, 1995, p. 119.

w x Ž .13 W.H. Meyer, Adv. Mater. 10 1998 439.
w x14 B.C. Tofield, R.M. Dell, J. Jensen, AERE Harwell Report 11261

Ž .1984 .
w x Ž .15 B. Scrosati, J. Electrochem. Soc. 139 1992 2776.
w x16 G. Pistoia, Lithium Batteries: New Materials, Developments and

Perspectives, Elsevier, Amsterdam, 1994.
w x Ž .17 S. Hossain, in: D. Linden Ed. , Handbook of Batteries, Chap. 36,

2nd edn., McGraw-Hill, New York, 1995.
w x Ž . Ž .18 S. Megahed, B. Scrosati, Interface 4 4 1995 34.
w x Ž .19 J.R. Owen, Chem. Soc. Rev. 26 1997 259.
w x Ž .20 W.R. McKinnon, in: P.G. Bruce Ed. , Solid State Electrochemistry,

Cambridge Univ. Press, Cambridge, 1995, p. 163.
w x21 M. Winter, J.O. Besenhard, M.E. Spahr, P. Novak, Adv. Mater. 10´

Ž .1998 725.
w x22 S.B. Brummer, V.R. Koch, in: D.W. Murphy, J. Broadhead, B.C.H.

Ž .Steel Eds. , Materials for Advanced Batteries, Plenum, New York,
1980, p. 123.

w x Ž .23 Panel Discussion, J. Power Sources 68 1997 173.
w x Ž .24 K. Murata, Electrochim. Acta 40 1995 2177.
w x Ž .25 B. Scrosati, R.J. Neat, in: B. Scrosati Ed. , Applications of Elec-

troactive Polymers, Chapman and Hall, London, 1993, p. 182.
w x Ž .26 G.P. Bierwagen, Electrochim. Acta 37 1992 1471.
w x Ž .27 M.A. Ratner, Mater. Forum 15 1991 1.
w x Ž .28 D. Baril, C. Michot, M.B. Armand, Solid State Ionics 94 1997 35.
w x Ž .29 R.G. Linford, in: B. Scrosati Ed. , Applications of Electroactive

Polymers, Chapman and Hall, London, 1993, p. 1.
w x Ž .30 J. Evans, C.A. Vincent, P.G. Bruce, Polymer 28 1987 2324.
w x31 P.G. Bruce, M.T. Hardgrave, C.A. Vincent, Solid State Ionics

Ž .53–56 1992 1087.
w x Ž .32 I.I. Olsen, R. Koksbang, E. Skou, Electrochim. Acta 40 1995 1701.
w x33 C. Berthier, W. Gorecki, M. Minier, M.B. Armand, J.M. Chabagno,

Ž .P. Rigaud, Solid State Ionics 11 1983 91.
w x34 R. Borkowska, J. Laskowski, J. Plocharski, J. Przyluski, W. Wiec-

Ž .zorek, J. Appl. Electrochem. 23 1993 991.

w x35 W. Wieczorek, Z. Florjanczyk, J.R. Stevens, Electrochim. Acta 40
Ž .1995 2251.

w x36 E. Quartarone, P. Mustarelli, A. Magistris, Solid State Ionics 110
Ž .1998 1.

w x Ž .37 W. Wieczorek, J.R. Stevens, J. Phys. Chem. B 101 1997 1529.
w x38 C. Booth, C.V. Nicholas, D.J. Wilson, in: J.R. MacCallum, C.A.

Ž .Vincent Eds. , Polymer Electrolyte Reviews-2, Elsevier, London,
1989, p. 229.

w x39 J.F. LeNest, S. Callens, A. Gandini, M. Armand, Electrochim. Acta
Ž .37 1992 1585.

w x Ž .40 Y. Ito, K. Kanehori, K. Miyauchi, T. Kudo, J. Mater. Sci. 22 1987
1845.

w x Ž .41 I.E. Kelly, J.R. Owen, B.C.H. Steele, J. Power Sources 14 1985
13.

w x42 B. Sandner, T. Steurich, K. Wiesner, H. Bischoff, Polym. Bull. 28
Ž .1992 355.

w x43 G. Nagasubramanian, S. Di Stefano, J. Electrochem. Soc. 137
Ž .1990 3830.

w x44 G.B. Appetecchi, G. Dautzenberg, B. Scrosati, J. Electrochem. Soc.
Ž .143 1996 6.

w x Ž .45 G.B. Apetecchi, F. Croce, B. Scrosati, J. Power Sources 66 1997
77.

w x46 M.C. Borghini, M. Mastragostino, S. Passerini, B. Scrosati, J.
Ž .Electrochem. Soc. 142 1995 2118.

w x47 M. Watanabe, M. Kanba, H. Matsuda, K. Mizoguchi, I. Shinohara,
E. Tsuchida, K. Tsunemi, Makromol. Chem.-Rapid. Commun. 2
Ž .1981 741.

w x48 M. Watanabe, M. Kanba, K. Nagaoka, I. Shinohara, J. Appl. Elec-
Ž .trochem. 27 1982 4191.

w x49 M. Watanabe, M. Kanba, K. Nagaoka, I. Shinohara, J. Polym. Sci.
Ž .Polym. Phys. Ed. 21 1983 939.

w x Ž .50 K.M. Abraham, M. Alamgir, J. Electrochem. Soc. 137 1990 1657.
w x51 K.M. Abraham, M. Alamgir, US Patent No. 5,219,679, 1993.
w x52 F. Croce, F. Gerace, G. Dautzenberg, S. Passerini, G.B. Appetecchi,

Ž .B. Scrosati, Electrochim. Acta 39 1994 2187.
w x Ž .53 S. Slane, M. Salomon, J. Power Sources 55 1995 7.
w x54 G. Dautzenberg, F. Croce, S. Passerini, B. Scrosati, Chem. Mater. 6

Ž .1994 538.
w x55 D. Peramunage, D.M. Pasquariello, K.M. Abraham, J. Electrochem.

Ž .Soc. 142 1995 1789.
w x56 H.S. Choe, B.G. Carroll, D.M. Pasquariello, K.M. Abraham, Chem.

Ž .Mater. 9 1997 369.
w x57 F. Croce, S.D. Brown, S.G. Greenbaum, S.M. Slane, M. Salomon,

Ž .Chem. Mater. 5 1993 1268.
w x58 Z. Wang, B. Huang, H. Huang, R. Xue, L. Chen, F. Wang, J.

Ž .Electrochem. Soc. 143 1996 1510.
w x59 B. Huang, Z. Wang, G. Li, H. Huang, R. Xue, L. Chen, Solid State

Ž .Ionics 85 1996 79.
w x60 Z. Wang, B. Huang, S. Wang, R. Xue, X. Huang, L. Chen, J.

Ž .Electrochem. Soc. 144 1997 778.
w x Ž .61 T. Iijima, Y. Toyoguchi, N. Eda, Denki Kagaku 53 1985 619.
w x62 O. Bohnke, C. Rousselot, P.A. Gillet, C. Truche, J. Electrochem.

Ž .Soc. 139 1992 1862.
w x63 O. Bohnke, G. Frand, M. Rezrazi, C. Rousselot, C. Truche, Solid

Ž .State Ionics 66 1993 97.
w x64 O. Bohnke, G. Frand, M. Rezrazi, C. Rousselot, C. Truche, Solid

Ž .State Ionics 66 1993 105.
w x Ž .65 G.B. Appetecchi, F. Croce, B. Scrosati, Electrochim. Acta 40 1995

991.
w x66 P.E. Stallworth, S.G. Greenbaum, F. Croce, S. Slane, M. Salomon,

Ž .Electrochim. Acta 40 1995 2137.
w x Ž .67 X. Liu, T. Osaka, J. Electrochem. Soc. 144 1997 3066.
w x Ž .68 M. Alamgir, K.M. Abraham, J. Electrochem. Soc. 140 1993 L96.
w x69 M. Alamgir, K.M. Abraham, US Patent No. 5,252,413, 1993.
w x Ž .70 G. Pistoia, A. Antonini, G. Wang, J. Power Sources 58 1996 139.
w x71 A.M. Sukeshini, A. Nishimoto, M. Watanabe, Solid State Ionics

Ž .86–88 1996 385.



( )J.Y. Song et al.rJournal of Power Sources 77 1999 183–197 197

w x Ž .72 H.Y. Sung, Y.Y. Wang, C.C. Wan, J. Electrochem. Soc. 145 1998
1207.

w x Ž .73 E. Tsuchida, H. Ohno, K. Tsunemi, Electrochim. Acta 28 1983
591.

w x Ž .74 K. Tsunemi, H. Ohno, E. Tsuchida, Electrochim. Acta 28 1983
833.

w x75 H.S. Choe, J. Giaccai, M. Alamgir, K.M. Abraham, Electrochim.
Ž .Acta 40 1995 2289.

w x76 A.S. Gozdz, C.N. Schmutz, J.M. Tarascon, US Patent No. 5,296,318,
1994.

w x77 A.S. Gozdz, C.N. Schmutz, J.M. Tarascon, P.C. Warren, US Patent
No. 5,418,091, 1995.

w x78 A.S. Gozdz, J.M. Tarascon, P.C. Warren, US Patent No. 5,460,904,
1995.

w x79 J.M. Tarascon, A.S. Gozdz, C.N. Schmutz, F. Shokoohi, P.C. War-
Ž .ren, Solid State Ionics 86–88 1996 49.

w x Ž .80 Z. Jiang, B. Carroll, K.M. Abraham, Electrochim. Acta 42 1997
2667.

w x Ž .81 S.B. Ross-Murphy, in: R.F.T. Stepto Ed. , Polymer Networks—
Principles of Their Formation, Structure and Properties, Blackie
Academic and Professional, London, 1998, p. 288.

w x82 L.H. Sperling, Introduction to Physical Polymer Science, Chap. 9,
Wiley, New York, 1993.

w x83 U.W. Gedde, Polymer Physics, Chap. 4, Chapman and Hall, Lon-
don, 1995.

w x Ž .84 C.M. Hansen, J. Paint Technol. 39 1967 104.

w x Ž .85 H. Burrell, in: J. Brandrup, E.H. Immergut Eds. , Polymer Hand-
book, 3rd edn., Part IV, Wiley-Interscience, New York, 1989, p.
337.

w x86 A.F.M. Barton, CRC Handbook of Solubility Parameters and Other
Cohesion Parameters, 2nd edn., CRC Press, Boca Raton, FL, 1991.

w x87 M. Oliver, US Patent No. 5,658,685, 1997.
w x88 H.J. Rhoo, H.T. Kim, J.K. Park, T.S. Hwang, Electrochim. Acta 42

Ž .1997 1571.
w x89 P.M. Blonsky, US Patent No. 5,648,011, 1997.
w x90 M. Kono, E. Hayashi, M. Watanabe, J. Electrochem. Soc. 145

Ž .1998 1521.
w x Ž .91 G. Wegner, Mol. Cryst. Liq. Cryst. 234 1993 283.
w x Ž .92 U. Lauter, W.H. Meyer, G. Wegner, Macromolecules 30 1997

2092.
w x93 Y. Ein-Eli, S.F. McDevitt, R. Laura, J. Electrochem. Soc. 145

Ž .1998 L1.
w x Ž .94 K. Xu, C.A. Angell, J. Electrochem. Soc. 145 1998 L70.
w x Ž .95 J. Barthel, M. Schmidt, H.J. Gores, J. Electrochem. Soc. 145 1998

L17.
w x Ž .96 G.T.K. Fay, W. Li, J.R. Dahn, J. Electrochem. Soc. 140 1994

2279.
w x Ž .97 E. Peled, J. Electrochem. Soc. 126 1979 2047.
w x98 E. Peled, D. Golodnitsky, G. Ardel, V. Eshkenazy, Electrochim.

Ž .Acta 40 1995 2197.
w x Ž .99 E. Peled, D. Golodnitsky, G. Ardel, J. Electrochem. Soc. 144 1997

L208.


