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Abstract A new copolymer, poly(methyl methacrylate-
co-butyl acrylate) (P(MMA-co-BA)), was synthesized
by emulsion polymerization with different mass ratio of
methyl methacrylate (MMA) and butyl acrylate (BA).
The membranes were prepared by phase inversion and
corresponding gel polymer electrolytes (GPEs) were ob-
tained by immersing the membrane into a liquid electro-
lyte. In this design, the hard monomer MMA provided
the copolymer with good electrolyte uptake, while the
soft monomer BA provided the GPE with strong adhe-
sion between the anode and cathode of lithium ion bat-
tery. The properties of the resulting product were inves-
tigated by Fourier transform infrared spectroscopy, nucle-
ar magnetic resonance spectra, scanning electron spec-
troscopy, linear sweep voltammetry, thermogravimetric
analysis, cyclic voltammetry, electrochemical impedance
spectroscopy and charge/discharge test. The results show
that the obtained GPE based on P(MMA-co-BA) with the
mass ratios of MMA and BA = 6:1 exhibits good con-
ductivity (as high as 1.2 × 10−3 S cm−1) at room tem-
perature and high electrochemical stability (up to 4.9 V

vs. Li/Li+). With the application of the polyethylene
(PE)-supported GPE in Li/Li(Li0.13Ni0.30Mn0.57)O2 bat-
tery, the battery presents good cyclic stability (maintain-
ing 95.4 % of its initial discharge capacity after 50 cy-
cles) at room temperature.
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Introduction

More and more attentions have been paid to the applica-
tion of gel polymer electrolyte (GPE) in lithium ion bat-
teries, dye-sensitized solar cells, fuel cells and super ca-
pacitors on account of combining with the advantages of
both liquid electrolytes (high ionic conductivity) and
solid-state electrolytes (high safety) [1–5]. Currently,
most studies of GPE are about lithium ion batteries since
its safety problem gives rise to highly concern [6–10].
The safety problem caused by conventional lithium ion
batteries using liquid carbonated electrolyte can be
solved through absorbing liquid electrolytes as much as
possible into the polymer matrixes to reduce its free flow
rate inside the battery. Plentiful polymers have been stud-
ied so far, including poly(ethylene oxide) (PEO) [11],
poly(vinylidenefluoride) (PVDF) [12], polyacrylonitrile
(PAN) [13], poly(methylmethacrylate) (PMMA) [14]
and polyvinyl chloride (PVC) [15]. However, there exists
various drawbacks in these developed polymers and cor-
responding GPEs. The performances in terms of electro-
lyte uptake, ionic conductivity and electrochemical sta-
bility still need to be improved to meet the requirement
of commercial lithium ion batteries. It is reported that
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above drawbacks can be made up to some extent
through copolymerization using hard monomer and soft
monomer that have different functions, such as poly(ac-
rylonitri le-vinyl acetate) [P(AN-VAc)] [16] and
poly(methylmethacrylate-acrylonitrile) [P(MMA-AN)]
[17].

It has been known that the hard monomer, methyl methac-
rylate (MMA), provides the copolymer with good electrolyte
uptake [18], which is mainly responsible for the high ionic
conductivity of the GPE. The soft monomer, butyl acrylate
(BA), provides the GPE with strong adhesion of the GPE with
the anode and cathode of lithium ion battery [19, 20]. In the
hope of employing the individuals advantage of MMA and
BA, we report the synthesis of poly(methyl methacrylate-co-
butyl acrylate) (P(MMA-co-BA)) copolymer for the first time.
The properties of the resulting copolymer and corresponding
membrane and GPE are investigated. The performance of the
developed GPE is evaluated in the Li/Li(Li0.13Ni0.30Mn0.57)O2

coin cell.

Experimental

Preparation

P(MMA-co-BA) was prepared by emulsion polymerization.
Commercial monomers, MMA (>99.0 %) and BA (>99.0 %),
were distilled in vacuum to remove the aggregation inhibitor.
Sodium dodecyl sulphate (SDS) as an emulsifier was dis-
solved in the deionized water with a concentration of
1.5 wt% to form a homogeneous emulsion solution under
N2 flow at 60 °C in a four-neck glass reactor. The mixture
with different mass ratios of MMA and BA was added into
the SDS solution under stirring vigorously for 30min. Sodium
persulphate solution as aggregation inhibitor (0.15 wt%, the
resulted concentration of the salt in the mixture) was slowly
added into the emulsified solution, and then the polymeriza-
tion was continued for 6 h under vigorous stirring. The
resulting emulsion was poured into 3 wt% Al2(SO4)3 solution
to yield the precipitate according to the reports [4, 5, 10, 18,
22, 23], which was subsequently filtered, washed with ethanol
and then with hot deionized water (40 °C) in order to remove
impurities such as residual monomers and emulsifier. The co-
polymer P(MMA-co-BA) in the form of white powder was
finally obtained by drying the purified precipitate in a vacuum
at 60 °C for 24 h. Four copolymers were obtained with the
mass ratios of MMA to BA 4:1, 5:1, 6:1 and 7:1, respectively.
The main synthesis route is shown in Scheme 1.

To improve the mechanical strength of the membrane and
corresponding GPE, polyethylene (PE) is used as supporter.
The prepared P(MMA-co-BA) copolymer was dissolved at a
concentration of 4 wt% in anhydrous dimethylformamide
(DMF) at 80 °C for 1 h. After complete dissolution, the

resulting transparent and viscous slurry was cast onto a PE
supporter using doctor blade technique, then quickly im-
mersed in deionized water. The porous membrane is formed
through the phase inversion due to the exchange of water
(non-solvent) and DMF (solvent) with the average pore size
of about 0.08 μm. The resulting membrane was washed with
deionized water and then immersed in deionized water for 2 h
to remove residual DMF. The membrane was finally obtained
after drying the membrane in vacuum at 60 °C for 24 h.

In order to obtain GPE, the PE-supported P(MMA-co-BA)
membrane was immersed in 1 M LiPF6 solution employing
ethylene carbonate (EC)/dimethyl carbonate (DMC) (EC/
DMC = 1/1, v/v, battery grade, Samsung Cheil Industry,
Korea) as solvent for 30 min in an argon-filled glove box
(Mikrouna). The thickness of the film before the uptake elec-
trolytes is 50 μm in average, while 55 μm after uptake
electrolytes.

Characterization

The electrolyte uptake (A) of PE-P(MMA-co-BA) mem-
branes with different mass ratio of MMA and BA was
characterized by immersing the membranes in 1 M LiPF6
(EC/DMC = 1/1, V/V) solution for 1 h, and obtained by
Eq. (1) according to [4, 5]:

A %ð Þ ¼ W 2−W 1

W 1
� 100% ð1Þ

where W2 and W1 were the mass of the wet and dry
membranes, respectively.

The porosity of membrane was determined by soaking in
n-butanol for 2 h until equilibrium was achieved at room tem-
perature. The excess n-butanol adhering to the membrane sur-
face was gently removed with wipes. The porosity (P%) was
calculated by equation (2) based on [10, 22]:

P% ¼ Ww−Wd

ρb � Vm
� 100% ð2Þ

where Ww and Wd were the weights of the electrolyte-soaked
membrane and dry membrane, respectively, and ρb was the
density of n-butanol and Vm was the volume of the dry
membrane.

The ionic conductivity of the GPE was measured by ac
impedance spectroscopy on electrochemical instrument
(PGSTAT-30, Eco Echemie B.V. Company) with a symmetri-
cal cell, SS (stainless steel)/GPE/SS. The GPE was
sandwiched between two SS discs (diameter Ф = 16.2 mm).
The ionic conductivity was calculated from the bulk electro-
lyte resistance (R) according to [22, 23]:

σ ¼ l

RS
ð3Þ
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where l was the thickness of the GPE and S was the contact
area between GPE and SS disc.

The bulk electrolyte resistance was obtained from the
complex impedance diagram. The alternative current sig-
nal of the measurement for EIS (electrochemical imped-
ance spectrum) is from 100 kHz to 1 Hz with potential
amplitude of 10 mV.

The structure of the copolymer was determined by Fourier
transform infrared spectroscopy (FTIR, BRUKER TENSOR
27) in the range of 450~4000 cm−1 and nuclear magnetic
resonance (NMR) spectra, which were measured in dimethyl
sulphoxide (DMSO) solvent using a Bruker AVANCE AV
400 MHz spectrometer. The morphology of the copolymer
membrane was characterized by scanning electron microsco-
py (SEM, JEOL, JSM-6510A, JAPAN) at an acceleration
voltage of 15 kV.

The electrochemical stability of the GPE was decided
by reduction and oxidation conditions. The reductive sta-
bility was determined on Autolab (PGSTAT-30, Eco
Echemie B.V. Company) by EIS using the symmetrical
cell Li/GPE/Li. In the EIS measurement, amplitude of
the alternative current was 5 mV and the frequencies
were from 500 kHz to 30 mHz. The oxidative stability
of the GPE was conducted on the electrochemical instru-
ment (PGSTAT-30, Eco Echemie B.V. Company) by lin-
ear sweep voltammetry (LSV) using the cell Li/GPE/SS
with the scanning rate of 1 mV s−1, in which the SS was
as working electrode, the lithium as the reference and the
counter electrodes. The cyclic voltammetry (CV) mea-
surement was determined on Solartron 1470E (England)
using the cell Li/GPE/SS likewise between −0.5 and 5 V
at the scanning rate of 1 mV s−1 as well.

The thermogravimetric analysis (TGA) was obtained
using a NETZSCH TG/DSC analyser (model STA-
200PC) to survey thermal stability of the membrane. To
determine the cyclic performance of lithium ion battery
using the developed GPE, the 2025 coin cell with the
structure of Li/GPE/Li(Li0.13Ni0.30Mn0.57)O2 was set up
and cycled between 3.5 and 4.9 V at 0.1 C rate using
multi-channel battery testers (LAND CT2001A) at room
temperature.

To obtain the reproducible results, the data of this work
were done with five samples; the reported value was the av-
erage one with the error less than 5 %.

Results and discussion

Effect of monomer ratio on electrolyte uptake, porosity
and ionic conductivity

The electrolyte uptake of membrane, which is closely related
to the monomer ratio of polymer matrix, is crucial for the GPE
with high ionic conductivity [21, 22]. The electrolyte uptake
of the resulting membranes calculated by Eq. (1) is shown in
Fig. 1. The electrolyte uptake of the membrane with the mass
ratio of MMA and BA = 6:1 has the largest value, which
should be ascribed to the proper ratio of hard monomer
(MMA) and soft monomer (BA) during copolymerization re-
action. However, increasing or decreasing the ratio of MMA
in copolymer, the electrolyte uptake would be reduced. In
addition, it can be observed that the electrolyte uptake of
membrane with the mass ratio of MMA and BA = 7:1 is
second to the best one. Therefore, the further investigation
would be conducted on these two ratios of membrane.

For comparison, the porosity of P(MMA-co-BA) mem-
branes with different mass ratios of MMA and BA (6:1 and
7:1) is presented in Fig. 2. The porosity of the membrane with
the mass ratios of MMA and BA = 6:1 is 61.1 %, while that of
the membrane with the mass ratios of MMA and BA = 7:1 is
59.4 %, which is consistent with the electrolyte uptake, indi-
cating that proper porosity of membrane is beneficial to up-
take the electrolyte.

Figure 3 shows the Nyquist plot of the GPEs using
PMMA and P(MMA-co-BA) with different mass ratios
of MMA and BA as matrix at room temperature. The
measurement was carried out on the cell SS/GPE/SS. It
can be found that the imaginary part of the impedance is
linearly related to its real part. The intersection of the
straight line with the real part axis is the bulk electrolyte
resistance (R) [5, 14, 21, 22]. At room temperature, the
ionic conductivity of GPE based on P(MMA-co-BA) with
t h e ma s s r a t i o o f MMA and BA = 6 : 1 i s
1.2 × 10−3 S cm−1, while GPEs based on P(MMA-co-
BA) with the mass ratio of MMA and BA = 7: 1 and
PMMA are 1.0 × 10−3 and 0.85 × 10−3 S cm−1, respectively.
The result indicates that the improvement in the ionic conduc-
tivity for the binary copolymer is achieved through augment-
ing another monomer with the suitable proportion of the orig-
inal MMA monomer, while the higher ionic conductivity of

Scheme 1 Synthesis route of
copolymer P(MMA-co-BA)
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P(MMA-co-BA) with the mass ratio of MMA and BA = 6:1
should be ascribed to its interconnected pore structure.

Effect of monomer ratio on electrochemical stability

The compatibility of GPEs with cathode of lithium ion battery
was investigated by their electrochemical stability on stainless
steel under anodic oxidation. Figure 4 shows the linear sweep
voltammograms (LSV) on stainless steel for GPEs based on
PMMA and P(MMA-co-BA) with different mass ratios of
MMA and BA. From the curve of Fig. 4, it can be seen that
the PMMA-based GPE has strong current response at around
4.5 V (vs. Li/Li+), while the GPEs based on P(MMA-co-BA)
with the mass ratio of MMA and BA = 6:1 and 7:1 are elec-
trochemically stable up to about 4.9 and 4.8 V, respectively.
Apparently, the combination between MMA and BA en-
hances the electrochemical stability. This improvement can
be ascribed to the contribution of the branched chain in BA
(−(CH)2–CH3) to the polymer, which is more important than
that of MMA (−CH3).

To understand whether the developed GPE blocks the re-
versibility of Li-ion deposition and dissolution or not, the
cyclic voltammetry measurement was carried out employing

stainless steel as working electrode and lithium foil as refer-
ence electrode. Figure 5 presents the cyclic voltammetry of the
cell SS/GPE/Li using GPEs based on PMMA and P(MMA-
co-BA) with the mass ratio of MMA and BA = 6:1 and 7:1. It
is found that there is no obvious difference of the current
response on these three GPEs: all of them have an anodic peak
at about 0.5 V resulted from the stripping of lithium metal,
while the cathodic peak observed at about −0.46 V is caused
by the lithium deposition on the stainless steel electrode. In
addition, the almost overlapping of CV curves for the first 5
cycles indicate that the highly reversible deposition and dis-
solution of lithium ion. Thus, the P(MMA-co-BA) based GPE
that has reversible redox stability is suitable to apply in current
lithium ion battery. In accordance with analysis of the above,
the copolymer with optimal mass ratio of MMA and BA = 6:1
shows the best performance on the electrolyte uptake, poros-
ity, ionic conductivity and electrochemical stability; thus, this
mass ratio of copolymer was chosen for further investigation.
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FTIR analysis

Figure 6 presents the FTIR spectra of monomers MMA, BA
and their copolymer of P(MMA-co-BA) (mass ratio:
MMA:BA = 6:1). It can be seen from Fig. 6 that the charac-
teristic absorption peaks of MMA are at 1643.2 cm−1 for the
C=C bond and 1737.7 cm−1 for the stretching C=O bond [23,
24]. The peaks at 1639.4 and 1733.9 cm−1 are corresponded to
the C=C bond and C=O bond in BA, respectively. Comparing
the FTIR spectrum of the copolymer with those of two mono-
mers, it can be found that the copolymer keeps the absorption
peaks at 1739.7 cm−1 (C=O), but loses the peaks at 1643.2 and
1639.4 cm−1 for C=C bonds in eachmonomer, suggesting that
the copolymer forms through breaking of C=C bonds in each
monomers while keeps the main characteristics of the
monomers.

NMR analysis

To determine the real ratio of monomers MMA and BA in the
copolymer chain, 1H NMR spectra was carried out. Figure 7c
presents the result of 1H NMR spectra for P(MMA-co-BA)
copolymer powder. The peaks seated in the range of 1.0~1.4
and 1.8~2.2 ppm are caused by the response of α-methyl
proton (CH3) and the methylene proton (CH2) in the copoly-
mer chain, respectively. Strong responded peak at 2.5 ppm is
ascribed to the proton in DMSO solvent. Another strong re-
sponse at around 3.3 ppm should be caused by the proton in
H2O, which may come fromDMSO solvent or copolymer. As

can be seen from Fig. 7b, there is a peak at around
3.4~3.6 ppm due to the methoxy proton (O–CH3) linked with
nearby carbonyl group in the MMA chain [23], while the
methylene proton (O–CH2) of –O(CH2)3CH3 chain in the
BA unit results in the peak of around 3.8~4.0 ppm [25].
Based on the integral of each area for characterized proton
peaks, it can be calculated that the real ratios of MMA and
BA unit in the copolymer is 6:0.9, which is less than the ratios
of 6:1 in raw materials, indicating that partial BA monomer
did not participate in the emulsion polymerization reaction. It
is worth noting in Fig. 7a that there is no other response at
around 4.5~5.9 ppm for alkenes proton (CH2=C) in the copol-
ymer chains, suggesting that the residual BA monomer is
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removed totally after washing by the deionized water and
ethanol. The NMR analysis is also in accordance with that
of FTIR result.

SEM image

Figure 8 exhibits the SEM image of the PE-supported
P(MMA-co-BA) membrane with the mass ratio of MMA
and BA = 6:1. The membrane exhibits a dense pore structure
in the surface and the interconnected pores under the surface.
The average pore size is about 0.08 μm, which is suitable for
the membrane to absorb proper amount of liquid electrolyte
and transport ions, and also helps to reduce the possibility of
internal short-circuit in lithium ion battery. The SEM obser-
vation of membrane approves that membrane with intercon-
nected pore structure and average pore size is beneficial to its
electrolyte uptake, ionic conductivity and electrochemical
stability.

Thermal stability

The abuse of battery, taking over-charge and over-discharge
for example, will bring about excessive heat, leading to the
shrinkage of the membrane and even safety hazard. Thus, the
thermal stability of membrane is vital to determine the practi-
cal usage of the lithium ion battery. Figure 9 shows the thermal

stability of PMMA membrane and P(MMA-co-BA) mem-
branes with the mass ratio ofMMA and BA = 6:1, which were
analysed by TGA under N2 atmosphere from 40 to 600 °C at a
heating rate of 10 °C min−1. It can be seen that the membrane
of P(MMA-co-BA) with the mass ratio of MMA and
BA = 6:1 is stable up to 300 °C, compared with the PMMA
membrane whose decomposition temperature is 280 °C, sug-
gesting that introducing BA as secondary monomer into the

Fig. 7 1H-NMR spectra of
P(MMA-co-BA) copolymer with
the mass ratio of MMA:BA = 6:1.
c is the full scale of the figure,
while a and b is the fractionated
section of fig. a

Fig. 8 SEM images of P(MMA-co-BA) membrane
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membrane could improve the thermal stability of PMMA. In
the process of heating, the membrane loses weight by break-
ing down the C–C and C–H bonds in the copolymer, along
with the production of gaseous compounds (CO2 and H2O).
The promotion of thermal stability for the developed mem-
brane is attributed to the improvement in the bond strength of
the copolymer after adding BA monomer.

Compatibility with anode

The compatibility of the GPE with anode of lithium ion bat-
tery was evaluated by electrochemical impedance spectra
(EIS) [26–28]. Figure 10 shows the EIS for the cells based
on the GPEs of PMMA and P(MMA-co-BA) with the mass
ratio of MMA and BA = 6:1 at different storage time. It can be
seen from Fig. 10 that the impedance spectra is composed of a
semicircle at high frequencies, which is related to the contact
resistance and charge transfer resistance (the sum of both re-
sistance is considered as the interfacial resistance between
electrolyte and electrode), and a short inclined line at low-
frequency regions, that belongs to the ion diffusion. As shown
in Fig. 10, the interfacial resistance of GPE increases with the
storage time, resulted from the continuous growth of a resis-
tive layer on the anode of lithium metal surface. The interfa-
cial resistance of PMMA based GPE enhances from 98Ω cm2

on the first day to 125 Ω cm2 after 5 days and 150 Ω cm2 after

10 days, as shown in Fig. 10a. After introducing soft monomer
BA to form the copolymer P(MMA-co-BA), the interfacial
resistance of the cell using P(MMA-co-BA) based GPE is
69Ω cm2 on the first day and changes to 94Ω cm2 after 5 days
and 105 Ω cm2 after 10 days, as shown in Fig. 10b. Although
the magnitude of interface resistance both increases for
PMMA and P(MMA-co-BA)-based GPE, the growth rate is
different. It can be predicted from Fig. 10 that the interfacial
resistance of the cell using PMMA-based GPE still has a big
growth trend in the later storage time, while that of the cell
using P(MMA-co-BA)-based GPE grows slowly since in-
creasing only 9 Ω cm2 from the 5th to 10th day. In addition,
the interfacial resistance of the cell using P(MMA-co-BA)-
based GPE (69 Ω cm2) is obviously less than that of the cell
using PMMA-based GPE (98 Ω cm2) on the first day, which
indicates that soft monomer BA helps to reduce the growth of
resistive layer from the beginning. The activity between de-
veloped GPE and lithium metal decreases along with time,
thus shows good interfacial stability for the P(MMA-co-
BA)-based GPE.

Battery performance

Figure 11 presents the cyclic performance of the Li/
Li(Li0.13Ni0.30Mn0.57)O2 coin cells using PMMA and
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P(MMA-co-BA)-based GPEs. The cell was cycled with a
constant current of 0.1 C rate between 3.5 and 4.9 V. After
50 cycles, the cell using P(MMA-co-BA) copolymer-based
GPE keeps 95.4 % of its initial discharge capacity (declines
from 130.8 to 124.8 mAh g−1), which has much higher value
than that of the cell using the PMMA oligomer-based GPE,
whose capacity retention is 78.9 % (130.4 to 102.9 mAh g−1).
For comparison, the current liquid electrolyte-based commer-
cial li thium ion battery with the structure of Li/
Li(Li0.13Ni0.30Mn0.57)O2 was fabricated. It can be found that
the discharged capacity is decreased from 139.8 mAh g−1 for
the initial cycle to 93.6 mAh g−1 after 50 cycles, which has
66.9 % of capacity retention. The result indicates that the
lithium ion battery using P(MMA-co-BA)-based GPE shows
a good cyclic stability, as a consequence of its higher ionic
conductivity and better compatibility with electrodes.

Conclusions

Poly(methyl methacrylate-co-butyl acrylate) (P(MMA-
co-BA)) copolymer was successfully synthesized by emulsion
polymerization. Transforming the monomer mass ratio of
MMA and BA in copolymer influences the performances of
corresponding GPEs. Compared with PMMA-based GPE, the
P(MMA-co-BA)-based GPE with the mass ratio of MMA:
BA = 6:1 exhibits preferable characterization in the form of
good electrolyte uptake (147.2 %), high porosity (61.1 %),
considerable ionic conductivity (1.2 × 10−3 S cm−1) and elec-
trochemical stability (4.9 V), which should be related to its
interconnected pore structure and proper pore size.
Contributed from the excellent compatibility of GPE with
the cathode and anode, the Li/GPE/Li(Li0.13Ni0.30Mn0.57)O2

coin cell using P(MMA-co-BA)-based GPE has good cyclic
stability, keeping 95.4 % of its initial discharge capacity after
50 cycles. Thus, P(MMA-co-BA)-based GPE is a candidate
electrolyte for the safer lithium ion battery.
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