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Abstract

Elastomers refer to natural or synthetic amorphous polymers which exhibit elastic prop-
erties of rubber. Elastomers are able to deform under stress and return to its original state
upon removal of stress. As elastomers exhibit glass transition temperatures (T,) below
room temperature (r.t.), elastomers are soft and rubbery at r.t, and segmental motion
exists. Elastomers, which contain polar atoms, such as oxygen (O), fluorine (F) and nitro-
gen (N), can be suitably employed as matrices in polymer electrolytes (PEs). The elec-
tronegative atoms serve as electron donors and are able to coordinate with cations from
inorganic salts to form a complex. Among elastomers that have been employed in PEs
include modified and copolymerised polyisoprene or natural rubber, polyurethanes, and
polysiloxanes. This chapter focuses on the progress of natural rubber and its derivatives
in the field of polymer electrolytes, and discussesc their interactions with other compo-
nents of the PEs and ion conduction. Area percentage of ionic species, as well as ion trans-
port parameters, such as number density, mobility and diffusion coefficient of lithium
ions as obtained from deconvolution of infrared (IR) spectra, are also discussed in this
book chapter.
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1. Introduction

Polymer electrolytes (PEs) are ionic conductors, which consist of inorganic salts dissolved
in polymer(s). Since the discovery of PEs by Fenton et al. [1], PEs are widely investigated by
researchers with the aim to design flexible, light-weight, and safer solid-state ionic conduc-
tors as alternatives to the commercial leakage-prone liquid electrolytes. Excellent performing
polymer electrolytes are aimed to be employed in electrochemical devices, such as fuel cells,
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rechargeable batteries, solar cells, sensors, supercapacitors, and electrochromic devices. The
main components of a basic PE system include a polymer matrix, which serves as medium
to hold the conducting ions; an inorganic salt, which acts as source of ions or charge carriers;
and a solvent, which helps to dissolve the polymer and dissociate the ions from the salt. It
is widely known that ion conduction occurs predominantly in the amorphous regions of the
polymer electrolyte [2]. Hence, elastomers are suitable media for ion conduction to occur as
their low glass transition temperature (T,) below room temperature will allow high degree of
polymer segmental motion to aid ion transport in polymer electrolytes.

Apart from possessing polar electron donating atoms, an elastomer has to meet certain crite-
ria for it to be suitable for use as a polymer matrix in PEs. The elastomer also has to exhibit
desirable mechanical and thermal properties, which enables it to be applicable in electro-
chemical devices. Complexation of cations to the polymer matrices is labile to allow ions to be
transported via ion hopping and polymer segmental motion. Elastomers that have been used
as polymer matrix in PEs are modified and copolymerised polyisoprene or natural rubber,
polyurethanes, and polysiloxanes, which will be described briefly below. The chemical struc-
tures of natural rubber, polyurethane, and polysiloxane are depicted in Figure 1.

Natural rubber is widely used in many applications due to its characteristics such as flexibil-
ity, high tensile strength, being waterproof, and its availability from the rubber tree. Among
applications that utilise natural rubber include tyres for vehicles, gloves and other industrial,
consumer, and medical products. One of the reasons that sets natural rubber apart from the
other elastomers as a preferred polymer matrix in polymer electrolytes mentioned in this
chapter is that it is a natural or biopolymer, hence its sustainability and lower cost.

One setback of natural rubber is that it does not contain polar atoms that can complex with
cations from salt. Hence, researchers have carried out modifications such as grafting and
epoxidation to incorporate polymers possessing polar groups to allow ion transport. The use
of natural rubber (T = -70°) in polymer electrolytes involves various kinds of chemical modi-
fication, that is, epoxidation and grafting, in order to introduce polar atoms into the polymer.
Among all natural rubber-based polymer electrolytes, epoxidized natural rubber (ENR) (e.g.
ENR-25, ENR-50; the number indicates the mole % of epoxidized group) and poly(methyl
methacrylate) (PMMA)-grafted natural rubber (MG, e.g. MG30, MG45; the number indicates
the percentage of PMMA-grafted) have been extensively studied [3-5]. The O atom of the
epoxide group in ENR, and the carbonyl (C=0) and methoxy (C—O—CH,) groups in PMMA-
grafted natural rubber are able to complex with the cations, for example, Li* or H* ions, from
inorganic salts to produce ion conduction. The soft and good elastic characteristics of natural
rubber also help to produce good electrode-electrolyte contact.
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Figure 1. Chemical structure of (a) natural rubber, (b) polyurethane and (c) polysiloxane, where R represents an alkyl
or aryl group.
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Polyurethane is known for its high tensile strength and elasticity, which can be found in gas-
kets, cushioning, wheels and tyres for roller coasters and escalators, hoses, surface coatings
and sealants, and biomedical devices. The uniqueness of polyurethane is found in its struc-
ture which is made up of alternating soft segments and hard segments connected by urethane
linkages (NH—C=0—O0). The soft segment of polyurethane is made up of long, flexible chains
contributed by polyols, while the hard segment is made up of hydrogen bonded C=0 and
N—H groups contributed by isocyanates to form rigid physically cross-linked domains dis-
tributed in the soft segment matrix. In short, the soft segment provides medium for ion con-
duction, while the hard segment acts as reinforcing filler to provide dimensional stability. The
O atoms in the soft segment of the polymer can coordinate with cations from salt to produce
ion conduction. Its good adhesive property also allows good electrolyte-electrode contact dur-
ing electrochemical device fabrication. Polyurethane-based polymer electrolytes have been
reported to exhibit conductivity () around 10° S em™. Various modified and polymer blends
of polyurethane have been reported, such as cross-linked poly(urethane acrylate) [6], as well
as polyurethane blended with poly(vinylidene fluoride) (PVdF) [7], poly(vinylidenefluoride-
co-hexafluoropropylene) (PVAE-HFP) [8], poly(ethylene oxide) (PEO) [9, 10], and polyacrylo-
nitrile (PAN) [11].

Another elastomer that has been employed as polymer, matrix is polysiloxane, also known
as silicones. Polysiloxanes are commonly found in silicone oil, grease, rubber, resin, plas-
tics, and so on. Polysiloxanes are inorganic comb polymers, which are composed of sub-
stituents connected to the silicon with alternating silicon and oxygen atoms. This group of
polymer is known to exhibit very low T, (-127°C for poly(dimethylsiloxane)) [12], highly
flexible backbone, chemical inertness, good thermal stability, and low toxicity. Due to their
very low T, polysiloxanes exhibit low mechanical strength, and often exist as liquids or gums
at room temperature. In order to impart mechanical strength into polysiloxanes, they are
often cross-linked or combined with other polymers to design hybrid organic-inorganic poly-
siloxane-based electrolytes with good ion transport and mechanical stability. Polysiloxanes
have been reported to be cross-linked with oligo(ethylene oxide)) [13], oligo(ethylene gly-
col) [14], oligo(ethylene oxide)-co-acrylate [15], and propyl(triethylene oxide) [16], and these
ether-modified polysiloxanes are seen as alternatives to poly(ethylene oxide) (PEO). Other
modifications include blending of ether-modified polysiloxanes with PVdE-HFP [16, 17], and
grafting of polysiloxanes with tyrenesulfonyl(phenylsulfonyl)imide [18].

In this chapter, we focus on natural rubber-based polymer matrices, that is, modified natural
rubber, namely PMMA-grafted natural rubber (MG) in polymer electrolytes. The conductiv-
ity, interactions between components, crystallinity as well as glass transition temperature of
MG-based polymer electrolytes containing inorganic salt, plasticizer, and filler are discussed.

2. PMMA-grafted natural rubber (MG)

PMMA is a promising candidate as a polymer matrix which has been widely studied in poly-
mer electrolytes since 1985 [19]. Advantages of PMMA include its high stability towards lith-
ium electrode, which translates to higher life cycle in lithium batteries. Being an amorphous
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polymer, PMMA contains oxygen atoms in the carbonyl (C=0) and (C—O—C) groups, which
can act as electron donor to complex with cations from salt. The presence of polar groups
in PMMA in addition to its amorphous nature, high transparency, weatherability and good
dimensional stability makes it suitable to be grafted with natural rubber. However, PMMA
suffer from limitations in terms of mechanical strength and tends to be brittle [20]. Hence,
combining the conducting ability of PMMA and the elasticity of natural rubber would coun-
teract the limitations of the two polymers. The ability of PMMA to transport ions along its
polymer chains combined with the resilience and flexibility of natural rubber allows PMMA-
grafted natural rubber (MG), such as MG30 and MG49, to be employed as polymer matrices
for ionic conductors. Figure 2 illustrates the chemical structure of MG polymer matrix.
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Figure 2. Chemical structure of MG polymer matrix. MG30 contains 30% of PMMA grafted onto natural rubber, whereas
MG49 contains 49% of PMMA.

The chemical structure of MG30 and MG49 are similar and differs in the composition of
PMMA which is grafted on natural rubber, where 30 and 49 represent the percentage of the
methacrylate polymer present. Research on MG49 as a polymer matrix in polymer electro-
lytes has received more attention as compared to MG30, probably due to the higher amount
of PMMA, and hence, more electron donors in the former are available for complexation with
cations from salt.

2.1. MG-based polymer electrolytes incorporated with inorganic salts

MG-based PEs are easily prepared into films by dissolving MG polymer matrices in either toluene
[21, 22] or tetrahydrofuran [5, 23] together with inorganic salt(s), and then solution casted to dry.
In order to ease dissolution, the MG polymers are usually sliced into smaller pieces prior to use.

The ambient ionic conductivity of MG30 without addition of salt was reported to be in the
order between 10" and 107 S cm™ [5, 23], which is comparable to that of other synthetic poly-
mers. Examples of salts added into MG30 and/or MG49 are lithium triflate (LiCF,SO,) [4, 5],
lithium perchlorate (LiCIO,) [3], lithium tetrafluoroborate (LiBF,) [24], and ammonium triflate
(NH,CF,SO,) [25], which provide ions for conduction to occur in the polymer matrix system.

Upon the incorporation of salt in MG polymer matrices, maximum conductivity is usually
achieved with salt contents in the range of 15-35 wt.%. The increase in conductivity before
the maximum point has been attributed to the increase in free ions [5] resulting from the
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salt dissociation. This is achieved by the complexation of salt cation with the electron donor
atoms in the polymer matrix or solvent, while the separated anions will move freely around in
the polymer. With increasing salt content, the amount of available complexation sites on the
polymer matrices will be saturated, and hence, the cations will tend to associate with anions
of salt to form less mobile ion pairs or ion aggregates [5, 23]. The reduction in free ions in com-
bination with other factors, such as lower ion mobility and increased viscosity, can be used to
explain the drop in the ionic conductivity beyond the maximum point [23].

Yap et al. [5] reported the best room temperature conductivity of 1.7 uS cm™ obtained in MG30
sample containing 30 wt.% LiCF,SO,. The ion mechanism was found to obey the Arrhenius
law, which suggested that ion transport occurs predominantly through ion hopping. The con-
ductivity trend is in agreement with the trends of activation energy (E ) and amounts of free
ions, whereby the best conducting sample required the lowest E_ of 0.24 eV to hop from one
complexation site to another and exhibits the highest amount of free ions.

The conductivity values of MG30- and MG49-based polymer electrolytes are listed in Table 1.
Most MG-salt complexes reported an ambient ionic conductivity around 10® to 107 S ecm™,
which is considered insufficient for application in electrochemical devices.

Composition (wt.%) Ambient conductivity, ¢ (S cm™) Reference
MG30: LiCE,S0, (70:30) 1.7x 10 [5]
MG30:LiCF,SO, (65:35) 8.4 x10* [4]
MG30:LiCF,SO,:EC (15:9:76) 9.0 x 107 [4]
MG30:LiCF,SO,:PC (26:14:60) 3.1x10° [23]
MG30:LiCF,SO,:PEG200 (63:27:10) 3.7x10* [29]
MG30:NH,CF,S0, (65:35) 2.0x 10 [25]
MG30:NH,CF,SO,:EC (32.5:17.5:50) 8.9 x10* [25]
MGB30:LiCF,SO,:SiO, (60:33:7) =23 x10* [28]
MG30:LiCF,S0,:5i0,:DMC (18:9.9:2.1:70) ~3.5x10* [28]
MG30:LiCF,50,:AL0, (59.8:32.2:8) 1.1x10° [31]
MG49:LiBF, (80:20) 2.3x107 [35, 36]
MG49:LiCIO, (85:15) 4.0x10% [35]
MG49:LiClO,:TiO, (72:18:10) 3.5x10°¢ [27]
MG49:LiCIO,:TiO,:EC (49:14:7:30) 1.1x10° 27]
MG49:NH,CF,SO,-PC (3:97) 12x10? [30]
MG49:NH,CF,SO,-PC:SiO, (2.8:89.2:8.0) 7.6 x10° [30]
MG49:LiCIO,: [HNO,-THE-TiO,-5i0,] (69:23:8) 5.86 x 107 3]

At 30°C.

Table 1. Ionic conductivity values of MG-based polymer electrolytes incorporated with salt, plasticizer and filler.
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2.2. MG-based polymer electrolytes incorporated with plasticizers

Plasticization is a common method used by researchers to enhance the ionic conductivity
of polymer electrolytes. This is because plasticizers can increase the amorphousness of the
polymer, and enhance polymer segmental motion and ion mobility [25]. The high dielectric
constant of plasticizers can also help to dissociate the salt into free ions and prevent ion asso-
ciation [23]. Overall, plasticizer addition helps to improve the ionic conductivity of polymer
electrolytes, which is an important factor that influences the device performance.

As mentioned earlier, most MG-based solid polymer electrolytes suffer from low conduc-
tivity (0 = 10® to 107 S ecm™). Hence, researchers have incorporated plasticizers into MG30
and MG49 to enhance ionic conductivity. Plasticizers such as ethylene carbonate (EC) [4, 20,
21, 25-27], propylene carbonate (PC) [23], dimethyl carbonate (DMC) [28], and poly(ethylene
glycol) with molecular weight of 200 (PEG200) [29] have been introduced into MG polymer
matrices. Figure 3 illustrates some examples of plasticizers that have been added into MG
polymer matrices.

One of the pioneering works on MG-based polymer electrolytes is by Kumutha et al. [21] who
investigated on MG30-LiCF,SO,-EC-ALSiO, system. Results from infrared (IR) and differen-
tial scanning calorimetry (DSC) studies showed no distinct change in their wavenumbers and
T, value (which lie in the range of -39 to ~42°C) upon addition of EC as plasticizer or ALSiO,
as filler. The authors reported that there is no interaction between EC, and ALSiO,, and the
polymer.

In separate works, Ali and co-workers [4, 23] investigated on MG30-LiCF,SO,-EC and MG30-
LiCF,SO,-PC systems. The ionic conductivity increased from 8.4 x 10 S cm™ to achieve maxi-
mum conductivity at 9.0 x 10 S cm™ for the EC system, and 3.1 x 10° S cm™ for the system
with PC on incorporation of 76 wt.% EC and 61 wt.% PC. For the MG30-LiCF ,SO,-PC system,
Ali et al. [23] reported that the sample containing 61 wt.% PC lost its dimensional stability
despite exhibiting the best conductivity in the polymer electrolyte system. Increase in con-
ductivity is attributed to several factors, namely increased polymer-cation interaction, high
dielectric constant (¢) of EC at 89.6 (at 40°C) and PC at 64.4, which help to lower transient
cross-linking between Li" ions and MG30, increased ion mobility and reduced intermolecu-
lar forces in MG30, that increased the amorphousness of the polymer in the presence of the
plasticizer. The latter is manifested in the lowering of the T, value of MG30-LiCF,SO, (65:35)
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Figure 3. Chemical structure of (a) EC, (b) PC and (c) PEG200.
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initially found between —66.6 and -59.5°C, and -77.1 and -74.6°C when 76 wt.% EC and 61
wt. of PC were added. In another work [26], gel polymer electrolytes consisting of MG30-
LiCF,SO, plasticized with 76 wt.% EC and PC were reported to exhibit lithium transference
number (t,.*) below 0.3 and voltage breakdown at 4.2 V.

Zaki et al. [25] achieved considerably high ionic conductivity of 2.0 x 10* S cm™ for MG30-
NH,LiCF,SO, (65:35) sample. lonic conductivity increased to 8.9 x 10* S cm™ upon introduc-
tion of 50 wt.% EC. The authors attributed the conductivity enhancement to the high dielectric
constant of EC, which helped to dissociate the salt and prevent ion association. Ion conduction
was found to follow Vogel-Tammann-Fulcher (VTF) behaviour, whereby ion transport occurs
in the amorphous phase via polymer segmental motion. Results from XRD showed reduction
in crystallinity from the gradual broadening of amorphous hump located from 20 = 12° to 22°
with addition of EC.

In the work of Yap et al. [29], PEG was added into MG30-LiCF,SO, system. Conductivity
improved from 1.7 x 10° S cm™ to a maximum value at 3.7 x 10 S em™, and this was exhibited
in the sample containing 10 wt.% PEG. X-ray diffraction (XRD) analysis confirmed the sample
to exhibit the lowest degree of crystallinity.

2.3. MG-based polymer electrolytes incorporated with fillers and other additives

Although polymer electrolytes added with plasticizer exhibit conductivity enhancement,
they suffer from low mechanical stability [30]. Hence, researchers have attempted using
inorganic fillers to improve the physical and mechanical properties of polymer electrolytes.
For MG-based polymer electrolytes, fillers that have been reported are aluminium silicate
(ALSIO;) [20], silica (SiO,) [28, 30], alumina (AL,O,) [31] and titania-silica (TiO,-5i0,) [3], which
are all passive fillers, and therefore do not participate directly in the Li* ion transport process.
Filler-added polymer electrolytes are known as composite polymer electrolytes (CPEs).

In the work of Hashim et al. [28], SiO, filler was incorporated into MG30-LiCF,SO,, followed
by the addition of dimethyl carbonate (DMC) plasticizer. The ionic conductivity initially
increased from 6.0 x 10° S cm™ to 2.3 x 10* S cm™ upon addition of 7 wt.% SiO,. The rise
in conductivity is attributed to the formation of conducting pathways for ion transport.
Decreased conductivity above 7 wt.% SiO, was caused by the blocking effect of the nanofillers.
After that, the authors managed to further enhance the conductivity value to 3.5 x 10*S cm™
with addition of 7 wt.% DMC. The DMC plasticizer enhanced polymer segmental motion.

MG49-NH,CF.SO,-PC-5iO, CPE system was reported by Kamisan et al. [30]. The authors first
determined the best conducting NH,CF,SO, molarity in PC at 0.7 M. Gel polymer electrolyte
containing 3 wt.% MG49 in the NH,CF,SO,-PC liquid electrolyte exhibited high conductivity
in the order of 102 S cm™. However, they lacked mechanical stability due to the high amount
of liquid electrolyte. The addition of SiO, initially decreased the conductivity to 107 S cm™, but
increased to achieve two maxima at 1.2 x 102 S cm™ (3 wt.% SiO,) and 7.6 10° S cm™ (8 wt.%
Si0,). The activation energy values calculated from the Arrhenius equation displayed two min-
ima at0.11 and 0.12 eV for samples with 3 and 8 wt.% SiO, content, respectively. The CPE viscos-
ity increased from 10.0 to 68.2 cP upon addition of 8 wt.% SiO,, which authors took as indication
of increased mechanical stability.
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Kang and co-workers [3] incorporated fixed amount of TiO,-SiO, filler into MG49-LiClO, sys-
tem containing different solvents, that is, HNO,-THF and CIHNO,-THF. The conductivities of
both MG49-LiCIO,-HNO,-THEF-TiO,-5i0, and MG49-LiClO,-CIHNO,-THF-TiO,-5iO, systems
increased from 1.2 x 10# S em™ to achieve a maximum at 5.9 x 107 Sem™ and 4.8 x 107 S ecm™,
respectively, upon incorporation of 25 wt.% LiClO,, before decreasing at higher salt contents.
Above 25 wt.% LiClO,, the ion transport process is hindered by ionic aggregation and the
formation of transient cross-links. The two different polymer electrolyte systems exhibited
different ion conduction behaviors: the system containing HNO,-THF followed the Arrhenius
rule, whereby ion transport occurs by ion hopping, whereas the CIHNO,-THF system obeyed
VTF rule, which indicates polymer segmental relaxation. Both polymer electrolyte systems are
thermally stable up to around 270-290°C.

Thermal oxidation of MG-based electrolytes has also been a subject of study. Aging of poly-
mers, which in this case is natural rubber, is a topic of concern as the unsaturated hydro-
carbons will degrade on exposure to oxygen and elevated temperatures. Consequently, the
physical, electrical, mechanical, and other characteristics of PEs will deteriorate upon aging.
Aziz and Ali [32] studied the effect of varied contents of an antioxidant, N-(1,3-dimethylbutyl)-
N'-phenyl-p-phenylenediamine (6PPD) on the thermal oxidation resistance of MG30. Using
IR analysis, the absorbance/intensity ratio of the C=0O band at 1726 cm™ to the =C—H band
located at 835 cm™ of different MG30-6PPD samples were calculated to determine the degree
of oxidation [33, 34]. Only the sample with 0.5 wt.% 6PPD displayed anti-oxidation effects as
the intensity ratio of the bands 1726 cm™:835 cm™ decreased. At higher contents of 6PPD (1, 2,
4, 6 and 8 wt.%), no anti-oxidation effect was observed. However, the MG30 sample contain-
ing 0.5 wt.% 6PPD with the best anti-oxidation effect exhibited a lower ambient conductivity
of 5.50 x 10° S cm™ than the untreated sample which had conductivity of 3.10 x 10> S cm™.
The authors suggested incorporating plasticizer to increase the conductivity of MG30-6PPD
sample in the future.

2.4. Blends of PMMA-grafted natural rubber

In order to improve the properties of MG30- and MG49-based polymer electrolytes, research-
ers have attempted blending of the MG polymer matrices with other polymers. MG polymer
matrices were simply mixed together with another polymer to produce polymer blend(s)
which possess properties that are superior than individual polymers. MG49 has been blended
with PMMA [24], PEO [36], PVAF-HFP [37], and PVdF [38]. The chemical structures of PMMA,
PEO, PVAF-HFP, and PVdF are shown in Figure 4.

Ahmad et al. [36] found improvement in the conductivity of MG49 with and without LiBF,
salt upon blending of the polymer with 50 wt.% PMMA. Pure MG49 exhibited ambient con-
ductivity of 1.0 x 102 S cm™, whereas pure MG49-PMMA blend possessed conductivity of
1.7 x10™ S cm™. Upon incorporation of LiBF,, MG49-LiBF, and MG49-PMMA-LiBF, samples
exhibited maximum conductivity of 2.3 x 107 S ecm™ (at 20 wt.%) and 8.3 x 10° S cm™ (at
25 wt.%), respectively. The more superior conductivity in the polymer blend electrolyte is
attributed to the higher ratio of number of oxygen atoms to lithium ion [O:Li'] of 5:1 as com-
pared to 8:1 in single polymer electrolyte system. Morphology study by scanning electron
microscopy (SEM) revealed homogenous surface in MG49 and MG49-PMMA films with no
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Figure 4. Chemical structure of (a) PMMA, (b) PEO, (c) PVdF, and (d) PVAF-HFP, where each atom in red can act as
electron donor, and the black dots represent lone electrons. The polymers have been reported to be blended with MG
polymer matrices.

phase separation. The changes in the structure of MG49 upon blending with PMMA indicated
that intermolecular interactions between the two polymers have occurred. Crystals of LiBF,
in MG49 sample added with 25 wt.% of the salt were reported due to salt aggregation above
its optimum concentration, which explained the drop in conductivity above 20 wt.% LiBF,.

A polymer blend system that comprised PEO-MG49 with varied wt.% PEO was reported by
[39]. Photograph of the PEO:MG49 with wt.% ratio of 60:40 showed a more homogeneous
surface and free-standing film, as compared to other wt. ratios (80:20, 20:80, 40:60) which were
not homogeneous. From SEM analyses, MG49 film was smooth due to its amorphous char-
acteristic, while PEO film displayed rough surface attributable to its crystalline nature. Upon
blending between the two polymers, homogeneous surface was reported for PEO-MG49 sam-
ple, whereby the two polymers were well distributed. With increasing addition of LiClO,,
the co-continuous phase appeared smoother and increased in pore size. Addition of PEO
into MG49 was reported to improve the conductivity by two orders of magnitude. The PEO-
MG49-LiClO, samples exhibited conductivity that was also higher than PEO-LiClO, sample
(0=10%to 107 S em™) [40, 41]. Maximum conductivity of 8.0 x 10°® S cm™ was obtained in the
polymer blend incorporated with 15 wt.% LiClO,, which was three orders higher than the
sample before addition of salt (¢ = 4.0 x 10° S cm™). The conductivity values of MG-based
blend polymer electrolytes are listed in Table 2.

Su’ait and co-workers [24] blended MG49 with PMMA in the wt.% ratio of 70 to 30, and incor-
porated the polymer matrix with different lithium salts, namely LiClO, and LiBF,. The best
conductivity was obtained upon addition of 25 wt.% salt in both PE systems. The PE containing
LiBF, exhibited higher conductivity (0 =8.6 x 10 S cm™) than that of LiCIO, (0 =1.5x10*S cm™)
and is attributed to the larger ionic radius of BF,” (0.218 pm) compared to C1O,” (0.215 pm), and
hence to the lower lattice energy of the former salt. Infrared results showed that Li" ions com-
plexed with the oxygen atoms present in both MG49 and PMMA.
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Polymer electrolyte composition (wt.%) Ambient conductivity (S cm™) Reference
MG49:PMMA (70:30) 1.1 x 1072 [24]
41x10" [35]
MG49:PMMA:LICIO, (52.5:22.5:25) 1.5x10% [24]
MG49:PMMA:LIBF, (52.5:22.5:25) 8.6 x10° [24]
PEO:MG49 (60:40) 4.0x107 [36]
PEO:MG49: LiCIO, (51:34:15) 8.0x10° [36]
PVdF-HFP: MG49: LiBF, (49:21:30) 2.8x10* [37]
PVAF-MG49:LiTCF SO, (70:30) 3.3 x10* [38]

Table 2. Ionic conductivity values of MG-based polymer blend electrolytes.

Among the polymer-blend electrolyte systems listed in Table 2, fluorine (F)-containing poly-
mer electrolyte systems such as PVdF-HFP-MG49 [37] and PVdF-MG49 [38] achieved the
best ionic conductivity up to the order of 10* S cm™ when blended with LiBF, and LiCF,SO,,
respectively. The polymer blend made up of PEO-MG49 reached the maximum conductivity
from 4.0 x 10° S cm™ to 8.0 x 10 S cm™ upon addition of 15 wt.% LiCIO,.

2.5. Interactions in MG-based polymer electrolytes

It is useful for researchers to investigate whether interactions have occurred between MG
polymer and the salt, as well as with other components in the polymer electrolyte system,
for example, plasticizer, filler, and so on, and identify the chemical group where the interac-
tions have taken place. Interactions between components in a polymer electrolyte system will
ensure miscibility and no phase separation.

As mentioned in previous sections, natural rubber does not possess polar atoms which could
complex with cations from salt. In MG30 and MG49, the PMMA contains oxygen atoms in
the C=0 and C—O—C groups which have been reported to interact with the cations from
salt through coordination bond(s) [4, 5, 20, 23, 24]. Evidence of complexation of MG30 and
MG49 with various salts could be obtained from infrared (IR) spectroscopy. The wavenumber
regions of interest of MG polymer matrices are #1720-1750 cm™ and ~950-1450 cm™ which
represent the C=0O and C—O—C group, respectively. Shifting of the IR bands mentioned indi-
cates complexation of MG polymer with cations from the salt.

Although interactions between MG polymer matrix and salt are usually shown from the shift-
ing of the symmetrical C=O stretching (v(C=0)) and IR bands corresponding to the C—O—C
group of PMMA, that is, combined C—O—O stretching (v(C—0—0)) and C—O stretch-
ing (v(C—0)), symmetric, and asymmetric stretching of C—O—C group (v(C—0O—C) and
v, (C—0—C)) as well as deformation of O—CH, (6(O—CH,)), some researchers did not find sig-
nificant wavenumber shift that is beyond the resolution used to measure the IR spectra. Su’ait
and co-workers [24] investigated on MG49-PMMA blend incorporated with different lithium
salts, namely LiBF, and LiClO,. The v(C=0) band in the samples containing 10 and 20 wt.%
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respective salt did not show wavenumber change but reduced in intensity. Other bands such
as the combined v(C—0—0) and v(C—O) band at 1272 cm™ and v (C—0—C) at 985 cm™ also
did not manifest any IR wavenumber shift. The intensity of the v__(C—0O—C) band was notice-
ably reduced upon addition of 20 wt.% LiBF,. Only the 6(O—CH,) band shifted from 1455 cm
to 1460 cm™ and 1461 cm™ in LiClO, and LiBF,-added samples, respectively. The reduction
in intensity and wavenumber shifts indicated complexation has taken place between Li* ions
from the salts and MG49.

Several reports on plasticized MG-based polymer electrolytes found no interaction from
IR studies between the polymer matrix and the plasticizer. Kumutha and co-workers [21]
reported on the IR analyses of MG30-LiCF,SO,-EC system and explored the interactions
between MG30 and EC and between LiCF,SO, and EC. For the MG30-EC sample, no IR
change was found, which indicated that there was no interaction between the polymer and
plasticizer. However, for the LiCF,SO,-EC mixture, the v(C=0), C=0 bending, and ring
breathing of EC shifted from 1803 to 1778 cm™, from 718 to 720 cm™ and from 897 to 899 cm™,
respectively, which suggested that interaction has occurred between the C=0O group of EC
and Li" ions from the salt to form C=O0...Li" interaction. Hence, EC has penetrated into the
MG30-LiCF,SO, complex with interaction with the salt but no interaction with the polymer.

Ali et al. [23] investigated on MG30-LiCF,SO,-PC system. The v(C=0) of PC displayed down-
shift from 1788 to 1775 cm™ in the LiCF,SO,-PC mixture, which showed coordination of Li*
ions onto the C=0O group of PC. Similar to [21], no IR change was observed for MG30-PC
sample, which suggested no interaction between the polymer and the plasticizer.

In filler-added polymer electrolyte system, such as MG30-LiCF,SO,-EC-ALSiO,, Kumutha et al.
[20] did not observe any IR change to the spectra of polymer electrolyte upon incorporation of
the filler. This indicates that ALSiO, did not interact with the components in the PE complex and
only existed as dispersed solid.

The formation of MG49-PMMA blend was investigated by Ahmad et al. [36] using IR spec-
troscopy. The 5(0O—CH,) and v (C—O—C) bands of pure MG49 shifted from 984 and 1457 cm™
to 992 and 1450 cm™ in MG49-PMMA blend, respectively, which indicated the occurrence of
intermolecular interactions between MG49 and PMMA. Upon addition of LiBF, salt, several
bands of MG49 and MG49-PMMA shifted, which suggested complexation between Li* ions
and the polymer matrix. The v (C—O—C) shifted from 984 to 987 cm™ in MG49-LiBF, sample,
and from 992 to 985 cm™ in MG49-PMMA-LiBF, sample; the band reduced in intensity in
both systems. The 6(O—CH,) also shifted from 1450 and 1457 cm™ in MG49-LiBF, and MG49-
PMMA-LiBF,, respectively, to 1461 cm™. From the results, the authors implied that oxygen in
the C—O—C group of PMMA interacted at a higher extent to Li" ions.

For PEO-MG49-LiClO, polymer blend electrolyte system, complexation between Li* ions and
the polymer blend was confirmed by Ahmad and co-workers [39] from the shifting of bands
belonging to PEO and PMMA in MG49. The triple band due to PEO initially located at 1146,
1099, and 1060 cm™ formed a single band in the range of 1066-1094 cm™ in PEO-MG49-LiCIO,
samples, which indicated coordination of Li* ions on the O atoms in PEO. The 6(O—CH,) of
PMMA in MG49 also shifted from 1466 cm™ to lower wave numbers to around 1450 cm™ in
the LiClO,-containing polymer blend electrolytes.
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2.6. Determination of free ion, ion pairs and ion aggregates

Besides being able to reveal the interactions that occur in polymer electrolyte systems, IR
analysis can also estimate the amount of charge carriers present in different samples. The
result can be used to explain the conductivity behavior at different added contents of salt or
other additives in the polymer electrolyte system.

Some IR regions representing certain bands of the salt could reveal the types of ionic species
(i.e. free ions, ion pairs, ion aggregates) present and their area percentage in the polymer elec-
trolytes. According to Huang and Frech [42], different types of triflate (CF,SO,") ionic species
can be distinguished from the deconvolution of the IR envelope of symmetrical stretching
of SO, (v(S0,)) of the salt. Free ions, ion pairs and ion aggregates could be distinguished at
1030-1034 cm™, 1040-1045 cm™, and 1049-1053 cm™, respectively [42].

Yap et al. [5] studied MG30 PE system added with varied LiCF,SO, contents and noted the
increase of conductivity up to 30 wt.% LiCF,SO, with maximum conductivity of 1.7 uS cm™
at 30°C before dropping beyond that composition. The IR spectra of LiCF,.SO, MG30, and
MG30-LiCF,SO, samples between 1000 and 1100 cm™, where the v (SO,) of LiCF,SO, lies, are
illustrated in Figure 5. The band observed at 1044 cm™ in LiCF SO, sample corresponded to the
ion pairs of the salt. Upon incorporation of LiCF,SO, into MG30, a band located at 1032 cm™
attributed to free ions was found in all MG30-LiCF,SO, samples. A shoulder appeared around
1040 cm™ (as shown by the dotted line in Figure 5). In order to separate the IR envelope from
1000 to 1060 cm™ in the varied MG30-LiCF,SO, samples, IR deconvolution was carried out as
shown in Figure 6.

Yap and co-workers [5] reported the presence of free ions (1032 cm™) and ion pairs (1040 cm™)
in the MG30-LiCF,SO, samples. No ion aggregate was detected in the samples. The trend of
free ions obeyed the trend of conductivity, whereby the highest area % of free ions was found
in the best conducting sample, which is MG30 containing 30 wt.% LiCF,SO,. Increasing free
ions with LiCF SO, contents is due to the recombination of Li* and CF,SO," ions. Hence, the
trend of conductivity, that is, the rise of conductivity below 30 wt.% LiCF SO, and its subse-
quent drop above that composition was explained by the trend of free ions.

2.7. Determination of number density, mobility and diffusion coefficient values

By using the % area of free ions obtained from the IR deconvolution of v (SO,) band belonging
to LiCF,SO, for MG30-LiCF,SO, samples, ion transport parameters, such as number density
(n), mobility (1), and diffusion coefficient (D), could be calculated using the equations below:

N
n=%F1xMﬂwx7A (1)
b= e 2)
uxkxT

D==— ©)
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Figure 5. IR spectra between 1000 and 1100 cm™ of (a) LiCF,SO,, (b) MG30, (c) MG30-LiCF,SO, (90:10), (d) MG30-
LiCF,S0, (80:20), () MG30-LiCF,S0, (70:30), and (f) MG30-LiCF,S0, (60:40).

Where %FI represents the percentage of free Li* ions obtained from IR deconvolution, m refers
tomass of LiCF,SO, used, M, is the molecular mass of LiCF,SO, (156.01 g mol™), N, Avogadro’s
number (6.02 x 10%), V is the total volume of components present in the sample, o is the con-
ductivity of every sample at 298 K, e is the electron charge (1.60 x 10 C), k is the Boltzmann
constant (1.38 x 10 J K™), and T is 298 K. The density of LiCF,SO; is 1.90 g cm™, while the
density of MG30 (natural rubber:PMMA = 70:30) was taken to be 1.005 g cm™. The value n
corresponds to the number density of mobile ions, i value refers to the mobility attained by
the Li* ions under application of electric field, and D value gives the rate at which Li* ions are
transported within a second. Table 3 lists the conductivity, % area of free ions, 1, u, and D for
MG30 added with varied wt.% LiCF,SO,. It was found that the # increased continuously up to
40 wt.% LiCF SO,, while both p and D were highest at 30 wt.% LiCF,SO,, which indicates that
the ion transport is diffusion controlled. As the MG30 added with 30 wt.% LiCF SO, exhibited
the best conductivity and the lowest degree of crystallinity [5], Li* ions are more mobile and
are able to diffuse more easily through the amorphous region in the sample.
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Figure 6. IR deconvolution of v (SO,) band belonging to LiCF,SO, in MG30:LiCF,SO, system with wt.% ratio of (a) 90:10,

(b) 80:20, (c) 70:30, and (d) 60:40.

LiCF,SO, content o (S cm™) FI (%) n (cm™) # (cm?V-'s™) D (cm*s™)
(wt.%)

10 1.9 %107 67.0 2.7 x 102 43 x107" 1.1x10™
20 1.1x10% 70.0 6.0 x 10% 1.1x10" 29x10™
30 1.7 x10° 78.2 1.1x10% 10.0 x 10 2.6 x10712
40 6.4x10° 68.6 1.3 x10% 3.1x10" 7.8 x10™

Table 3. Conductivity (o), % area of free ions (FI), number density (1), mobility (1) and diffusion coefficient (D) of Li* ions
of MG30 samples added with varied LiCF,SO, contents.
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3. Summary

Modified natural rubbers namely PMMA-grafted natural rubber (i.e. MG30 and MG49), are
widely used as polymer matrices in polymer electrolytes. MG30 and MG49 contain polar
C=0 and C—O—C groups which could complex with cations from salt to produce ion trans-
port. Plasticizers, such as EC, PC, DMC, and PEG200, were employed to enhance the con-
ductivity of solid-based MG polymer matrices. Passive inorganic fillers, such as SiO,, A1,O,,
TiO,, TiO,-S5i0,, were used to improve the mechanical strength of the polymer electrolytes.
Polymer blends of MG with PEO, PMMA, PVdF, and PVdF-HFP were able to improve the
properties of MG-based polymer electrolytes in terms of conductivity and structural homoge-
neity. Complexation between MG polymer matrices and salt could usually be shown through
IR shifts of bands corresponding to C=O and C—O—C groups, although in some cases, only
changes in intensity were reported. Plasticizers and fillers added into MG polymer matrices
did not manifest change on the IR spectra of the polymer, although interactions were found
to occur between plasticizer and the salt (i.e., between LiCF,SO, and EC or PC). MG30 and
MG49-based polymer electrolytes could achieve high ionic conductivity up to 102 S cm™ when
plasticized and have potential to be used in electrochemical devices.
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