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ABSTRACT: Hybrid solid polymer electrolytes (HSPE) of high ionic conductivity were
prepared using polyethylene oxide (PEO), polyacrylonitrile (PAN), propylene carbon-
ate (PrC), ethylene carbonate (EC), and LiClO4. These electrolyte films were dry, free
standing, and dimensionally stable. The HSPE films were characterized by constructing
symmetrical cells containing nonblocking lithium electrodes as well as blocking stain-
less steel electrodes. Studies were made on ionic conductivity, electrochemical reaction,
interfacial stability, and morphology of the films using alternating current impedance
spectroscopy, infrared spectroscopy, and scanning electron microscopy. The properties
of HSPE were compared with the films prepared using (i) PEO, PrC, and LiClO4; and
(ii) PAN, PrC, EC, and LiClO4. The specific conductivity of the HSPE films was margin-
ally less. Nevertheless, the dimensional stability was much superior. The interfacial
stability of lithium was similar in the three electrolyte films. q 1997 John Wiley & Sons,
Inc. J Appl Polym Sci 65: 2191–2199, 1997

Key words: hybrid solid polymer electrolytes; ionic conductivity; interfacial resis-
tance

INTRODUCTION tensively as a SPE medium following the direction
proposed by Wright2 and Armand et al.3 . Specific
conductivity (s ) is of the order of 1008 S cm01 atIn recent years, there has been increasing interest
ambient temperature, when a SPE film is pre-in research and development of rechargeable lith-
pared by complexing PEO with a lithium salt.4ium batteries employing a solid polymer film as
Several procedures for preparation of highly con-an electrolyte.1 The main advantage anticipated
ducting (s¢ 1003 S cm01) SPE films are reportedin using a thin film of solid polymer electrolyte
in the literature.4–13 These studies include modi-(SPE) is essentially to achieve high-energy den-
fications of PEO-based SPE as well as investiga-sity of the battery. However, inadequate ionic con-
tions of different polymer media. One of the proce-ductivity of the SPE has been one of the serious
dures is to immobilize a solution of propylene car-problems hampering the progress of this develop-
bonate (PrC) and ethylene carbonate (EC)ment.
containing a lithium salt (e.g., LiClO4) in a hostPolyethylene oxide (PEO) has been studied ex-
polymer.13 The immobilization of the solution im-
parts a high specific conductivity (É 1004 S cm01)
to the host polymer, viz., polyacrylonitrile (PAN).Correspondence to: N. Munichandraiah.

Contract grant sponsor: U.S. Air Force (European Office The first ever study on PAN electrolyte film was
of Aerospace Rsearch and Development—UK); contract grant reported by polymerizing acrylonitrile in aqueousnumber: C0007.

solutions containing metal perchlorates.14 StudiesJournal of Applied Polymer Science, Vol. 65, 2191–2199 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/112191-09 were also reported on preparation of PAN electro-
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2192 MUNICHANDRAIAH ET AL.

lyte films using EC, which contained dissolved sisting of PEO, PrC, and LiClO4, and (ii) gel films
of PAN, PrC, EC, and LiClO4 were also prepared.LiClO4.15 Characterization of the electrolyte film

was done in conjunction with lithium metal aim- While the former SPE film was prepared by solu-
tion casting technique, the gel film was prepareding at a possible application for lithium-based bat-

teries. Also, investigations on lithium cells con- by mixing the required quantities of the constit-
uents thoroughly and heating the mixture in ataining PAN electrolyte films are reported.13,16,17

Even though a high specific conductance is glass petridish at 907C for about 5 min. On cool-
ing, a transparent gel film was obtained.achieved with PAN electrolytes, dimensional sta-

bility of these films is poor. They are gels rather Symmetrical cells of the type: SS/SPE/SS and
(SS)Li/SPE/Li(SS) were assembled in an argon-than solid polymer films. Poor dimensional stabil-

ity is due to the existence of a liquid solution en- filled dry box. SS refers to a stainless steel disc
with an integral lead. The SS disc was in contacttrapped in PAN matrix. Unlike PEO, which is a

solvent for lithium salts, PAN does not seem to with SPE as a blocking electrode in the former
type of cells. It was contacting Li electrode in thesolvate the salts to a significant extent. Indeed, it

merely encapsulates the solution in its matrix and latter type of cells. The nonblocking Li electrode
of 1 cm2 area was punched from 0.75 mm thick Lithe ionic conduction takes place in the liquid me-

dium. ribbon supplied by Aldrich. The cells were assem-
bled in Teflon holders and were contained in air-Another approach by adding PrC to a PEO-

based solid polymer electrolyte was reported re- tight glass containers that had provision for tak-
ing electrical contacts. The glass container of thecently.18,19 At ambient temperature, specific con-

ductivity (s ) of PEO electrolyte film increased by cell was heated to a defined temperature by using
a heating tape and a temperature controller. Theabout three orders of magnitude, owing to the

presence of PrC. However, the liquid constituent cell was kept to equilibrate at the set tempera-
ture, maintained within {17C, for about 2 h prior(viz., PrC) causes the PEO electrolyte film to be

wet, thereby affecting its mechanical integrity. to the experiment. Experiments were carried out
at different temperatures between ambient tem-In the present studies, solid polymer electrolyte

films consisting of PEO, PAN, PrC, EC, and perature and 1007C.
Electrochemical impedance spectroscopic stud-LiClO4 were prepared to overcome the above-de-

scribed problems inherent to PAN and PEO–PrC ies of the symmetrical cells were performed in the
frequency range between 100 mHz and 100 kHzelectrolyte films. The results suggest that these

hybrid solid polymer electrolyte (HSPE) films using Electrochemical Impedance Analyzer PARC
(EC&G) Model 6310. The analysis of the data waspossess good mechanical strength as well as high

ionic conductivity. Several characterization stud- carried out using the computer program written
by Bouckamp and supplied by PARC (EG&G).ies are reported.
Cyclic voltammograms of the cells were recorded
by using Polarographic Analyzer PARC (EG&G)
Model 174A and Omnigraph recorder. Samples ofEXPERIMENTAL
SPE films were examined under Cambridge In-
stuments Scanning Electron Microscope model S-Polyethylene oxide (MW: 4 1 106), polyacryloni-

trile, and ethylene carbonate were used as re- 360. Very thin films (5–10 mm thick) of HSPE
films were sandwiched between KBr windows,ceived from Aldrich. Propylene carbonate (Ald-

rich) was distilled under reduced pressure and and IR spectra were recorded using Nicolet FTIR
Spectrometer model Impact 400D driven by Om-stored over molecular sieves of grade 4 Å before

using. For preparation of HSPE films, appropriate nic software.
quantities of PEO, PrC, EC, and LiClO4 were first
dissolved in acetonitrile. After adding the re-
quired quantity of PAN, the solution was stirred RESULTS AND DISCUSSION
for several hours. An homogeneous suspension
was obtained. A film was cast by spreading the The aim of the present investigations was to pre-

pare dry and dimensionally stable HSPE filmssuspension on Teflon-covered glass plates and
allowing acetonitrile to evaporate slowly. Finally, and to characterize them for ionic conductivity

as well as the electrochemical reaction occurringthe film was dried at 807C under vacuum for about
10 h. The resulting HSPE film was visually exam- at the Li/HSPE interface. While the blocking

SS/HSPE/SS cells were used for conductivityined for its dry and free-standing nature.
For the purpose of comparison, (i) films con- measurements, the nonblocking (SS)Li/HSPE/

8EA4 4415/ 8EA4$$4415 07-09-97 19:41:59 polaal W: Poly Applied



PEO–PAN HYBRID SOLID POLYMER ELECTROLYTES 2193

Li(SS) were employed for studies related to the
electrochemical reaction.

Electrochemical Impedance Spectroscopy

The impedance spectrum of (SS)Li/HSPE/
Li(SS) recorded at ambient temperature is shown
in Figure 1 as Nyquist and Bode plots.20 Spectra
recorded at higher temperatures also resembled
Figure 1 in shape. As perceived from the data of
Figure 1, the electrical equivalent circuit of the
symmetrical cell in the frequency domain of pres-
ent studies is shown in Figure 2. Resistance of
the polymer film is represented by Rb , resistance
associated with the charge–transfer reaction at
the Li/HSPE interface by Ri , and the correspond-
ing interfacial capacitance by Ci . Behavior of the
parallel combination of Ri and Ci is represented
by a characteristic semicircle dispersion of the
real (Z* ) and imaginary (0Z 9 ) components of the
impedance spectrum [Fig. 1(a)] , as expected. The
polymer electrolyte film usually exhibits the be-
havior of a capacitance (Cg ) , which is considered
parallel to Rb (not shown in Fig. 2). A high-fre-
quency semicircle expected for parallel Rb and
Cg was not obtained [Fig. 1(a)] , due to the fact
that the Rb of the polymer electrolyte film was low
and the maximum frequency was limited to 100
kHz, which was a limitation of the equipment.
The high-frequency intercept of Figure 1(a) pro-
vided the ionic resistance (Rb ) of the electrolyte
film. The diameter or the low-frequency intercept
of the semicircle provided the interfacial resis-
tance (Ri ) .

The specific conductivity (s ) at the SPE was
calculated using the following equation:

s Å l /RbA (1)

where l is the thickness of the electrolyte film and
A its cross-sectional area (Å area of the elec-
trode).

The interfacial resistance (Ri ) represents the
kinetics of the electrochemical reaction between
Li metal and Li/ ion in the solid polymer electro-
lyte film:

Li/ / e0 Å Li (2)

Figure 1 Electrochemical impedance spectrum ofThe exchange current density (Io ) of reaction
(SS)Li/HSPE/Li(SS) cell shown as (a) Nyquist plot,

(2) was evaluated as (b) Bode-impedance ( Z ) plot, and (c) Bode-phase angle
(U ) plot. Temperature Å 257C, thickness of HSPE
Å 250 mm, cross-sectional area Å 1.0 cm2.Io Å RT /FARi (3)
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trode/HSPE interface. The intercept of the
straight line in Figure 3(a) was taken as Rb and
s was calculated using eq. (1). It was found that

Figure 2 Electrical equivalent circuit of (SS)Li/
HSPE/Li(SS) cell, Rb is the resistance of the polymer
electrolyte film; Ri and Ci are interfacial resistance and
capacitance, respectively.

Although eq. (3) is generally applied to a reac-
tion occurring at a film-free metal, it is also used
frequently to evaluate reaction (2) occurring at Li
metal, which is covered with an inherent passive
film.21 Reaction (2) proceeds through the passive
film present between the Li metal and the electro-
lyte film. Interfacial resistance (Ri ) may, there-
fore, be considered to have contributions from re-
action (2) as well as the passive film. The exis-
tence of the passive film with its resistance and
capacitance in parallel, however, was not ob-
served in the form of an additional high frequency
semicircle in Figure 1(a). Hence, contribution of
passive film to Ri was neglected and Io was calcu-
lated using eq.(3).

In the Bode form of the impedance plots
[Fig. 1(b) ] , capacitance behavior of the sym-
metrical cell is reflected in a linear decrease of
log Z in middle frequency domain, where Z is
modulus of impedance. The constancy of Z at
low- and high-frequency domains suggests re-
sistive behavior of the cell. Accordingly, the
phase angle (U ) approaches 0607 in the middle
frequency domain, which is close to 0907 theo-
retically expected for capacitive behavior. In
low- and high-frequency domains U approaches
zero [Fig. 1( c ) ] .

The impedance spectrum of a SS/SPE/SS cell
is shown in Figure 3. The Nyquist plot [Fig. 3(a)]
contains all data points on a straight line instead
of a semicircle. There is a decrease in log Z with
frequency up to about 1 kHz following, where it
remains constant [Fig. 3(b)] . The phase angle U
is about 0757 at the low-frequency domain [Fig.
3(c)] , suggesting capacitive behavior of the cell.
There is a shift in the value of U towards zero
with an increase of frequency, which means that
the impedance of the cell is dominated by a resis-
tor in the high-frequency domain. These results
suggest a series combination of a resistor and a Figure 3 Electrochemical impedance spectrum of SS/
capacitor. The equivalent circuit of SS/HSPE/SS HSPE/SS cell shown as (a) Nyquist plot, (b) Bode-
cell thus is as shown in Figure 4. The resistance impedance ( Z ) plot, and (c) Bode-phase angle (U ) plot.
(Rb ) of the HSPE film is in series with the double- Temperature Å 307C, thickness of HSPE Å 250 mm,

cross-sectional area Å 0.5 cm2.layer capacitance (Cdl ) at the stainless steel elec-
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ence in s of the two paths. The value of s is about
1008 S cm01 in PEO–LiClO4 medium, whereas it
is about 1003 S cm01 or higher in PC–EC–LiClO4Figure 4 Electrical equivalent circuit of SS/HSPE/
medium at ambient temperature.SS cell. Rb is the ionic resistance of the polymer electro-

The temperature dependence of s of the threelyte film, and Cdl is the double-layer capacitance.
films given in Table I is shown in Figure 6. The
results are found to follow the Arrhenius relation.
The energies of activation of conduction for films
numbered I, II, and III in Table I are 33.8, 25.2,the value of s of a given SPE was invariant when

measured using either SS/SPE/SS or (SS)Li/ and 25.9 kJ mol01 , respectively. Similar values
of activation energy are reported for PAN-basedSPE/Li(SS) cells. The values of Rb and Ri were

found reproducible within {5% error. Accord- electrolytes.17

ingly, the same error is involved in the values of
s and Io .

Electrochemical Reaction

The values of exchange current density (Io ) of
Ionic Conductivity reaction (2) at 307C in the three electrolytes are

given in Table I. The value of Io is slightly lowerIt was intended to arrive at an appropriate compo-
sition of HSPE on the basis of high specific conduc- in HSPE than in PEO/PrC and PAN/PrC/EC

electrolyte films. Exchange current values abouttivity achievable with HSPE film when it was dry
with good dimensional stability. The HSPE con- three orders of magnitude higher than the pres-

ent values were reported for reaction (2) in simi-sists of several components, viz., PEO, PAN, PrC,
EC, and LiClO4, and, therefore, experiments re- lar highly conducting polymer or gelled electro-

lyte films.22 These studies, however, were madequired for arriving at an appropriate composition,
taking into account all components and their con- with freshly deposited lithium on a nickel sub-

strate. The lower values of Io obtained in thetributions, are rather large in number. As the en-
hancement in conductivity was considered due to present studies can be attributed to a native sur-

face passive film present on Li used for makingthe presence of PrC and EC, several HSPE films
were prepared only by varying the concentration the cells. The cyclic voltammograms recorded at

scan rates ranging from 10–200 mV s01 did notof PrC and EC while maintaining concentrations
of other components nearly invariant. The con- contain current peaks in both cathodic and an-

odic potential sweeps. Instead, a steady-stateductivity (s ) of the HSPE films is shown at differ-
ent temperatures in Figure 5 as a function type of voltammograms with limiting currents

were obtained. This suggests that the electron-of [(PrC/EC)/LiClO4] mol ratio. It is evident
that the HSPE film having 3.67 mol ratio of transfer rate is slower than the rate of diffusion

of Li/ ions at Li /SPE interface. These observa-[(PrC/EC)/LiClO4] exhibits the highest con-
ductivity at all temperatures. The composition tions prevailed in the three types of electrolyte

films. The reason for not obtaining current peaksof this film with s Å 0.37 mS cm01 at 307C is
shown in Table I, together with the composi- is probably due to highly resistive passive film

that was already formed on Li before recordingtion of PEO/PrC and PAN/PrC/EC electrolyte
films. The conductivity (s Å 0.37 mS cm01) of voltammograms. The cells were sufficiently aged

and subjected to high temperature measure-the HSPE film is slightly less than s (Å0.84
mS cm01) of PEO/PrC and s (Å1.34 mS cm01) of ments prior to recording voltammograms. These

factors are responsible for the presence of re-PAN/PrC/EC films. The advantage, however, is
that the HSPE film is dry with good mechanical sistive and thicker passive layer on Li.
stability.

It is clear from the composition of the HSPE as
Influence of Aging of the Cellswell as from IR spectrum (cf. Infrared Spectros-

copy section) that ionic conduction should, in prin- The complex plane impedance plots at different
intervals of ambient temperature aging of aciple, occur parallely on two different paths viz.,

segmental motion of PEO chains and ionic mobil- (SS)Li/HSPE/Li(SS) cell are shown in Figure 7.
It is seen that both the high- and low-frequencyity in the liquid medium (PrC and EC). The rela-

tive contribution of these two paths, however, is intercepts on real axis keep shifting towards
higher values. Specific conductivity (s) and in-not reflected in the impedance diagrams. It is

probably due to the fact that there is a wide differ- terfacial resistance (Ri ) are shown as a function
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Figure 5 Specific conductivity (s ) as a function of (PrC/EC/LiClO4) mol ratio at
different temperatures.

to the corrosion of Li metal. The three types ofof aging time in Figures 8 and 9, respectively. It
electrolyte films contain liquid components viz.,is seen that s decreases, whereas Ri increases.
PrC and EC. It is known that Li is thermodynami-When Li metal is in contact with the solid polymer
cally unstable when in contact with PrC or ECelectrolyte film, it tends to undergo oxidation (or
electrolytes. The liquid solvent molecules undergocorrosion) and the reaction products accumulate
reductive decomposition, which in turn, facilitatesresulting in the formation of a passive film on Li.
the oxidation of Li metal. The decrease in s onAs the aging time progresses, the passive film
aging may be due to loss of PrC and EC moleculesgrows in thickness. Because the reaction (2) has
in the electrolyte film. This process leads toto proceed through the passive film, it experiences
changes in composition of the electrolyte film witha higher resistance (Ri ) with increasing aging
respect to liquid phase and overall Li/ ion concen-time. Accordingly, exchange current density of the
tration in the composite medium. The concentra-reaction decreases.

The decrease in s (Fig. 8) is also attributed tion of Li/ ions can also be considered to change

Table I Composition of Polymer Electrolyte Films with Specific
Conductivity (s) and Exchange Current Density (Io) of Lithium Electrode
Reaction at 307C

Composition
s mS Io mA

Film Component in mM in Gram cm01 cm02

(I) HSPE PEO 22.7 1.000 0.37 1.3
PAN 17.4 0.750
PrC 7.3 0.750
EC 8.5 0.750
LiClO4 4.3 0.450

(II) PEO / PrC PEO 22.7 1.000 0.84 11.0
PrC 13.3 1.366
LiClO4 1.2 0.123

(III) PAN / PrC / EC PAN 23.2 1.000 1.34 3.7
PrC 24.5 2.500
EC 28.4 2.500
LiClO4 3.0 0.320

mM of PEO and PAN are calculated based on the molecular weight of a repeat unit of the polymer.
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Figure 6 Arrhenius plots of specific conductivity (s )
of HSPE (l ) , PEO/PrC (s ) , and PAN/PrC/EC (D )
electrolyte films. Figure 8 Specific conductivity (s ) of HSPE (l ) ,

PEO/PrC (s ) , and PAN/PrC/EC (D ) electrolyte
films as a function of aging time at ambient tempera-
ture.

due to partial and slow dissolution of outer layers
of passive film into the electrolyte medium. Cells
containing the three types of electrolyte films the results shown in Figures 8 and 9 are only
show similar behavior on aging. During the course qualitative in nature.
of aging, the cells were occasionally heated to sev-
eral temperatures up to 1007C for the purpose of Infrared Spectroscopy
impedance and cyclic voltammetric measure-

The FTIR spectrum of a thin film of HSPE isments. All cells, however, were not uniformly sub-
shown in Figure 10. The peaks were assignedjected to heating and cycling. Because heating and

cycling of the cells influence the passive film on
Li, and passive film, in turn, influences s and Ri ,

Figure 7 Nyquist plots of (SS)Li/HSPE/Li(SS) cell
measured at 48 h (1), 144 h (2), and 312 h (3) after Figure 9 Interfacial resistance (Ri ) at the interface

between Li and HSPE (l ) , PEO/PrC (s ) , andthe cell was assembled and aged at ambient tempera-
ture. The high-frequency intercept is expanded and PAN/PrC/EC (D ) electrolyte films as a function of

aging time at ambient temperature.shown in the inset.
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Figure 10 FTIR spectrum of a thin film of HSPE.

by comparing this spectrum with the spectra of ble for retaining the liquid components within the
film and keeping the surface of the film dry.individual components of the HSPE, which are

reported in the literature.23–25 The peak at wave
number 958 cm01 can be assigned to Li/ –PrC–
ClO4 interaction.23 A broad band in the range of CONCLUSIONS
wave number 1050 cm01 to 1150 cm01 appears
to be a characteristic feature of PEO when com-

The hybrid polymer electrolyte films studied in thebined with alkali metal salts or other materi-
present investigations exhibit ionic conductivities in

als.23 It is thus inferred that coordination be- the range of 1004 S cm01 at ambient temperature.
tween Li/ ion and etherial oxygen of PEO chain This value is much higher than the conductivity of
exists, suggesting that LiClO4 is soluble in PEO conventional PEO-based polymer electrolyte films
as well as in PrC and EC. Although Li/ ions (sÉ 1008 S cm01). Even though there is a marginal
are present in different chemical environments decrease in s in comparison with PEO/PrC and
within HSPE, they are not distinguishable by PAN gel films, the advantage achieved with HSPE
impedance data, as discussed in the Ionic Con- film is that it is dry and free standing with dimen-
ductivity section. sional stability as good as the PEO polymer electro-

lyte film. The present studies further provide impli-
cation on the aging effect of Li in PEO/PrC and
PAN/PrC/EC electrolyte, which are investigated

Scanning Electron Microscopy as highly conducting SPE films. Although these
electrolyte films and also HSPE films described in

SEM micrographs of PEO/LiClO4 and PEO the present work perform with high ionic conductiv-
/PAN/PrC/EC/LiClO4 films are shown in Fig- ity in freshly prepared solutions, the conductivity
ure 11. From the micrographs of PEO/LiClO4 [Fig. gradually decreases on aging.
11(a)], it is inferred that the electrolyte is homoge- Although an attempt is made in the present
neous. In Figure 11(b), long interlocked chains of work to arrive at an appropriate composition of a
PAN are clearly found. The liquid components viz., dry, free-standing, and dimensionally stable
PrC and EC containing LiClO4 together with PEO, HSPE with high specific conductivity, there is still
are probably encapsulated within the interlocked scope for further studies in this direction. As the

HSPE contains several constituents, an appro-network. This type of structure is perhaps responsi-
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