Electronic Applications of Polymer
Electrolytes of Epoxidized Natural Rubber
and Its Composites
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Abstract The hope for composite polymer electrolytes (CPE) to fulfill future
electronic applications has encouraged researchers to look up for wider range of
polymer candidates, which are suitable for this purpose. Epoxidized natural rubber
(ENR) is one of the candidates with polar epoxy group that helps in compatibiliza-
tion with other polymers and provides coordination sites for fillers and organic or
inorganic salt. Besides, low glass transition temperature, good dimensional stabil-
ity and impact strength, and satisfactory stickiness finally provide sufficient con-
tact between electrolytic layer and electrode for electronic devices. The desirable
properties of ENR have earned researchers’ attention to further explore its poten-
tial. Hence, this work will attempt to compile and review the ENR, ENR-based,
and composite ENR-based electrolytes for electronic applications, especially in
ionic conductivity.

Keywords Epoxidized natural rubber + Polymer electrolytes * Ionic conductivity -
Glass transition temperature - Selective localization

1 Introduction to Epoxidized Natural Rubber

1.1 Structure and Composition

Pummere and Burkard [1] were the first to report the epoxidation reaction of natu-
ral rubber (NR). Epoxidized natural rubber (ENR) is a modified form of NR in
which some of the double bonds in the cis-polyisoprene chain have been converted
to oxirane groups. The epoxy groups are randomly distributed along the backbone
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of NR [2]. The chemistry of epoxidation of NR and the subsequent ring-opening
reactions have been extensively studied by Swern [3]. Epoxidation is a stereo-spe-
cific reaction, and the rate of epoxidation is governed by the substituents on the
double bond [3, 4]. Only in the mid-1980s, the pure samples of ENR were pre-
pared and their potential applications were realized [5-7].

ENR is composed of 2-methylbut-2-ene and 2,3-epoxy-2-methylbutane units.
Upon epoxidation, ENR can still undergo strain crystallization since oxygen
is small enough to fit into the crystal lattice with only minor geometrical rear-
rangements. Therefore, it maintains the superior tensile properties of NR [8, 9].
Epoxidation is a highly exothermic reaction (60 kcal g~! mol~!), but under care-
fully controlled conditions of reaction temperatures and acid concentration below
20 w/w%, NR latex can be epoxidized to over 75 mol% without the formation of
secondary ring-opened structures [7]. Nevertheless, most of the studies are lim-
ited to commercially available ENR, namely ENR-25 and ENR-50, where 25 and
50 denote 25 and 50 mol% of epoxide group. This type of chemical modification
offers excellent scope of potential applications considering low cost of NR latex
and simple nature of ENR production [10].

The properties of ENR change gradually with the epoxide level. Hysteresis,
swelling resistance, and gas impermeability improve with increasing epoxide
level, while resilience, on the other hand, decreases [5, 11]. The physical proper-
ties of ENR could be governed by increase in glass transition temperature (1),
solubility, and ability to undergo strain crystallization [8].

The commercial production of ENR in the early time and after the year 1969
has several differences in their properties. Before 1969, the “old ENR” was known
to have high Mooney viscosities of about 120, high gel contents (60-80 %) and
acidic in nature (pH 6). This results in difficulty of mixing and filler dispersion in
the rubber. Mixing can be optimized by premastication of the rubber in the pres-
ence of a base, but even so, filler could not be incorporated into the highly cross-
linked macrogel phase causing heterogenous mixture [12].

In 1989, a different technological production of ENR known as Epoxyprene
was launched by Kumpulan Guthrie Berhad, Malaysia. Epoxyprene has lower
Mooney viscosities of about 80, more consistent composition, lower gel content
(3040 %), and alkaline in nature (pH 7-10), leading to easy processing of rub-
ber. The advantages of the epoxyprene are that it can be compounded without the
need of premastication, and homogenous carbon black filler distribution can be
obtained [13, 14].

1.2 Synthesis Pathways

Epoxidation reaction can be carried out in solution or latex form (refer Table 1)
but only latter is of commercial values. In situ epoxidation is preferred to mini-
mize processing and costs [15].
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Table 1 Epoxidation routes of NR

Description

(1) Solution
form

(a) Perbenzoic acid [16, 17]

(b) Perphthalic acid [18]

(c) Peracetic acid [19, 20]

(d) Hydrogen peroxide/acetic mixtures catalyzed by p-toluene sulfonic acids
[17,19]

(2) Latex form

(a) Bromohydrin intermediates, hydrogen peroxide-catalyzed system [15]

* Dibromide and bromohydrin formed during bromination, consumed
bromine that was intended to react with rubber

* Low efficiencies of epoxidation may be related to the difficulty in trans-
ferring water-soluble intermediate to the rubber particles

(b) Peracetic acid [21-23]

» Easy preparation using acetic anhydride and hydrogen peroxide

* Low cost of reagents

* Peracetic acid is stable and compatible with both aqueous and hydrocar-
bon phase of latex, uniform reaction

» Quantitative conversion results in excellent efficiency of epoxidation

* No evidence of ring-opened epoxide groups at moderately low modifica-
tion level

» Negligible side products when carried out under ambient temperature and
in the absence of strong acid catalyst

(c) Performic acid [15, 24, 25]
¢ Prepared from hydrogen peroxide and formic acid
» Epoxidation is accompanied by extensive amounts of secondary products
 High acidity accelerates ring-opening reactions

Comparing the choices of epoxidation routes of NR, it can be concluded that
epoxidation in latex using peracetic acid (refer Fig. 1) is one of the best meth-
ods of all, for laboratory scale as well as standard industrial production. To pre-
pare latex epoxidation, it is necessary to first stabilize the latex by adding nonionic
surfactant. The surface of the rubber particles surrounded by proteins is anionic
charged, while peracetic acid to be added is cationic charged. Adding different
charge surfactants to the NR latex would cause the rubber particles to destabilize.
Therefore, nonionic surfactant must be used to stabilize NR latex against acid
coagulation. After epoxidation completed, the ENR can be precipitated either by
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Fig. 1 Epoxidation of NR using peracetic acid
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using alcohol or acetone, adding salt, or heating to temperature above the cloud
point of the surfactant. Lastly, the ENR can be washed with base to remove all
unreacted acid [26].

1.3 Characteristics

ENR consists of two parts namely, sol (soluble in organic solvent) and gel (insolu-
ble in organic solvent). The sol was deduced to be intramolecular ether with linear
structures, whereas gel is intermolecular ether with net-like structures [5, 27]. High
cross-link structure of gel content was believed to be attributed by higher degree of
epoxidation [5], minute structural changes (free radical) in ENR that may occur dur-
ing milling [28], thermal effect during molding of rubber [29], interchain interactions
by H-bonding through ring-opened products of ENR [29], and temperature [30]. Mild
reaction conditions can avoid the ring-opening reactions. Nevertheless, the longer
preparation time required is not favorable for scaled production of ENR.

1.3.1 'H-Nuclear Magnetic Resonance (IH-NMR)

The determination of ENR structure using 'H-NMR method (refer Table 2) was
developed by Durbetaki and Miles [31]. For NR, the characteristic signals of

Table 2 Chemical shift assignment of "H-NMR for ENR

Chemical shift (ppm) Assignment Reference

1.7 Methyl [32]
CH;-C=C

2.1 Methylene [32]
—CHp—

5.1 Unsaturated methyne/olefinic hydrogen [33]
CH=C

1.3 Methyl of epoxy group [20]
CH3;-CO

2.7 Methyne of epoxy group [20]

34 Diol [2, 34]

3.9 Furan [34]

Note "H-NMR spectrum for ENR-20
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Fig. 2 FTIR spectra of NR and ENR

methyl, methylene, and unsaturated methyne protons of cis-1,4-isoprene units
appeared at 1.7, 2.1 and 5.1 ppm, respectively. However, ENR spectrum shows
two additional signals that appeared at 1.3 and 2.7 ppm which represent the
methyl and methyne protons of the epoxy group, respectively.

1.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of NR and ENR are given in Fig. 2. The presence of C=C
stretching (1654 cm™'), CH olefin wagging (842 cm™!), and CH3 deformation
(1376 cm™") confirm the identity of NR. On the other hand, ENR shows additional
peak at 880 and 1250 cm~! corresponding to oxirane ring and stretching vibration
of C—O-C, respectively.

1.3.3 Thermal Properties

T, of ENR increases as the amount of epoxide groups increases (refer Fig. 3). The
presence of bulky epoxide group lowers the rotational freedom of the modified
segment [15]. For every 1 mol% epoxidation, the T, increases by approximately
1 °C [15, 35]. The presence of proteins in NR does not interfere with the forma-
tion of epoxide and segmental mobility of the chain [36].

The thermal stability of ENR in nitrogen atmosphere and in air exhibits dif-
ferent trend by thermal gravimetry analysis (TGA). In nitrogen atmosphere, ENR
shows single-step decomposition. Presence of epoxy group was claimed to pro-
vide higher thermal stability in inert environment (refer Fig. 4) due to epoxide ring
opening that occurs during the test which consequently slows down the rubber
degradation [37]. On the other hand, presence of epoxy group destabilizes thermal
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Fig. 4 Onset of thermal degradation temperature of ENR in nitrogen atmosphere, square [39],
circle [40], and triangle [unpublished result]

stability of ENR in air. Thermal degradation of ENR in air shows two-step decom-
position [27, 38]. The steps are in the range of 200-450 °C (approaches first-order
reaction) and 450-550 °C, respectively.

1.3.4 X-ray Diffraction

NR can undergo strain-induced crystallization where the unit cell was reported to
be orthorhombic (92°) or monoclinic (90°) [41, 42]. Meanwhile, ENR also dis-
plays the same unit cell where the volume increases with degree of epoxidation
(refer Table 3). Beyond 50 mol%, the degree of crystallinity reduces drastically
which may imply that the basic unit of NR can accommodate two epoxide groups
[7, 8].



Electronic Applications of Polymer Electrolytes ... 43

Table 3 Unit cell volume and degree of crystallinity estimated by X-ray diffractometer for ENR
vulcanizates (2 phr sulfur) at 400 % strain. Copyright 1987 reprinted with permission from [13]

ENR Unit cell volume (nm?) Degree of crystallinity
NR 0.955 11
ENR-25 0.985 11
ENR-50 0.999 10
ENR-75 1.036 4
ENR-90 1.036 2

Table 4 Mechanical properties of NR, ENR-25, and ENR-50

NR ENR-25 ENR-50
Modulus at 100 % elongation 0.25 [39] 0.20 [39] 0.33 [44]
(MPa)
Elongation at break (%) 322 [14] 482 [14]
267 [44]
Green strength (MPa)? 0.34 [14] 0.49 [14]
Wallace plasticity 45 [14] 33 [14] 40 [14]
Plasticity retention index >50 [14] 45 [14] 45 [14]
66 [45] 22 [45]
3 (after solvent extraction) [14]
Tensile strength (kPa) 548 [44]
Shore A hardness 15 [44]

4Green strength can be defined as resistance to deformation and fracture before vulcanization

1.3.5 Mechanical Properties

ENR becomes mechanically harder with increasing epoxide contents. This is
related to the increased T of this modified NR [15]. Despite that, below 25 mol%
modification, ENR is as elastic as NR [43]. Resilience of ENR decreases with
increasing amount of epoxide, improving its wet grip performance. Some mechan-
ical properties of ENR are summarized in Table 4.

1.3.6 Air Permeability

The air permeability of ENR is dependent on the level of epoxidation (refer
Table 5). Epoxidation lowers the air permeability due to reduced segmental rota-
tion rates and higher ENR density [11, 15].
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Table 5 Air permeability of ENR. Copyright reprinted with permission from [46]

Air permeability (m* s~! N=! x 10!8)
NR 28.1
ENR-10 14.8
ENR-25 59
ENR-50 1.9

1.3.7 Aging Behavior

Wong and Ong [14] studied the aging behavior of NR, ENR-25, and ENR-50 at
50, 70, and 90 °C, respectively. As temperature increases, reduction in Wallace
plasticity can be observed in ENR where the effect is more significant in higher
epoxide rubber and at higher temperature (refer Fig. 5). Green strength, elonga-
tion, and modulus of stress—strain properties of ENR show no significant increase
upon aging (refer Table 6). The amount of gel and epoxide content in ENR was
found to remain consistent even when they were aged at 70 °C.
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Fig. 5 Changes in Wallace plasticity at different temperatures, a 50 °C, b 70 °C, ¢ 90°C. Copy-
right reprinted with permission from [14]

Table 6 Green strength and elongation at break of aging ENR. Copyright reprinted with permis-
sion from [14]

ENR-25 ENR-50
Unaged | Aged at 50 °C Unaged | Aged at 50 °C
4h 16h [32h 4h 16h [32h
Green strength (MPa) 0.34 021 026 |0.24 |0.49 042 040 037
Elongation at break (%) |322 327 307 310 482 513 1493 447
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1.4 Techniques to Determine Epoxide Content

There are many techniques to determine epoxide content of ENR. The most con-
venient and reliable method would be using "H-NMR and DSC. The advantages
and disadvantages of each technique are summarized (refer Table 7).

Table 7 Various methods in determining epoxide content of ENR

Method Techniques to determine epoxide content

1. "H-NMR [47] Ratio of integrated areas of the olefinic and epoxy methane protons

Mol% epoxide = ( Iﬁ)

In the range of 25-70 mol%, reproducibility was found to be
+1.5%

2. PC-NMR [20] Mol% epoxide = Aga 5-*—112?2(;4 464:-255) 01257

In the range of 25-70 mol%, reproducibility was found to be
+0.8 %

3. Elemental analysis %C, %H and %0

Large divergent of reproducibility: 12.9 %

Possibility of sample inhomogeneity which would be accentuated
by small samples required for microanalysis

4. HBr titration [48] Direct titration of oxirane ring with HBr is essentially quantita-
tive and with few interferences for ENR at low modification level
(<5 mol%)

Rapid technique being appropriate

<15 mol% where spectroscopic techniques are less accurate
Limited solubility at higher modification level as well as cyclization
side reactions between adjacent oxirane rings

5. Differential scanning | 7, of ENR increases linearly with epoxy content

calorimetry (DSC) [49] Mol% epoxide = Ty+70
= 092

Reproducibility: 0.25 %
Presence of significant side products derived from cyclization,
hydrolysis, or esterification would nullify validity of calibration

6. Density [15] Ty value is directly related to polymer density (density vs. T plot)
Epoxide content (%) | T, (°C) | Density (g/cmS)
0 —-66.4 0.898
10 -60.3 0.906
20 -53.0 0.917
35 —42.2 0.937
50 -30.1 0.965
65 -16.6 0.986

Convenient low-cost measure of epoxy content
The progressive increase in T parallels with increase in polymer
density due to reduction in volume of the chain segments

(continued)
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Table 7 (continued)

Method Techniques to determine epoxide content
7. FTIR [50, 51] (a) Lambert—Beer law to calculate percentage of epoxy groups of
ENR
C. — - 100kiA;
€ T A1tk Art+koAs
A
Co =t
Co =100—Cq — Cq
Ay = As3s

Ap = Ag70-0.14A335

A3z = A3460-0.019A 1375

where Ce, Cy4, and C, are the molar percentage of epoxy groups, car-
bon—carbon double bonds, and ring-opening products, respectively.
Ag3s, Ag70, A1375, and Az are the absorbencies corresponding to
835, 870, 1375, and 3460 cm™!. The values of k; and k», calculated
from the C. and Cq values determined from NMR method, are 0.77
and 0.34, respectively

(b) Mol% epoxide = ( Ag£§r73374)

1.5 Applications of ENR

ENR has been utilized in various fields since the past such as automotives [52],
substitute of acrylonitrile butadiene and butyl rubber products [50], coating [39,
53], clamping [54], wire and cabling [55], adhesions and sealants [56, 57], com-
patibilizer [58], and toughening agent in plastics [59, 60]. Recently, ENR is being
featured as autonomous healing materials [61, 62] and for electronic applications
[63—70] something uncommon and outside the traditional uses of rubber. In the
next section, we will focus on the electronic applications of composite ENR-based
polymer electrolytes, and in particular, we concentrate on impedance results.

2 Electronic Applications of ENR
2.1 Solid Polymer Electrolytes (SPEs)

SPE is made up of metal salt that dissolves in the polar matrix polymer to form a
solid salt solution [71]. It has favorable mechanical strength, ease in fabrication
of thin films into desirable size, and its ability to form effective electrode—elec-
trolyte contacts [72]. Over many years, SPEs still remain the potential of inter-
est for various applications in electrochemical devices, such as separators or
electrolyte membranes in high energy density lithium-ion rechargeable batter-
ies, fuel cell membrane, electrochromic displays, photoelectrochemical devices,
smart windows, data storage, sensors, transistors, supercapacitors, and many more
[71, 73, 74]. Therefore, it is desirable for SPEs to show acceptable conductivities
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(~10_3 to 1074 S cm_l) at room temperature, dimensional stability, and elasto-
meric properties [73, 75].

The common polymer hosts used are thermoplastics such as poly(ethylene
oxide) (PEO) [76-78], polyacrylonitrile (PAN) [79], poly(vinyl alcohol) (PVA)
[80, 81], and poly(vinylidene fluoride) (PVDF) [82, 83]. Despite that, their con-
ductivity is not high enough at room temperature. While ionic transport takes
place mainly in amorphous phase, high degree of crystallinity in the semicrystal-
line polymer hosts (e.g., PEO) at room temperature is not favorable.

In view of that, ENR could be a potential candidate for SPE system. It has polar
epoxy oxygen, low T, and amorphous nature that are suitable for ionic percola-
tion at room temperature. In addition, ENR also offers flexibility and good contact
between electrolytic layer and electrode for electronic devices [70].

2.1.1 ENR

Idris et al. [70] were the first to study ENR-based SPEs. They suggest that compl-
exation between lithium cation (Li™) and epoxy oxygen of ENR is similar to the
mechanism of PEO and Li™, the oldest and widely studied SPE system. The for-
mation of transient cross-links of intra- and intermolecular coordination of oxygen
atom in ENR with Li™ restricts the segmental motion of ENR chains which in turn
increase the T, values. Above certain salt concentration, T value fluctuates when
the level of transient cross-link is high enough to reduce Li™ and polymer chain
mobility, and distribution of salt becomes inhomogeneous. Under this condition,
the salt—salt interactions are preferred than salt—polymer interactions [84].

As mentioned in previous section, properties of ENR changes gradually with
epoxidation degree. Nevertheless, this effect was seldom considered and dis-
cussed. Yusoff et al. [85] have well demonstrated that ENR with more epoxy group
will have stronger interaction with salt due to more coordination sites for LiT
transport (see Fig. 6). The similar T trend is observed by Klinklai et al. [86] as
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Fig. 6 a Glass transition temperature and b ionic conductivity of ENR/LiClOy4, Open triangle
[85] indicates ENR-25; filled triangle [85] and filled diamond [67] indicate ENR-50
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Table 8 Ionic mobility and diffusion coefficient of ENR/LiClO4 ranging from Wy = 0-0.13 esti-
mated from impedance spectrometer. Copyright reprinted with permission from [85]

ENR-25 ENR-50
Ton mobility, au (cm? Vs~ 33 x 107! 4.4 x 10710
Diffusion coefficient, D (cm? s~ 1) 8.5x 10713 1.1 x 10711

well. From FTIR study, a stronger ion—dipole interaction at C—O-C of ENR-50
with LiClO4 was observed as compared to ENR-25. It is noted that Li* ions prefer
to coordinate with epoxy oxygen than with the C=C bonds. ENR-50 has higher
conductivity than ENR-25 when the weight percent of salt (W) < 0.15, which
could be due to higher ion mobility, better salt molecular-chain segment corre-
lation, and higher charge carrier diffusion rate (refer Table 8). When Wy > 0.15,
the conductivity of ENR-50 is lower than ENR-25. This is because at high salt
concentration, conductivity of ENR is dominantly governed by segmental motion
rather than charge carrier density. The study suggests that polarization relaxations
cause formation of stable percolation network, leading to significant increase in
conductivity at Wy = 0.05-0.11 for ENR-50 and Wy = 0.11-0.17 for ENR-25. The
results disagree with initial findings by Idris et al. [70] that report that ENR-25 has
higher conductivity than ENR-50 at relatively high salt content.

The dielectric study done by Chan et al. [8§7] on ENR-25 doped with LiClO4
indicates a non-Debye relaxation. The stable resistor networks only occur at
Ws > 0.2. Molar conductivity indicates Kohlrausch-like variation over a certain
range of concentration. The nonlinear deviation of molar conductivity at low salt
concentration and unaffected polarizability of ENR-25 signifies the weak interac-
tion between ENR-25 chains and salt molecules. For ENR-50 doped LiClO4, Chan
and Kammer [88] revealed that the values of diffusion coefficient and degree of
dissociation (107°) remain constant over a wide range of LiClO4 concentration
W <0.17).

Tan et al. [67] studied the influence of various anions of lithium salts in ENR-
50. The order of interaction strength between ENR and Li salt is LiBF4 < LiClO4
< Lil < LiCF3S0O3 < LiCOOCF;. However, the conductivity does not correlate
well with the interaction strength: LiBF4 > LiCF3SO3~LiCOOCF; > Lil > LiClO4.
In this work, lattice energy explains the conductivity behavior where lower lattice
energy salt dissociates easily and thus has more charge carrier and higher conduc-
tivity. Despite that, LiClO4 could not be explained using the same factor because
LiCIO4 was said to have high ion pair formation which causes number of charge
carrier to decrease and finally low conductivity performance. In terms of thermal
stabilization, it was found out that LiClO4 destabilizes while LiBF4 enhances the
thermal stability of ENR (due to cross-link reaction). The rest of the salts studied
do not significantly affect the decomposition temperature of ENR, in agreement
with FTIR and DSC results.

Table 9 summarized previously reported conductivity studies on ENR-based
SPE. The values are too low for application. It is interesting to note that the
strong interaction strength between salt and ENR does not necessarily ensure a
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Table 9. Previousl}f reported System Gmax (S cm—1) Reference
conquetivity on varlous ENR-50/LiN(SO,CFs), 46 % 1075 [91]
temperature ENR-50/LiBFy4 2.7 x 1073 [67]
ENR-25/LiCF3S03 6.2 x 1073 [70]
ENR-50/LiCF3S03 23 x 1073 [70]
9.3 x 1077 [67]
ENR-50/LiCOOCF; 2.0 x 1076 [67]
ENR-50/Lil 2.7 x 1077 [67]
ENR-25/LiClOy4 5.7 x 1077 [85]
ENR-50/LiClO4 4.1 %1078 [85]
1.8 x 1078 [67]

high conductivity. There are many other factors to be considered such as ion sal-
vation (lattice energy of salt), deformation of polymer structure due to inclusion
of salt, and segmental movement of the polymer chains [89, 90]. Moreover, same
ENR-based SPE system may not have similar ionic conductivity, for example,
ENR-50/LiCF3S0s3, as shown in Table 9. Those two separate studies on the same
system show one order of conductivity difference. This could be due to difference
in molecular weight of ENR, effect of non-rubber component (gel, protein), sam-
ple preparation, etc. Therefore, variation from ENR itself should be minimized to
have fair comparison.

2.1.2 ENR Composites

Composite polymer electrolytes (CPE) introduced a filler which is dispersed to
SPE as a third component. Inorganic fillers have been used since the 1980s where
micrometer-sized ceramic particles were added to improve the mechanical proper-
ties. Later, nano-sized particles such as AlbO3, SiOy, TiO2, and ZrO, were used
in attempt to enhance the conductivity as well. Although many studies were con-
ducted about CPE, the conductivity behavior is still not well understood until now.
Using effective medium theory (EMT) models, Wieczorek and Siekierski [92]
explained that the dispersed filler particles are assumed to be surrounded by inter-
face regions with an enhanced conductivity over the bulk electrolyte. However,
this theory does not explain the reasons of conductivity differences in the inter-
facial regions. Several authors pointed out the relationship of Lewis acid-base
interactions in describing the conductivity increase. Wieczorek et al. demonstrated
the validity of the Lewis acid-base approach for various semicrystalline and amor-
phous systems [93, 94]. In 2001, Best et al. [95] described the conductivity behav-
ior using a simple electrostatic model where he explained that the lithium cations
experience the same potential at TiO; filler surfaces as at the polymer. This means
that the lithium ions can move between these sites with a lower activation energy
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barrier. Later, they propose that the conductivity increase is due to the formation of
percolating interface regions which allows the formation of conduction pathway
interface near filler particles [96].

Tan and Bakar [97] studied thermal properties of ENR-50/LiCF3SO3 added with
nano-sized Fe304. Trend of T, follows as: ENR < ENR/Fe304 < ENR/LiCF3S03/
Fe304 < ENR/LiCF3S03. Fez0O4 has negligible interaction with ENR in composite.
However, in CPE, competing interactions occur between salt and filler or with ENR
chains. In nitrogen atmosphere degradation, the trend of activation energy is: ENR/
Fe304 < ENR/LiCF3S03/Fe304 < ENR < ENR/LiCF3S03. In CPE, salt suppresses
catalytic effect of filler on the degradation of ENR. No conductivity study of the
system was reported here.

2.1.3 ENR-Based Blends

Polymer blends are a mixture of two or more different polymers together. It can
be classified into two main categories which are miscible and immiscible blends.
Blending ENR with another polymer host, SPE may enhance the conductivity and
mechanical properties.

An example of immiscible ENR-based SPE blends is PEO/ENR/LiClO4. Chan
and Kammer [98] found two Tg(s) with respect to PEO and ENR-50 over the
entire composition range where both increase with addition of salt. Findings from
T, values show almost equal salt solubility in both polymers, but slower rates of
crystallization and conductivity enhancement suggest that salt has higher solubil-
ity in PEO of the blend. The same PEO/ENR blends were studied by Noor et al.
[99, 100], using LiCF3SO3 salt. The systems obey Arrhenius rule for temperature
dependence impedance study. The salt-added PEO/ENR 70/30 blend has lower
activation energy and higher conductivity pre-exponential factor as compared to
PEO/LiClOg4. This indicates that the energy required to dissociate cations from ani-
ons and the mobility of charge carrier in the blend electrolyte is smaller. LiCF3SO3
decreases the thermal stability of PEO/ENR. Studies of Noor et al. [99, 100] and
Chan et al. [87, 98] point toward preferential localization of lithium salt in PEO
phase of the immiscible blends of PEO/ENR (when PEO is the major component)
after T analysis using DSC, ion—dipole interaction using FTIR, etc. This leads to
concentration of salt in PEO that becomes more concentrated in blends as com-
pared to the neat PEO. Hence, the conductivity of salt-containing blends shall be
higher than that of salt-containing PEO with addition of equivalent amount of salt.

It is important to stress that incorporation of ENR as minor component in
other immiscible blends such as PVDF/ENR-50/LiCF3;SO3; and PMMA/ENR-
50/LiCF3S03 also leads to very similar results where the polymer blend elec-
trolytes exhibit higher conductivity as compared to PVDF/LiCF3SO3 and
PMMA/LiCF3S03, respectively. PVDF/ENR-50/LiCF3SO3 blend ratio of 60/40
at Wy = 0.20 shows highest conductivity (4.0 x 107> S cm™!) for the system.
The appreciable increase in Ty of PVDF demonstrates that lithium salt tends to
interact more with PVDF than ENR [101]. For PMMA/ENR-50/LiCF3;SO3
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system, blend composition of 90/10 at Wy = 0.60 exhibits highest conductivity
(5.1 x 107> S cm™!). The ion—dipole interaction in FTIR characterization hints
toward selective localization of lithium salt in PMMA [102].

PVC/ENR/LiCIO4 system also reveals higher conductivity than PVC-doped
LiClIOy4. Despite that, highest conductivity enhancement was obtained when ENR
was employed as the major phase, which is different than the examples mentioned
above. At constant salt content (Wy = 0.40), PVC/ENR 30/70 blend shows higher
conductivity (6.8 x 1078 S cm™!) as compared to 70/30 (8.6 x 1072 S cm™1).
Parameters other than impedance study were not discussed much in the literature;
hence, localization of salt in these blends could not be concluded [103].

Besides achieving higher conductivity, polymer blends were also employed
to provide mechanical strength. Mohammad et al. [104] studied ENR-50/poly-
ethyl methacrylate (PEMA)/NH4CF3SO3, The purpose of adding PEMA as a sec-
ond component is to give mechanical strength where 60/40 blend ratio produces
free standing film. Highest conductivity for this blend ratio (5.4 x 107¢ S cm™1)
is obtained when Wy = 0.40. This value is lower than PEMA/NH4CF3;SO3;
(1.0 x 107> S em™!) [104, 105]. Only one 7 value (~5 °C) was observed in which
the value is nearer to the Ty of ENR-50 (=21 °C) as compared to PEMA (65 °C). A
more detailed study should be carried out to determine the miscibility of the blends.

Many assumptions and suggestions have been made in attempt to explain the
conductivity enhancement in ENR-blend SPE. Most polymer blends are immis-
cible from the thermodynamic standpoint. The effect of phase separation of SPE
binary blends due to preferential localization of salt in different phases is not so
well explained except in Refs. [87, 98, 106]. Table 10 summarized the reported

Table 10 Previously reported conductivity on various ENR-blend SPE at room temperature

System Composition Omax (S em™h Reference
PEO/LiClO4 W, =0.15 7.9 x 107° [107]
PEO/ENR-50/LiClO4 60/40; 8.0 x 1073 [93]
Ty, pe0 = —54 °C s=0.11
Ty, ENR-50 = —19 °C
PEO/LiCF3S03 Wy =0.15 2.1 x 1076 [99]
PEO/ENR-50/LiCF3SO3 70/30; 14 x 1074

Ws = 0.20
PVdF/LiCF3S03 Not mentioned 14 x 1073 [101]
PVAF/ENR-50/LiCF3S03 60/40; 2.7 x 1073
Ty, pvar = —40 °C [108] Ws=10.20
PMMA/LiCF3SO3 Wy =0.40 49 % 1078 [102]
PMMA/ENR-50/LiCF3SO3 90/10; 5.1 x 1073
Ty, pmma = 120 °C Ws = 0.60
PEMA/NH4CF3SO3 W, =0.35 1.0 x 107 [105]
PEMA/ENR-50/NH4CF3SO3 40/60; 54 x 1070 [104]
Ty, pEMA = 65 °C Ws = 0.40
PVC/LIiClO4 Wy =0.20 8.8 x 10710 [109]
PVC/ENR/LiClO4 30/70; 8.5 x 1077 [103]
Ty, pyc = 82 °C [109] Ws=10.30
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Table 11 lonic conductivity  Wejght percent of ZnO (%) Tonic conductivity (S cm™")
of PEO/ENR-50/LiCF3S03 0 139 x 104
in 70/30 blend at W = 0.30. :
Copyright reprinted 2 1.02 x 107
permission from [110] 4 1.25 x 1073
6 4.60 x 10°¢
8 2.54 x 107

conductivity for ENR-blend SPE. Interestingly, when ENR is blended with
another polymer host, sometimes ENR must be retained as minor phase (blends
with PEO, PVdF, PMMA) and sometimes as major phase (blends with PVC) to
achieve higher conductivity. In general, the use of ENR as dispersed phase to lead
salt to become more concentrated in the major phase that governed the ionic con-
ductivity in the immiscible blends allows lower percolation threshold that contrib-
utes to the enhancement of conductivity. Nevertheless, the preferential localization
of salt is yet to be fully resolved. Detailed T study using Nernst distribution coef-
ficient [87, 98, 106] could provide some insight on the distribution of salt among
the blend constituents.

2.1.4 ENR-Blend Composites

Noor et al. [110] investigated the PEO/ENR-50/LiCF3SO3/nano-ZnO system.
Surface morphology showed that ZnO was uniformly dispersed at low concentra-
tion, but the filler made the surface rough. Addition of ZnO causes reduction of
ionic conductivity by one to two order of magnitude (refer Table 11). They sug-
gest that filler causes blocking effect on ion transport, reduce effective interaction
between polymer blends and salt, and unsuccessful in increasing number of ion
dissociation. This explanation calls for future investigation.

2.2 Gel Polymer Electrolytes (GPEs)

GPE is a liquid electrolyte immobilized in polymer matrix. Normally, it has ionic
conductivity about 1073 S cm™! at room temperature. However, GPE has its own
drawback where it lacks mechanical stability to produce thin films. The liquid electro-
lyte can permeate into the polymer which ends up softening the polymer [111, 112].

2.2.1 ENR
Idris et al. [70] found that plasticized ENR-25/LiCF3SOs3 electrolytes show higher

conductivity than plasticized ENR-50/LiCF3SO3. Incorporation of plasticizer
causes tremendous increase in conductivity and reduction in T,. Mohamed et al.



Electronic Applications of Polymer Electrolytes ... 53

Table 12 Tonic conductivity of ENR-based GPE at room temperature

System Composition (w/w/w) o(Sem™) Reference
ENR-50/LiCF3SO3/EC 100/35/20 24 x 107 [113]
ENR-50/LiCF3SO3/PC 100/35/10 49 x 1074
ENR-25/LiCF3SO3/EC + PC 100/5/100 14 x 1074 [70]
ENR-25/LiCF3SO3/EC + PC 100/5/200 29 x 107
ENR-50/LiCF3SO3/EC + PC 100/5/100 4.0 x 107 [70]
ENR-50/LiCF3SO3/EC + PC 100/5/200 1.3 x 1074
ENR-50/LiN(SO,CF3),/EC + PC 100/5/50 5.8 x 1074 [91]

100/5/100 84 x 107

100/5/150 2.6 x 1073

[113] studied ENR-50/LiCF3SO3 plasticized with EC and PC. The system obeys
Vogel-Tamman-Fulcher rule, which describes conductivity based on the free-vol-
ume model. The presence of plasticizer causes the entropy configuration of ENR-
50 to favor the provision of more free volume where ions can move easily through
plasticizer-rich phase. The dielectric study shows that presence of salt and plas-
ticizer at certain concentrations causes an increase in dielectric constant at lower
frequencies that support that high conductivity is achieved for samples that have
highest concentration of free ions. PC plasticized system has higher conductivity
and better electrochemical performance than EC. Table 12 summarized reported
studies for ENR-based GPE.

2.2.2 ENR Blend

Latif et al. [114] studied PMMA/ENR-50/LiCF3SO3/EC. The conductivity
increases after addition of 20 % EC but decreases when plasticizer amount
reached 40 % and above. Only morphology and impedance study were reported
here. Therefore, detailed characterizations are required to compare the plasticized
and unplasticized system.

Rahman et al. [115] studied PVC/liquid ENR-50 (LENR)/LiClO4/PC. The con-
ductivity increases with addition of plasticizer and reaches maximum when 70 %
of PC was added. Not much information could be drawn out from the conductivity,
morphology, and FTIR studies reported. The ionic conductivity of ENR blend-
based GPE is summarized in Table 13.

Table 13 Ionic conductivity of ENR blend-based GPE at room temperature

System Composition o(Sem™ Reference
PVC/LENR-50/LiClO4 W =0.30 23 x 1078 [116]
PVC/LENR-50/LiCIO4/EC 30/70/70; 2.1 x 1077 [115]
Ws = 0.30
PMMA/ENR-50/LiCF3S03 90/10; 5.1 %107 [102]
PMMA/ENR-50/LiCF3SO3/EC Ws = 0.60 4.1 x 1077 [114]
Not mentioned
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3 Conclusion

The research for electronic applications in ENR-based systems is still scant. The
improvement of ionic conductivity through utilization of ENR as a second compo-
nent has become one of the promising ways to overcome the mechanical strength
and low conductivity problem at room temperature. Until then, many challenges
must be addressed to fully explore its potential. It has been noted that composition
of ENR itself may introduce many variations of properties as compared to NR.

The effort to achieve acceptable conductivity while maintaining sufficient
dimensional stability is not an easy task. The fundamental understanding of locali-
zation of salt in the different phase of immiscible binary polymer blend host and
conductivity mechanism would provide a great advantage in controlling the prop-
erties. Phase separation of the multicomponent in the blends can be used as an
effective tool to control the preferential localization of salt or filler in different
phases, which maintain the percolation pathways. In general, the salt percolation
threshold can be decreased by preferential localization of salt in the multiphase
polymer materials.

With limiting studies in ENR-based CPEs, it could not be concluded at the
moment on the criteria of the filler needed for the improvement of the conductiv-
ity properties of ENR or ENR blends. The problem that calls for attention is to
choose inert or functionalized filler, where the functionalized filler may enhance
the interaction of salt with polymer or cause repulsion of salt and polymer to be
used as a polymer electrolyte. Interactions of filler with polymer, filler with salt,
and salt with polymer; morphology; T,(s) of polymer(s); location of salt; and filler
in the multiphase system have led to huge challenge in generalization of selection
criteria for filler.
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