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Abstract Composite nanofibrous membranes based on poly
(vinyl chloride) (PVC)—poly (methyl methacrylate) (PMMA)
were prepared by electrospinning and then they were soaked in
liquid electrolyte to form polymer electrolytes (PEs). The
introduction of PMMA into the PVC matrix enhanced the
compatibility between the polymer matrix and the liquid
electrolyte. The composite nanofibrous membranes prepared
by electrospinning involved a fully interconnected pore
structure facilitating high electrolyte uptake and easy transport
of ions. The ion conductivity of the PEs increased with the
increase in PMMA content in the blend and the ion
conductivity of the polymer electrolyte based on PVC-PMMA
(5:5, wiw) blend was 1.36x10°> S cm ™' at 25 °C. The
polymer electrolyte based on PVC-PMMA (5:5, w/w) blend
presented good electrochemical stability up to 5.0 V (vs. Li/
Li") and good interfacial stability with the lithium electrode.
The promising results showed that nanofibrous PEs based on
PVC-PMMA were of great potential application in polymer
lithium-ion batteries.
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Introduction

Recent developments in PEs have received significant
attention for application in lithium-ion batteries because of
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their advantages in providing lighter and safer batteries with
longer shelf-life, leak proof construction, and easy fabrica-
tion into a desired shape and size compared with traditional
liquid electrolytes [1, 2]. Many investigations have been
done in order to achieve high ionic conductivity at ambient
temperature. Among these investigations reported, polymer
blending is the most feasible technique [3]. This technique
not only complements the advantages from other techniques
but also improves the electrical and physical properties of
PEs [4].

PVC (¢=3) is a commercially available polymer, which
acts as good mechanical stiffener and has easy processibil-
ity. In the recent years, PVC-based PEs got their popularity
due to their inexpensive price and good compatibility with
many polymers [5—7]. One of the problems which restrict
the use of PVC-based PEs is that the PEs based on PVC
have low ionic conductivity at ambient temperature.

PMMA is a host polymer matrix for the preparation of
PEs. The PEs based on PMMA can absorb lots of liquid
electrolytes and have good compatibility with the liquid
electrolyte. E. Cazzanelli et al. [8] reported that the ionic
conductivity of the PEs based on PMMA was in the order of
10° S em ' at room temperature. Therefore, many
researchers [9, 10] blended PMMA with another polymer
matrix to improve electrolyte uptake and the ionic conduc-
tivity of the PEs.

Electrospinning has received great attention in the past few
years due to its simplicity, inexpensiveness, and versatility for
fabrication of ultra-fine fibers with diameters in the range of
several micrometers to tens of nanometers [11]. Polymer
electrolyte membranes prepared by electrospinning have
been reported by a great many literatures [12—14]. Such
membranes are particularly suitable as host matrix for PEs
since the interlaying of fibers generates large porosity with
fully interconnected pore structure and large surface area
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facilitating high electrolyte uptake and easy transport of ions
[15]. So, the PEs prepared by electrospinning can achieve
high electrolyte uptake and ionic conductivity at room
temperature [16].

The PEs based on PVC-PMMA prepared by casting
technology have been earlier reported by A. M. Stephan et
al. [17] and S. Ramesh et al. [18]. Their results demonstrated
that the PEs prepared by casting technology had low ionic
conductivity. Thus, it is inferred that the conventional way
for the preparation of PEs based on PVC-PMMA could not
apply to practice for lithium-ion batteries.

In our study, we have made use of electrospinning to
prepare composite PVC-PMMA membranes and explored
the beneficial characteristics between PVC and PMMA to
make PEs for lithium-ion batteries. The characterization and
electrochemical performances of the electrospun PVC-
PMMA membranes were investigated. These results showed
that PVC-PMMA composite membrane prepared by electro-
spinning had a good prospect as PEs for lithium-ion batteries.

Experimental
Materials

PVC (WS-1000S) and PMMA (AR, Taiwan) were vacuum-
dried for 12 h at 60 °C before use. The solvent N, N-
dimethylformamide (DMF, AR) was used as received. The
anhydrous tetrahydrofuran (THF, AR) was distilled before
use. The salt LiClO4 (AR, Sinopharm chemical Reagent
Co., Ltd.) was dried at 80 °C and kept under vacuum for
72 h before use. The plasticizers ethylene carbonate (EC)
and propylene carbonate (PC) with high purity (N 99%)
were purchased from Shenzhen Capchem Technology Co.,
Ltd. and used without further purification.

Preparation of nanofibrous membranes

A 20% amount of PVC-PMMA [xPVC—(1 — x) PMMA,
where x is 1, 0.7, and 0.5] was dissolved in a mixed solvent
of DMF/THF (5:5, w/w) in a closed beaker and then stirred
for 6 h at 50 °C until a homogeneous solution was formed.
The resulting homogeneous solution was degassed for
15 min to get a bubble-free clear solution. The fibrous
membranes were prepared by a typical electrospinning
method at room temperature as described in some previous
publications [19, 20]. Electrospinning of the homogeneous
solution was performed at a flow rate of 3 mL/h with a high
voltage of 27 kV at room temperature. A distance of 20 cm
was kept between the syringe tip and the collector plate. A
fibrous membrane was then deposited on the collector plate.
Also, the average thickness of the fibrous membranes was
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around 0.08 mm, which was measured with a micrometer.
Then, the electrospun fibrous membranes were finally dried
under vacuum at 60 °C for 12 h. These membranes were
designated as PE 10 {PVC-PMMA (10:0, w/w)}, PE 7
{PVC-PMMA (7:3, w/w)}, and PE 5 {PVC-PMMA (5:5,
w/w)} to highlight their respective composition.

Characterization of nanofibrous membranes

The surface morphology of the electrospun fibrous membranes
was observed with a scanning electron microscope (SEM,
Hitachi S-3500, Japan). Thermal analysis was performed by
TG (Perkin-Elmer Co., USA) in a nitrogen atmosphere at a
heating rate of 20 °C min ™.

The porosity (%) of PVC-PMMA nanofibrous membranes
was determined using n-butanol uptake. PVC-PMMA
fibrous membranes were immersed in n-butanol for 2 h.
The mass of PVC-PMMA fibrous membranes before and
after immersion was measured. The porosity (%) of the
membranes was calculated using the following equation:

. i a
Porosity (%) = ————*
orosity(%) o7 X

100 (1)
where W; and W, were the weight of the wet and dry
membranes, respectively. p is the density of n-butanol. V is
the apparent volume of the membrane.

The electrochemical measurements of the PEs were
obtained by immersing the electrospun nanofibrous membranes
in 1 M LiClO4-PC/EC (volume 1:1) solution for 60 min at
25 °C in a dry glove box. The electrolyte uptake was
calculated according to the following equation:

W, —Ww,

Uptake(%) = £ x 100 (2)

a

where W, and W, were the weight of the wet and dry
membranes, respectively.

The ionic conductivities of the PEs were measured through
an ionic conductivity cell, which was made by sandwiching a
given PE membrane between two stainless steel (SS) blocking
electrodes (SS/polymer electrolyte membrane/SS). The ionic
conductivity was determined by the impedance measurements
in the temperature between 25 and 75 °C, using a Zahner
Zennium electrochemical analyzer (Germany). The frequency
of testing ranged from 100 mHz to 100 kHz at an AC
amplitude of 5 mV. The ionic conductivity could be calculated
from the following equation:

L

Uzm (3)

where Ry, L, and S are bulk resistance (2), thickness (cm),
and effective area (cm?) of the polymer electrolyte mem-
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branes, respectively. R, was obtained from the high frequency
intercept on the real axis. The effective area was determined
by the circular stainless steel blocking electrodes and the
thickness was around 0.08 mm.

Electrochemical stability was determined by linear
sweep voltammetry at the scanning rate of 5 mV s, using
a stainless steel electrode as working electrode and a
lithium metal as reference and counter-electrode. The
measurement was operated by a CHI 660a electrochemical
analyzer (CH Instrument Inc., USA) over the potential
range of 2.5-6.0 V versus Li'/Li.

The interfacial resistance (Ry) between the PEs and lithium
metal electrode was measured by the impedance response of
Li/polymer electrolyte membrane/Li cells over the frequency
range 100 mHz to 100 kHz at an AC amplitude of 5 mV.

Fig. 1 SEM photographs of a PE 10, b PE 7, and ¢ PE 5

Results and discussion
Morphology

Figure 1 shows the SEM images of electrospun membranes.
Much important information can be obtained in the
morphology of electrospun membranes. Firstly, the fibers
in electrospun membranes are well-interconnected with a
large number of voids and cavities. The well-interconnected
structures are able to uptake large amounts of liquid
electrolyte. Secondly, the average fiber diameter (AFD)
decreases with increasing PMMA content in the composite.
The diameter values of PE 10 fibers are 1.6-2.4 um and
that of AFD is 1.8 pm (Fig. 1a). The diameter values of PE
7 fibers are in the range of 1.4-2.0 pm and the AFD is
1.6 um (Fig. 1b). The diameter values of PE 5 fibers are in
the range of 1.2-1.6 um and the AFD is 1.4 um (Fig. 1c).
PE 5 has a narrower diameter range as compared to the
other membranes. So, PE 5 has a more uniform fiber
diameter. The lower diameter of the fiber in membranes
with PMMA can be attributed to the substantial decrease in
the viscosity that results from the blending of polymer
solution with the addition of PMMA. The high viscosity of
the electrospinning polymer solution results in the ejection
of a larger fluid jet from the needle and a consequent
deposition of fibers with a larger diameter [15]. Thirdly,
there are no bead-fibers in electrospun membranes. It can
be attributed to several combinational factors: the high
polarity of DMF (dipole moment of 3.80D and dielectric
constant of 36.7), low volatility of THF (boiling point of
64 °C), polar nature of PVC and PMMA [21]. These results
lead to an enhancement of electrolyte uptake.
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Fig. 2 Thermal stability of a PE 10, b PE 7, and ¢ PE 5
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Table 1 Porosity and electrolyte uptake of the PEs

Materials Porosity (%) Electrolyte uptake (%)
PE 10 72.0 188
PE 7 77.7 229
PE S 86.0 261

Thermal analysis

Figure 2 shows the thermal stability of the electrospun fibrous
membranes. The occurrence of stable weight for temperatures
of up to 100 °C for all the weights of thin membranes indicates
that the samples have almost dried up. All the thin membranes
have shown two obvious decomposition stages; however, PVC
has a weight loss of 1.8% at 112 °C. This is mainly due to the
evaporation of residual solvent. All the samples have a
basically unanimous decomposition at 265 °C, but the weight
losses for PE 10, PE 7, and PE 5 are different; they are 64%,
55%, 40%, respectively. These weight losses are mainly
attributed to the dehydrochlorination of PVC. It is observed
that the first weight loss decreases with the addition of PMMA.
The second decomposition of PVC occurs at 410 °C and has a
weight loss 0£20%. The unzipping process of PVC leads to the
weight loss. We find that the second decomposition of PE 5
shifts to an earlier temperature (370 °C) than that of PVC
(410 °C). This is mainly due to the degradation of unsaturated
group in PMMA. These results imply that electrospun fibrous
membranes have a good thermal stability.

Porosity and electrolyte uptake

Electrospun membranes show an interconnected porous
network structure with varying porosity. This is inferred from
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Fig. 3 Electrolyte uptake characteristics of a PE 10, b PE 7, and ¢ PE 5
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Fig. 4 The AC impedance plots of the PEs at 25 °C

porosity measurements as shown in Table 1. The porosity (%)
of electrospun membranes increases with increasing PMMA
(wt.%) content. The increase of porosity (%) seems to be
originated from the decrease of the average diameters of
fibers [22]. Among the electrospun membranes, PE 5 shows
high porosity (~86.0%).

Figure 3 shows the uptake of the liquid electrolyte (1 M
LiClOy4 in EC/PC (1:1, viv)) as a function of PMMA content
in the blend. The electrolyte uptake value of each membrane
is also presented in Table 1. The fully interconnected pore
structure of these membranes induces fast liquid penetration
into the membrane, and hence the uptake process gets
stabilized within a span of only 20 min. Electrolyte uptake is
found to increase with the increase in PMMA content in the
blend. This is mainly due to the good compatibility between
PMMA and the liquid electrolyte [9]; besides, the increase in
porosity can also be used to illustrate the increase of
electrolyte uptake. The higher electrolyte uptake can make
an improvement in ionic conductivity.

Ionic conductivity
The AC impedance plots of the PEs at 25 °C are shown in
Fig. 4. The straight lines inclined towards the real axis

represent the electrode/electrolyte double-layer capacitance
behavior. This response is typical of the electrolyte with a

Table 2 Tonic conductivity of the PEs

Materials Ry (Q) L (cm) S (cm?) o (mS cm ™)
PE 10 5.19 0.008 243 0.63
PE 7 3.37 0.008 232 1.02
PE 5 2.54 0.008 232 1.36
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Fig. 5 Temperature dependence of the ion conductivity for the PEs

major contribution towards total resistance from bulk
resistance (R,) and only a minor contribution from the
grain boundary resistance [23]. R, of the electrolyte was
obtained from the high frequency intercept on the real axis.
The ionic conductivity of the PEs which can be calculated
according to Eq. 3 is listed in Table 2.

It can be found that the ionic conductivity of the PEs in our
study is higher than that of the PEs based on PVC-PMMA
reported in other references [17, 18]. This can be explained
because the fibrous membranes prepared by electrospinning
can supply large surface area fibers and fully interconnected
porous structures, so they can uptake large amounts of liquid
electrolyte to enhance ionic conductivity. This conclusion
was the same with the point reported by J.H. Cao et al. [24]
that higher electrolyte uptake resulted in higher ionic
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Fig. 6 The electrochemical stability window of a PE 10, b PE 7, and
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Fig. 7 Initial interfacial impedance behaviors of the PEs (Li/PEs/Li cells)

conductivity. We can also find that the ionic conductivity of
the PEs increases with the increase in PMMA content in the
blend. The increasing amount of electrolyte uptake obtained
from the former electrolyte uptake study may improve the
ionic conductivity.

To further understand the electrochemical properties of the
PEs, the temperature dependence of the ionic conductivity of
the PEs is shown in Fig. 5. A typical behavior of PEs was
observed in that the ionic conductivity increased when the
temperature went up. This is attributed to the expansion of
the polymer matrix. The expansion of the polymer matrix
resulting from the higher temperature produced the local
empty space and expanded the free volume, which promoted
the polymer segments and carrier ions to transfer [25]. Also,
the relationship between log (o) and 1/T was approximately
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Fig. 8 Variation of interfacial impedance of PE 5 with storage time
(Li/PE 5/Li cells)
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linear; the conductive behavior was basically according to
the Arrhenius equation o = Aexp(—FE,/RT), where R, o,
A, and T are the gas constant, the conductivity of polymer
electrolyte, the pre-exponential index, and the testing
temperature, respectively. Therefore, the activation energy
(E,) can be calculated from the slope of the imitated
straight line according to the Arrhenius equation. The E,
order for the PEs is as follows: 17.0 kJ mol™' (PE 10)
<19.6 kJ mol™! (PE 7) <20.3 kJ mol ' (PE 10). It suggests
that the E, has a little increase with the increase in PMMA
content in the blend.

Electrochemical stability

The electrochemical stability window of the PEs based on
the electrospun PVC-PMMA membranes is shown in
Fig. 6. The polymer electrolyte based on PVC without
PMMA exhibits an anodic stability of up to 4.5 V. With the
incorporation of PMMA in the PVC, the electrochemical
stability is found to be enhanced with the increase in
PMMA content in the blend. The stability order for the PEs
is as follows: 4.5 V (PE 10) <4.8 V (PE 7) <5.0 V (PE )).
The partial swelling of the fibrous matrices with a large
surface area significantly contributed to the increase in the
stability of the electrolyte solution under electrochemical
environments [26]. The high anodic stability of the PEs
should make them potentially compatible with cathode
materials such as LiCoO,, LiMn,0O,, and LiFePO,, which
were commonly used in lithium-ion batteries.

Interfacial characteristics

Compatibility with the lithium metal anode is an important
issue to guarantee an acceptable performance in electrochem-
ical devices. Figure 7 shows the initial impedance behaviors
of PEs based on electrospun PVC-PMMA membranes. The
impedance spectra is in the form of a semicircle with the real
axis intercept at the high frequency end denoting bulk
electrolyte resistance (Rp,) and that at the low frequency end
denoting the electrode/electrolyte interfacial resistance (Ry)
[15]. It can be found that the R; of the PEs decreases with the
increase in PMMA content in the blend. The Ry order for the
PEs is as follows: 317 Q (PE 10) <191 Q (PE 7) <99 Q (PE
5). It is attributed to a good stabilization between the lithium
metal and PMMA. Therefore, PE 5 has a good interfacial
stabilization with lithium metal anode.

The variation of interfacial resistance of PE 5 with
storage time is shown in Fig. 8. It is seen that the total
interfacial resistance (Rp) of PE 5 increases with the
increase of the storage time until a stable state is obtained,
which is attributed to the growth of a passivating film on
the Li electrode surface due to the reaction of Li metal with
PE 5. The result illustrates that PE 5 has favorable
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interfacial properties with lithium metal anode after 14 days
of storage. This would make PE 5 a very promising
candidate for safe, reliable, and long-lasting lithium-ion
batteries.

Conclusions

Composite fibrous membranes based on PVC-PMMA were
prepared by electrospinning. The SEM micrograph showed
that there were no bead-fibers in fibrous membranes. The
addition of PMMA promoted electrolyte uptake and ionic
conductivity of the polymer electrolyte. The polymer
electrolyte based on PVC-PMMA (5:5, w:w) blend was
1.36x107 S ecm ™! at 25 °C. The temperature dependence
of ionic conductivity can be explained on the basis of the
Arrhenius model at 25-75 °C. The electrochemical stability
window of PE 5 was stable up to 5.0 V (vs. Li'/Li). The PVC—
PMMA composite fibrous PEs showed good interfacial
stability with the lithium electrode. Thus, PVC-PMMA
composite fibrous membranes prepared via electrospinning
were a good candidate to be used as the polymer matrix of
PEs for polymer lithium-ion batteries.
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