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Abstract

A comb-like polymer was prepared by copolymerization of acrylonitrile and poly(ethylene glycol-methyl methacrylate) (PEGMEM). The
copolymer was mixed with a propylene carbonate plasticizer and LiClO, to form a gel polymer electrolyte (GPE). "Li solid-state NMR analysis
was used to elucidate interactions between the lithium ions and unpaired electrons on the gel polymer groups. 'Li magic-angle spinning NMR and
Fourier-transform infrared spectroscopy revealed that the PEGMEM segment could promote dissociation of the lithium salt. Differential scanning
calorimetry was used to study the thermal behavior of GPEs of different compositions. The conductivity increased with PEGMEM content.
Furthermore, the conductivity of GPE based on a comb-like copolymer exceeded that based on polyacrylonitrile (PAN) with the same composition
(polymer/plasticizer 50:50 wt.%). Notably, the highest conductivity of the copolymer/plasticizer 50:50 wt.% system (2.51 x 1073 Scm™') was

close to that for the PAN/plasticizer 20:80 wt.% system (1.90 x 107> Scm™!).

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since Wright and others found that poly(ethylene oxide)
(PEO) dissolved salts and had an ionic conductivity of 103
to 1077Scm~! at ambient temperature [1,2], solid poly-
mer electrolytes (SPEs) have attracted considerable attention
because of their potential application to various electrochemical
devices. A novel polymer material with high ionic conduc-
tivity, good mechanical properties and thermal stability for
technological application is desirable. However, the conductiv-
ity of the polymer electrolyte must reach 1 x 1073 Scm™! for
practical applications. Unfortunately, most SPEs do not reach
this value. Therefore, polymer—solvent—salt-based electrolytes
were developed. These electrolytes, called gel polymer elec-
trolytes (GPEs), have higher conductivity than SPE systems.
They retain not only the high conductivity of the liquid elec-
trolyte, but also the good mechanical properties of the polymer
matrix.
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Among GPEs, the polyacrylonitrile (PAN)-based system has
been investigated extensively because of its high conductiv-
ity at room temperature and dimensional stability. However,
to achieve good conductivity, more plasticizers must be added
to the system [3], which reduces the mechanical strength of
GPE:s. In addition, according to the literatures [4,5], plasticizers
are the origin of the continuous growth of a passivating layer
through reaction with the Li electrode. Therefore, a GPE matrix
is required to solve these problems.

Recently, comb-like polymers with oligomeric PEO in their
side chains have attracted interest for use in polymer electrolytes
[6-11]. Since the pendant PEO side chains alter the matrix
flexibility, fast side-chain motion increases the mobility of the
dissolved ions and thus improves their conductivity. The high-
est conductivity for solvent-free comb-like polymer electrolytes
at ambient temperature is approximately 107> Scm™!. There-
fore, introducing a comb-like PEO into GPEs can decrease the
plasticizer content required and maintain the conductivity at
>103Scem™!.

High conductivity and favorable mechanical properties have
to be considered in preparing a polymer electrolyte for practi-
cal applications. In our previous study, a comb-like PEO was
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Scheme 1. The reaction equation for poly(AN-co-PEGMEM) copolymer.

introduced into PAN to form a good SPE matrix [11]. How-
ever, it did not have higher conductivity, although it did exhibit
better mechanical properties. In the present study, the copoly-
mer was further used in a GPE to achieve good conductivity
with low-plasticizer content, as well as good mechanical prop-
erties. Copolymers of various compositions were synthesized
for the GPE matrix. Differential scanning calorimetry (DSC),
"Li magic-angle spinning (MAS) NMR and ac impedance mea-
surement were used to investigate the effects of the PEO side
chains in GPEs.

2. Experimental
2.1. Materials and experimental procedure

As shown in Scheme 1, the copolymers were synthesized by
radical polymerization in a 500-ml four-necked round-bottom
flask equipped with an anchor-propeller stirrer under a nitrogen
atmosphere. Monomers poly(ethylene glycol-methyl methacry-
late) (PEGMEM; Aldrich) and acrylonitrile (AN; Fluka) at
molar ratios of 1:0.01, 1:0.05 and 1:0.11, 50 wt.% dimethylfor-
mamide (DMF; TEOIA Co. Ltd.) and 50 wt.% distilled water
were mixed together. Potassium persulfate (KPS; Fluka) was
used as the initiator. The reaction temperature was controlled at
60 £ 0.5 °C using a thermostatic water bath. After 24 h of poly-
merization, the flask was cooled to ambient temperature. The
products were extracted in toluene and finally dried under vac-
uum in an oven. The copolymers are denoted as AP1, AP2 and
AP3, as shown in Table 1.

Lithium perchlorate (LiClOg4; Fluka) was dried in a vacuum
oven prior to use. Propylene carbonate (PC; Fluka) was distilled
twice and stored in a dry box. Hybrid films were obtained by
dissolving the copolymer, LiClO4 and PC at 90 °C, then casting
the solution onto a polytetrafluoroethylene (PTFE) substrate.
Films were then heated in a vacuum oven at 80 °C to remove
excess PC.

2.2. DSC thermograms

Thermal analysis of the GPEs was carried out in a Dupont
DSC 2910 differential scanning calorimeter at a heating rate of
10°Cmin~! from —150 to 150 °C.

Table 1
Composition of copolymers from elemental analysis

Polymer Elemental analysis Copolymer molar ratio
(C/N/H) (AN/PEGMEM)

AP1 64.39:20.48:6.41 1:3.12 x 1072

AP2 61.31:13.81:7.33 1:10.18 x 1072

AP3 59.46:9.49:7.82 1:19.90 x 1072

2.3. Solid-state NMR measurements

"LiMAS NMR spectra with power decoupling were recorded
on a Bruker AVANCE-400 NMR spectrometer equipped with
a 7-mm double-resonance probe operating at 400.13 MHz for
'H and 155.5MHz for Li. Typical NMR experimental con-
ditions were as follows: 7/2 pulse length, 4 s; recycle delay,
30-150 ws; 'H decoupling power, 65 kHz; and spinning speed,
3 kHz. Chemical shifts were externally referenced to LiCl solu-
tion at 0.0 ppm.

2.4. Infrared spectroscopy

Fourier-transform infrared (FT-IR) spectra were recorded at
room temperature using a Bio-Rad FI-IR system coupled to
a computer. The resolution was 2cm~! and 64 scans were
recorded for each spectrum in the range 400—4000 cm™!

2.5. Conductivity measurements

The ionic conductivity of the GPEs was determined using
an electrochemical cell consisting of the electrolytic film sand-
wiched between two stainless steel electrodes. The cell was
placed inside a thermostat under an Ar atmosphere. Impedance
analysis was recorded from 30 to 90 °C using Autolab PGSTAT
30 equipment (Eco Chemie B.V., Netherlands) with frequency
response analysis (FRA) software using an oscillation potential
of 10mV from 100 kHz to 10 Hz in a thermostatic cell.

3. Results and discussion
3.1. Copolymer characteristics

Copolymers of various compositions were synthesized by
free radical copolymerization of PEGMEM and AN. Fig. 1
shows FT-IR spectra of the copolymers AP1, AP2 and AP3.
All spectra display peaks at 2875, 1730, 1112 and 2242 cm™!
because all the copolymers contain —CHj3, carbonyl ester,
—CH,-0O-CH,- and —C=N groups. Notably, the intensities of
the carbonyl ester and -CH,—O—CH,— peaks increased with the
PEGMEM content, which is consistent with the elemental analy-
sis of the copolymers shown in Table 1. Consequently, the FT-IR
spectra and elemental analysis reveal that copolymers with AN
and PEG on the side chain were successfully synthesized.

Fig. 2 displays DSC thermograms of the copolymers. AP3
shows a low-temperature endothermic transition at —41°C
and a high-temperature endothermic transition at 62 °C, which
correspond to Ty for the PEGMEM and AN segments in
the copolymers. The low-temperature T, value substantially
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Fig. 1. FT-IR spectra of composite copolymers: (a) AP3, (b) AP2 and (c) AP1.
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Fig. 2. DSC thermograms of polymers: (a) AP3, (b) AP2 and (c) API.

exceeds that of PEGMEM homopolymer (approx. —58 °C)
and the high-temperature T, value is lower than that of PAN
homopolymer (approx. 90 °C). These results indicate that the
copolymers exhibit a certain degree of mixing of PEGMEM
and AN segments.

3.2. Lithium ion environment in the gel polymers

Different complexes can be formed by the interaction of dif-
ferent coordination sites of gel polymers with lithium ions, as
indicated in Scheme 2. Li* ions can interact with the oxygen
atom of the ether groups, the N atom of C=N groups, and PC.
In the present study, 'Li MAS NMR was used to elucidate the
interaction of lithium ions with PC, the AN segment and the PEO
side chain of PEGMEM. Fig. 3 shows variable-temperature ’Li
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Scheme 2. Schematic representation of complexes formed by the interaction of
Li*.
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Fig. 3. Variable-temperature 'Li proton-decoupled MAS NMR spectra of
AP2/PC 50:50 wt.% doped with 0.25 mmol LiClO4 g~! polymer.

proton-decoupled MAS NMR spectra for AP3/PC 50:50 wt.%
doped with 0.5 mmol LiClO4 g~ polymer. The spectrum reveals
that more than one resonance peak due to various Li* local envi-
ronments can be discerned at lower temperatures. An increase
in temperature shifted these resonance peaks, which eventually
combined to form a single-resonance peak. As discussed in the
following section, three resonance sites (1, 2 and 3) are assigned
to Li* ions coordinated to PC, the ether oxygen atom in the
PEO side chain, and the nitrogen atom on C=N groups, respec-
tively. Unlike classical peak merging, which involves a two-site
exchange process, the above merging process not only involves
a three-site exchange process, but probably also exhibits a
temperature-dependent site preference [12—14]. Since three res-
onance peaks are observed at lower temperatures, the frequency
of the exchange process must be greater than the separation of
the resonances for effective exchange to occur. At higher temper-
atures, cation exchange occurs faster than the NMR time scale,
resulting in a single-resonance peak with a chemical shift that
is the weight average of the individual components.

Fig. 4 shows solid-state 'Li NMR spectra for various
salt concentrations, obtained at 223 K. Deconvolution of the
NMR spectra revealed a mixture of Lorentzian/Gaussian lines
for all three resonance peaks. According to literature reports
[12,15-17], site 1 is associated with coordination between PC
and Li* ions. Site 2 is attributed to coordination between oxygen
atom on the ether groups and Li* ions, while site 3 is related to
coordination between C=N groups and Li*. At a doping level
of 0.25 mmol LiClO4 g~! polymer, site 2 showed the highest
intensity resonance peak in the system, indicating that Li* ions
are preferentially coordinated to site 2. The ether oxygen atom in
the PEO side chain interacts with the Li* ions more strongly than
the PC and C=N groups because of the higher donor number of
the oxygen atom on PEO. The peak intensities for sites 1 and 3
normalized to the intensity for site 2 increase as a function of the
salt concentration, as shown in Fig. 4. Notably, the peak intensity
of site 1 is higher than that for site 2 at a doping concentration of
1.0 mmol LiClO4 g~ ! polymer, indicating that as the salt con-
centration increases above 1.0mmol g~! polymer, the amount
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Fig. 4. Deconvolution of "Li proton-decoupled MAS NMR spectra at 223 K
for AP2/PC 50:50 wt.% doped with (a) 0.25 mmol LiClO4 g’l, (b) 0.5 mmol
LiClO4 g7, (c) 1.0mmol LiClO4 g !, and (d) 2.0 mmol LiClO4 g ! polymer.

of Li* ions dissociated by the PEO side chain approaches satura-
tion. Therefore, the excess Li* ions then coordinate to PC. This
result also affects the GPE thermal characteristics, as confirmed
by DSC and discussed below.

Dissociation of the lithium salt is an important parameter
that determines the ionic conductivity of the electrolyte. FT-
IR is a good tool for probing the degree of dissociation of the
lithium salt in different polymer electrolytes. Fig. 5 shows the
580-680cm™~! range of the FT-IR spectrum of the GPE con-
taining 3.0 mmol LiC10O4 g~ ! polymer. The absorption peak can
be separated into two components that are centered at 624 and
640cm™!, According to the literatures [18,19], the 624 cm~!
band can be attributed to free C104~ and the 640 cm™~! band to
ion-pair formation or contact of C1O4~ with Li*. The ratio of the
areas of the peaks at 624 and 640 cm™! represents the degree of
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Fig. 5. FT-IR spectra of the perchlorate anion v4 band in polymer/PC 50:50 wt.%
with LiClO4 (3 mmol g’1 polymer): (a) PAN, (b) AP, (c) AP2 and (d) AP3.

ionization of the lithium salt in the polymer electrolyte. In addi-
tion, Fig. 5 reveals that LiClO4 dissociation increased with the
PEGMEM content, indicating that PEGMEM can improve the
dissociation of lithium salt in electrolytes, and thus the number
of charge carriers increases in the system.

3.3. Thermal characteristics

It has been reported that dissociation of lithium salts by
groups on polymers occurs via the coordination of Li* ions to
unbonded electrons of these groups. Many studies [6,20] have
investigated the effect of such coordination on the Ty of poly-
mers. In the present study we employed DSC to elucidate the
effect of LiClO4 on GPE thermal transitions. Fig. 6 presents
DSC thermograms of the GPEs based on AP3 copolymer with
various concentrations of LiClO4. Because of the PC plasticizer,
a strong glass-transition step is observed at low temperature. A
higher glass-transition temperature is also observed. The tran-
sition at lower temperature is assigned to the Ty of PC, and
that at higher temperature is assigned to T, of the AN segment.
However, the T, of PEGMEM is not present in the DSC curve,
perhaps for two reasons. First, the PEGMEM T, may be masked
by the range of the glass-transition step for PC. Second, the
PEGMEM content is lower than the PC and AN contents, so
the transition temperature of PEGMEM is not easily observed.
Fig. 7 displays T, values for the different compositions investi-
gated. Ty for PC and AN increase with the LiClO4 concentration,
indicating that Li* cations are solvated by PC and the C=N
group of the AN segment. The interaction between Li* ions and
polar groups partially impedes local motion of the polymer seg-
ment and the PC molecule through the formation of transient
crosslinks, increasing 7.

The change in T, for the GPEs exhibits another interesting
phenomenon. Fig. 7(a) shows that at low-LiClO4 concentration,
the T, of PC in the API system varies markedly with LiClO4
concentration; however, Ty remains almost invariant at higher
LiClO4 concentrations. The AP3 system does not exhibit this
phenomenon. Moreover, the variations with LiClO4 concentra-
tion in the AP1 and AP3 systems are opposite, revealing that
PEGMEM can increase the dissociation of the lithium salt. In
the AP1 system, the lithium ion is mainly coordinated to PC. As
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Fig. 6. DSC thermograms for AP3/PC 50:50 wt.% doped with various LiClO4
concentrations: (a) 0.0 mmol g_], (b) 0.25 mmol g_1 , (¢) 0.5mmol g_l, (d)
1.0mmol g~!, (e) 2.0 mmol g~!, and (f) 3.0 mmol g~! polymer.
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Fig.7. Ty of (a) PCand (b) AN segment as a function of the LiC1O4 concentration
for polymer/PC 50:50 wt.%: () AP3, (O) AP2, and (A) API.

the LiClO4 concentration increases, the amount of Li* that is
dissociated by PC reaches saturation. Hence, the T, of PC does
not increase with the LiClO4 concentration above a certain level
in the AP1 system. In the system with higher PEGMEM content,
the PEGMEM interacts with Li* ions, as confirmed by TLi MAS
NMR and FT-IR. Therefore, the amount of Li* dissociated by
PC does not easily saturate, and the T, of PC increases slightly
with the LiClO4 concentration, even at low levels, in the AP3
system.

3.4. Ionic conductivity

The ionic conductivity of GPEs was measured using two
stainless steel electrode plates at different temperatures to study
the conduction behavior of charge carries in the gel copolymer.
Several researchers have reported on the ionic conductivity of
comb-like polymer electrolytes [6,20-22] and PAN-based GPEs
[3,23-25]. Conductivity varies with temperature according to
either the Vogel-Tamman—Fulcher relationship (VTF; Eq. (1))
or the Arrhenius relationship (Eq. (2)), depending on the lim-
its of the temperature range over which the conductivity was

(a) AP3
4

274

Ino (S cm?)

-8 T T T T T T
2:7 2.8 29 3.0 3.1 32 33
1000/T(1/K)
(b) AP2
-5.0
554
-6.04
-6.54
1.0
g
[¥]
w0, 7.5
b
£ g0l
-8.54
-9.04
9.3 H T T T T T T T T T T T
2.7 28 29 3.0 3.1 32 33
1000/T(1/K)
(c) API
-6.04
-6.5
-7.0
-7.5
2
= 804 "
-8.54
904
-054
! T T T ¥ T i T T T T T
2.7 28 29 3.0 3 32 33
1000/T (1/K)

Fig. 8. Arrhenius plots of ionic conductivity for composite gel-type electrolytes
polymer/PC 50:50 wt.% doped with various LiClO4 concentrations: (H) 0.25,
(O) 0.5, (0) 1.0, (A) 2.0 and (x) 3.0mmol g~ ! polymer.



Y.-H. Liang et al. / Journal of Power Sources 176 (2008) 340-346 345

Table 2
Activation energy range for conductivity of the gel polymer electrolytes calcu-
lated from the Arrhenius equation

E, (kImol ™)
Composition: polymer/PC 50:50 wt.%
AP1 26-34
AP2 25-32
AP3 19-24
measured:
—1/2 B
o=AT exp —E(T — To) @))]
Fe @)
o=o0pexp|——
0 €Xp T

where A is a constant that is proportional to the number of carrier
ions; B denotes the pseudo-activation energy associated with
the motion of the polymer; & is the Boltzmann constant; E; is
the activation energy; Ty is a reference temperature (normally
associated with the ideal T at which the free volume is zero, or
with the temperature at which the configuration entropy becomes
zero) [23].

Fig. 8 shows an Arrhenius plot for the electrolyte samples.
For all systems, the plot of the ionic conductivity against the
reciprocal absolute temperature is linear, confirming that the
conductivity follows an Arrhenius relationship with temperature
in this temperature range. The Arrhenius relationship indicates
that the charge carriers are decoupled from the segmental motion
of polymer chain, and the conductive environment of Li* ions
in the GPEs is liquid-like, remaining uncharged in the mea-
surement temperature range. E, values for the conductivity of
the GPEs were calculated from the Arrhenius equation, and are
listed in Table 2. Results for E, conform to the above discussion.
The PEO side chain promotes dissociation of the lithium salt in
the GPEs. Therefore, E, decreases as the PEGMEM content
increases.
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Fig. 9. Ionic conductivity vs. LiClO4 concentration for polymer/PC 50:50 wt.%:
(H) PAN, (O) AP1, (OJ) AP2, (o) AP3 and (x) PAN/PC 20:80 wt.%.

Fig. 9 presents the ionic conductivity of all the GPEs stud-
ied. The conductivity substantially increases with the number
of PEGMEM units in the copolymer. At higher PEGMEM con-
tent, the conductivity increases rapidly, even at high LiClO4
concentrations, indicating that the PEGMEM unit can increase
the dissociation of the lithium salt and reduce the aggregation
of ions in the GPEs, as mentioned above. Thus, the AP3 system
exhibits the highest conductivity, 2.51 x 1073 S cm™!, which is
one order of magnitude greater than that of the PAN system of the
same composition. Notably, the ionic conductivity of AP3/PC
50:50 wt.% 1is close to that of PAN/PC 20:80 wt.%.

4. Conclusion

GPEs were synthesized from poly(AN-co-PEGMEM) com-
plexes with PC. LiClO4 was added as the lithium salt to study
the conductivity of the GPEs. "Li MAS NMR revealed that the
Li* ions interact with PC and with -C—~C-O- and C=N groups
in the gel polymer. DSC indicated that the PEGMEM content
and the LiClO4 concentration affect the thermal characteristics
of the GPEs. Moreover, the maximum conductivity observed in
this study was better than that of a typical PAN-based system
of the same composition. Taken together, these results demon-
strate that PEGMEM in the copolymer can increase the number
of charge carriers, improving the GPE conductivity.
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