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enhances ionic conductivities of the electrolytes which is due to the high polarity and diffusivity of SN.
The integrity of the plastic-crystalline phase is kept at low temperature range in polymer electrolytes. The
high solubility of SN on Li salts is observed by Fourier transform infrared (FTIR) spectra measurement,
thus could lead to enhanced lithium-ion transference number. The battery performances of composite
polymer electrolytes at different temperatures are tested and the results are comparable to that of the
pure plastic crystal electrolytes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

All-solid-state Li-ion polymer batteries are of great interest
due to their high energy density and shape variability [1,2]. Solid
polymer electrolyte (SPE) forms a key part of rechargeable poly-
mer batteries. High ionic conductivity at room temperature, and
suitable mechanical property along with important technologi-
cal advantages are related to safety and electrochemical stability
makes it attractive compared to liquid electrolyte which is used
in commercially Li-ion batteries [3]. In polymer electrolytes, due
to faster segmental chain mobility in the amorphous regions, the
ionic conductivities are much higher compared to the crystalline
regions in the same sample [4]. It has been almost 30 years since
the discovery and introduction of polymer electrolytes used in
lithium batteries [5,6]. Till now, SPE can be generally divided into
two types: dry and gelled system [7]. For dry system, the salt is
dissolved in the polymer framework as the case in the familiar
polyethylene oxide (PEO) membrane. The ionic conductivities of
104 Q~1cm1 can be obtained by various modification methods,
e.g., by forming copolymer [8], polymer blends [9], and adding
inorganic fillers [10-13], to decrease the crystallinity of polymer,
typically poly(ethylene oxide) (PEO). This type of SPE has enhanced
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conductivities, high mechanical properties and high interface sta-
bility with Li anode, but the ionic conductivities are still too low
for practical applications at ambient temperature. Gelled system
formed by adding large amount of liquid electrolytes into poly-
mer matrix shows higher ionic conductivities than 103 Q-1 cm!
[14-16], but still exhibits all the limits of liquid electrolytes and
thus lose the instinct nature of solid electrolytes.

Succinonitrile (N=C—CH,—CH;—C=N, abbreviated as SN) is a
solid organic non-ionic plastic material, where the impurity ‘trans’
isomer imparts a plastic character in the material before reaching
its melting temperature [17]. It shows a phase transition at ~—30°C,
above which the material exhibits a stable plastic-crystalline phase
until it melts at ~60°C. The plastic-crystalline phase of SN can
be used as a solid solvent for various Li salt (LiX) [18,19]. How-
ever, SN is highly plastic and deforms easily without fracture under
low stress and snaps easily on little manual stretching [20,21].
Therefore, it cannot be used as a self-standing film as well as
polymer electrolytes. Recently we introduced succinonitrile into
polymer electrolyte as a versatile additive [22-24]. This kind of
material possesses not only high ionic conductivity but also favor-
able mechanical strength, and thus commercial separators are not
required during battery assembling and testing. Here we compare
the ionic conductivities of another four kinds of LiX complexes with
SN and poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-
HFP)). The integrity of plastic-crystalline phase is studied by
differential scanning calorimetry (DSC) scans and the ionic dissol-
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ubility is studied by Fourier transform infrared (FTIR) spectra. The
utilization of composite polymer electrolyte in Li-ion batteries is
studied by charge/discharge galvanostatic cycling test.

2. Experimental

P(VDF-HFP) containing 10% HFP unit, PEO (Mw 600,000), LiCl,
LiClO4, LiPFg, SN from Aldrich and Lithium bisperfluoroethyl-
sulfonylimide (abbreviated as LiBETI, Li(C;F5S0,),N) from UBE
industries LTD in Japan are used as received. Anhydrous acetoni-
trile and acetone from Merck are used as organic solvents for
PEO and P(VDF-HFP), respectively. The composite polymer elec-
trolytes are prepared via the traditional solution casting technique.
The polymers used are 1g for P(VDF-HFP) and 0.032 mol for PEO
respectively. SN and LiX are 0.02 and 0.002 mol, respectively.
The composites are prepared firstly by dissolving predetermined
amounts of PEO/P(VDF-HFP) and LiX, followed by the addition of
SN. This solution is stirred at room temperature until the mixture
appeared to be homogeneous. The mixture is cast on a Teflon plate
followed by evaporating the solvent in a dry box for 2 days. Finally,
the samples are dried under vacuum at 30°C for 2 days. SN/LiX
composites without polymer are prepared by directly adding LiX
into melted SN.

The ionic conductivity is measured by ac impedance spec-
troscopy using a HP 4192A LF impedance analyzer in the frequency
range from 5 Hz to 2 MHz at temperatures between —20 and 80°C.
The samples are kept at each temperature for 1 h during impedance
measurement. DSC measurements are carried out under nitrogen
atmosphere with Dupont TA 2910 modulated DSC. The samples are

loaded in hermetically sealed aluminum pans and measurements
are taken at a heating rate of 10 °Cmin~—!. FTIR spectra are recorded
on a PerkinElmer Spectrum GX instrument.

Batteries test were performed by using two-electrode Swagelok-
type cells. The cells were composed of Li4sTisO1, as anodes and
LiCoO, (Nippon Chemical Cooperation) as cathodes. Li4Tis 015 [25],
was prepared by heating a mixture of anatase TiO, and LiOH-H,0
in a 5:4.2 molar ratio (5% Li excess) for 8 s at 800 °C. For preparing
electrode, 85% LiCo0O,/[Li4Ti5O1, active material, 5% carbon black,
and 10% poly(vinylidene fluoride) solution were mixed and pasted
on pure Al or Cu foil (Goodfellow, 99.6%) and dried under vacuum. A
P(VDF-HFP) + SN + LiBETI polymer electrolyte film was used as both
electrolyte and separator between the LiCoO, and LizTisOq; elec-
trodes. The cell was assembled in an argon-filled glove box. The
cells were cycled from 1.7 to 2.8 V (vs. Li4TisO12) on a Wuhan Land
battery test system at 25 and —10°C.

3. Results and discussion

Fig. 1 presents the temperature dependence of ionic conductiv-
ities of P(VDF-HFP)+LiX, SN +LiX, and P(VDF-HFP)+SN +LiX. For
pure P(VDF-HFP) + LiX films, the ionic conductivities increase with
the temperature linearly and no obvious transition is observed
because the melting temperatures (Ty) of P(VDF-HFP)+LiX are
more than 110 °C, which are higher than the measured temperature
range here. The ionic conductivities of P(VDF-HFP) + LiX at ambient
temperature are all below 104 Q-1 cm~1. The difference of ionic
conductivities for P(VDF-HFP) +LiX lies in the behavior of LiX. The
ionic conductivities of P(VDF-HFP) + LiBETI are much higher than

Fig. 1. Temperature dependence of ionic conductivities of (a) P(VDF-HFP)+LiX, (b) SN+LiX, and (c) P(VDF-HFP) + SN +LiX, where LiX are LiCl, LiClOg4, LiPFg, and LiBETI,

@) TG (b) T/%
80 60 40 20 0 -20 %0 & H5 &b " o
.44 ] T T \ T T T
“"'vvavv"' 2- m""" 2
5 %o YV Yyy '\Yv-v
§ 6 o v o4 U/
5 % . 3 Yy, '
g 9, £ .y LS V‘v
9. .'. 'To \ .‘., v
° 5] ®oq | <-4 . %oy Vv
g b L1 L TTreyr :flu, o \ .‘.“-.
‘O F-N-m-m- | ]
= —a— PVDFHFPYICT O '-=_:" o §’ L3 B CT"'I ag .
10 —e—P(VDF-HFP)+LICIO, %o IS Ly
P(VDF-HFP)+LiPF, i s |
— — il H L]
L1 |_TYPVORHFPRLBETI . | ot
28 30 32 34 36 38 40 ' ' ' ‘ - ' -
y oy 28 30 32 34 36 38 40
1000 T /K 1000 T /K
© TG
> 80 60 40 20 0 20
I"“‘l‘l
l’!; Yoy
4 @ Vv o
- 3 0, V-y.
E .x. v
© ' N
C 4, TmEEmgg ®-e
[} Emy
g - Wem,
— 51 —=—P(VDF-HFP)+SN+LICI N
—e— P(VDF-HFP)+SN+LICIO,
P(VDF-HFP)+SN+LIPF,
69 —v—P(VDF-HFP)+SN+LIBETI 1

28 30 32 34 36 38 40

1000 T' /K

respectively. The amount of P(VDF-HFP), SN and LiX are 1g, 0.02 and 0.002 mol, respectively.
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Fig. 2. DSC curves of SN, SN+LiClO4, P(VDF-HFP), P(VDF-HFP)+LiClO4, P(VDF-
HFP)+ SN, and P(VDF-HFP)+ SN +LiClOy4, respectively. The amount of P(VDF-HFP),
SN and LiClO4 are 1g, 0.02 and 0.002 mol, respectively.

that of P(VDF-HFP) + LiCl because LiBETI is much more dissociable
and has larger ionic radius (0.447 nm) than that of LiCl (0.181 nm).
For SN +LiX composites, the ionic conductivities are much higher
than their polymer counterparts because of the solvent role of SN
[18,19]. There are transitions in the curves corresponding to the
T of the SN+LiX. By adding SN into P(VDF-HFP)+ LiX, the ionic
conductivities enhance over the whole temperature ranges. The
effect of SN on P(VDF-HFP) + LiX can also be clearly observed. The
ionic conductivities of P(VDF-HFP)+SN+LiX at low temperature
(for example, from —20 to 60°C for LiCl) are surprisingly higher
than pure SN +LiX composite. The ionic conductivity can reach at
1x103Q-Tem! at 10°C for P(VDF-HFP) + SN +LiClO4 compos-
ite, at 20 °C for P(VDF-HFP) + SN + LiPFg composite and at —10°C for
P(VDF-HFP) + SN + LiBETI composite, respectively. The conductivity
of the P(VDF-HFP) + SN +LiClOy is found to be ~1 x 1074 Q-1 cm™!
at—20°C, approximately 1.2 x 10° times of the magnitude of P(VDF-
HFP) + LiClOy4 film at the same temperature (~1 x 10710 Q-1c¢m™1),
At 20°C, the ionic conductivity of P(VDF-HFP)+SN+LiClO4 is
still more than 2 x 10° times higher compared to pure P(VDF-
HFP) + LiCl04 composite. The ionic conductivity enhancement can
be attributed to the decrease in crystallinity of P(VDF-HFP) as
observed in DSC (Fig. 2) as well as the high polarity and dif-
fusivity of SN, i.e., its capability to act as a solvent for Li salts
[22-24].

The DSC scans (Fig. 2) of the pure SN, SN +LiClO4 and P(VDF-
HFP) + SN, P(VDF-HFP)+SN +LiClO4 were performed in order to
check the integrity of the plastic-crystalline phase of SN. For pure
SN, it exhibits a plastic-crystalline phase between —32 °C (the tran-
sition from normal crystal to plastic-crystalline phase, Tpc) and
58°C (Tm). Upon the addition of LiClO4, the melting point was
depressed to 8 °C which is due to the solvating ability of SN, while
Tpc remained unaffected. The addition of P(VDF-HFP) into SN and
SN +LiClO4 did not obviously affect the T, and Tpc of SN. So the
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Fig. 3. Comparisons of ionic conductivities of P(VDF-HFP)+LiClO4, SN+LiClO4,
P(VDF-HFP) + SN +LiClO4, PEO + LiClO4 and PEO + SN + LiClO4. The amount of P(VDF-
HFP), PEO, SN and LiClO4 are 1g, 0.032, 0.02 and 0.002 mol, respectively.

polymer films P(VDF-HFP) + SN + LiClO4 could keep inside ingredi-
ent totally solid below 7 °C, at which its ionic conductivity is still as
high as ~0.8 x 1073 Q~1cm1.

We further compare the ionic conductivities (Fig. 3) of P(VDF-
HFP)+ SN +LiCl04 and PEO + SN +LiClO4. SN has more effect on the
ionic conductivities of P(VDF-HFP)-based polymer electrolyte than
PEO-based films. The activation energies estimated from Arrhe-
nius fitting from —20 to 20°C are summarized in Table 1. The
activation energies of P(VDF-HFP)/PEO +SN +LiClO4 compromise
between P(VDF-HFP)/PEO + LiCIO4 and SN + LiClO4, which indicate
both P(VDF-HFP)/PEO and SN have effect on LiClO4 dissociation and
ionic transfer. In addition to high ionic conductivities, all the films
are self-standing and very flexible, and they can be used in Li-ion
polymer batteries without introducing commercial separators.

The effect of SN addition on LiClO4 dissolution in the PEO-based
polymer electrolytes is studied by fitting the v4(ClO4~) envelope
in FTIR spectra (Fig. 4) to Gaussian-Lorentzian product function
[26]. The v4(ClO4~) envelope could be split into two separate
bands: the peak at ~624 cm~! is assigned to the “free” C104~ anion
vibrations (including free and solvent-separated anion), while the
peak at ~635 cm~! represents [Li*Cl0,4~ ] contact ion pairs [27-29].
By comparing the area under the “free” ClO4~ band to the total
V4(Cl04™) envelope, the fraction of free anions can be calculated.
For the SN-free sample PEO + LiClO4, about 84% anion is free and 16%
of anion exists as [Li*ClO4~] ion pairs. As SN is added, the ratio of
free anions increases to 100% as it is in SN + LiClO4 composite. From
this, we speculate that the addition of SN could enhance the Li* ion
transference number of polymer electrolytes. This solubility also
leads to the enhanced ionic conductivity for composite polymer
electrolytes.

Galvanostatic charge/discharge behavior of the cell LiCoO,
|P(VDF-HFP) + SN + LiBETI| Li4TisO, was investigated at different
temperature. The cells exhibit a charge/discharge plateauat ~2.35V
as reported in [23]. Fig. 5 shows the results for the cycle life tests

Table 1
Activation energies estimated from Arrhenius fitting (from —20 to 20°C) for poly-
mer + LiClO4, polymer + SN + LiClO4, and SN + LiClO4

Polymer film PEO (eV) P(VDF-HFP) (eV)
Polymer +LiClO4 0.89 0.69

Polymer + SN + LiClO4 0.45 0.40

SN +LiClO4 0.37
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Fig. 4. FTIR results of PEO+LiClO4, SN+LiClO4 and PEO+LiClO4 +SN, where the
sphere points, solid line and dashed lines represent experimental data, fitted enve-
lope and fitted peaks, respectively. The amount of PEO, SN and LiClO4 are 0.032, 0.02
and 0.002 mol, respectively.
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Fig. 5. Variation of discharge capacity of LiCoO, with cycle numbers for LiCoO,
|P(VDF-HFP) + SN + LiBETI| LisTisOq, at different discharge rates and temperatures.
The amount of P(VDF-HFP), SN and LiBETI are 1 g, 0.02 and 0.002 mol, respectively.

by using above cell at a rate of C/10 and C at 25 and —10°C. The
cell gave an initial discharge capacity of 116 mAhg-! (25°C) and
105mAhg-! (-10°C) at C/10, after 120 cycles, the cell retained
78% (25°C) and 60% (—10°C) of the initial capacity. Li intercalation
capacity decreases with increasing current density. At currents of
C, the capacity is still as high as 36 mAhg~! (25°C) and 26 mAh g
(—=10°C). This results are comparable to that obtained with a cell
using the pure plastic crystal SN+ LiTFSI as electrolyte [30], but the
beneficial mechanical properties of polymer electrolyte allowed us
to assemble the cell without using a typical commercial separa-
tor. Further investigations on cycle stability in composite polymer
electrolytes are in progress.

4. Conclusions

All-solid-state P(VDF-HFP) and PEO based composite polymer
electrolytes has been obtained by complexing a non-ionic plastic
material SN. The highly enhanced ionic conductivities using four
different kinds of Li salt exhibit the versatility of SN as a solid sol-
vent. Thermal analysis results show that SN can keep the integrity
of plastic-crystalline phase at low temperature range in composite
polymer electrolytes. The high solubility of SN on Li salts is found
in polymer+SN+LiX composites by FTIR spectra measurement
indicating the high Li-ion transference number. The battery tests
indicate that polymer electrolytes with succinonitrile are promis-
ing electrolytes for future Li-ion batteries at low temperature range.
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