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Abstract Well-defined star shaped polymers with o-
Cyclodextrin (¢-CD) core linking PMMA-block arms were
synthesized by atom transfer radical polymerization
(ATRP). Gel polymer electrolytes (GPEs) were prepared
by encapsulating electrolyte solution of 1 mol L™' of
LiClO4/EC-PC (volume 1:1) into the obtained star shaped
polymer host. The ionic conductivity of the GPEs and the
cycling characteristics of LiCoO,/GPEs/Graphite cell were
studied by electrochemical impedance spectroscopy and
charge-discharge testing, respectively. The results indicate
that the GPEs have a high ionic conductivity up to
1.63 x 107> S cm™' at room temperature and exhibit a
high electrochemical stability potential of 4.5V (vs.
Li/Li*). The discharge capacity of LiCoO,/GPEs/Graphite
cell is about 98% of its initial discharge capacity after
20 cycles at 0.1 C rate. Discharge capacity of the model
cell with GPEs is stable with charge-discharge cycling.

Keywords Gel polymer electrolytes - Star shaped
polymers - a-Cyclodextrin - Lithium ion polymer battery
1 Introduction

A lithium ion polymer battery has high safety because a

solid or gel-type electrolyte is used in the system, which
overcomes the possibility of leakage of a liquid electrolyte.
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The high-rate and low-temperature performance decrease
because the ionic conductivity of such electrolytes is low.
Therefore, new types of advanced lithium ion battery with
Gel polymer electrolytes (GPEs) have been studied to
provide high power density and take advantage of the leak-
free characteristics [1-4].

Recently, poly (methyl methacrylate) (PMMA) has been
widely studied in the field of GPEs. It has good compati-
bility with the liquid electrolytes, leading to good
absorbing ability of the carbonate-based liquid electrolytes
[5-8]. Previous studies show that PMMA-based gel elec-
trolytes could be achieved by immobilizing the solution
[the solution of an inorganic salt (LiClO4, NaClO,) in an
aprotic solvent (propylene carbonate)] in a polymer matrix.
However, ionic conductivity was relatively low at ambient
temperature. The low conductivity can be attributed to the
low motion of Li*, which originated from the complex
effect of the carbonyl group and the low motion of polymer
chain segment. Up to date, many attempts have been done
to improve the ionic conductivity of PMMA-salt systems,
such as modification of the composition of PMMA-salt
systems by the addition of nanoparticles [9-13], modifi-
cation of the structure of PMMA system by blending them
with other polymers [14—16], copolymers [17-19]. A series
of star polymers with new topology have been synthesized
with the development of polymeric technology, such as
ATRP. Its low glass transition temperature endowed a good
chain segment motion capacity, with potential to increase
the ionic conductivity [20-22].

Cyclodextrins (CDs) are cyclic molecules consisting of
six to eight glucose units linked through 1-4 linkages. They
form a conical cage with a hydrophobic cavity and a
hydrophilic border, appealing to investigators in both pure
research and applied technologies. Recently, Madhavan
reported its nanoporous structure with pore sizes between
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0.5 and 0.9 nm facilitating ion transportation and it could
be used as ion channel [23]. Moreover, the CDs can be
modified by esterification or etherification reactions
with groups at the 2- and 3-positions (the secondary
hydroxyl groups) and at the 6-positions (the primary
hydroxyl groups) in the glucopyranose ring.

In this paper, the GPEs based on a novel star network
polymeric host with ¢-CD core linking PMMA-block arms
are reported. Firstly, a well-defined star polymer with o-CD
core linking PMMA-block arms was prepared by ATRP
method initiated by modified «-CD, which was prepared
through an esterification process. Then GPEs were pre-
pared by encapsulating electrolyte solution of 1 mol L™" of
LiCIO4/EC-PC (volume 1:1) into the star shaped polymer
host. The ionic conductivity of the GPEs and the cycling
characteristic of LiCoO,/GPEs/Graphite cell were studied
by electrochemical impedance spectroscopy and charge-
discharge experiments, respectively.

2 Experimental
2.1 Materials

a-Cyclodextrin (analytical grade) was purchased from
Tianjin Chemical Third Factory, and recrystallized twice
before use. 2-Bromoisobutyryl bromide (BIBB) (98%,
Alfa) was freshly distilled at room temperature under vac-
uum. Methyl methacrylate (MMA) was passed through a
column with activated Al,O3 (120-160 mesh) to remove the
inhibitor, stored over CaH,, and then distilled under
reduced pressure before polymerization. LiClO,4 (Shanghai
Chemical Reactants Plant) was dried under vacuum at
100 °C for 48 h. Ethylene carbonate (EC) and Propylene
carbonate (PC) (Shanghai Chemical Reactants Plant) were
purified by distillation under reduced pressure. All other
chemicals were purified according to conventional methods.

2.2 Synthesis of 18-arm functional poly(methacrylate)
star polymer with «-CD-(BIBB);g core by ATRP

The «-CD-(BIBB);g macroinitiator, 18-Arm Functional
Poly(methacrylate) Star Polymers were synthesized in a
stepwise process. The overall synthetic protocol is presented
in Scheme 1. Firstly, the macroinitiator o-CD-(BIBB),g was
synthesized by reacting o-CD with 2-bromoisobutyryl bro-
mide according to the literature [24]. Subsequently, the
PMMA star polymer was prepared by using «-CD-(BIBB)g
and CuCl/bpy complex as macroinitiator and catalyst, respec-
tively, to catalyze atom transfer radical polymerization of
MMA. The molar ratio of a-CD-(BIBB);3, MMA, CuCl,
4.,4'-bipyridine (Bpy) was 1/18:100:1:3. Its structure was
confirmed by '"H NMR (400 MHz, Bruker) spectra
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(CDCl;,chemical shift, ppm relative to TMS): 6 = 0.84-1.25
(3H, —CH3), 3.60 (3H, -COOCH3;), 1.5-2.08 (2H, —CH,-).

2.3 Preparation of GPEs

The gel composition used for the electrolyte was PMMA
Star Polymer: 30/PC:19/EC:46.5/LiClO4:4.5 by mole ratio.
The PMMA star polymer was dried under vacuum at 70 °C
for 16 h before use in the electrolyte. All the components
were transferred to a glove box with an argon atmosphere.
The gels were prepared as follows: the PMMA star poly-
mer was added to the EC/PC solution containing LiClOy,.
The mixture was heated to 40 °C for 2 h, then to 70 °C for
1 h,and finally compressed into a 100-200 pm thick film at
room temperature.

2.4 Electrochemical measurement of GPEs

The GPEs were sandwiched between two stainless steel
backing electrodes, sealed in a module cell in the glove box
and subjected to electrochemical impedance measure-
ments. lonic conductivity (¢) was determined by means of
complex impedance measurements, using an EG & G Po-
tentiostat/Golvannostat M273 in conjunction with a M5210
Lock-in amplifier over the frequency ranging 1 Hz to
100 kHz at an AC amplitude of 5 mV. The samples were
thermally equilibrated at each temperature for at least 0.5 h
prior to measurement. The bulk resistance of the polymer
electrolyte, Ry, can be obtained from the impedance spec-
trum. Thus, the ionic conductivity was calculated from
Eq. 1:

0 =d/(Ry-S) (1)

In this equation, ¢ is the ionic conductivity, Ry, is the bulk
resistance, d is the thickness of the GPEs and S is the area
of the symmetrical electrode, respectively. The electro-
chemical stability window of polymer electrolyte was
checked by linear sweep voltammetry using a stainless
steel electrode as working electrode and a lithium piece as
counter and reference electrode at a scan rate of
10 mV s~

2.5 Preparation of the cell

Lithium cobalt oxide electrodes were prepared by mixing
85 wt% of LiCoO,, 10 wt% of conducting acetylene black
and 5 wt% of binder poly(vinylidene difluoride) (PVdF).
Graphite electrodes were prepared by mixing 95 wt% MCF
(milled carbon fiber) and 5 wt% PVdF. The cell consisted
of the LiCoO, positive and Graphite negative electrodes
separated by the GPEs. All test battery assembly was car-
ried out in an argon-filled glove box, where water and
oxygen concentration were kept to less than 5 x 107°.
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3 Results and discussion
3.1 Properties of the GPEs

FTIR spectra of pure PMMA and PMMA gel electrolytes
are shown in Fig. 1. In PMMA, the C=0 symmetrical
stretch gives a sharp peak at ~ 1,730 cm™', asymmetric
stretching vibrations of C-O-C bond are identified at
~1,240 and ~1,147 cm™}, absorption of (C-O) of the
OCH; group appears at ~ 1,190 cem™ !, and symmetrical
stretch of the C—O bond in the C—O—C linkage of PMMA at
~987 cm™". In the gel electrolytes, the C=0 stretch of
PMMA at 1,725 cm ™! is invisible next to the C=O stretch
of EC and PC molecules interacting with each other (1,797
and 1,771 cmfl). These two peaks of EC and PC interac-
tion arise from a splitting of the non-degenerate C=0 stretch
fundamental of a single molecule (EC or PC) into two
components. Bands of PC similar to PMMA are also seen in
the region between 1,100 and 1,300 cm™!, but precise
assignment of these peaks is difficult. Then (C104_1)
internal mode of the LiClO4 shows one peak at approxi-
mately 624 cm ™" which is assigned to the free anion which
does not interact with the lithium cation. There is no peak at
635 cm™ ' which may be considered as the contact ion pair.
Lithium and perchlorate ions can migrate through the sol-
vent domain surrounding the polymer matrix.

Figure 2 shows an AC impedance spectrum of the
SS/GPEs/SS cell at deferent temperatures. At room

a-CD-(PMMA); 5

pure PMMA ___

GPEs

T T T
3000 2500 2000 1500 1000 500

Wavenumbers lcm"I

Fig. 1 FTIR spectra of pure PMMA and PMMA GPEs

temperature, the intercept on the real axis gives the elec-
trolyte resistance, viz. 15.6 Q. From this value, the ionic
conductivity was calculated to be 1.63 x 107> S cm™'
from Eq. 1, the ionic conductivity of the GPEs at different
temperatures is depicted in Fig. 3. The ionic conductivity
increases with increasing temperature. This behavior can
be understood in terms of the free volume model [25]. As
the temperature increases, the polymer can expand easily
and produce free volume. Thus, ions, solvated molecules,
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Fig. 2 AC impedence spectra of SS/GPEs/SS cell with GPEs
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Fig. 3 Ionic conducticity of the GPEs at various temperatures

or polymer segments can move into the free volume. The
resulting conductivity, represented by the overall mobility
of ions and the polymer, is determined by the free volume
around the polymer chains. Therefore, the free volume
increases as temperature increases. This leads to an
increase in ion mobility and polymer chain segmental
motion that will assist ion transport and virtually com-
pensate for the retarding effect of the ion clouds. As shown
in Fig. 3, the Arrhenius plots of the temperature depen-
dency of the ¢ exhibits convex upward curved profiles, and
fits the Vogel-Tamman-Fulcher (VTF) equation (2) for
such electrolytic materials,

oT'/? = Aexp(—E,/R(T — Ty)) (2)

where A is a fitting parameter, E, is activation energy, R is
the gas constant, T, is often related to equilibrium glass-
transition temperature (T,—50 K), respectively.
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Fig. 4 Linear sweep voltammmetry of GPEs

Figure 4 shows the linear sweep voltammmetry plots of
the polymer electrolytes. It was found that the current flow
in the GPEs was very small when the voltage was below
4.5 V (vs. Li/Li"), indicating that no decomposition of the
components of polymer electrolyte occurs below this
potential. Oxidation occurs at potentials higher than 4.75 V
(vs. Li/Li"). There is no problem with the electrochemical
stability, because the charging voltage for a lithium ion
battery is about 4.2 V. These results suggest that the as-
prepared GPEs are very suitable for applications in lithium
ion batteries.

3.2 Cell performance
The discharge curves obtained at different current rates are

shown in Fig. 5. Polarization increases as the current rate
increases, which results in a decreasing capacity. The

Cell Voltage IV

2.8 T T T T d T i T T T g T ) T
0 20 40 60 80 100 120 140

Discharge Capacity /(mAh g'1)

Fig. 5 Typical discharge curves for LiCoO,/GPEs/graphite cell at
various current densities at 25 °C
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Fig. 6 Discharge capacity upon cycling for LiCoO,/GPEs/graphite
cell at 0.1 C rate at 25 °C

discharge capacity based on the weight of the cathode Li-
Co0, is 138.2 mAh g~ at a current density of 0.1 C and
falls to 129.6 mAh g~ ' at 0.5 C. The reduced capacity at
high current rate is due to the lower diffusion rate of lith-
ium ions in the GPEs [26]. The lower diffusion rate of
lithium ions may limit the cycling rate of the LiCoO,/
GPEs/graphite cell. More efforts to improve the high-rate
performance, such as incorporation of highly conductive
liquid electrolyte into GPEs and minimization of the GPEs
membrane thickness are in progress.

Figure 6 shows the discharge capacity as a function of
cycle number for a LiCoO,/GPEs/graphite cell at a current
density 0.1 C. The discharge capacity is 138.2 mAh g~!
for the first cycle and falls to 135.5 mAh g~ after the 20th
cycles, the reversible capacity maintains about 98% of its
initial discharge capacity. The discharge capacity of the
cell with GPEs remains stable for 20 cycles of charging
and discharging. It can be expected that the star polymer
may decrease the interface resistance between the electrode
and the GPEs.

4 Conclusions

Well-defined star shaped polymers were synthesized by the
ATRP method. GPEs were prepared by encapsulating elec-
trolyte solution into the star shaped polymer host. The ionic
conductivity of the GPEs was around 1.63 x 107> S cm™"
at 25°C. The GPEs had good electrochemical stability up to
4.5 V (vs. Li/Li"). Discharge curves of the LiCoO,/GPEs/

graphite cells exhibited well-defined voltage profiles; the
discharge capacity was 138.2 mAh g~ for the first cycle and
fell to 135.5 mAh g~ after the 20th cycle; the reversible
capacity maintained about 98% of its initial discharge
capacity. The discharge capacity of the cell with GPE
remained stable with cycling. These results show that this
kind of polymer electrolyte has potential application in
lithium ion batteries.
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