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Abstract A new type of gel polymer electrolyte (GPE) based
on poly(butyl acrylate) (PBA) semi-interpenetrating polymer
networks (IPNs) and polyvinylidene fluoride (PVDF) was
prepared in different molar ratios ranging from 1:0.5 to 1:1.
A series of structure characterizations of PBA/PVDF had been
measured using FTIR, XRD, and SEM. The electrolyte uptake
test revealed that when the semi-IPNs were swollen with the
commercial liquid electrolyte solutions, they showed an out-
standing electrolyte uptake of 120% with a chemically cross-
linked structure. All results indicated that the GPE exhibited
the best performance when the molar ratio of BA and PVDF
was 1:0.5. The prototype cell assembled with LiFePO4 as
cathode, lithium metal as anode, and GPE as the electrolyte
as well as separator retained 94% of its initial specific capacity
after 100 charge-discharge cycles, showing an excellent cy-
cling stability and a high electrochemical window (up to 4.5 V
against Li+/Li) at room temperature. Compared with the liquid
electrolyte, the GPE exhibited a similar stable cycling perfor-
mance and was suitable for practical application in Li-ion
batteries.
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Introduction

Currently, lithium-ion batteries have aroused great interest due
to their outstanding characteristics such as light weight, high
specific capacity, non-toxic, low cost, etc. [1]. Typically, the
liquid electrolyte is used to transport the Li+ in current lithium-
ion batteries systems. However, it may have the risk of leak-
age in some ways. Polymer electrolyte has been studied by
many researchers due to the outstanding characteristics such
as variable shapes, desirable sizes, and no leakage [2].
Unfortunately, its low ionic conductivity (only 10−8–
10−5 S cm−1 at room temperature) and poor interfacial
properties weaken the high rate performance and pre-
vent it from large-scale application [3–5]. As a kind of
solid-state electrolyte, gel polymer electrolyte (GPE)
could penetrate liquid contained alkali salt into solid
organics to form a stable gel structure [6], which has
higher ionic conductivity (10−5–10−3 S cm−1) and better
compatibility than the traditional solid polymer electro-
lyte [7].

Initial works on GPE were mainly related to polyethylene
oxide (PEO) [8–11], but the high degree of crystallization of
PEO restricted the working temperature of the lithium batte-
ries. In recent years, many kinds of polymeric hosts such as
polyacrylonitrile (PAN) [12–14], polymethyl methacrylate
(PMMA) [15, 16], polyimide (PI) [17–19], polyvinylidene
fluoride (PVDF) [20–24], and its derivatives poly(vinylidene
fluoride-hexafluoropylene) (PVDF-HFP) [25–29] have been
proposed as the matrix materials for GPEs. Nevertheless,
these polymers are obviously far from the standard of large
scale lithium-ion batteries and other electrochemical devices.
Thus, seeking for new polymer matrix with good mechanical
strength, high ionic conductivity and favorable interfacial
compatibility are still of great significance for the develop-
ment of GPE.
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Owing to the good compatibility with the electrolyte, we
chose PBA as the raw material [30–34]. The polymer electro-
lyte based on PBA had a high uptake of the liquid electrolyte
which could ensure a good transportation of Li+ between the
positive and negative materials as well as a stable inner struc-
ture during a charge/discharge process. Meanwhile, PVDF
was chosen as the film-forming material because of its high
dielectric constant (ε = 7.25) and good ionic conductivity [12,
24]. A special kind of polymer blend—full interpenetrating
polymer network (IPN) or semi-IPN—was formed by the
combination of two polymers, which had been used to im-
prove compatibility between immiscible phases [3, 4]. In this
work, PBA was synthesized in the immediate presence of
PVDF to form a novel PBA-based semi-IPN electrolyte sys-
tem; more significantly, it is believed that an ideal gel polymer
electrolyte with good ion conductivity and low interfacial po-
larization could be achieved by the method employed in the
present work.

Experimental section

Materials

BA monomer and N-methyl-2-pyrrolidone (NMP) were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. PVDF
(MW 130,000) was purchased from Shanghai 3F New
Material Co., Ltd. Triethylene glycol dimethacrylate
(TEDME) and 2,2-azobisisobutyronitrile (AIBN) were pur-
chased from Aldrich Chemistry and Shanghai No. 4 Reagent
& H. V. Chemical Co., Ltd., respectively. The liquid electro-
lyte (1 M LiPF6 in the mixed solvent of ethylene carbonate
(EC), diethyl carbonate (DEC), and dimethyl carbonate
(DMC) with the volume ratio of 1:1:1) was obtained from
Guangzhou Tinci Material Technology Co., Ltd.

Preparation of semi-IPN films

The semi-IPN films of PBA/PVDF were prepared via free
radical polymerization. BA monomer, PVDF, and TEDME
used as the cross-linking agents and 80 mL of NMP were
sequentially added into a 150-mL round-bottomed flask
followed by stirring for half an hour until the polymer powder
was completely dissolved. Meanwhile, the molar ratios of BA
and PVDFwere 1:0.5, 1:0.7, 1:0.9, and 1:1, and the amount of
the TEDME accounted for 2.5 wt% in the whole reactants.
After that, a mixture of AIBN and NMP was dropwise added
into the flask at 80 °C under nitrogen atmosphere. The mixed
solution was stirred and heated continuously until the liquid
became a homogeneous viscous solution. The PBA/PVDF
semi-IPN films thus obtained were subsequently dried in a
vacuum oven at 120 °C for at least 12 h. Finally, the semi-
IPN films with a thickness of 100 μm were obtained by open

mill and hot press, and then punched into circular disks with a
diameter of 16 mm for standby.

The semi-IPN films were soaked in the liquid electrolytes
until saturated in the glove box to obtain the PBA/PVDF
GPEs which were then used to evaluate the properties.

Characterization of GPEs

The tests of internal groups were carried out on a Fourier
transform infrared measurement spectrometer (FTIR; Nexus,
American) in a wavenumber range of 400–4000 cm−1. The
crystalline phases of the films were analyzed by X-ray diffrac-
tometer (XRD; Bruker, Germany) with Cu Kα radiation in the
range of 10°–80° with a sweep speed of 6° min−1. The mor-
phologies of semi-IPN films were observed on scanning elec-
tron microscopy (SEM; ULTRA PLUS-43-13, Germany).

The circular disks of polymer films were taken out from the
electrolyte at different times to measure the electrolyte uptake,
which was calculated according to the following Eq. (1)

Uptake ¼ W f −Wi

Wi
� 100% ð1Þ

whereWi andWf are the weights of the dry and wet membrane,
respectively.

The electrochemical stability window of the GPEwas eval-
uated by means of linear sweep voltammetry (LSV), which
was carried out using stainless steel (SS) as the working elec-
trode, lithiummetal electrodes as the counter and the reference
electrodes at a scanning rate of 1.0 mV s−1 between 0 and 5 V.

The semi-IPN films soaked with liquid electrolyte were
sandwiched between two stainless steel blocking electrodes
and assembled in a model cell. The AC impedance measure-
ment was performed using CHI660 frequency response ana-
lyzer (Shanghai Chenhua, China) over a frequency range from
0.01 to 100 kHz. Ionic conductivity was calculated from the
bulk resistance obtained from the impedance spectra

σ ¼ d
Rd � S

ð2Þ

where Rd. is the bulk resistance, and d and S are the thickness
and known area of the polymer electrolyte membrane, respec-
tively. It was worth noting that all of the electrochemical tests
were carried out in a dry box where the temperature was con-
trolled at 25 °C.

Electrochemical measurements of GPE-based cells

CR2032-type coin cells were assembled in an Ar-filled glove
box. The composite cathode slurry was simply prepared by
mixing 80 wt% LiFePO4 with 10 wt% acetylene black and
10 wt% PVDF, and NMP was used as the solvent. The mix-
ture was coated on a piece of aluminum foil with doctor blade,
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and then dried under vacuum at 60 °C for 12 h. Lithium sheet
was employed as the counter electrode and the GPE was used
as the liquid electrolyte as well as a separator. For comparison,
we assembled the same cells with liquid electrolyte.

The charge/discharge cycling tests were measured
galvanostatically on a BTS high-precision serial version bat-
tery testing system (Shenzhen Neware Electronic Co. Ltd.,
China). The charge and discharge curves at different rates
(0.1–0.5 C) were obtained to evaluate the rate properties of
the LiFePO4/GPE/Li cells.

Results and discussion

Structure of the semi-IPN films

The FTIR spectra of pure BA, pure PVDF, and PBA/PVDF
semi-IPN films are displayed in Fig. 1. As shown from the
spectrum of pure PVDF, the band at 1185 cm−1 is assigned to
the symmetry stretching band of -CF2 group and the peak at
1400 cm−1 is the in-plane bending vibration of -CH2 group
[35]. It is clearly observed that the peak at about 1700 cm−1

that represents for -C=O in the monomer BAwas blue shifted
to 1730 cm−1 in the infrared spectra of the semi-IPNs films,
indicating that the inductive effect plays the major role and the
polarity of the -C=O groups is enhanced [35]. Meanwhile, the
peaks at 1620 and 1300 cm−1 corresponding to -C=C disap-
pear in the IPNs membranes, suggesting that the addition re-
action has been carried out completely [14]. In addition, com-
pared with the curve of PVDF, the bands observed at 762 and
1672 cm−1 corresponding to the crystalline phase disappear in
the copolymer and the typical band at 882 cm−1 corresponding
to the amorphous phase is enhanced, implying that the crys-
tallinity of the copolymer is reduced after copolymerization
[35]. Therefore, due to the enhancement of the polarity, the

ionic conductivity of polymer electrolyte can be improved
[35]. More significantly, the unique internal structure of the
semi-IPNs provides a wider channel for the transport of
lithium-ions [14].

The XRD patterns of pure PVDF and PBA/PVDF films
with different molar ratios are demonstrated in Fig. 2. For pure
PVDF, three distinct peaks appear at 18°, 20°, and 26.5°,
respectively. Compared with pure PVDF, the XRD data of
the semi-IPN films present two relatively weak peaks at 18°
and 20° and the peak at 26.5° almost disappears, indicating
that the addition of PVDF would increase the degree of crys-
tallinity of the copolymer, which is consistent with the result
of FTIR spectra.

According to the results of FTIR (Fig. 1) and XRD (Fig. 2),
the crystallinity of the sample was the lowest at the molar ratio
of 1:0.5 and the polarity of the -C=O groups was enhanced at
the same time, which might have the best performance [35].
Hence, the sample with molar ratio of 1:0.5 was selected to
investigate the microstructure. As illustrated in Fig. 3a, b, the
PBA/PVDF semi-IPN film presents an irregular wavelike un-
even surface and a relatively homogeneous porous structure,
owing to the interpenetration between the two networks. The
size of these pores is approximately dozens of microns owing
to the long and interlaced PVDF molecular chain, which ab-
sorbs abundant NMP in the polymerization. Notably, the
evaporation of NMP would generate pores, which are essen-
tial for absorbing liquid electrolyte and transmitting the lithi-
um-ions. After swelling, the interpenetrating cross-linked
polymer network was full of the liquid electrolyte solution.
Due to the different degrees of swelling of the PVDF and
PBA, the PBA absorbedwith liquid electrolyte separated from
the homogeneous porous structure, and the microphase sepa-
ration took place [3] (Fig. 3c, d). Such a chemically cross-
linked structure ensures a well distribution of LiPF6 in the
PBA/PVDF GPE, which guarantees a smooth transfer of Li+.

Fig. 1 FTIR spectra of pure PVDF along with PBA/PVDF semi-IPN
with different molar ratios and pure BA

Fig. 2 XRD patterns of pure PVDF and PBA/PVDF semi-IPN with
different molar ratios
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Properties of GPE

Figure 4 shows the absorption behavior of the various semi-IPN
films. Obviously, the electrolyte uptake reaches 120% at the
molar ratio 1:0.5, which is in accordance with the XRD studies
(Fig. 3). The possible reason is that PBA and the main solvent in
the liquid electrolyte (EC, DEC, DMC) all belong to aliphatic
esters. Due to their similar structure (−COO ester groups), PBA
has a good compatibility with the commercial liquid electrolyte.
According to the result of XRD, with a small amount of PVDF,
the interpenetrating cross-linked copolymer of PBA/PVDF is
partially crystallized, which is a benefit for the stability of the
GPE. Moreover, the porous structure of PVDF is conductive to

the absorption of electrolyte. However, due to the low liquid
absorption rate of PVDF, the electrolyte uptake is bound to de-
crease when the content of PVDF increased.

The electrochemical stability is an important parameter for
the characterization of GPE, which determines its operating
voltage range. Linear sweep voltammogram curve of gel poly-
mer membrane with BA/PVDF = 1:0.5 is presented in Fig. 5.
It can be observed from the curve that no electrochemical
reactions occur below 4.5 V vs. Li+/Li. When the voltage
exceeds 4.5 V, the current increases rapidly. Generally, the
charge and discharge voltage of lithium-ion battery is around
3.8 V [36]. In this regard, the GPE prepared by PBA/PVDF
can meet the application requirements of lithium-ion batteries.

Fig. 3 SEM images of PBA/
PVDF (a, b) and PBA/PVDF
GPE (c, d)

Fig. 4 Electrolyte uptake of semi-IPN films with different PBA/PVDF
molar ratios

Fig. 5 Linear sweep voltammograms of the GPE on SS working
electrode
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The electrochemical impedance spectroscopy (EIS) is a
powerful method to study the interfacial resistance. It is
consisted of two parts, a semi-circle at high frequency and
medium frequency representing the charge transfer resistance
(Rct) and a inclined line at low frequency indicating the
Warburg impedance (Wo) [8, 36]. The intercept on the real
axis corresponds to the resistance of the bulk electrolyte resis-
tance [37]. The diameter of the semi-circle gives the overall
interfacial resistance, the smaller the diameter is, the easier
transfer of Li-ion will be [33]. Figure 6 presents the EIS of
the cell with PBA/PVDF GPE. It can be seen that the imped-
ance increases firstly and then decreases as the content of
PVDF build up in the copolymer. When the PBA/PVDF ratio
is 1:0.5, the impedance is smaller than that of PBA/PVDF
with ratios of 1:0.7, 1:0.9, and 1:1. The more the electrolyte
is absorbed, the higher the ionic conductivity of the gel poly-
mer electrolyte will be [35].The impedance result is in good
agreement with the previous result of the electrolyte uptake
test. The ionic conductivity at room temperature was calculat-
ed to be 0.81 mS cm−1 from the electrolyte resistance with
thickness and surface area of the GPE. Compared to the solid-
state electrolyte [2–5], the ionic conductivity of the gel poly-
mer electrolyte is significantly enhanced. It is attributed to the
semi-IPN structure of the GPE, which helps trap liquid elec-
trolyte and contributes to ion conduction [33].

Performances of the LiFePO4/GPE/Li cell

In order to explore the rate capability of the LiFePO4/GPE/Li
cell, the charge and discharge tests at different rates were
conducted. As given in Fig. 7, the cell delivers a reversible
discharge capacity of 88mAh g−1 at the rate of 0.1 C and a flat
charge and discharge plateau at the reversible redox potential
of around 3.51 and 3.36 V (vs. Li/Li+), corresponding to the
typical redox reaction of Fe2+/Fe3+ [38]. With the increase of

the current density, the specific capacity of charge and dis-
charge reduces. A reversible capacity of 68 mAh g−1 is ob-
tained at the rate of 0.5 C, which is 74% of the capacity
obtained at 0.1 C, which is related to the decreasing ionic
conductivity. The lower ionic conductivity of the GPE leads
to a higher ohmic polarization so that the voltage margin be-
tween the working and cutoff potentials is reduced [39].
Meanwhile, concentration polarization follows during cy-
cling, which is primarily associated to the migration and de-
pletion of Li-ion [34].

The cycle performances of the batteries assembled with
GPE and liquid electrolyte are demonstrated in Fig. 8, while
the molar ratio of GPE is 1:0.5. It is worth noting that we have
used the pure LiFePO4 as the cathode without any modifica-
tion. In the process of charge/discharge, the specific capacities
of GPE and the traditional liquid electrolyte are approximately
95 and 90 mAh g−1, respectively. After 100 cycles at the rate
of 0.1 C, the cell with GPE exhibits excellent capacity reten-
tion of 85 mAh g−1, only 0.05% capacity loss per cycle, while
the liquid electrolyte remains 97% of its initial capacity. The
batteries with these two kinds of electrolyte both exhibit

Fig. 6 AC impedance spectra of SS/GPE/SS at room temperature

Fig. 7 Charge and discharge curves at rates ranging from 0.1 to 0.5 C

Fig. 8 Cycling performances of the cells with GPE and liquid electrolyte
at the rate of 0.1 C at room temperature
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excellent cycle stability. Compared to the conventional liquid
electrolytes, the GPE prepared by PBA/PVDF can not only
ensure the transmission of Li+ and provide a relatively high
and stable discharge capacity but also satisfy flexibility and
safety requirements. This result shows that the PBA/PVDF
GPE allows the cell to function normally and has a satisfying
cycling performance.

Conclusions

In this work, a new type of cross-linked PBA/PVDF semi-
interpenetrating polymer network electrolyte was successfully
prepared by soaking the semi-IPN films with liquid electrolyte
solution. Besides the enhancement on mechanical strength,
the special semi-IPN structure can facilitate the liquid electro-
lyte absorption and prevent the battery from electrolyte leak-
age. According to the electrolyte uptake analysis, while the
molar ratio of BA/PVDF is 1:0.5, the absorption rate is up to
120%, which leads to an ionic conductivity of 0.81 mS cm−1

at room temperature. The electrochemical stable window of
PBA/PVDF GPE could reach 4.5 V (vs. Li/Li+), and the bat-
tery exhibits a good cycling stability. This novel PBA-based
semi-IPN not only provides a new polymer matrix material for
the study of GPE but also has the potential for the application
in other electronic devices such as supercapacitor, lithium sul-
fur battery, and fuel cell.
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