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Abstract

Electrospun pure and hybrid nanocomposite PMMA blend fibrous electrolyte membranes
with various x wt.% of ZnALO4, (x = 2, 4, 6 and 8) ceramic fillers were prepared by an
electrospinning technique. All the prepared electrospun pure P(VdF-co-HFP), PMMA blend
[90% P(VdF-co-HFP)/10% PMMA] and nanocomposite PMMA blend [90% P(VdF-co-
HFP)/10% PMMA/x wt.% ZnAl,O4, (x =2, 4, 6 and 8)] fibrous membranes were characterized
systematically using X-ray diffraction, Fourier transform infrared spectroscopy, differential
scanning calorimetry and scanning electron microscopy. The activated separator-cum
nanocomposite PMMA blend fibrous electrolyte membranes were obtained by soaking in an
organic liquid electrolyte solution containing 1 M LiPF¢ in EC: DEC (1:1, v/v). The newly
developed novel nanocomposite PMMA blend fibrous electrolyte [90% P(VdF-co-HFP)/10%
PMMA/6 wt.% ZnAl,04/LiPFs] membrane showed low crystallinity, high thermal stability, low
average fiber diameter, high electrolyte uptake, high conductivity (4.135 x 10°S cm™) at room
temperature and good potential stability above 4.5 V. The optimized best compositions of
nanocomposite PMMA blend fibrous electrolyte membrane with 6 wt.% ZnAl,Oy fillers content
is used for the fabrication of (Li/NCPBE/LiCoO;) CR 2032 coin type lithium cell. The

fabricated CR 2032 lithium coin cell containing the newly developed nanocomposite polymer
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blend electrolyte (NCPBE) membrane delivers an initial discharge capacity of 157 mAh g and
also exhibits stable cycle performance at current density of 0.1 C - rate at room temperature.
Keywords: Electrospinning, PMMA, ZnAl,04, NCPBE, Impedance, Charge-discharge cycles.

1. Introduction

Energy is the most essential source for our day today activities. The available fossil fuels
may not be able to meet our growing energy demands. Moreover, the combustion of fossil fuels
produce pollution, which cause to greenhouse effect and also fossil fuels are not renewable [1].
Many efforts have been carried out to develop pollution free, environmental friendly renewable
energy sources to replace the available fossil fuels [2]. Rechargeable lithium-ion batteries are
found to be more suitable with the attractive characteristics of high operating voltage, high
energy density, light weight, long cycle life, environmental friendliness and it has been widely
used in many portable electronic devices. Due to the unique properties, lithium-ion batteries
(LIBs) will also be evolving as a best power sources in a new generation hybrid electric vehicles
(HEVs), plug-in hybrids electric vehicles (PHEVs), etc. [3]. The overall cell performance of
LIBs highly depends on the microstructure, electrical and electrochemical properties of the
active electrode and electrolyte materials [4].

Among the various parts of the battery, an electrolyte material is an important component
especially for rechargeable lithium batteries, which directly affects its electrochemical behavior
such as capacity, cycle life, etc. Most of the available commercial lithium-ion batteries
containing carbonate based organic liquid electrolyte, since 1990s, due to their high ionic
conductivity at room temperature. But, it forces some safety issues, due to high vapor pressure,
low flash point, dendrite growth formation and electrolyte leakage [5-10]. As an alternative, the

use of solid polymer electrolyte has been preferred to overcome the aforementioned issues.
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Solid polymer electrolytes (SPEs) have many advantages over liquid electrolytes,
including: a simple design with desired size and shape, leak proof construction, resistance to
shock and vibration, resistance to pressure and temperature variations, wider electrochemical
stability, better safety, etc [11-15]. But, solid polymer electrolytes have low ionic conductivity
(~10"* S cm™) at room temperature as compared to organic electrolytes and it thus limits their use
in conventional lithium batteries. In order to improve the ionic conductivity at room
temperature, many efforts have been made to develop high conducting novel gel/composite
polymer electrolytes (PEs) by adding plasticizer, polymer blend and nanocrystalline ceramic

fillers [16-35].

Among these, gel polymer electrolytes (GPEs) exhibit high ionic conductivities (<10~ S
cm™) at room temperature, but their mechanical strength is not sufficient for practical
applications [16-19]. Thereby, the recent attention on GPEs is thus focusing to improve their
mechanical strength by adding polymer blend and nanocrystalline ceramic fillers [20-35].
Generally, the conductivity of GPEs is dominated by the quantity of absorbed liquid electrolyte,
porosity and pore distribution of the polymer matrixes. GPEs are prepared by immersing the
prepared porous polymer matrixes in an aprotic high dielectric constant organic solvent, which
helps to dissociate the charge carriers and provides more number of ions, thereby enhancing the

conductivity of the electrolyte membranes.

In GPEs, poly(vinylidene fluoride) (PVdF), poly(vinylidene fluoride-co-
hexafluoroprolylene) (PVdF-co-HFP), poly (methyl methacrylate) (PMMA), poly(acrylonitrile)
(PAN) and poly(styrene) (PS) have been widely used as host polymers [16-38]. Among them,
P(VdF-co-HFP) copolymer is found to be a suitable promising material, as it has good

electrochemical stability, affinity to electrolyte solution and high dielectric constant (¢ = 8.4).
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But, the crystalline part of PVAF in P(VdF-co-HFP) copolymer hinders the migration of Li" ions,
which may lead to lower the charge/discharge capacities [37]. So, it is an importance to develop
the process to modify the polymer electrolyte membranes by blending of PMMA polymer as wil
as adding the nanocrystalline ZnAl,O4 ceramic particles as fillers. PMMA is a host polymer
matrix for the preparation of polymer electrolytes. The PEs based on PMMA can absorb lots of
liquid electrolyte, high ionic conductivity in the order of 10° Scm™ at room temperature and
good compatibility with the liquid electrolyte. Thereby, many researchers have been modifying
by adding PMMA with another polymer matrix to improve electrolyte absorption/retention
ability and the ionic conductivity of the PEs [24-25, 38-40]. The prepared nanocrystalline
ZnAl,O4 ceramic fillers has strongest Lewis acid character and also having high dielectric
constant (¢=8.1 - 8.3) than other fillers, which may help to form the complexes with polymer

blend matrixes to improve the interfacial stability between the electrode and electrolyte.

Different methods such as solution casting, plasticizer extraction, phase inversion, hot
press, electrospinning, etc., techniques have been widely used for the preparation of solid/gel
polymer or nanocomposite polymer electrolyte membranes [23-41]. Among several techniques,
electrospinning is a simple and an effective technique to develop thin nano/micro size porous
polymer fibrous membranes with highly interconnected porous structure and large surface area,
which may help to increase efficient conduction pathways for ion migration [38-44]. The PEs
based on PVdF, P(VdF-co-HFP), PVdAF/PMMA, PMMA-PVdF, P(VdF-co-HFP)/PMMA,
P(VdF-co-HFP)/PEMA, P(VdF-co-HFP)/PMAML, PVC-PMMA, P(VdF-co-HFP)/AL,03, SiOs,
TiO, prepared by casting, phase inversion, polymer dissolution, bellcore process and
electrospinning techniques have been investigated [21-38]. Among these investigations reported,

PEs prepared by an electrospinning technique has showed high ionic conductivity at room
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temperature and good electrolyte uptake/retention ability compared to PEs prepared by other
processes. Thus, the authors choose to develop novel nanocomposite polymer electrolytes by
using an electrospinning technique, which may be a suitable electrolyte membrane for lithium-
ion batteries. In our earlier studies, author’s already reported that the electrospun nanocomposite
polymer and polymer blend fibrous electrolyte membrane based on P(VdF-co-HFP)/ MgAL,O4 &
ZnAl,O4 and P(VdF-co-HFP)/P(MMA)/MgAl,04 have showed high ionic conductivity and good

electrochemical performance at room temperature [42-44].

To the best of author’s knowledge, there are no reports on the development of P(VdF-co-
HFP)/PMMA/ZnAl,04/1M LiPFs EC:DEC (1:1,v/v) nanocomposite polymer blend fibrous
electrolyte membranes by an electrospinning technique. Hence, authors are motivated to develop
the electrospun PMMA blend [90% P(VdF-co-HFP)/10% PMMA] and nanocomposite PMMA
blend fibrous membranes [90% P(VdF-co-HFP)/10% PMMA/x wt.% ZnAl,Oy4, (x =2, 4, 6 and 8
wt.%)] with the addition of various amount of nanocrystalline ZnAl,O4 ceramic particles as
fillers. As prepared PMMA blend and nanocomposite PMMA blend fibrous membranes were
studied systematically through different characterization techniques such as XRD, FTIR, DSC
and SEM. The PMMA blend and nanocomposite PMMA blend fibrous electrolyte membranes
were activated by an immersing the prepared nano/micro porous fibrous membranes in a
carbonate based electrolyte solution [IM LiPF¢ in ethylene carbonate (EC)/diethyl carbonate
(DEC) (1:1, v/v)]. The electrolyte uptake and ionic conductivities of an activated PMMA blend
and nanocomposite PMMA blend fibrous electrolyte membranes are evaluated through
electrolyte uptake method and impedance spectroscopy measurements at room temperature.
Li/NCPBE/LiCo0O, CR 2032 coin cells were assembled using the newly developed separator—

cum nanocomposite PMMA blend fibrous electrolyte (NCPBE) membrane, inside an argon filled
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glove box and studied their electrochemical performance using battery cycle tester (BCT) at
current density of 0.1 C-rate.
2. Experimental
2.1 Materials

Poly(vinylidene difluoride-co- hexafluoropropylene) [P(VdF-co-HFP)] (Sigma Aldrich),
Poly(methyl methacrylate) [PMMA] (Sigma Aldrich) and nanocrystalline ZnAl,O4 ceramic
fillers, prepared by gel-combustion method, were used as precursor chemicals for the preparation
of electrospun PMMA blend and nanocomposite PMMA blend fibrous membranes. Acetone and
N, N-Dimethylacetamide (Ace: DMAc, 7:3, v/v) were used as solvents. IM LiPF¢ in EC: DEC
(1:1, v/v) (Sigma Aldrich) was used as a liquid electrolyte.
2.2 Preparation of electrospun nanocomposite PMMA blend electrolyte (NCPBE) fibrous
membranes

To develop the various compositions of electrospun nanocomposite PMMA blend fibrous
electrolyte membranes [90% P(VdF-co-HFP)/10% PMMA/ x wt.% ZnAl,O4, (x = 2, 4, 6 and
8)/IM LiPF¢]. First, an optimized 16 wt.% P(VdF-co-HFP)/PMMA (90/10) was dissolved
separately in a solvent of Acetone: DMAc (7:3, v/v) under continuous stirring for 5 h at room
temperature. Second, the various amount of prepared nanocrystalline x wt.% ZnAl,Oy4, (x = 2, 4,
6 and 8) ceramic particles were dispersed in a mixed organic solvent separately under
ultrasonication. Later, the dispersed ceramic particles as fillers were slowly added to the
optimized [P(VdF-co-HFP)/PMMA] blend solution under constant stirring at room temperature
until to get light viscous solution. The resultant light viscous solution of each composition of
nanocomposite PMMA blend was taken into a 20 ml syringe and it was loaded in a syringe pump

to control the feed rate. The thin nanocomposite PMMA blend fibers were obtained by fixing an
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optimized electrospinning parameters such as solution feed rate 1.5 ml h”', applied voltage
between spinneret and collector is 16 kV, distance between the tip of the spinneret and collector
is 15 cm, needle bore size 24 G and collector drum rotation speed is 550 rpm. The
nanocomposite PMMA blend fibers were collected on the rotating drum collector to form the
resultant electrospun fibrous membrane with an average thickness of 60-100 ym and further, it
was dried in hot air oven at 60 °C for 24 h to remove the solvent. The fibrous PMMA blend and
nanocomposite PMMA blend electrolyte membranes were prepared by soaking into a liquid
electrolyte of 1M LiPF¢ in EC:DEC (1:1,v/v) for 30 min in a dry glove box.
2.3 Characterization techniques

X-ray diffraction (XRD) patterns were recorded from 10° to 80° for all the prepared
electrospun membranes using PANalytical X-pert PRO diffractometer (Philips) with Cu-Ka
radiation (4= 0.154060 nm, 30 mA and 40 kV). Fourier transform infrared (FTIR) transmittance
spectra for the prepared pure P(VdF-co-HFP), PMMA blend and nanocomposite PMMA blend
fibrous membranes, were recorded in the range of 4000 to 400 cm™ using NICOLET 6700
spectrophotometer with 4 ¢cm™ resolution. The DSC curves of all the prepared electrospun
PMMA blend and nanocomposite PMMA blend fibrous membranes were recorded on DSC Qy
instrument under nitrogen atmosphere. The surface morphology of all the developed electrospun
fibrous membranes was investigated, using scanning electron microscopy (SEM, Hitachi S4700).
The electrolyte uptake capacity of all the electrospun membranes was determined by soaking
each of them in an electrolyte solution containing 1M LiPF¢ in EC: DEC (1:1, v/v) and weighed
it at regular intervals after removing the excess liquid electrolyte by wiping it with tissue paper.

The electrolyte uptake (EU) was calculated using the following equation (Eq.1).

EU = % X 100% (1)

0
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where, ) is the mass of the wet membrane and W, is the mass of the dry membrane. The
electrical behavior and electrochemical stability of electrospun polymer fibrous electrolyte
membranes were measured using frequency response analyzer and electrochemical work station
(Novocontrol, Germany). The prepared P(VdF-co-HFP)/PMMA (90/10) blend and different
compositions of nanocomposite PMMA blend fibrous electrolyte membranes were sandwiched
between two blocking stainless steel (SS) electrodes and the impedance spectra were recorded on
Alpha high frequency response analyzer in the frequency range of 1 mHz - 1 MHz. The total
conductivity of each electrospun PMMA blend and nanocomposite PMMA blend fibrous
electrolyte membranes (x wt.% ZnAl,O4, x = 2, 4, 6 and 8 ceramic fillers), was calculated using
the sample dimensions (thickness and area) and the resistance, evaluated from the analysis of the

measured impedance data at room temperature, by using the following equation (Eq.2).

t
o = yoT S/em  (2)

where, 7 is the sample thickness (cm), 4 is the area (cm?) and Ry, is the bulk resistance (£2) of each
electrolyte membrane.
2.4 Electrochemical studies

The electrochemical stability of the prepared electrospun nanocomposite PMMA blend
fibrous electrolyte membrane with 6 wt.% of ZnAl,O4 fillers content was studied through cyclic
voltametry (Electrochemical test station POT/GAL, Novocontrol, Germany). The measurement
(Li/NCPBE/SS) was carried out by using stainless steel (SS) as the working electrode and
lithium (Li) metal as counter/reference electrode at the scan rate of 2 mV s™' over the potential
range of 2—5 V at room temperature.

For an electrochemical measurements, the CR 2032 coin type lithium cells were

fabricated inside an Argon-filled glove box [Vacuum Atmospheres Co. (VAC), USA] by
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sandwiching the prepared PBE or NCPBE membrane or celgard 2320 separator between lithium
metal anode (380 um thick, Aldrich) and LiCoO; cathode materials. The LiCoO, cathode active
material was synthesized by a combustion method and the composite cathode was prepared by
mixing 70 wt% of active material (LiCo0O5;), 20 wt% of conducting super P carbon and 10 wt%
of PVdF binder (Aldrich) in N-methyl pyrrolidinone (NMP) solvent. The resulting slurry was
coated on to an Al-foil (~ 20 um thick) using doctor blade method and dried in hot air vacuum
oven at 120 °C for 24 h. The dried electrode was cut into circular disks and pressed by placing
between two stainless steel (SS) plates. The charge/discharge and cycle tests of the assembled
Li/PBE or NCPBE or celgard 2320/LiCoO, CR 2032 coin cells were performed at room
temperature using battery cycle tester (BCT) (Model MCV4-1/0.01/0.001-10, Bitrode, USA)

between the potential ranges 2.8-4.2 V at current density 0.1 C-rate.

3. Results and Discussion

The X-ray diffraction patterns of electrospun pure P(VdF-co-HFP), PMMA blend [90%
P(VdF-co-HFP)/10% PMMA], nanocomposite PMMA blend fibrous membranes [90% P(VdF-
co-HFP)/10% PMMA/x wt.% ZnAl,O4, (x = 2, 4, 6 and 8)] and the prepared nanocrystalline
ZnAl,O4 ceramic fillers are shown in fig. 1. From fig. 1, the observed diffraction pattern of pure
P(VdF-co-HFP) copolymer membrane showed one low intensity broad diffraction peak at 20=
20.1°, which is compared with the joint committee on powder diffraction standards (JCPDS) data
(Card No0.00-038-1638) and confirmed the presence of PVdAF crystalline phase in P(VdF-co-
HFP) copolymer [31-33]. Hence, XRD results confirm the semi-crystalline nature of P(VdF-co-
HFP) copolymer. The intensity of diffraction peak of PVdF is decreased drastically by an
addition of 10% PMMA content in 90% P(VdF-co-HFP) copolymer, as shown in fig. 1, which

confirms that the reduction of PVdF crystallinity in PMMA blend fibrous membrane. The
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reduction of crystallinity indicates the formation of amorphous phase, which may be due to the
reorientation of PVdF in P(VdF-HFP) chains was hindered by the large group of CH; OCO- in
PMMA chains. Formation of amorphous structure in turn may enhance the electrolyte uptake
and ionic mobility at room temperature [45-47]. Further, various contents of x wt.% of ZnAl,04,
(x=2, 4, 6 and 8) ceramic fillers were dispersed into the optimized P(VdF-co-HFP)/PMMA
(90/10) blend matrix.  The intensity of observed diffraction patterns of electrospun
nanocomposite PMMA blend fibrous membrane is decreased upto 6 wt.% ZnAl,O, fillers
content. This indicates that the nanocomposite PMMA blend (NCPB) fibrous membranes
becoming more and more amorphous nature, which may be due to the Lewis acid-base
interactions between electron donor atoms in PMMA blend matrix and the cation of ZnAl,O4
ceramic fillers [43]. Further, it was confirmed from FTIR results. The amorphous nature of the
NCPB fibrous membrane can provide more conducting pathways, which may help to increase
the mobility («) of ions and hence, improves the conductivity. Also, some new diffraction peaks
observed at 31.3°, 36.89° & 59.35° are compared with the ZnAl,O4 diffraction pattern and
confirm the formation of ZnAl,O4 crystalline phase. Further, addition of 8 wt.% ZnAl,O, fillers
content, the intensity of diffraction peaks of nanocomposite PMMA blend fibrous membrane
increases, which indicate that the ZnAl,O4 crystalline phase is increased. This may affect the
mobility () of free Li-ion charge carriers by blocking or hindering the path ways, which may
decrease the conductivity and it was confirmed from the conductivity results.

FTIR transmittance spectra of electrospun P(VdF-co-HFP), PMMA, P(VdF-co-
HFP)/PMMA (90/10) blend and nanocomposite PMMA blend fibrous membranes with an
addition of ZnAl,O4 ceramic fillers content [90% P(VdF-co-HFP)/10% PMMA/x wt.% ZnAl,O4,

(x=2, 4, 6 and 8)] are shown in fig. 2. The transmittance spectrum of P(VdF-co-HFP) fibrous
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membrane showed strong IR bands at 1279, 842, 510 and 472 cm’ are identified the
characteristic peaks of PVAF (-CH,-CF,-). The bands at 1279 & 510 cm™ are assigned to CF,
asymmetric stretching and bending vibrations, respectively. The band at 842 cm™ is attributed to
CH, rocking vibration. The band at 472 cm™ is assigned to CF wagging vibration [48]. In
PMMA spectrum, the observed IR peaks at 1721, 1449 and 1159 cm™ are assigned to C=0O
stretching, CHj3 stretching and — O-CH3 stretching vibrations, respectively [49]. In PMMA blend
[90% P(VdF-co-HFP)/10% PMMA] fibrous membrane spectrum, the observed IR vibration
bands are identified both the characteristic peaks of P(VdF-co-HFP) and PMMA polymer, which
reveal the perfect miscibility nature through intermolecular interactions as shown in fig. 2c [50].
The observed well defined IR bands of PMMA blend membrane spectrum become featureless
broad IR bands by an addition of x wt.% ZnAl,Os (x=2, 4, 6 and 8) fillers content of
nanocomposite PMMA blend fibrous membranes as shown in fig. 2d - 2g. This attributes the
formation of more amorphous nature, which is also confirmed from the observed XRD patterns
of the nanocomposite PMMA blend fibrous membranes.

Figure 3 shows the DSC curves of all the electrospun P(VdF-co-HFP)/PMMA (90/10)
blend and nanocomposite PMMA blend fibrous membranes with an addition of various amounts
of ZnAl,O4 ceramic fillers [90% P(VdF-co-HFP)/10% PMMA/x wt.% ZnAl,Oq4, (x = 2, 4, 6 and
8)]. From fig.3, the DSC curve of P(VdF-co-HFP)/PMMA blend fibrous membrane exhibits two
endothermic peaks at 70 'C & 140 "C, corresponding to the melting or softening temperatures
(Tw) of PMMA and P(VdF-co-HFP) polymers, respectively [42, 50]. This indicates that the
perfect miscibility of 90% P(VdF-co-HFP) and 10% PMMA has been accomplished as a result
of the possible chemical-oriented co-ordination between the ‘mer’ units of the above two

polymers, which confirm the better blending [50]. Moreover, it can be seen that, each curve of
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nanocomposite PMMA blend fibrous membrane with the addition of various amounts of x wt.%
ZnALO4 (x=2, 4, 6 and 8) fillers content, showed high melting temperatures at 86 ‘C (PMMA) &
140 °C (P(VdF-co-HFP)) as shown in fig. 3. This reflects the increase in thermal stability of
nanocomposite PMMA blend fibrous membranes compared to pure P(VdF-co-HFP)/PMMA
blend membrane. The increase in thermal stability of nanocomposite PMMA blend fibrous
membranes is attributed to the occurrence of Lewis acid-base interactions between the
incorporated nanocrystalline ZnAl,Oy fillers and P(VdF-co-HFP)/PMMA blend chains and it was
confirmed from the XRD and FTIR results. Hence, the newly developed electrospun
nanocomposite PMMA blend fibrous membrane with an addition of 6 wt.% ZnAl,O4 filler
content [90% P(VdF-co-HFP)/10% PMMA/6 wt.% ZnAl,O4] may be a better separator-cum
electrolyte membrane with good thermal stability as well as low crystallinity compared to other

membranes.

Figure 4 shows the morphological SEM images of electrospun P(VdF-co-HFP) (Fig. 4a),
P(VdF-co-HFP)/PMMA (90/10) blend (Fig. 4b) and nanocomposite PMMA blend fibrous
membranes with an addition of various content of ZnAl,O4 ceramic fillers [x wt.% ZnAl,Oq4, (x =
2, 4, 6 and 8)] (Fig.4c-f). All the SEM images showed three dimensional web-like structures
with fully interconnected ultrafine multi-fiber layers with uniform morphology. The interlaying
of multi-fiber electrospun layers generates a nano/micro porous structure in all the developed
electrospun fibrous membranes, which may be able to absorb/retain electrolyte effectively based
on the porous nature [45, 51]. All the SEM images depict the variation of average fiber
diameters (AFD) between the pure P(VdF-co-HFP) copolymer, P(VdF-co-HFP)/PMMA blend
and nanocomposite PMMA blend fibrous membranes with various contents of x wt.% ZnAl,O4,

(x=2,4, 6 & 8) ceramic fillers as shown in fig. 4. From the captured SEM images, the AFD of
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all the electrospun membranes were measured approximately and it is found to be 1.5 um for
pure polymer, 1.75 um for PMMA blend and nanocomposite PMMA blend fibrous membrane
with various amounts of ZnAl,Oy4 fillers content is 0.5 um (2wt.%), 0.5 um (4wt.%), 0.25 um
(6wt.%) and 1 um (8wt.%). The nanocomposite PMMA blend fibrous membrane with 6 wt.% of
ZnAl, Oy fillers content exhibits less AFD (250 nm) with uniform fiber distribution compared to
PMMA blend and other compositions of nanocomposite membranes. The observed difference in
AFD attributes to change in the concentration of PMMA blend solution by the addition of
various amounts of ZnAl,O4 ceramic fillers content. As we know that, the following spinning
parameters are strongly influence the fiber diameter and morphology of fibrous membranes such
as solution concentration, viscosity, feed rate, needle bore size, distance between the spinneret &
collector and applied voltage. In the present work, the effect of solution concentration of P(VdF-
co-HFP)/PMMA blend and the addition of various contents of ZnAl,O4 ceramic fillers were
studied, while the other parameters are kept constant.

All the prepared electrospun P(VdF-co-HFP)/PMMA (90/10) blend and nanocomposite
PMMA blend fibrous membranes with various contents of x wt.% ZnAl,O4, (x = 2, 4, 6 and 8)
fillers were activated into separator-cum polymer electrolyte by soaking in an electrolyte
solution, containing of 1M LiPF in EC: DEC (1:1, v/v). The moment that the liquid electrolyte
is dipped on the developed electrospun membranes, which spreads quickly on the surface and
penetrates into the interior of the membranes within a second. This implies that the developed
electrospun fibrous membranes having good porous structure and also an electron affinity
between the polymer matrixes and liquid electrolyte, which may helps quick

absorption/penetration of liquid electrolyte into the fibrous membranes [50].
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Electrolyte uptake of the developed electrospun P(VdF-co-HFP)/PMMA blend and
nanocomposite PMMA blend fibrous electrolyte membranes with various contents of x wt.%
ZnAlLOy4, (x =2, 4, 6 and 8) fillers in an organic electrolyte solution as shown in fig. 5. In fig. 5,
the nanocomposite polymer blend fibrous electrolyte membrane with the addition of 6 wt.%
ZnAl,Oq fillers content exhibits a high electrolyte uptake up to 290% and further addition of 8
wt.% ZnAl,Oy4 fillers content results in a decrease of uptake behavior. The electrolyte uptake is
found to increase with the addition of 10% PMMA in the polymer blend electrolyte [90%
P(VdF-co-HFP)/10% PMMA/LiPF¢] and various amounts of ZnAl,O4 fillers content in the
nanocomposite polymer blend electrolyte [90% P(VdF-co-HFP)/10% PMMA/ZnAl,04/LiPF¢]
membranes. This is mainly due to the excellent compatibility and affinity [P(VdF-co-
HFP)/PMMA/6 wt.% ZnAl,O4] with the carbonate based liquid electrolyte in the newly

developed nanocomposite polymer blend fibrous electrolyte membrane.

Figures 6 shows the complex impedance spectra of electrospun P(VdF-co-HFP)/PMMA
(90/10) blend and nanocomposite PMMA blend fibrous electrolyte membranes with various
contents of x wt.% of ZnAl,O4, (x=2, 4, 6 and 8) ceramic fillers at room temperature. In fig. 6,
the impedance spectrum of each electrospun fibrous electrolyte membrane show one arc and an
inclined spike in the measured frequency range. The observed arc in the high frequency region
and the inclined spike in the low frequency region represent the bulk resistance (Rp) and double
layer capacitance (Cq)) of the electrode/electrolyte interface effects of electrospun pure P(VdF-
co-HFP)/PMMA blend and the different compositions of nanocomposite PMMA blend fibrous
electrolyte membranes, respectively. The intercept of an inclined spike on the real axis (Z)
represents the bulk resistance (R,) of each composition of nanocomposite PMMA blend

electrolyte membrane [42]. The observed impedance responses were fitted using “WinFIT”

Page 14 of 36



Page 15 of 36

RSC Advances

software to evaluate the electrical response of each fibrous electrolyte membrane in the form of
an equivalent circuit. The electrical conductivity (o) of pure P(VdF-co-HFP), P(VdF-co-
HFP)/PMMA (90/10) blend and each composition of nanocomposite PMMA blend fibrous
electrolyte membranes were calculated using the evaluated bulk resistance (R,) from the
analyzed impedance response, sample dimensions area (4) and thickness (f). The measured bulk
resistance (Ryp), conductivity (o) and electrolyte uptake of all the fibrous electrolyte membranes
are given in table 1. The calculated highest conductivity of nanocomposite PMMA blend fibrous
electrolyte membrane with 6 wt.% of ZnAl,O4 fillers content is found to be 4.135 x 102 Sem™! at

room temperature.

The variation of electrical conductivity and electrolyte uptake with respect to the addition
of various contents of x wt.% ZnAl,0O4, (x = 2, 4, 6 and 8) ceramic fillers into the P(VdF-co-
HFP)/PMMA (90/10) blend fibrous electrolyte membranes are shown in fig. 5. In fig. 5, the
electrical conductivity increases with an addition of ZnAl,O4 ceramic fillers content up to 6
wt.%, which may be due to the formation of more conduction pathways in the amorphous phase,
allowing greater Li-ion migration and more electrolyte absorption [42-44]. Further, addition of 8
wt.% of ZnAl,O4 ceramic fillers content results in decrease of electrical conductivity, which may
be due to the formation of agglomerated ZnAl,O,4 particles. The agglomerated ZnAl,O4 particles
may lead to block or hinder the migration of Li-ions in the nanocomposite PMMA blend
electrolyte membranes. The complete mechanism of the nanocomposite PMMA blend fibers
with various amounts of ZnAl,O4 ceramic fillers and an activated nanocomposite polymer blend
electrolyte fiber is shown in fig. 7, in the form of schematic diagrams. Hence, the optimized

nanocomposite PMMA blend fibrous electrolyte membrane with 6 wt.% of ZnAl,Oy fillers
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content can be swollen sufficiently with the carbonate-based liquid electrolyte, which lead to

increase the ionic conductivity at room temperature.

The potential stability window of the optimized high conductivity composition of
electrospun nanocomposite PMMA blend fibrous electrolyte membrane with 6 wt.% of ZnAl,O4
ceramic fillers at room temperature is shown in fig. 8. The observed steady increase in current
with respect to applied voltage indicates the potential stability limit of the electrolyte membrane
[44]. In fig. 8, it can be found that, the optimized electrospun nanocomposite PMMA blend
fibrous electrolyte membrane with 6 wt.% of ZnAl,O4 fillers content exhibits high stability
above ~ 4.5 V. Hence, the newly developed high potential stability limit of nanocomposite
PMMA blend fibrous electrolyte membrane should render them potentially compatible with the

most high voltage cathode materials for high energy density rechargeable lithium batteries.

Figure 9 shows a comparative charge-discharge curves of CR 2032 lithium cells
containing the optimized nanocomposite PMMA blend separator-cum fibrous electrolyte
membrane with 6 wt.% of ZnAl,Oy fillers content at a current density of 0.1 C-rate. From fig. 9,
the discharge capacity of nanocomposite PMMA blend fibrous electrolyte membrane is found to
be 157 mAh g for 1* cycle and 132 mAh g for 30™ cycle. The observed capacity difference
from 1% to 30™ cycles of assembled CR 2032 Li/NCPBE/LiCoO; cell, showed an approximately
25 mAh g'l, which is probably due to the difference in Li-ion conductivity and utilization of
active material. The optimized electrospun nanocomposite PMMA blend electrolyte membrane
has high porosity with ultra-fine pore structure, which might have absorbed large amount of
liquid electrolyte as compared to commercial available celgard separators [42-44]. This may
help to enhance the ionic conductivity by entrap the Li ions into the separator-cum

nanocomposite polymer blend electrolyte fibrous membrane, which indicate the higher
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utilization of active material by sustains the absorbed electrolyte through charge/discharge

process.

Figure 10 shows the discharge capacity as a function of cycle number for the fabricated
CR 2032 Li/LiCoO; cell using the optimized electrospun nanocomposite PMMA blend
separator-cum fibrous electrolyte membrane with 6 wt.% of ZnAl,O4 ceramic fillers content at
room temperature.  From fig.10, the discharge capacity of 1% and 30" cycle of
Li/NCPBE/LiCoO> cell shows 157 mAh g ' and 132 mAh g ' respectively. The observed
capacity fade may be due to the structural characteristics and composition of cathode material,
which plays a vital role on the capacity of cell and cycling performance. Hence, the electrospun
nanocomposite PMMA blend separator-cum fibrous electrolyte membrane with 6 wt.% of
ZnAl,Oy fillers content has good cycle performance without any change in the property, which
confirms the excellent efficiency of the electrolyte membrane to conduct the ions between the
electrodes. Also, it has good compatibility with both the electrodes especially lithium metal.
Thus, it may be concluded that the newly developed nanocomposite PMMA blend fibrous
electrolyte membrane [90% P(VdF-co-HFP)/10% PMMA/6 wt.% ZnAl,04/1 M LiPF¢, EC:DEC
(1:1,v/v)] can be useful as a better separator-cum polymer electrolyte for all rechargeable lithium

battery application as well as other ionic devices.

4. Conclusion
The optimized electrospun P(VdF-co-HFP)/PMMA (90/10) blend and nanocomposite

PMMA blend fibrous membranes with various contents of ZnAl,O4 ceramic fillers [90% P(VdF-
co-HFP)/10% PMMA/x wt.% ZnAl,O4, (x = 2, 4, 6 and 8)] were prepared by simple
electrospinning technique. The nanocomposite PMMA blend membrane with 6 wt.% of

ZnAl,O4 fillers content showed the reduction of PVdF crystallinity, low average fiber diameter



RSC Advances

with uniform morphology, good thermal stability and high electrolyte uptake. The activated
nanocomposite PMMA blend fibrous electrolyte membranes [90% P(VdF-co-HFP)/10% PMMA
/6 wt.% ZnAl,O4/1M LiPFg] showed high ionic conductivity with good electrochemical stability
at room temperature. The fabricated CR 2032 Li/NCPBE/LiCoO; coin cell using the optimized
the high conductivity composition of nanocomposite PMMA blend fibrous electrolyte
membranes with 6 wt.% of ZnAl,Oy fillers content delivers the good charge-discharge capacity
and also exhibits stable cycle performance at room temperature. Hence, the newly developed
electrospun nanocomposite PMMA blend fibrous electrolyte membrane can be used as a
separator-cum polymer electrolyte membrane for high performance rechargeable lithium

batteries as well as other electrochemical device applications.
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Table 1 Electrical properties and electrolyte uptake of electrospun pure P(VdF-co-HFP), P(VdF-
co-HFP)/PMMA (90/10) blend and nanocomposite PMMA blend fibrous electrolyte membranes

with various contents of ZnAl,O4 ceramic particles as fillers.

S. Samples Resistance  Conductivity EU*
No (Ry) Q (6)Sem™ (%)
1 Pure P(VdF-co-HFP) 38.7 1.875x10™ 52
2 90% P(VdF-co-HFP)/10%PMMA 4.40 1.788x107 58
3 90% P(VdF-co-HFP)/10%PMMA/2 wt.% 2.65 3.004x107 70
ZnAl,O4

4 90% P(VdF-co-HFP)/10%PMMA/4 wt.% 2.45 3.069x107 127
ZnAl,O4

5  90% P(VdF-co-HFP)/10%PMMA/6wt.% 2.65 4.135x107 290
ZnAl,O4

6  90% P(VdF-co-HFP)/10%PMMA/8 wt.% 3.95 2.842x107 160
ZnAl,O4

*EU: Electrolyte Uptake
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Figure Captions

1.

Fig. 1 X-ray diffraction patterns of electrospun pure P(VdF-co-HFP), P(VdF-co-
HFP)/PMMA blend (90/10) and nanocomposite PMMA blend fibrous membranes with
various contents of x wt% ZnAl,O4, (x =2, 4, 6 and 8) ceramic fillers.

Fig. 2 FTIR spectra of electrospun a) pure P(VdF-co-HFP), b) pure PMMA, c¢) P(VdF-
co-HFP)/PMMA blend (90/10) and d-g) nanocomposite PMMA blend fibrous
membranes with various contents of x wt% ZnAl,Oy, (x =2, 4, 6 and 8) ceramic fillers.
Fig. 3 DSC curves of electrospun P(VdF-co-HFP)/PMMA (90/10) blend and
nanocomposite PMMA blend fibrous membranes with various contents of x wt%
ZnAl,Oq4, (x =2, 4, 6 and 8) ceramic fillers.

Fig. 4 SEM images of electrospun a) pure P(VdF-co-HFP), b) P(VdF-co-HFP)/PMMA
(90/10) blend and nanocomposite PMMA blend fibrous membranes with various contents
of x wt% ZnAl,O4, (x =2, 4, 6 and 8) ceramic fillers c) 2 wt% ZnAl,O4, d) 4 wt%
ZnAl,Oy4, ) 6 wt% ZnAl,O4 and f) 8 wt% ZnAl,Os.

Fig. 5 Variation of electrical conductivity (red colour line) and absorbed liquid
electrolyte (black colour line) of electrospun P(VdF-co-HFP)/PMMA (90/10) blend and
nanocomposite PMMA blend fibrous electrolyte membranes with various contents of x
wt% ZnAl, Oy, (x =2, 4, 6 and 8) ceramic fillers at room temperature.

Fig. 6 Complex impedance spectra of real and imaginary parts of electrospun P(VdF-co-
HFP)/PMMA (90/10) blend and nanocomposite PMMA blend fibrous electrolyte
membranes with various contents of x wt% ZnAl,Oa, (x =2, 4, 6 and 8) ceramic fillers at
room temperature.

Fig. 7 Schematic diagram for the complete mechanism of the nanocomposite PMMA
blend fibers with various amounts of ZnAl,Os ceramic fillers and an activated
nanocomposite polymer blend electrolyte fiber with an organic liquid electrolyte
containing 1M LiPFs EC:DEC (1:1, v/v).

Fig. 8 Potential stability window of the electrospun nanocomposite PMMA blend fibrous
electrolyte membrane with 6 wt.% of ZnAl,O4 fillers content at room temperature.

Fig. 9 Charge-discharge capacity of Li/NCPBEs/LiCoO, CR 2032 coin cell containing
the optimized electrospun nanocomposite PMMA blend fibrous electrolyte membrane

with 6 wt.% of ZnAl,O4 fillers content at room temperature.
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10. Fig. 10 Cycle performance of Li/NCPBEs/LiCoO,; CR 2032 coin cell containing the
optimized electrospun nanocomposite PMMA blend fibrous electrolyte membranes with

6 wt.% of ZnAl,Oy fillers content at room temperature.
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Fig. 1 X-ray diffraction patterns of electrospun pure P(VdF-co-HFP), P(VdF-co-HFP)/PMMA
blend (90/10) and nanocomposite PMMA blend fibrous membranes with various contents of x

wt% ZnAl,Oq, (x =2, 4, 6 and 8) ceramic fillers.
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Fig. 2 FTIR spectra of electrospun a) pure P(VdF-co-HFP), b) pure PMMA, c) P(VdF-co-
HFP)/PMMA blend (90/10) and d-g) nanocomposite PMMA blend fibrous membranes with

various contents of x wt% ZnAl,Oy4, (x =2, 4, 6 and 8) ceramic fillers.
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Fig. 3 DSC curves of electrospun P(VdF-co-HFP)/PMMA (90/10) blend and nanocomposite
PMMA blend fibrous membranes with various contents of x wt% ZnAl,O4, (x =2, 4, 6 and 8)
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Fig. 4 SEM images of electrospun a) pure P(VdF-co-HFP), b) P(VdF-co-HFP)/PMMA (90/10)
blend and nanocomposite PMMA blend fibrous membranes with various contents of x wt%
ZnAl,O4, (x =2, 4, 6 and 8) ceramic fillers ¢) 2 wt% ZnAl,O4, d) 4 Wt% ZnAl;,04, €) 6 Wt%
ZnAl,0O4 and f) 8 wt% ZnAl,O4.
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Fig. 5 Variation of electrical conductivity (red colour line) and absorbed liquid electrolyte (black
colour line) of electrospun P(VdF-co-HFP)/PMMA (90/10) blend and nanocomposite PMMA
blend fibrous electrolyte membranes with various contents of x wt% ZnAl,O4, (x =2, 4, 6 and 8)

ceramic fillers at room temperature.
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Fig. 6 Complex impedance spectra of real and imaginary parts of electrospun P(VdF-co-
HFP)/PMMA (90/10) blend and nanocomposite PMMA blend fibrous electrolyte membranes

with various contents of x wt% ZnAl,Os, (x =2, 4, 6 and 8) ceramic fillers at room temperature.
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Fig. 7 Schematic diagram for the complete mechanism of the nanocomposite PMMA blend
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v/v).
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Fig. 8 Potential stability window of the electrospun nanocomposite PMMA blend fibrous

electrolyte membrane with 6 wt.% of ZnAl,Oy fillers content at room temperature.
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Fig. 9 Charge-discharge capacity of Li/NCPBEs/LiCoO, CR 2032 coin cell containing the

optimized electrospun nanocomposite PMMA blend fibrous electrolyte membrane with 6 wt.%

of ZnAl,O4 fillers content at room temperature.
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Fig. 10 Cycle performance of Li/NCPBEs/LiCoO, CR 2032 coin cell containing the optimized
electrospun nanocomposite PMMA blend fibrous electrolyte membranes with 6 wt.% of

ZnAl,Oy4 fillers content at room temperature.
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