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ABSTRACT: Based on amine-terminated butadiene-acry-
lonitrile copolymer chemically crosslinked by epoxycyclo-
hexyl polyhedral oligomeric silsesquioxane (POSS), a
novel gel polymer electrolyte (GPE) were prepared by
introducing one ionic liquid and LiClO; into the polymer
framework. Fourier transform infrared spectroscopy, field
emission scanning electron microscopy, and X-ray diffrac-
tion analysis confirmed the interaction between the ionic
liquid and LiClO,4, and this interaction contributes to dis-
solving LiClO, salt and increasing the ionic conductivity
of GPE. Less content of POSS leads to higher ionic conduc-
tivities but lower gel content and modulus. The maximum

ionic conductivity of 2.0 Xx 107* S em™! (30°C) was
achieved and an Arrhenius-type relationship between
ionic conductivities and temperatures could be detected
over the investigated temperature range. The generated
GPE exhibited good electrochemical stability to 4 V from
cyclic voltammogram tests, which made this kind of
GPE a promising candidate for rechargeable lithium
batteries. © 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 000:
000-000, 2012
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INTRODUCTION

Researchers have spent much effort on studying gel
polymer electrolytes (GPEs) for lithium batteries
since Feuillade' first reported them in 1975. GPEs
are usually prepared by trapping lithium salt and
organic solvent molecules into a crosslinked polymer
network by soaking or blending. In GPE, lithium
salt is mainly dissolved with the effect of organic
solvent with polar groups. Owing to the higher mo-
bility of lithium ions in the liquid phase of GPE
structure,” the ionic conductivity of GPE is usually
higher than liquid-free solid polymer electrolytes or
similar to traditional liquid electrolytes. Besides, the
safety problems of traditional liquid electrolyte bat-
teries caused by leakage or instability upon cycling
can be avoided in the application of GPE.* Based on
these advantages, as the intermediate between tradi-
tional liquid electrolytes and liquid-free solid poly-
mer electrolytes,” GPEs are promising candidates for
lithium batteries.®”

Compared with physically crosslinked GPE,
chemically crosslinked GPE with covalent junction
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points and irreversible gels often exhibit better me-
chanical properties and dimensional stabﬂitgy, and
avoid solvent leakage at high temperatures.®” Ring-
opening addition reaction of amino group toward
epoxy group provides a favorable way to form
chemical network'®'* because of mild reaction con-
dition and convenience for control of crosslinking
density. Unlike the free radical crosslinking reaction
with the aid of an initiator,'® the absence of initiator
and small molecular products for the epoxy-amine
reaction is helpful to avoid side reactions caused by
residual chemicals. So far, several GPE on the basis
of neat epoxy-amine networks have been reported
such as diglycidyl ether of bisphenol A-branched
poly(ethyleneimine),'® and butanediol diglycidy-
lether—polyetherdiamine.*

As potential alternatives to conventional organic
solvents, room temperature ionic liquids (ILs) have
attracted considerable interest.'”” Most of them ex-
hibit outstanding thermal and chemical stability,
good ionic conductivity (107°~10> S cm ™' at room
temperature), nonvolatility, nonflammability, solubil-
ity with many compounds and in some case high
electrochemical stability up to 6 V.'"® Recently, the
combination of polymer and IL has been studied as
GPE for the lithium batteries.'” >’

Polyhedral oligomeric silsesquioxane (POSS) is
nanosized inorganic-organic hybrid. The inorganic
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Figure 1 Schematic structure of GPE with POSS as cross-
linking agent. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

silica core can provide enhanced thermal stability
and mechanical properties, and the organic branches
with functional groups can provide accessibility of
modification and reaction.***” A class of oligo-oxy-
enthylene-functionalized POSS was developed as
electrolytes for lithium batteries by Wunder.**
Another solid polymer electrolyte based on cross-
linkable methacryl-POSS was prepared with UV cur-
ing method by Park.*' In this study, we prepared
new GPE based on amine-terminated butadiene-ac-
rylonitrile (ATBN) copolymer with epoxycyclohexyl
POSS as crosslinking agent (Fig. 1).>* The self-stand-
ing and homogenous GPE membranes were
obtained by confining LiClO4 and 1-butyl-3-methyli-
midazolium trifluoromethanesulfonate (BMIMOTY),
a kind of IL, into the polymer framework by thermal
curing. The prepared GPE was characterized by
kinds of measurements and performed excellent

ionic conductivity and good electrochemical
properties.

EXPERIMENTAL
Materials

ATBN with acrylonitrile content of 18 wt % and
amine equivalent weight of 900 g eq'. (Hycar®
ATBN 1300X16) was purchased from Noveon,
Cleveland, OH. Epoxycyclohexyl POSS (EP0408;
(CsH130),,(S104 5),, m = 8, 10, 12; formula weight =
1772.73 g mol™ ') was purchased from Hybrid Plas-
tics (Hattiesburg, MS). LiClO; (A.R., Sinopharm
Chemical Reagent, China) and BMIMOT{ (99%,
Shanghai Cheng Jie Chemical, China) were vacuum
dried for 24 h at 120°C, respectively. Tetrahydrofu-
ran, (THF, Sinopharm Chemical Reagent, China)
was distilled over sodium under dry nitrogen atmo-
sphere prior to use. Methanol (A.R. Sinopharm
Chemical Reagent, China) was used as received.
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Preparation of GPE samples

ATBN was first dissolved in THF and precipitated
in methanol for purification. The precipitated ATBN
was washed with methanol for several times before
vacuum drying at 50°C for 24 h. A solution of the
purified ATBN, epoxycyclohexyl POSS, LiClO,4, and
BMIMOTf in THF was stirred vigorously for 30 min
and cast into Teflon® moulds. After the volatilization
of THF, the precursors in moulds were cured at
100°C for 6 h to allow a crosslinking reaction. The
resulting GPE membranes were self-standing and
optically homogenous. The schematic structure of
GPE is shown in Figure 1. The GPE samples used in
this study were denoted as ATBN-x%POSS-
y%LiClO4-z%IL which means the contents of epoxy-
cyclohexyl POSS, LiClO4, and BMIMOTYf were x, y,
and z wt % to the weight of ATBN, respectively.

Characterization

The Fourier transform infrared spectroscopy (FTIR)
measurements were conducted using a Perkin-Elmer
Spectrum 100 spectrometer with a resolution of 1
cm ! at room temperature in the wavenumber range
of 4000-450 cm . Morphology of the GPE speci-
mens was studied by field emission scanning elec-
tron microscopy (FESEM; JSM-7401F JEOL, Japan).
Images were taken from cryogenically fractured
surfaces sputter-coated with gold. X-ray diffraction
(XRD) measurements were carried out at room tem-
perature on a D/MAX-2200/PC diffractometer
(Rigaku, Tokyo, Japan), using the Cu Ko radiation at
40 kV/20 mA for 20 values between 10 and 50 with
a scanning speed of 4 min~'. Dynamic mechanical
analysis (DMA) was performed on a TA Q800
instrument using tensile mode with a fixed ampli-
tude of 0.5% at 30°C. The storage modulus (G’) and
loss modulus (G”) were measured as a function of
frequency within the range of 0.5-50 Hz. The gel
content of GPE samples was measured to determine
the extent of crosslinking by POSS. GPE samples
were weighed before and after extraction by THF for
72 h in a Soxhlet extractor. The gel content can be
calculated as the ratio of the left sample mass to the
original sample mass.

GPE membranes were sandwiched between two
stainless steel (SS) blocking electrodes to form a
symmetrical SS/GPE/SS cell, and then ionic conduc-
tivity was measured by alternating current complex
impedance analysis using Autolab PGSTA302 elec-
trochemical test system in the frequency range form
1 MHz to 1 Hz under the signal amplitude of 10
mV. The stack SS5/GPE/SS was stored in an oven for
at least 30 min at each temperature before the im-
pedance response was recorded. Autolab PGSTA302
electrochemical test system was also used to conduct
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Figure 2 Ionic conductivity of GPE based on ATBN with
different LiClIO4 and IL contents. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

cyclic voltammogram (CV) measurement with a
three-electrode cell, Al/GPE/Li, with aluminum as
the blocking working electrode, lithium as both the
counter and the reference electrode and the GPE
membrane as the electrolyte. The cell was assembled
and sealed in an argon-filled UNLAB glove box and
was tested between —0.5 and 4.0 V at a constant
scanning rate of 50 pV s~ at 25°C.

RESULTS AND DISCUSSION
Ionic conductivity

Figure 2 shows the ionic conductivity of the pre-
pared GPE at 25°C as a function of IL content. With
POSS content set at 10 wt % and LiClO,4 content at
20, 40, and 60 wt %, the ionic conductivity of these
three series of GPE shows the same trend with
increasing IL content. Compared with the IL nonin-
volved samples, samples with 20 wt % IL exhibit
much higher ionic conductivity. The ionic conductiv-
ity increases to a peak value at a certain content of
IL for each system, 20 wt % IL for GPE with 20 wt
% LiClOy4, 40 wt % IL for GPE with 40 wt % LiClO,,
and 80 wt % IL for GPE with 60 wt % LiClO,. Fur-
ther increasing IL content leads to a slight decrease
of ionic conductivity, which might be caused by the
dilution of lithium ion in the composites.

FTIR analysis

The characteristic peaks of IL show up in the spectra
of GPE with 10 wt % POSS, 40 wt % LiClO,, and
different contents of IL, and become more and more
apparent with increasing IL content [Fig. 3(a)], such
as the peak at 1574 cm™' corresponding to the

stretching vibration of C=N in the imidazole ring,*
the peaks at 1032 and 1167 cm ™' ascribed to C=F
and S—O stretching vibration mode. However, the
peak at 851 cm ' corresponding to S—O bond in the
spectrum of IL shifts to 845 cm ™' in the GPE spec-
tra,>* which might result from the change of S—O
bond by the influence of lithium ions.

In addition, the absorption band around 1102
cm™ ! corresponds to the asymmetric stretching
vibration of free perchlorate anion.>> The band sepa-
rates into two or three adjacent peaks when ClO;
coordinated with Li" in monodentate or bidentate
state, such as the three peaks at 1088, 1112, and 1144
cm ! in the spectrum of LiClO4, which indicate
that the LiClO4 mainly exists as complexes but not
free ions. Similarly, three less evident peaks can
be observed in the spectrum of ATBN-10%POSS-
40%LiClOy accordingly. But in the spectrum of GPE
with IL involved, only one broad peak can be
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Figure 3 FTIR spectra of LiClO,, IL, and GPE of ATBN-
10%POSS-40%LiClO4-x%IL. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 4 Schematic diagram of the interaction between
LiClO4 and BMIMOTH{.

observed at 1108 cm ! without branch peaks, which
means that the IL molecules weaken the coordina-
tion inside LiClO, and release more free ClO; and
Li". These variations indicate a particular interaction
between LiClO, and IL, as shown in Figure 4.

FESEM and XRD analysis

The morphology of GPE samples is investigated
using FESEM. In the image of ATBN-10%POSS-
40%LiClO4-20%IL [Fig. 5(b)], LiClO,4 crystals doped
in GPE matrix as granular particles can be observed,
but in the image of ATBN-10%POSS-40%LiClO,-
40%IL [Fig. 5(a)], the homogeneous appearance
without LiClO, crystals detected indicates that
LiCIO; salt is totally dissolved, which proves that IL
takes effect in improving the dispersion of LiClO4
in GPE system. In the image ATBN-10%POSS-
40%LiClO4-20%IL etched by ethanol [Fig. 5(c)], there
are plenty of holes caused by the solution of LiClO,4
and IL. LiClO4 is mainly dissolved by IL, and the
ion transport in the GPE system is mainly owing to
the liquid phase including IL and LiClO,4 which is
one basic characteristic of GPEs.

XRD tests were performed on GPE samples with
10 wt % POSS, 60 wt % LiClO4, and increasing con-
tent of IL from 0 to 80 wt %. As shown in Figure 6,
the sharp and tense diffraction peaks appearing in
the spectrum of ATBN-10%POSS-60%LiClO, are
ascribed to LiClO, crystals (typically at 21.0, 23.0,
and 31.3°), which indicates a high crystallinity of
LiCIO4 in the composite. Hence, only limited lithium
ions are released into GPE matrix making low-
charge carrier concentration; besides, the LiClO,
crystals hinder the movement of lithium ions, as a
result, low ionic conductivity was shown. As the IL
content increasing, the intensity of peaks decreases
gradually, which indicates the reduction of LiClO4
crystals. This is caused by the interaction between IL
and LiClO,, and such interaction contributes to the
dissolution of LiClOy crystals and releases more Li,
so accordingly, the ionic conductivity of GPE
increases. Moreover, the diffraction peaks owing to
LiCIO4 crystals almost disappear and only broad
low peak corresponding to amorphous polymer is
left in the spectrum of the GPE sample with 80 wt %
IL when the ionic conductivity of GPE reaches a
maximum value.
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Ionic conductivity

The ionic conductivity of GPE crosslinked by differ-
ent content of POSS was measured at 30°C and

SJTU-7401F LEI 5.0kV X5,000 I,um_ WD 8.0mm

SJTU-7401F LEI 50kV  X5,000 i;.‘r;— WD 8.0mm

SJTU-7401F LEI 5.0kV

1um WD 8.0mm

X3,000

Figure 5 FESEM images of (a) ATBN-10%POS5-40%LiClO,-
40%IL without etching, (b, ¢) ATBN-10%POSS-40%LiClO4-
20%IL before and after etching.
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Figure 6 XRD spectra of GPE with 10 wt % POSS, 60 wt
% LiClO,, and different IL contents. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

shown in Figure 7. For both GPE with 50 wt % IL,
40 wt % LiClOy4 and 50 wt % IL, 60 wt % LiCIOy,
their ionic conductivity decreases with growth of
POSS content. When the content of POSS is 5 wt %,
the GPE can exhibit a maximum ionic conductivity
of over 107*S cm™".

Figure 8 shows the temperature dependence of
ionic conductivity for GPE crosslinked by different
amounts of POSS. The temperature was varied from
30 to 70°C at a step of 10°C. As expected, the ionic
conductivity of all the tested samples increases with
the growth of temperature. The relationship between
ionic conductivity and temperature for the three
GPE samples is well corresponded to Arrhenius-
type relationship over the investigated range of tem-
perature. This means that the charge carriers are
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Figure 7 Ionic conductivity of GPE crosslinked by differ-
ent POSS contents. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 8 Temperature dependence of ionic conductivity
for GPE crosslinked by different POSS contents. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

almost decoupled from the segmental motion of
polymer chains and instead coupled with the dy-
namics of the solvent.*** Activation energy can be
estimated from the slope of the three fitted lines. E,
are calculated to be 29.1, 28.0, and 25.5 k] mol ! for
GPE crosslinked by 5, 10, and 15 wt % POSS, respec-
tively. Less POSS leads to less reaction sites for
crosslinking, and then less ATBN chains can be
attached to POSS with both ends. The free polymer
chains are more sensitive to the variation of temper-
ature, and hence the corresponding GPEs show
higher activation energy.

Gel content and DMA analysis

As shown in Figure 9, gel content test gives a proof
that less POSS content results in lower gel
content which indicates lower crosslinking density.

80

Gel content (%)

0 5 10 15 20
POSS content (%)

Figure 9 Gel content of GPE crosslinked by different
contents of POSS.
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Figure 10 shows the storage modulus (G’) and loss
modulus (G”) of the samples in the frequency range
of 0.5-50 Hz measured at 30°C using DMA in tensile
mode. GPE crosslinked by higher content of POSS
presents relatively higher G’ and G”, which is con-
sistent with the results of gel content test. The lower
value of G” compared with G’ suggests that the pre-
pared GPEs are elastic because of the crosslinked
rubber-like matrix. As epoxy group-functionalized
POSS acts as the crosslinking agent in the GPE sys-
tem, the polymer chains of GPE crosslinked by less
POSS are freer and can perform higher mobility,
which is helpful in improving ionic conductivity.
Lower crosslinking densities give higher ionic con-
ductivities but lower mechanical properties, which
means a contradiction between them, and hence to
reach the balance is crucial in developing GPEs.

CV analysis

Electrochemical stability of GPE is important for
their practical application, because decomposition
may cause safety problems and weaken their electro-
chemical properties. Therefore, CV experiment with
Al/GPE/Li cell was carried out to examine the elec-
trochemical stability window, and the CV curve is
shown in Figure 11. The test was conducted between
—0.5 and 4 V at 25°C. The sample of ATBN-
5%P0OSS-60%LiClO4-50%IL was applied to assemble
the cell as electrolytes. The prepared GPE can be sta-
ble to about 4 V, meeting the basic requirement of
rechargeable lithium batteries. The reversible peaks
around 0 V corresponds to lithium Elating and strip-
ping of the aluminum electrode.”” The CV curve
indicates high working stability of the cell at room
temperature and a potential application for recharge-
able lithium batteries.

—a—G' —0— G" ATBN-5% POSS-40% LiCIO_-50% IL
g{—*—G' G" ATBN-10% POSS-40% LiCIO,-50% IL L3
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Figure 10 G’ and G” versus frequency for GPE cross-
linked by different POSS content etching. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 11 CV curve with Al/GPE/Li cell using ATBN-
5%POSS-60%LiClO,4-50%IL as electrolytes.

CONCLUSIONS

In summary, GPE based on ATBN was prepared by
thermal curing with epoxycyclohexyl POSS as cross-
linking agent, LiClO, as charge carrier, and BMI-
MOTf as organic solvent. In GPE system, the interac-
tion between IL and LiClO, helps to dissolve LiClO,
salt and increases the number of lithium ions, which
was proved by FTIR, FESEM, and XRD analysis;
therefore, the ionic conductivity increases with the
growth of IL content and reaches a peak value. Less
content of POSS contributes to higher ionic conduc-
tivity but lower gel content and modulus. GPE of
ATBN-5%P0OSS-40%LiClO4-50%IL exhibits a maxi-
mum ionic conductivity of 2 x 10°* S em™" at 30°C
and the temperature dependence of ionic conductiv-
ity corresponds to Arrhenius-type relationship rang-
ing from 30 to 70°C. The CV test of the unit cell of
Al/GPE/Li indicates that the generated GPE can be
stable up to 4 V. The good electrochemical proper-
ties make this kind of GPE a promising candidate
for rechargeable lithium batteries.

The authors thank Prof. Zhang, Y. M. for the help of measure-
ment, and thank Tang, J. K., Li, J. K., and Gao, P. F. for their
intellectual help.
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