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Abstract

Hybrid gel polymer electrolytes (HGPEs) based on polymethyl methacrylate (PMMA)-polylactic acid (PLA) doped with
LiTFSI and incorporated with 1-butyl-3-methylimidozalium chloride (BmimCl) were successfully prepared. The complexes
of the HGPEs with different BmimCl contents were characterized via Fourier transform infrared (FTIR) and X-ray diffrac-
tion (XRD) analysis. Based on the impedance spectroscopy analysis, the HGPEs with the composition of 80% PMMA:20%
PLA:20 wt.% LiTFSI:15 wt.% BmimCl possessed the highest room-temperature ionic conductivity of 1.63x 107 S cm™.
The Arof-Noor (A-N) method was applied to investigate its transport properties, and it was found that the diffusion coef-
ficient, D, ionic mobility, u, and number density of ions, 77, were the main contributors of ionic conductivity improvement.
Meanwhile, the highest conducting electrolyte lithium ion transference number was 0.67. Linear sweep voltammetry (LSV)
analysis showed that the electrochemical stability window of the HGPE was 3.4 V vs Li/Li*. The findings suggest that the
HGPE system incorporated with this ionic liquid could be a promising candidate for use as an electrolyte in flexible lithium-
ion batteries.

Keywords Ionic liquid - Lithium transference number - Potential stability - Hybrid polymer

Introduction

With the development of advanced technologies, lithium-ion
batteries are identified as the most promising and suitable
candidate for developing new-generation energy vehicles.
Lithium-ion batteries offer attractive performance charac-
teristics, including a high-temperature range of operation,
large capacity, high power and energy density, low rate of
self-discharge, rapid charge capability, and relatively longer
charge—discharge life [1-5]. Moreover, lithium-ion batteries
can also be designed to be lighter and smaller in weight and
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size, which meets the commercial demand [6]. However,
safety issues have arisen, as most lithium-ion batteries use
liquid organic solvents in their electrolytes that can cause
leakages, thus could lead to an explosion [7]. To address
these issues, polymer electrolytes (PE) are being proposed
to replace liquid electrolytes. Fenton et al. were the first to
fabricate a PE in 1973, which composed of salts dissolved
in a polymer [8]. Since then, PE have drawn much atten-
tion among researchers due to its potential applications in
lithium-ion batteries and other electrochemical devices such
as supercapacitors, solar cells, and fuel cells.

In general, PE can be divided into three types based on
their physical appearance and composition: (a) solid polymer
electrolytes (SPE) [9]; (b) gel polymer electrolytes (GPE)
[10]; and (c) composite polymer electrolytes (CPE) [11].
Several criteria of polymer electrolytes must be considered
for energy storage applications. They include high ionic con-
ductivity over a wide range of temperatures (10~ to 1072
S cm™!), good mechanical strength, wide potential stabil-
ity window, good contact with the electrode, and low cost
[12-15]. Among the three PE types, gel polymer electrolytes
(GPEs) are suggested as the most promising candidate for
application in lithium-ion batteries. GPEs possess both the
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cohesive properties of a solid and the diffusive properties of
a liquid, allowing them to achieve high room temperature
ionic conductivity compared to SPEs and CPEs. Yet, GPEs
suffer from poor mechanical strength and thermal stability
that may lead to internal short-circuiting due to bad elec-
trode/electrolyte contact [16].

Consequently, several approaches have been developed
in the preparation of GPEs to improve the electrolyte’s
performance, such as blending polymers [17], doping with
inorganic fillers [18], addition of ionic liquids (IL) [19], and
physical/chemical cross-linking [20]. According to Pan et al.
[21], the ionic conductivity and mechanical properties of
GPEs can be improved by blending a single host polymer
with another polymer. Polymethyl methacrylate (PMMA),
polyethylene oxide (PEO), polyvinylidene fluoride (PVDF),
and polyvinylidene fluoride-hexafluoro propylene are the
most common host polymers used in GPEs application.
PMMAA is a vinyl polymer known as an ester of methacrylic
acid (CH, =C[CH;]CO,H) groups. The pendant CH; group
in the PMMA structure hinder the crystalline packing and
allow ions to move freely around the C—C bonds [22].
Kuppu et al. [23] reported the highest room temperature
ionic conductivity of 4.62x 107> S cm™! for their polymer
blend-based PMMA-PVDF-Al,O;-KI GPEs. Ramesh et al.
[24] also reported that their polymer blend-based PMMA-
PVC GPEs had a maximum ionic conductivity at 8.08 x 107
S cm™! with 60 wt.% BmImTFSI. Based on these previ-
ous findings, it was noted that the ionic conductivity val-
ues increased gradually when PMMA was blended with
another polymer compared to pure PMMA which has ionic
conductivity values of < 10712 S ecm™' [25]. Moreover, the
introduction of polylactic acid (PLA) into PMMA allowed
the manipulation of the polymer structure via dipole—dipole
interaction. It enhanced the conduction mechanism by pro-
viding more vacancies for ions to migrate in the polymer
backbone [26].

Many studies reported that GPEs containing different ILs
offer outstanding physical and electrochemical properties for
applications in lithium-ion batteries [27-29]. ILs possess
many unique properties, such as expansive electrochemical
windows, high thermal stability, low vapor pressure, high
viscosity, being non-flammable, and non-volatile [30, 31].
Balducci et al. found that ILs may also enhance the ionic
conductivity by increasing the number of charge carriers
without negatively affecting the mechanical stabilities of the
electrolytes [32]. Among promising ILs, BmimCl has been
widely investigated as a precursor in polymer electrolytes
[33-36].

Therefore, the present work investigated the enhancement
of hybrid gel polymer electrolyte-based PMMA-PLA by incor-
porating different amounts of BmimCl as the ionic liquid.
This work aims to study the effects of BmimCl on the elec-
trical and physiochemical properties of HGPE systems using
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impedance spectroscopy, FTIR, and XRD analysis. These
IL-based HGPEs demonstrated significantly enhanced ionic
conductivity due to the rise in mobile ions which then inter-
acted with the oxygen group from the host polymer backbone
via dipole—dipole interaction, hence facilitating ion transport.
The ionic transport properties were thus studied to understand
the principles of the HGPE system. Furthermore, the highest
conducting electrolyte was then chosen to measure the lithium
transference number and potential window stability.

Experimental
Materials

PMMA with a molecular weight of 996,000 and PLA with a
molecular weight of 120,000 were purchased from Aldrich
Co. and Shandong Zhi Shang Chemical Co. LTD, respec-
tively. Lithium bis(trifluoromethanesulfony)imide (LiTFSI)
was obtained from Aldrich Co. The solvent tetraecthylene
glycol dimethyl ether (TEGDME) was bought from Acros
Organic, while molecular sieve (4 A) and BmimCl were both
sourced from Sigma Aldrich and Aldrich, respectively.

Preparation of IL-based hybrid gel polymer
electrolytes

Our previous work [25] showed that the 80:20 ratio of
PMMA:PLA incorporated with 20 wt.% LiTFSI-based
HGPE exhibited the highest ionic conductivity at room
temperature and this composition was chosen in the pre-
sent study for further enhancement by adding an IL into
the solution. IL-based HGPEs were prepared by dissolving
PMMA, PLA, LiTFSI, and BmimCl in TEGDME. Firstly,
PLA was added to TEGDME and vigorously stirred at 120
°C until it completely dissolved. Then, 20 wt.% of LiTFSI
was introduced into the PLA solution and mixed at room
temperature. After the solution was completely homogenous,
different ratios in weight percentage of BmimCl, from 5 to
30 wt.%, were incorporated into the PLA-LiTFSI solution
with continuously stirring at room temperature. PMMA
was the last compound added into the mixed solution which
was constantly stirred with open heat at 70 “C until a gel
was formed. The prepared PMMA-PLA-LiTFSI-BmimCl
HGPEs was suctioned with a vacuum pump and stored in
an argon atmosphere before further testing.

Characterization
FTIR spectroscopy measurements
Fourier transform infrared spectroscopy (FTIR) was used

in the present study to investigate the possible interaction of
PMMA-PLA-LIiTFSI polymer electrolyte with BmimCl. The
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analysis was performed using a Nicolet 6700 Thermo-Fisher
Scientific FT-IR, fitted with an Attenuated Total Reflection
(ATR) accessory with a zinc selenide (ZnSe) crystal. The
electrolytes were measured at a wavenumber range of 4000
to 700 cm™~! with a scanning resolution of 2 cm™!.

XRD measurements

The X-ray diffraction (XRD) analysis was carried out using
a Rigaku MiniFlex II Diffractometer equipped with a nickel
filtered C, K, (A=0.154 nm) uplifted at 30 kV, and 15 mA.
The data were collected from a diffraction angle of 20 in the
range of 5° to 80° to investigate the crystallinity and amor-
phousness of the sample.

Electrical impedance spectroscopy studies

The complex impedance measurement was evaluated by
using alternating current (ac) impedance spectroscopy on a
HIOKI 3532-50 LCR Hi-TESTER with an ac amplitude of
10 mV from 1 MHz to 50 Hz. In determining the impedance
measurement, the IL-based HGPE was positioned into the
stainless-steel (SS) coin cell to control the diameter of the
sample. The setup can be referred to from our previous work
[26]. The ionic conductivity at room temperature was deter-
mined using bulk electrolyte resistance (R,) gained from the
Cole—Cole plot as presented in the following relation:

o=

RA (M
where T is thickness of the electrolyte, while A is the contact
area between the electrolyte and the SS disc.

Lithium-ion transference measurement number studies

The lithium-ion transference number (z,,;*) for the current
system was examined according to the Bruce and Vincent
method [37-39], which uses a combination of ac impedance
spectroscopy and direct current (dc) polarization technique.
The IL-based HGPE was sandwiched between two lithium
metal electrodes in the LillL-based HGPEILi cell configu-
ration. When a constant polarization current (100 mV) was
applied to the electrodes of the cell, a current was measured
that fell from an initial (/) value to a steady-state (/) value.
The #;;© was calculated with the following formula:

. I, (AV-LR)
i =T v TR 2
I(AV —LR)

where AV is the potential applied across the cell. R, and R
are, respectively, the interfacial resistance at the initial and
steady states. The interfacial stability of the IL-based HGPE
was investigated using ac on a Gamry Instrument EIS with

an ac amplitude of 100 mV from 100 kHz to 1 Hz at room
temperature.

Linear sweep voltammetry

The electrochemical stability of IL-based HGPE was inves-
tigated in a cell arrangement of LillL-based HGPEISS via
linear sweep voltammetry LSV at 10 mV s~

Results and discussion
FTIR analysis

Figure 1 presents the FTIR spectra of PMMA-PLA-LIiTFSI
and various contents of BmimCl-based HGPEs at the
selected region of 3200-2700 cm™' and 1900-1500 cm™.
It can be seen from Fig. 1(i) that the stretching frequency
at 2877 cm™! corresponding to the C-H of the host hybrid
polymer PMMA-PLA were broadened when the IL was
introduced into the system, up to 10 wt.% BmimCl. The
C-H bond, known as the tertiary C-H group, can explain the
reduction of peak intensity at this region, where they easily
break and are lost to other aliphatic C-H absorptions in the
polymer complex [40]. It was also noticed that a new peak
was observed at 2950 cm™! at high contents of BmimClI,
which might be due to the overlapping of the C-H vibra-
tion mode for cyclic Bmim™ [33]. A similar observation was
found in a previous work by Latifi et al. [35], where they
claimed the presence of a new peak indicates increased IL
content because of the C-H symmetric stretching mode in
the methyl group of the alkyl chain and imidazolium rings
of BmimCl.

The C=0 stretching bands of HGPE without IL (0 wt.%
BmimCl) were found at 1729 cm™!, as shown in Fig. 1(ii).
It can be observed that the bands broadened with the incor-
poration of BmimCl. This indicates that a complexation has
occurred due to the C=C stretching of the imidazolium ring
[35]. Ghani et al. [41] reported that all the hydrogen atoms in
the imidazolium ring have the potential to interact with the
polymer host via hydrogen bonding. Therefore, the change
in peak intensity of the ester group (C=0) stretching might
be due to the oxygen molecule from the host hybrid polymer
interacting with the imidazolium ring’s hydrogen group. In
addition, the addition of IL beyond 5 wt.% to the PMMA-
PLA-LiTFSI system led to the appearance of new peaks at
1570 cm™!, which are assigned to the C=N stretching mode
of BmimCl. The transmittance of the C=N peak intensity
also increased as more BmimCl was added, and this might
be due to the presence of the imidazole cation in the IL-
based HGPE systems [34].

The band at 1454 cm™! was assigned to the CH; bending
mode of PMMA-PLA hybrid polymer as shown in Fig. 2(i).
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Fig.1 IR spectra of (a) PMMA-PLA-LIiTFSI (0 wt.% BmimCl), (b)
5 wt.% BmimCl, (¢) 10 wt.% BmimCl, (d) 15 wt.% BmimCl, (e) 20
wt.% BmimCl, (f) 25 wt.% BmimCl, and (g) 30 wt.% BmimCl at
highlighted region covering wavenumber of (i) 3200-2700 cm™! and
(ii) 1900-1500 cm.™

However, the presence of 25 wt.% and 30 wt.% of BmimCl
have shifted the characteristic band to higher wavenumbers.
It was also observed that the peak intensity was increased
at high ionic liquid contents. The shift in wavenumbers and
peak intensity are probably attributed to the overlapping
of the CH, symmetric bending mode from the IL. Another
obvious change of peak intensity was observed at 1351 cm™!
which proved the occurrence of complexation when BmimCl
was introduced into HGPE system. The peak for the CH,
symmetric bending mode slowly became wider, while the
transmittance intensity was reduced as more IL was incor-
porated into the system.

From our previous work [26], a sharp peak at 1190 cm™!
was assigned to the CF; symmetric stretching mode of
LiTFSI as shown in Fig. 2(ii). On the addition of 25 wt.%
BmimCl, the band shifted to lower wavenumbers, from
1190 to 1170 cm™!. The peak shifted to 1168 cm™! with
the incorporation of 30 wt.% BmimCl. It is suggested that
this phenomenon was due to the increasing IL content, and
the CH;-N stretching mode of BmimCl slowly taking place
at that region [33]. Furthermore, the CH;-N group from
BmimCl dominated in the HGPE system and removed the
CF; band of LiTFSI when the amount of BmimCI was more
than LiTFSI. The FTIR spectra of the IL-based HGPE sys-
tems in the C—O-C stretching vibration region are shown
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Fig.2 IR spectra of (a) PMMA-PLA-LIiTFSI (0 wt.% BmimCl), (b)
5 wt.% BmimCl, (c) 10 wt.% BmimCl, (d) 15 wt.% BmimCl, (e) 20
wt.% BmimCl, (f) 25 wt.% BmimCl, and (g) 30 wt.% BmimCl at
highlighted region covering wavenumber of (i) 1500-1300 cm™! and
(i) 1300-1000 cm.™

in Fig. 2(ii). A wide band was detected at 1100 cm™! in
the wavenumber range of 1300 to 1000 cm~!, which was
assigned as the C-O stretching of HGPEs. The transmittance
intensity of the C—O-C group decreased with the BmimCl
weight percentage. Sim et al. investigated IL in polymer
blend electrolyte systems and claimed that the cation from
the IL can coordinate at the polar atoms of the host poly-
mer [42]. Therefore, the decrease of peak intensity can be
explained by a strong interaction between the hydrogen
group in the imidazolium ring of the Bmim™* cation with the
oxygen atoms from the host polymer.

Figure 3 demonstrate the intrinsic molecular interaction
in the HGPEs, where the schematic diagrams show the inter-
actions in the presence of BmimCI. The molecular interac-
tion is important in polymer blends since it affects miscibil-
ity, in order to produce final products with desirable physical
and chemical properties. It is noteworthy that the large size
of the imidazolium cations had led to the weakening of the
Bmim*—Cl~ bonding, which will be broken and form a
temporary partial bonding. According to Liew et al. [33],
the hydrogen will be depronoted at NHC (2) of Bmim™ to
produce a stabilized (cation—anion) pair which is known as
carbene. After the deprotonation, there is a formation of a
lone pair at the carbene, where the carbeneic carbon acts as
the acceptor to the O—H hydrogen, producing a [C—H-O]
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Fig.3 Proposed schematic dia-

gram of molecular interaction (a)
of (a) interaction of BmimCl
with polymer host and (b) ion
hopping in the HGPEs complex

with BmimCl incorporation

TEGDME

of dipole pole interactions as presented in Fig. 3(a). This
interaction results in the occurrence of carbocation. In this
study, it was observed that the BmimCl could interact with
PLA, whereas PMMA does not have potential for the atoms
to attach to.

Meanwhile, Fig. 3(b) depicts the molecular interaction
between the LiTFSI and BmimCl with the HGPEs. Nota-
bly, the PMMA and PLA have interacted via dipole—dipole
forces due to the polar group of -COCH, in PMMA and
C=0 in PLA. This explanation corroborates the findings
of previous research works [43]. Moreover, the solvent used
(TEGDME) also plays an important role in the blending of
both polymers and resulted in a homogenous system owing
to the formation of dipole—dipole bonding through the inter-
action between the oxygen ether from the solvent with the
hydrogen atom from PLA. The FTIR spectra evidenced these

n

°,
o
d

oc H3 ,:I N Li+
4 Li*

interactions that were discussed earlier. The addition of lith-
ium salt has led to the ion dipole interaction at the C=0
group of both PMMA and PLA, which causes those bonds
to weaken through electron sharing and decreases electron
density at the oxygen atoms [44]. The addition of BmimCl
is therefore expected to primarily function as compartmen-
talization agents for the HPGEs, where it could improve
the transport properties and hence enhance the conduction
ability.

XRD analysis
Figure 4 demonstrates the XRD patterns of IL-based HGPEs
at different BmimCl contents. Figure 4 shows a small sharp

peak at 16° that is believed to belong to the crystalline phase
of pure PLA [40]. Meanwhile, the broad peaks between
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15-25° and 39-45° can be associated with the amorphous
nature of PMMA [45]. The relative intensity of the broad
peaks between 15-25° and 39-45° decreased with the
increment of IL content for HGPE containing 5 to 15 wt.%
BmimCl. These changes in diffraction intensities indicate
that the amorphous nature of the hybrid GPE was improved
when more BmimCl content was introduced into the sys-
tem. This finding is in agreement with the previous work
done by Syairah et al. [41], where they reported that adding
IL into the system could reduce the degree of crystallinity,
thus improving the amorphous behavior of the GPE. Fur-
thermore, the decrement of crystallinity peaks could also be
the result of coordination interactions between cations (Li*
and Bmim*) from LiTFSI and BmimCl, with the polymer
host’s ester oxygen atoms and hydrogen atoms, respectively.
In addition, the polymeric chain in the amorphous phase is
more flexible due to the decreased energy barrier, thus lead-
ing to the improvement of segmental motion in the polymer
backbone [46, 47]. However, beyond 15 wt.% BmimCl, the
increased crystalline peaks indicate ion aggregation of IL
due to its high content [26].

To study in detail the amorphous nature of HGPEs, the
characteristic peak due to the BmimCl was investigated by
deconvoluting the XRD diffractogram of the HGPEs. Hafiza
et al. [48] claimed that the degree of amorphous of polymer
electrolytes can be measured by calculating the crystallin-
ity degree. They also stated that a decreasing crystallinity
percentage is a way to prove the improvement of the amor-
phousness of the polymer electrolytes. Figure 5 depicts the
XRD deconvoluted spectrum of the PMMA-PLA-LiTFSI
electrolyte with selected BmimCl content. From the decon-
volution technique, the area under the graph of the crystal-
line peak and amorphous peak can be extracted and was

used to calculate the degree of crystallinity via the following
relation [49, 50]:

A,
X. = i +LA¢, x 100% 3)
where X, is degree of crystallinity in percentage. A, is area
under the peaks representing the total crystalline regions,
while A, denotes the area under the peaks representing the
total amorphous region. The values of A, A, and X, for
selected HGPE system are listed in Table 1.

The calculated percentage of crystallinity revealed that
adding BmimCl enhanced the amorphous phase of HGPE:s.
The deconvolution proved that the electrolyte containing
15 wt.% BmimClI was the most amorphous, with the low-
est crystallinity degree of 23.89%. The complexation in
the PMMA-PLA-LiTFSI-BmimCl matrixes was expected
via intra- or inter-molecular interaction, which caused the
polymer chain in the scattered structure to become more
amorphous. However, the addition of BmimCl beyond 15
wt.% gave the opposite effect, where the crystallinity was
increased. This increment in the degree of crystallinity might
be due to the hybrid polymer host’s inability to interact with
excessive number of ions from the lithium salt or BmimCl,
leading to the ions un-dissociating or re-associating. This
situation limited the movement of ions, which subsequently
caused the ionic conductivity to be reduced at high BmimCl
content.

Complex impedance studies
Figure 6 portrays the complex impedance diagrams of IL-

based HGPE: at different contents of BmimCl, in the range of
5 to 30 wt.%. The complex impedance plots reveal a straight

(d)
(c)

(b)

()

Fig.4 XRD diffractograms of

HGPE:s at different BmimCl

content of (a) 5 wt.%, (b) 10

wt.%, (c) 15 wt.%, (d) 20 wt.%,

(e) 25 wt.%, and (f) 30 wt.%
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Fig.5 Fitting XRD deconvolu-

tion for HGPEs containing 5 --

wt.%, 15 wt.%, and 20 wt.%
BmimCl
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Table 1 Crystallinity percentage of ionic liquid-based HGPEs

BmimCl content A, A, X. (%)
(wt.%)

5 3971.39 6578.26 37.64
15 1561.59 4975.75 23.89
20 3450.98 6506.81 34.66

line parallel to the imaginary axis which may be attributed to
the polarization effects between the electrode and electrolyte
interface. In addition, the formation of a title spike can also be
assigned to a combination in series between the bulk resist-
ance, R, and constant phase element (CPE), also known as a
“leaky capacitor.” A similar observation was observed from
a previous work [51]. The equation for fitting Cole—Cole plot
was derived from the equivalent circuit presented in Fig. 6
which can be expressed as the following relation [26]:

cos(Z£)
=R+ —= 4
CawP?
in( 2
v sin( 5 )
CoP

20 30 40 50 60 70 80
20 (degree)

where R is denoted as bulk resistance, p is the deviation
of plot from the axis, C is bulk capacitance of the present
HGPEs system, while @ can be represented as angular fre-
quency (2zf).

Furthermore, the presence of R, could be elucidated
from the migration of ions that occurred through the vol-
ume of the hybrid polymer matrix. Meanwhile, CPE exists
due to the immobile polymer chains becoming polarized
in the alternating field. The R, value can be determined
from the interception of the line with the real impedance
axis [52]. Using the R, value extracted from the imped-
ance plot, the ionic conductivity value can be calculated.
It is noticeable in the figure that the R, value was found
to decrease with the increase of ionic liquid content up
to 15 wt.% and then started to rise again beyond that,
which is believed to be related to the number of charge
carriers and its mobility. The parameters for the circuit
element of the HGPE systems at room temperature are
listed in Table 2. The values for R, fitting, k,, and p were
respectively obtained from the trial and error method to
fit the present Cole—Cole plot using Eqs. 4 and 5. Based
on the table, the lowest R, value was observed for 15wt.%
of BmimCl, indicating that it was the most conducting
electrolyte compared to other IL contents.
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Fig.6 Cole—Cole plot of vari-
ous contents of BmimCl-based
HGPEs at room temperature

Table 2 Fitting parameters for hybrid gel polymer electrolytes
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lonic conductivity study

Figure 7 illustrates the plot of conductivity versus various

BmimCl con- R, exp (2) R, fit (22) k2(F-1) p
tent (wt.%)

5 98.8 96.7 6.45x10° 0.73
10 88.8 87.3 1.89x10* 0.81
15 62.3 61.0 9.35x 10° 0.74
20 76.4 76.4 1.02x10* 0.76
25 83.6 83.6 2.13%x 10* 0.76
30 197.0 192.0 1.06x 10° 0.79
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contents of BmimCl in the hybrid GPEs. The figure shows
that the ionic conductivity was improved when IL was
incorporated into the HGPE system, but only up to 15 wt.%
BmimCl. The enhanced ionic conductivity can be attributed
to the changes in charge mobility and charge carrier con-
centrations. Moreover, the low viscosity of the IL enhanced
the polymer flexibility chain, thus improving the segmental



lonics (2023) 29:625-638

633

2.00E-03

_ L.60E-03 X

: S Y,

5 1.20E-03 - X X

- S

: % -

< .

S B.00E-04 |

g

5 X
4.00E-04
0.00E+00 . . . . . .

0 s 10 15 20 25 30 35

BMIMCI content (wt. %)

Fig.7 The ionic conductivity of HGPEs at different wt.% BmimCl at
room temperature

motion, which helps ions to move freely in the polymer
backbone. Another property of the IL is the high dielectric
constant that can promote the concentrations of charge car-
riers in the polymer electrolytes [53]. Another explanation
is that the Bmim™* cation (carbeneic carbon of imidazolium
ring) interacted with the polar atoms from the hybrid host
polymer, as discussed in the FTIR section. In the present
system, four types of ions were detected, i.e., Li*—TFSI~,
and Bmim™—-CI~, which contributed to the ionic conductiv-
ity. According to Azli et al. [34], BmimCl can act as a plas-
ticizer that allows it to weaken the interaction between the
hybrid host polymer and Li* ions from lithium salt. In this
study, the maximum room temperature ionic conductivity
of 1.63x 1073 S cm™! was achieved for the IL-based HGPE
system consisting of 15 wt.% BmimCl.

However, a further addition of 20 wt.% BmimCI has
decreased the ionic conductivity to 1.33x 1073 S cm™..
Incorporating 30 wt.% BmimCl has led to even lower con-
ductivity, with a value of 5.17 x 107* S cm™'. The reduc-
tion of ionic conductivity at high IL content can be ascribed
to the formation of ion pairs and ion aggregates [54]. This
phenomenon will lead to the creation of ion clusters, thus
decreasing the number of free ions. In addition, the high
BmimCl content provided more free ions, thus limiting the
ability of ions to travel freely from one side to the other. This
resulted in a decreased ionic conductivity as the ion mobility
decreased [55].

Transport properties analysis

The variation in ionic conductivity as a function of the
IL content can be understood on the basis of the number
of mobile ions and ionic mobility. Thus, evaluating the
quantitative ionic conductivity trend is necessary for a bet-
ter insight into the ionic transport mechanism in polymer

complexes and can also suggest ways for improvement.
According to Arof et al. [51], the information obtained from
the impedance analysis can be useful to investigate the char-
acteristics of polymer electrolytes as well as their transport
parameters in ionic conduction. Since this work only shows
the equivalent circuit-based bulk resistance and bulk capac-
itance in series, the transport properties were determined
using parameters obtained from the fitted Cole—Cole plot
using the Arof-Noor (A-N) method. The diffusion coeffi-
cient, D, ionic mobility, u, and number of ions, 5, can be
calculated from the following relation:

D=D exp[—0.0297(1n(D"))2—1.4348(1n(D,,))—14.504| (6)
where D, is:

4kt .

"= R iar (7)

where k, is capacitance k,”/ that was obtained from the fit-
ting parameter, d is the thickness of the sample, R, is the
bulk resistance, and w, is the angular frequency correspond-
ing to the minimum imaginary impedance. Knowing the D
value, the ¢ and 7 can be determined based on the following
equations:

_eD

W= T )
.

= ©)

where e is the electric charge constant (1.602 X 107 ), K,
is the Boltzmann constant (1.38 X 10727 K_l), and T is the
absolute temperature.

The calculated transport parameters of IL-based HGPEs
are plotted in the Fig. 8. It can be clearly seen that D and u
increased with the addition of BmimCl and this might be due
to the variation of carrier content in the polymer complexes.
The decreasing pattern of D and u was observed when 15
wt.% BmimCl and higher were introduced into the system.
At a high IL content, the dipole—dipole forces of the van
der Walls interaction between the Bmim™ in the medium
increases, thus causing the ionic mobility to be reduced. In
other words, the drop in D and u values could be explained
by the present electrolyte system being crowded with the
free ions of Bmim*—CI ™. The overcrowding ions produce
blocking pathways and limit the movement of ions between
the coordinating sites in the polymer matrix. Meanwhile,
the decrement of 7 at higher IL content is due to ions reas-
sociating and forming neutral ion pairs. This finding further
supports the trend of ionic conductivity and it can be con-
cluded that the enhancement of ionic conductivity is mainly
contributed from the D, u, and 7.
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Fig.8 Transport parameters for complexes of hybrid polymers with
various BmimCl content

Lithium transference number measurement study

The lithium cation is the main charge that contributes during
the charge discharged process in a lithium-ion battery. In
addition, one of the properties of a good performing lithium-
ion battery is an excellent ionic conductivity. There are four
ionic species in the HGPE in this present work (Li*, TFSI™,
Bmim™, and CI7) that contribute to the total ionic conductiv-
ity. Therefore, it is necessarily to study the number of lith-
ium ions in the IL-based HGPE system that influences the
ionic conduction. The lithium-ion transference number (7,;")
for the IL-based HGPE system containing 15 wt.% BmimCl
was calculated using combined ac impedance spectroscopy
and dc polarization as shown in Fig. 9. From the insert in
Fig. 9, the impedance spectroscopy was carried out to deter-
mine the film resistance before, R, and after, R polarization
measurement. It can be seen from the plot of the polarization
measurement that the R, value was higher than the R,. This
is because during the polarization process, an electrochemi-
cal double layer was formed which led to the drop of initial
current (/,) with time and reached a steady-state (I,,) where
only a few ions were left passing through the cell as can be
observed in Fig. 9 [56]. Moreover, Kufian et al. [38] argued
the ], is assigned as the total amount of mobile ions in the
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Fig.9 The current-time curves of the dc polarization, while the
insert figure shows impedance plots of hybrid gel polymer elec-
trolytes containing 15 wt.% BmimCl before and after polarization,
respectively

gel polymer electrolyte and it is believed that a higher #;;*
value will offer a higher I,. Based on Eq. (2), the #;;* was
calculated for the highest conducting hybrid gel polymer
electrolyte-based IL (15 wt.% BmimCl) and was found to
be 0.67. In addition, a comparison of #,;* values of different
IL-based gel polymer electrolytes IL from previous works
is plotted in Fig. 10. It can be clearly observed that the #,;*
value of the present study is comparable with the previous
studies [37, 46, 57-59]. The migration of lithium ion in the
gel polymer electrolyte is mainly attributed to the polymer
host matrix polarity, which restricts large anion movement
from the IL, thus providing pathways for Li* ions [37, 60].
Therefore, it can be expected that current study’s IL-based
HGPE system has the potential to show an excellent battery
performance.

Potential windows study

For practical lithium-ion battery applications, evaluating
the electrolyte’s electrochemical stability within the battery
system’s operation potential is crucial. In this present work,
the best performing IL-based hybrid gel polymer electrolyte
was the 15 wt.% BmimCl, which was selected for the LSV
measurement. Figure 11 shows the electrochemical stability
of the IL-based HGPEs at ambient temperature at a scan rate
of 10 mV s~!. It can be observed from the figure that the
decomposition of the electrolyte was at around 3.4 V and it
rose gradually with the applied voltage. According to Liew
et al. [61], the higher breakdown voltage may be attributed
from good ionic conductivity. The authors also agreed that
the incorporation of an IL contributes to an excellent rapid
ion transport mechanism that helps ions to move smoothly
in the polymer backbone, resulting in the higher charge
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Fig. 10 A comparison of lithium transference values of IL-based gel
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Fig. 11 Linear sweep voltammograms of the HGPEs incorporated
with 15 wt.% BmimCl at a sweep rate of 10 mV s~! at room tempera-
ture

accumulation at the electrode/electrolyte boundary. Table 3
lists the potential stability window of IL-incorporated gel
polymer electrolytes from the literature. It can be observed
that the value obtained in the present work is comparable

with the previous LSV analyses. From our finding, it is
believed that the blending of two polymer hosts can favor
more volume sites for Li* and Bmim™ ion coordination
in the polymer backbone. Thus, it can be concluded that
blending of the host polymer with other polymers could
improve the breakdown voltage of polymer electrolytes.

Conclusion

A new hybrid gel polymer electrolyte based on PMMA
blended with PLA, incorporated with LiTFSI, and doped
with various contents of BmimCl has been successfully
prepared and characterized. The physicochemical,
conductivity, ionic transport, and electrochemical property
studies have been performed and the conclusions are
drawn accordingly. Analysis of FTIR indicated that there
were interactions in the HGPE systems after the addition
of BmimCl. The obvious complexations were observed
to occur at the C-H, C=0, CH;, and C-O-C groups.
It is suggested that the changes in the HGPE structure
was due to the interaction of the carbeniec carbon from
the imidazolium group (Bmim%) and Li* of the lithium
salt with the hybrid polymer host’s hydrogen atoms and
ester oxygens, respectively. XRD analysis confirmed that
adding BmimClI into the system reduced the degree of
crystallinity, thus enhancing the amorphous behavior of
the polymer electrolytes. Upon the incorporation of 15
wt.% of BmimCl in the PMMA-PLA-LIiTFSI system, the
electrical conductivity of the HGPEs increased and achieved
the maximum value of 1.63x 107> S cm™!, corresponding
to the lowest R, value in the impedance plot. From the
transport parameter studies, it can be clearly seen that the
ionic conductivity is dependent on the diffusion coefficient,
ionic mobility, and number of mobile ions. The lithium
transference number was revealed to be high, at 0.67. The
developed HGPE system also offers a wide electrochemical
window of 3.4 V at room temperature. Based on all of
the results obtained, this HGPE system incorporated with
BmimCl could be a promising candidate for use as an
electrolyte in flexible lithium-ion batteries.

Table 3 Previous
electrochemical stability

window studies of liquid
electrolyte-based gel polymer
electrolytes

Electrolyte Tonic liquid LSV (V) References
PVDF-HFP-TEABF,-EC-PC-BMIMCI BMIMCI 2.4 [62]
PEO-Nal-MPII MPII 1.9 [63]
PVDF-HFP-PMMA-BMIMBE, BMIMBE, 4.5 [64]
PVC-PEMA-Zn(OTf),-EMIMTFESI EMIMTFSI 3.23 [65]
PVDF-PMMA-LIiTFSI-EMITFSI EMIMTEFSI 4.3 [66]
PMMA-PLA-LIiTFSI-BMIMCI BMIMCI 34 Current work
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