
Journal of Power Sources 146 (2005) 584–588

Synthesis and electrochemical performances of di(trimethylolpropane)
tetraacrylate-based gel polymer electrolyte
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Abstract

The di(trimethylolpropane) tetraacrylate-based gel polymer electrolyte (GPE) was stable electrochemically up to 4.5 V versus Li/Li+ and
showed the ionic conductivity of 6.2× 10−3 S cm−1 at room temperature. Lithium-ion polymer batteries with the GPE were prepared and their
performances were also investigated. The battery showed good rate capability and low temperature performance. The cell delivered 95.1% of
the initial discharge capacity at 1.0C rate after the 150th cycling. At the over-charged test, the temperature did not exceed 90◦C and neither
leakage of electrolyte nor explosion was observed in the cell.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion battery has been widely used in portable IT
quipments such as a cellular phone, PDA laptop computer,
ince it has good electrochemical performances. However,
here is a possibility of electrolyte-leakage in the cells with

liquid electrolyte[1,2]. Therefore, new types of lithium
attery with gel polymer electrolytes are under development

n order to provide the leak-free characteristics[3].
Many kinds of polymeric hosts such as polyacry-

onitrile (PAN) [4], poly(acrylonitrile-methyl methacry-
ate) (PAMMA) [5], poly(vinylidene fluoride) (PVdF)
6], poly(ethylene oxide) (PEO)[7] and poly(vinylidene
uoride)–hexafluoro propylene (PVdF–HFP) copolymer
8,9] have been proposed as frameworks for gel polymer
lectrolytes. We have also reported that many monomers
nd/or macromonomers such as urethane acrylate[10,11],

etraethylene glycol diacrylate[12] and triethylene glycol
imethacrylate[13] could be used to obtain the gel polymer
lectrolyte (GPE) for the lithium-ion polymer batteries. A

inear sweep voltammetry confirmed that the GPE had good
+

[14]. Ionic conductivity of the gel polymer electrolyte w
above 10−3 S cm−1 at room temperature. It is required t
the monomer for the GPE has a double bond at the e
low molecular weight and oxide groups to get good a c
patibility with the electrolyte and a high mechanical stren
Di(trimethylolpropane) tetraacrylate (DTPTA) has four vi
bonds, low molecule weight and lots of oxide groups in
chain. It is, therefore, expected that the gel can be obta
even if a small quantity of DTPTA and has a good comp
bility with the liquid electrolyte.

In this study, the GPE was prepared using DTPTA
monomer and bis (4-tert-butylcyclohexyl) peroxydicarbon
ate (BBP) as a thermal initiator and its characteristics
measured. The LiCoO2/GPE/graphite cells were prepar
and their electrochemical properties were evaluated a
ious current densities and temperatures.

2. Experimental

The precursor for a gel polymer electrolyte in a lithiu

lectrochemical stability up to around 4.8 V versus Li/Li

∗ Corresponding author. Tel.: +82 55 280 1663; fax: +82 55 280 1590.
E-mail address:hskim@keri.re.kr (H.-S. Kim).

ion cell consists of a liquid electrolyte, a monomer and an
initiator. A battery grade solution of 1.1 M LiPF6/ethylene
carbonate (EC):propylene carbonate (PC):ethylmethyl car-
bonate (EMC):diethyl carbonate (DEC) (30:20:30:20 vol.%)
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Fig. 1. The structural formula of di(trimethylolpropane) tetraacrylate.

was obtained from Cheil Industries. Di(trimethylolpropane)
tetraacrylate ((H2C CHCO2CH2)2C (C2H5)CH2]2O (Mw
= 467, Aldrich Chemical Co.) and bis(4-tert-butylcyclo-
hexyl) peroxydicarbonate (C22H38O6, Mw = 399, Aldrich
Chemical Co.) were used as the monomer and thermal ini-
tiator, respectively. Chemical structure of DTPTA is shown
in Fig. 1. A precursor containing 98 vol.% electrolytes and
2 vol.% monomer was polymerized by thermal reaction. All
procedures for preparing the precursor were carried out in a
dry-box filled with argon gas.

The ionic conductivity, viscosity and electrochemical sta-
bility window of the gel polymer electrolyte were evaluated.
The viscosity was measured by means of a viscometer DV-
II+ (Brookfield Co.). The ionic conductivity of gel polymer
electrolyte was measured using an AC impedance analyzer
(IM6, Zahner Elektrik) with a stainless steel blocking elec-
trode cell. The surface area and thickness of the sample was
3.14 mm2 and 0.1 mm, respectively. Ionic conductivity was
measured for temperatures ranging from−20 to 60◦C. A
potential difference of 5 mV was applied to the sample for
frequencies that ranged from 100 Hz to 2 MHz.

The cyclic voltammetry (CV) was conducted to investi-
gate the electrochemical stability of the GPE using an IM6
instrument. Stainless steel was used as the working electrode
and lithium was used for the counter and the reference elec-
trodes, respectively. A stainless steel electrode with an area
o
4

t.%
L nd
c pre-
p lec-
t inate
fi in a
d um-
s as-
s
o ribed
i es
o AC
i were

performed with a Zahner Elektrik IM6 impedance analyzer
over a frequency range of 700 mHz–2 MHz. The charge and
discharge cycling tests of the cells were conducted galvanos-
tatically with a Maccor battery test system (MACCOR 4000).
The discharge curves were obtained at various current rates
and temperatures. Continuous cycling tests of the cells were
carried out at 1.0C rate. Over-charge test was performed in a
constant current regime at 1.0C rate for 150 min.

3. Results and discussion

The viscosity of the precursor increases a little because
a monomer has higher viscosity than a liquid electrolyte.
Fig. 2 showed the relationship between the contents of the
liquid electrolyte and the viscosity of the precursor. The vis-
cosity of the precursor containing a 10 vol.% monomer was
ca. 32 mPa s and decreased with decreasing the contents of
the curable mixture. The viscosity of the precursor containing
a 2 vol.% curable mixture was as low as around 8.2 mPa s.

The electrochemical stability of the GPEs was investi-
gated by cyclic voltammetry. It was designed to use stainless
steel as working electrode and Li foil as both the counter and
reference electrode.Fig. 3 shows the cyclic voltammogram

F ntents
o

f 3 cm× 5 cm was scanned at a potential range of−0.5 to
.5 V versus Li/Li+ at a sweep rate of 5 mV s−1.

Cathodic electrodes were prepared by mixing 93 w
iCoO2 with 4 wt.% super P black and 3 wt.% PVdF a
oated on an aluminum foil. Graphite electrode were
ared using 95 wt.% MCMB and 5 wt.% PVdF. The e

rodes were stacked and inserted into an aluminum lam
lm. The precursor was filled into the assembled cell
ry-box filled with argon gas and then the cell was vacu
ealed. Design capacity of the cell was 1400 mAh. The
embled cells were polymerized at 60◦C for 120 min in an
ven. The fabrication procedure of the cell has been desc

n our previous papers[15]. The electrochemical properti
f the assembled cell were evaluated by means of an

mpedance analyzer. The AC impedance measurements

ig. 2. Relationship between the viscosity of the precursor and the co
f the curable mixture.
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Fig. 3. Cyclic voltammograms of the gel polymer electrolyte on SS working
electrode at potential scan rate of 5 mV s−1.

of stainless steel/GPE/Li cell at a sweep rate of 5 mV s−1

and a voltage range of−0.5 to 4.5 V versus Li/Li+. It was
observed that the cell system was electrochemically stable
except for a peak relating to the oxidation–reduction reac-
tion near 0 V. This GPE system shows no oxidation reaction
up to around 4.5 V while currently commercially available
carbonate-based liquid electrolyte system starts decomposi-
tion at above 4.5 V. The GPE system is, therefore, electro-
chemically stable, considering operating voltage for the cell
system using LiCoO2 as a cathode.

The ionic conductivity of the GPE was measured using AC
impedance method.Fig. 4shows the AC impedance spectra
of the DTPTA-based gel polymer electrolyte. There was only
a spike, which represents a resistor in a series with a capaci-
tor. The intercept on the real axis provides the resistance for
the gel polymer electrolyte. It was found that the bulk re-
sistance increased with temperature rise. The ionic conduc-

F ith gel
p

tivity (σ) at 20◦C was calculated to be 6.2× 10−3 S cm−1

from the electrolyte resistance with the thickness and surface
area of the gel polymer electrolyte. As a reference, the ionic
conductivity of the liquid electrolyte was 8.3× 10−3 S cm−1

in the same stainless steel blocking electrode system. Thus,
there is no big difference for the ionic conductivity between
the GPE and liquid electrolyte. The electrolyte of the cell
should also allow low temperature performances because the
commercial batteries are sometimes used at low tempera-
ture. It is especially pointed out that the performance of the
lithium-ion polymer batteries at low temperature and high
current is lower compared to lithium-ion batteries having the
liquid electrolyte. The ionic conductivity (σ) was ranged in
1.8∼8.3× 10−3 S cm−1 at −20 to 40◦C. The ionic conduc-
tivity of the DTPTA-based gel polymer electrolyte increased
with an increase in temperature. The ionic conductivity of the
DTPTA-based GPE was higher than TMPTA-based GPE due
to the relatively flexible molecular structure of the DTPTA
monomer[16]. This is also associated with the interfacial ad-
hesion between electrode and electrolyte and chain length of
the GPE. The DTPTA-based GPE has lower interfacial resis-
tance and good mobility due to longer chain length. The poly-
mer matrix of the GPE retains liquid electrolyte, compared
with the solid type polymer electrolyte. We found through
this study that the chain mobility of the polymer matrix and
compatibility with the liquid electrolyte are associated with
i
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ig. 4. AC impedance diagrams of SS/DTPTA-based GPE/SS cells w
olymer electrolyte.
on movements.
The LiCoO2/GPE/graphite cells optimized 2 vol.% of c

ble mixture, 1 wt.% of initiator and 3 ml of precursor w
abricated to evaluate the electrochemical. The assem
ell was pre-conditioned with a cut-off voltage of 4.2 V
he upper limit and 2.75 V as the lower limit at 0.2C rate. An
rreversible capacity was observed in the first cycle and th
aused by the formation of a passivation film on the sur
f the carbon electrode due to the decomposition of

rolytes, as reported previously by other authors[17,18]. The
evelopment of a passivation film on the surface during in
ycling is referred to as the formation period. The film
revent the electrolyte from further reduction and thus

ts the degradation of electrolytes. After the pre-condition
ycle, the cell was charged and discharged at various cu
ensities and temperatures. The electrochemical prop
f the LIPB using the GPE were evaluated by rate capab

ow temperature performance and cycle life.Fig. 5shows the
ischarge capacity of gel polymer electrolyte battery at

ous current densities. The cells were discharged at 0.2
.0 and 2.0C against initial discharge capacity, respectiv
he initial discharge capacity was maintained well in
urrent rate, but reduced at high current rate like 2.0C. This
ight be attributed to internal resistance due to high c

inking density at high current rate. The cell shows 92
f discharge capacity retention at 2.0C rate when compare
ith 0.2C rate, and this performance is similar to the LIB
The LIB’s performance evaluation upon tempera

hange is important because the LIB is used at room
erature or various temperature environments.Fig. 6 shows
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Fig. 5. Discharge curves for LiCoO2/DTPTA-based GPE/graphite cells at
various current densities at 20◦C.

the discharge capacity of gel polymer electrolyte battery
at various temperatures. The charge is processed at room
temperature and the current rate was 0.5C, respectively, in
both charge and discharge. The discharge capacity decreased
with decreasing temperature, especially sharply decreased
due to decrease of the ionic conductivity at−20◦C. The
discharge capacity at−20◦C against room temperature was
about 123.7 mAh g−1. It means that the cell delivered 83.0%
of the discharge capacity at room temperature.

Fig. 7 showed the discharge capacity with cycling for
LiCoO2/GPE/graphite cell at 1.0C rate. Discharge capac-
ity of the cell was stable and decreased slightly with
charge–discharge cycling. As seen from the figure, capac-
ity fading was low during the discharge with cycles. The cell
delivered the discharge capacity of ca. 145.3 mAh g−1 after
the 150th cycling. It means that the cell delivered 95.1% of
the initial discharge capacity after the 150th cycling. This is
attributed to the excellent mechanical properties of the poly-
mer matrix of DTPTA-based GPE.

Safety of the lithium secondary cell is one of the impor-
tant factors; especially over-charge test is indispensable to

F te
c

Fig. 7. Discharge capacity upon cycling at 1.0C rate for LiCoO2/DTPTA-
based GPE/graphite cell at 20◦C.

Fig. 8. Voltage and temperature profile with over-charge test for
LiCoO2/DTPTA-based GPE/graphite cell.

a lithium-ion battery. The cell was charged with 1.0C rate
for 150 min in fully discharged state. The cell voltage and
temperature profiles are shown inFig. 8. The cell voltage in-
creased gradually up to ca. 4.8 V with charging, but increased
rapidly from 4.8 V to around 6 V and then decreased again.
During over-charging, metallic lithium would deposit on the
surface of anode and might cause a micro-short (soft-short).
However, the temperature did not exceed over than 90◦C and
no leakage of electrolyte nor an explosion was observed in
the cell.

4. Conclusions

The cross-linked GPEs using DTPTA and the cells were
prepared and their performances were measured. The GPE
had the electrochemical stability up to 4.5 V versus Li/Li+.
The ionic conductivity of the GPEs increased with increasing
temperature, and showed 1.8∼8.3× 10−3 S cm−1 at −20 to
40◦C. We also investigated the cell performance of the gel
ig. 6. Typical discharge curves for LiCoO2/DTPTA-based GPE/graphi
ells at 0.5C rate at various temperatures.
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polymer electrolyte battery. The battery showed good rate
capability and temperature performance. The discharge ca-
pacity of DTPTA-based battery at 2.0C rate showed 92.9%
against 0.2Crate at room temperature. The cell at−20◦C also
delivered 83.0% of the discharge capacity at room tempera-
ture. The DTPTA-based battery showed better cycle life due
to excellent mechanical properties. The cell delivered 95.1%
of the initial discharge capacity at 1.0C rate after the 150th cy-
cling. At the over-charged test with 1C rate, the temperature
did not exceed above 90◦C. Neither leakage of electrolyte
nor explosion was observed in the cell.
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