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Abstract Polymer blend electrolytes based on poly(ethylene
o x i d e ) ( PEO ) a n d p o l y ( v i n y l i d e n e f l u o r i d e -
hexafluoropropylene) (PVdF-HFP) were prepared by using
different lithium salts LiX (X = ClO4, BF4, CF3SO3, and N
[CF3SO2]2) using solution casting technique. To confirm the
structure and complexation of the electrolyte films, the pre-
pared electrolytes were subjected to X-ray diffraction (XRD)
and Fourier transform infrared spectroscopy (FTIR) analysis.
Alternating current (AC) impedance analysis was performed
for all the electrolyte samples at various temperatures from
303 to 343 K. The result suggests that among the various
lithium salts, LiN[CF3SO2]2-based electrolytes exhibited the
highest ionic conductivity at 8.20 × 10−4 S/cm. The linear
variation of the ionic conductivity of the polymer electrolytes
with increasing temperature suggests the Arrhenius-type ther-
mally activated process. Activation energies were found to
decrease when doping with lithium imide salt. The dielectric
behavior has been analyzed using dielectric permittivity (ε*),
electric modulus (M*), and dissipation factor (tanδ) of the
samples. Cyclic voltammetry has been performed for the elec-
trolyte films to study their cyclability and reversibility.
Thermogravimetric and differential thermal analysis (TG/
DTA) was used to ascertain the thermal stability of the elec-
trolytes, and the porous nature of the electrolytes was identi-
fied using scanning electron microscopy via ion hopping con-
duction. Surface morphology of the sample having maximum
conductivity was studied by an atomic force microscope
(AFM).

Keywords Alkali metal salts . Complexed electrolytes .

Amorphicity . Activation energy . Ion hoppingmechanism

Introduction

Lithium-ion battery quickly becomes dominant in the market
of small electronic devices due to their advantages with re-
spect to other types of batteries, such as being compact, light
weight, high average discharge rate (∼3.7 V), and showing the
highest energy density among all current systems. Comparing
the energy densities of different secondary systems, the lithi-
um ones currently present a specific energy density of
200 Wh/kg, which is about three times higher than the energy
density of NiH battery and five times that of lead acid.
Additional important advantages of Li-ion batteries in com-
parison with other battery systems are being more environ-
mentally friendly and the absence of memory effects [1]. In
lithium-ion battery systems, the separator plays a key role with
respect to device performance as it prevents short circuits be-
tween the electrodes while allowing ionic conduction [2]. A
solid polymer electrolyte (SPE) must meet certain require-
ments such as being an electronic insulator, ionic conductor,
mechanically strong, dimensionally stable, readily wetted by
the electrolyte, and chemically resistant to electrolyte and im-
purity degradation, among others [3]. Poly(ethylene oxide)
(PEO)-based polymer electrolyte is of current interest for high
energy density and high-power lithium-ion batteries due to
their easy formation of complex with lithium salts, high mo-
bility of charge carriers, and stable chemical properties [4]. In
polymer electrolytes, metal salts are the main source of charge
carriers. The salts mostly used are salts of alkali metals; these
metal cations can coordinate with the oxygen atoms in
polyether, resulting in their good salvation [5]. The salt solu-
bility in polymer directly determines the number of charge
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carriers and their mobility, which has a significant effect on the
ionic conductive behavior. Moreover, the addition of salt has a
highly disturbing effect on the arrangement of the polymer
chains and the ensuing conductivity. In order to realize a high
lithium-ion conduction, (i) a polymer should have compatibil-
ity with inorganic salts and their dissociate ions, (ii) a polymer
should provide a connected polar domain as the conduction
path, and (iii) a polymer should not interact with carrier ions
too strongly in order to avoid complete trapping of carrier ions
[6]. In order to focus on the above parameters, the most com-
mon solvent-free polymer/salt complexes are PEO/salt elec-
trolytes. Polyethylene oxide-based electrolytes are the first
generation of solvent-free solid polymer electrolytes. PEO
can complex with lithium salts (Li+) to form polymer electro-
lytes. Its ethylene oxide (EO) units have a high donor number
for Li+ and high chain flexibility which are important for pro-
moting ion transport [7]. PEO is a linear polymer of ethylene
oxide with a high degree of crystallinity around 70∼80 % due
to the regularity of the unit. PEO has a Tm around 65 °C and a
Tg around 60 °C. The oxygen atom in the ether unit of PEO
has a strong ability to coordinate effectively with the alkali
metal cations, which makes it a good solvating medium for
polymer electrolytes. The acceptable level of ionic conductiv-
ity of PEO electrolytes can only be achieved at temperatures
above Tm, but the destruction of crystal at a high temperature
leads to the liquid state of electrolytes which cannot function
as a separator by itself. The approach to modify PEO is by
forming a block copolymer, comb-branch copolymer, or
cross-linked networks [8]. Blend-based electrolytes consist
of blends of PEO and different classes of polymers. These
polymers have, as a common characteristic, a high glass tran-
sition temperature. This allows structural stability at the mo-
lecular level, although the presence of such supports does not
seem to have an incisive effect on the PEO crystallization
degree. The polymersmust have somewell-defined requisites:
(i) compatibility between them and the salt, (ii) interactions
with the cation not too strong in order to avoid ion trapping,
and (iii) both components should preferably contain polar do-
mains [9]. The blend of the PEO and P(VdF-HFP) can hinder
the crystalline of the PEO and achieve a good combination of
high ionic conductivity. Hence, the poly(vinylidene fluoride-
hexafluoropropylene) (PVdF-HFP) has drawn the attention
due to its appealing properties that it comprises both amor-
phous and crystalline phases of the polymer that helps for
higher ionic conduction. It has a high anodic stability due to
strong electron withdrawing functional group and has a high
dielectric constant of ɛ = 8.4 that helps for greater ionization of
lithium salt. The unique polymer structure of carbon, hydro-
gen, and fluorine atoms found in poly(vinylidene fluoride)
resins produces polymers that have extremely high thermal
and chemical stability and yet retain their thermoplastic nature
allowing ease of processing for fabrication [10]. One of the
main advantages of fluorinated polymer is their ability to be

tailored in different geometries including very thin cells [11].
The choice of the lithium salt is very important for PEO-based
electrolytes. Some simple lithium salts, such as lithium chlo-
ride (LiCl), do not provide high ionic conductivity. Generally,
the bulkier the anion of the lithium salt, the higher is the ionic
conductivity. Therefore, an anion with a well delocalized neg-
ative charge and low basicity is preferred for improving the
ionic conductivity and plays a dominant role in the salt-in-
polymer electrolyte (PEO-LiX) [12]. To improve the ionic
conductivity, an attempt has been made to identify the effects
of different anions, namely ClO4

¯, CF3SO3
¯, BF4

¯, and
N(CF3SO2)2

¯. Even though the commercial lithium salts
LiX(X = ClO4, BF4, CF3SO3) are successful in portable lith-
ium batteries, they still have some limitations. The electrolyte
composed of LiClO4 presents high conductivity and good
thermal stability, but chlorine in LiClO4 is in its highest va-
lence state and gets strongly oxidized. LiClO4 can react
strongly with organic solvent under extreme conditions (such
as at elevated temperatures or high charging/discharging cur-
rent density) [13]. LiBF4 had a low anodic oxidation potential
and its electrochemical window was only about 3.5 V vs Li/
Li+, which mean that it could not be used in a high-voltage
battery. Thus, the search for an alternative salt for lithium
batteries is necessary tomaintain comprehensive and excellent
performance. The most appropriate salts for polymer electro-
lytes are expected be those composed of a polarizing cation
and a large anion of delocalized charge such as lithium super
acid salts LiCF3SO3

¯ and LiN(CF3SO2)2
¯. Especially

the imide family salts with large and flexible anions in
wh i ch PEO po l yme r e l e c t r o l y t e w i t h l i t h i um
bis(trifluoromethylsulfonyl)imide [LiN (SO2CF3)2] exhibited
a high conductivity at room temperature. These salts exhibits
low lattice energies in the solid state due to delocalization of
the negative charge on the anion, which in turn results from
the highly electron withdrawing character of trifluoromethyl
substituents. It was found that these lithium imides slow down
the recrystallization kinetics of polymer electrolytes [14]. In
the present work, an attempt is made to investigate this new
polymer blend electrolyte based on PEO (6.25)-PVdF-HFP
(18.75) and the plasticizer PC (67) with different anions.
The prepared electrolytes were subjected to various character-
ization procedures to optimize the anion that achieves the
highest conductivity.

Materials and methods

The polymer poly(ethylene oxide) (PEO) of an average mo-
lecular weight Mw∼8000, poly(vinylidene fluoride-co-
hexafluropropylene) (PVdF-co-HFP) of an average molecular
weight Mw∼110,000, propylene carbonate (PC), and lithium
salts LiClO4, LiBF4, LiCF3SO3, and [LiN (CF3SO2)2] were
procured from Sigma-Aldrich chemicals limited, USA. The
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obtained PEO, PVdF-co-HFP, and lithium salts were dried at
55 °C for 4 h to remove moisture. PEO and PVdF-HFP with
different lithium salts and PC-based electrolytes were pre-
pared by solvent casting technique with acetone as a solvent.
The polymers PEO and PVdF-HFP were dissolved at 40 °C
and room temperature, respectively. After that, the polymer-
salt complex was stirred well for 24 h with the help of a
magnetic stirrer and degassed to remove air bubbles and
poured on a well-cleaned petri dish. The solvent acetone was
allowed to evaporate slowly at room temperature for 48 h. The
free-standing films were obtained. The films are harvested and
stored in highly evacuated desiccators to avoid the moisture
absorptions. Flexible thin films with a thickness of about
0.22 mm were obtained. The prepared films were subjected
to a.c. impedance analysis, in order to calculate the ionic con-
ductivity. This was carried out with the help of stainless steel
blocking electrodes using a computer-controlled microauto
lab type III potentiostat/galvanostat in the frequency range
of 100 Hz-300 kHz over the temperature range of 303–
343 K. The amorphicity of the polymer electrolytes has been
investigated byX-ray diffraction (XRD) analysis with the help
of X’pert PRO PANanalytical X-ray diffractometer. The com-
plex formation between the polymer and the salt has been
confirmed by Fourier transform infrared spectroscopy
(FTIR) spectra using SPECTRA RXI PerkinElmer spectro-
photometer in the range of 400–4000 cm−1. To investigate the
cyclability and reversibility of the electrolyte films, cyclic volt-
ammetry and linear sweep voltammetry studies have been per-
formed using computer-controlled microauto lab type III
potentiostat/galvanostat. Thermal stability of the polymer elec-
trolyte was carried out by thermogravimetric and differential
thermal analysis (TG/DTA) by using PYRIS DIAMOND from
room temperature to 500 °C with the scan rate of 10 °C min−1.
The surface morphology of the electrolyte film was examined
by Hitachi S3000H scanning electron microscope. Roughness
parameter was observed by atomic force microscope (AFM)
with the help of the atomic force microscope (A100SGS).

Results and discussion

X-ray diffraction analysis

XRD patterns of pure PEO, PVdF-HFP, LiClO4, LiBF4,
LiCF3SO3, and LiN [CF3SO2]2 and prepared polymer electro-
lytes are shown in Fig. 1. Two broad peaks are found at
2θ = 19.2° and 23.15° which confirm the semicrystalline na-
ture of PEO. The peaks at 17.5°, 18.5°, 20.2°, and 39° reveal
the crystalline peaks of PVdF. This confirms the partial crys-
tallization of PVdF units in the copolymer and gives a semi-
crystalline PVdF-HFP. The d values of the pure lithium salts
have been compared well with JCPDS data and the hexagonal
(LiClO4), monoclinic (LiCF3SO3), and orthorhombic (LiN

[CF3SO2]2) [15]; orthorhombic (LiBF4) structure of lithium
salts have also been confirmed [16]. The salt LiClO4 shows
high intense peaks at angles 2θ = 20.9°, 22.92°, 26.56°,
32.75°, and 35.4° which reveals the crystalline nature of the
ionic salt. Crystalline peaks of lithium triflate (LiCF3SO3) salt
are located at 2θ = 16.5°, 19.75°, 20.4°, 22.55°, 25.3°, and
33.15°. LiBF4 salt peaks are observed at the diffraction angle
of 14°, 21°, 23°, 26°, 28°, 32°, 39°, 44°, and 55°. The diffrac-
tion pattern of LiN[CF3SO2]2 shows intense peaks at
2θ = 13.6°, 15.9°, 18.9°, and 21.4° which reveals the crystal-
line nature of the salt.

The characteristic peaks of lithium salts in the prepared
electrolytes were absent, which confirms the complete disso-
lution of the salt in the complex matrix, implying that the salt
does not have any separate phase in the electrolytes. The ad-
dition of a plasticizer into the blend complex enhances the
amorphous region, thus permitting the free flow of ions from
one site to another; hence, the overall conductivity of the
electrolyte has been significantly improved. The increase in
the broadness of the peak reveals the amorphous nature of the
complexed system. These results can be interpreted in terms of
Hodge et al. [17] criterion which has established a correlation
between the height of the peak and the degree of crystallinity.
The increased broadness and decreased intensity has been
found to be more for LiN [CF3SO2]2 doped PEO-PVdF-
HFP polymer e lec t ro ly te sys tems compared to
other prepared electrolytes. The order of increasing
amorphous nature of the polymer electrolyte is LiN
[CF3SO2]2

¯ > BF4
¯ > ClO4

¯ > CF3SO3
¯. In comparison, all

Fig. 1 XRD patterns of pure PEO, pure PVdF-HFP, pure LiClO4, pure
LiBF4, pure LiCF3SO3, pure LiN[CF3(SO2)2], and the prepared
electrolytes Pr1, Pr2, Pr3, and Pr4
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the prepared electrolytes show an amorphous nature indicat-
ing that the lithium salt used in the polymer matrix is dissolved
completely because all the characteristic peaks corresponding
to the lithium salts are diminished in the complexes which
LiN[CF3SO2]2 exhibits more amorphicity.

FTIR analysis

In order to understand the interactions between Li+ ions and the
polymer hosts in the polymer electrolytes, the IR spectra of pure
materials and polymer-salt-plasticizer samples are presented. On
addition of salt into the polymer host, the cation of the salt is
expected to coordinate with the polar groups in the host polymer
matrix resulting in the complexation. This type of interaction
will influence the local structure of the polymer backbone, and
certain infrared activemodes of vibration will be affected. In this
context, the infrared spectroscopic studies will give the evidence
of the complexation. Figure 2 shows the IR spectra of pure PEO,
PVdF-HFP, LiClO4, LiBF4, LiCF3SO3, LiN [CF3SO2]2, and
PEO/PVdF-HFP complexes with various lithium salts. FTIR
transmission spectra of the complexes were recorded at room
temperature in the region 4000–400 cm−1.

A large broad band at 2962 cm−1 of PEO is shifted to
(2967, 2969, 2968, 2956 cm−1). Two narrow bands of lower
intensity at 2735 and 2695 cm−1 are inherent bands of asym-
metric (CH) stretching vibrations of PEO is shifted to (2738,
2739, 2742, 2740 cm−1) and (2694, 2698,2701, 2703 cm−1),
respectively. The bands at 2238, 2163, and 1967 cm−1 which

are characteristic peaks of PEO [18], get shifted to (2240,
2242, 2242, and 2243 cm−1), (2172, 2175, 2179,
2180 cm−1) and (1975, 1972, 1969, 1966 cm−1), respectively.
The band at 1483 cm−1 represents the C–H bending of CH2 in
PEO shifted at (1485, 1484, 1488, 1472 cm−1). A very small
intensity band at 1799 cm−1 corresponds to the ether oxygen
group of PEO. The bands around 1359 and 1343 cm−1 are
CH2 wagging and CH2 bending, which are characteristic
peaks of PEO, get shifted at (1356, 1355, 1361, 1351 cm−1),
(1340, 1339, 1340, 1333 cm−1). The relatively small band at
1236 cm−1 is assigned to CH2 symmetric twisting of PEO and
these peaks are found at (1237, 1238, 1235,1230 cm−1). The
characteristic vibrational band at 1100 cm−1 was assigned to
C–O–C (symmetric and asymmetric) stretching of PEO and
are found at (1105, 1099, 1091, 1093 cm−1). The two bands
near 947 and 845 cm−1 are assigned to CH2 rocking vibrations
of methylene groups and are related to the helical structure of
PEO [19]. The most frequently performed observations to
confirm the complexation of the polymer host with lithium
salts are variation in intensity of the bands, shifting of the
bands with respective to the various salts. The small ether
oxygen band at 1799 cm−1 is found to smoothen gradually
with the addition of various salts in PEO content, which sug-
gests that PEO is disrupted by lithium salts. The 1200–
1100 cm−1 region is the location of C–O–C stretching, which
decreases its intensity with LiX (where X = ClO4, BF4,
CF3SO3, and N[CF3SO2]2) content due to the interaction be-
tween the Li+ cations and ether oxygen atoms in PEO. The
characteristic peak intensity corresponding to C = O
(1651 cm−1) is decreased with the addition of different lithium
salts. This indicates the strong interaction of Li+ ions with the
carbonyl group [20]. PVdF-HFP contains free electron pairs at
the fluorine (F) atoms of CF2 and CF3 groups. The vibrational
peaks at 502 and 416 cm−1 are assigned to the bending and
wagging vibrations of –CF2, respectively, and get shifted to
(506, 504, 503, 512 cm−1) and (411, 422, 418, 414 cm−1). The
crystalline phase of the PVdF-HFP polymer is identified by
the vibrational bands at 985, 763, and 608 cm−1. Where 763
and 608 cm−1 get shifted to (778, 762, 771, 779 cm−1) and
(615, 613, 614, 617 cm−1). The peaks at 1173 and 1390 cm−1

are assigned to the symmetrical stretching of –CF2 and –CH2

groups, respectively [21]. The peak at 881 cm−1 is assigned to
the vinylidene group of the polymer and is shifted to (879,
883, 875, 881 cm−1).The peaks at 1483 and 1400 cm−1 are
assigned to the CH3 asymmetric bending and C–O stretching
vibrations for the plasticizer PC. The band at 625 cm−1 corre-
sponds to the ClO4

− anion [22] which is present in the com-
plex pr1. The vibration mode of free BF4

− anions and that
corresponding to the ion pairs of BF4

− appearing at
765 cm−1 [23] in the complex pr2 is found at (753, 761,
773, 779 cm−1). In the region of 1350–1120 cm−1, a strong
absorption peak is found at 1184 cm−1 which is attributed to
vibrations involving the CF3 group in pure LiCF3SO3 and is

Fig. 2 FTIR spectra of pure PEO, pure PVdF-HFP, pure LiClO4, pure
LiBF4, pure LiCF3SO3, pure LiN[CF3(SO2)2], and the prepared
electrolytes Pr1, Pr2, Pr3, and Pr4

830 Ionics (2016) 22:827–839



shifted to 1183 cm−1 in the complex Pr3 [24]. The vibra-
tional band at 768 cm−1 has been attributed to the triflate
anion (CF3SO3)

¯ which has shifted to 772 cm−1.The vibra-
tional peak at 1355 cm−1 corresponds to the υasym (SO2)

−

plane stretching vibration of SO2 in the imide anion [25]
and is shifted in the complex Pr4. Shifting of the band
assignments belonging to the anions in the IR region are
mainly due to the ion coordination. Both the anion and the
cation coordinate with the carbonyl oxygen and carbonyl
carbon groups present in the polymer. Some peaks are dis-
appeared and some new peaks are found in the prepared
electrolytes. This confirms the complexation between
PEO, PVdF-HFP, and lithium salts.

Ionic conductivity

Impedance spectroscopy is employed to establish the conduc-
tion mechanism, observing the participation of the polymeric
chain, mobility, and carrier generation processes. Using the
measured bulk resistance, the conductivity of the polymer
electrolyte is calculated using the relation σ = ℓ/RbA, where ℓ
is the thickness of the film, A is the surface area of the film,
and Rb is the bulk resistance of the film. For PEO-based elec-
trolytes, the EO units have a high donor number for Li+ and
also high chain flexibility for promoting rapid ion transport.
With the process of breaking/forming lithium-oxygen (Li-O)
bonds, ion transport occurs by intrachain or interchain
hooping in the PEO-based electrolyte accompanied by the
gradual replacement of the ligands for the solvation of Li+;
the continuous segmental rearrangement results in a long-
range displacement of lithium ions [26]. Figure 3 shows the
typical impedance plots of PEO-PVdF-HFP-LiX, where
(X = ClO4

¯, BF4
¯, CF3SO3

¯, and N [CF3SO2]2
¯) based poly-

mer electrolyte membranes with different lithium salts. Z′ and
Z″ represent the real and imaginary part of the impedance data
at room temperature, respectively. In this work, the semicircu-
lar portions corresponding to the high-frequency region are
absent indicating that the majority of the current carriers in
the electrolyte medium are ions and the total conductivity is
mainly due to ion conduction [27]. The obtained spur corre-
sponding to the lower frequency region is ascribed to double-
layer capacitance in a cell with an ion blocking electrode con-
figuration. The maximum room temperature ionic conductiv-
ity value of the order of 8.20 × 10−4 S/cm is obtained for the
sample PEO/PVdF-HFP/LiN [CF3SO2]2. Table 1 shows that

Table 1 Comparison of polymer
blend electrolytes with lithium
salts [(LiN(CF3(SO2)2) and
LiClO4] and their conductivity
value

Polymer matrix Li salt Ionic conductivity (S cm−1) Reference

PEGDME-PMMA LiN(CF3(SO2)2) 4.3 × 10−4 [28]

PS-block PPEGMA LiN(CF3(SO2)2) ∼10−4 [29]

PMMA LiN(CF3(SO2)2) ∼ 10−6 to 10−4 [30]

MEEP LiN(CF3(SO2)2) 6.5 × 10−5 [31]

PEO-poly(p-phenylene) LiN(CF3(SO2)2) ∼10−8 to 10−5 [32]

PEO-PUA LiN(CF3(SO2)2) ∼10−4 [33]

PEO-SN LiN(CF3(SO2)2) ∼10−4 [34]

PVdF LiN(CF3(SO2)2) 5.6 × 10−8 [35]

PVdF-HFP-cellulose LiN(CF3(SO2)2) 4.0 × 10−4 [36]

PVdF-HFP LiN(CF3(SO2)2) 3.2 × 10−4 [37]

PEO-PVdF-HFP LiClO4 2.3912 × 10−4 [38]

PEO-PVdF-Trfe LiClO4 7.0 × 10−4 [39]

PEO-PVdF-HFP LiN(CF3(SO2)2) 8.20 × 10−4 [Present work]

PEGDME poly(ethylene glycol) dimethyl ether, PMMA poly(methylmethacrylate), PS-block PEGMA polysty-
rene-block-poly(ethylene glycol) methyl ether methacrylate , MEEP poly[bis-(methoxy-
ethoxyethoxide)phosphazene], PEO polyethylene oxide, PUA polyurethane acrylate, SN succinonitrile, PVdF
poly(vinylidene fluoride), PVdF-HFP poly(vinylidene fluoride-co-hexafluoropropylene), PVdF-Trfe
poly(vinylidenefluoride-co-tri-fluoroethylene)

Fig. 3 Room temperature complex impedance plot of the prepared
samples
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regardless of the polymer matrix, LiN [CF3SO2]2 has better
conductivity when blended with PEO and PVdF-HFP. The
blend of the PEO and PVdF-HFP can hinder the crystalline
of the PEO and achieve a good combination of high ionic
conductivity with LiN[CF3SO2]2 which exhibits great charge
delocalization favorable to ionic dissociation in solvating
polymers such as PEO. Besides, this present work has signif-
icant advantages such as higher ionic conductivity at low ac-
tivation energy. The temperature-dependent ionic conductivi-
ty plots of the electrolytes containing different lithium salts are
shown in Fig. 4.

The conductivity values obtained for all the blend polymer
electrolyte films in the temperature range 303–353 K are listed
in Table 2. It is evident that among the different lithium salts
studied, the film containing LiN[CF3SO2]2 offers maximum
ionic conductivity. Among the various anion electrolyte sys-
tems, the [CF3SO2]2-based electrolyte exhibited the least bulk
resistance. This feature may be due to the delocalization of the
formal negative charge in the anion, the strong electron with-
drawing nature, and the conjugation between the triflic groups
and the lone electron pair on the nitrogen increasing the ionic
mobility and dissociation of the imide salt. Increasing the tem-
perature also increased the Li+ mobility due to the free volume
enhancement of the electrolyte medium, which provides

additional pathways and encourages ionic movement.
Several factors affect the ionic conductivity of the polymer
electrolyte, such as dissociation of ionic salts, cation radii,
ionic mobility, types of (cation and anion) charge carriers,
and temperature [40]. As the temperature rises, the conductiv-
ity growths for all the polymer electrolytes increases (Fig. 4)
due to an increase of free volume in the polymer and an in-
crease of ion and segmental mobility that will assist ion trans-
port and virtually compensate for the retarding effect of ion
clouds. The temperature dependence of the ionic conductivity
is linear, which indicates that ion conduction follows the
Arrhenius-type thermally activated process given by the rela-
tion, σ=σo exp (−Ea/KT) where σo is the pre-exponential
factor, Ea the activation energy, andK the Boltzmann constant.
That is, ion transport in a polymer electrolyte is correlated
with polymer segmental motion. The ionic conductivity is
closely coupled to the segmental motions of the polymer
chains and local flexibility, i.e., in the electrolytes, the ions
are coordinated to a macromolecule. It can translate within
the system only in conjunction with the segmental motion of
the polymer chain. It seems useful to consider the behavior of
macromolecular species, in which ions are irreversibly bound
to a polymer chain. Thus, the cluster formation is shown to
occur when a group of interacting polymer segments move
from a random distribution throughout the system [19].

As the amorphous region increases, however, the polymer
chain acquires faster internal modes in which bond rotations
produce segmental motion to favor inter-intrachain ion hop-
ping, and thus, the degree of conductivity becomes high.
Among the various anionic-based electrolytes, the PEO/
PVdF-HFP/LiN [CF3SO2]2 electrolyte membrane exhibits
the highest ionic conductivity (8.20X10−4 S/cm at room tem-
perature). Because all the low molecular anions are counter
ions of strong acids, the difference in conductivity is presum-
ably due to the difference in lattice energies. The maximum
ionic conductivity of the sample Pr4 may be due to the two
different ion solvating species of the salt LiN [CF3SO2]2,
which leads to a long-range columbic force producing more
free ions. Moreover, it is well established that imide anions
can afford a higher degree of negative charge dispersion than
other lithium salts in a given salt concentration [41].
Activation energies were found to decrease when doping with
lithium imide salt is found to be low of the order of 0.19 eV. In

Table 2 Activation energy (Ea)
and ionic conductivity values for
PEO (6.25)-PVdF-HFP (18.75)-
PC (67)-X (8 wt%) (where
X = LiClO4, LiCF3SO3, LiBF4,
LiN (CF3SO2)2) polymer
electrolyte systems

Film Li salts Ea

(eV)
Ionic conductivity values at different temperatures (S cm−1)

303 K 313 K 323 K 333 K 343 K

Pr1 LiClO4 0.32 2.39 × 10−4 2.56 × 10−4 2.71 × 10−4 2.84 × 10−4 2.91 × 10−4

Pr2 LiCF3SO3 0.40 9.45 × 10−5 1.01 × 10−4 1.09 × 10−4 1.26 × 10−4 1.42 × 10−4

Pr3 LiBF4 0.24 3.69 × 10−4 4.67 × 10−4 6.05 × 10−4 8.22 × 10−4 9.80 × 10−4

Pr4 LiN(CF3SO2)2 0.19 8.20 × 10−4 1.33 × 10−3 2.36 × 10−3 3.35 × 10−3 4.71 × 10−3

Fig. 4 Temperature-dependent ionic conductivity plot of the prepared
samples
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addition, the imide salt can act as a plasticizer at an elevated
temperature, further influencing the degree of dissociation;
hence, the conductivity of the sample will be higher than that
of the other samples. The conductivity has also been signifi-
cantly improved due to the addition of a plasticizer because it
further improves the dissolution of the lithium salt [42].

Dielectric spectra analysis

The dielectric relaxation behavior of the polymer electrolyte
brings about important insights into ionic transport phenome-
non. The measured impedance data were used to calculate the
real and imaginary parts of the complex permittivity using the
relation,

ε* ¼ ε
0
ωð Þ � ε″ ωð Þ ¼ 1=jωC0Z

where real ɛ'(ω) and imaginary ɛ^ (ω) components are the
storage and loss of energy in each cycle of the applied electric
field, respectively. Figure 5 represents the frequency depen-
dence of ɛ'(ω) and ɛ^ (ω) for LiN [CF3SO2]2 at different tem-
peratures. From Fig. 5, it is clear that the values of ɛ'(ω) are
very high at a low-frequency region. Such high value of di-
electric permittivity at low frequencies has been explained by
the presence of space charge effects, which is contributed by
the accumulation of charge carriers near the electrodes [43].

At higher frequencies, ɛ'(ω) has been found to be relatively
constant with frequency. This is because periodic reversal of
the field takes place so rapidly that the charge carriers will
hardly be able to orient themselves in the field direction
resulting in a decrease of dielectric constant. The large value
of ɛ^ (ω) is also due to the motion of free charge carrier within
the material. The variation of ɛ^ (ω) with log ω clearly indi-
cates the β-relaxation due to some local movement of side

Fig. 7 Frequency-dependent loss tangent analysis of the composition
PEO/PVdF-HFP/LiN[CF3(SO2)2]2 at different temperatures

Fig. 6 Frequency-dependent modulus analysis of the composition PEO/
PVdF-HFP/LiN[CF3(SO2)2] at different temperatures

Fig. 5 Frequency-dependent dielectric analysis of the composition PEO/
PVdF-HFP/LiN[CF3(SO2)2] at different temperatures
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group dipoles [44]. Increase in the value of dielectric constant
and dielectric loss can be observed at higher temperatures and
is attributed to the higher charge carrier density. As tempera-
ture increases, the degree of salt dissociation and
redissociation of ion aggregates, resulting in the increase in
the number of free ions or charge carrier density.

Modulus spectra analysis

Figure 6 depicts the frequency dependence of M'(ω) and M
″(ω) for LiN[CF3SO2]2-doped PEO/PVdF-HFP at different
temperatures. Both plots show an increase at the high-
frequency end, but a well-defined dispersion peaks are not
observed. This increasing trend in the plot at higher frequen-
cies may be attributed to the bulk effect. With the raise of
temperature, the height of the peak decreases suggesting a
plurality of relaxation mechanism [45]. At lower frequencies,

it is observed that the value of M″(ω) is in the vicinity of zero,
indicating that the contribution of electrode polarization is
negligible. The presence of this long tail at the low-
frequency region also provides evidences of the large capaci-
tance associated with the electrodes.

Loss tangent spectra

The dielectric loss tangent (tanδ) can be defined by the
equation

Tan δ= ɛ ″ /ɛ'

The relaxation parameters of the polymer electrolytes can
be obtained from the study of tan δ as a function of frequency.
The variation of tan δ with frequency for the LiN [CF3SO2]2-
doped PEO/PVdF-HFP at different temperatures is shown in
Fig. 7.

Fig. 8 TG/DTA analysis of the prepared complexes Pr1, Pr2, Pr3, and Pr4
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It has been observed that the tan δ increases with increasing
frequency and reaches a maximum. Then it decreases for a
further increase of frequency. For maximum dielectric loss at a
particular temperature, the absorption peak is described by the
relation ωτ=1 where τ is the relaxation time and ω is the
frequency of the applied signal. The relaxation parameter for
PEO/PVdF-HFP/LiN [CF3SO2]2 at various temperatures are
tabulated in Table 2. As the temperature is increased, the fre-
quency at which tan (δmax) occurred shifted to higher frequen-
cies. This behavior suggests that the system can be represented
by a parallel RC element [46].

Thermal analysis

Thermogravimetric analysis is very essential to study the ther-
mal stability of polymeric systems under application condi-
tions. During the cell reactions, heat is known to get generated
in the cell which can melt or degrade the polymer electrolyte
within cell and cause internal short circuits. Hence, thermal
stability of a polymer electrolyte is vital for a safe and endur-
able electrochemical cell. TG/DTA has been used to measure
the diffusion characteristics and the moisture uptake. Also, it

is used to investigate the thermal degradation, phase transi-
tions, and crystallization of polymers.

The thermal stability of the prepared samples was studied
by TGA and depicted in Fig. 8 (pr1–pr4). The TGA curves
indicate that the films containing different lithium salts exhibit
weight losses of approximately, 12, 8, 9, and 10 %, respec-
tively, at 100 °C. This weight loss is mainly due to the pres-
ence ofmoisture, whichmay be acquired during the loading of
the sample. It is noted that all the prepared samples show
appreciable weight losses of approximately 23, 20, 19, and
10 %, respectively, at 150 °C. The weight loss observed in
the temperature range 200–300 °C is primarily due to the
degradation of propylene carbonate (PC) because of the boil-
ing point of the PC (242 °C). It may also be due to the blended
polymer degradation. Among the different lithium salt-based
electrolyte systems, LiN [CF3SO2]2 exhibited the highest ther-
mal stability of approximately 375 °Cwith weight loss of 7 %.
This weight loss is found to be minimum among the other
compositions studied which indicates the maximum stability
of the imide group-based salt. Presence of two strong electrons
withdrawing [CF3SO2]2

− groups of the anion which provides
charge delocalization; thus have better interactions with the

Fig. 9 Cyclic voltammograms of the prepared electrolytes: a Pr1, b Pr2, c Pr3, and d Pr4 using stainless steel cell couple as working electrode
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polymer chains and plasticizers than the other salts which are
used in the present investigation. In Fig. 8 the DTA curves of
all the samples show first exothermic peaks at 126, 128,136,
and 90 and second exothermic peaks at 290, 292, 398, and 399
indicating the decomposition of the electrolytes as evidence
by rapid weight loss observed in the TG curve. It is concluded
that the addition of imide salt effectively increased the thermal
stability of the electrolyte. The nitrogen group present in the
imide salt also improved the interaction with the polymer
chains; among the different salts, LiN [CF3SO2]2 has the
strong interactions since the cleavage of the C–S bond occurs
first which could be ascertained by the detected –CF3 group.
The –CF3 group of the salt remains unchanged on the surface
after heat treatment and withstand up to a high temperature.
Furthermore, the interactions between the split products of the
LiN [CF3SO2]2 and PC content generate heat and the system
reaches the maximum temperature. Hence, the polymer elec-
trolyte based on the LiN [CF3SO2]2 salt showed better thermal
stability than the other systems. This result is in close agree-
ment with the literatures [47, 48]. The weight loss observed in
the TGA curves is also confirmed from the DTA curves by the

presence of endothermic peaks in all the four samples and the
DTA results, which were in close agreement with the TGA
results.

Cyclic voltammetry

Figure 9 shows the electrochemical stability of the blended
films containing various salt contents. The cyclic
voltammetric studies have been carried out to estimate the
electrochemical stability window (ESW) or working voltage
limit of the polymer electrolytes. The voltammograms record-
ed on the cells comprising the electrolytes sandwiched be-
tween two symmetrical stainless steel electrode/polymer elec-
trolyte/stainless steel cell coupled with a scan rate of 5 mV/s.

A substantial value of about 2.5 V was optimized from an
electrochemical stability point of view when imide salt was
added to the polymer electrolyte. Such enhanced value of
EWS was thought to be sufficient for many electrochemical
applications. Several small peaks are observed, which are as-
cribed to reduction of the low levels of water present in poly-
mer electrolyte or to oxygen impurities. This behavior has

Fig. 10 Linear sweep voltammetry of the prepared electrolytes: a Pr1, b Pr2, c Pr3, and d Pr4

836 Ionics (2016) 22:827–839



been observed for other systems based on PEO blends with
lithium salt as well [49].

Electrochemical window

Linear sweep voltammetry curves of the polymer blend elec-
trolytes have been performed for the SS/polymer electrolyte/
SS cell couple and are shown in Fig. 10 which are obtained
from cathodic and anodic scan rate of 5 mV/s at 30 °C. The
polymer electrolyte incorporated with LiN [CF3SO2]2 dis-
plays a stable window of −3 to 2.5 V. The anodic limiting
current at −3 V indicates the decomposition of the cations
and the deposition of the lithium. When compared to other
alkali metal systems, the polymer blend electrolyte with LiN
[CF3SO2]2 considered in this study has sufficient

electrochemical stability to act as the electrolyte material in
lithium cells.

AFM analysis

The pore size and the root mean square (RMS) value are found
from the AFM analysis. The roughness of the prepared sample
surface area of 10 μm × 10 μm was also measured. The sam-
ple having a maximum ionic conductivity is subjected to
atomic force microscopic studies with a scan rate of 1 Hz,
and its two- and three-dimensional topographic images are
shown in Fig. 10.

It is observed that the width of the chain segments is of the
order of 256 nm. The polymer blend electrolyte, PEO/PVdF-
HFP/PC/[LiN(CF3SO2)2], shows a clear mountain valley pat-
tern with an increased surface roughness value as 84 nm. The

Fig. 11 Topography image of the
sample (Pr4) having maximum
conductivity: a 2D image, b 3D
image
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rough surface with numerous humps is due to the monoclinic
structure of the salt [LiN(CF3SO2)2]. This confirmed the en-
hancement of amorphicity of the system that supported the
ionic transport. It is observed that the root mean square rough-
ness (RMS) of the sample within the scanned area is found to
be 96 nm. The presence of pores is due to solvent removal and
by solvent retention ability of the electrolyte system. The to-
pographic images show the pores that help in ensnaring the
large volume of the liquid which accounts for the increasing
conductivity.

Scanning electron microscope

Comparison of SEM micrographs of PEO/PVdF-HFP blend
electrolyte systems with different lithium salts provided the
information about the effect of salts on the blend morphology.
In particular, the effects of the different types of anion on their
miscibility and crystalline morphology were investigated. The
PEO/PVdF-HFP/PC/[LiN (CF3SO2)2] complex shows an en-
tirely different surface structure when compared to ClO4

¯,

BF4
¯, CF3SO3

¯. When adding the imide salt, dendrite forma-
tion occurred, improving the ion conducting pathway between
the sites. In addition, the porous structure also improves the
ion hopping conduction; hence, the total ionic conductivity is
enhanced. The surface of the electrolytes show fine pores in
the polymer matrix, which aid in ionmobility. It is well known
that the formation of the porous structure is a complex process
that depends on the interaction of the solvent with the poly-
mers and is kinetically controlled by the relative rates of evap-
oration of compounds. The difference in the pore size is relat-
ed to the difference in the driving force for phase separation.
After adding [LiN (CF3SO2)2], the interaction between PEO
and PVdF-HFP is appreciable. This interaction produces a
more relaxed network in the matrix, and the structure becomes
increasingly homogenous (Fig. 11). It is noted that there is no
apparent interface between the two polymers, which indicates
that PEO and PVdF-HFP have good compatibility (Fig. 12).

Conclusion

A new polymer electrolyte comprising poly(vinylidene fluo-
ride-co-hexafluoropropylene)/poly(ethylene oxide) com-
plexed with different lithium salts has been prepared for Li-
ion battery applications. The prepared polymer electrolytes
are free standing and flexible with excellent dimensional sta-
bility. Complexation of the polymer matrices has been
ascertained by XRD studies and indicates the crystalline na-
ture of the polymer films, showing a decreasing trend of crys-
tallinity due to the addition of imide salt, and FTIR analysis
confirms the ion-polymer interaction. The highest ionic

Table 3 Kohlrausch constant (β), relaxation time (τ), and power law
exponent (n) for PEO (6.25)-PVdF-HFP (18.75)-PC(67)-LiN (CF3SO2)2
(8 wt%) polymer electrolyte system at different temperatures

Temperature (K) β τ × 10−6 (s) n Cp (μf)

303 0.80 0.334 0.936 0.0095

313 0.83 0.531 0.949 0.0102

323 0.86 2.958 0.934 0.0116

333 0.87 1.925 0.916 0.0105

343 0.92 1.253 0.845 0.0098

Fig. 12 SEM micrographs of the
cross-sections of the polymer
electrolytes: a Pr1, b Pr2, c Pr3, d
Pr4
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conductivity was observed for imide salt at a concentration of
8 wt% for PEO/PVdF-HFP-PC complex (Table 3). The
temperature-dependent ionic conductivity shows the
Arrhenius behavior, which indicates that the ions transport
together with the kinetic movement of polymer chains.
Excellent thermal stability has been observed up to 375 °C
due to the incorporation of the imide salt. Cyclability and
reversibility of the films have been corroborated using cyclic
voltammetry. SEM images of the sample showed phase-
separated morphology and increase in porosity accounting
for increase in conductivity. Electron micrographs showed
uniform distribution of one polymer in the other which con-
firms the compatibility of the blend components. Attainment
of smooth surface morphology also suggests the enhancement
of degree of amorphicity. Two- and three-dimensional topo-
graphic images of the best conducting sample were studied by
AFM to observe the roughness parameter of the blended elec-
trolytes. The present imide salt added polymer electrolyte ap-
pears to be an excellent material for its use as electrolyte in
energy conversion/storage devices.
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