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Abstract ITonic liquid (IL)-based solid polymer electrolytes
(SPEs) were synthesized by solution cast technique using poly-
mer polyethylene oxide (PEO), lithium bis(trifluoromethane
sulfonyl) imide (LiTFSI) salt, and IL 1-butyl-3-
methylimidazolium bis(trifluoromethane sulfonyl) imide
(BMIMTFSI). The obtained polymer electrolytes (PEO +
20 wt.% LiTFSI) + x wt.% BMIMTFSI where x = 0, 5, 10,
15, and 20 were characterized by DSC, TGA, SEM, XRD,
FTIR, electrochemical impedance spectroscopy (EIS), cyclic
voltammetry, chronoamperometry, and chronocharge-
discharge. Ionic conductivity of optimized composition SPE
(PEO + 20 wt.% LiTFSI) + 20 wt.% BMIMTEFSI is
~1.5x 107* S cm™" at 30 °C and follows Arrhenius-type
thermally activated behavior. The prepared SPEs are free-
standing and flexible with excellent thermal and mechanical
stabilities. SEM, XRD, and DSC studies show that the
amorphicity of SPEs increases on increasing IL content due to
the plasticization effect of IL. The assembled cell exhibits
good electrochemical stability and cationic transference
number #;;+~0.27. The capacity of cell, Li | PEO + 20 wt.%
LiTFSI + 20 wt.% BMIMTESI | LiMn,O,, shows a stable
cyclic performance and high Coulombic efficiency.
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Introduction

Development of IL-based, Li-ion conducting polymer electro-
lytes is one of the advanced technologies for the fabrication of
various high potential electrochemical devices such as hybrid
vehicles, rechargeable batteries and supercapacitors [1-3].
Over the past decades, storage of energy has become an in-
creasing global concern due to increasing the demand of en-
ergy worldwide and drastic increase in the cost of refined
fossil fuels and the environmental issues for their use [4].
Lithium-ion batteries are widely used in various types of por-
table electronic devices and choice of IL-based Li-ion
conducting polymer electrolyte almost fulfills most of the re-
quirements for the rechargeable batteries. The choice of lithi-
um metal as anode for lithium batteries is due to its high
theoretical-gravimetric capacity of 3861 mAh/g, which is
much higher (about 10 times) than the commercially used
graphite anode (372 mAh/g) and the lowest redox potential
(=3.04 V vs. standard hydrogen electrode) [5, 6]. Organic
liquid electrolytes commonly employed as an electrolyte for
lithium-ion batteries cause high reactivity towards Li metal
and form undesirable dendrites at anodes which results in poor
performance of batteries. The use of liquid electrolytes in Li-
ion battery causes serious safety issues due to possible leakage
of corrosive liquid, spontaneous combustion and explosion.
Therefore, the Li-ion conducting solid polymer electrolytes
(SPEs) can be a better alternative for abovementioned prob-
lems [7, 8]. As compared to other solid electrolyte, the poly-
mer electrolyte membranes are better option to develop a
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variety of electrochemical devices like rechargeable batteries,
supercapacitors, fuel cells and actuators. Lithium-ion
conducting solid polymer electrolyte based on polymer polyeth-
ylene oxide (PEO) is one of the most promising and widely
studied host solid polymer matrix due to its favorable properties
such as better shape and flexibility, good ionic conductivity,
good film forming ability, high solvating property and reduced
reactivity towards electrodes [9]. In the present study, IL-
assisted, PEO-based Li-ion conducting SPE for Li-ion recharge-
able batteries have been used [10, 11]. Earlier studied SPEs
formed by complexing PEO with various alkali metal salts have
low room temperature ionic conductivities (~10 °—
10® S em™"), which limits their application in fabrication of
various electrochemical devices [11]. The lower value of ionic
conductivity occurs due to multiphase nature of polymer elec-
trolytes consisting of high crystalline phase and less amorphous
phase, which hinders the motion of the ions in the polymeric
network. Therefore, to attain high value of ionic conductivity at
room temperature, different approaches were proposed such as
(a) addition of low molecular weight plasticizers/organic car-
bonates (e.g., ethylene carbonate (EC), propylene carbonate
(PC), diethyl carbonate (DEC)), (b) composite formation by
dispersing inorganic filler particles (like ZrO,, BaTiO;, Sb,0s,
Si0,, Al,05, CNT, and TiO,), and incorporating IL into Li-ion
conducting polymeric systems [12—15]. Among these ap-
proaches, the addition of IL in polymer and polymer electrolytes
is a versatile approach because IL offers many distinct advan-
tages such as high ionic conductivity, non-flammability, low
vapor pressure, good thermal stability, and broad electrochem-
ical window [16-21]. The application of ILs in electrochemical
devices, such as Li-ion batteries, not only fulfills the require-
ment of plasticizing salts but also offers improved thermal and
electrochemical stabilities. Various ILs having cations based on
imidazolium [22, 23], piperidinium [24, 25], quaternary ammo-
nium [26], morpholinium [27] and pyrrolidinium have been
explored as plasticizers for application in battery/capacitor [28,
29]. Shin et al. presented the suitability of pyrrolidinium cation-
based IL N-methyl-N-propylpyrrolidinium
bis(trifluoromethanesulfonylimide) (PYR3TFSI) in Li-
rechargeable battery [27-29]. However, 1-butyl-3-
methylimidazolium (BMIM™) cation-based ILs are less ex-
plored as electrolytes [22, 27], due to the following reported
interesting properties: IL 1-butyl-3-methylimidazoliumbis
(trifluoromethylsulfonyl) imide (BMIMTEFSI) has cathodic lim-
it (-2 vs. —1.5 V) and anodic limit (2.6 vs. 2.2 V), high electro-
chemical stability window (4.6 vs. 3.7 V), viscosity (52 cP at
20 °C vs. 63 cP at 25 °C) and high room temperature ionic
conductivity (3.9 mS/cm at 20 °C vs. 1.4 mS/cm at 25 °C)
[22, 27]. These parameters are improved compared to
pyrrolidinium-based IL.

In the present investigation, we report the synthesis and char-
acterization of polymer electrolyte membrane based on IL,
BMIMTFSI, lithium salt/lithium bis(trifluoromethane sulfonyl)
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imide (LiTFSI), and polymer PEO. The effect of IL on the
physicochemical properties of PEO-LiTFSI salt system have
been studied in terms of their ionic conductivity, structural
changes/surface morphology, complexation, phase transition
temperatures, thermal stability, transference number, electro-
chemical potential window and charge discharge characteristics.

Experiment

The Li-ion conducting SPE membranes (PEO + 20 wt.% of
LiTFSI) + x wt.% BMIMTFSI (for x = 0, 5, 10, 15, and 20)
were prepared by solution cast technique as described by us
earlier [30, 31]. The starting materials used for the preparation
of polymer electrolytes are poly(ethyleneoxide), PEO (m.
w. =6 x 10° g/mol), lithium bis(trifluoromethanesulfonyl) im-
ide (LiTFSI) (purity >99.9%), and IL BMIMTFSI of purity
>98% procured from Sigma-Aldrich. Prior to use, lithium salt
LiTFSI and IL BMIMTFSI were vacuum dried at 120 °C for
24 h and stored inside the argon-filled glove box. The thickness
of all prepared solid polymeric membranes lies in the range of
~150-300 pm.

Preparation of cathode

The electrode slurry was prepared using LiMn,Oy, as an active
material (80 wt.%), carbon black as conductive additive
(10 wt.%) and binder polyvinylidene fluoride (PVDF)
(10 wt.%) in 1-methyl-2-pyrrolidinone (NMP as solvent;
Sigma-Aldrich). After intimate mixing and stirring for 24 h in
an Ar atmosphere, the resulting slurry was casted on aluminum
foil with the help of doctor’s blade and left for drying at room
temperature. As a result, cathode film was put into the vacuum
oven at the 110 °C for 8 h to remove any traces of NMP solvent
and was pressed by applying the pressure of 1 ton with the help
of hydraulic machine. Disk-shaped films were cut having di-
ameter of 2 cm. Finally, the cell Li | (PEO + 20 wt.% LITFSI) +
20 wt.% BMIMTEFSI | LiMn,O,4 was assembled. The whole-
cell assembly was done in a glove box filled with Ar gas (H,O
and O, contents less than 0.5 ppm).

Measurements

The ionic conductivity measurements of the prepared polymer
electrolyte membranes were performed by electrochemical im-
pedance spectroscopy technique using an alpha analyzer
(Novocontrol) in the frequency range of 1 Hz—40 MHz. The bulk
resistance (R;) was determined from Nyquist plots. The ionic
conductivity (o) was calculated by using the following relation:

£ (1)

0 =—
RyA
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where 0 is the thickness of the sample, A is the cross-
sectional area of the disk-shaped sample and R, is the bulk
resistance obtained from Nyquist plots. For temperature-
dependent conductivity studies, thin disk-shaped polymeric
membranes were sandwiched between two stainless steel elec-
trodes, and the whole assembly was kept in a temperature-
controlled oven and the temperature-dependent conductivity
was measured by using Novotherm Alpha analyzer. The XRD
profiles of the polymer electrolyte membranes were obtained
using an X’Pert PRO X-ray diffractometer (PANalytical) with
Cu-Ko radiation (\ = 1.54 A) in the range of 26 = 10° to 50°.
The surface morphology of the polymeric membranes was
examined with the help of scanning electron microscope mod-
el Quanta C-200.

Differential scanning calorimetry was carried out using
Mettler DSC1 in the temperature range of —100 to 100 °C at
a heating rate of 10 °C/min under nitrogen atmosphere.
Thermogravimetric analysis (TGA) was performed on
Mettler TGA/DSCI1 in the temperature range of 30 to
600 °C in nitrogen atmosphere at a heating rate of 10 °C/
min. FTIR spectra of the polymeric membranes were recorded
with the help of Perkin-Elmer FTIR spectrometer (model
RX1) from 3500 to 400 cm .

To estimate the “electrochemical stability window” of the
polymer electrolyte, we have conducted cyclic voltammetric
(CV) studies using electrochemical analyzer with an
AUTOLAB PGSTAT 302 N controlled by NOVA 1.10.4 soft-
ware version (Metraohm Lab). The cationic and total ionic
transference numbers of SPEs were determined by combining
AC impedance spectroscopy and chronoamperometry
(At < 1 ms) technique. The linear sweep voltammetry (LSV)
and CV of the assembled cell Li | SPE | LiMn,0O, were mea-
sured at ambient temperature (~30 °C) with a scan rate of
0.01 V/s between ~0—4.5 and ~2.8-4.4 V, respectively. Two-
electrode cell was assembled by sandwiching SPE between
the LiMn,O,4 cathode along with cathode current collector,
Al-foil and lithium-metal anode, and then, electrochemical
performance test was carried out by using chronocharge-
discharge at 0.2 C rate between ~4.5 and 2.8 V.

Results and discussion

The polymer PEO is a polar and semicrystalline in nature. The
polar group present in PEO, i.e., C—-O—C bond, is known to
form complex with many alkali metal salts and introduces
ionic conductivity in it. Apart from conductivity, another im-
portant parameter which controls the ionic transport in poly-
mer electrolytes is the degree of crystallinity. The addition of
IL into PEO-LiTFSI complex system significantly changes
the degree of crystallinity as observed by XRD and DSC
studies.

Thermal studies

Figure 1a shows the DSC thermograms of pristine PEO and
(PEO + 20 wt.% LiTFSI salt) + x wt.% of BMIMTFSI (for
x=0,5,10, 15 and 20). The pure PEO exhibits a melting peak
(T,,) at 70 °C and (inset of Fig. 1a shows its magnified image)
glass transition temperature at —65 °C as shown in Fig. 1 (a).
When 20 wt.% LiTFSI salt was added in pristine PEO, T, and
T, of polymer electrolyte shifted to 67 and —40 °C, respective-
ly (see Fig. la (b)). It is also observed that the addition of
BMIMTFSI into the PEO + 20 wt.% LiTFSI results in a fur-
ther decrease in both 7, and T}, (as shown in Fig. 1a (c—f)) due
to the plasticization effect of the IL and increased dissociation
ofion pairs in the polymeric membranes [32, 33]. The degree
of crystallinity (X_.) of these SPEs has also been found to
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Fig. 1 a DSC thermograms of pristine PEO (a) and PEO + 20 wt.%
LiTFSI and PEO + 20 wt.% LiTFSI + x wt.% BMIMTFSI (), where
x=5(c),x=10 (d), x =15 (e), and x =20 (f). b TGA thermograms of
pristine PEO (a), pristine BMIMTFSI (b), and PEO + 20 wt.% LiTFSI

and PEO + 20 wt.% LiTFSI + x wt.% BMIMTESI (c), where x = 10 (d)
and x =20 (e)
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change with the amount of added IL. Therefore, the percent-
age degree of crystallinity has been evaluated by knowing the
values of melting heat (A H,,) of polymer electrolyte to the
melting (A H9, =213 J/g) of 100% crystalline PEO phase
using the following relation:

AH,,

Different thermal parameters such as glass transition tem-
perature, melting temperature and percentage degree of crys-
tallinity of pristine PEO along with various polymer electro-
lytes containing different amounts of BMIMTFSI are given in
Table 1. From this, we can see that on increasing the concen-
tration of BMIMTFSI into PEO + 20 wt.% LiTFSI polymer
electrolyte, the percentage degree of crystallinity decreases
significantly and reaches to 26% for SPE that contains
20 wt.% BMIMTEFSI [30].

The thermal stabilities of pure PEO, BMIMTFSI and poly-
mer electrolytes (PEO + 20 wt.% LiTFSI) + x wt.%
BMIMTEFSI for x = 0, 10, and 20) have been observed by
TGA as shown in Fig. 1b. Figure 1b (a and b), respectively,
shows the TGA curves of pristine polymer PEO and IL
BMIMTFSI. Figure 1b (c—e) shows the TGA curves of the
SPEs (PEO + 20 wt.% LiTFSI) + x wt.% BMIMTFSI for
x =0, 10, and 20. The pure PEO and pure BMIMTEFSI were
decomposed in single step with decomposition temperatures
of 400 and 460 °C, respectively, as observed from Fig. 1b (a
and b). On adding 20 wt.% LiTFS], salt in the polymer PEO,
two decompositions were obtained as indicated by 7;; and T,
and shown in Fig. 1b (c) [18]. Furthermore, two decomposi-
tion peaks were also found upon incorporation of different
amounts of BMIMTFSI to the SPE, PEO + 20 wt.% LiTFSI
(see Fig. 1b (c—e)) at slightly lower temperatures [11, 34].
From these observations, we conclude that all the prepared
Li-ion conducting SPEs are thermally stable up to ~350 °C,
which is suitable for high-temperature range of operation for
Li-ion rechargeable batteries.

Table 1  Melting temperature (7,,), glass transition temperature (7),
and degree of crystallinity (X,.) of the membranes for different values of
(PEO + 20 wt.% LiTFSI) + x wt.% of BMIMTEFSI, where x=0, 5, 10, 15,
and 20 obtained by DSC

Serial no.  Sample name T, T, X.(%)
1 Pure PEO 70 —65 80
2 PEO + 20 wt.% LiTFSI 67 —40 70
3 PEO + 20 wt.% LiTFSI + 5 wt.% IL 59 —53 31
4 PEO + 20 wt.% LiTFSI + 10 wt.% IL 57 —51 29
5 PEO + 20 wt.% LiTFSI + 15 wt.% IL 55 —59 27
6 PEO + 20 wt.% LiTFSI + 20 wt.% IL 52 —41 26
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Structural investigations

Figure 2a (a—c) shows the SEM micrographs of pure PEO and
prepared SPE membranes (PEO + 20 wt.% LITFSI) + x wt.%
BMIMTFSI (where x = 0 and 20). The pristine polymer PEO
shows rough surface morphology with larger number of crys-
talline domains as shown in Fig. 2a (a). When 20 wt.% LiTFSI
was added to polymer PEO to form a polymer electrolyte, then
decrements in the rough surface morphology along with de-
creased crystalline domains were observed [30, 32]. The in-
corporation of 20 wt.% of BMIMTEFSI to the PEO + 20 wt.%
LiTFSI results in a significant increase in smoother surface
morphology. These results clearly indicate that the incorpora-
tion of IL BMIMTFSI in PEO + 20 wt.% LiTFSI polymer
electrolyte increases the amorphous phase, which increases
the flexibility of the polymeric chain.

The X-ray diffraction profiles of pure PEO and polymer
electrolyte (PEO + 20 wt.% LiTFSI) containing different
amounts of BMIMTEFSI over the range of 26 = 10°-50° are
shown in Fig. 2b (a—f). Figure 2b (a) presents the XRD profile
of pristine PEO, which shows sharp crystalline peaks in the
vicinity of 260 = 15° to 30° along with some weak peaks at
20~15°, 26°, 27°, 36° and 40°. It can also be seen that these
crystalline peaks are riding over a broad halo, which confirms
the semicrystalline nature of the polymer PEO [35]. When
20 wt.% of LiTFSI salt was added to the polymer PEO, the
intensity of the halo increased, which corresponds to an in-
crease in the amorphous phase of the polymer electrolyte [36].
Also, we found the appearance of some new peaks at 14°, 17°,
18°, 19°, 27°, 23°, 25°, 27° and 28° corresponding to the
polymer-salt complex formation. From Fig. 2a (b), we have
found that when 20 wt.% LiTFSI was mixed with polymer, a
peak related to LiTFSI appeared at ~14°. But upon incorpo-
ration of BMIMTFSI into the PEO + 20 wt.% LiTFSI polymer
electrolyte system, two things are observed: (a) the intensity of
halo increased substantially and (b) relative intensities of the
crystalline peaks are reduced.

The absence of characteristic peaks related to LiTFSI in the
XRD profiles of the polymer electrolyte confirms the com-
plete dissolution of lithium salt into the PEO matrix in the
presence of IL. Furthermore, for higher content of
BMIMTESI in PEO + 20 wt.% LiTFSI SPE (say 20 wt.%),
the intensities of crystalline peaks are significantly reduced as
shown in Fig. 2b (f), which corresponds to the presence of
greater amorphous phase.

The FTIR spectroscopy technique has been used to know
the possible interaction of LiTFSI and/or BMIMTFSI with the
polymer PEO backbone. Figure 3a (a—f) shows the FTIR spec-
tra of pure polymer PEO, BMIMTFSI and PEO + 20 wt.%
LiTFSI + x wt.% BMIMTFSI forx=0, 5, 10, 15 and 20 in the
region 3500—400 cm .

The interaction/complexation between the polymer PEO and
cations of lithium salt LiTFSI or IL BMIMTFSI results some



J Solid State Electrochem (2017) 21:1713-1723

1717

Fig. 2 a SEM micrograph of
pristine PEO (@), PEO + 20 wt.%
LiTFSI (b) and PEO + 20 wt.%
LiTFSI + 20 wt.% BMIMTFSI
(c). b XRD pattern of pristine
PEO (a) and PEO + 20 wt.%
LiTFSI and (PEO + 20 wt.%
LiTFSI) + x wt.% BMIMTFSI
(b), where x = 5 (¢), x = 10 (d),
x=15(e) and x =20 (f)
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prominent change in two regions mainly: (i) 10001200 cm ™

related to the vibrations of C—O—C group present in PEO and
(ii) 3000-3200 cm™ ' related to the C—H stretching vibration of
BMIMTEFSI. The C-O—C-related vibrations of pure PEO ap-
pear as a group of three bands at 1060, 1116, and 1151 cm ™.
On incorporation of BMIMTFSI, IL in the PEO-LiTFSI com-
plex system, slight shifting in the C—O—C-related bands of PEO
was observed as shown in Fig. 3 (b), which indicates that there
is a interaction between the C—O—C group of polymer PEO and
the cations of salt (Li*) and/or IL (BMIM™) [37, 38]. The inten-
sity of the peak at 1060 cm ' related to C—~O—C vibration of
PEO increases with the concentration of BMIMTFSI in the
PEO-LiTFSI polymer electrolyte system, suggesting that C—
O—C group of polymer PEQ is largely affected due to large size
of TFSI anion at higher concentration of IL [39]. From Fig. 3a,
it can also seen that CH,-related bands of PEO at 843 and
948 cm™' are not found to change much upon incorporation
of IL(BMIMTFSI) into PEO + 20 wt.% LiTFSI system [40].
The intensity of bands related to CH, wagging and twisting
vibrations of PEO observed at 1281 cm™' starts decreasing
and bands shift towards lower wave number side upon

20 30 40 50
26 (degree)

incorporation of BMIMTFSI to the PEO + 20 wt.% LiTFSI
system and this effect is more pronounced at higher loading
of IL BMIMTFSI. The C—H stretching vibrations of
imidazolium cation ring of BMIMTFSI observed at ~3121
and 3157 cm™ ' are also affected due to the interaction of the
cation of IL (BMIM") with the polymer PEO backbone as
shown in Fig. 3c. From above discussion, it can be concluded
that salt or IL cation, i.e., Li* or BMIM™ (IL), gets complexed
with the C—-O—-C group of polymer PEO.

Temperature-dependent ionic conductivity studies

In our previous reported result, the ionic conductivity (o) of
pristine BMIMTFSI was found ~5.8 x 10 S cm ™ at room
temperature (~30 °C), which increases with increasing tem-
perature because of a decrease in viscosity at higher tempera-
ture [40], resulting in an easier ionic transport at higher tem-
peratures due to increase in the ionic mobility (1) of IL charge
carriers [19].

Figure 4a shows the typical Nyquist plot and its equivalent
circuit (inset of Fig. 4a of SPE (PEO + 20 wt.% LiTFSI +
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a <« Fig. 3 a FTIR spectra of pristine PEO (@) and PEO + 20 wt.% LiTFSI
and PEO + 20 wt.% LiTFSI + x wt.% BMIMTFSI (b), where x = 5 (c),
(a) x=10(d), x = 15 (¢) and x = 20 (/) in the range of 3500 to 400 cm™'. b
- FTIR spectra of pristine PEO (@) and PEO + 20 wt.% LiTFSI and PEO +
=S 20 wt.% LiTFSI + x wt.% BMIMTEFSI (b), where x = 5 (¢), x = 10 (d),
8 [ x =15 (e) and x = 20 (f) in the range of 1000 to 1200 cm L ¢ FTIR
@ MWW spectra of pristine BMIMTFSI (@) and PEO + 20 wt.% LiTFSI () (PEO +
g © 20 wt.% LiTFSI) + x wt.% BMIMTEFSI, where x =5 (b),x =10 (c),x=15
g (d) and x = 20 (e) in the range of 3000 to 3200 cm’!
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20 wt.% BMIMTFSI)) membrane at room temperature. From
which, the value of bulk resistance was estimated.
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figure). b Composition-dependent ionic conductivity for polymer
electrolyte membranes (PEO + 20 wt.% LiTFSI) + x wt.% of
BMIMTEFSI, where x = 0, 5, 10, 15 and 20 at 30 °C. ¢ Temperature-
dependent ionic conductivity of the polymer electrolyte membranes
PEO + 20 wt.% LiTFSI and (PEO + 20 wt.% LiTFSI) + x wt.%
BMIMTEFSI (a), where x =5 (b), x =10 (¢), x = 15 (d) and x = 20 (e)
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The composition-dependent ionic conductivity of (PEO +
20 wt% LiTFSI) + x wt.% BMIMTFSI forx=0, 5, 10, 15, and
20 at room temperature is shown in Fig. 4b. It can be seen that
with increasing content of IL into the PEO + 20 wt.% LiTFSI
system, ionic conductivity increases and attains a maximum
value of ~1.5 x 10°* S ecm™" for 20 wt.% of IL loading at
~30 °C. This increase in conductivity of polymer electrolyte
with the concentration of IL (BMIMTFSI) is because of the
increase in the amorphous phase of polymer electrolytes due
to the plasticization effect of IL BMIMTFSI [41, 42].

The temperature-dependent ionic conductivity of SPEs
(PEO+ 20 wt.% LiTFSI) + x wt.% BMIMTFSI for x = 0, 5,
10, 15 and 20 in the range of 30-70 °C is shown in Fig. 4c. It
has been found that the ionic conductivity increases linearly
with temperature and follows Arrhenius-type thermally acti-
vated behavior as [27]

o = o,exp(F) (3)

where E, is the activation energy, o, is the pre-exponential
factor and k is the Boltzmann constant. Using Eq. (3), the
activation energy for all the polymer electrolytes containing
different amounts of BMIMTFSI has been evaluated from the
slope of the plot. The value of E, for PEO + 20 wt.% LiTFSI
polymer electrolyte is found to be ~0.49 eV and starts to de-
crease with the addition of BMIMTFSI and reached the lowest
value (~0.17 eV) for the highest loading of IL (20 wt.% IL) in
the PEO + 20 wt.% LiTFSI SPE [43, 44]. This decrease in the
activation energy (E,) of SPE may be due to increased ionic
transport as well as increase in the number of mobile charge
carriers [30, 31]. In order to explain the ionic transport behav-
ior in SPE, a phenomenological model has been proposed as
shown in Fig. 5. Figure 5 (a) shows the semicrystalline nature
of polymer PEO matrix; with the addition of 20 wt.% LiTFSI
salt, the polymeric chain becomes more flexible (see Fig. 5
(b)). Furthermore, on incorporation of high IL content
(20 wt.% BMIMTEFSI) into the polymer-salt system, the SPE

Fig. 5 Schematic representation
to understand the ionic transport
behavior of pristine PEO and
SPEs PEO + 20 wt.% LiTFSI and
PEO + 20 wt.% LiTFSI +

20 wt.% BMIMTEFSI at room
temperature (~30 °C)

membrane becomes more flexible and gives higher conduc-
tivity [40].

Transference number

Figure 6a shows the total ionic transference number of pre-
pared SPE evaluated by using the DC polarization technique.
In this process, the SPE is sandwiched between two stainless
steel (SS) electrodes and variation of current is recorded as a
function of time. The total ionic transference number () has
been calculated using the following expression [30, 34]:

1

tion = I*I—j (4)

where /; and I, are the total and steady state currents, respec-
tively. t;,, of SPE was found to be ~0.98. This evaluated value
of t,,, indicates that the overall conductivity is mainly contrib-
uted by the ions. But from application point of view, the cat-
ionic transference number (¢ ;+ ) is an important parameter to
check the performance of polymer electrolytes. The Li-
cationic transference number (¢;;+ ) of the SPE PEO +
20 wt.% LiTFSI + 20 wt.% BMIMTFSI was calculated by a
combined AC/DC technique. Figure 6b shows a typical plot of
current vs. time for the symmetrical cell Li | SPE | Li. Inset of
Fig. 6b shows the resistance of the cell before and after polar-
ization. The ¢ ;+ is calculated by using the following equation
[44, 45]:

_ L(AV-R,1L,)

W =T AVARL) )

where /, and [ are the initial and steady state currents, respec-
tively and R, and Ry are the cell resistances before and after
polarization. From Eq. (5), #;;+ has been found to be ~0.27
[46-49].
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Fig. 6 Chronoamperometric curve at an applied voltage of 10 mV of the cell a SS | SPE | SS and b Li | SPE | Li at room temperature (~30 °C). Inset of b
is the impedance plot of the cell Li | SPE | Li at room temperature before and after polarization

Electrochemical stability

To know the electrochemical potential window of optimized
concentration of BMIMTFSI IL-based, Li-ion conducting
SPE, LSV and CV have been performed. In this process, Li
metal has been taken as reference and counterelectrode and
LiMn,0, as working electrode. Figure 7a shows the anodic
electrochemical stability of fabricated cell Li | PEO + 20 wt.%
LiTFSI + 20 wt.% BMIMTFSI | LiMn,O,4 examined by linear
sweep voltammetry. It can be seen from Fig. 7a that a wide
electrochemical stability window up to ~4 V is obtained [50].
This observed wide electrochemical window is suitable for
application in electrochemically stable Li-rechargeable
batteries.

Figure 7b shows the cyclic voltammetry curve of Li | SPE |
LiMn,0y cell within the voltage range of 2.8 to 4.4 V at room
temperature with scan rate of 0.01 Vs™'. As seen from Fig. 7b,

[
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each CV curve of the prepared cell shows that the
intercalation/deintercalation of Li* from LiMn,O, cathode
has been taken at voltage of 3.8 and 4.1 V, respectively.

Charge-discharge studies

To investigate the application of optimized SPE, it is
sandwiched between Li anode and LiMn,O, cathode and the
performance of the cell (Li | SPE | LiMn,0O,4 schematically
shown in Fig. 8) has been recorded at room temperature with
0.2 C rate as shown in Fig. 9a. The lower and upper cutoff
potentials of the cell were fixed at 2.8 and 4.5 V, respectively,
to avoid the decomposition of electrolyte. A flat plateau has
been observed around 3.8 V. This shows that the Li
intercalation/deintercalation has been taken in this voltage
range (~3.8 V) [51, 52]. Figure 9b shows the cyclic perfor-
mance of cell Li | SPE | LiMn,Oy4.
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Fig. 7 a LSV of assembled battery Li | SPE | LiMn,0y, at scan rate of 0.01 V/s. b CV profiles of Li | SPE | LiMn,0, battery at different scan rate of

0.01 V/s in the range of 4.4 to 2.8 V

@ Springer



J Solid State Electrochem (2017) 21:1713-1723

1721

I PEO+20 wt.% LiTFSI+20 wt.% BMIMTFSI

Current collector e Al (U= Current collector

Li-sheet anode

LiMn,0, cathode

Fig. 8 Schematic illustration of prepared cell Li | SPE | LiMn,O4

Figure 9b demonstrates the cyclic performance of the
cell Li | SPE | LiMn,0y4. From this figure, it is observed
that the areal discharge capacity remains constant at
~152 pAh/cm? up to 20th cycle at room temperature; this
may be because solid electrolyte interface (SEI) acts as a
protective layer at electrode-electrolyte interface, which
prevents the capacity fading up to 20 cycles. After 20 cy-
cles, the areal discharge capacity fading occurred slowly
and became 140 pAh/cm? at 25th cycle. It may be due to
the side reactions occurring at the electrode-electrolyte
interface during intercalation/deintercalation process

21st
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Fig. 9 a Charge-discharge characteristics for 1st, 20th, 21st and 25th
cycles between ~4.5 and 2.8 V. b Charge-discharge capacities and
Coulombic efficiencies of cell Li | SPE | LiMn,0O,4 during cycling of
charge-discharge for 25 cycles

[53-56]. Also, we have calculated the Coulombic effi-
ciency by using the following equation:

n= (igd) x 100% (6)

c

where A Q;=(0,—0)and A QO.=(Q,— Q) are the
amounts of charge during discharge and charge cycles, respec-
tively, and by using above Eq. (6), we have determined the cell
Coulombic efficiency of the battery for 25 cycles. The
Coulombic efficiency of the Li | SPE | LiMn,O, is nearly
100% except for first cycle. It is less for the first cycle due
to the formation of a protective SEI film on the electrode-
electrolyte interface [30, 53]. Resulting cycling performance
reflects their higher reversible charge-discharge ability. We
obtained a better interfacial property towards the lithium-
metal anode, and cycling ability of the cell shows good results
at room temperature. Therefore, this optimized high-content,
IL-based SPE can be employed both as a separator and elec-
trolyte for application in Li-rechargeable batteries and sug-
gests that the cycling behavior of this battery system is good.

Conclusions

The BMIMTEFSI IL-based polymer electrolytes (PEO +
20 wt.% LiTFSI) + x wt.% BMIMTEFSI for x = 0, 5, 10, 15
and 20 were prepared by solution-casting technique, and ther-
mal behavior, ionic conductivity, complexation, electrochem-
ical stability, transference number (ionic and cationic), and
interfacial properties with Li/LiMn,O, cell were studied by
using different techniques such as DSC, TGA, EIS, SEM,
XRD, CV, chronoamperometry and chronocharge-discharge.
SEM, XRD, and FTIR results show that the ions of LiTFSI/
BMIMTFSI interact with the C—-O—C group of polymer PEO,
and result enhanced polymeric chain flexibility and hence the
ionic conductivity. DSC result shows that the degree of crys-
tallinity decreases with the incorporation of BMIMTFSI IL in
the polymer-salt complex system, and TGA confirms the ex-
cellent thermal stability which is up to ~350 °C. The incorpo-
ration of BMIMTFSI IL into the polymer-salt complex system
results in a significant increase in ionic conductivity and in-
creases with increase in temperature and reaches
~22x 107 Scem ' at 70 °C for (PEO + 20 wt.% LiTFSI) +
20 wt.% BMIMTFSI. CV study shows the suitability of SPEs
containing BMIMTFSI IL for lithium polymer battery appli-
cation with well-defined redox potentials and high-voltage
window for prepared cell. The presence of IL in SPEs signif-
icantly reduces the resistance of the cell and also helps to
achieve faster lithium electrode stabilization. The optimized
SPEs with good ionic conductivity and mechanical integrity
show good Columbic efficiency (100% up to 25 cycles) and
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stable cyclic performance for the prepared cell Li | SPE |
LiMn,0, at room temperature (30 °C).
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