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Abstract—A free standing polymer electrolytes films, containing poly(glycidyl methacrylate) (PGMA) as the
polymer host, lithium perchlorate (LiClO,), and ionic liquid 1-butyl-3-methylimidazolium bis(trifluorometh-
anesulfonyl)imide [ Bmim][TFSI] as a plasticizer was successfully prepared via the solution casting method. The
XRD analysis revealed the amorphous nature of the electrolyte. ATR-FTIR and thermal studies confirmed the
interaction and complexation between the polymer host and the ionic liquid. The maximum ionic conductivity
of the solid polymer electrolyte was found at 2.56 x 107> S cm™! by the addition of 60 wt % [Bmim][TFSI] at
room temperature and increased up to 3.19 x 104 S cm~! at 373 K, as well as exhibited a transition of tempera-
ture dependence of conductivity: Arrhenius-like behavior at low and high temperatures.
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1. INTRODUCTION

Solid polymer electrolytes (SPEs) are gaining more
attention nowadays as a promising candidate to
replace the usage of toxic, hazardous, and leakable lig-
uid electrolyte in electrochemical devices. SPEs are
generally defined as polymeric materials complexed
with metal salts and widely used in electrochemical
devices application such as batteries, solar cells, sen-
sors, capacitors and fuel cells as ionic medium for
charge carriers as well as conductive separators [1]. It is
an attractive material because of its special properties,
such as easy of handling and manufacturing process,
light weight, can be operated at high temperature, high
automation potential, no separator needed and multi-
functional cell design flexibility of SPE [2—4].

Recently, acrylate based polymer electrolyte
received a lot of attention due to its feasible and fast
curing properties obtained by photo-polymerization
technique. Photo-polymerization is very attractive

! The article is published in the original.

technique because it is a very rapid reaction, simple
method, and cost effective, which is an important fac-
tor in large scale production [5—7]. One of the out-
standing acrylate based polymer electrolyte is polygly-
cidyl methacrylate (PGMA), which is a class of ester
which consists of functional groups of ether, carbonyl,
and epoxy ring. The polarity of these functional
groups provides an active site for ions to form coordi-
nation [5, 8]. It has received more attention due to its
low toxicity in both monomer and polymer forms, and
having excellent flexibility, thermal, and mechanical
stability compared to others methacrylate com-
pounds [5]. Imperiyka et al. [9] reported that the high-
est conductivity of PGMA—LiClO, was obtained
upon the addition of 30 wt % LiClO, with the value

of 4.2 x 10~ S cm~!. The ionic conductivity value was
found to be reduced after the addition of lithium salt at
30 wt % and more. With the aims to raise the ionic
conductivity value by increasing the ionic mobilities,
acrylate based polymer electrolytes were designed with
inclusion of room temperature ionic liquids (RTILs)
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into the electrolytes system. RTILs, which are also
known as molten salts, have become prominent mate-
rials in SPE due to their unique properties such as
non-volatile, non-toxic and non-flammable qualities.
They consist of bulky organic cations and highly delo-
calized-charge inorganic anions, along with low melt-
ing point (<100°C) [10]. Moreover, RTILs acts as a
plasticizer in the SPE system, which improved the
movement of polymeric chains, therefore provide free
volume for ions transportations [11]. These properties
are expected to enhance ion dissociation of lithium
salts, thus contributed for high ionic conductivity.
Based on earlier study, doping ionic liquid into poly-
meric system enhances and generates ionic conductiv-
ityupto~10— S cm~' [12—14].

PGMA-LIiCIO,—BmimTFSI based polymer elec-
trolyte film was prepared via solution casting tech-
nique and characterized using scanning electron
microscopy (SEM), X-ray diffraction (XRD), Fourier
transformation infra-red spectroscopy (ATR-FTIR)
AC electrochemical impedance spectroscopy (EIS),
differential scanning calorimetry (DSC), and thermo-
gravimetry analysis (TGA) to observe the effect of
BmimTFSI weight percentages on the morphology,
structure, chemical interaction, ionic conductivity and
thermal properties of the electrolyte. It is expected that
the ionic conductivity value will rise along with the
increase of RTILs weight percentages and remained
their flexibility and thermal stability properties.

2. EXPERIMENTAL DETAILS
2. 1. Material

Glycidyl methacrylate (GMA) with an average
molecular weight of 142.15 g mol~! (Aldrich), lithium
perchlorate (LiClO,) (Aldrich), dichloromethane
(DCM) (J.T. Baker), 2,2-dimethoxy-2-phenylace-
tophenone (DMPP) (Aldrich) and tetrahydrofuran
(THF) (J.T. Baker) were used without further purifi-
cation, except for the ionic liquid 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfo-
nyl)imide (BmimTFSI) (Merck).

2.2. Purifying the BmimTFSI

BmimTFSI ionic liquid was mixed in DCM and
this combined organic system was rinsed with a small
amount of the deionized water until the aqueous phase
was halide free (silver nitrate test). DCM was removed
through evaporation process inside a fume chamber.
The ionic liquid was finally stored under nitrogen gas.

2.3. Preparation of SPE

The synthesis of the PGMA is according to the pre-
vious method [9]. 2,2-Dimetoxy-2-phenylacetophe-
non (DMPP), as photo-initiator was mixed into an
appropriate amount of GMA. The mixture was
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exposed to the UV radiation in UV box (Rs. Ltd.) con-
taining four 60 W UV lamps under continuous flow of
nitrogen gas for 5—10 min. After the polymerization
was completed, the homopolymer was rinsed with
methanol to remove any impurities or unreacted
monomer. The homogenous solutions of PGMA with
different concentrations of ionic liquid were prepared
via solution casting method. 3 g of the PGMA was
added into the 30 mL of THF and stirred for 24 h. The
amount of LiClO, were fixed at 30 wt % and various
weight percentages of BmimTFSI ionic liquid were
dissolved separately in different Erlenmeyer flask with
halfamount of THF (15 mL) for 12 h. These three sep-
arate solutions were mixed and further stirred for 24 h.
The homogenous electrolyte solution was then poured
onto a teflon mould and the solvent was allowed to
evaporate slowly at room temperature. The electrolyte
film was further dried in a vacuum oven at 55°C for
72 h in order to remove any residual solvent. The free
standing film was peeled off from the mould and
stored in a dry box for further characterization.

2.4. Characterization

The morphological observation on the polymer
electrolyte films was observed by scanning electron
microscopy model Philips CM 12 and examined at
15 kV with <10° K magnification at room temperature.
The samples were coated with thin layer of gold in
order to make them more conductive, resulting clear
micrograph. The structure of the electrolyte was
investigated via X-ray diffractometer (XRD) model
Bruker D8-Advance diffractometer within the range
between 20 = 3°-70°. Attenuated total reflectant-
Fourier transform infrared (ATR-FTIR) analysis was
carried out by using spectrometer Perkin Elmer Spec-
trum 2000 from 4000 to 650 cm~! with scan resolution
of 2cm~". It was used to investigate the interaction
between the PGMA-salt complexes with the
BmimTFSI ionic liquid. The ionic conductivity was
analyzed using HIOKI-3532-50 LCR HiTESTER at
the frequency range between 50 Hz—5 MHz at ambi-
ent temperature, as well as temperature up to 100°C,
for temperature dependence on conductivity. The
conductivity of the sample was calculated using

Eg. (1),
o =1/R, A, (D

[ is the film thickness (0.02—0.03 cm), R, is the bulk
resistance determined from the complex impedance
plot and A is the contact area between the electrolyte
and the electrode (cm?). The thickness of the sample
was measured using a digital calliper (Mitotuya).
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The [O/(Li" + Bmim™)] ratio for a single polymer
was calculated by extending the equation into binary
charge carriers system (2) [5]:

[0/(Li+ +Bmim”) ]

_ Mpgpia X (MW Licio, T My BmimTFSI) X npgma
(MLiC104 + MBmimTFSl) X My pGma

where Mpgmya = mass of PGMA (g8), My 1icios =
molecular weight of LiClO, salt (g mol™!), My, giniresi =
molecular weight of BmimTFSI (g mol™"), M| ;cios =
mass of LiClO, salt (g), Mpimrest = mass of BmimTFSI
(g), My, pGuma = molecular weight of PGMA (g mol ™),
npgma = number of oxygen atom in PGMA per
repeated unit monomer.

2)

B

DSC was used to study the glass transition tempera-
ture (7,) of PGMA~LIiCIO, and PGMA-LIiCIO,—
BmimTFSI in the temperature range from 20 to 170°C
at 10°C/min. Thermogravimetry analysis was mea-
sured from room temperature up to 600°C. Both
analyses were performed under dynamic nitrogen gas
with Setaram Instrument DSC/TGA analyzer model
Labsys Evo.

3. RESULTS AND DISCUSSION
3.1. Morphological Observation

Figure 1 illustrates morphological observation for
(a) PGMA and PGMA-LIiClO,, with (b) 0 wt %,
()20 wt %, (d) 60 wt % and with (e) 70 wt %
BmimTFSI. Figure la represents the morphological
observation of porous structure that might be due to
the evaporation of solvent during the casting process in
pure polymer host, PGMA [15]. Figure 1b shows
PGMA polymer matrix with the inclusion of lithium
salt, whereby the salt is indicated to dissolve in the
polymer matrix as no trace of salt’s crystals is observed
[5]. Similar to Fig. la, the observed pinholes is
believed was due to the evaporation of solvent during
the casting process. After the addition of ionic liquid
BmimTFSI into the polymer matrix, a smoother and
homogenous surface was produced on the fracture
samples up to 60 wt % BmimTFSI with ordered strips
that showed arrangements of polymer and BmimTFSI
in the system. This may a consequence of entrapment
of BmimTFSI in the polymer matrix [16]. According
to literatures, the appearance of the smooth surface on
SEM micrograph is strongly related to amorphous
nature of polymer [5, 7, 8, 15, 17]. Leones et al. [15]
indicated the increase in amorphous nature of SPE
increases the flexibility of the polymer backbone, thus
facilitates ion mobility through the polymer system,
and increases the ionic conductivity of the SPE [15].
The morphology of PGMA-LiCIO,—BmimTFSI
SPE became rough after further addition of 70 wt %
BmimTFSI, as observed in Fig. le.
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3.2. Structural Studies

The respective diffraction patterns of pure PGMA,
and PGMA-LiCIO, with various wt % of BmimTFSI
are shown in Fig. 2. The polymer host, PGMA, shows
semi-crystalline characteristics between Bragg angle
of 20 = 5° to 18°. From the diffraction pattern, it obvi-
ously shows that upon the addition of BmimTFSI, the
semi-crystalline intensities are reduced significantly.
The reduction in the intensity of the semi-crystalline
peak also indicates the amorphous characteristic of
the polymer electrolyte increases [18]. It is believed
that the arrangement order of polymer matrix has been
distracted by addition of BmimTFSI ionic liquid, as a
result it has decreased the crystallinity region and
rigidity of the polymer backbone [12, 19]. According
to the previous report [5], higher amorphous region in
polymer matrix provide more free volume for the seg-
mental motion, thus accelerates the ionic mobility,
and thereby, increases the ionic conductivity signifi-
cantly. After the addition of 70 wt % BmimTFSI, the
intense crystallization peaks are apparently observed
at 20 = 13°, 23°, 26°, 35° and 56°, which correspond
to those of LiClO, which is at 20 = 12° to 13°, 20° to
22°,22°t0 24°, 31° to 32°, 32 to 33° and 57°. The exis-
tence of intense crystallization peak shows ion associ-
ation and coagulation to lead the decrease in conduc-
tivity.

3.3. Thermal Studies

Figure 3 illustrates the DSC curves for PGMA,
PGMA-LiCIO, and PGMA-LiCIO,—60 wt %
BmimTFSI SPE. The experimental glass transition for
pristine PGMA is at 43°C. There is an increase of 7,
value for PGMA—LIiClO,, which is 97°C and this val-
ues decreased after the presence of 60 wt %
BmimTFSI to 41°C. The plasticizing behaviour of
ionic liquid [20] is believed as the major effect that
reduces the glass transition temperature of PGMA—
LiC10,—60 wt % BmimTFSI SPE. BmimTFSI helps
to reduce the crystallinity of the polymer matrix by
destroying the ordered arrangement of the polymer
backbone [6]. The plasticizer softens the polymer
backbone. The increase in amorphous region
enhances the flexibility of the polymer that results in
the acceleration of polymer segmental motion and
thus, provides more void and free space for ion migra-
tion and thereby, increases the ionic conductivity by
providing more conducting pathways [13, 14].
According to Ramesh et al. [16], the existence of
BmimTFSI in polymer electrolyte system weakens the
dipole-dipole interactions between polymer chain and
reduces the solvation effect of Li* cation, thus disrupts
the cross linking bonds among the polymer matrix.
This contributes in promoting the ion coupling due to
its high self-dissociating, as well as ionic hopping
properties, and subsequently, enhances ionic mobility
towards high ionic conductivity [12].
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(b)

(d)

Fig. 1. SEM images for (a) PGMA and PGMA—LiCIO, with (b) 0 wt %, (c) 20 wt %, (d) 60 wt %, and (e) 70 wt % BmimTFSI.

Figure 4 shows TGA thermograms of pristine
PGMA, classic polymer electrolytes PGMA—LIiCIO,,
and PGMA-LiClO,, with the inclusion of 60 wt %
BmimTFSI, while Table 1 indicates the weight loss
(wt %) of PGMA, PGMA-LiClO,, and PGMA—
LiC10,—60 wt % BmimTFSI. The thermograms show
single step thermal degradation (7;) of pristine
PGMA, PGMA-LiClO,, and PGMA-LiCIO,—
60 wt % BmimTFSI. The first thermal degradation

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 52

(Ty,) stage of PGMA in Fig. 4 is observed at 284°C
with 10 wt % loss and achieves its temperature at max-
imum weight loss (7},,,) at second thermal degrada-
tion (7y,) at 298°C with the highest yield up to 51 wt %
loss. The T}, degradation starts with the depolymer-
ization of the unsaturated chain ends to monomers,
followed by random decomposition of ester chain scis-
sion at the T7},, which results in elimination of acro-
lein, allyl alcohol, carbon monoxide, carbon dioxide,
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Fig. 2. XRD pattern for PGMA—LiClO4—BmimTFSI solid polymer electrolyte.

dimethyl ketene, isobutene, propene and glycidol
[21—-32]. The third thermal degradation (7};) stage is
observed at 429°C with 21 wt % loss and 18 wt % of
residue left after thermal decomposition that took place
up to 600°C. The T;; decomposition is related to the
decomposition of minor products arising from ester
decomposition such as acrolein, allyl alcohol, glycidol,
isobutene, and propene to form gasses products such as
carbon dioxide and carbon monoxide [30].

6L — PGMA—1
— PGMA + LiClO,—2
PGMA + LiCIO, + 60wt % 2
BmimTFSI—3

Heat flow, mW

60

100 140 180
Temperature, °C

Fig. 3. DSC thermograms of (/) PGMA, (2) PGMA—
LiClO,4 and (3) PGMA—LiClO4—BmimTFSI.
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With the presence of LiClO, in PGMA, a slight
weight loss was observed in the region of 23—214°C in
Fig. 4 is mainly related to the vaporization of moisture
and solvent residue due to hydroscopic nature of LiCIO,
salt. The T, of thermal degradation is found to
increase to 324°C and further increased to 346°C with
the highest yields of weight loss at 62 wt % after the
introduction of BmimTFSI into the PGMA—LIiCIO,
system. The increase in 7y of PGMA—LIiClO, after the
addition of BmimTFSI ionic liquid indicates higher
thermal stability of polymer electrolytes. The ionic
liquid is believed to form a strong intermolecular inter-
action between the cation and the (C—O—C) poly-
meric segment, as supported by the FTIR analysis.
The strong interaction requires more heat to break the
PGMA-LiCIO,—BmimTFSI polymer -electrolytes.
This phenomenon results in higher thermal stability of
polymer electrolytes as demonstrated in the TGA
thermograms [33].

3.4. Infrared Analysis

The vibrational mode for the various types of func-
tional groups in PGMA based on polymer electrolyte
is analyzed from Fig. 5 and Fig. 6 and summarized in
Table 2. The main focus of this investigation is the
region of carbonyl functional group (C=0) (1850—
1650 cm™"), ether (C—O—C) (1300—1000 cm™!) and
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Fig. 4. TGA thermograms of (/) PGMA, (2) PGMA—-LiClO4 and (3) PGMA—LiClO4—BmimTFSI.

epoxy (C—0—-C) (1280—1230, 950—815 and 880—
750 cm™') group in PGMA. It is also interesting to
observe the effect of the interaction on amine active
site and neighbouring functional group in BmimTFSI
ionic liquid.

Figure 5 illustrates the FTIR spectra for carbonyl
functional group (C=0) of PGMA homopolymer,
and PGMA-LiClO, with 0, 20, 40, 60 wt %
BmimTFSI. Carbonyl stretching mode of ester in
PGMA homo-polymer is observed at 1718 cm~! and is
shifted to 1716 cm~' upon the addition of 40 to 60 wt %
of BmimTFSI. Lower wavenumber in carbonyl
stretching mode of ester is due to the appearances of
conjugated C=C stretching from PGMA monomers,
as observed at 1643 and 998 cm™! (cis and trans
stretching mode, respectively).

Figure 6 shows FTIR spectrum for ether functional
group (C—O—C) of PGMA homo-polymer, and
PGMA-LIiCIO, with 0, 20, 40, 60 wt % BmimTFSI.

The ether asymmetric and symmetric stretching
modes in PGMA are examined at 1153 and 1072 cm~1.
The inclusion of BmimTFSI has shifted the (C—O—C)
asymmetric stretching mode to 1132 cm™! and sym-
metric mode to 1095 cm~'. While, the change is insig-
nificant at 848 and 905 cm~! for (C—O—C) symmetric
and asymmetric stretching of epoxide ring in PGMA.
It is also revealed that C—O—C weak ring stretching
bend (breathing mode) of epoxide ring in PGMA,
observed at 1256 cm™!, is shifted to 1230 cm~!. The
shift indicates that there is a strong interaction at oxy-
gen lone pairs of ether and epoxide ring in PGMA.

The SO, asymmetric stretching, CF; symmetric
stretching, and bending of bis(trifluoromethyl)sulfo-
nyl-imide [TFSI]~ from BmimTFSI ionic liquid are
shown at 1350, 1196, 1139, and 761 cm™!, respectively.
The CF; symmetric stretching of [TFSI]~ is shifted to
1187—1183 cm~!. While, CF; bending of [TFSI]~ in

Table 1. Percentage of weight loss (wt %) of PGMA, PGMA—LiClO,, and PGMA—LiClO,—60 wt % BmimTFSI

% Weight loss (wt %) Total Weight loss | Residue after
Sample (NCO/OH) (Wt %) 600°C (%)
Ty, (=280°C) T4, (=300°C) T4 (~430°C) wt 7o 0
PGMA 10 51 21 82 18
PGMA-LiClO, 21 44 12 77 23
PGMA-LiCIO4,—BmimTFSI 26 62 9 97 3
RUSSIAN JOURNAL OF ELECTROCHEMISTRY Vol.52 No.4 2016



368

100

Transmittance, %

90 5

2]
(e}

2
o

50

40

NABILAH et al.

7 e 20 wt % BmimTFSI

60 L 6 —— 40 wt % BmimTFSI
5 —— 60 wt % BmimTFSI
4 LiCIO,
3 — BmimTFSI
- 2 —— PGMA
1,2 1 —— 0wt % BmimTFSI
1800 1700 1600 1500 1400

Wavenumber, cm ™!

Fig. 5. FTIR spectra for carbonyl functional group (C=0) of PGMA homo-polymer and PGMA—LiClO4 with 0, 20, 40, 60 wt %
BmimTFSI, pure BmimTFSI and LiClOy, as references.
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Fig. 6. FTIR spectra for ether functional group (C—O—C) region of PGMA homo-polymer and PGMA—LiClO,4 with 0, 20, 40,
60 wt % BmimTFSI.
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Table 3. Variation of room temperature ionic conductivity
and [O/(Li* + Bmim™)] ratio of PGMA—LiClO, at differ-
ent wt % of ionic liquid BmimTFSI

Wt % Ionic conductivity, o [O/(Li" +
[Bmim][TFSI] (Scm™) Bmim™)] ratio
0 2.27 x 1077 7/1
10 1.98 x 10~ 28/1
20 2.55 % 107° 22/1
30 2.71 x 107° 19/1
40 3.12%x10°° 16/1
50 1.42 x 1073 14/1
60 2.56 x 1073 12/1
70 8.23 x 10°° 11/1

PGMA based BmimTFSI polymer electrolytes over-
laps with CH, rocking of PGMA (749 cm™!) and
[Bmim]* (741 cm™!) to 747—743 cm~!. The CH, scis-
soring and CH; asymmetric bending of PGMA, N—H
bending mode (out-of-plane), C=C (overlaps with
N—H bending—primary amine), and C—N stretching
of Bmim™ are not distorted with the addition of
BmimTFSI. However, —CH, stretching (sp®) of
[Bmim]* (2968, 2941, 2881 cm™") are shifted to 2963,
2946, 2882 cm~!. Besides, —C—H antisymmetric and
symmetric stretching (sp?) of cyclic Bmim* (3158,
3122 cm™!) are shifted to 3167, and 3138 cm~!. The
C—H vibrational mode for cyclic Bmim* suggests
interactive bond with oxygen group from PGMA.
More importantly, the appearance of N—H stretch-
ing mode of primary amine in Bmim™ is observed at
1228 cm~. This indicates the interaction between the
oxygen lone pairs of ether and epoxide ring in PGMA
with Bmim* weakens the bond between BmimTFSI,
which accelerates the ion dissociation and leads to ion
transportation by the formation of polymer-
BmimTFSI complex [12, 19]. As a result, more mobile
carriers are produced and led to higher ionic conduc-
tivity. These results are in agreement with the conduc-
tivity measurement.

3.5. lonic Conductivity Studies

The relationship between ionic conductivity and
[O/(Li* + Bmim™)] ratio at different concentration of
ionic liquid BmimTFSI at room temperature is shown in
Table 3. The ionic conductivity of PGMA—LiCIO,—
BmimTFSI is found to increase with the addition of
BmimTFSI concentration. The highest room tem-
perature ionic conductivity was obtained at 60 wt % of
BmimTFSI with the value of 2.56 x 105 S cm™,
which is high enough for practical applications in elec-
trochemical devices application such as lithium batter-
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ies. This value shows greater improvement compared
to the classic system, PGMA-LiCIO, without
BmimTFSI, which is 2.27 X 10~7 S cm~!. As compari-
son to the established study carried out by Ramesh et al.
[16], our data in solid polymer electrolytes are only
one magnitude lower than the highest ionic conduc-
tivity achieved by PMMA—PVC blend gel polymer
electrolytes with the presence of LiTFSI and
BmimTFSI. Recent study by Shalu et al. [33] has
found that the incorporation of BmimTFSI in PVdF—
HFP + 20 wt % LiTFSI polymeric gel electrolyte
membranes has achieved the maximum value of 2 %
103 S ecm™! at 30°C. PvDF—HFP is known for its
strong electron withdrawing and high dielectric con-
stant which is a favorable choice of polymer electrolyte
host and has demonstrated sufficient conductivity for
commercial usage in secondary batteries [3, 18].
According to Singh et al. [13], the ionic conductivity
of SPE depends on the amount and the mobility of the
charge carriers. Therefore, the increase in ionic con-
ductivity is mainly due to the increase of the charge
carriers in the electrolyte system, as shown by the pro-
portional relationship between the numbers of charges
and the ionic conductivity in the following equation,

c=ce(u,+u_)=ch, 3)

o is conductivity, A is molar conductivity, c is salt con-
centration, e is charge on an electron, and u, and u_
represent the ion mobility [20].

Since ionic liquid comprises of only ions, the addi-
tion of ionic liquid into the polymer electrolyte system
increases the quantity of charge carriers. Besides, it
contributes to the formation of pathway for ionic
mobility, hence increases the conductivity values [16].
However, the addition of ionic liquid at more than
60 wt % reduced the ionic conductivity and it is sug-
gested caused by the congested system that limits the
ions mobility. It proves that the addition of 70 wt %
ionic liquid BmimTFSI reduced the ionic conductiv-
ity of the polymer electrolyte to 8.23 x 107 S cm™L.
However, beyond the maximum value at 60 wt %, the
ionic conductivity is expected to decrease along with
the film’s flexibility from 70 wt % BmimTFSI upward.
The maximum ionic conductivity value at 60 wt %
BmimTFSI shows the maximum effective interaction
between oxygen atoms and the cation in PGMA—
LiClO0,—BmimTFSI SPE system. The effective inter-
action can be expressed by the number of interaction
between oxygen atoms to the cation or simply written
as [O/Li* + Bmim*] ratio. The incorporation of
BmimTFSI in PGMA-LiCIO, system is found to
increase [O/(Li* + Bmim™)] ratio from [7/1] to [28/1]
and subsequently increases the ionic conductivity.
This is due to the large number of charge carriers, Li*
ions responsible in increasing the ionic conductivity.
The charge carrier weakens the coordination bond
between the Li" with electron withdrawing group,
such as (C=0), (C—0—C) and epoxide ring, and pro-
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Fig. 7. Arrhenius plots of ionic conductivity for PGMA—LiClO4—60 wt % BmimTFSI SPE.

motes high dissociation rate and ion-migration of
[Bmim]* cation and [TFSI]~ anion. The bulky
[TFSI]~ anion structure and low lattice energy confir-
mation accelerate the ionic dissociation [12]. This
helps in decoupling of ion from the polymer backbone
and as a result, more mobile carriers are produced and
thus, facilitate the ion transportation through the
polymer matrix, leading to higher ionic conductivity.
As for low concentration of BmimTFSI, the conduc-
tivity of the system only depends on the number of
charge carriers effectively interacting with polymer
host, while the mobility of ion is not counted in this
case, on the other hand at higher amount of
BmimTFSI, the ionic conductivity is controlled by the
ion mobility and formation of ionic conduction path-
way [16]. Overall, the effective interaction between the
oxygen atoms and the cation in PGMA—-LiCIO,—
BmimTFSI is found to reduce as the BmimTFSI con-
centration rises from [28/1] to [12/1] of [O/(Li* +
Bmim™)] ratio. The increasing numbers of BmimTFSI
conducting species in the PGMA—LiClO, polymer
electrolyte helps to increase the conductivity value
[34]. The optimum [O/(Li* + Bmim™)] ratio for
PGMA-LiCIO,—BmimTFSI is found at [12/1] for
60 wt % of ionic liquid BmimTFSI with ionic conduc-
tivity at 2.56 X 10> S cm™L

Figure 7 demonstrates the temperature depen-
dence plot by two different Arrhenius plots for
PGMA-LIiClO,—60 wt % BmimTFSI SPE (a) plot 1
for temperature range between 30—70°C, and (b) plot 2
for temperature range between 70—100°C. Plot 1 and
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plot 2 show linear relationship between conductivity
and temperature with the regression line of 0.9989 and
0.9999, respectively. This indicates that PGMA—
LiC10,—60 wt % BmimTFSI polymer electrolyte sys-
tems exhibit Arrhenius-like behavior at different tem-
perature range. The pre-exponential factor (the maxi-
mum ionic conductivity at infinite temperature) of
plot 1, o, = 7.05 X 10° S cm™! is neglected due to devi-
ation from estimated value, whereas the pre-exponen-
tial factor of plot 2, o, = 1.40 x 102 S cm™! is more
precise to VTF plot. On the other hand, the activation
energy of plot 1, E, = 0.15 eV, indicates low ionic
mobility in solid state polymer electrolytes (which is
true), and the activation energy from plot 2, E, =
0.67 eV signifies higher ionic mobility after glass tran-
sition temperature indicated that the viscosity of the
polymer electrolytes decreased. This increases chain
flexibility and the segmental motion of the polymer
chain, which leads to the increase in the dissociation
rate of cation, thus improving the mobility of the car-
rier charge. As the temperature increases, the viscosity
of the polymer electrolytes reduces. This increases the
chain flexibility and the segmental motion of the poly-
mer chain, which leads to the rise of free volume, thus
improving the mobility of the carrier charge inside the
polymer matrix [35]. At high temperature, the ion
migration is faster and diminishes the ion cloud effects
between the electrode and the electrolyte. The vibra-
tional mode for polymer segment has sufficient energy
to push out the hydrostatic pressure from the sur-
rounding atom and turns to the formation of free vol-
ume. This free volume promotes the segmental
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motion for decoupling process, leading to the forma-
tion of empty vacant site, which is available to interact
with another cation during ion hopping mechanism
and thus, increases ion migration inside the polymer
matrix [16].

As noticed by the Arrhenius plots from the experi-
mental data, there is a transition of temperature
dependence of conductivity. It follows the Arrhenius
behavior at low and high temperatures. This behavior
is also observed by Basak and Manorama [36], on the
PEO—PU/PAN with LiClO,, whereby they observed
a transition from Arrhenius-like behavior at low tem-
peratures. They suggested that the crossover in tem-
perature dependent conductivity was attributed to the
phase morphology change of semi-IPNs above the 7,
of the polyether segments. On the case observed by
Saibaba et al. [37], above 333 K the conductivity
increases abruptly in PEO—(LiX), (X: ClO,4BF,)
polymer electrolytes compared to MEEP—(LiX), and
MEEP/PEO—(LiX),. The same observation on
PEO-LiClO,is noticed by Croce et al. [38]. The tran-
sition temperatures at 343 K for both plots provide
information about the charge carriers and main chain
mobility below and above the glass transition tempera-
ture (7,) of PGMA segments. A study by Imperiyka
etal. [7] on PGMA—30 wt % LiClO, showed a perfect
linear fitting and followed Arrhenius-like behavior,
but only up to 343 K and after this temperature, the
bulk resistance of polymer electrolyte could not be
observed from the impedance spectrum. Therefore, by
inclusion of BmimTFSI, the thermal stability range of
working SPE is successfully increased up to 373 K.
Polymer—LiClO, is among the most well studied
polymer-salts complexes in classic polymer electro-
lytes systems and most of them obeyed Arrhenius-like
behavior below T, [7, 39—41]. In addition, this obser-
vation may be due to the thermal decomposition of
LiClO,. The first thermal degradation of LiClO, salts
is reported at 335 K, which is related to the thermal
decomposition reaction. The release of the oxygen
element from LiClO, during the oxygenation process
(sometimes could occur even under nitrogen atmo-
sphere), results in an overall exothermic effect [42].

5. CONCLUSIONS

In this work, SPEs were successfully prepared using
the solution casting method. The morphological
observation shows that the inclusion of BmimTFSI
produces smooth and homogenous surface of the
electrolyte. The ATR-FTIR and thermal analyses
divulge the shift of the spectrum that indicates the
complexation  between @ PGMA-LiCIO, and
BmimTFSI. The highest ionic conductivity at ambient
temperature is 2.56 x 10— S cm~!, achieved upon
addition of 60 wt % of BmimTFSI due its maximum
mobility, and concentration of charge carriers. The
systems exhibit Arrhenius-like behavior at two differ-
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ent temperature ranges; low (30—70°C) and high tem-
peratures (70—100°C).
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