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A composite polymer electrolyte of  polyethyleneoxide-LiBF4 containing fine particles of  zeolite was 
studied using electrochemical impedance spectroscopy, cyclic voltammetry,  differential scanning 
calorimetry, infrared spectroscopy and scanning electron microscopy. When compared with the poly- 
mer electrolyte without  zeolite, the specific conductivity of  the composite electrolyte film is higher by 
about  two orders of  magnitude at room temperature. The increase in specific conductivity is explained 
as due to increased amorphoci ty  which is reflected in the thermal studies. The nature of  the cyclic vol- 
tammograms and infrared spectra is discussed. 

1. Introduction 

There has been a great deal of interest in recent years 
in the development of high energy rechargeable 
lithium batteries using a thin film of solid polymer 
as the electrolyte [1]. Polyethyleneoxide (PEO) has 
been studied extensively as a polymer-host following 
the investigations of Wright [2] and Armand [3]. As 
PEO-based solid polymer electrolytes possess low 
ionic conductivity which is not suitable for practical 
applications, several ways of modifying this polymer 
in order to enhance its conductivity have been studied. 
Addition of inert fine particles such as alumina, lithiated 
alumina, Nasicon, silica etc., [4-8] resulted in enhance- 
ment of the conductivity to some extent. In the present 
studies, the influence of fine particles of zeolite on 
physicochemical and electrochemical properties of 
PEO-LiBF4 electrolyte has been investigated. 

2. Experimental details 

The polymer electrolyte films were prepared by solu- 
tion casting. The required quantity of PEO of molecu- 
lar weight 300 000 (Union Carbide) was dissolved in 
AR grade acetonitrile (Aldrich) under stirring. An 
appropriate quantity of dry LiBF 4 (Aldrich) was 
also dissolved following which the solution was con- 
tinuously stirred for about 24 h. The O:Li ratio was 
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maintained at 8:1 in the PEO-LiBF4 complex. The 
required amount of zeolite (Aldrich) of particle size 
5 #m was added to the complex solution whenever 
required. Ensuring complete dissolution and uniform 
dispersion of the zeolite particles in the solution, films 
were cast on PTFE covered glass plates. The solvent 
was allowed to evaporate slowly at room temperature 
which was followed by drying at 80 °C under vacuum 
for about 24h, before the films (thickness 100- 
150 #m) were transferred and used in a helium filled 
dry box (oxygen and water < 30 ppm). 

The electrochemical studies were carried out by 
constructing SS/SPE/SS and (SS)Li/SPE/Li(SS) 
[where SS refers to stainless steel and SPE refers to 
solid polymer electrolyte] syn~netrical cells in PTFE 
holders. The cell was mounted in an air-tight glass 
container, which was subsequently evacuated. The 
glass container was heated to the required tempera- 
ture and maintained within -4-1 °C by using a heating 
tape and a temperature controller. 

Electrochemical impedance measurements were 
carried out using PAR(EG&G) instrument model 
368 in the frequency range from 0.1 Hz to 100kHz. 
Cyclic voltammograms were recorded using a PAR 
(EG&G) instrument model 273A. The polymer elec- 
trolyte samples were subjected to differential scan- 
ning calorimetry (DSC) using a TA Instruments 
model 910 and system controller 2100. Infrared spec- 
tra were recorded for very thin films of the polymer 
electrolyte using a Nicolet FTIR spectroscope. The 
microstructures of the films were evaluated using an 
International Scientific Instruments model SIIIA 
scanning electron microscope. 
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Fig. 1. Nyquist plots of SS/(PEO)aLiBF 4, 20 wt % zeolite/SS at (a) 
26°C and (b) 76°C. Film thickness 150/zm; crosssection area 
1.1 cm 2. 

3. Results and discussion 

3.1. Conductivity studies 

The specific conductivity, a, of the polymer electrolyte 
film was calculated from the impedance diagram of 
the SS/SPE/SS symmetrical cell. A typical Nyquist 
plot of the impedance data is shown in Fig. 1. The pre- 
sence of a semicircle followed by a linear spike at low 
frequency range at ambient temperatures, as shown in 
Fig. l(a), is similar to what is reported in the literature 
[9]. In the electrochemical equivalent circuit, the semi- 
circle is attributed to a parallel combination of the 
geometric capacitance and the resistance of the poly- 
mer electrolyte film. The a of the SPE was calculated 
from the intercept of the semicircle on the real axis of 
the Nyquist plot. When the measurements were car- 
fled out at higher temperatures, the semicircle did 
not appear (Fig. l(b)). As the resistance of the poly- 
mer film decreased with increase in temperature, the 
frequency range required for the appearance of the 
semicircle occurred higher than 100 kHz, which was 
a limitation of the measuring instrument in the pre- 
sent studies. In such a case, a was calculated from 
the intercept of the linear spike. 

The a of the polymer electrolyte containing differ- 
ent compositions of zeolite in the temperature range 
20-100 °C is shown in Fig. 2. There is a rapid increase 
in o- with increase in temperature up to about 70 °C, 
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Fig. 2. Specific conductivity (c 0 as a function of  inverse temperature 
for (PEO)sLiBF 4 electrolytes containing different concentrations of 
zeolite: (O) nil, (O) 8, (/k) 20, ([51) 29 and (aN) 38wt %. 

and above this temperature, the increase is marginal. 
This transition temperature corresponds to the melt- 
ing point of the polymer electrolyte. At a particular 
temperature, a increases with increase in concentra- 
tion, to about 29 wt % of zeolite in the polymer elec- 
trolyte. The o- at 20 °C, for example, increases from 
10 -9Scm -1 (absence of zeolite) to about 
10-TScm -1 when the concentration of zeolite is 
29wt %. Further increase of zeolite concentration 
results in a drastic decrease of or. These results may 
be explained as follows. PEO possesses partial crystal- 
linity at temperatures less than about 70 °C, and the 
ionic conduction takes place essentially in the amor- 
phous phase of the electrolyte [10]. Owing to the 
presence of zeolite particles, the crystallinity of the 
polymer electrolyte decreases as inferred from the 
DSC studies (cf. Section 3.3), resulting in increased 
conductivity. Another explanation is that the ionic 
conduction may be faster at the boundary of zeolite 
particle/polymer medium, similar to the effect of inert 
particles (e.g., A1203) in inorganic ionic conductors 
such as LiI [11]. At 38 wt % of zeolite in the polymer 
electrolyte, however, contact among zeolite particles 
becomes dominant leading to decreased conductivity. 

3.2. Cyclic voltammetric studies 

Cyclic voltammograms of (SS)Li/SPE/Li(SS) symme- 
trical cells were recorded. As these studies were 
intended to qualitatively examine the influence of zeo- 
lite, the voltammograms were recorded without using 
a reference electrode, similar to the studies reported in 
the literature [12, 13]. The problems associated with 
introducing a reference electrode into a thin film of 
polymer electrolyte were recently reported [14]. A cyc- 
lic voltammogram of the cell with PEO electrolyte not 
containing zeolite is shown in Fig. 3. A close observa- 
tion of the curve reveals the existence of two anodic 
peaks and two cathodic peaks, instead of a single 
peak, which is expected if the electrode reaction pro- 
ceeds as a simple electron transfer process: 

Li + + e- = Li (1) 
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Fig. 3. Cyclic voltammogram of  Li/(PEO)sLiBF4/Li cell at a scan 
1 rate of  5 m V s -  and 80°C. Film thickness l l 0#m;  lithium elec- 

trode area 0.65 cm 2. 
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Fig. 4. Cyclic vo l tammogram o f  Li/(PEO)sLiBF4/Li cell at 80 °C. 
Scan rates: (a) 5, (b) 10 and (c) 20 mV s -1 . F i lm thickness 1 i0  #m; 
lithium electrode area 0.65 cm 2. 

The voltammograms recorded at several scan rates are 
shown in Fig. 4. By increasing the scan rate, the two 
cathodic peaks merge, resulting in a broad peak. 
The presence of  more than one peak in the anodic 
or cathodic sweep is rarely reported [15]. When a Pt 
substrate was used, the second current peak was 
attributed to the formation of  P t -L i  alloy. In the 
present studies, however, such a possibility does not 
exist, since lithium metal was used as the substrate 
for plating and stripping of lithium. The following 
explanations are considered for additional peaks: 

(i) Although sufficient care had been taken to 
exclude water during the preparation of  the electro- 
lyte film and the assembly of  the cell, it is likely that 
the electrolyte contained a trace quantity of water. 
The electrochemical oxidation and reduction pro- 
cesses of water molecules on lithium might be respon- 
sible for the appearance of additional anodic and 
cathodic peaks. 

(ii) The anion of  the salt used in the present work 
viz. BF4 may undergo reduction as the following reac- 
tion is feasible in aqueous medium [16]. 

B F 4 + 3 e  = B + 4 F -  E ° = - 1 . 0 4 V  (2) 

The additional voltammetric peaks may be attributed 
to the reactions involving BF4 anion. The kinetic 
barrier, however, is very large and only a film contain- 
ing products like LiF is likely to be formed at the Li 
surface. 

(iii) The lithium surface is usually believed to be 
covered with primary and secondary passive layers 
[17]. While the primary passive layer is considered to 
allow Reaction 1 to proceed through it, the second- 
ary passive layer, the coverage of which is less than 
unity, can change the mechanism of the reaction. 
Reaction 1 can be considered as taking place at two 
different potentials across the primary and secondary 
passive layers. 

The cyclic voltammograms of symmetrical cells 
with the electrolyte samples containing several con- 
centrations of zeolite are shown in Fig. 5. The trace 
for the electrolyte film containing 8 wt % of  zeolite 
(curve 2 of Fig. 5) resembles curve 1, which is for 
the electrolyte not containing zeolite. On further 
increasing the zeolite concentration, however, the 
first cathodic peak current decreased and the second 
cathodic peak current increased (curves 3, 4 and 5 of 
Fig. 5). The dependence of  cathodic peak currents 
on the concentration of zeolite is shown in Fig. 6. 
The zeolite particles thus retard and catalyse the reac- 
tions, corresponding to the first and second cathodic 
peaks, respectively. Another interesting aspect of 
these studies is that the cathodic peak currents 
decreased with an increase in scan rate, as shown in 
Fig. 7 for the electrolyte containing 20% zeolite. 
This is in contrast to a normal diffusion controlled 
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Fig. 5. Cyclic voltammograms of Li/(PEO)sLiBF4/Li at 80 °C. Concentration of zeolite in the polymer electrolyte: (1) 0, (2) 8, (3) 14, (4) 20 
and (5) 24 wt %. Film thickness 110 #m; lithium electrode area 0.65 cm 2. 
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Fig. 6. The cathodic peak current of cyclic voltammogram as a function of zeolite concentration. (a) First cathodic peak; (b) second cathodic 
peak. Temperature 80 °C; film thickness 110 #m; lithium electrode area 0.65 cm 2. 

vot ta tmnogram in which the peak current should 
increase linearly with the square root of  scan rate. 
The anodic par t  of  the vo l tammogram (Fig. 5) shows 
a gradual decrease in the peak current with increase in 
zeolite concentration, thus suggesting that the zeolite 
particles present in the polymer electrolyte retard the 
anodic stripping of  Li metal  to some extent. 

The appearance of the second cathodic peak can 
also be attributed to the reduction of  N a  + present in 
the polymer film. The presence of N a  + may be 
thought  to originate f rom the exchange of Li + in the 
polymer electrolyte with N a  + of  the zeolite. How- 
ever, the possibilities for Li+/Na + exchange are 
remote, since the smaller ionic size of  Li + does not 
favour the exchange of  a larger ion (i.e., Na  +) in 

zeolite [181. Moreover,  PEO electrolyte may enter 
the zeolite pores. While the first cathodic peak can 
be considered due to the reduction of Li + ion from 
the SPE, the second peak can be attributed to the 
reduction of Li + ion present together with PEO in 
the zeolite pores. This possibility exists when zeolite 
is present in the SPE, in addition to the several other 
possibilities considered above. More experimental 
work is required to throw light on this problem. 

3.3. Differential scanning calorimetry 

Differential scanning calorimetric behaviour of  
(PEO)sLiBF4 complexes containing several concen- 
trations of  zeolite were recorded at a scan rate of  08 - 
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Fig. 7. The dependence of cathodic peak current of Li/(PEO)sLiBF 4 ÷ 20 wt % zeolite/Li on square root of scan rate. (a) First cathodic peak; 
(b) second cathodic peak. Temperature 80 °C; film thickness 110/zm; lithium electrode area 0,65 cm 2. 
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Fig. 8. Glass transition temperature (Tg) of (PEO)sLiBF4 against 
zeolite concentration. 

20°rain -1 between -100°C and 100°C. The DSC 
trace recorded starting from -100 °C did not show a 
clear glass transition region. When recorded after 
annealing the sample at 100 °C for 2min followed by 
cooling to -100 °C at a rate of 20 °min -1, a clear glass 
transition (Tg) region resulted. The Tg values as a 
function of zeolite concentration are shown in Fig. 8. 

The DSC results can be discussed on the basis of the 
PEO-LiBF 4 system phase diagram reported in the lit- 
erature [19, 20]. At the stoichiometry of (PEO)8 LiBF4, 
there are two crystalline phases coexisting at low tem- 
peratures. By annealing at 100°C and subsequent 
cooling to -100 °C, crystallization of PEO was incom- 
plete and therefore the glass transition was clearly 
noticed. The glass transition temperature (Tg) of 
(PEO)sLiBF4 was -31 °C (Fig. 8), which is higher 
than the Tg of pure PEO (-60 °C). This increase in 
Tg is due to complexation of PEO with LiBF4. Owing 
to the presence of zeolite, the Tg further increased and 
was approximately -6  °C when the zeolite concentra- 
tion was 32 wt %. The Tg value generally depends on 
the thermal history of the sample. Since all electrolyte 
samples were subjected to identical heat treatment in 
the present studies, the increase in Tg is attributed to 
the presence of zeolite. The increase in Tg reflects an 
increase in salt concentration from dissolution of the 
stoichiometric complex in the amorphous phase, 
and/or a specific interaction between PEO and zeo- 
lite. The latter aspect was confirmed by spectroscopic 
studies (cf. Section 3.4). 

Using the DSC scans recorded prior to annealing, 
the heat of fusion, AHf, was calculated from the 
endothermic melting transition, and is shown as a 
function of zeolite concentration in Fig. 9. There is a 
sudden decrease in AHf due to the first addition of 
zeolite, followed by a gradual decrease on further 
increasing its concentration. This suggests that the 
crystallinity of the polymer electrolyte reduces due 
to the presence of zeolite particles. Taking 
A H f = 2 1 4 J g  -1 [21] for a completely crystalline 
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Fig. 9. Variation of heat of fusion (AHf) of (PEO)sLiBF4 as a func- 
tion of zeolite concentration. The number shown on each point is 
the degree of crystallinity. 

PEO, the degree of crystallinity was calculated and 
is shown in Fig. 9. The increase in amorphous con- 
tent of the polymer complex owing to the presence 
of zeolite particles was essentially responsibl e for the 
increase in ~, as discussed in Section 3.1. 

3.4. Infrared spectroscopy 

The middle IR spectra recorded for PEO and PEO 

(b) ,~ 

I • 

I I t I ~ 1  , I , J 

1499 1299 1099 899 699 

Wavenurnber / crn -1 

Fig. 10. Infrared spectra of films (a) PEO and (b) PEO containing 
10 wt % zeolite. 
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containing zeolite are shown in Fig. 10. The spectrum 
of PEO is identical to that reported in the literature 
[22]. The strong infrared bands at 844 and 958 cm -1 
are for CH2 rocking modes. The band at about 
1147 cm -a is for CC or COC stretching modes. The 
bands appearing at 1244, 1358 and 1473cm -1 are 
for CH2 twisting, wagging and bending modes, 
respectively. The spectrum of PEO containing zeolite 
(Fig. 10(b)) resembles that of PEO except that the 
bands merge and become broad in the region between 
950 and 1150 cm -1 . This part of the infrared spectrum 
is similar to that of PEO complexed with an ionic salt 
[22]. This suggests the existence of a chemical interac- 
tion between PEO and zeolite particles. The absence 
of an infrared band at about 920 cm -1 indicates that 
there is no complex formation between PEO and 
Na +, if the latter is assumed to be present as a soluble 
impurity from zeolite. It is known [23] that PEO 
forms molecular complexes with non-ionic com- 
pounds. The pattern of the infrared spectrum 
between 950 and 1150cm -1 is likely to be due to the 
formation of a molecular complex between PEO and 
zeolite particles. 

3.5. S E M  studies 

The SEM micrographs of PEO and PEO containing 
zeolite are shown in Fig. 11. There is a uniform 

distribution of zeolite particles. The crystal size of 
PEO reduces and the grain boundaries disappear 
due to the presence of zeolite. These results provide 
supporting evidence for decreased PEO crystallinity 
in the presence of zeolite particles. 

4. Conclusions 

It is shown that fine particles of zeolite dispersed in 
PEO-LiBF 4 electrolyte film impart some unusual 
properties, in particular to the cyclic voltammetric 
response. Even though the conclusions from these stu- 
dies are qualitative in nature, the results are important 
in view of the present trend in composite polymer elec- 
trolyte studies. Although the increase in cr due to the 
presence of zeolite particles is not substantial, there 
is a clear indication of increase in the amorphous 
phase of the polymer electrolyte. The infrared spectra 
suggest the formation of a molecular complex 
between PEO and zeolite particles. 
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