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Abstract Nano-Al,O3; was doped in poly(acrylonitrile-co-
methyl methacrylate) (P(AN-co-MMA)), and polyethylene
(PE)-supported P(AN-co-MMA)/nano-Al,O3; microporous
composite polymer electrolyte (MCPE) was prepared. The
performances of the prepared MCPE for lithium ion battery
use, including ionic conductivity, electrochemical stability,
interfacial compatibility, and cyclic stability, were studied
by scanning electron spectroscopy, linear sweep voltamme-
try, and electrochemical impedance spectroscopy. It is
found that the nano-Al,O5 significantly affects the MCPE
performances. Compared to the MCPE without any nano-
Al, O3, the MCPE with 10 wt.% nano-Al,O3 reaches its
best performances. Its ionic conductivity is improved from
2.0x107° to 3.2x10° S cm ™, its decomposition potential
is enhanced from 5.5 to 5.7 V (vs Li/Li"), and its interfacial
resistance on lithium is reduced from 520 to 160 Q cm?.
Thus, the battery performance is improved.
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Introduction

Microporous composite polymer electrolyte (MCPE) is
attractive for lithium ion batteries due to its high safety,
good cycle life, and easy processing compared with its
liquid electrolyte counterpart. However, relative low ambi-
ent performances (e.g., low mechanical property and ionic
conductivity) have limited its use. One of the ways to solve
mechanical problem is to use a mechanical support such as
polyethylene (PE) or non-woven fabrics to prepare sup-
ported MCPE [1-7]. On the other hand, the ionic con-
ductivity of MCPE at room temperature can be enhanced
by incorporation of nanoparticles, such as nano-SiO, and
nano-Al,O;, into the polymer matrix [8—16].

In our previous work [17], PE-supported poly(acryloni-
trile-co-methyl methacrylate) (P(AN-co-MMA)) MCPE
was prepared and its performances was understood. It was
found that this supported MCPE has appropriate perform-
ances for lithium ion battery use, including appropriate
ionic conductivity and good electrochemical compatibility
with anode and cathode of lithium ion battery. The purpose
of this paper was to further improve the performances of
this PE-supported P(AN-co-MMA) MCPE using nano-
Al,Oj3 as a filler. The effect of the content of the filler on
the pore structure and electrolyte uptake of the MCPE
matrix and the ionic conductivity and electrochemical
stability of the MCPE are considered. It is found that
nano-Al,O3; can improve the performances of the PE-
supported P(AN-co-MMA) MCPE.
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Experimental
Preparation

P(AN-co-MMA) copolymer, in which the mole ratio of AN
to MMA is 4:1, was prepared by solution polymerization as
previous report [17]. This ratio was used because it
provided the copolymer with the best performance. A
certain amount of nano-Al,O3 (Japan, average particle size
of 10 nm) was dispersed ultrasonically in anhydrous N,
N-dimethylformamide in which the P(AN-co-MMA) co-
polymer was dissolved under stirring to obtain nano-Al,O;3-
containing solution. The solution was cast on a microporous
PE separator (Celgard 2400, USA; thickness, 16 um) and
dried in dry atmosphere and then under vacuum at 60 °C for
24 h to obtain PE-supported P(AN-co-MMA )/nano-Al,0;
membrane. The membrane was transferred into a glove box
(Supper1220/750, Belgium) and soaked with 1 M LiPF4 in
dimethyl carbonate (DMC)/diethylene carbonate (DEC)/
ethylene carbonate (EC) (1:1:1, in volume) for 1 h to obtain
PE-supported P(AN-co-MMA)/mano-Al,0; MPCE. The
membranes with 0, 5, 10, 15, 20, and 30 wt.% nano-
Al,O3 were obtained.

Characterization

The morphology of the membrane was examined with
scanning electron microscope (JEOL, JSM-6380LV, Japan).
The electrolyte uptake (4) of the membrane was determined
by immersing the membrane in 1 M LiPFs (DMC/DEC/EC;
1:1:1, in volume) for 30 min and obtained by:

A(%) = (Wy — W)/ Wy x 100% (1)

where W, and W, are the mass of the dry and wet mem-
branes, respectively.

The ionic conductivity of the MCPE was determined by
electrochemical impedance spectroscopy on electrochemi-
cal instrument (CHI650B, Shanghai) using alternative
current signal with potential amplitude of 10 mV and
frequencies from 100 KHz to 1 Hz. In the determination of
the ionic conductivity, the MCPE was sandwiched between
two parallel stainless steel (SS) discs (diameter =16 mm).
The ionic conductivity was calculated from the bulk
electrolyte resistance (R) according to:

o =1/RS (2)

where [ is the thickness of the PE-supported MCPE and S is
the contact area between MCPE and SS disc. The bulk
electrolyte resistance (R) was obtained from the complex
impedance diagram.

The interfacial stability of the MCPE was also deter-
mined by electrochemical impedance spectroscopy. In the
determination of the interfacial stability, the MCPE was
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sandwiched between two lithium electrodes to form a
symmetrical Li/MCPE/Li cell, with one lithium electrode as
working electrode and the other as counter electrode and
reference electrode. The lithium ion transference number
was measured by the combination of chronoamperometry
(CA) and electrochemical impedance spectroscopy (EIS)
using the cell Li/MCPE/Li. The electrochemical stability of
the MCPE was examined in the configuration of the cell Li/
MCPE/SS by linear sweep voltammetry. To determine the
battery performance, a cell Li/MCPE/LiCoO, was set up
and tested with charging/discharging instrument (PCBT-
138-64D WUHAN LISUN).

Results and discussion
Morphology of membranes

Figure 1 shows the scanning electron microscopy (SEM)
images of PE-supported P(AN-co-MMA)/nano-Al,O; com-
posite membranes. It can be seen from Fig. 1 that the pore
distribution and structure of the membranes are affected by
the content of nano-Al,O3 in the composites. Without nano-
Al,O3, the membrane has large pores, with an average
diameter of 8 um, as shown in Fig. la. With the composite
of nano-Al,O5 in P(AN-co-MMA), the pore diameter of the
membrane becomes smaller; for example, the membrane
with 5 wt.% nano-Al,Oz has the pores with an average
diameter of 1 pm, as shown in Fig. 1b. When the content of
nano-Al,O5 in P(AN-co-MMA) increases from 5 to 10 wt.%,
the pore diameter of the membrane remains almost
unchanged, but the pores disperse in the membrane more
uniformly, as shown in Fig. lc. As the content of nano-
Al O3 increases further, the pore number decreases, as
shown in Fig. 1d. When the content of nano-Al,O3 is over
20 wt.%, the pore structure of the membrane almost
disappears, as shown in Fig. le, f. This can be ascribed to
the aggregating of nano-Al,O3 in P(AN-co-MMA). There-
fore, the pore structure of P(AN-co-MMA) membrane can be
improved by the composite of 5-15 wt.% nano-Al,O; in P
(AN-co-MMA). It can be expected that the better pore
structure of the membrane will improve the ionic conductiv-
ity of the MCPE.

Electrolyte uptake

Figure 2 shows the dependence of electrolyte uptake of PE-
supported P(AN-co-MMA)/nano-Al,O; composite mem-
branes on the content of nano-Al,Os. It can be seen from
Fig. 2 that the electrolyte uptakes of the membranes are also
affected by the composite of nano-Al,O; in P(AN-co-
MMA). It can be found by comparing Fig. 2 with Fig. 1
that the electrolyte uptakes of the membranes depend
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Fig. 1 SEM images of PE-
supported P(AN-co-MMA)/

x wt.% nano-Al,O3; membranes:
ax=0; bx=5;¢cx=10;d x=15;
e x=20; f x=30
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greatly on their pore structure. With 5-20 wt.% nano-
Al,O3, the membrane has larger electrolyte uptake than that
without Al,Os; especially, the membrane with 10 wt.%
nano-Al,O; has the largest electrolyte uptake, 280%,
compared to 150% for the membrane without nano-Al,Os.

The electrolyte uptake of membrane is related to its pore
structure [18-20]. The pore size of the copolymer without
nano-Al,0Os is too large to retain the electrolyte, resulting in
the smaller electrolyte uptake of only 150%. As the amount
of nano-Al,O5 increases in the P(AN-co-MMA), the pores
become smaller and their ability to retain electrolyte
increases, resulting in the larger electrolyte uptake. It
reaches the maximum level of 280% when the nano-
Al,O5 content is 10 wt.%. When the content of nano-Al,O3
increases further, the pore sizes become too small to retain
the electrolyte.

L rEETCTIER
=z1=1"] 18 1m

Ionic conductivity

To determine the ion conductivity of the PE-supported P
(AN-co-MMA )/nano-Al,0; MCPE, electrochemical im-
pedance experiment was carried out on the cell SS/PE-
supported MCPE/SS. Figure 3 presents the Nyquist plot of
the electrochemical impedance for the PE-supported MCPE
with 10 wt.% nano-Al,Os. It can be seen from Fig. 3 that
the imaginary part of the impedance is linearly related to its
real part and the imaginary part increases more quickly than
the real part as the frequency becomes lower. This is
characteristic of an equivalent of a resistor and a capacitor
in series, which corresponds to the resistance of the gel
electrolyte and the double capacitance of the cell in this
case. Therefore, the resistance of the gel electrolyte can be
determined by the intersection of linear relation between the
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Fig. 2 Dependence of electrolyte uptake of PE-supported P(AN-co-
MMA)/nano-Al,O; composite membranes on content of nano-Al,O3

imaginary and real parts of the impedance with the real part
axis.

Figure 4 show the dependence of ionic conductivity of
PE-supported P(AN-co-MMA)/nano-Al,0; MCPE on the
content of nano-Al,O; at room temperature. The ionic
conductivity of the MCPE shows the same dependence
tendency on the content of nano-Al,O; as the electrolyte
uptake does. With 5-20 wt.% nano-Al,O;, the MCPE has
higher ionic conductivity than that without nano-Al,Oj3;
especially, the MCPE with 10 wt.% nano-Al,O3 has the
largest ionic conductivity, 32x107° S cm™!, compared to
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Fig. 3 The electrochemical impedance spectroscopy of the cell SS/
PE-supported MCPE/SS with 10 wt.% nano-Al,O3
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Fig. 4 Dependence of ionic conductivity of PE-supported P(AN-
co-MMA)/nano-Al,0; MCPE on content of nano-Al,O;3 in
P(AN-co-MMA)

2.1x102 S cm! for the MCPE without nano-Al,O;. This
ionic conductivity of PE-supported P(AN-co-MMA)/nano-
Al,O3; MCPE is larger than those of similar MCPEs
reported in literatures [13, 21-23]. For example, the ionic
conductivity is 1.9x1072 S em™' for P(AN-MMA)/SiO,
MCPE [13] and 1.25 S cm ™" for P(AN-MMA) MCPE [21].
When the content of nano-Al,O5 is over 20 wt.%, the ionic
conductivity of the MCPE becomes less than that without
nano-Al,Os. This can be ascribed to the lower electrolyte
uptake of the MCPE with higher content of nano-Al,05. It
should be noted from Figs. 2 and 4 that the MCPE with
15 wt.% Al,O3 has lower electrolyte uptake but higher
ionic conductivity than the MCPE with 5 wt.% Al,O3. This
suggests that the nano-Al,O; in the MCPE contributes to
the ionic conductivity of the MCPE.

Transference number

The lithium ion transference numbers (#,) of PE-supported
P(AN-co-MMA)/nano-Al,O3; MCPE were determined by
the combination of CA and EIS using the cell Li/MCPE/Li,
and the obtained results are shown in Table 1. The #. was
calculated using the following equation [24, 25]:

[ :]S(AVfloRo)/Io(AVflsRs) (3)

where [y, Is, and AV are the initial current, the steady-state
current, and the potential applied to the cell in CA,
respectively, and R, and Rg are the initial interfacial
resistance and the steady-state interfacial resistance
obtained by EIS, respectively.
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It can be seen from Table 1 that the ¢, of PE-supported P
(AN-co-MMA) MCPE is enhanced by the doping of nano-
Al,O3, especially for the MCPE with 10 wt.% nano-Al,O3
which has the largest transference number value of the
order of 0.56. This value is higher than those reported in the
literatures [26-29]. The MCPE with 15 wt.% Al,O3 has
higher ¢, than the MCPE with 5 wt.% Al,O3, suggesting
that the nano-Al,O5 in the MCPE contributes to the ionic
conductivity of the MCPE by enhancing the lithium ion
transfer number.

The effect of nano-Al,O3 results from Lewis acid—base
reactions between the surface of the nanoparticle and the P
(AN-co-MMA) segments [30, 31]. The Lewis acid of nano-
Al,O3 competes with the Lewis acid of the lithium cations
for the formation of complexes with the P(AN-co-MMA)
chains. Thus, the nanoparticles act as cross-linking centers
for the P(AN-co-MMA) segments, lowering the polymer
chain reorganization tendency and promoting an overall
structure stiffness. Such a structure modification provides
lithium ion conducting pathways at the surface of the
nanoparticles, resulting in the improvement in ionic
transportation. On the other hand, the interactions of
Lewis-acidic Al,O5; with PF¢ anions lead to the liberation
of higher amounts of free Li", which increases the Li"
transference number and thus the ionic conductivity of the
MCPE.

Electrochemical stability

Figure 5 presents the linear voltammogram obtained for the
cell Li/PE-supported MCPE/SS. It can be seen from Fig. 5
that the PE-supported MCPE without nano-Al,O; decom-
poses at about 5.5 V (vs Li/Li"), but the PE-supported
MCPE with 10 wt.%nano-Al,O5 does not decompose at the
potential up to 5.7 V (vs Li/Li"). This indicates that the
electrochemical stability of PE-supported MCPE can be
further improved by the composite of nano-Al,O; in it.
Higher electrochemical stability is necessary to lithium ion
battery, especially for the cathodic materials with high
voltage.

Table 1 Electrochemical data and transference numbers of PE-
supported P(AN-co-MMA)/x wt.% nano-Al,0O5; composite membranes
as a function of nano-Al,Os

xwt% ALOs  Ro () Rs () o (A) s (nA) 4

0 260 298 10 34 0.28
5 108 119 4.8 2.4 0.48
10 81 90 L5 0.84 0.56
15 157 180 3.9 2 0.51
20 200 198 8 3.6 0.4
30 238 250 10.8 4.6 0.36

-0.06

(a) without nano-AlL O,

-0.05 | (b) with 10 wt.% nano-ALO,

-0.04

-0.03 -

-0.02 - (@)

Current (mA)

-0.01

000 — I I I I n I L 1 L 1 L 1 L
30 35 40 45 50 655 6.0 65

Voltage (V)

Fig. 5 Linear voltammograms on stainless steel for PE-supported
MCPE without nano-Al,O3 (a) and with 10 wt.% nano-Al,O3 (b);
scan rate, 1 mV s

Interfacial property with lithium electrode

The interfacial property between anode and electrolyte in a
lithium ion battery is one of the important factors that
determine the safety and cyclic stability of the battery [32,
33]. Interfacial stability of the PE-supported P(AN-co-
MMA) MCPE with the lithium metal electrode was
estimated by EIS. The time evolution of the impedance
response was monitored with Li/PE-supported MCPE/Li
cells at open circuit for 3 weeks. The obtained results are
shown in Fig. 6. The semicircles at the high frequencies in
the electrochemical impedance spectra of Fig. 6 are
associated with the passivation layer and the charge transfer
resistances on the lithium electrode, which are considered
to constitute the interfacial resistance [34]. It can be seen
from Fig. 6 that the PE-supported P(AN-co-MMA) MCPE
with 10 wt.% nano-Al,O5; has lower interfacial resistance
than that the MCPE without nano-Al,O5. The interfacial
resistance is 160 and 520 € cm?” for the PE-supported P
(AN-co-MMA) MCPE with and without nano-Al,Os,
respectively. Obviously, the interfacial property between
anode and PE-supported P(AN-co-MMA) MCPE can be
improved by the composite of nano-Al,Os. This “interfacial
stabilizing” effect has also been observed for the composite
of ceramics in polymer [35—40].

Cyclic stability of lithium ion battery
In order to verify the electrochemical performance of the
PE-supported P(AN-co-MMA) MCPE/nano-Al,0; MCPE,

coin cells Li/PE-supported MCPE/LiCoO, were assembled
for charging/discharging test at a constant current of
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Fig. 6 Electrochemical impedance spectra of the cell Li/PE-supported
MCPE/Li without nano-Al,O5 (a) and with 10 wt.% nano-Al,O5 (b)

0.5 mA (0.2C) with cutoff voltages of 4.2 V at the upper
limit and 3.0 V at the lower limit. Figure 7 presents the
charging/discharging curve of the cell using the MCPE with
10 wt.% nano-Al,O3, and Fig. 8 presents the cyclic stability
of the cell with a comparison of the cell with the MCPE
without nano-Al,O3. It can be seen from Fig. 7 that the
charging—discharging plateaus of the cell is less changed
with increasing cycle number, indicating that the cell has
good cyclic stability. The initial discharge capacity of the
cell using PE-supported P(AN-co-MMA)/nano-Al,03
MCPE is 2.54 mAh, very close to that of the cell using
the MCPE without nano-Al,Os, which is 2.52 mAh. The
discharge capacity of the cell using PE-supported P(AN-co-
MMA)/nano-Al,O; MCPE remains 91% of its initial
capacity after 50 cycles, but the cell using the MCPE
without nano-Al,O; remains only 86.3% of its initial
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ion battery use was studied. It is found that the composite
of Nano-Al,O; in P(AN-co-MMA) can improve the pore

(a) without nano-Al,O,
(b) with 10 wt.% nano-Al O,
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Fig. 8 Cyclic stability of battery Li/PE-supported MCPE/LiCoO,
without nano-Al,O3 (a) and with 10 wt.% nano-Al,O5 (b)
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configuration of the PE-supported P(AN-co-MMA) mem-
brane, the lithium ion transfer number, and the ionic
conductivity of the MCPE at room temperature, and thus
the performance of lithium ion battery. The PE-supported P
(AN-co-MMA) MCPE with 10 wt.% nano-Al,O3 has best
performance.
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