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a b s t r a c t

Gel polymer electrolytes composed of PVdF-HFP microporous membrane incorporating a guanidinium-
based ionic liquid with 0.8 mol kg−1 lithium bis(trifluoromethanesulfonylimide) are characterized as the
electrolytes in Li/LiFePO4 batteries. The ionic conductivity of these gel polymer electrolytes is 3.16 × 10−4

−4 −1 ◦
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and 8.32 × 10 S cm at 25 and 50 C, respectively. The electrolytes show good interfacial stability
towards lithium metal and high oxidation stability, and the decomposition potential reaches 5.3 and
4.6 V (vs. Li/Li+) at 25 and 50 ◦C, respectively. Li/LiFePO4 cells using the PVdF-HFP/1g13TFSI-LiTFSI elec-
trolytes show good discharge capacity and cycle stability, and no significant loss in discharge capacity
of the battery is observed over 100 cycles. The cells deliver the capacity of 142 and 150 mAh g−1 at the
100th cycling at 25 and 50 ◦C, respectively.
. Introduction

Lithium metal polymer batteries (LMPBs) have been considered
s the most probably next generation of power sources for portable
lectronic devices and hybrid electric vehicles because of their
igh-energy density and flexible characteristics [1,2]. However, the
erformance of LMPBs is still limited by the poor ionic conductivity
f the solid polymer electrolytes at room temperature. To elevate
he ionic conductivity, gel polymer electrolytes are prepared by
ncorporating organic carbonate solvents in the host polymer, i.e.,
thylene carbonate (EC), propylene carbonate (PC), diethyl carbon-
te (DEC) or ϒ-butyrolactone [3,4]. However, the highly reactive
ithium metal cannot be thermodynamically compatible with the
rganic carbonate solvents. In addition, these flammable organic
olvents employed in lithium batteries are recognized as one of the
ain causes of the serious safety drawbacks [5].
Recently, a very promising approach appears to be the incor-

oration of ionic liquids (ILs) into polymer electrolytes [6–8]. ILs
re room temperature molten salts typically consisting of bulky,
symmetric organic cations and inorganic anions. The interest

n these materials arises from their desirable properties such
s non-volatility, non-flammability, high ionic conductivity, high
hermal stability, and a wide electrochemical window. Hence,
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variety of ILs have been synthesized and incorporated into poly-
mer electrolytes. Among them, families of imidazolium-based
and pyrrolidinium-based ILs have been widely studied because
of their low viscosity, high room temperature conductivity, high
solubility of lithium salts and high anodic stability [6,9–11]. How-
ever, these imidazolium-based ILs have low cathodic stability and
an unfavorable compatibility towards the lithium metal anode
due to the presence of acidic protons and double bonds in the
cation. So, small quantities of film-forming additives have to
be added in the electrolyte to avoid its cathodic decomposition
and improve the interfacial compatibility towards the lithium
anode [12,13]. In comparison with the imidazolium-based ILs,
pyrrolidinium-based ILs show a much wider cathodic decom-
position potential and better compatibility towards the lithium
anode. Electrochemical properties of the incorporation of several N-
alky-N-methypyrrolidinium bis(trifluoromethane-sulfonyl)imide
(PYR1ATFSI) ILs into PEO-based electrolytes system had been
reported [9]. The addition of PYR1ATFSI enhanced the ionic con-
ductivity of PEO-based electrolytes over 10−4 S cm−1. Battery tests
had shown that Li/P(EO)10LiTFSI + 0.96 PYR1ATFSI/LiFePO4 cells
were capable of delivering a capacity of 125 and 100 mAh g−1

at 30 and 25 ◦C, respectively. The addition of the PYR14TFSI
to the P(EO)10LiTFSI polymer electrolytes resulted in a signifi-

cant enhancement of the ionic conductivity [14]. Li/LiFePO4 cells
making use of this new family of polymer electrolytes at 20 ◦C
could deliver 138 mAh g−1 during the first discharge. PVdF-HFP
composite membranes incorporated LiTFSI, ether-functionalized
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Fig. 1 shows SEM microscopic images of a pure PVdF-HFP and
cheme 1. Structure of the guanidinium-based IL used in the gel polymer elec-
rolyte.

yrrolidinium-imide IL (PYRA12o1TFSI) and different silica had been
repared [15]. The Li/LiFePO4 cells with PVdF-HFP/ PYRA12o1TFSI-
iTFSI film containing 10 wt% of mesoporous SiO2 showed good
harge/discharge capacity and low capacity losses at medium C-
ates.

Our group has recently synthesized a series of guanidinium-
ased ILs with low viscosity and some of them were used as new
lectrolytes for Li/LiCoO2 cell without additives [16–18]. The cells
howed high coulombic efficiency, good discharge capacity and
table cycle property at 0.2 C current rates. Compared with liq-
id electrolytes, gel polymer electrolytes reduce the possibility of
he liquid leakage and furthermore, the use of gel polymer elec-
rolytes enables fabrication of thin batteries with flexible design.
15] In this article we prepared a new polymer electrolyte, the
VdF-HFP microporous membrane incorporating a guanidinium-
ased IL denoted 1g13TFSI (see Scheme 1). 1g13TFSI was used as
he electrolyte in this work because in comparison with the other
uanidinium-based ILs electrolyte, cells by it have a higher deliv-
red capacity and better cycle stability. The performance of these
olymer electrolytes in Li/LiFePO4 batteries cycling at room tem-
erature and 50 ◦C is reported.

. Experimental

.1. Synthesis of 1g13TFSI and preparation of 1g13TFSI–LiTFSI
olution

The structure of guanidinium-based IL used in this study was
hown in Scheme 1 and the IL was prepared according to our
eported method [16,17]. The IL was dried under high vacuum
or more than 24 h at 105 ◦C before using. The water content of
he dried IL was detected by a moisture titrator (Metrohm73 KF
oulometer) basing on Karl-Fischer method, and the value was less
han 50 ppm. Then 0.8 mol kg−1 of LiTFSI-1g13TFSI (LiTFSI kindly
rovided by Morita Chemical Industries Co., Ltd.) was obtained by
dding the LiTFSI to the dried IL. And this procedure was carried
ut in an argon-filled glove box ([O2] < 1 ppm, [19] < 1 ppm).

.2. Preparation of the gel polymer electrolyte membranes

A porous poly(vinylidene fluoride-co-hexafluoropropylene),
VdF-HFP, membrane was prepared as follows. PVdF-HFP (Kynar,
801), N,N-dimethylacetamide and Polyvinyl pyrolidone (PVP, K-
0) in the weight ratio of 1:10:0.4 were mixed together at 60 ◦C
or 8 h and then cast to the thickness of 200 �m using a doctor
lade. PVP was used as a plasticizer for the formation of pores in the
embrane when it was immersed in water. After 30 min, the mem-

ranes were immersed in deionized water to remove PVP. Then
he membranes were vacuum dried at 80 ◦C for 20 h. The gel poly-
er electrolytes were prepared by the immersion of the porous
VdF-HFP membranes in a 0.8 mol kg−1 1g13TFSI–LiTFSI solution
or 2 h.
ces 196 (2011) 6502–6506 6503

2.3. Characterization of the gel polymer electrolyte membranes

Sample morphology was investigated using a Hitachi S4700 field
emission scanning electron microscope (FESEM). Electrochemical
stability was determined by the linear sweep voltammetry (LSV)
of a Li/the electrolyte membrane/SS cell at a scan rate of 10 mVs−1

over the range of open-circuit voltage to 7.0 V. The decomposition
voltage onset was set as the current density was up to 0.1 mA cm−2

[20].
The ionic conductivity of the samples was measured by

sandwiching the samples between two stainless steel blocking
electrodes using AC impedance techniques. The measurements
were performed using an CHI660B Electrochemical Workstation
between 100 kHz and 10 Hz at various temperatures ranging from
25 to 80 ◦C. A thermostatic equipment (Jinghua Co., Ltd. Shang-
hai, China) was utilized to control the temperature within ±0.1 ◦C
of the target value. The samples were thermally equilibrated at
each temperature for at least 1 h prior to the measurements. The
bulk resistance (Rb) was obtained by reading the intercept of the
impedance spectrum, and the ion conductivity was calculated from
the expression � = L/(RbA) where L is the thickness of the electrolyte
film and A represents the electrode area.

The interfacial resistance (Rf) between the gel polymer elec-
trolyte membrane and lithium metal electrode was measured by
the impedance response of Li/polymer electrolyte/Li cells. The Rf
measurements were carried out over the frequency range from 10
to 1 MHz at an amplitude of 20 mV with the polymer electrolyte
separator having an area of 2 cm2 and Li metal having an area of
1.8 cm2. Cyclic voltammetry (CV) of the gel polymer electrolyte
membrane sandwiched between lithium electrodes was measured
at 25 and 50 ◦C at a scan rate of 10 mV s−1 between −1 and +1 V,
respectively.

2.4. Evaluation of the performance of cells

Li/LiFePO4 coin cell was used to evaluate the performance of the
gel polymer electrolytes in lithium battery applications. Lithium
foil (battery grade) was used as a negative electrode. The thick-
ness and surface area of the lithium foil were 1.2 mm and 1.54 cm2,
respectively. The positive electrode was fabricated by spreading the
mixture of LiFePO4, acetylene black and PVdF (initially dissolved in
N-methyl-2-pyrrolidone) with a weight ratio of 8:1:1 onto Al cur-
rent collector (battery use). Loading of active material was about, ca.
2.0–2.5 mg cm−2 and this thinner electrode was directly used with-
out pressing. Cell construction was carried out in the glove box, and
all the components of cell were dried under vacuum before placed
into the glove box. Cell performance was examined by the galvanos-
tatic charge–discharge (C–D) cycling test using a CT2001A cell test
instrument (LAND Electronic Co., Ltd.) at 25 and 50 ◦C. The cells
were sealed and then stayed at determining temperature for 12 h
before the performance test. Current rate was determined by using
the nominal capacity of 150 mAh g−1 for Li/ LiFePO4 cell. Charge
included two processes: (1) constant current at a rate, cut-off volt-
age of 4.0 V and (2) constant voltage at 4.0 V, setting time of 2 h,
and discharge had one process: constant current at different rates,
cut-off voltage of 2.5 V.

3. Results and discussion

3.1. Morphology of the membranes
a PVdF-HFP/1g13TFSI-LiTFSI gel polymer electrolyte membrane.
The pure PVdF-HFP membrane was opaque in appearance and did
not show discernable pore structure in the SEM image as shown
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Fig. 1. SEM images of (a) a pure PVdF-HFP membrane and (b

n Fig. 1(a). After the PVdF-HFP membrane was immersed in the
g13TFSI–LiTFSI solution, the membrane changed transparent in
ppearance and large quantities of homogeneous pores were found
n the SEM image as shown in Fig. 1(b). The high porosity of the

embranes was also reflected in their high electrolyte solution
ith 670 wt% obtained for the PVdF-HFP membranes. It was found,

ike in the other literature [21], that electrolyte uptake was higher
or the membrane having higher porosity. In other words, the elec-
rolyte uptake and ionic conductivity increased with porosity. The
bserved pore size was calculated to be 2–8 �m. The pore size and
omogeneity were related to the content of the PVP which was used
s a plasticizer for the formation of pores in the membrane when
t was immersed in deionized water. The PVP content of 4 wt.%
round was suitable as previously described [22,23]. The large and
niformly dispersed pores in the membrane microstructure lead
o the high retention of ILs and thereby connectivity through the

embrane that gives rise to high ionic conductivity.

.2. Ionic conductivity and electrochemical stability

Fig. 2 shows the temperature dependence of ionic conductivity
f the PVdF-HFP/1g13TFSI-LiTFSI gel polymer electrolyte mem-
rane at different temperatures by the AC impedance method. For
he sample, a linear increase was observed in the conductivity val-
es with temperature, which characterized the ionic conductivity
echanism as an Arrhenius-type behavior. In gel polymer elec-

rolyte system, the change of conductivity with temperature may
e due to the segmental motion of the polymer chains leading to

ncrease in free volume in the system, which will provide an easy

athway for the transitional motion of the ions. The segmental
otion also permits the ions to hop from one site to another. As

he temperature increases, both the segmental motion and tran-
itional ionic motion in the system will increase due the high
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ig. 2. Temperature dependence of the ionic conductivity of the PVdF-
FP/1g13TFSI-LiTFSI gel polymer electrolyte membrane.
dF-HFP/1g13TFSI-LiTFSI gel polymer electrolyte membrane.

activation energy, and it will improve the ionic conductivity [24].
The PVdF-HFP/1g13TFSI-LiTFSI gel polymer electrolyte reported
here exhibited higher ionic conductivity above 3.16 × 10−4 and
8.32 × 10−4 S cm−1 at 25 and 50 ◦C respectively, which made them
suitable for the application in lithium polymer batteries at moder-
ate temperature.

The PVdF-HFP/1g13TFSI-LiTFSI membranes had good oxida-
tion stability at 25 and 50 ◦C from their electrochemical stability
window as shown in Fig. 3. It can be seen from Fig. 3 that the
decomposition potential limit (here the potential was set at a cur-
rent density up to 0.1 mA cm−2) of the PVdF-HFP/1g13TFSI-LiTFSI
membrane reached 5.3 V (vs. Li/Li+) at 25 ◦C. As the temperature
increased, the oxidation stability of the PVdF-HFP/1g13TFSI-LiTFSI
membrane decreased and the membrane decomposed at about
4.6 V (vs. Li/Li+) at 50 ◦C. The large and fully interconnected pores,
high porosity, higher specific surface and uniform morphology
of the membranes were also contributed to the electrochemical
stability of the gel polymer electrolytes. The earlier studies were
reported on high electrochemical stability of PVdF-HFP based gel
polymer electrolytes as well [25]. The oxidation stability of the gel
polymer electrolyte membrane reflects its stability on cathode of a
lithium polymer battery, which is important for the application of
high voltage cathode materials.

3.3. Interfacial stability

Fig. 4 shows the time evolution of the impedance spectra of a
symmetrical Li/(PVdF-HFP/1g13TFSI-LiTFSI)/Li cell over storage up
to 7 days at 25 and 50 ◦C under open-circuit conditions. The inter-

cept with real axis of the spectra at high frequency was assigned to
the electrolyte bulk resistance, and the diameter of the semicircle
was assigned to the interfacial resistance (Ri) of the gel polymer
electrolyte/lithium metal. For the PVdF-HFP/1g13TFSI-LiTFSI gel
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0 h at 50 ◦C and (d) from 1 to 7 days at 50 ◦C.

lectrolyte, its bulk resistance was almost unchanged with time
uring 7 days. Fig. 4(a) and (c) show the Ri values grew continuously
rom 0 to 8 h at 25 and 50 ◦C, indicating the occurrence of a reac-
ion between the lithium metal and the polymer electrolyte with
he formation of a passivating layer. In Fig. 4(b) and (d), the Ri values
lso grew continuously over the storage time and it remain more or
ess constant after 5 days on the value of 620 and 260 � at 25 and
0 ◦C, respectively. The cathodic limiting potential of 1g13TFSI was
bout 0.7 V vs. Li/Li+ [16], so it was very possible that this IL could
ontinuously react with lithium metal. However, the evolution of
he impedance spectra might indicate that the polymer electrolyte
eacted with lithium metal and a solid electrolyte interface (SEI)
ayer was formed at the same time, as seen in other literatures
6,24,26]. The SEI layer restricted the reaction between the polymer
lectrolyte and lithium metal gradually, and a dynamic equilibrium
ould be achieved after some time.

Curves of cyclic voltammograms of the symmetrical Li/(PVdF-
FP/1g13TFSI-LiTFSI)/Li cells exhibited clear anodic and cathodic
eaks as shown in Fig. 5. In the first cycle for the PVdF-
FP/1g13TFSI-LiTFSI polymer electrolyte at 25 ◦C, the plating of
ithium was at about −0.60 V vs. Li/Li+, and the anodic peak at
bout 0.63 V vs. Li/Li+ in the returning scan corresponded to the
tripping of lithium. The lithium redox in this electrolyte could
e caused by the generation of a SEI film on the surface of the
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lithium. The peak currents of the lithium redox decreased grad-
ually with the cycle number, and it suggested that the SEI film had
being formed so that the lithium redox was restrained markedly.
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suggested a stable SEI film was formed. Following the initial stabi-
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hich indicated the occurrence of reversible redox processes and
igh coulombic efficiency of the redox process.

.4. Battery performance

The performance of Li/(PVdF-HFP/1g13TFSI-LiTFSI)/LiFePO4
ells had been characterized at room temperature and 50 ◦C and
he rates of charge and discharge were 0.1 C (corresponding to
.04 mA cm−2), and their cycling properties were presented in
ig. 6. The discharge capacity was found to be 131 and 142 mAh g−1

n the first cycle at 25 and 50 ◦C, respectively. The capacity of the cell
ncreased gradually during the first 10–15 cycles, perhaps as a result
f generation of improved penetration and contact of the IL com-
onent from the electrolyte into the electrode material [27]. After
hat, the discharge capacity kept steady essentially and the values
ere about 142 and 150 mAh g−1 at 25 and 50 ◦C, respectively, and
o significant loss of the discharge capacity was observed over 100
ycles. The reason that the cell delivers higher capacity at 50 ◦C
robably is that the ionic conductivity and interface compatibility
re better at elevated temperature.

The discharge capacities at different current rates for Li/(PVdF-
FP/1g13TFSI-LiTFSI)/LiFePO4 cells at 25 and 50 ◦C were also
easured. As shown in Fig. 7, it could be found that the discharge

apacity decreased drastically with increasing the current rates. As
s known, the IL electrolytes are made up by Li+ and other vari-
ties of ions such as ion complexes and the transport of those ion
omplexes may lead to cell polarization, which will reduce the rate
erformance of the lithium batteries [20]. However, it had been
roved that the high lithium salt concentration in the electrolyte
as beneficial for the rate capability of the lithium batteries owing

o the improvement of the lithium ion transport number. But the
ithium salt concentration could not be too high because it led to
ow ionic conductivity due to high ionic association.

. Conclusion

Ionic liquids thermodynamically compatible with lithium metal
re very promising for applications to rechargeable lithium
etal polymer batteries. In this article, gel polymer electrolytes

omposed of PVdF-HFP microporous membrane incorporating
guanidinium-based ionic liquid with 0.8 mol kg−1 lithium

is(trifluoromethanesulfonylimide) are prepared as the elec-
rolytes in Li/LiFePO4 cells. The PVdF-HFP/1g13TFSI-LiTFSI gel
olymer electrolytes exhibit higher ionic conductivity above
.16 × 10−4 and 8.32 × 10−4 S cm−1 at 25 and 50 ◦C respectively.
he gel polymer electrolytes have good chemical stability towards

ithium metal and high oxidation stability, and the anodic limit-
ng potential of the electrolyte is 5.3 and 4.6 V (vs. Li/Li+) at 25 ◦C
nd 50 ◦C. Li/LiFePO4 cell using the PVdF-HFP/1g13TFSI-LiTFSI elec-
rolytes shows good discharge capacity and cycle stability, and no

[

[

 Capacity (mAh g )

nd 50 ◦C. Charge current rate is fixed at 0.1 C and discharge current rate is indicated

significant loss in discharge capacity of the battery is observed over
100 cycles. The cell delivers the capacity of 142 and 150 mAh g−1

at the 100th cycling at 25 and 50 ◦C, respectively.
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