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Abstract

The effects of plasticizer ethylene carbonate (EC) on the AC impedance spectra and the ionic conductivity are reported. With increasing
of EC concentration the semicircle in high frequency disappears, and the slope of the straight line in low frequency decreases. The dat
obtained from impedance experiments can be explained using an equivalent circuit proposed. On the other hand, the room temperatu
conductivity increases with EC concentration because of the increase of the segmental flexibility of PEO. For lower EC concentration
samples, the temperature dependence of conductivity in low temperature range follows Arrhenius type, but when EC concentration i
larger than 20%, the temperature dependence of conductivity obeys the Vogel-Tamman—Fulcher (VTF) equation in all temperature range:
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction styrene) [18] etc. based SPE have been studied, high
molecular weight PEO-based SPE is still the most widely
Polymeric electrolytes have attracted considerable interestinvestigated system both for technological application and
during the past few years, because of their potentially wide for fundamental studies [4,19]. The main drawback, how-
range of applications in such fields as fuel cells, recharge- ever, is the low room temperature ionic conductivity due to
able lithium batteries, electrochromic devices and sensorsthe high crystalline fraction in PEO-based complexes. Sev-
[1-3]. The advantages of using these solid polymeric elec- eral methods have been proposed to decrease the degree of
trolyte (SPE) are concentrated on their desirable character-crystallinity. The formation of cross-linked networks [20],
istics: good compatibility with lithium metal; no leakage; block or com branch copolymers [1,21] and the composite
low self-discharge in batteries; relax elastically under stress; SPE by the addition of organic, inorganic fillers or some
easy processing and continuous production and so on [4,5] plasticizers [6,7,15] are often used. Compared to the other
However, the low ionic conductivity of SPE limits their ap- methods, plasticization is the effective way to improve
plications. It has been recognized that the ionic transport of the conductivity of PEO-based SPE. Among a number of
SPE occurs only in the amorphous polymer regions and is plasticizers, the most used plasticizers are low molecular
often governed by the segmental motion of polymer chain weight organic solvents such as propylene carbonate (PC),
[6,7]. It is clear that the presence of a flexible, amorphous ethylene carbonate (EC), dimethyl carbonate (DMC) and
phase in SPE is essential for higher ionic conductivity. Even diethyl carbonate (DEC), etc. [22].
though the SPE study has been under development for over Many PEO-plasticizer systems have been studied using
20 years since Wright and coworkers [8] firstly reported in the above plasticizers. But previous reports are commonly
1973, SPE technology is not yet commercialized [9]. Anum- focused on ionic conductivity, viscosity and the interac-
ber of reviews have been published over the past few yearstions among the components [23,24]. Although the AC
[10-14]. impedance technique is used as the standard method to
Although many kinds of polymeric electrolytes such determine the ionic conductivity in literatures [1,10,25],
as poly(acrylonitrile) [15], poly(propylene oxide) [16], the effects of plasticizer on the impedance spectra and
poly(methyl methacrylate) [17] and poly(maleic anhydride— the ion transport mechanism are scarcely studied. In the
present work, an ion-conducting plasticized SPE based on
* Corresponding author. Tel./fax:86-431-568-9711. PEO was prepared, in which EC was used as a plasticizer.
E-mail address: dongsj@ns.ciac.jl.cn (S. Dong). The stainless steel (SS) blocking electrode was used in the
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impedance experiments. In an attempt to study the effects of Differential scanning calorimetry (DSC) was carried

the plasticizer on conductivity, the impedance experiments out using Perkin-Elmer-7 system with a heating rate of

were conducted using the plasticized SPE with different EC 10 K min—! from —60 to 100°C.

concentration in the temperature range 20-X0D0 Impedance measurements were carried out on a
Solartron 1250 frequency analyzer coupled to 1286
electrochemistry-interface over the frequency range

2. Experimental 1-65535Hz. The SPE film was cut to a required size and
then was sandwiched between SS blocking electrodes. The
PEO(My, = 5x10°), EC and LiCIQ, each from Aldrich, experiment cell for impedance measurements is shown

were used. PEO and LiClQvere dried in avacuumovenfor in Fig. 1b. An AC perturbation of 50mV and DC po-

48 h at 50C and 72 h at 120C, respectively. Acetonitrile  tential of 100mV were applied. The cell was kept in a

(Beijing Chemical Plant) was dried by addition of 4 A type temperature-controlled oven with a flow of dry,NBefore

molecular sieves before use. performing each impedance measurement, the cell was kept
The SPE samples were prepared according to the proce-at the testing temperature for at least 30 min to allow the

dure described elsewhere [26]. The concentration of LiCIO thermal equilibration.

in the samples can be expressed as ©:1b6:1, where O:Li

is the mole ratio of polymer ether repeat unit to salt cation.

This is the optimum value as was described previously by 3. Results and discussion

Angell et al. [27]. While the amount of EGy;% was cal-

culated by the following equation: 3.1. Impedance spectra of (PEO)16LiCIO4/EC

wi% = W V‘;/EC W (1) Impedance spectra are useful not only in determining

EC+ WeeO+ Wsalt the appropriate equivalent circuit and estimating the val-

whereWec, Weeo, andWsai is the weight of EC, PEO, and  ues of the circuit parameters, but also in analyzing the

LiClO4, respectively. The solid components were mixed in properties of SPE/electrode interface. Fig. 2 shows the

appropriate amounts in a small glass reactor, and then aceimpedance spectra of (PE@)ICIO4/EC films with SS

tonitrile was added to form about 5 mass% suspension. Thesymmetrical blocking electrodes at room temperature. The

mixture was stirred magnetically until a homogeneous sus- impedance spectra of (PEQ)ICIO4 (SPE without EC)

pension was obtained. For the SPE thin films, the suspen-are also given in Fig. 2A (curve a). In the Nyquist plot

sions obtained were dropped into a home-build cell, which (Fig. 2A) which is similar to that reported in the litera-

was shown in Fig. 1a, then left it to evaporate the solvent ture [28], there is a compressed semicircle in high fre-

slowly at room temperature. The resulted films were then guency range and a straight line in the low frequency range

dried in a vacuum oven at 3C for 48 h before transferring  for (PEO)¢LICIO4 and (PEO)eLICIO4/EC, respectively.

to an argon-filled tube with anhydrous®. But when EC concentration reaches 20%, the semicircle
disappears in high frequency range, which may be as-
a cribed to the limit of measurable frequency of the ins-
@ 'ﬂ" - - 'E"_1a trument [2].
: I In Fig. 2A, the decrease of diameter of the semicircle
| 4a | in high frequency and the intercept of the straight line on
: : 4 2a real part axis with the increasing of EC concentration can
) L be seen. When EC concentration is above 20%, the differ-
] . —.-3a ence of the intercept between two straight lines becomes
= = smaller, but the trend can be seen clearly in Fig. 2B. In
u Fig. 2B, the frequency-independent horizontal line roughly
1a-screw; 2a-Teflon ring; 3a-Telfon plate; 4a-film gives the bulk resistance. Another interesting phenomena in
(b) Vb 5b /Gb Fig. 2A is that the slope of the straight line is decreased espe-
Q I\ — 3b cially from (PEQO)¢LICIO 4 to (PEO)sLICIO4/EC samples,
O3 J;Z ot which may be caused by the roughness of SPE/electrode
. o interface.
i H A As reported previously, the equivalent circuit is an effi-
cient method to interpret the complex impedance spectra
\4b 5b 1i4b \6b [29-31]. According to the results described above, an equiv-

1b- glass tube; 2b-gas in; 3b-gas out; 4b-screw;

, alent circuit was proposed and it is shown in the inset of
5b-Teflon plate; 6b-ss plate; 7b-polyelectrolyte thin film

Fig. 2A, in which two constant phase elements (CPEs) have
Fig. 1. (a) A schematic of the cell for the preparation of SPE thin films. been used instead of the geometrical capacitance and double
(b) The cell for AC impedance experiments. layer capacitance. CREepresents the characteristics of the
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Fig. 2. Impedance spectra of (PEGDICIO4/EC films with SS symmet-
rical blocking electrodes at room temperature.

trode surface. In the analyzing of CPE, impedalgges can
be expressed as following:

Zepe= A(jo)™" )
o=(1- n)% 3)

where A is the inverse of the capacitance andis re-
lated to« (the deviation from the vertical line in Nyquist
plot); n = 1 indicates a perfect capacitance, and the lower
n value directly reflects the roughness of the electrode
used [33].

In the software used in this paper, the CPE is defined
by two parameters CPE-T and CPE-P. CPE-T indicates the
value of capacitance of CPE element, while GHEIs a
parameter indicates the slope of the low frequency straight
line and CPE-P indicates the changes of compressed semi-
circle from an ideal semicircle. CPE-P is a parameter that
equalsn in Egs. (2) and (3). Using the equivalent circuit,
the impedance spectra in Fig. 2A can be analyzed by super-
imposing the best fit of the dispersion data. The estimated
values together with the results of DSC are summarized in
Table 1. The fitted results (solid line shown in Fig. 2A (a
and b)) show the assumed equivalent circuit fits the experi-
mental impedance data very well. The resistance determined
is used to obtain the ionic conductivity by the following
equation:

1d
8= RS (4)
wheres is the ionic conductivityd the thickness of the SPE
thin film, andSthe area of SS electrode contacting with the
SPE film.

From the data listed in Table 1, it can be seen clearly&hat
increases with the increase of EC concentration. Moreover,
the parameters of CEFP firstly decrease with increasing of
EC concentration up to 25%, and then almost reach constant,

double layer between electrolyte/electrode interface, LPE which can be used to explain the change of the straight line
the SPE bulk properties and the effects of dipolar relaxation in the low frequency range. The decreased GPPvalue
[32]. The high frequency semicircle reflects from the com- will make « increasing from Eq. (3). For the plasticized SPE

bination of R, and CPE, while the straight line after the

semicircle arising can be explained with GP&rrespond-
ing to the double layer capacity of an in-homogeneous elec- interface developed. When the EC concentration further

Table 1

at low EC concentration (lower than 25%), the decreased
CPE-P indicates the roughness between SPE/electrode

Some parameters estimated from Fig. 2A using the equivalent circuit and the results of DSC measurement

Sample Fitted parameters DSC results
(PEOks-LICIOECT  oe T CPE-P  CPELT  CPBP Ry () 6 (x10°9tcmd) T, (C) X %) diSemY
(x10°5) (x10°9)

X =0% 0.114 0797 115 0.78 57474 0.13 _49.89 3710  0.0075

x = 10% 0.360 0689  1.80 0.77 22382 0.89 5385 3280  0.0200

X = 20% 1.100 0756  1.60 0.77 4141  29.00 _57.02 3020  0.0120

x = 25% 1.500 0745  1.70 0.77 22897  40.20 _5952 2748  0.0092

x = 30% 1.600 0745 140 0.77 14323 69.80 _60.60 30.04  0.0100

x = 40% 1.750 0750  2.00 0.77 97.08  267.80 _50.88 2130  0.0260

x = 50% 2,500 0750  1.00 0.77 33.90  236.00 _5833 1650  0.0080
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Fig. 3. Impedance spectra of (PEGLICIO4/EC(10%) films with SS

symmetrical blocking electrodes at different temperatures. . o .
3.2. lonic conductivity and its temperature dependence

It is well known that the conductivity of SPE depends
strongly on the temperature. The ionic conductivity of
plasticized (PEQ)LICIO4/EC samples containing various
amounts of EC as a function of temperature is shown in
Fig. 4. From Fig. 4, several features can be observed:

increases, the constant CRE value suggests a homoge-
neous SPE being formed, which will lead to a good contact
between SPE and SS electrode [34].

Fig. 3 shows the impedance spectra of (PEOLCIO4/
EC(10%) at different temperatures. It is clear that the diam-
eter of the semicircle in high frequency decreases with the 1. In the temperature range studied, the conductivity
increase of the experiment temperature and the semicircle is found to increase with temperature for all the
in high frequency vanishes at the temperature aboveC35 (PEO)6LICIO4/EC samples.

On the other hand, the slope of the straight line in low fre- 2. The room temperature conductivities increase with in-
quency does not tend to vary as a function of temperature crease of EC concentration. For sample containing 40%
which is similar to PEO/Mg(C§50;)2 system observed by EC, the room temperature conductivity is four orders of
Morales and Acosta [35]. The change of the diameter of the  magnitude larger than that of (PE@Q)ICIO4 sample.
semicircle indicates tha, decreases with the increase of 3. For (PEO)sLICIO4 and (PEO)eLICIO4/EC(10%) sam-
temperature. At high temperature, the frequency range re- ples (Fig. 4A), the conductivity—temperature plots have
quired for the appearance of the semicircle should be higher two obvious regions, i.e. [i transport properties are
than 100 kHz [36], but in our experiment 100 kHz is beyond controlled by two distinct mechanisms. In low tem-
the limitation of the measuring instrument. In such a case, perature region, the conductivity increases with tem-
ionic conductivity can be calculated froRy value obtained perature up to 65C which corresponds to the melting
from the estimation using the equivalent circuit inserted in point (66°C) of PEO [37]. The linear relationship re-
Fig. 2A. veals that the temperature dependence of conductivity
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follows Arrhenius form, suggesting that the conductiv-
ity is thermally activated. At 65C, there is a sudden
increase in conductivity. While in the high temperature
region, the conductivity again increases with tempera-
ture. The temperature dependence of conductivity fol-
lows VTF empirical form, i.e. the migration of lithium

X. Qian et al./Materials Chemistry and Physics 74 (2002) 98-103

action between L cations and CI@~ anions; ion—dipole
interactions between i cations and carbonyl oxygens
in PEO; ion—-molecule interactions between™Land EC.
The Lit—EC interactions include not only between™Li
and oxygen atoms of the=® group, but also between
LiT and another two oxygen atoms in the ring structure

cations depends mainly on the segmental movementsof EC [39]. These interactions are of importance to form

of the polymer chain in the amorphous region. Similar
behavior has been observed for PEO/Li¢I{37] and
PEO-poly{,N-dimethylacrylamide (NNPAAM))—LiCIQ
[26] systems.

PEO-LIiCIQ—EC polymeric electrolyte, in which three dif-
ferent compounds of PEO-Lj PEO-Li"—EC, and LiF—EC
exist.

To understand the effect of EC on the conductivity of

4. For the samples with EC concentration above 20%, the (PEO)LICIO4/EC system, the fi—-EC interaction seems
temperature dependence of conductivity follows VTF be- critical. The addition of EC initially leads to the forma-
havior throughout. tion of LiT—EC complex, which will reduce the fraction

of PEO-Li™ complex and increase the flexibility of PEO

The Arrhenius type and VTF empirical form can be ex- chains. The increase in flexibility is reflected in a decrease

pressed as in Ty, which is the reason why the room temperature con-
5 — 6o ex —Ea (5) ductivity increases with the addition of EC plasticizer. Al-
0€Xp RT though the competition interactions among PEO',Land
EC exist, the LT—EC interaction is weaker than PEOZLi
5 — A exp( —Ep ) (6) It is to say that EC is not a good competitor against PEO for
T2 K(T —Top) complex formation with Lt cation [24]. At low EC con-

centration, there is a little effect on the fraction of PEOELI
complex. The thermal activation still dominates the ionic
conductivity at low temperature, whereas at high tempera-
ture the transport of ions is coupled to the segmental motion
of the polymeric chains. With the further increase of EC,
PEO-Li*—EC complex increases until to a saturation level.
During this stage, Lf ion may prefer to conduct through
these new paths because the medium is less viscous, thus en-
hancing mobility of ion [40]. Under this situation, the ionic
transport depend on the motions of the coupling of charge
carries with the polymeric segments, and the temperature
Olplependence conductivity follows the VTF type behavior.

wheredg and A is the conductivity pre-exponential factor,
andE, andEy, the activation energy of ionic conduction for
Egs. (5) and (6), respectivelly is the thermodynamic glass
transition temperature which is usually 50 K lower than the
glass transition temperaturgg [38]. K is the Boltzmann
constant. The VTF plots of logT%/?) vs. reciprocal T — To)

for (PEO)6LiCIO4/x-EC with x = 20, 30, 35, 40, and 50%
were shown in Fig. 5. The straight lines indicate clearly that
the temperature dependence of conductivity obeys the VTF
relationship.

The enhanced ionic conductivity of the plasticized SPE
can be understood by the interactions among PEO, EC, an
LiCIO4. The oxygen of €O in EC is an electron donor
which can enter in competition with CO and PEO. The

. : ) . o 4. Conclusion
interactions can be summarized as follows: ion—ion inter-

The effects of plasticizer EC for (PEQ).iCIO4/EC sys-
tem are analyzed in two aspects. The first is focused on the
AC impedance spectra. With the increase of EC concentra-
tion, the semicircle in high frequency range vanishes and at
the beginning of the addition of EC the slope of the straight
line in low frequency decreases. The change of the semicir-
cle in high frequency range is due to the limitation of the
experiment instrument, but the decrease of the straight line
in low frequency range is attributed to the characteristics of
electrolyte/electrode interface. The experiment data can be
interpreted using an equivalent circuit proposed.

The second is the enhanced ionic conductivity. The
temperature-dependence conductivity plots in high tem-
perature range show the VTF behavior, but in the low
temperature range the plots change to VTF form from
the Arrhenius behavior with increasing of EC concentra-
tion. In (PEO)6LICIO4/EC system, the interactions among
LiT—ClO4~, LitT—PEO, and Lf—-EC will cause three

a- (PEO), LiCIO,-EC(20%)
b- (PEO), LICIO -EC(25%)
¢- (PEO),LiCIO -EC(30%)
d- (PEO), LICIO,-EC(40%)
e- (PEO), LiCIO -EC(50%)

|g(8T1/2) (Q-1 cm-1 K1/2)

1000/T-T, (K™)

Fig. 5. VTF plots of log§TY/2) vs. reciprocal(T — Tp) for the system
(PEO)6LICIO4—x-EC. Values ofx are: (a) 20; (b) 25; (c) 30; (d) 40; (e)
50%.
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