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Abstract Novel composite solid polymer electrolytes
(CSPEs) and composite gel polymer electrolytes (CGPEs)
have been prepared. CSPE consists of poly(ether-ure-
thane) network polymer (PUN), fumed silicas and Li-
ClOy4. The ionic conductivity of CSPEs can be enhanced
nearly 20 times in comparison with the plain system
without the addition of fumed silicas and can be above
1x107° S/cm at room temperature. The effects of both
kinds of fumed silicas, viz. uSiO, with hydrophilic groups
at the surface and mSiO, with hydrophobic groups at the
surface on ionic conductivity were investigated. CGPE
comprising of the CSPE and LiClO4PC solution with
good mechanical strength exhibits ionic conductivity in
the order of 107> S/cm at room temperature and above
3x10~* S/cm at low temperature —40 °C.

Introduction

Solid polymer electrolytes (SPEs) have received consid-
erable attention for their potential application as elec-
trolytes in modern electronics ever since the discovery of
the polymer electrolytes based on poly(ethylene oxide)
(PEO) [1, 2]. PEO-based polymer electrolytes have been
extensively studied because of their beneficial structure
in supporting fast ion transport. These systems, how-
ever, still suffer from inadequate ionic conductivity at
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room temperature (6 <107 S/cm) and poor mechani-
cal properties due to the high crystallization degree of
PEO [3, 4].

One of the methods to obtain a PEO-based polymer
electrolyte with high ionic conductivity is to prepare
composite solid polymer electrolyte (CSPE) by adding
fine fillers [2, 5, 6]. It was reported that the addition of
a-Al,O3 powder, SiO,, TiO,, Al,Os, and y-LiAlO, re-
sults in improved mechanical properties, an increase in
cation transference number and ionic conductivity at
low-temperature of PEO-based polymer electrolytes,
and an improved interfacial stability between the CSPEs
and the lithium metal electrode [5-8].

Recently, fumed silica got considerable interests to
prepare CSPE [9-11] because fumed silica has several
distinct advantages [12], i.e., (1) its “‘starburst” particu-
late shape helps to reduce the crystallinity of the host
polymer at low solid loading; (2) its large surface area
leads to an open network structure supporting high ionic
mobility; (3) its surface groups can be modified to meet a
specific need. As a result, after the addition of treated
SiO, powders, the ionic conductivity of poly(ethylene
glycol) (PEG)-based CSPE could be enhanced five to
tenfolds [9]. For CSPE based on the fumed silica and
PEG of low molecular weight, gel-like electrolytes were
produced due to the formation of a network structure
via physical cross-linking provided by the fumed silica,
and these electrolytes achieve ionic conductivity at room
temperature exceeding 107> S/cm [13, 14]. In such gel,
the number of combination points will change upon
variation of the external conditions such as temperature,
concentration, or stress, because the gel network is
formed via physical crosslinking [2]. For CSPEs based
on fumed silica and the linear PEO with high molecular
weight [10, 12, 15], the room temperature conductivity
continues to be a limiting factor. The swelling of such
CSPE by liquid electrolyte can also achieve high ionic
conductivity at room temperature. However, poor
mechanical properties will still be encountered with, and
thus the linear structure of the PEO hinders the appli-
cation of such CGPE in rechargeable lithium batteries.
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The formation of network via chemical crosslinking
is an interesting way to obtain polymer complex with
high ionic conductivity in combination with good pro-
cessability, mechanical strength and dimensional stabil-
ity at relatively high temperature and under pressure
[16-19]. In addition, this kind of network structure also
helps to trap the liquid electrolyte within the polymer
matrix [18-20].

In this paper, CSPE based on poly(ether-urethane)
network polymer (PUN) from chemical crosslinking
reaction of PEG with a crosslinker were reported. Two
kinds of fumed silicas, mSiO, with hydrophobic groups
at the surface and uSiO, with hydrophilic groups at the
surface, were used as fillers. Effects of these two fillers on
the crystallinity and ionic conductivity were primarily
investigated. In addition, composite gel polymer elec-
trolytes (CGPEs) were prepared by dipping the dry
CSPE films in a liquid electrolyte.

Experimental

The crosslinking agent (TMP-TDI) with three NCO
groups was synthesized in our laboratory [18, 19] and its
chemical structure is shown below:

" NCO
CH,OCNH— H,
: _NCO
CHyCH,C CH,0C NH~(O)—CH;
| 9 NCO
| (
CH,OC NH —@—CH3
(TMP-TDI )

The fumed silicas, mSiO, of average particle size
12 nm with hydrophobic groups at the surface and
uSiO, of average particle size 20 nm with the native
hydroxyl groups at the surface, were kindly provided by
High-Tech Materials Laboratory of our institute. PUN-
based solid polymer electrolyte (SPE) was synthesized
according to Scheme 1, whose structure is schematically
shown in Fig. 1. Since the crosslinking could not be
100%, there are some pentant groups or side chains.

2 TMP-TDI + 3HO(CH,CH0) 1 THI/LICIO0 b5 e spE
( PEG) 60°C

Scheme 1 Preparation of PUN-based solid polymer electrolyte

An equivalent amount of PEG with an average
molecular weight 1,000 and the crosslinker TMP-TDI
were dissolved in anhydrous tetrahydrofuran (THF) in a
flask equipped with a condenser and then an appropriate

Fig. 1 Schematic structure of PUN-based solid polymer electrolyte
(SPE) according to Scheme 1

amount of dried LiCIO4 ([EO]/[Li]=12.5) was added to
the above solution. With vigorous stirring, the solution
was heated at 60 °C for 1 h. The obtained viscous
solution was then cast onto a square PTFE mold, which
was put on an exact horizontal plane. After curing in a
vacuum oven at 80 °C for 48 h, the final product, SPE,
was obtained. The preparation procedure of CSPE was
similar to that of SPE except the addition of the fumed
silicas before heating the solution.

For the preparation of CGPEs, SPE and CSPE films
with accurately known weights were immersed in a li-
quid electrolyte [1.5 M LiCIOy4 in propylene carbonate
(PO)]. The liquid electrolyte was prepared by dissolving
vacuum dried anhydrous LiClO4 in PC from vacuum
distillation in the presence of sodium. The swelling
processes were carried out at room temperature. The
dipped films were taken out from the liquid electrolytes
at different times, and their weights, thickness, diameter
and ionic conductivities were measured. The solution
contents (SC) in the films were determined:

SC(%) = (W, — Wo)/ W, x 100%, (1)

where W, and W, are the weights of the dry and the
swelled films, respectively.

The ionic conductivity was measured using HIOKI
LCR 3520 HI TESTER at 1 kHz, and the film was
placed in a Teflon spacer ring, compressed between two
stainless steel electrodes, and sealed in a testing cell.
X-ray diffraction (XRD) patterns were recorded with an
X-ray diffraction meter (Rigaku D/max-2500) in the
range of 20=1-30 °.

Results and discussion

The XRD patterns corresponding to pristine SPE,
uSi0,-added CSPE and mSiO,-added one, are shown in
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Fig. 2 XRD patterns of a pristine PUN/LiClIO, SPE, b PUN/
uSiO,/LiClO04 CSPE (the amount of uSiO, based on PUN is
1.25 wt%), and ¢ PUN/mSiO,/LiClO, CSPE (the amount of
mSiO, based on PUN is 1.67 wt%)
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Fig. 3 Ionic conductivity versus the addition amount uSiO, and
mSiO, fillers for PUN/filler/LiCIO4 CSPEs at 30 °C ([EO]/
[Li]=12.5)

Fig. 2. In Fig. 2a, the XRD pattern of pristine SPE
shows one crystalline peak at about 22.5 °. The intensity
of the crystalline peak decreased obviously when fumed
silica fillers were added as shown in Fig. 2b and c. This
indicates that the crystallinity of the PUN-based SPE
can be reduced by the added fillers, and the mSiO, is
more effective in decreasing the crystallinity of the SPE
than the uSiO,.

Dependence of ionic conductivities at 30 °C on the
content of the fillers is illustrated in Fig. 3. It shows that
two curves have the same general character. The ionic
conductivity initially increases and attains a maximum
when the amounts of mSiO, and uSiO, based on PUN
arrive at about 1.67 and 1.25 wt%, respectively. The

23

presence of the fumed silicas induce an enhancement of
the conductivity of about 20 times, from 4.83x107" S/
cm to 1.15x107° S/em, and 1.02x107° S/cm, respec-
tively. After the maximum conductivity is reached, the
ionic conductivity decreases with the content of the
fillers.

Conductivity (o) is determined by ionic mobility (p),
carrier number (n), and charge (¢) as the following Eq.

Q):

o= ung. )

For the present CSPE, charge is constant, so the reason
for the maximum behavior of the ion conductivity could
be related to the change in mobility and number of
charge carriers after the addition of the fillers. It is
known that ionic mobility is intimately connected with
the segmental motion of the polymer chains. When the
addition amounts of the fillers are low, the crystalliza-
tion of the CSPE is suppressed as shown in Fig. 2, so the
polymer can move more easily and the free volume
increases. The charge carriers can move into the free
volume, leading to an increase in ionic conductivity. At
higher filler contents, continuous non-conductive phase
built up by the fillers would block transport of lithium
ions, resulting in the decrease of conductivity of the
CSPE [21]. The enhancement of the ionic conductivity in
these composite systems may also be related to the
change in the number of charge carriers caused by the
interaction between the silica and the polymer electro-
lyte, as discussed in the following.

Figure 4 illustrates the temperature dependence of
the conductivity for the mSiO,- and uSiO,-added com-
posite PUN-LiClOy4-based electrolytes in comparison
with that of filler-free polymer electrolyte. It is evident
that the plots of log  versus 1/T are curved rather than
linear, which suggest that lithium transport occurs in
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Fig. 4 Temperature dependence of the ionic conductivity for a
pristine PUN/LiCIO4 SPE, b PUN/uSiO,/LiClIO; CSPE (the
amount of uSiO, based on PUN is 1.25 wt%), and ¢ PUN/
mSiO,/LiClO, CSPE (the amount of mSiO, based on PUN is
1.67 wt%)
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Fig. 5 Vogel-Tammann-Fulcher plots of ionic conductivity for a
pristine PUN/LiCIO4 SPE, b PUN/uSiO,/LiClIO, CSPE (the
amount of uSiO, based on PUN is 1.25 wt%), and ¢ PUN/
mSiO,/LiClO,4 CSPE (the amount of mSiO, based on PUN is
1.67 wt%)

amorphous region, and the ionic conduction follows
Vogel-Tammann-Fulcher (VTF) equation [22-24].

A
- me—Ea/R(T—Tu>7 (3)
where A and E, are constants. The former is related to
the number of charge carriers, and E, is the activation
energy for ionic conduction. 7 is the measured temper-
ature in the unit of K and 7T is a temperature related to
T,. According to Gibbs configuration entropy model, T
is regarded as 50 K below the measured T, [25]. T is the
same as that of PEO, which is well known to be 223 K
(=50 °C). As a result, Ty is 173 K. The results of the
fitting are shown in Fig. 5. From plots log(c T~ ') ver-
sus 1/(T—T,), well-fitted straight lines are observed. This
indicates that the process of ion conduction is closely
related to the polymer segmental motion. The fitted
parameters 4 and E, are calculated and shown in Ta-
ble 1. It presents that the activation energy E, decreases
after the addition of uSiO, and mSiO,, which suggests
that lithium ions can transport more easily. This is
consistent with the above results from X-ray diffraction,
the amounts of amorphous phase in both composite
systems are increased upon the addition of the fillers.
It is well known that our small molecule PEG
(MW =1000) can be used as a plasticizer for solid
polymer electrolytes. The activation energy for the
movement of lithium ion is very low, similar to the

behavior in liquid electrolyte, about several kJ/mol. In
our synthesized cross-linked polymers, the structure
could not be very perfect and there are some residual
pendant groups of (CH,OCH,0),—OH. As a result, it is
lower than that of normal solid polymer electrolytes.
For comparison, Table 1 also shows that the pre-
exponential factor A for the uSiO,-added CSPE (0.97) is
higher than that of the filler-free SPE (0.29), and that for
the mSiO,-added CSPE (0.26) is almost the same as that
of filler-free SPE. From these results, it is evident that
the conductivity enhancement in the uSiO,-added CSPE
cannot solely be attributed to the increase of amorphous
phase, it is also related to specific interactions induced
via Lewis acid—base reaction between the filler’s surface
and the polymer electrolyte. Indeed, the occurrence of
specific interactions between added ceramic fillers and
polymer electrolytes has been suggested [7, 8] and sup-
ported by the results from X-ray energy dispersive
analysis for CSPE of P(EO)gLiClO,4 and 10 wt% TiO,
and Raman spectroscopy [8, 26]. The TiO, powders
influence ion aggregation in amorphous CSPEs by
promoting TiO,-salt interactions. The interaction be-
tween the silica and lithium ions is also studied by the
solid 'Li NMR spectroscopy [27]. The expected inter-
actions between the fumed silica and the polymer elec-
trolyte in our two prepared CSPEs are suggested in
Fig. 6 [28]. For the uSiO,-added CSPE, the filler can
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Fig. 6 Pictorial model of the surface interaction between two forms
of dispersed fumed silica filler and the PUN-LiClO,4 electrolyte
complex: a uSiO, with the native hydroxyl groups at the surface; b
mSiO, with hydrophobic groups R at the surface

Table 1 Ionic conductivity and

VTF parameters for the SPE Type of SPE G (30 °C) G (80 °C) A 2 E,

and CSPEs (S/cm) (S/cm) (K= S/em) (kJ/mol)
Pristine SPE 4.831077 6.05x107° 0.29 5.04
CSPE (uSiO5 added) 1.02x107° 5.42x1074 0.97 4.05
CSPE (mSiO, added) 1.15x107° 3.35x107* 0.26 3.43
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Fig. 7 Dependence of the ionic conductivity for SPE from PUN/
LiClO4 and CSPEs from PUN/filler/LiCIO4 (the amount of uSiO,
and mSiO, based on PUN is 1.25 and 1.67 wt%, respectively) on
the content of 1.5 M LiClO, solution in PC

provide hydrogen bonds with the salt anions as well as
with oxygen of the PEO chains, which is consistent with
the results from X-ray diffraction that the CSPE based
on uSiO, still presents some kind of crystal phase. In
contrast, in the case of mSiO, filler only ion—dipole
interactions are expected and almost completely amor-
phous phase is achieved, therefore the uSiO, filler is
expected to be a little more efficient in promoting salt
dissociation and freeing lithium ions from the coordi-
nation with PEO chains than the mSiO, filler, resulting
in the increase of the charge carrier number.

Based on the above results, as for uSiO,-added
CSPE, it is possible to assume that the increase in con-
ductivity of CSPE is attributed to the enhancement in
the amount of the amorphous phase (favoring the in-
crease of the ion mobility) as well as to the Lewis acid-
base type ceramic-electrolyte interactions (favoring the
increase of the number of charge carriers). While in the
case of mSiO,-added CSPE, the increase in conductivity
may be attributed mostly to the former. However, the
degree is different. At 30 °C, the ionic conductivity of
the uSiO,-added CSPE is lower than that of the mSiO,-
added one, which seems to indicate that ion mobility
(related to the degree of the amorphous phase in the
composite system) plays a predominant role in influ-
encing the ionic conductivity. At higher temperature
(above 40 °C), the ionic conductivity of the uSiO,-added
CSPE is higher than that of the mSiO,-added one, and
the number of charge carriers plays a more predominant
role in influencing the ionic conductivity.

Figure 7 shows the dependence of ionic conductivity
of GPE and CGPEs systems at room temperature on the
content of PC-LiClO4 solution. Comparison of the
CGPEs with the pristine one also shows an increase in
conductivity. These two CGPEs have almost the same
ionic conductivity at certain content of the PC-LiClOy4
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solution. The CGPE with desired conductivity of
1073 S/cm can be obtained when the content of the PC—
LiClOy solution is about 50 wt% at room temperature.

At low temperature —40 °C, the ionic conductivity of
mSiO»- and uSiO,-added CGPEs with 66 wt% PC-Li-
ClO, solution is 3.65x10~* S/cm and 6.69x10~* S/cm,
respectively, remaining at satisfactory level. This pri-
mary result suggests that this kind of CGPE is also
possible for low temperature application.

Conclusion

Two novel types of CSPEs composed of chemical
crosslinked poly(ether-urethane), fumed silicas, and Li-
ClO4 were prepared. This study demonstrates that the
addition of fumed silicas can suppress the crystallinity of
CSPEs, and increase the ion conductivity by 20 times
exceeding 107> S/cm. The temperature dependence of
conductivity of the CSPEs follows VTF equation in the
temperature range of 30-90 °C. The increase in ionic
conductivity of the uSiO, (with hydrophilic surface
groups)-based CSPE is attributed to the enhancement of
degree of the amorphous phase as well as to some Lewis
acid—base type ceramic—electrolyte interactions, and the
increase in ionic conductivity of the mSiO, (with
hydrophobic surface groups)-based one is mostly
attributed to the former. CGPEs comprising of the
CSPEs and 1.5 M LiClO4 solution in PC with good
mechanical strength exhibit ionic conductivity in the
order of 107 S/cm at room temperature and satisfac-
tory level at —40 °C, providing promise for their appli-
cation in polymer lithium ion batteries.
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