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A study is made of the effect of unreacted monomer on the performance of lithium-ion polymer batteries that use cross-linked po
lycol diacrylate-based polymer electrolytes prepared by free radical polymerization. At high discharge rates and low tempe
ischarge capacities of test cells containing the polymer electrolytes prepared at various concentrations of the initiator decrease a
f the unreacted monomer in the polymer electrolytes increases. This behaviour is consistent with an increase in the interfacial r

he test cells with increase in the content of the unreacted monomer The source of the high interfacial resistance is considered
eaction of the unreacted monomer at the electrode surface to form a resistive film during charging for cell formation.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Solid polymer electrolytes have attracted much attention
wing to their potentially wide range of applications for solid-
tate batteries, electrochromic devices, and sensors[1–3]. In
articular, there has been intensive efforts to develop Li-ion
onductive polymer electrolytes for battery applications.

Solid polymer electrolytes with high ionic conductivity
an usually be achieved by using a plasticizer additive of
mall organic molecules, such as ethylene carbonate (EC),
ropylene carbonate (PC), dimethyl carbonate (DMC), and
iethyl carbonate (DEC), which have high dielectric con-
tants and low vapour pressures[4–6].
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Cross-linked polyethylene glycol diacrylate (PEGD
electrolytes containing a plasticizer have been studie
many researchers because these materials have high
temperature ionic conductivity and good dimensional st
ity [7–9]. In general, cross-linked PEGDA-based poly
electrolytes are prepared by free radical polymerizatio
PEGDA monomer in the presence of liquid electrolyte.
resulting products are composed of the cross-linked pol
matrix and the liquid electrolyte, which is the main ion c
ductor. Unfortunately, there may also be unreacted mono
PEGDA, in the cross-linked polymer electrolyte.

There appear to be no reports of the effect of unrea
monomers of PEGDA on the performance of Li-ion polym
batteries. Therefore, this study examines the performan
lithium-ion polymer batteries based on the PEGDA-ba
polymer electrolytes prepared by free radical polymeriza
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2. Experimental

2.1. Preparation of cross-linked polymer electrolytes

Appropriate amounts of PEGDA, liquid electrolyte plas-
ticizer and a lauroyl peroxide initiator were mixed to give a
homogeneous solution. The resulting thick solution was cast
on to a teflon plate. The solution was heated at 75◦C for 2 h
for polymerization to make a film of the cross-linked polymer
electrolyte. A 1.3 M LiPF6 solution of 30:70 (by weight) ethy-
lene carbonate:diethylene carbonate (LiPF6/EC:DEC) was
used as the liquid electrolyte plasticizer. The ratio of poly-
mer matrix to liquid electrolyte in the cross-linked polymer
electrolytes was 1 to 10 by weight. All preparations of these
polymer electrolytes as free-standing film were performed in
a glove-box filled with argan gas.

2.2. Electrical measurements

A carbon|polymer electrolyte|LiCoO2 cell was assembled
by sandwiching a sheet of 80-�m thick polymer electrolyte
between a 73-�m thick anode and a 70-�m thick cathode. The
cell was then enclosed in a metallized plastic bag and sealed
under vacuum. All cells were assembled in a glove-box filled
with argon gas.
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Fig. 2. A plot of dQ/dV vs. V for carbon|cross-linked polymer
electrolyte|LiCoO2 cells with various initiator contents.

These, in turn, were used to analyze the content of unreacted
monomer in polymer electrolyte films that were prepared
with various initiator contents. If unreacted monomers re-
main in the polymer electrolyte film, then the residuals might
be decomposed at a certain voltage during the formation pro-
cess and, consequently, a peak would appear in the plot of
dQ/dV versus voltage.

Plots of dQ/dV versus cell voltage for test cells with var-
ious initiator concentrations are shown inFig. 2 There are
various concentrations of unreacted monomer in the polymer
electrolyte films, as shown by the size of the peaks at about
3 V. The peak height as a function of initiator content is plot-
ted inFig. 3. The unreacted monomers appear to decompose
at about 3 V. The peak height decreases as the initiator con-
tent is increased, which indicates that the content of unreacted
monomer is reduced with increase in initiator concentration.
It appears that there is little unreacted monomer left in the
polymer electrolytes when the initiator content is 5 mol%, or
more.

From these results, it can be concluded that: (i) unreacted
monomer contents in the polymer electrolyte films are con-
trolled by adjusting the content of initiator in solutions that
consist of the monomer, initiator, and liquid electrolyte; and
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o

The bulk resistance and interfacial resistance of the
ells were measured by complex impedance analysis
Solartron 1255 frequency response analyzer coupled

BM PS/2 computer over a frequency from 0.1 to 100 k
n ac perturbation of 5 mV was applied to the cell.
Capacity (Q) measurements were carried out by charg

he cells at the 0.2Crate to 4.2 V, followed by constant-volta
harging to aC/20 rate cut-off and then discharging at vari
onstant currents to a 2.75 V cut-off.

. Results and discussion

A typical charge–discharge curve for the formation
ell that contained a cross-linked polymer electrolyte
ared with 5 wt.% initiator is shown inFig. 1 From such
urves, plots of dQ/dV versus cell voltage were obtaine

ig. 1. Formation charge and discharge curves for carbon|cross-linked poly
er electrolyte (prepared with 5 wt.% initiator)|LiCoO2 cell.
ig. 3. Maximum peak height obtained from plot of dQ/dVvs.Vas function
f initiator content.
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Fig. 4. Standard charge and discharge curves for carbon|cross-linked poly-
mer electrolyte|LiCoO2 cell for various initiator contents.

(ii) the unreacted monomer contents decrease after polymer-
ization reactions as the initiator content is increased.

To demonstrate the effect of unreacted monomer PEGDA
on the performance of Li-ion polymer cells, tests were
conducted on cells that contained the polymer electrolytes
with various concentrations of initiator. Typical standard
charge–discharge curves for the cells are presented inFig. 4
and the standard discharge capacities, which are measured at
the 0.2C rate, are plotted as a function of initiator content in
Fig. 5. The results show that the value of the standard dis-
charge capacity is not affected by variation in the unreacted
monomer concentration in the present range. The discharge
capacities of the test cells at various discharge rates are shown
as a function of initiator concentration inFig. 6; note, the ca-
pacities are reported as percentage of the value at the 0.2C
rate. The values of the discharge capacity increase as the ini-
tiator content is increased up to about 1 wt.% but level-off
at higher initiator contents. The increase in discharge ca-
pacity with increase in initiator content is much higher at
higher discharge rates. The discharge capacity (0.2C rate)
at −20◦C is presented as a function of initiator contents in
Fig. 7. These values are described as a percent value of the
discharge capacity at 25◦C at 0.2C rate. The behaviour of the
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Fig. 6. Discharge capacities for carbon|cross-linked polymer
electrolyte|LiCoO2 cells at various discharge rates as function of
initiator content.

low-temperature discharge capacity with increase in initiator
content is similar to that of the discharge capacity at high
rates. In summary, at high discharge rate and low tempera-
ture, the discharge capacities of the test cells containing the
polymer electrolytes prepared with various concentrations of
initiator increase as the initiator content is increased.

In order to find the reason for the increase in discharge
capacities, especially, at high rates and low temperature, as
the initiator content is increased, impedance studies were con-
ducted on the cells. Specifically, values of the bulk resistances
and interfacial resistances of the test cells were evaluated as
a function of initiator content. Typical impedance spectra for
the test cells at 25 and−20◦C are shown inFig. 8(a) and (b),
respectively. The values of bulk resistance and interfacial re-
sistance were evaluated as a function of initiator content from
these impedance diagrams. Plots of the bulk resistance values
at 25 and−20◦C as a function of initiator content are given in.
Fig. 9(a) and (b), respectively. The bulk resistances increase
slightly as the initiator content increases, especially, between
5 and 10 wt.%. This behaviour is expected to result from a
decrease in the mobilities of the polymer matrix owing to
the enhanced polymerization reaction. Nevertheless, the in-
crease in bulk resistance with increase in initiator content is
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e

ig. 5. Standard discharge capacities for carbon|cross-linked polyme
lectrolyte|LiCoO2 cells as function of initiator content.
ig. 7. Discharge capacities for carbon|cross-linked polyme
lectrolyte|LiCoO2 cells at−20◦C as function of initiator content.
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Fig. 8. Impedance diagram for carbon|cross-linked polymer electrolyte|LiCoO2 cell at (a) 25◦C and (b)−20◦C.

Fig. 9. Bulk resistances of the carbon|cross-linked polymer electrolyte|LiCoO2 cell at (a) 25◦C and (b)−20◦C as a function of initiator content.

not quite consistent with the trend in discharge capacity over
the concentration range. The interfacial resistances at the 25
and−20◦C as a function of initiator content are shown in
Fig. 10(a) and (b), respectively. The interfacial resistances
decrease abruptly as the initiator content is increased, espe-
cially in the lower concentration range. The dependence of
the interfacial resistances is much greater than that of the bulk

Fig. 10. Interfacial resistances of the carbon|cross-linked polymer electrolyte|LiCoO2 cell at (a) 25◦C and (b)−20◦C as a function of initiator content.

resistance, such that the total resistance of the cell decreases
as the initiator content increases, especially at lower concen-
trations of initiator. Therefore, the decrease in the interfacial
resistance as the initiator content is increased is expected to
be principal reason for the increase in the discharge capaci-
ties at high rates and low temperatures with the increase in
initiator content.
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Table 1
Electrical properties of two cells at various rates and low temperature; one cell contains liquid electrolyte only and the other contains liquid electrolyte with
initiator but no monomer

EC:DEC-1.3 M LiPF6 EC:DEC-1.3 M LiPF6/initiator

Standard discharge capacity at 0.2C (mAh g−1) 155 154
Discharge capacity at 0.5C (%) 98.6 98.6
Discharge capacity at 1C (%) 97.0 96.8
Discharge capacity at 2C (%) 91.3 90.0
Discharge capacity at 0.2C at−20◦C (%) 65.0 66.8

The source of the high interfacial resistances at low initia-
tor content is thought to be due to reaction of the unreacted
monomer at the electrode surface in the polymer electrolytes
film to form a resistive film during charging for cell forma-
tion. As illustrated by the data inFig. 2, unreacted monomer
in the polymer electrolyte films is decomposed during the
formation charge stage at about 3 V. The decomposed unre-
acted monomer, which is located on the electrode surface,
might be a highly resistive material and, consequently, may
increase the interfacial resistance.

Therefore, it can be concluded that the decomposed unre-
acted monomers on the electrode surface are reason for the
high interfacial resistance of cells containing polymer elec-
trolytes prepared at low initiator content; and thus, reduce the
discharge capacities at high rates and low temperature.

In order to investigate the possibility of the initiator in-
stead of the monomer being the cause of the observed vari-
ation in performance, two test cells containing liquid elec-
trolytes were prepared. One contained the liquid electrolyte
only and the other the liquid electrolytes with initiator but no
monomer. The electrical properties of these cells at various
rates and low temperature are compared inTable 1. There
are no appreciable differences in the electrical properties of
these two cells and this indicates that the initiator, lauroyl
peroxide, itself has no influence on cell performance.

4

ance
o ca-

pacities at high discharge rates and low temperature are re-
duced as the unreacted monomer content is increased. The
increase in interfacial resistance as the unreacted monomer
content is increased is expected to be the principal reason
for the decrease in the discharge capacities at high discharge
rates and low temperature with increase in the content of
unreacted monomer. The source of the high interfacial re-
sistance at high unreacted monomer content is considered
to be due to reaction of the unreacted monomer at the elec-
trode surface to form a resistive film during charging for cell
formation.
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