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ABSTRACT: Novel gel network polymer electrolytes
containing fluorine and sulfonic acid lithium were pre-
pared by the ultraviolet polymerization of poly(ethylene
glycol) dimethyl acrylate, 2-acrylamido-2-methyl propane-
sulfonic acid, and trifluoroethyl methacrylate. The network
polymer was activated with 1.0M LiPF6/ethylene carbonate/
dimethyl carbonate solutions (ethylene carbonate/dimethyl
carbonate 5 1 : 1 v/v) to prepare gel network polymer
electrolytes. The characteristics of the polymer networks,
including the gel fractions, thermal stability, liquid electro-
lyte uptake, and electrochemical properties, were studied.
When the poly(ethylene glycol) dimethylacrylate/2-acryla-
mido-2-methyl propanesulfonic acid/trifluoroethyl methac-

rylate weight ratio was 60 : 35 : 5, the network polymer
electrolytes showed the highest liquid electrolyte
uptake (144%) and ionic conductivity (ca. 1023 S/cm)
at room temperature (258C). The network polymer
electrolytes were electrochemically stable up to 5.0 V
versus Li1/Li. The excellent performances of the net-
work polymer electrolytes suggest that they are suitable
for application in high-performance lithium-ion batteries.
� 2008 Wiley Periodicals, Inc. J Appl Polym Sci 108: 2509–2514,
2008
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INTRODUCTION

In the past few years, lithium-ion batteries using
polymer electrolytes have been known as a preferred
power source for various applications because of
their high energy density, long life cycle, and mem-
ory-free effect.1–3 The development of polymer elec-
trolytes having high room-temperature ionic conduc-
tivity, excellent electrochemical stability, and good
mechanical properties represents a crucial step in the
evolution of polymer electrolytes for lithium-ion bat-
teries. Solid polymer electrolytes typically show con-
ductivities below 1025 S/cm at room temperature,4

whereas the requirement for applications in lithium-
ion batteries is at least 1023 S/cm. Conductivities in
this range can be reached by the preparation of gel
polymer electrolytes. Poly(ethylene oxide) (PEO) and
poly(vinylidene fluoride) (PVDF) are two kinds of
gel polymer electrolytes widely explored by many
researchers.5–9 A significant drawback of PEO-based
polymer electrolyte systems is their insufficient me-
chanical properties. Various approaches involving
the addition of ceramic fillers/additives and polar

plasticizers have been attempted.10–12 PVDF-based
polymer electrolytes have also been widely studied
for rechargeable lithium-ion batteries because of
their excellent mechanical and chemical stability.13,14

However, their applications are limited by their poor
ability to absorb the liquid electrolyte. One method
has often been used to overcome this problem: trap-
ping the solution in a microporous PVDF matrix.15

However, developing dimensionally stable polymer
electrolytes with high ionic conductivity, especially
at room temperature, is still an important research
topic.

In this study, a simple method of ultraviolet (UV)
polymerization was used to synthesize network
polymer electrolytes having segments with high sol-
vent retention. Poly(ethylene glycol) dimethyl acry-
late (PEGDMA) was used as a chemical crosslinker
to improve the dimensional stability of the polymer
electrolyte. Generally, the ability of a polymer to
absorb and retain the electrolyte solution is crucial
for gel polymer electrolytes. Therefore, 2-acrylamido-
2-methyl propanesulfonic acid lithium (AMPS–Li),
which has a good affinity for liquid electrolytes, was
incorporated into the networks to achieve high ionic
conductivity.16 Trifluoroethyl methacrylate (TFEM)
was chosen to increase the mechanical properties
and chemical stability.17,18 This is illustrated in
Scheme 1.
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EXPERIMENTAL

Materials

PEGDMA (number-average molecular weight � 536)
was obtained from Yantai YK Chemical Engineering
Co., Ltd. (Shandong Province, China). 2-Acrylamido-
2-methyl propanesulfonic acid (AMPS) was pur-
chased from Shandong SQ Chemical Engineering
Co., Ltd. (Shandong Province, China). TFEM was
purchased from Xeogia Fluorine-Silicon Chemical
Co., Ltd. (Heilongjiang Province, China). The UV ini-
tiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA),
was provided by Runtecchem Co., Ltd. (Jiangsu Prov-
ince, China). The other reagents were local commercial
products. All the materials were used without purifi-
cation. The chemical structures of PEGDMA, AMPS,
and TFEM are shown in Scheme 2.

Network polymer electrolyte preparation

PEGDMA, AMPS, TFEM, and DMPA (DMPA
accounted for 5 wt % of the total weight of
PEGDMA, AMPS, and TFEM) were first dissolved
in a solvent (acetone/distilled water 5 1 : 0.1 v/v),
and a homogeneous solution was obtained. The
homogeneous solution was cast onto two pieces of
a glass sheet, and UV light (Osram, Germany, Ultra-
Vitalux; 300 W, 10-cm distance) was irradiated onto
the cast film for 10 min. The obtained freestanding
networks were immersed in a LiOH/ethanol solu-
tion to exchange protons for lithium ions, and this
was followed by washing with ethanol three times
and drying in vacuo at 808C for 2 days. Then, the dry
polymer networks were activated in the 1.0M LiPF6/
ethylene carbonate (EC)/dimethyl carbonate (DMC)
electrolyte (EC/DMC 5 1 : 1 v/v).

Network polymer electrolyte characterizations

Gel fraction analysis

To estimate the gel fractions of the different network
polymers, weighed amounts of the network poly-
mers were extracted with acetone as the extracting
solvent for 24 h with Soxhlet extractors. After extrac-
tion, the gelled polymer was dried to a constant
mass, and then the weight of the polymer was meas-
ured again. The gel fraction was calculated accord-
ing to the following equation:

G ¼ ðB=AÞ 3 100% (1)

where G is the gel fraction and A and B are the
weights of the network polymers before and after
the extraction, respectively.

Thermogravimetric analysis (TGA)

A PerkinElmer thermogravimetric analyzer (TGA-7)
was used to investigate the thermal stability of the
network polymer electrolytes. The samples (ca. 10
mg) were heated from the ambient temperature to
8008C in a nitrogen atmosphere, and the heating rate
of 108C/min was used in all cases.

Measurements of the swelling properties

The uptake amount of EC and DMC (1 : 1 v/v) was
determined as follows:

Uptake ¼ ðM�M0Þ=M0 3 100% (2)

where M0 and M represent the weights of the sam-
ples before and after immersion in the liquid electro-
lyte, respectively.

Scheme 2 Chemical structures of PEGDMA, AMPS, and
TFEM.

Scheme 1 Schematic representation of the network based
on the polymerization of the dimethyl acrylate crosslinker
and acrylate comonomers.
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Ionic conductivity measurements

The network polymer electrolytes [immersion of the
dry polymer networks into a 1.0M LiPF6/EC/DMC
(1 : 1 v/v) solution at room temperature for 24 h]
were sandwiched between two stainless steel block-
ing electrodes. The ionic conductivities of the poly-
mer electrolytes were obtained from the bulk resist-
ance (Rb), which was measured by alternating-cur-
rent complex impedance analysis with a Solatron
1287 frequency response analyzer over a frequency
range of 10 Hz to 1 MHz at an amplitude of 5 mV.
The ionic conductivity (r) of the polymer electrolyte
was determined as follows:

r ¼ t=ðRbAÞ (3)

where t is the thickness of the network polymer elec-
trolytes and A is the surface area of the networks.

Electrochemical stability window measurements

The electrochemical stability of the swelled network
polymer electrolytes [immersion of the dry polymer
networks into a 1.0M LiPF6/EC/DMC (1:1 v/v) so-
lution at room temperature for 24 h] was evaluated
by sweep voltammetry at 208C. Discs of the network
polymer electrolytes were sandwiched between lith-
ium metal and stainless steel (with a 10-mm diame-
ter) and then placed inside a Teflon cell holder.
Stainless steel was used as a working electrode, and
lithium metal was used both as a counter electrode
and as a reference electrode. A sweeping voltage
(1 mV/s) was applied to the cell starting from the
open circuit voltage. When decomposition of the net-
work polymer electrolytes took place, a large current
passed through the cell. The decomposition voltage
was evaluated as the onset of the current increase on
voltage/current plots. The measurements were car-

ried out with a Solarton 1287 electrochemical inter-
face.

RESULTS AND DISCUSSION

Gel fraction

Gel fraction analysis was performed to assess the
effectiveness of AMPS and TFEM incorporated into
the network polymer electrolytes. The gel fraction of
the networks was calculated with eq. (1) and is pre-
sented in Figure 1. The average gel fractions were 98
and 87% when the PEGDMA contents were 60 and
50 wt %, respectively. The gel fraction increased
with an increase in the PEGDMA content because of
the crosslinking effect of PEGDMA containing two
terminal double bonds. A change in the gel fraction
can be observed with different ratios of AMPS to
TFEM in Figure 1. Therefore, the gel fraction of the
polymer networks was determined by the content of
PEGDMA.

Visual appearance

The visual appearance of polymer networks acti-
vated by the 1.0M LiPF6/EC/DMC liquid electrolyte
is shown in Figure 2 (the liquid electrolyte uptake
behavior is discussed later). The freestanding, flexi-
ble, and dimensionally stable networks were ob-
tained in a range of suitable weight percentages of
PEGDMA, AMPS, and TFEM, as shown in the phase
diagram (Fig. 3). The results indicated that chemical
crosslinking by PEGDMA greatly improved the net-
work dimensional stability. To obtain better mechan-
ical properties for gel network polymer electrolytes,
a quantitative amount of poly(trifluoroethyl methac-
rylate) should be added.

Figure 1 Gel fraction (G) of the network polymer electro-
lytes as a function of the PEGDMA and AMPS contents at
258C: (a) 60 wt % PEGDMA and (b) 50 wt % PEGDMA.

Figure 2 Effect of the PEGDMA, AMPS, and TFEM
weight ratios on the visual appearance of the polymer elec-
trolyte networks activated by the 1.0M LiPF6/EC/DMC
liquid electrolyte at 258C.
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TGA

The TGA curves and corresponding first derivative
thermogravimetry (DTG) curves for the network
polymer electrolytes are shown in Figure 3. The
crosslinking networks showed three-step decomposi-
tion processes at 170–2908C, at 300–3608C, and above
4708C due to the degradation of PEGDMA,19 AMPS–
Li, and TFEM20 in the PEGDMA/AMPS–Li/TFEM
copolymer, respectively. The decomposition temper-
ature of the poly(2-acrylamido-2-methyl propanesul-
fonic acid) homopolymer was about 2108C;21 how-
ever, the decomposition temperature of AMPS–Li in
the copolymer started at 3008C because the sulfonic
acid group was neutralized by LiOH. These results
indicated that the presence of AMPS–Li and TFEM
in the networks enhanced the heat resistance. The
thermal stability of the network was high enough for
it to be applied in lithium-ion batteries.

Liquid electrolyte uptake and electrochemical
properties

The ionic conductivity of a polymer electrolyte is de-
pendent on the number of movable ions in the net-
work and the interconnectivity of the ionic channels.
Because ion transport takes place primarily in the
region of the plasticizing polymer and organic sol-
vent in gel polymer electrolytes, liquid electrolyte
uptake is an important parameter for ionic conduc-
tivity. The liquid electrolyte uptake was measured
with eq. (2) and is shown in Figure 4. The neutrali-
zation of AMPS had only a small enhancing effect
on the liquid electrolyte uptake capacity [Fig. 4(a,b)].
However, the neutralization was necessary. On the

one hand, it was an approach to increase the effec-
tive Li1 content in gel network polymer electrolytes;
on the other hand, it could prevent the negative
influence of sulfonic groups on the electrode. It is
well known that a high crosslinking density will
lead to low liquid uptake. However, the liquid
uptake of the polymer networks containing 60 wt %
PEGDMA [Fig. 4(c)] was higher than that of the net-
works containing 50 wt % PEGDMA [Fig. 4(b)]. This
could be ascribed to the oxyethylene group (good
affinity for the liquid electrolyte) and the relatively
long chain (number-average molecular weight � 536)
in PEGDMA. As also shown in Figure 4, the uptake
increased with an increase in the AMPS content.
This result indicated that the liquid uptake content
in the network was more dependent on the AMPS
content than on the PEGDMA content.

The room-temperature ionic conductivity of the
PEGDMA/AMPS–Li/TFEM copolymer electrolytes
is shown in Figure 5. It is evident that the trend of
the ionic conductivity of the electrolytes is analogous
to that of their liquid uptake. The conductivity of
1023 S/cm was obtained at an AMPS weight ratio
above 35, which is high enough for practical applica-
tions in lithium-ion batteries. The 50 wt % PEGDMA
sample without LiPF6 [Fig. 5(c)] showed ionic con-
ductivity of about 1025 S/cm due to the dissociative
Li1 in the AMPS–Li chain. However, LiPF6 should
be added to provide more current carriers because
the conductivity is lower.

Figure 6 illustrates the temperature dependence of
the conductivity for network polymer electrolytes
with the PEGDMA/AMPS/C6H7O2F3 weight ratio of
60:35:5. The plot of the logarithm of the ionic con-
ductivity versus the reciprocal of the temperature is

Figure 3 TGA thermogram of the network polymer elec-
trolyte with a PEGDMA/AMPS/C6H7O2F3 weight ratio of
60 : 35 : 5.

Figure 4 Effect of the PEGDMA and AMPS contents on
the liquid electrolyte uptake of the network polymer elec-
trolytes at 258C: (a) 50 wt % PEGDMA with AMPS not
neutralized by LiOH, (b) 50 wt % PEGDMA with AMPS
neutralized by LiOH, and (c) 60 wt % PEGDMA with
AMPS neutralized by LiOH.
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curved rather than linear. Thus, the ionic conduction
mechanism of our newly synthesized network poly-
mer electrolytes seems to obey the Vogel–Tammann–
Fulcher (VTF) rule.22

The electrochemical windows of the PEGDMA/
AMPS/TFEM system at room temperature are given
in Figure 7. The current responses of samples a and
b were negligible below 5.0 V, indicating no decom-
position of any components in this potential region.
The electrochemical windows were higher than the
requirements of practical applications (4.5 V). As
shown in Figure 7, the electrochemical window of
sample b (5.5 V) was wider than that of sample a
(5.1 V); this may be because the fluoride content
(TFEM) in sample b was higher than that in sample
a and the carbon–fluoride group was beneficial to
the electrochemical stability of the PEGDMA/
AMPS/TFEM system.

CONCLUSIONS

A simple approach to preparing novel gel network
polymer electrolytes containing fluorine and sulfonic
acid lithium was studied. Liquid electrolyte uptake
measurements indicated that the liquid uptake con-
tent in the network was mainly dependent on the
AMPS–Li content. The thermal stability of the poly-
mer networks was enhanced by AMPS–Li and
TFEM. Good mechanical and electrochemical proper-
ties of the polymer networks could be achieved by
the proper choice of the PEGDMA/AMPS/TFEM ra-
tio. The optimum PEGDMA/AMPS/TFEM weight
ratio in this study was 60:35:5. When the polymer
electrolyte networks were activated by the 1.0M
LiPF6/EC/DMC liquid electrolyte, freestanding, flex-
ible, and dimensionally stable networks were
obtained. The highest liquid electrolyte uptake was
144%, and the maximum ionic conductivity was
higher than 1023 S/cm at room temperature. The
ionic conduction mechanism of the network polymer
electrolytes was in agreement with the VTF rule. The
gel polymer electrolytes were electrochemically sta-
ble up to 5.0 V. These results indicate that gel net-
work polymer electrolytes containing fluorine and
sulfonic acid lithium are suitable for applications in
high-performance lithium-ion batteries.
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