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ABSTRACT: Polymeric gel electrolyte membranes based on the polymer poly(vinylidene fluoride-co-hexafluoropropylene) [P(VdF-
HFP)] with different weight percentages of the ionic liquid (IL) 1-butyl-3-methylimidazolium tetrafluoroborate plus 0.3M lithium tet-
rafluoroborate (LiBF,) salt were prepared and characterized by scanning electron microscopy, X-ray diffraction, differential scanning
calorimetry, thermogravimetric analysis, Fourier transform infrared (FTIR) spectroscopy, complex impedance spectroscopy, pulse
echo techniques, and Vickers hardness (H) testing. After the incorporation of the IL plus the salt solution in the P(VdF-HEFP) poly-
mer, the melting temperature, glass-transition temperature (7T,), degree of crystallinity, thermal stability, elastic modulus (E), and
hardness (H) gradually decreased with increasing content of the IL-salt solution as a result of complexation between the P(VdF-
HFP) and IL. This was confirmed by FTIR spectroscopy. A part of the IL and LiBF, were found to remain uncomplexed as well. The
ionic conductivity (o) of the polymeric gel membranes was found to increase with increasing concentration of the IL—salt solution.
The temperature-dependent os of these polymeric gel membranes followed an Arrhenius-type thermally activated behavior. © 2014
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41456.
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bicity, better amorphous domains, and high dielectric constant
(~8.4); this helps with a higher dissociation of charge carriers.
The presence of the strong electron-withdrawing functional
group (—C—F) in P(VDF-HFP) makes this polymer highly
anodically stable. The addition of the HFP unit improves the
uptake of liquid electrolytes by introducing the amorphous
domain into the polymer and thereby increasing ¢. The crystal-
line region provides enough mechanical stability to help in
obtaining self-standing films. P(VdF-HFP)-based gels are opti-
cally transparent.”'® Therefore, the P(VdE-HFP) copolymer is
considered to be a promising alternative for preparing polymer
gel electrolyte membranes compared to other existing polymers.

INTRODUCTION

Researchers around the globe are focusing on ion-conducting
polymer gel electrolyte membranes (generally consisting of
alkali-metal salt complexes) because of their potential applica-
tions in electrochemical devices, such as batteries, fuel cells,
supercapacitors, and solar cells, and high ionic conductivity (o)
at room temperature, which is equivalent to that of liquid elec-
trolytes."™ Polymeric gel membranes have high ¢ values, and
they also offer high energy density, safe handling, ease in thin-
film formation, packing flexibility, and light weight, and they
provide good electrode—electrolyte contact; this makes them
suitable candidates for technological applications.” Poly(vinyli-

dene fluoride-co-hexafluoropropylene) [P(VAF-HFP)] has  Polymer gel electrolyte membranes based on polymers, such as

emerged as a promising host matrix for the preparation of poly-
meric gel membranes having excellent mechanical strength and
electrochemical stability. Out of poly(vinylidene fluoride)
(PVdF) and P(VAE-HFP) (developed by Bellcore in 1996)%, the
latter has received relatively more attention as a promising host
polymer for polymer electrolytes because of its excellent
mechanical strength, electrochemical stability, good hydropho-

© 2014 Wiley Periodicals, Inc.
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poly(ethylene oxide) (PEO), poly(methyl methacrylate) (PMMA),
PVdE and polyacrylonitrile (PAN) mixed with suitable ionic salts
added to low-molecular-weight organic solvents, such as propyl-
ene carbonate (PC), ethylene carbonate (EC), poly(ethylene glycol)
(PEG), and dimethylformamide (DMF), as plasticizers have been
reported earlier."''° These polymer gel electrolytes have high os at
ambient temperature but are not mechanically stable and are
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incompatible for the high-temperature range because of the vola-
tility and flammability of the added plasticizer. Therefore, they
always pose a risk for fire. On the other hand, the incorporation
of ionic liquids (ILs) in polymer electrolytes is considered advanta-
geous for the development of nonvolatile and nonflammable ion-
conducting materials to improve both the safety and durability of
electrochemical devices.'” ILs are room-temperature molten salts
and are mainly composed of dissociated organic/inorganic cations
and inorganic anions. Several exceptional physicochemical proper-
ties of ILs, such as their inflammability, nonvolatility, excellent
thermal stability, high ¢ up to their decomposition temperature
(T,), wide electrochemical window, good solvating capabilities,
and recyclability, indicate that ILs can be useful materials for
applications in electrochemical devices. Instead of using IL solu-
tions as electrolytes, it is better to use their polymer gel electrolyte
analogs to take care of the problem of leakage.'®>° The gelation of
ILs by physical or chemical techniques has attracted much atten-
tion.”’™** Recently, the incorporation of an IL plus a salt solution
(a mixture of ILs plus ionic salts) into polymer matrices has been
used to prepare polymeric gel membranes having a high mechani-
cal stability, high g, wide electrochemical window, and wide tem-
perature range of operation.***> Bellcore® proposed a polymer gel
electrolyte membrane based on the P(VdF-HFP) polymer for the
fabrication of Li-ion batteries. Since then, interest in the polymer
Li-ion battery has been focused on plasticized polymer electrolyte
systems based on the P(VdF-HFP) polymer. Yang et al.* reported
that ¢ reached a maximum value (2 X 10~* S/cm) at room
temperature for gel polymer electrolytes based on (1-butyl-
4-methylpyridinium bis(trifluoromethanesulfonyl)imide/Lithium-
bis(trifluoromethanesulfonyl)imide) B4MePyTFSI/LiTFSI/P(VdF-
HFP), Navarra et al.”” showed that an ¢ of about 3 X 10~* S/cm
at 50°C for Li-TFSA/N-butyl-N-ethyl pyrrolidinium (trifluorome-
thylsulfonyl) amide TFSA/P(VAF-HFP) was achieved, and Jung
et al.?® reported that ¢ values of the polymer gel membrane based
on (1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)
imide) PYR,,TESI/LiTESI/P(VAF-HFP) were 3.6 X 10~ * S/cm at
30°C and 5.9 X 10~* S/cm at 50°C. However, in addition to
improved ¢ values, safety concerns are also important for recharge-
able battery applications. In this system, an IL plus lithium salt (an
IL and a salt containing same the anion) were added in different
amounts to the P(VAF-HFP) polymer because mixed-anion systems
(i.e., a dopant salt and added IL having a different anion) have a
tendency to form contact/cross-contact ion pairs, which signifi-
cantly affect 6. These IL-based polymer electrolytes (in which the
IL and salt have same anion) are suitable candidates for applications
in rechargeable batteries.”* Guided by our previous results'*'’
and some other similar studies,”® we chose the IL
1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBEF,) and
the salt lithium tetrafluoroborate (LiBF,) having the same anion to
obtain a polymer gel electrolyte membrane. The incorporation of
the IL in P(VdF-HFP) was found to enhance ¢ because it supplied
mobile cations/anions and amorphized the polymer.*® Therefore, it
would be interesting to study such a system in the presence of a Li
salt, and this could prove especially useful for applications in electro-
chemical devices in rechargeable batteries. In this article, we report
the synthesis and structural/thermal/mechanical and electrical
transport behavior of polymeric gel membranes based on
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P(VAF-HEFP) plus IL plus a salt solution (a homogeneous mixture
of IL, BMIMBF,, and 0.3M LiBF,). The question addressed in this
study was whether the incorporation of the IL-salt solution in
P(VAF-HFP) would change the crystallinity, thermal stability, melt-
ing temperature (7,,), g, complexation, hardness (H), and elastic
modulus (E) of the gel membranes.

EXPERIMENTAL

Materials

The starting materials poly(vinylidene fluoride-co-hexafluoropro-
pylene) [P(VAF-HFP), molecular weight = 400,000 g/mol), LiBF,
(purity > 99.9%) salt, and the IL BMIMBE, (purity > 99%) were
procured from Sigma Aldrich (Germany). The IL was dried
in vacuum at about 10~ ° Torr for 2 days before use.

Synthesis of the Polymeric Gel Membranes

The polymeric gel membranes were prepared by solution casting
method. LiBF, salt (0.3M) was dissolved into IL by stirring at
room temperature to form IL-salt solution separately. The
desired amount of the P(VAF-HFP) polymer was dissolved in
acetone by stirring at 50°C until a clear homogeneous mixture
was obtained. The resulting IL-salt solution was then mixed
with different weight percentage ratios of a P(VdF-HFP)-ace-
tone solution by stirring at 50°C until a homogeneous viscous
solution was obtained. The resulting viscous solution was cast
over a polypropylene Petri dish, and the solvent was allowed to
evaporate slowly at room temperature for 24 h. The membranes
were further dried at 10™° Torr for 2 days to completely remove
the volatile solvent. The prepared polymeric gel membranes
were freestanding and optically transparent.

The surface morphologies of the polymeric gel electrolyte mem-
branes were examined by a scanning electron microscope
(model Quanta C-200). The X-ray diffraction (XRD) profiles of
the polymer gel electrolytes membranes were measured by an
X’Pert PRO X-ray diffractometer (PaNalytical) with Cu Ko radi-
ation (wavelength = 1.54 A) in the range 20 = 10 to 80°.

Differential scanning calorimetry (DSC) was carried out with a
Mettler DSC 1 system in the temperature range —110 to 160°C at
a heating rate of 10°C/min under continuous purging of nitrogen.
The Fourier transform infrared (FTIR) spectra of the polymeric
gel membranes were recorded with the help of a PerkinElmer
FTIR spectrometer (Model RX 1) from 3500 to 400 cm L

The o values of the polymeric gel membranes were measured by
a complex impedance spectroscopy technique with a Wayne
Kerr precision impedance analyzer (model 6500 B series) in the
frequency range 100 Hz to 5 MHz. The bulk resistance (R;) was
determined from complex impedance plots. ¢ was calculated
with the following relation:

_ L % I (1)
R, A

where [ is the thickness of the sample and A is the cross-
sectional area of the sample. For temperature-dependent ¢ stud-
ies, disc-shaped polymeric gel membranes were placed between
two stainless steel electrodes, the whole assembly was kept in a
temperature-controlled oven, and the temperature was meas-
ured with a CT-806 temperature controller containing a J-type
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Figure 1. Schematic representation of the experimental setup of v mea-

surement. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

thermocouple. The ¢ of pure IL was measured by a conductivity
cell consisting of two stainless steel plates (area ~ 1.0 cm?®) sep-
arated by 1 cm. The viscosity of the IL was measured by a
Brookfield DV-III Ultra rheometer in the temperature range
—10 to 80°C. The instrument was calibrated with a standard-
viscosity fluid supplied by the manufacturer before each mea-
surement. To see the effect of the IL-salt solution in P(VdF-
HFP) on the mechanical stability of the resulting membranes,
the bulk elastic modulus (E) E of the prepared polymeric gel
membranes was measured at room temperature.

A pulse technique was used for the determination of E; this
involved the measurement of ultrasonic velocity (v). A pulser/
receiver (Olympus model 5900PR) sent the radio frequency pulse
to excite a 6-MHz piezoelectric transducer (D6HB-10) to generate
longitudinal ultrasonic waves (see Figure 1). The transducer was
used for both transmitting and receiving ultrasonic waves and was
coupled to the disc-shaped membrane (thickness ~ 1.23 mm).
The return echo was received by the pulser/receiver. The echo
pulse and the input pulse were displayed on a 500-MHz Agilent
digital storage oscilloscope DSO5052A. The transit time of the
echo pulse was recorded, and v could be calculated (v =2d/1)
from this value. The E values of the samples were calculated with
the relation E=v?p, where v is the velocity of the longitudinal
wave and p is the density of the samples. p was determined by the
division of the mass of the dried samples by the volume.

Microindentation measurements were performed on the speci-
men with an automated digital Vickers microhardness tester
(Vaiseshika Electron Devices, model DHV-1000). In this study,
the evolution of the H behavior due to load was investigated by
instrument indentation with a 50-g load. The indented mark
was examined with both optical photography and computer-
operated software. The H number measurement was carried out
at room temperature.

RESULTS AND DISCUSSION

Changes in the Crystalline Nature of P(VdF-HFP) due to
IL-Polymer Interactions

The incorporation of the IL-salt solution into the P(VdF-HFP)
polymer or vice versa led to changes in the crystalline nature of
the polymer as a result of ion—polymer interactions. We studied
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Figure 2. SEM micrograph for (a) P(VdF-HFP), (b) P(VdF-HFP) plus 60
wt % IL-salt solution, and (c) P(VAF-HEFP) plus 80 wt % IL-salt solution
gel membranes.
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Figure 3. XRD profiles of the (a) pure P(VdF-HFP), (b) P(VdF-HFP)
plus 20 wt % salt and P(VdF-HFP) + x wt % IL-salt solution gel mem-
branes for x=(c) 20, (d) 40, (e) 60, and (f) 80. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

this by using a variety of techniques, including scanning elec-
tron microscopy (SEM), XRD, DSC, and FTIR spectroscopy.
Crystalline grains of the P(VdF-HFP) membrane were observed,
as shown in Figure 2(a). On incorporation of the 20 wt % IL—
salt solution in the P(VAF-HFP) polymer, the size of the grains
decreased [see Figure 2(b)]. We observed some white crystallites
(marked by arrows), which were not present in the pristine
P(VAF-HFP) [Figure 2(a)] that could be assigned to the coexis-
tence of the uncomplexed LiBF, salt. Furthermore, on higher
loading of the IL-salt solution, say 80%, the membrane became
more amorphous with no crystalline polymer grains [Figure
2(c)]. In this case also, many separated out crystallites were
present. Our DSC and XRD results, described later, confirmed
that these crystallites were those of LiBF,.

The XRD profile of the pure P(VdF-HFP), P(VdF-HFP) plus
LiBF, salt, and P(VAF-HFP) + x wt % IL-salt solution gel mem-
branes containing different amounts of IL-salt solution are
shown in Figure 3. The diffraction profile of the pristine P(VdF-
HFP) consisted of a broad halo at 20 = 20 and 38°, over which
crystalline peaks were present at 20 =18.21 20.04, 26.71, and
38.83° [see Figure 3(a)]. These peaks were also reported by
Abbrent et al.’® and Saikia et al.’' and were due to the crystalline
phase of o-PVdE The simultaneous presence of the halo and
crystalline peaks confirmed partial crystallization or an overall
semicrystalline morphology for P(VdF-HFP). On loading the IL—
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salt solution in the P(VAF-HFP) polymer, the crystalline peaks at
18.21, 26.71, and 38.83° disappeared or became less intense, and
only one broad peak/halo at 20 = 20° remained. The broadening
of the halos in the case of the P(VAF-HFP) plus IL—salt solution
gel membranes indicated the decrease in the crystallinity/or
increase in the amorphicity of the P(VAF-HEFP) polymer, which
helped with the enhancement of ¢.*> In the earlier paragraph,
while discussing the SEM of various membranes, we concluded
that LiBF, crystallites were present in the SEM micrographs. The
presence of the crystallites was also confirmed by XRD analysis.
The LiBF, salt had prominent peaks at 26 = 14, 21, 23, 26, 28, 32,
39, and 44°.%®> Some of these peaks were observed in the XRD
profile of the P(VAF-HFP) plus 20 wt % LiBF, polymer electro-
lyte membrane without IL [as marked by the asterisk in Figure
3(b)]. These peaks were drowned in the broad halos and were less
prominent in the IL-containing polymer electrolyte membranes.
This effect was more visible in higher IL-loading samples [see
Figures 3(c—f)].

The DSC thermograms of the pure P(VAF-HFP) [see Figure
4(a)] showed the characteristic semicrystalline to amorphous
phase-transition peak marked with T,, ~ 145°C and T, ~
—35°C. As shown in Figure 4, when the amount of added IL-
0.3M LiBF, salt in the polymer increased, we observed shifts in
T,» the melting-related peak broadened, and the glass-transition
temperature (T,) related peak also shifted. Furthermore, we
noted that an additional phase-transition peak (T;) at about
107°C appeared. The implications of these observations and the
conclusion drawn are discussed later:

1. The addition of IL (which could act as a plasticizer) was
expected to decrease the degree of crystallinity (X,). X, could be
calculated from the area under melting [which was a measure
of melting heat (AH,,) involved in the phase transition] from
the knowledge of the melting heat of 100% crystalline P(VdF—
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Figure 4. DSC thermograms for (a) P(VdF-HFP) and P(VdF-HFP) + x
wt % IL-salt solution gel membranes for x= (b) 20, (c) 40, (d) 60, and
(e) 80. The inset shows the DSC thermogram of P(VAF-HFP) plus 5 wt
% LiBF, salt. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table I. T,,, Ty, Enthalpy (AH), and X, of the P(VAF-HFP) + x wt % IL-Salt Solution Gel Membranes for Different Values of x Obtained by DSC

Sample Tq Q) T1 (°C) Tm AH (J/g) X (%)
Pure P(VdF-HFP) =35 107 145 36.02 34
P(VdF-HFP) + 20 wt % BMIMBF,4 + 0.3M LiBF4 —-45 107 135 27.03 26
P(VdF-HFP) + 40 wt % BMIMBF, + 0.3M LiBF4 -62 107 126 15.08 14
P(VdF-HFP) + 60 wt % BMIMBF,4 + 0.3M LiBF4 -77 107 117 7.09 6
P(VdF-HFP) + 80 wt % BMIMBF, + 0.3M LiBF4 -81 105 108 4.39 4
P(VdF-HFP) + 5% LiBF4 107 150 41.5 39.6

@Estimated from DSC measurement (%).

HFP) (AH{). The value of AH,,° was 104.7 J/g.>* The ratio of
AH,, to AH,,gives X
AH,,
X,=""%100 2
A 2)
The value of AH,, and X, are given in Table I. The result clearly
shows that X, decreased from 34 to 4%.

2. T, decreased from —35 to —81°C, whereas T, changed from
145 to 119°C as more and more IL was incorporated. The phase-
transition temperature, T, and T, of polymers are directly
related to their chain flexibility and/or X.. So, it is very important
to study the T, because it marks the transition between brittle or
hard properties at lower temperature to rubbery behavior or flexi-
bility at high temperatures. The T, of the polymer decreased with
increasing concentration of the IL; this reduced the intermolecu-
lar forces between the IL and polymer and enhanced the segmen-
tal motion of the polymer network. Because of the plasticization
effect of IL,"*'>% the T, of the polymer was reduced by the addi-
tion of IL. Unlike conventional plasticizers (EC, PC, etc.), the IL
did not degrade mechanical integrity in the polymeric mem-
branes. Scott et al.’®> used the IL 1-Buty-3-methylimidazolium
hexafluorophosphate (BMIMPE) as a plasticizer for the polymer
PMMA and found that PMMA could be used in broad range of
temperatures when IL was incorporated into it. The negligible
vapor pressure and outstanding thermal stability of the IL made it
a better plasticizer.

3. In the DSC, an unexpected peak at T} ~ 107°C appeared;
this did not shift with increasing concentration of IL-salt solu-
tion in the polymeric gel membranes. This peak, therefore, was
possibly not related to polymer and may have been related to
the phase transition of the LiBF, salt. We performed DSC for
the membrane (without IL) consisting of P(VAF-HFP) plus
LiBF, salt (see inset in Figure 4) only, and we again found a
peak at about 107°C apart from the peak of P(VAF-HFP); this
clearly confirmed that this peak was related to the LiBF, salt.
The phase transition in LiBF, at nearly this temperature was
reported earlier by Reynhyrdt and Lourens™ from NMR studies.
The SEM and XRD results discussed earlier also showed the
presence of LiBF, crystallites in the membrane.

Change in the Thermal Stability of P(VdF-HFP) due to the
Presence of IL

The thermal stability of the pure IL (BMIMBE,) pure P(VdE-
HFP), pure salt LiBF, (IL-salt solution), and P(VdF-HFP) + x
wt % (IL-salt) solution polymeric gel membranes were investi-
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gated by thermogravimetric analysis (TGA). The TGA and their
derivative thermogravimetric analysis (DTGA) curves are shown
in Figure 5. The thermograms showed that the weight loss peak
(T;) due to the decomposition occurred at 475°C for pristine
P(VAF-HFP), at 470°C for pure IL, and at 300°C for pure
LiBE, In the presence of salt, the IL decomposed at 457°C; this
indicated an IL-salt interaction. The IL (and/or salt) also
changed the T, of P(VAF-HFP). At a low IL—salt solution con-
centration (20%), the amount of IL was small, and hence, the
peak associated with it at about 455°C was negligibly small, but
the T; of P(VAF-HFP) shifted to 383°C from 475°C (Figure 5).
When the IL-salt solution concentration went to 40%, the T, of
IL was clearly observed at 433°C, whereas the T,; of P(VdF-
HFP) was shifted at about 380°C. When a very large amount of
IL-salt solution was present, the peak related to the T, of
P(VAF-HFP) became small, whereas the decomposition peak of
the uncomplexed IL at 455-460°C was dominant. Close obser-
vation of Figure 5(g,h) showed us that there were three peaks at
325, 377, and 455°C and 305, 373, and 460°C, respectively, for
membranes with 60 and 80% IL-salt solution. The three peaks
were possibly due to the polymer-IL complex, uncomplexed
polymer, and uncomplexed IL.>" Liew et al.”® reported that the
polymer gel electrolyte based on the P(VdF-HFP)/lithium per-
chlorate salt (LiClO4)/1-butyl-3-methylimidazolium chloride IL
was thermally stable up to 232°C. However, in this case, it may
be remarked here that no component was volatile within these
membranes, as there was no weight loss when they were heated
from room temperature to 350-400°C. This well confirmed that
the thermal stability of the prepared polymeric gel membranes
for application in lithium-ion batteries would be safe even at
higher temperatures.

IL-Polymer Interaction as Studied by FTIR Spectroscopy

FTIR spectroscopy was used to investigate possible ion—polymer
interactions and to identify the conformational changes in the
host P(VAF-HFP) polymer matrix with the addition of the IL
(BMIMBF,), LiBF, salt, and IL-salt solution (BMIMBF,/LiBF,)
in it. The important peaks related to crystalline and amorphous
P(VAF-HFP) were in the region 1000—400 cm” Y, whereas the
most important C—H-related vibration of the IL imidazolium
cation ring (which was expected to interact with the polymer)
and its butyl chain were in the region 3300-2800 cm ™ '. The
FTIR spectra of the pure P(VAF-HFP), pure IL, IL-salt solu-
tion, and P(VAF-HFP) plus x wt % IL-salt solution (where
x =20, 40, 60, and 80) in the two regions of interest, namely,
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Figure 5. TGA and DTGA curves for the (a) pure IL, (b) pure P(VAdF-HFP), (c) pure LiBF, salt, (d) IL-salt solution, and P(VdF-HFP) + x wt % IL—
salt solution gel membrane for x= (e) 20, (f) 40, (g) 60, and (h) 80. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

1000-400 and 3300-2800 cm ™' are shown in Figure 6(a) and
6(b), respectively, and their assignments are listed in Table IIL.
The occurrence of any interaction between P(VAF-HFP), IL,
and IL-salt solution led to changes in the frequency of the
vibrational band and/or changes in the relative intensities or

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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appearance of new vibrational bands. Some distinct changes
were observed, and are discussed later, when the IL and IL—salt
solution were entrapped in the P(VAF-HFP) polymer matrix;
this indicated some possible conformational changes in the host
polymer.
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Figure 6. (a) FTIR spectra of the (a) pure P(VdF-HFP), (b) pure IL, (c)
pure LiBF,, (d) IL-0.3M LiBF, and P(VdF-HFP) + x wt % IL-salt solu-
tion gel membrane for x = (e) 20, (f) 40, (g) 60, and (h) 80 in the region
1000400 cm ™", (b) FTIR spectra of the (a) pure P(VdF-HEFP), (b) pure
IL, (c) pure LiBF,, (d) IL-0.3M LiBF,, and P(VdF-HFP) + x wt % IL—salt
solution gel membrane for x= (e) 20, (f) 40, (g) 60, and (h) 80 in the
region 3300-2800 cm™'. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

The intense bands of P(VAF-HFP) appearing at 489, 532, 614,
762, 796, 839, 879, and 976 cm™ ! were of particular interest to
us because the intensity of other bands was low and/or over-
lapped with the bands of the pure IL and IL plus salt solution.
The characteristic vibrational bands observed at 489, 532, 614,
762, and 976 cm ' corresponded to the crystalline phase («
phase) of the P(VAF-HFP) polymer, whereas the bands related
to the amorphous phase (f phase) of the polymer were
observed at 879 and 839 cm™'. We noted that the peaks appear-
ing at 976 cm™ "' [due to the C—F stretching vibration of the
P(VAF-HFP) polymer] at 614 cm~ ' (due to mixed-mode CF,
bending), 532 cm™' (due to the bending and wagging vibra-
tions of the CF, group), and 796 cm~ ' [due to the CF; stretch-
ing vibrational mode of the P(VAF-HFP) polymer] disappear
after the addition of IL or IL-salt solution. We also observed
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that the peak at 489 cm™' (due to bending and wagging vibra-
tions of the CF, group) shifted downward with the addition of
IL or IL-salt solution. Furthermore, the intensity of the peak
corresponding to the band at 879 cm ™!, which was assigned to
the amorphous phase (f phase) of the P(VAF-HFP) polymer,
increased. These observations clearly indicated conformational
changes observed in the P(VAF-HFP) polymer after complexa-
tion with the cation of the IL or IL-salt solution.”***

Several prominent peaks associated with the imidazolium cation
[1-butyl-3-methylimidazolium (BMIM *)] observed at 623, 653,
755, 849, 1174, 1467, 1573, 1748, 2878, 2939, 2965, 3075, and
3225 cm™ ' are listed with their assignments in Table II. Most of
the bands showed no shift when LiBF, salt was dissolved in IL or
the IL—salt solution was entrapped in the host polymer [Figure
6(a), marked with an asterisk]. Some of the BMIM " related peaks
overlap with the bands of host P(VAF-HFP) polymer. We also
observed that the peak appearing at 762 cm ™' due to the CH,
rocking vibrations of the pure P(VdF-HFP) was near the peak of
IL at 755 cm ™ '. The peaks at 854 and 839 cm ™' were very near
the peak of IL at about 849 cm™'. The peak at 2965 cm ™' could
not be clearly seen because it was near the peak of the polymer
chain vibrations at 2983 cm ™', and the peaks at about 2878 and
2939 cm ™! did not shift with the increasing concentration of IL—
salt solution [see Figure 6(b)]. This suggested that the butyl chain

did not complex with the polymer backbone.***~*>

To observe the complexation of the imidazolium cation ring, we
focused our attention on the spectral range 3230-3070 cm ™',
which was related to the C—H stretching vibrational modes of
the imidazolium ring. The antisymmetric and symmetric
stretching vibrational modes of HC(4)—C(5)H of the pure IL
(BMIMBE,) occurring at 3122 and 3163 cm™ !, respectively, and
a weak shoulder appearing around 3104 cm ', which was
assigned to the stretching vibrational mode of C(2)—H,* were
also observed. Stabilization due to H-bonding interactions
between the cation and anion was found to be greater in the
case of interactions involving C2—H because C2 was positive
because of the electron-deficient n-bond formation of the C=N
bond. On the other hand, C4 and C5 were neutral because of
n-bond formation between two carbons equally sharing the
available electrons; this offered less stabilization.**°

The expanded spectra are shown in Figure 6(b), and the decon-
voluted peaks are shown in Figure 7. In all cases, the deconvolu-
tion was carried out with multi-Gaussian peaks to extract the
exact peak positions of the P(VAF-HFP) plus IL-salt solution
gel membranes. Figure 7 shows the deconvoluted spectra of the
pure IL and P(VAF-HFP) plus x wt % IL-salt solution (with
the values of the square of the regression coefficient of about
0.999). As shown in Figure 7(a), it was clear that the deconvo-
luted FTIR spectrum of the pure IL consisted of a strong peak
at 3163 cm~ ! (labeled as X;) and two relatively less intense
peaks at 3104 and 3124 cm™'. The deconvoluted spectrum of
P(VAE-HFP) + x wt % IL-salt solution gel membranes con-
sisted of two peaks at 3175 cm ™' (labeled as X, in Figure 7)
and 3159 cm™' (labeled as X; in Figure 7). From Figure 7, we
concluded that there was a simultaneous presence of complexed
(peak labeled as X,) and uncomplexed (peak labeled as X;) ILs
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Table II. Possible Assignment of Some Significant Peaks in the FTIR Spec-
tra of the Pure P(VdF-HFP) and Pure IL BMIMBF,

Sample IR bands (cm ~%) Assignment
Pristine 489, 532 Bending and wagging
P(VdF-HFP) vibrations of the CF2 group
614 Mixed mode of CF> bending
and CCC skeletal vibration
762 CHz rocking vibration
796 CF3 stretching vibration
839 Mixed mode of CH> rocking
879 Combined CF, and CC
symmetric stretching vibrations
976 C-F stretching
2983, 3024 Symmetric and antisymmetric
stretching vibrations of CH»>
BMIMBF, 623 Imidazole ring vibration
653 Imidazole C—N—C bending
755 Out-of-plane imidazole C—H
bending and stretching
of BF4~ anions
849 In-plane imidazole ring bending
1028, 1135 Stretching vibrations of
the B—F bond in BF4
1174 Imidazole H—C—C and
H— C—N bending
1573, 1467 Imidazole ring stretching
1748 Imidazole —C=N— bending
2878, 2939 C—H stretching of
the butyl chain
2965 Antisymmetric stretching
mode of CH3
3075, 3225 C—H stretching vibrations
of the imidazolium cation ring
BF4~ 520 BF4~ anion

in the P(VAE-HFP) plus IL-salt solution gel membranes. As we
increased the IL-salt solution content, the peak at 3175 cm™'
shifted to about 3175, 3174, 3172, and 3172 cm ™' for x = 20, 40,
60, and 80, respectively. Figure 8 shows the ratio of the relative
intensities of uncomplexed to complexed IL (X;/X;). As shown in
Figure 8, we also observed the Xj/X, intensity ratio increased with
the concentration of the I[L—salt solution. As shown in Figure 8, we
concluded that at a lower concentration of added IL—salt solution
in the polymer gel membrane, most of the IL complexes with the
polymer and less uncomplexed IL was entrapped in the matrix. As
the concentration of IL—salt solution in the polymer gel membrane
increased, the amount of uncomplexed IL increased; this led to an
increase in the relative intensity of the X; peak

Role of IL in Changing the Mechanical Properties (E and H)
of the Polymeric Membranes

E was evaluated from v as measured by a pulse echo technique, as
discussed earlier in the Experimental section. The values of v,
bulk modulus E, and p are given in Table III. p did not change
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much, but v changed with the change in the flexibility of the
membranes because of amorphicity. E decreased with increasing
amount of IL—salt solution in the polymeric gel membranes (see
Table IIT). This was due to the plasticization effect of the IL,
which made the polymers more flexible. This result suggests that
the IL acted as a plasticizer and enhanced the polymer chain
flexibility.

Another important mechanical property of materials is H, which
is correlated with E because both of them depend on the material
structure and their intramolecular and intermolecular interac-
tions.”" H is a measure of the resistance to various kinds of shape
changes upon the application of forces. Benavente et al.”* and
Sacristan et al.>> proposed a power relation between H and E for
copolymers of ethylene—x-olefins, that is, H= aE’, where a and b
are constants. A proportional dependence relation (i.e., H= E/
10) was proposed by Flores et al.>* for polymers and glasses, a
linear relation (i.e., E= 15H) was given by Boycheva et al.>> The
indentation H is a measure of the resistance to material deforma-
tion due to a constant compression load from a sharp object.
The Vickers H test method consists of indenting the test material
with a diamond indenter with a square base and an angle of
136° between opposite faces subjected to a load. The two diago-
nals of the indentation left in the surface of the material after the
removal of the load are measured with a microscope, and their
average is calculated. The area of the sloping surface of the
indentation is calculated. The Vickers H is obtained by division
of the load by the area of indentation (in square millimeters).
Figure 9 Shows the Vickers H images of the pure P(VdF-HFP)
and P(VAF-HFP) + x wt % IL-salt solution gel membranes with
a load of 50 g for 15 s. The H values for the pure P(VdF-HFP)
and P(VdF-HFP) plus 20 wt % IL-salt solution gel membranes
were 37.65 and 33.8 Kgf/mm® respectively. However, we were
not able to measure the H value for the higher loading (80 wt
%) IL—salt solution [see Figure 9(c)] because we failed to capture
the indent because of the very small recovery time of the mem-
brane containing higher amount of IL-salt solution, and hence,
the indentation mark was quickly erased before they could be
photographed. Nonetheless, from the previous limited data, H of
the polymeric gel membrane was found to decrease with increas-
ing concentration of IL-salt solution. The decrease in H with
increasing concentration of the IL-salt solution was also related
to the decrease in E of the polymeric gel membranes, as evident
from the ultrasonic study. This was qualitatively in agreement
with the relations between H and E of polymeric materials dis-
cussed earlier.

Ionic Transport Study

Figure 10 shows the variation in ¢ and viscosity of the IL-salt
solution with temperature. The ¢ value of IL-0.3M LiBF, at
30°C was 4.56 X 10> S/cmy; this value increased with tempera-
ture and made the complex a suitable electrolyte for the fabrica-
tion of solid-state-rechargeable batteries. When the Li salt
content was increased further, the recrystallization of LiBF,
occurred because of the formation of ion pairs between Li™ and
tetrafluoroborate (BF, ). As determined by the XRD analysis,
recrystallization occurred when there was a high amount of
LiBF, salt on the surface of polymer. We found that the solubil-
ity of Li salt in the IL incorporating the same anion was much
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Figure 7. Deconvoluted FTIR spectra of the (a) pure IL and P(VdF-HFP) + x wt % IL-salt solution gel membranes for x= (b) 20, (c) 40, (d) 60, and

(e) 80 for C—H stretching vibrational mode of the imidazolium cation ring of IL in the region 3230-3070 cm™ .

higher than the system with different anions.”® In the same
anion system, chances of cross-contact ion pair formation was
less; this led to a monotonic increase in ¢ of the IL-based poly-
mer electrolyte system.”> However, for an IL-based polymer

2.4 4
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Figure 8. Ratio of the relative intensities of uncomplexed to complexed ILs
(X1/X2) versus the concentration of IL-salt solution in the P(VdF—HFP)
+xwt % IL-salt solution gel membranes for different values of x.

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

41456 (9 of 13)

1

electrolyte system with an IL and dopant salt having different
anions, because of cross-contact ion-pair formation at interme-
diate IL contents, the ¢ usually decreases.'®"”

We found that as the amount of IL—salt solution increased, ¢ of
the polymeric gel membranes increased (see Figure 13, shown
later). This increment in ¢ was closely related to the decrease in
the viscosity with temperature as they were inversely related to
each other. Salminen et al.”>® (see Figure 10) also reported maxi-
mum o for the BMIMBE, system at 0.3M LiBF,. Kumar et al.>’
also found that a gel electrolyte containing 0.3M Lithium tri-
fluoromethanesulfonate (LiTf) in 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate (EMITf)/P(VdF-HFP) showed the
maximum room-temperature g.

The o of polymeric gel membranes is given as follows:

U:Zi”i‘]iﬂi (3)

where 7 is the number of charge carriers, ¢ is the charge of ions,
and p is the mobility of ions. On the basis of the previous equa-
tion, ¢ depends on # and the mobility of the charge carriers. As
we increased the content of IL-salt solution in the polymer
matrix, » increased, and this resulted in an increase in o.
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Table III. v and Bulk E Values of P(VdF-HFP) + x wt % (IL + Salt Solu-
tion) Gel Membranes for Different Values of x Obtained by Ultrasonic
Measurement

Sample plglem® v (m/s) E (dyne/cm?)
Pure P(VdF-HFP) 1.29 3360 14.56 x 10%°
P(VdF-HFP) + 20 wt %  1.30 3083 12.36 x 10'°
BMIMBF4 + 0.3M LiBF4

P(VdF-HFP) + 40 wt %  1.31 2447  7.85 x 10%°
BMIMBF,4 + 0.3M LiBF,)

P(VdF-HFP)+ 80 wt %  1.42 1949 5.40 x 10%°

BMIMBF,4 + 0.3M LiBF4

For all of the prepared membranes, temperature-dependent o
measurement was carried out in the wider temperature range
from 30 to 160°C. The temperature-dependent ¢ values of the
P(VAF-HFP) plus IL-salt solution gel membranes containing
different amounts of IL—salt solution are shown in Figure 11. It
is clear from Figure 11 that when the temperature of the poly-
meric gel membranes was higher, ¢ was higher. This could be
explained as follows. With increasing temperature, more local
empty spaces and free volumes for segmental motion were pro-
duced; this further facilitated the migration of ions and dimin-
ished the effect of ion clouds between the electrode and
electrolyte interface. This assisted in the decoupling of ions
from the polymer backbone and then facilitated ion transporta-
tion within the polymer matrix.

Kim et al.”® reported a value of ¢ of about 1072 S/cm at 60°C
for IL-polymer gel electrolytes based on IL, ethyl-N-methyl
morpholinium  bis(trifluoromethane sulfonyl)imide, P(VdF-
HFP) copolymer, and PC. Hoffman et al.”® reported an IL-
based polymer gel electrolyte for lithium ion batteries with IL,
N-methyl-N-propyl pyrrolidinium bis(trifluoromethyl sulfony-
l)azanide, organic carbonates, lithium bis(trifluoromethyl sul-
fonyl) azanide, and P(VdF-HFP) and found that the os of the
gel electrolytes at room temperature were about 1-2 mS/cm.
Although the ¢ values of the polymer gel electrolyte membranes
were significantly higher because of the use of organic carbonates
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(e.g., EC, PC, vinyl carbonate (VC), diethyl carbonate (DEC)),
they always suffer from various kinds of problem, such as flam-
mability, volatility, and electrochemical and thermal instability.
Furthermore, because of the presence of IL, the polymer gel elec-
trolyte membranes in this study were thermally stable up to 350—
400°C, and these membranes were also nonflammable and non-
volatile; therefore, these electrolytes may be suitable for applica-
tions in electrochemical devices at elevated temperatures. Also, ¢
values up to 160°C were measured for these systems.

The increment in ¢ with temperature (T) showed an Arrhenius-
type thermally activated behavior. However, the ¢ versus 1/tem-
pertature (T) plot showed significant changes in the values of ¢
at a temperature that corresponds to the T,, of the polymer,
where the amorphous region of the polymer increased consider-
ably. Figure 12 shows the decrease in T,, with increasing con-
centration of IL—salt solution; this was also discussed earlier in
the DSC analysis. The point of inflection (which indicated the
T,, of the polymer) drawn from the ¢ plot was very similar to
the T,, obtained by the DSC plots of the P(VAF-HFP) + x wt
% IL—salt solution gel membranes (see Figure 12).

o obeyed Arrhenius behavior at T< T, and could be expressed
as follows:

o=0,exp(—E,/kT) (4)
where ¢, is the pre-exponential factor, E, is the activation
energy, k is the Boltzmann constant, and T is the temperature
(K). The plot between log ¢ and 1/T was used to evaluate E,
which was found to decrease with increasing concentration of
the IL-salt solution in the P(VAF-HFP) polymer. Higher
amounts of the IL-salt solution in the polymeric gel mem-
branes increased the plasticization/amorphization of the mem-
branes and assisted in easier ion transport and maintained a
good ionic conduction mechanism in the wide temperature
range. As far as practical application is concerned, the polymer
gel electrolyte membranes so obtained were highly flexible,
thermally stable, elastic, and nonvolatile with good ¢; other
desirable properties appeared to be good enough. These
improved properties revealed the basic suitability of polymer
gel electrolyte membranes based on ILs for potential applica-
tions in Li batteries.

Figure 9. H test of the P(VAF-HFP) + x wt % IL-salt solution gel membranes for x= (a) 0, (b) 20, and (c) 80. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Temperature-dependent ¢ and viscosity of the pure IL-0.3M
salt solution. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Discussion of the Role of LiBF, in Controlling the Properties
of P(VAdF—-HFP)-BMIMBF,

Earlier, we reported the thermal, structural, and ionic transport
properties of P(VAF-HFP)-BMIMBE,. A comparison of the
results of this article with our earlier results®> was done to help
us determine the role of LiBF,. Comparative data of ¢ are
shown in Figure 13 along with X, values in the inset. Two appa-
rently self-contradictory conclusions, which could be drawn
from the data given in Figure 13 with regard to the role of
LiBF,, were that the addition of LiBF, (1) decreased ¢ and (2)
decreased X. A more careful and comprehensive look resolved
this contradiction. The overall ¢ depended on the number and
mobility of cations and anions. The presence of a peak in the
DSC curve at about 107°C (see Figure 4) showed that LiBF,
crystallized out and so did not contribute much to the number
of mobile ions. Therefore, the o change was more likely to be
due to the change in the mobility. The decrease in the crystal-
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Figure 11. Temperature-dependent os of the P(VAF-HFP) + x wt % IL—
salt solution gel membranes for x=(a) 20, (b) 40, (c) 60, and (d) 80.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 12. T,, values of the P(VAF-HFP) + x wt % IL-salt solution gel
membranes for different values of x obtained by DSC and the point of
inflexion in the temperature-dependent ¢ plot. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

linity (see inset of Figure 13) enhanced the flexibility of the
polymeric chain. The flexibility controlled the hopping conduc-
tion because of the complexed cations (Li* and BMIM ™). The
complexation of the former was negligible as LiBF, crystallized
out. BMIM™ was too big an ion to contribute significantly to
the hopping conduction. Therefore, it was the BF,  anion
mobility that was mostly responsible for ¢. The motion of
anions is known to be more along the translational motion
direction. The presence of crystallites of LiBF, in the path of
moving anions may have acted as stumbling blocks and
decreased the overall mobility (and, hence, o, as shown in Fig-
ure 13). Because LiBF; complexed negligibly with the polymer
chain, its interaction with the polymer chain should not have
affected the thermal stability of the polymer as much as the
polymer—IL interaction. These data confirmed this. The T,

107 5 Py
—a—x wt.% of IL
—o— x wt.% of IL+salt
at 35°C
107 4
10" 5
=
o
[
o 10
10° 4
"zss;‘.ﬁ;sa'”
10 ——————— i

20 30 40 50 60 70 80
x wt.% of IL and (IL+salt)
Figure 13. Variation of ¢ of the P(VAF-HFP) + x wt % IL-salt solution
and P(VAF-HFP) + x wt % IL gel membranes at 35°C. The inset shows
the variation of X. of P(VAF-HFP) + x wt % IL-salt solution (where
x =20, 40, 60, and 80). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Table IV. T,;s of P(VdF-HFP) + x wt % (IL + Salt Solution) and
P(VAF-HFP) + x wt % IL Gel Membranes

Values of T4 (°C) for

P(VAF-HFP) +

P(VAF-HFP) + X wt % BMIMBF,
X wt % BMIMBF, + LiBF4

0 475 475

20 381 383

40 374 379

60 374 (3249) 77 (3259)

80 370 (3207) 371 (3059

@Second decomposition peak due to the complexed P(VdF-HFP) given in
Figure 5 of this article and Figure 7 of ref. 25.

values of P(VdF-HFP)-BMIMBE, with and without LiBF, are
given in Table IV.

CONCLUSIONS

Polymer gel electrolyte membranes based on P(VdE-HFP) poly-
mer plus the IL BMIMBE, plus salt LiBF, were synthesized and
studied. T,,, T, X, the thermal stability, E, and H gradually
decreased with increasing IL-salt solution concentration in the
P(VAF-HFP) polymer, which was still stable enough for practi-
cal application. FTIR and DTGA studies showed the simultane-
ous presence of complexed and uncomplexed ILs in the
membrane. From SEM, XRD, and DSC studies, we concluded
that the Li salt did not complex well with the P(VAF-HFP)
polymer. The ¢ of the polymer gel electrolyte membrane was
found to increase as the amount of IL—salt solution increased in
the membranes. The temperature-dependent ¢ followed an
Arrhenius-type thermally activated behavior.
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