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Abstract Polyvinylidenefluoride—hexafluoropropylene-ba-
sed (PVdF-HFP-based) gel and composite microporous
membranes (GPMs and CPMs) were prepared by phase-
inversion technique in the presence 10 wt% of AIO(OH),
nanoparticles. The prepared membranes were gelled with
0.5-M LiPF3(CF,CF3)3 (lithium fluoroalkylphosphate, Li-
FAP) in EC:DEC (1 : 1 v/v) and subjected to various char-
acterizations; the AC impedance study shows that CPMs ex-
hibit higher conductivity than GPMs. Mechanical stability
measurements on these systems reveal that CPMs exhibit
Young’s modulus higher than that of bare and GPMs and
addition of nanoparticles drastically improves the elonga-
tion break was also noted. Transition of the host from « to 8
phase after the loading of nanosized filler was confirmed by
XRD and Raman studies. Physico-chemical properties, like
liquid uptake, porosity, surface area, and activation energy,
of the membranes were calculated and results are summa-
rized. Cycling performance of Li/CPM/LiFePO, coin cell
was fabricated and evaluated at C/10 rate and delivered a
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discharge capacity of 157 and 148 mAh g~!

first and tenth cycles.

respectively for

PACS 82.47.Aa - 82.45.Mp - 82.45.Gj - 72.80.Le -
84.37.+q

1 Introduction

The plastic lithium ion (PLiON) batteries offer the shape
versatility, flexibility, and lightness which can be commer-
cialized since it accommodates the miniature and electronic
industries, like computers, camcorders, mobile societies,
etc. [1]. These could be possible with an evident use of poly-
mer electrolyte as separators. So, the search for finding suit-
able polymer electrolytes satisfying high ionic conductivity,
good mechanical, thermal, interfacial, and electrochemical
stabilities is evinced. Generally, two methods of preparation
have been adopted to prepare the polymer electrolytes:

— First and most common approach is by dissolving the
salts into polymer host (called solid polymer electrolytes
[SPEs]) and the incorporation of low molecular weight
liquids, like ethylene carbonate, diethyl carbonate, di-
methyl carbonate, etc., into said host (called gel poly-
mer electrolytes [GPEs]), both were prepared by solution
casting technique in a single-step process. This method
has certain drawbacks including simultaneous loss of me-
chanical stability; gas evolution during cycling, etc. which
hinders the possibility of using in practical batteries. In
order to overcome such drawbacks that occurred in the
above electrolytes without affecting the conductivity, the
nanosized inorganic filler has been incorporated. The ad-
dition of such nanoparticles not only improves the con-
ductivity which also enhances aforesaid requisites [2, 3].
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However, the possibilities of using these electrolytes are
limited due to the poor ionic conductivity and leakage
problems of SPEs and GPEs, respectively.

— In the second method, Tarascon et al. [4] explored the
preparation of porous electrolyte membranes by two step
processes. In the first step process, a film was formed by
evaporating the casting polymer solution and in the sec-
ond step (activation process) the soaking of the film into
electrolyte solutions [4]. This two step process, the ex-
traction of dibutylpthalate was found to be very difficult,
which increase the cost of the membranes and safety is-
sues while handling large amounts of volatile solvents
[5]. Later, to overcome these difficulties Tarascon et al.
[5], Saito et al. [6], and Wang et al. [7] independently at-
tempted to prepare the microporous membranes by phase
inversion using solvents and nonsolvents. Very recently,
Kim et al. [8—11] also prepared porous membranes by the
same technique, but with various kinds of nanoparticles,
such as TiO; (rutile and anatase), SiO;, and Al,O3.

The commercially usable LiPF¢-based electrolyte con-
taining lithium ion batteries encountered certain draw-
backs [12-16]. To overcome these shortcomings, the salt
is modified in such a way that the replacement of PF, in
LiPFg by —CF,CF3 groups stabilizes the anion [12, 13]
and PF3(CF,CF3); is more stable than PF; the modi-
fied one does not undergo hydrolysis readily as PFg or
its decomposition product, PFs. Consequently lithium flu-
oroalkylphosphate (LiPF3[CF3CF,]3) (LiFAP) electrolytes
contains much less HF contamination than LiPF¢ [12]. Gna-
naraj et al. [14-16] reported the possibility of using LiFAP
based electrolytes in LiMn;O4. The main advantage of us-
ing LiFAP is the surface of the electrodes is dominated by
the solvent reduction products whereas LiPF¢-based elec-
trolytes dominate by salt reduction products leads to the dif-
ferent surface chemistry [14]. In this present study, we report
preparation of the composite polymer membranes by phase-
inversion technique (CPMs). The polyvinylidenefluoride—
hexafluoropropylene (PVdF-HFP) is a very promising host
for phase-inversion technique due to its appealing proper-
ties is selected [4-11, 13]. For the first time, LiFAP has
been used to gellify the polymer skeleton in the presence of
10 wt% AlO(OH),, nanoparticles with Li/LiFePO4 configu-
ration.

2 Materials and methods
2.1 Materials

PVdF-HFP with 12 mol% of HFP (Solvay Solexis, Italy);
AlO(OH),, (Candia, Taiwan); LiFePOs (Hydro Quebec,
Canada); LiPF3(CF3CF;)3 (Merck KGaA, Germany); eth-
ylene carbonate, diethyl carbonate, acetone, ethanol, and n-
butanol (E. Merck, India) were used as received. Acetone
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to ethanol ratio was fixed at 5 : 1 for the preparation of bare
PVdAF-HFP polymer membranes. Composite polymer mem-
branes (CPM) were cast with AIO(OH),, nanoparticle in an
optimized concentration of 10 wt%. PVdF-HFP was dis-
solved in a mixture of solvent (acetone, E. Merck India) and
nonsolvent (ethanol, E. Merck India) such that amount of the
nonsolvent was low enough to allow solubilization and high
enough to allow phase separation upon evaporation (solvent
and nonsolvent ration was fixed 5 : 1 ratio). The resulting
suspension was spread on a glass substrate and allowed to
evaporate the solvent and nonsolvent in turn in the air at-
mosphere with 60—100 um thickness. Then the membrane
was dried and transferred into Ar-filled glove box for gellifi-
cation of 0.5-M LiFAP in EC:DEC (1 : 1 v/v) solution. Fur-
ther, the electrolytic uptake and porosity measurements were
performed by using 0.5-M LiFAP in EC:DEC (1:1 v/v)
and n-butanol with high purity which were purchased from
E. Merck, India. and used as without further purification.

2.2 Instrumentation

Morphological features of the polymer membranes were
examined using a Hitachi Model S-3000H scanning elec-
tron microscope (SEM). Ionic conductivities of the mem-
branes were observed by AC impedance spectroscopy in
the frequency range 1 Hz to 5 MHz in a Solartron 1260
Impedance/Gain Phase Analyzer coupled with a Solartron
Electrochemical Interface using a stainless steel blocking
electrode impedance cell of 1 cm? area. Differential scan-
ning calorimetric studies of the polymer membranes were
recorded using a Perkin Elmer Pyris 6 instrument under ni-
trogen atmosphere between 50 and 250°C at a heating rate
of 10°C/min. Instron Corporation series IX automated mate
were used to measure the mechanical strength of the poly-
mer membranes. The surface area and pore size of the mem-
branes were determined by a continuous flow nitrogen gas
adsorption/desorption BET apparatus (Gemini, Micromerit-
ics, USA).

2.3 Coin cell assembly

Coin cells of 2016 configuration were assembled using
lithium metal as an anode, LiFePOy4 as a cathode, and com-
posite polymer membranes as separator—cum-—electrolyte
soaked in 0.5-M LiFAP in EC: DEC (1: 1 v/v) for 1 h. The
cathodes comprising LiFePO4 (60%), carbon black (30%),
and PVdF binder (10%) were prepared by a slurry coating
process over the aluminum foil using doctor blade. The N-
methyl pyrrolidone (NMP) was used as slurrying agent dur-
ing the preparation. The coated aluminum foil was dried
in an oven at 110°C for 2 h and pressed under a pressure
of 12 t kgem™2 for 3 min. 18-mm diameter blanks were
punched out from the coated area and used as cathode. Coin
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cells were assembled inside an argon-filled glove box (M
Braun, Germany) and subjected to electrochemical cycling
studies.

2.4 Cycling studies

Cycling behavior of Li/LiFePO4 cells with polymer elec-
trolyte membranes as a separator was performed galvanos-
tatically in a computerized battery cycling unit at C/10 rate
between the potential windows 2.5-4.5 V.

3 Results and discussion
3.1 Thermal studies

High ionic conductivity, high lithium transport number,
wider electrochemical stability, and mechanical stability are
envisaged as desirable properties, are not sufficient for its
end use of polymer electrolyte as separator as well as elec-
trolyte for practical applications because thermal stability is
also one of the important factors to guarantee acceptable per-
formance of it, while it is operated at elevated temperatures.
In this connection, differential scanning calorimetry (DSC)
study has been carried out to analyze the thermal stability of
the polymeric membranes.

Figure 1 shows the DSC thermograms of pure PVdF-
HFP, gelled (GPMs), and CPMs. The melting endotherm
(Tn) of pure membrane is observed at 137.03°C is due to
the melting of dominant & VdF crystalline phase and shift
in Ty, towards lower temperature at 109.70°C of the host
after the gellation (GPM) is noted. As far as CPM con-
cerned Ty, shifts towards the higher temperature (119.19°C)
due to the addition of AIO(OH), nanoparticles which is
found to be having better stability than GPMs. Percentage
of crystallinity of the membranes are calculated from ther-

mal traces using x. = ﬁgﬁ‘ , where, AH? is the reference
m

heat of fusion (104.7 J/g) for pure o phase crystals of PVdF
and A H,, is heat of fusion of such membranes [17]. The
crystalline strands 28, 19, and 16% are calculated respec-
tively for pure, GPMs, and CPMs. This shows that addi-
tion of nanoparticles prevents the reorganization of polymer
chains leads to decrease in crystallinity [17].

3.2 Mechanical stability

The addition of inorganic filler particles in polymeric mate-
rials is to enhance the toughness is well known. Practically,
the focus is to maximize interaction between the polymer
matrix and ceramic particles [18], which called for the use
of small particles that provide high surface area for interac-
tion with the polymer host [19, 20]. Thus, the incorporation
of nanoparticles in polymeric materials induces structural

119.19°C

Heat Flow (W/g)

50 100 150
Temperature (°C)

Fig. 1 Differential scanning calorimetric traces of a bare, b gel, and
¢ composite PVdF-HFP membranes

and morphological changes and facilitates the improved mo-
bility for ions. Figure 2 depicts the stress-strain behavior
of polymer membranes for pure PVdF-HFP, GPMs, and
that of with AIO(OH),, nanoparticles. It could be observed
that the Young’s modulus decreases for GPMS from 4.3 to
4.1 MPa after gellation and for CPM it is found to be around
5.87 MPa, while the elongation breaks 71.5, 122.43, and
319%, respectively for GPM, pure PVdF-HFP, and CPM
are noted. Thus, incorporation of 10% AlO(OH), in the
electrolyte shows an improvement in their mechanical sta-
bility. Hitherto, the improved mechanical stability may be
ascribed to the high mobility of AIO(OH), nanoparticles
under the applied stress, which helps in dissipation of en-
ergy to the host. Gersappe [21] showed by molecular sim-
ulations of polymers reinforced with nanosized fillers that
it is not only the surface area, but also the mobility of the
nanofillers which controls the ability to dissipate energy,
providing improved toughness to the composite membrane.
A similar improvement in toughness has been observed by
Shah et al. [22, 23], who investigated the effect of layered
Si0» nanoparticles on PVdF and polystyrene polymer hosts.
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3.3 Raman studies

Raman analysis was carried out to confirm the formation of
the S phase after the addition of the ceramic filler. The Ra-
man spectrum was recorded with pure PVdF-HFP, GPMs,
and CPMs having 10 wt% of AIO(OH),, (Fig. 3). The bands
at 795 and 950 cm~! are corresponding to the CH; rock-
ing and twisting vibrations, respectively, of the « phase is
clear. The shifting of band at 873 cm™! for the combina-
tion of symmetric C—C band and CCC$ skeletal bending of
C(F)-C(H)—C(F) [24] are also be observed. The appearance
of very strong band for the CPM at 898 cm~! is due to the
—OCOO- out of plane deformation of DEC [25]. The ap-
pearance of a peak at 838 cm™! in CPMs confirms the for-
mation of the polar § phase [24]. In the B conformation,
the fluorine and the hydrogen atoms are so arranged that the
dipole moment per unit cell is maximized. The change into
the polar B conformation suggests some kind of separation
of hydrophilic and hydrophobic sites, which can affect the
morphology and functionality of the membrane.

3.4 Tonic conductivity

The temperature dependence of the ionic conductivity is pre-
sented in Fig. 4. Ionic conductivity of membrane is calcu-
lated from the following equation

[
o= ———
Ryrim

e))

where [ and r represent the thickness and the radius of the
sample membrane disk, respectively. Ry is the bulk resis-
tance obtained from AC impedance measurements. It is ob-
viously observed that addition of nanoparticulate AIO(OH),,
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Fig.3 Raman spectrums of a bare, b gel, and ¢ composite PVdF-HFP
polymeric membranes

substantially enhances the conductivity. The conductivities
of 1.57 and 3.57 mS cm ™! are observed for gel and compos-
ite membranes, respectively.
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The enhancement of conductivity may be attributed to
the Lewis acid-base interaction between the OH™ groups of
the nanoparticulate AIO(OH),, and F atoms of the polymer
molecules, which prevents the reorganization of polymer
chains making vast amorphous domain resulted in higher
electrolyte uptake than GPM at ambient temperature condi-
tions [17]. The aforementioned interaction promotes the dis-
sociation of salts via the sort of “ion-filler” complex forma-
tion [26]. As the temperature increases, the increasing trend
of conductivity is also noted.

3.5 XRD studies

X-ray diffraction measurements were made to examine the
crystallinity and complexation relative to the host polymer.
X-ray diffraction patterns of the composite polymer elec-
trolytes (Fig. 5) reveal the dominant crystal phases of PVdF-
HFP. The appearance of characteristic peak at ~26° at-
tributed to the crystalline phase of VdF crystals. After the
gellation of the membranes (GPMs), the crystalline nature
of the membranes is tend to decrease whereas in the case
of CPMs, the band is shifted and splitted, this favors the
formation of fibrous § phase. This infers that addition of
AlO(OH),, nanoparticles leads to prevent the reorganization
of the polymer chains resulted in improved amorphousity
[17]. This kind of reorganization is not observed in the case
of GPMs.

3.6 Physico-chemical properties

The various physico-chemical properties of the gelled
and composite PVdF-HFP membranes are summarized
in Table 1 and the calculations are made according to

s CPM
s GPM
- - - - PVJF-HFP

Intensity

2 2 2 2 2
5 6 7 20 8 9 30

Fig. 5 X-ray diffraction patterns of a bare, b gel, and ¢ composite
PVdJF-HFP polymeric membranes

Li et al. [17]. It is evident from the table that composite
PVdF-HFP membranes possess superior physico-chemical
characteristics, like higher liquid uptake, porosity, and sur-
face area. It is found that the pore formation of CPMs
showed more pore formation and higher electrolyte uptake
than the GPEs which may be due to the interfacial layers be-
tween nanoparticulate AIO(OH),, and Polymer matrix . The
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Fig. 6 Scanning electron
microscopic images of
composite PVdF-HFP
membranes
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Table 1 Physico-chemical properties of gel (GPMs) and composite
(CPMs) PVAF-HFP membranes

Physico-chemical properties GPM CPM
Liquid uptake (%) 164 194
Porosity (%) 60 65
Crystallinity (%) 19 16
Activation energy (kJmol~!) 7.47 7.38
Surface area (m? gfl) 19.4 27.7

calculated porosities are 65 and 60%, respectively for CPM
and GPM membranes (Table 1). In addition, these mem-
branes exhibit relatively low crystallinity and lower activa-
tion energy which are essential for better ionic conductivity
so as to enable to use it as a prospective polymer film in
energy storage device applications.

3.7 Morphological studies

A morphological feature of the membrane was analyzed
by scanning electron microscope (SEM) (Fig. 6). It can be
seen that the membranes exhibited highly porous in na-
ture with embedded nanoparticulate AIO(OH), (possible
swelling mechanisms are given in Scheme 1). After the ac-
tivation of CPM with electrolyte solution, i.e., 0.5-M LiFAP
in EC:DEC (1: 1 v/v) gives rise to multiphase systems that
result in amorphous swollen gel, crystalline strands and the
cavities filled with solutions (liquid phase). The membrane’s
porosity, amount of solution uptake, pore size, interconnec-
tivity, the conductivity of the electrolyte (i.e., solution and
the extent to which the electrolyte wets the pore walls of the
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membrane) clearly seen which are important factors in de-
termining the ionic conductivity of the membrane [27-29].
These properties are promising one as the basic pore size
requisite for the separator in lithium batteries is <1 um and
porosity is ~40% (Celgard) [30]. In the morphological stud-
ies, the CPMs show good wetability for liquid uptake. As a
result CPMs are generally expected to facilitate faster ionic
transport, high ionic conductivity, low bulk impedance, and
high rate capability, which render them as suitable candidate
for lithium ion cells of high power density.

3.8 Charge—discharge studies

Gnanaraj et al. [14-16, 31, 32] extensively studied LiFAP-
based electrolyte solutions in graphite and LiMn;O4 elec-
trodes. The results showed that the partial replacement
of fluorine atoms by fluoroalkyl groups substantially en-
hanced the cycling performance of the cell than LiPF¢ and
LiN(CF,CF3S03;); in EC:DEC:DMC (2 : 1 : 2) solution
at ambient temperature. The irreversible capacity of the
LiFAP-based electrolyte was found less than LiPFg than
other electrolytes. Furthermore, surface of the electrodes
were dominated by the solvent reduction species, i.e., poly-
merization of the solvent molecule to derivatives of poly-
ethyleneoxide, polycarbonates occur in LiFAP-based solu-
tions results higher capacity and stability (upon cycling) of
the electrodes [14].

The cycling performances of Li/CPM/LiFePO4 cells
were studied glavanostatically and the typical charge—
discharge curves are presented in the Fig. 7. It is clear
that these cells exhibit flat charge—discharge characteristics
showing plateau regions around 3.6 and 3.2 V during the
cycling. The observed profiles are very similar to that of
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Scheme 1 Schematic
representation of multiphase
system

© AIO(OH), nanoparticles
“@» jon pair

Li/LiFePOy4 cells employing Celgard separator. This shows
that the polymer membrane holds good stability to act as a
separator as well as a potential electrolyte. Figure 8 shows
the discharge capacity obtained from Li/CPM/LiFePO4
cells with number of cycles. It is obvious that over the in-
vestigated ten cycles, these cells exhibit stable discharge
behavior. These cells delivered a specific discharge capac-
ity of 157 and 148 mAhg~! at the first and tenth cycle
discharged at C/10 rate. The cells experience a capacity
fade of 0.9 mAhg~!cycle™! over the investigated ten cy-
cles. The fade in capacity may be ascribed to the forma-
tion of the surface films as in the case of LiMn,QOy4 elec-
trodes. The formation of such films is beneficial for the
electrodes in the sense that it offsets the further unwanted
reaction with the electrolyte and prevents self-discharge [1].

« Li'ion
> aggregates

@ anions

& EC/DEC  molecules

_——— polymer segments

The studies revealed that AIO(OH),, filled PVdF-HFP poly-
mer membranes could be potentially exploited as an efficient
separator-cum-electrolyte component in lithium batteries in
conjunction with LiFePO4 counterpart.

4 Conclusions

Lithium-fluoroalkylphosphate-based composite polymer
membranes were prepared by phase-inversion technique
with AIO(OH),, nanoparticles as filler. The membranes were
characterized through different techniques to find out their
thermal stability, mechanical strength, surface morphology,
porosity, ionic conductivity, etc. Addition of AIO(OH),
nanoparticles into the PVdF-HFP network improves the
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physical properties of the membranes. An attempt has
been made to use these membranes as a separator-cum-
electrolyte in a Li/LiFePOy4 cells [33]. The 2016 configu-
ration coin cells were assembled and their cycling perfor-
mances have been evaluated. It is evident that over the in-
vestigated ten cycles, these cells exhibit stable discharge
behavior. The cells delivered a specific discharge capac-
ity of 157 and 148 mAhg~! at first and tenth cycle dis-
charged at C /10 rate. The cells experience a capacity fade of
0.9 mAhg~!cycle™! over the investigated ten cycles. The
studies suggested that AIO(OH), filled PVdF-HFP poly-
mer membranes could be promising candidate to be used as
separator—cum—electrolyte component in lithium batteries.
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