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ABSTRACT: A group of polyethylene oxide (PEO)LiClOy4-
Liy 3Al 3Ti; 7(PO4); composite polymer electrolyte (CPE)
films was prepared by the solution-cast method. In each film,
EO/LI = 8 and the Lil_3Alov3Ti1_7(PO4)3 content of 15 wt %
were fixed, but the number averaged molecular weight of
PEO (M,,) was altered from 5 to 7 x 10* to 10°,2.2-2.7 x 10°, 3—
4 x 10°% 4-5 x 10° and 5.5-6 x 10°, respectively. Several tech-
niques including X-ray diffraction (XRD), differential scan-
ning calorimetry (DSC), scanning electron microscopy (SEM),
and electrical impedance spectroscopy (EIS) were used to
characterize the CPE films. LiClO, was found to have a strong
tendency to complex with PEO, but Li; 3Al, 3Ti; 7(PO4); was
rather dispersed in PEO matrix. DSC analysis revealed that
the amorphous phase was dominant in the CPE films
although the PEOs before-use was considerably crystalline.

SEM study showed smooth and homogeneous morphologies
of the films with low molecular weight PEO and a dual phase
characteristic for those with high molecular weight PEO. EIS
results indicated that the CPE films are all ionic conductor
and the conducting behavior obeys Vogel-Tamman-Fulcher
(VTF) equation. The parameters in VTF equation were ob-
tained and discussed by taking into considerations PEO mo-
lecular weights and crystallinities of the CPE films. Of all the
films, the one with PEO with the smallest M,, = 5-7 x 10* had
the maximum conductivity, i.e., 1.590 x 107> S em ™! at room
temperature and 1.886 x 10>Scm ' at 373 K. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 102: 42694275, 2006
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INTRODUCTION

In contrast to liquid electrolytes in lithium-ion bat-
teries, solid electrolytes have attracted much atten-
tion because of their advantages over liquid electro-
lytes, such as ease of fabrication, low electrolyte leak-
age, safety and reliability in batteries."™ An ideal
electrolyte for solid state lithium batteries should have
not only high lithium-ion conductivity and large trans-
port number but also a rubbery mechanical perform-
ance to accommodate electrode dimensions changes
during charging and discharging. With such expecta-
tions, polyethylene oxide (PEO) doped with sodium
salts was suggested earlier by Wright and cow-
orkers,”® and was later recognized by Armand et al.,”
potentially applicable in high specific energy bat-
teries and other electrochemical devices. PEO and
other polymers such as polyacrylonitrile (PAN), poly-
methyl methacrylate (PMMA), polyvinylidene fluo-
ride (PVdF), etc., which can form ionic complexes
with metal salts of low lattice energy, particularly
lithium salt,® have been used as a polymer matrix
of solid polymer electrolytes (SPE). It has been also
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evident that lithium ionic transport mainly takes place
in the amorphous phases, and that the conductivity in
amorphous phase was two to three orders of magni-
tude higher than in the crystalline ones in SPE.”'"
Most research efforts, therefore, have been dedicated
to obtain SPE films containing large amounts and sta-
ble amorphous phases to obtain a good flexibility of
the polymer chains favoring the ion transport.

Ceramic powders, such as Al,O3, SiO,, and LizN,
may be added as fillers to improve the ionic conduc-
tivity but to preserve the mechanical strength and
stability of the electrode/electrolyte interface.''™** In-
stead of nonconducting oxides, fast ionic conductors
(FIC), e.g., L11A4A10.4Ge17(PO4)3 and 14Li20-9A1203-
38Ti0,-39P,05 used as fillers in the PEO-based CPE
films and their positive effects on both mechanical
properties and ionic conductivity were reported by
Leo et al. and Zhang et al.1+1e Recently, Lij3Algs-
Tiy 7(PO,); filler effect on (PEO)LiClO, solid polymer
electrolyte was reported by the authors."” The (PEO)-
LICIO4-L113A103T117(PO4)3 CPE films with overall
EO/LI = 8 and 15 wt % Lil.3A10'3Ti1_7(PO4)3 had the
optimum ionic conductivity, i.e., 1.387 x 107> S/cm at
room temperature and 1.378 x 107> S/cm at 373 K."”
This work extends the study to the investigation
of (PEO)LICIO4-L113A103T117(PO4)3 CPE films with
overall EO/LI = 8 and 15 wt % Lil'3A10_3Til'7(PO4)3
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Figure 1 Particle size distribution of the Lij3Aly3Ti;
(POy); salt after ball milling.

but different molecular weight of PEO. The films pre-
paration, their phase composition, thermal behavior,
morphologies, and ionic conductivities are studied.
The effects of PEO molecular weight on all those
mentioned earlier were discussed.

EXPERIMENTAL
Synthesis of materials

The preparation of Lij3Aly3Ti;7(PO,); made from
raw materials Li,COs;, Al,O3, TiO,, and (NH4),HPO,
was based on the method described by Aono et al.'®
Before using, the Lij3Alg3Ti17(POs)s ceramic con-
firmed by X-ray diffraction was proved to be an air-
stable lithium ion conductor of about 10™* S/cm at
room temperature. The ceramic was crashed and
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milled using agate balls in alcohol for 90 h to reach
the particle size distribution (Fig. 1), which has been
thought satisfactory to be incorporated into PEO ma-
trix for this study.'® The fine powder was dried in
vacuum at 120°C for 48 h to get rid of all possibly
attached water molecules.

The PEO polymers with the number average mo-
lecular weights, M,, = 5-7 x 10* (M), 10° (M,), 2.2~
2.7 x 10° (M3), 34 x 10° (M), 45 x 10° (Ms), and
55-6 x 10° (M) supplied by Aldrich Chemicals
were solely dried in vacuum at 50°C for 48 h right
before the preparation of CPE films. Acetonitrile (re-
agent grade) used as the solvent was doubly dis-
tilled and stored over 4 A molecular sieves prior to
use. Anhydrous LiClO, provided by Zhangjianggang
Guotai-Huarong New Chemical Materials, China,
was used as main lithium ion contributor in CPE af-
ter dried at 120°C for 24 h.

Lil.3A10_3Ti1.7(PO4)3, L1C104, and one of the PEO
powders were appropriately weighed to guarantee
the Lij 3Alg3Ti; 7(POy4)3 content of 15 wt % and EO/
Li = 8 in each CPE system, and then introduced to
the above treated acetonitrile in a beaker followed by
stirring at 50-70°C until a homogenous suspension
was formed. The suspension was cast onto a Teflon
plate, and then slowly dried at room temperature.
The final films with the thickness of 150-300 pm
were yielded and dried at 45-50°C in vacuum for
24 h before measurements. Corresponding to each
PEO used, the films were labeled by CPE(1), CPE(2),
CPE(3), CPE(4), CPE(5), and CPE(6), respectively.

Characterization

The phases of various pure PEOs and CPE films
were analyzed in XRD (Bruker-AXS, 30 kV, Cu Ku
radiation with a step width of 0.02°) at room temper-
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Figure 2 X-ray diffraction patterns at room temperature of (A) pure PEO with different molecular weight and (B) LiClO,
and Li; 3Alg3Ti; 7(POy)3 and the different CPE films with fixed EO/Li = 8 and 15 wt % Li;j 3Alp3Ti; 7(POy)s.
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Figure 3 DSC curves of the PEOs with different molecular weights and the CPE films made from these PEO with fixed

EO/LI =8 and 15 wt % Li1_3A10‘3Ti1‘7(PO4)3 content.

ature. The thermographs over —100 to 100°C of the
films were obtained using DSC (Q100 V7.3 Build 249
Instruments) with liquid nitrogen-cooled heating ele-
ment. Each sample to be analyzed on the DSC was
sealed in aluminum pans, and was first heated from
25 to 100°C, and then cooled to —100°C and started
to be measured by heating again to 100°C at a heat-
ing rate of 10°C/min. Morphology observation of the
films was carried out in SEM (Hitachi S-570). Thin
electrolyte films prepared by a solution-cast tech-
nique were mounted onto 1 cm diameter aluminum
plates. Samples were sputter-graphite-coated (20 nm).
The surface morphology of all specimens was exam-
ined at a working voltage of 25 KV. The ionic conduc-
tivity was determined using electrical impedance spec-
trum (EIS) method at some different temperatures.
The CPE film samples were sandwiched between
stainless steel blocking electrodes and placed in a
temperature-controlled furnace. The impedance of the
films was measured using the frequency response an-
alyzer (FRA Solartron model 1255) with a Solartron
model 1287 electrochemical interface over the frequ-
ency range from 1 Hz to 1 MHz.

RESULTS AND DISCUSSION
Phases

Figure 2(A,B) show the XRD patterns of various
pure PEOs, two lithium salts and the CPE films. In
Figure 2(A), two strong peaks at 20 = 19.5° and 23.5°
and minor peaks at 15.08°, 26.24°, 26.94°, 35.3°,
36.26°, and 39.68° are found at all PEOs, suggesting
that all the PEOs are intrinsically crystalline poly-
mers with high crystallinity. Additionally, the X-ray
traces of the CPE films in Figure 2(B) explicitly show
that LiClO4 characteristic peaks at 13.16°, 20.38°,
20.88°, 22.9°, 31.24°, 39.14°, 41.56°, 47°, 49.04°, and

52.04° disappear, and that Li; 3Aly3Ti; 7(PO4)3 charac-
teristic peaks at 14.54°, 20.76°, 24.4°, 25.54°, 29.52°,
32.36°, 33.26°, 36.46°, 44.52°, 47.72°, 50.26°, 55.06°,
57.26°, and 58.9° remain, indicating LiClO, was dis-
solved, ie., complexed with PEO and Lij3Alys
Ti; 7(PO4); was mechanically dispersed rather than
complexed in PEO, the previous of which is in
agreement with the work done by Robitaille and
Fauteux!” and Valllee et al.?*® Meanwhile, the inten-
sities of two main peaks of pure PEO in CPE films
slightly decreases with the decrease in molecular
weight of PEO, suggesting that the degree of crystal-
linity of PEO in the CPE films is low as the mole-
cular weight is low. This will be further discussed in
the following section.

Crystallinity

The DSC thermograms obtained from pure PEOs and
the CPE films are drawn in Figure 3(A,B), respec-
tively. For pure PEOs, only melting peaks and conse-
quently melting temperature (T,) are identifiable.
For CPE films, however, the glass transition temper-
atures can be determined, but the melting peaks do
not show up except for CPE(5) and CPE(6). The

TABLE I
Thermal Properties of PEO with Different Molecular
Weight and the CPE Films

PEO Ty (K) A S em™ K2 E, (eV)
M, 187.65 61.671 0.135
M, 188.8 40.280 0.132
M, 192.73 28.278 0.125
M, 193.16 18.853 0.123
Ms 193.99 16.280 0.122
Ms 194.91 14.410 0.121
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Figure 4 SEM micrographs of the CPE films with different molecular weight of PEO: (A) CPE (1); (B) CPE (6).

possibly defined T, and T,, are marked on Figure 3
and summarized in Table L. It is suggested that the
addition of two lithium salts inhibited the crystalli-
zation of PEO in CPE films so that low molecular
weight CPE(1-4) did not give melting peaks and
high molecular weight CPE(5-6) gave faded melting
peaks. The inhibition of crystallization may favor the
lithium ionic conductivity since the ionic transport
only takes place in the amorphous region of CPE.”"°
On the basis of these curves, the crystallinities (y.) of
them are calculated using the following equations:
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where AH,, cpg and AH,, ppo are the apparent melt-
ing enthalpies per gram of CPE and PEO present in
the CPE, respectively, and AHY. is the heat of melt-
ing per gram of 100% crystalline PEO. T, and T,, of
the pure PEOs and the CPE films as well as their
AHIQEO and AH,,,,pEOZL22 and y, are also summarized
in Table I It is seen in Table I that the crystallinities
of pure PEOs fluctuate around 63 to 74%, but those
of CPE are mostly at zero and 0.425% and 2.26% for
CPE(5) and CPE(6), respectively. Besides that, T, for
CPE(5) and CPE(6), only which have well defined
T,, are much lower than pure PEO.
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Figure 5 (A) Equivalent circuit for the simulation of impedance spectra. (B) The impedance spectra of the CPE films at
room temperature with different molecular weight. (C) The impedance spectra of the CPE(2) films at varied temperatures.
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Figure 6 Ionic conductivities as a function of molecular
weight for the CPE films at various temperatures.

Morphology

The surfaces of all CPE films, which were only PEO
envelopes, were observed in SEM, but only the sur-
face morphologies of CPE(1) and CPE(6) are shown
in Figure 4(A,B), representing completely amorphous
and partial crystalline PEO in the films. The surface
of CPE(1) is smooth, but CPE(6) exhibits dual phase
characteristic, confirming the DSC results that high
molecular weight PEO in CPE film is partially crys-
talline.

Electrical impedance spectra

The electrical impedance spectra of CPE films were
measured at various temperatures. The room tem-
perature impedance spectra of the CPE films with
different PEO molecular weights are shown in
Figure 5(B). The use of ac techniques for classical
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electrochemical measurements has been reviewed by
Armstrong et al.,* but the problem of surface rough-
ness has been ignored. The spectra of each film situ-
ated between two stainless steel (SS) electrodes are
all consist of a depressed semicircle in high frequency
range and a straight line in low frequency range. The
former represents the ionic impedance of the polymer
electrolyte, and the straight line is from the stainless
steel electrodes and can be attributed to the ion diffu-
sion in the polymer electrolyte. The semicircle part of
each spectrum can be molded using an equivalent
circuit in Figure 5(A). The physical meanings of the
elements in this assumed equivalent circuit are as
follows: R, and C; represent the bulk resistance and
the geometrical capacitance of the electrolyte respec-
tively; R, represents the Warburg impedance. The
equivalent circuit is commonly used in the analysis of
impedance spectroscopy because it is simple and can
provide a complete picture of the system.>* Using this
equivalent circuit, R, C, and R,, can be estimated by
superimposing the best fit to the measured spectrum
are shown in Figure 5(B).

The impedance spectra of the CPE(2) films at dif-
ferent temperatures are shown in Figure 5(C). At
higher temperatures (> 323 K), the semicircle shrinks
as a result of its shift to higher frequencies due to the
decrease of the ionic resistance of the polymer elec-
trolyte. In this case, R, was determined using the
intercepting point of the inclined line with Z’ axis.

The ionic conductivity is calculated by

d
where d and A represent the thickness and the area
of the sample, respectively. The conductivity of CPE
film with fixed EO/LI = 8 and 15 wt % Lilv3A10.3Tilv7
(POy4); at different temperatures are plotted against
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Figure 7 Temperature dependent conductivity of the CPE films with fixed EO/Li = 8 and various molecular weight PEO

but 15 wt % L113A103T117(PO4)3 content.
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TABLE II
Fitted Parameters Obtained from Conductivity
Data for the CPE Films

PEO and T, T, AH,, AHY o Yo
CPE ("G ("C) J/g) J/g) (%)
M; - 61.99 129.3 182.52 46.92
M, - 63.85 129.7 188.00 68.99
Ms - 65.46 129.8 192.74 67.34
My - 65.91 131.5 194.07 67.76
Ms - 66.13 136.1 194.71 69.90
Mg - 66.99 145.0 197.25 73.51
CPE(1) _55.35 - - 182.52 -
CPE(2) 5420 - - 188.00 -
CPE(@3) —50.27 - - 192.74 -
CPE(4) —49.84 - - 194.07 -
CPE(5) —49.01 32.78 0.827 194.71 0.425
CPE(6) —48.09 35.73 4.450 197.25 2.256

PEO molecular weight in Figure 6. For the CPE films,
when the temperature increases, the ionic conductivity
mainly increases because the crystallinity is severely
damaged after the addition of Li; 3Aly3Ti; 7(POy4)3 and
LiClO;4 to PEO. After temperature increases above T,
the disappearance of crystalline phase and conse-
quently the increase of amorphous regions in the CPE
films make ionic conductivity high. For the CPE(1-4)
films, the increase of ionic conductivity with increasing
temperature is attributed to higher and higher ionic
mobility in amorphous phase because there are no T,
as shown in DSC studies. Additionally, the ionic con-
ductivity of the film is low as the molecular weight of
PEO in the film is high. CPE(1) with the smallest mole-
cular weight has the highest conductivity, i.e., 1.590
x 107 S cm ™! at room temperature and 1.886 x 10>
Sem™'at373K.

To further study the temperature dependence of
the conductivity, two plots are drawn in Figures
7(A) and 7(B), respectively. One is log ¢ vs. 1000/T
and another is log o T~% vs. 1000/ T, corresponding
to Arrhenius relationship and Vogel-Tammann-
Fulcher (VTF) equation®’ i.e., eq. (4), respectively.

o = AT V2 exp[—E,/kg(T — Tp)] (4)

where kg is the Boltzman constant, T, is a reference
temperature, which is usually 30-50 K lower than
Tg.zs_30 It can be seen that VIF equation fits better
than the Arrhenius relationship, and is thus adopted
to describe the ionic conduction behavior of the CPE
films in this study.

By fitting the conductivity data to eq. (4), To, A,
and E, were obtained and are summarized in Table
II. The VTF equation applied to polymer electrolytes
has been discussed by Berthier et al.” The preexpo-
nential factor, A, is proportional to the number of
ionic charge carriers. The pseudoactivation energy E,
reflects the energy characteristics combining various
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ion—-polymer and ion-ion interactions, and is con-
trolled by many factors, such as lattice energy of the
salt, complexation degree, concentration, crystallin-
ity, dielectric constant, etc. In Table II, A decreases
while T, increases, but E, does not change much
with increasing molecular weight of PEO. These sug-
gest that the number of ionic charge carriers reduces,
the PEO matrix becomes less flexible, but the ion-
polymer and ion-ion interactions are basically the
same with the increase in PEO molecular weight.

CONCLUSIONS

As composite polymer electrolytes, (PEO)LiClO4-Li; 5
A10_3T11_7(PO4)3 (15 wt % Li1.3A10_3Tili7(PO4)3 and
EO/Li = 8) films with the number averaged mole-
cular weights of PEO of 5-7 x 10%,10°,2.2-2.7 x 10°, 3-
4 x 10° 4-5 x 10° and 5.5-6 x 10°, respectively, can be
successfully prepared using solution-cast technique.
XRD study suggest that PEO matrix was largely com-
plexed with L1C104 rather than Lil_3A10.3Ti1_7(PO4)3.
DSC results indicate that the amorphous PEO with
LiCIO4 complexed dominates in these CPE films
after the addition of LiClO, and Li; 3Aly3Ti; 7(POy4)s
although the PEO-used are highly crystalline. The
PEO enveloped surfaces observed in SEM exhibited
smooth and homogeneous morphologies for the
films with relatively low molecular weight of PEO
and a dual phase (amorphous and crystalline) char-
acteristics with high molecular weight. The analysis
of EIS evidences that the ionic conductivity of CPE
film is low as the molecular weight of PEO in the
film is high. The conductivity of the film with PEO
of M, = 5-7 x 10* the smallest in this study, is
1.590 x 107> S cm ! at room temperature and 1.886
x 107 S cm ™! at 373 K. The ionic conducting behav-
ior of the CPE films obeys VTF equation, which is

o = AT V2 exp[—E,/kg(T — Tp)]

A decreases while T increases, but E, does not change
much with increasing molecular weight of PEO.
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