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a b s t r a c t

Polymeric gel containing alkylphosphate has been examined as nonflammable gel electrolyte for
LiMn2O4 positive electrode of lithium-ion battery (LIB). The gel was composed of a polymer matrix
of poly(vinylidenefluoride-co-hexafluoropropylene) (PVdF-HFP) and a liquid component consisting of
vailable online 6 September 2008

eywords:
i-ion battery
olymeric gel electrolyte
onflammability

ternary solvent of trimethyl phosphate (TMP) mixed with ethylene carbonate (EC) and diethyl carbonate
(DEC) that dissolves lithium salt (LiPF6 or LiBF4). The gel composition of 0.8 M (mol dm−3) LiX (X = PF6 and
BF4) dissolved in EC + DEC + TMP (55:25:20) with PVdF-HFP showed excellent nonflammable character-
istics and high ionic conductivity of ca. 3.1 mS cm−1 at room temperature (20 ◦C). The charge–discharge
cycling test of LiMn2O4 positive electrode gave good reversibility with high capacitance in the gel elec-
trolyte. With respect to the electrolyte salt, LiBF4 was better than LiPF6 due to its thermal stability during
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iMn2O4 positive electrode the gel preparation.

. Introduction

Lithium-ion batteries (LIBs) have been developed as advanced
ower sources for a variety of portable electronic devices such as
ellular phones, laptop computers and camcorders. A larger size
f LIB is now considered to fit power storage uses such as load-
onditioning and electric vehicle (EV) systems due to their merits in
igh energy density, high power and long cycle life. Much attention
as recently been focused on the safety issue of LIB as the increases

n the battery size and application area.
To ensure the safety of Li-ion battery system from the material

evels, many kinds of nonflammable or fire-retardant electrolyte
ystems have been proposed [1–20]. Typical trials are utilization
f solid polymer complexes and ionic liquids as the electrolytes in
IBs [1,3–7]. The use of such nonflammable or fire-retardant com-
ounds as fluorinated hydrocarbons and alkyl phosphates have also
een examined as an additive or co-solvent of the conventional
lkyl carbonate-based electrolytes [2,8–20]. Among them, alkyl
hosphate compounds, trimethyl phosphate, tributyl phosphate
TBP) and ethylene ethyl phosphate (EEP) are promising candidates

hat have high compatibility in nonflammable properties and bat-
ery performances [13,14,19]. Xu et al. reported that fluorinated
lkyl phosphate, tris(2,2,2-trifluoroethyl) phosphate (TTFP), is an
xcellent co-solvent for nonflammable electrolytes of LIBs. They
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lso found it being very effective in the improvement of the ther-
al stability of LiPF6-based electrolytes [8,10,11,15,18]. These alkyl

hosphate compounds are also expected to be applied to gel poly-
er electrolyte systems due to their relatively low volatility and

ood miscibility with conventional alkyl carbonate solvents. How-
ver, publications have so far been limited about nonflammable gel
olymer electrolytes based on alkyl phosphates for LIBs [21]. We
ave previously reported fundamental properties of the electrolyte
olution containing TMP as a co-solvent of mixed alkyl carbon-
tes, namely ethylene carbonate (EC) mixed with diethyl carbonate
DEC), and availability of them into a polymeric gel electrolyte sys-
em for LIBs [22]. Optimization of the gel composition and the
lectrochemical behavior of graphite as a negative electrode in the
el electrolyte have also been reported. We have concluded that
he nonflammable gel electrolyte containing LiPF6/EC + DEC mixed
ith TMP and a proper amount of vinylene carbonate (VC) as an

dditive was applicable to LIB system [23].
In the present paper, we demonstrate the compatibility of the

onflammable gel electrolyte containing TMP as a nonflammable
omponent to LiMn2O4 positive electrode. Preliminary discussion
s made on the electrochemical behavior of LiMn2O4 in the gel
lectrolyte containing LiX (X = PF6, BF4)/EC + DEC mixed with TMP.
. Experimental

Organic solvents in the gel components, EC (Kishida Chemical;
attery grade), DEC (Kishida Chemical; Battery grade), and TMP
Wako Chemical), were used as received. The electrolytic salts, LiPF6

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:morita@yamaguchi-u.ac.jp
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Table 1
Combustion test of polymeric gel electrolyte.

Composition of liquid phase in the gel electrolyte After warming the gel
electrolyte at a flame

0.8 M LiPF6/EC + DEC (2:1) ©
0.8 M LiPF6/EC + DEC + TMP (55:25:20) ×
0.8 M LiBF4/EC + DEC (2:1) ©
0

×
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Fig. 1. Temperature dependence of the ionic conductivity for (a) 0.8 M
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.8 M LiBF4/EC + DEC + TMP (55:25:20) ×
: nonflammable, ©: combustible.

nd LiBF4 (Tomiyama, Battery grade), and the host polymer, PVdF-
FP (ARKEMA, Kynar 2851) were also used as received, but kept in
glove box filled with dry Ar before use. The electrolytic solution
as first prepared by dissolving the Li salt (LiX) in a ternary solvent

ystem of EC + DEC + TMP, where the mixing ratio of EC and DEC
as kept constant, about 2:1 (v/v). The polymeric gel electrolyte
as prepared by a thermal casting method. A proper amount of

VdF-HFP was once dissolved in the LiX solution of mixed ternary
olvents (EC + DEC + TMP, 55:25:20, v/v/v). The resulting mixture
as stirred for 1 h to form homogeneous solution, and then devel-
ped on an aluminum pan. A transparent flexible film was obtained
fter heating the solution at 110 ◦C for 13 min under a reduced pres-
ure (typically at 50 kPa). These processes were carried out in a dry
r atmosphere. The mass ratio of the solution component to the
ost polymer in the resulting gel was about 5:1. That is, the solu-
ion component in the gel electrolyte was ca. 83 mass%. A simple
ombustion test was performed by heating the gel electrolyte film
ith flame of Bunsen burner.

Powdered LiMn2O4 (Toda Kogyo Co.) was used as the active
aterial of positive electrode. The test electrode was prepared

rom a slurry made of 1-methylpyrrolydine-2-on (NMP) contain-
ng 80 mass% of the active material, 10 mass% of acetylene black as
conducting support and 10 mass% of poly(vinylidene fluoride) as
binder.

The ionic conductivity of the gel electrolyte was measured by an
C impedance method in a frequency range from 100 kHz to 1 Hz
sing an impedance response analyzer controlled by a personal
omputer.

The charge and discharge characteristics of the LiMn2O4 elec-
rode were investigated using a laboratory made three-electrode
ell under constant-current charge and discharge conditions, typ-
cally with a current density of 0.05 mA cm−2, which is equivalent
o about C/10 rate.

. Results and discussion

TMP is miscible with the most organic solvents that are used in
onventional LIBs, without any phase separation over wide mixing
atios. We have previously reported that the minimum TMP content
hat inhibits the flammability of the binary system of EC + DEC (2:1,
/v) was 20 vol.% before dissolving 1.0 M LiPF6 [22]. Thus, in this
aper, we have chosen the solvent composition of EC + DEC + TMP
55:25:20, v/v/v) that dissolves 0.8 M LiX (X = PF6 or BF4) as the
lasticizing component of the polymeric gel electrolyte based on
VdF-HFP. Nonflammability of the gel electrolyte was briefly exam-
ned by heating the gel electrolyte film directly on the burner flame.
olymeric gel electrolytes without TMP burned with flame contin-
ously regardless of the dissolved Li salts, even after keeping away
rom the flame. By contrast, polymeric gel electrolyte films contain-

ng TMP were not combustible on the burner flame. The results of
he simple combustion test are summarized in Table 1. It was exper-
mentally confirmed that the present polymeric gel electrolytes
ontaining TMP are nonflammable.

c
i
b
i

iPF6/EC + DEC + TMP (55:25:20) solution, (b) 0.8 M LiPF6/EC + DEC + TMP (55:25:20)
el, and (c) 0.8 M, LiBF4/EC + DEC + TMP (55:25:20) gel.

Fig. 1 shows the temperature dependence of the ionic conduc-
ivity for the nonflammable gel electrolytes, where data obtained
or liquid electrolyte solution with the same solvent composition
re also given for comparison. The ionic conductivity of the gel
lectrolytes was generally lower than that of the mother liquid
lectrolytes with the same solvent and salt compositions. How-
ver, practically high values of 3 mS cm−1 were observed for the
el electrolytes composed of 0.8 M LiX (X = PF6, BF4)/EC + DEC + TMP
55:25:20) at 20 ◦C, as shown for the plots (b) and (c) in Fig. 1. These
onductivity values will be enough for gel electrolyte film to be used
n a practical LiB.

Constant-current charge–discharge cycling was carried out
or LiMn2O4 positive electrode in the gel electrolyte using a
hree-electrode cell with Li-metal reference and counter elec-
rodes. Fig. 2(A) shows the charge and discharge curves of
iMn2O4 electrode in liquid electrolyte containing TMP, 0.8 M
iPF6/EC + DEC + TMP (55:25:20), as a control experiment. The
oltage profile in each cycle presented typical one for LiMn2O4
lectrode with spinel structure, except for the first charge in which
ome irreversible processes are included. The delivered discharge
apacity of ca. 100 mA h g−1 was almost ideal for this material.
ig. 2(B) gives the charge and discharge curves for LiMn2O4 in the
el electrolyte containing 0.8 M LiPF6/EC + DEC + TMP (55:25:20).
he capacity of the first discharge was about 90 mA h g−1. However,
he potential plateaus corresponding to the desertion/insertion
rocesses of Li+ were not clearly observed, and discharge capac-

ty was remarkably decreased with the repeated cycles. The charge
nd discharge performance of LiMn2O4 electrode in the gel con-
aining LiBF4 as the electrolytic salt is shown in Fig. 2(C). The
ischarge capacity of the first cycle was rather low compared with
hat obtained in the gel containing LiPF6. However, the potential
lateau was observed for each of charging and discharging process.
lso the decrease in the discharge capacity with the cycle was much

ower than in the gel using LiPF6. These results clearly demonstrate
hat LiBF4 salt is better than LiPF6 in the present gel system. As a
ontrol data, the charge and discharge profiles of LiMn2O4 in the
el without TMP are also given in Fig. 2(D). The charge–discharge
ycling behavior was almost the same as in the electrolytes contain-

ng TMP component. Consequently, it was proved that the cathodic
ehavior of LiMn2O4 was not so influenced by the addition of TMP

n the gel.
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Fig. 3. Cycle performance under constant-current charge and discharge for
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ig. 2. Charge and discharge curves of Li/LiMn2O4 cells in liquid electrolyte: (A)
.8 M LiPF6/EC + DEC + TMP (55:25:20)) and polymeric gel electrolytes containing (B)
.8 M LiPF6/EC + DEC + TMP (55:25:20), (C) 0.8 M LiBF4/EC + DEC + TMP (55:25:20),
nd (D) 0.8 M LiBF4/EC + DEC (2:1). Current density: 0.05 mA cm−2.

Variations in the discharge capacity of LiMn2O4 electrode in
he gel electrolytes containing ternary solvent of EC + DEC + TMP
re shown in Fig. 3, compared with that obtained in the liquid
lectrolyte containing the same solvent composition. About 100%
tilization of the active material LiMn2O4 was obtained in the liq-
id electrolyte dissolving LiPF6. However, the capacity loss with
he cycle was significant in the gel containing LiPF6 salt. The spe-
ific discharge capacity, hence the utilization of the active material
iMn2O4, in the gel containing LiBF4 salt was slightly lower than
hat in LiPF6-based gel at the first cycle, but the cycleability in the
ormer electrolyte (LiBF4) was much better than the latter (LiPF6).
he poor cycleability of the Li/LiMn2O4 cell using LiPF6-based gel
lectrolyte was attributed to thermal decomposition of LiPF6 dur-
ng the heating process in gel preparation. Water impurity in the
aw materials of the gel components would cause the liberation of
cid HF through the decomposition of LiPF6, as shown in scheme
1) [24]:

iPF6 → LiF + PF5 (1a)

F5 + H2O → 2HF + POF3 (1b)
As this thermal reaction is somewhat depressed by co-existence
f TMP, compared with the case without TMP [22], such bulk prop-
rties as the ionic conductivity of the gel would not be much
nfluenced, as shown in Fig. 1. However, the resulting small amount
f HF species in the gel electrolyte can significantly influence

[

[

i/LiMn2O4 cells with (a) 0.8 M LiPF6/EC + DEC + TMP (55:25:20) liquid, (b) 0.8 M
iPF6/EC + DEC + TMP (55:25:20) gel, (c) 0.8 M LiBF4/EC + DEC + TMP (55:25:20)
iquid, and (d) 0.8 M LiBF4/EC + DEC + TMP (55:25:20) gel. Current density:
.05 mA cm−2.

he surface chemistry of LiMn2O4 and lead to degradation of its
ycleability. Thus, the thermal stability of LiBF4 would be main
dvantage in the present gel electrolyte system containing TMP.

. Conclusion

The compatibility of the nonflammable polymeric gel electrolyte
ontaining trimethyl phosphate (TMP) as a component solvent was
nvestigated with LiMn2O4 positive electrode. The gel electrolyte
onsisting of 0.8 M LiX (X = PF6 or BF4)/EC + DEC + TMP (55:25:20)
ith PVdF-HFP as the host polymer showed high ionic conductiv-

ty of 3.1 mS cm−1 at 20 ◦C, which was applicable to the electrolyte
f practical LIB. Although the discharge capacity of the first cycle
f LiMn2O4 electrode using LiBF4-based gel electrolyte was as low
s ca. 84 mA h g−1, the decrease of the discharge capacity with
he repeated cycles was much lower than that in the gel using
iPF6. Thus, the present polymeric gel electrolyte consisting of
C + DEC + TMP (55:25:20) dissolving 0.8 M LiBF4 is suitable for
iMn2O4 positive electrode of LIBs with improved safety.
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