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Solid polymer electrolytes (SPEs) have been used as a promising electrolyte for supercapacitors due to
their high processing flexibility and electrode—electrolyte interaction. Poly (methyl methacrylate)
(PMMA)-based SPEs have received considerable interest due to their ease of synthesis, low mass
density, strong mechanical stability, low binding energy with ionic salts, and excellent charge carrier
mobility. In order to overcome the low room-temperature ionic conductivity and poor thermodynamic
stability in high-voltage devices (> 4.2 V) of the PMMA materials, composition modulations
incorporating PMMA with ionic liquids have been designed, which could effectively enable the
applications of PMMA-based SPEs with widened electro-stable voltage ranges. In this review, we
explain the fundamental physical properties of PMMA as a suitable polymer host in SPEs, as well as
numerous modifications to overcome its brittleness. Some explanation of the types of polymerisation
reactions is discussed and the free radical polymerisation of methyl metahcrylate in ionic liquid is
specifically reviewed. Further advancements and enhancements to PMMA-based materials for building
of improved supercapacitors were also revealed.

Keywords: solid-state polymer electrolytes; poly (methyl methacrylate); supercapacitors; ionic
conductivity; electrochemical stability.
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1. INTRODUCTION

In the 21 century, nobody can envision a world that has revolutionised our lifestyles and made
us feel more comfortable without portable/wearable electronic equipment, i.e., mobiles phones, laptop
computers, cameras, smartwatches, activity monitoring gadgets, etc. Improved energy storage systems
are required to increase the energy consumption of such intelligent devices. In fact, electrochemical
energy storage is becoming increasingly vital as we build a sustainable post-fossil fuels era.
Supercapacitors and batteries are the most successful players on the Ragone chessboard, with extensive
research in both academia and industry [1-4]. Supercapacitors and batteries are distinguished primarily
by their charge storage mechanisms and materials/structures. Batteries normally give high energy
density by storing charge in bulk electrodes via faradaic reactions, whereas supercapacitors can provide
high power density due to surface charge storing mechanisms [5, 6]. The Ragone plot illustrates the P
(specific power) vs. E (specific energy) curve for several energy storage devices (Figure 1). Capacitors
have a very high specific power capability but a very low specific energy. In contrast, despite their high
specific energy, batteries and fuel cells have poor power delivery or uptake. The desire to establish a
new way for producing faster and more powerful energy storage systems led to the discovery and
development of supercapacitors, which can bridge the gap between the batteries/fuel cells and
conventional capacitors [6, 7].
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Figure 1. Specific power vs. specific energy (Ragone Plot) for various energy storage devices.
Reproduced with permission from ref [8].
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Aside from the cycle-life (or lifetime), the energy density and power density are the two most
important properties to consider when evaluating electrochemical energy systems. In Ragone plots,
supercapacitors are located between conventional dielectric capacitors and batteries/fuel cells [9].
Despite having a significantly lower energy density than batteries or fuel cells, electrochemical
supercapacitors can have substantially higher power densities. As a result, they appear to be promising
for use in current stabilisation when gaining access to intermittent renewable energy sources.
Furthermore, electrochemical supercapacitors have sparked the interest of a wide range of applications
that require high power density, including portable electronics, electric or hybrid electric vehicles,
aircraft, and smart grids. For instance, electrochemical capacitors could provide a high-power density
for short-term acceleration and energy recovery during braking in hybrid and electrical vehicles,
including fuel cells, thereby saving energy and protecting batteries from high-frequency rapid discharge
and charging process (dynamic operation).

However, when compared to batteries and fuel cells, the main disadvantage of electrochemical
supercapacitors is their low energy density i.e. electrical double layer capacitors (EDLC) typically have
an energy density of less than 10 W h kg™; even pseudocapacitors and hybridcapacitors have energy
densities of less than 50 W h kg™, which cannot fully meet the growing demand of applications requiring
high energy densities [10]. Considerable work has been expanded in boosting the energy density of
electrochemical supercapacitors to widen their application possibilities. In the development of
electrochemical supercapacitor electrolytes, expanding the potential window of an electrolyte solution,
i.e. increasing the cell voltage (V), can efficiently boost the energy density. In terms of improving energy
density, increasing cell voltage is more efficient than increasing electrode capacitance. This is owing to
the fact that energy density is proportional to the square of cell voltage. As a result, creating novel
electrolytes/solutions with broad potential windows should take precedence over inventing new
electrode materials.

The ideal electrolyte must have the following characteristics: (i) a broad-potential screen; (ii)
high ion conductivity; (iii) high chemical and electrochemical stability; (iv) high chemical and
electrochemical supercapacitor inertness componential (i.e., the electrodes, current collectors and
packaging). Actually, all of these conditions are extremely difficult for an electrolyte to meet, and each
electrolyte has its unique set of advantages and deficiencies. In the first section of this paper, the main
performance metrics and the relationship between electrochemical supercapacitors and electrolytes are
presented. The next section provides a comprehensive overview of poly (methyl methacrylate) (PMMA)
properties and the electrical system based on PMMA. In order to understand the performance impacting
factors of electrolyte design and optimization, electrolyte effects in the electrochemical supercapacitor
performance are addressed. The final section covers the major research and development challenges and
perspectives in electrochemical supercapacitor electrolyte research, as well as potential research
directions to help to overcome challenges.
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2. PROPERTIES OF POLY (METHYL METHACRYLATE)

The solid polymer electrolytes (SPE) were reported to replace liquid electrolytes over four
decades ago, in 1973, due to their superior mechanical, thermal, and ionic conductivity capabilities. It
has proposed a solution to the challenges encountered by liquid electrolytes, i.e. leakage, electrode
reaction, and poor chemical stability [11, 12]. Many investigations have been carried out to develop solid
polymer electrolytes from diverse materials such as polyethylene oxide, polyacrylic acid, and polyvinyl
alcohols have been widely used as host polymers [13-15].

PMMA is a synthetic polymer derived from the monomer methyl methacrylate. Its IUPAC
designations are poly [1-(methoxy carbonyl)- 1-methyl ethylene] from a hydrocarbon standpoint and
poly (methyl 2-methylpropenoate) from an ester standpoint. PMMA was discovered by British scientists
Rowland Hill and John Crawford in the early 1930s. It was first used by a German scientist, Otto Rohm
in 1934. PMMA is a clear, colourless polymer with a glass transition temperature range of 100 °C to 130
°C, and a density of 1.20 g cm? at room temperature [16].

This transparent thermoplastic is commonly utilised as a substitute for inorganic glass because
of its lightweight, shatter-resistant, high impact strength and favourable processing conditions. PMMA
is a promising polymer for use in polymer electrolytes, drug delivery systems, optical devices and also
for biomedical applications. PMMA is discovered to be an amorphous thermoplastic due to the presence
of the adjacent methyl group (CHz) in the polymer structure which prevents it from packing tightly in a
crystalline way (Figure 2) [16]. The oxygen atoms in PMMA (C=0 and —OCHz groups) will form
coordination bonds with the cations from the IL or the doping salt. Thus, PMMA has met the
requirements for a suitable polymer host in electrolyte system.

Figure 2. PMMA structure.

PMMA is widely employed as a polymer host in polymer electrolytes systems due to its lithium
electrode stability (Table 1) [17]. The stability towards lithium electrode can only be achieved when
PMMA is fabricated in thin film form. To date, fabricating PMMA film has been difficult because
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commercial PMMASs create brittle films that do not stick well to the electrode, providing additional
resistance (the air gap) for ionic conduction [18, 19].

Thus, several modifications have been made to improve the interface between the electrode and
the electrolyte, i.e. blending it with another polymer [20, 21], adding plasticizers [22, 23],
copolymerization [11] or organic fillers [24, 25], etc. These attempts were mostly unsuccessful due to
poor mechanical properties induced by the higher amount of plasticizer, agglomeration caused by the
filler and poor film homogeneity when blended with other polymers.

lonic liquids (IL) such as 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide [26],
1-butyl-3-methylimidazolium tetrachloroferrate [27] have recently been used to improve the brittleness
of the film. However, the ionic conductivities achieved were still poor, i.e. less than 10* S cm™ which
is below the minimum requirement for use in any electrochemical device [28]. This is most likely owing
to the polar nature of PMMA, which is prone to interchain crosslinking via hydrogen bonding, reducing
the flexibility of the polymer chain [29]. As a result, research into producing a new type of PMMA with
the ability to make flexible SPE films is critical to reap the benefits of this polymer as polymer
electrolytes.

Table 1. Some examples of PMMA electrolyte systems

System Conductivity (30 °C, Scm™) References
PMMAV/LiClO4 6.07 x 10°° [30]
PMMA/LiCF3S03 9.88x 107 [31]
PMMAV/Li,SO./DBP 3.43 x 10 [32]
PMMAV/LITf/ PC 6.46 x 107 [33]
PMMAV/LiBF4/EC-PC 2.24 x 10 [22]
PMMAV/LiCF3S03/SiO> 5.63 x 107 [34]
PMMA/LiCFsSO3/EC/SiO2 2.15 x 107 [35]
PMMA/PEQ/LITESI/AlLO3 9.39 x 10”7 [20]
PMMA/ENR-50/LiCF3S03 5.09 x 10 [18]
PMMA/ENR-50/LiBF4/D-SiO 5.06 x 107 [24]
PMMA/PVC/ BmimTFSI 1.64 x 10 [19]
PMMA/PVdF/AgNO3 9.13 x 10 [36]
PVDF-HFP/PMMA/LiCIO4/DEC-PC 3.97 x 10" [37]
PMMA/LiTESI/TEGDME 2.8x 103 [38]
PEO-PS-PMMAV/LiPF¢/EC-DMC 0.12 x 107 [39]

3. IONIC LIQUIDS BASED ELECTROCHEMICAL SUPERCAPACITOR ELECTROLYTES

The IL or also known as molten salts can be defined as organic salts which remain in liquid form
at room temperature.
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Table 2. lonic liquids as solvents for organic and catalytic reactions

Type of ionic liquid Reactions References
Organic reaction
Q) 1-butyl- 3- Nucleophilic [40]
methylimidazolium displacement: Cl — CN
hexafluorophosphate [BMI][PF¢]
(i) 1- butyl- 3- Wittig reaction [41]
methylimidazolium tetrafluoroborate
[BMI][BF4]
Catalysed reaction
(i) 1- butyl- 3- Allylic alkylation [42]
methylimidazolium tetrafluoroborate Catalyst: Pd(OAC)2/
[BMI][BF4] phosphine
(i) 1-butyl- 3- Coupling of aryl halide [43]
methylimidazolium Catalyst: [(PPhs)n Ni(0)]

hexafluorophosphate [BMI][PF¢]

They are made up of bulky organic cations and small inorganic or organic anions [19, 44]. IL are
getting considerable interests from academics and industrialists as an alternative to traditional organic
solvents due to its unique combinations of low volatility, chemical stability, ability to dissolve organic
and inorganic solutes/gases and tunable solvent properties [45]. In addition, the low volatility of IL can
contribute to “green chemistry” by reducing emissions of harmful volatile organic compounds. Thus,
over the last few years, IL have been widely used as solvents in organic and catalytic reactions (Table
2).

IL also has excellent ionic conductivity and a wide range of electrochemical media, making them
appropriate for use as electrolytes in electrochemical devices [45, 46]. A few applications of IL as
electrolytes were tabulated in Table 3.

Table 3. lonic liquids as electrolytes in electrochemical devices.

Type of ionic liquid Application References
(i) N, N-diethyl-N-methyl-N-(2- Electrical double [47]
methoxyethyl) ammonium tetrafluoroborate  layer capacitors
[DEME][BF4]
M 1-ethyl-3-methylimidazolium Lithium batteries [48]

bis(trifluoromethylsulfonyl) imide
[EMIM][TFSI]/ Lithium
bis(trifluoromethylsulfonyl) imide (LiTFSI)
(i) 1,2-dimethyl-3-propylimidazolium
bis (trifluoromethylsulfonyl)imide
[DMPIM][TFSI]/ Lithium
bis(trifluoromethylsulfonyl) imide (LiTFSI)
M 1-propyl-3-methylimidazolium Dye-sensitized [49]
iodide [PMIM][I] solar cells
(i) 1-ethyl-3-methylimidazolium
thiocyanate [EMIM][TCN]
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3.1. Immobilisation of ionic liquids into PMMA

Although the IL are deemed as suitable for electrolyte purposes, yet their applications are limited
due to their liquid nature at room temperature which are susceptible to leakage problem. Thus, it is
advantageous for the IL to be immobilised in the polymer. There are three methods to immobilise the IL
in the PMMA polymer matrix including:

3.1.1. Doping of ionic liquids into the PMMA polymer matrix

Various types of IL have been doped or added into the polymer matrix using solution casting
method. It was observed that the ionic conductivities obtained for these IL-doped polymer systems are
higher if compared to their neat polymer. Thus, it can be said that, despite being the source of mobile
ion, IL also acts as a plasticiser which increases the amorphous content of the polymer electrolytes hence
contributing to the enhancement of the ionic conductivity [50]. Table 4 lists the ionic liquid as dopant in
PMMA-based polymer electrolyte system. The proper choice of the ionic liquid and polymer is also
important in obtaining the optimum value of conductivity.

Table 4. lonic liquid as dopant in PMMA-based polymer electrolyte systems

Polymer/IL lonic conductivity Properties References
(30°C, Scm?)
PMMA/DMOIMTf 1.92 x 10 - [51]
PMMA/[BMIM][TFSI] 7.8 x10% - Produced highly [52]

stretchable film with at least
four-fold stretchability

PMMA/[BMIM] [FeCl4] ~10° - Produced transparent and [27]
flexible ionogel film

PMMAV/PtEuU,/[BMIM] ~10° - Produced transparent and [26]
[NTT] flexible ionogel film

PVDF-HFP/PMMA- 1.4 %103 - [53]

[BMIM]BF4
PMMA-PUA - DEEYTFSI- 2.76 x 10 - Electrolyte has stabile [54]
LITFSI compatibility with

LiFePO4 cathode

3.1.2 The polymerisation of polymerisable ionic liquids

The polymeric IL is obtained by polymerising the IL after introducing vinyl group into its
cationic or (and) anionic structure. The radical polymerisation of the IL monomers produces a polymer
chain in which anion, or the cation of IL is attached to the polymer backbone, hence creating a single
ion-conducting IL polymer.
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Table 5. Some examples of polymeric ionic liquids

Type of polymeric ionic lonic Properties References
liquids conductivity
(Scm?)
Poly 1-vinyl-3- 7.65 x 108 Transparent and [55]
ethylimidazolium bis (20 °C) solid films
(trifluoromethanesulfonyl)
imide
Poly 6.48 x 10 Free-standing and [56]
(diallyldimethylammonium) (23 °C) transparent films,
bis but became rigid
(trifluoromethanesulfonyl) and fragile at high
imide /LITFSI salt content

The covalent bonding of this component ions (anion or cation) with the vinyl group suppresses
the mobility of the ions and also gives rise to the Ty of the polymer. This explains the lower ionic
conductivity of the polymeric IL if compared to the pristine IL [57]. 5 lists the polymeric IL obtained in
the previous studies.

3.1.3. The polymerisation of a vinyl monomer in IL

As a large number of vinyl monomers are soluble in IL, the polymerisation of various monomers
in the presence of IL is carried out in order have control over the physical and chemical nature of the
polymer obtained. However, not all monomers are compatible with the IL. The polymer electrolytes
obtained from compatible polymers in chloroaluminate molten salts have been reported to possess high
ionic conductivity. However, they are not suitable for applications due to their high sensitivity to
moisture [58]. Then, the report on air and water stable non-chloroaluminate IL such as 1-ethyl-3-
methylimidazolium has generated renewed interest in these materials [59].

Noda and Watanabe (2000) had reported on the in situ free radical polymerisations of vinyl
monomers (e.g.. methyl methacrylate, acrylonitrile, vinyl acetate, styrene, 2-hydroxymethyl
methacrylate) in 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) and 1-butylpyridinium
tetrafluoroborate (BPBF4) [60]. The mixture of vinyl monomer and IL were heated at 80 °C for 12 h in
the presence of 0.5 wt % benzoyl peroxide (BPO) as an initiator. Table 6 shows the compatibility of
EMIBF4 and BPBF4 with MMA. It was reported that the poly (2-hydroxyethyl methacrylate) (PHEMA)
showed good compatibility with BPBF4 and gave transparent, mechanically strong and highly
conductive polymer gels with ionic conductivity of 102 S cm™ (HEMA: IL; 4:6) at ambient temperature.
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Table 6. Compatibility studies of some IL in the polymerisation of MMA

EMIBF, BPBF4 EMITFSI BMIPFe
Type of [60] [60] [61] [62]

Monomers M P M P M P M P
Methyl X - N X N N N N

methacrylate
M: monomer, P: polymer obtained, \: compatible, X: not compatible, O: no polymerisation

In situ free radical polymerisations of vinyl monomers (e.g.: methyl methacrylate, acrylonitrile,
vinyl acetate, styrene, 2-hydroxymethyl methacrylate, methyl acrylate, acrylamide) in 1-ethyl-3-
methylimidazolium bis(trifluoromethane sulfonyl)imide (EMITFSI) were also investigated [61]. The IL
and monomer were mixed, and the polymerisation took place at 80°C for 12 h in the presence of 2 mol%
BPO. The compatibility of EMITFSI with monomers and their polymers presented (Table 6). It was
revealed that PMMA was compatible with EMITFSI, and it was possible to develop self-standing,
flexible, and translucent polymer gels with ionic conductivity of 102 S cm™.

Investigation on the preparation of gel polymer electrolytes by in situ free radical polymerisation
of vinyl monomers (e.g.: methyl methacrylate, acrylonitrile, vinyl acetate, styrene and acrylamide) in 1-
butyl-3-methylimidazolium hexafluorophosphate (BMIPFs) was explored [62]. The polymerisation was
carried out by heating the monomer-BMIPFs mixture at 80 °C for 12 h in the presence of 1 wt%
azobisisobutyronitrile (AIBN) as an initiator. When 40 wt% of IL was added, the results showed that
PMMA has good compatibility with BMIPFe, and a gel polymer film with a high ionic conductivity of
~102 S cm™ was achieved. It may be inferred that IL compatibility with the monomer or polymer is
critical in the designing of a new polymer by free radical polymerisation of vinyl monomer in IL.

3.2. The commonly used cations and anions of ionic liquids in polymer electrolyte systems

The most often employed cations and anions in PE systems for IL was presented (Table 7). 1-
alkyl-3-methylimidazolium cations are the most commonly utilised in ILs [44, 45] as they are easy to
handle, stable against water and have high ionic conductivity [59, 63]. The physical properties of the
imidazolium IL such as melting point, density, viscosity, hydrophobicity and miscibility with other
solvents can be customized only by modifying the type and/or position of the substituents at the
imidazolium cation [45], i.e, increasing the alkyl chain length from butyl to octyl of 1-alkyl-3-
methylimidazolium cations increases the hydrophobicity and viscosity of IL while decreasing densities
and surface tension values [44]. The characteristics of the IL may also vary depending on the type of the
anion. It has been established that the viscosity of the 1-alkyl-3-methylimidazolium IL decreases as
paired with the anion of CI™> PF¢™> BF4~ NO3™> NTf>".

The anion which is of particular interest nowadays is the trifluoromethylsulfonylimide [NTf;]
anion that gives particularly thermally stable salts (up to 400 °C) [44]. The [NTf2] anion has a diffuse
charge that can be explained by the delocalisation of charge from the nitrogen onto the neighbouring
sulphur atom which subsequently results in a little delocalisation onto oxygens. The strength of the ion-
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ion interaction with the neighbouring cation was reduced in order to shield the delocalised charge. As a
result of its reduced interaction with cation, this imide anion is likely to be more mobile than triflate

anion.

Table 7. The commonly used cations and anions of IL.

Cations Anions
— |
N N F/T_\F
R/ \/ ~gr !
Imidazolium Tetrafluoroborate

Pyridinium

L

N
R R
Pyrrolidinium

F\ |_/F

F/T\F
F

Hexafluorophosphate

F o}
||
F C S o-
|
F o}
Triflate
F o} o) F
! ||
F C S N=——sS C F
| ||
F o} o) F

Bis (trifluoromethylsulfonyl) imide

Br
Bromide
Cr
Chloride

The IL, 1-methyl-3-pentamethyldisiloxymethylimidazolium bis(trifluoromethylsulfonyl)imide,
([(SIOSI)C1C1im][NTTf2]) was commonly used in free radical polymerisation of MMA (Table 8) [64].
The bulky structure of [(SiOSi)C1Ciim] [NTf] is expected to prevent hydrogen bonding in the PMMA
chain, resulting in flexible films. This IL has a high ionic conductivity of ~10° S cm, which could be
attributed to negative charge delocalisation [NTf.]". Aside from that, the bulky structure of imidazolium
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cation, [(SiOSi)C1Ciim]*™ and the delocalisation of the charge over N-C-N moiety in the ring both
contribute to the decrease in ion-ion interaction.

Table 8. Properties of [(SiOSi)C1Ciim] [NTf2]

Properties of [(SiOSi)C1Ciim] [NTf]

Conductivity 1.14x10°3 S cm™?
Viscosity 89 mPa.s (293K)
Density 1.32gcm?
Molecular weight 523.62 g mol*!

4. SALT AS THE DOPANT IN POLYMER ELECTROLYTE SYSTEMS

Polymers are recognized to be electrical insulators in general. By incorporating a few ions from
inorganic salt into the polymer host structure to produce polymer-salt complexes, i.e., polymer
electrolytes, these materials can be converted into conducting materials. In the 1970s, Fenton and Wright
were the first to investigate polymer electrolytes [65, 66]. Poly (ethylene oxide) (PEO) mixed with alkali
metal salts was discovered to be the first ion conducting polymer. Armand et al. (1979) discovered the
solid-state battery utilizing PEO-Li salt, which was the first conceivable application of polymer
electrolytes [67]. Since then, numerous polymer electrolytes containing various mobile ions such as
NH4*, Li*, Na*, K*, Ag*, Cu*, Mg?", and others have been reported in the literature. It has gained
increasing interest in practical applications due to a variety of important features such as ease of
fabrication, flexibility, good electrode-electrolyte interaction, cost effectiveness, and mechanical
stability [68].

The recent development of solid polymer electrolytes based on biopolymer materials has yielded
promising results. These materials were utilized to create biopolymer electrolyte films by including acids
or salts. Proton carriers have included strong acids such as phosphoric acid (HzPOs) and sulfuric acid
(H2S04). They do, however, damage biopolymers, making them unsuitable for practical use [69].
Alternatively, many compounds, such as lithium iodide, potassium iodide, ammonium thiocyanate,
ammonium chloride, sodium iodide, ammonium nitrate, magnesium acetate, and others, were used to
make solid electrolytes [12, 23, 70, 71]. Polymer electrolytes have been extensively investigated due to
their conductive qualities for prospective applications in electrochemical devices such as lithium,
sodium, and proton batteries [1, 72, 73], dye-sensitized solar cells [11, 13], and supercapacitors [62, 74].
The size of the salt cation determines the ionic conductivity of polymer-based electrolytes.

An organic salt consists of a positively charged cation and negatively charged anion. The
commonly used cations in PE systems are Li*, Mg?* and Na* while anions such as CF3SO%*, CH3COO,
BF* and I are widely used. The lithium-ion based salt is most preferred due to the small size of lithium
ion (0.76 A) if compared to sodium ion (1.06 A) and this facilitates the mobility of the ions across the
medium in polymer electrolytes. The lattice energy of the salts must be overcome to allow the
dissociation of the salt. Thus, salts of large anions such as CIO4", BF4", CF3SO®* and CH3COO™ are more
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preferred as they own low lattice energy which ease the dissociation of the salt hence providing more
free ions for ionic conduction. The lattice energies for the lithium-ion based salts (Table 10) [75].

Table 10. Lattice energies of some lithium-ion based salts

Salt Lattice energy, U (kJ mol™)
O Lithium triflate
| (LiTf) 725
F3C—ﬁ—o‘ Lit
o)
F Lithium
| tetrafluoroborate 699
BZ Lit* LiBF
F/|\F ( 4)
F
Lit I Lithium iodide (Lil) 757
0
|| Lithium perchlorate 723
o:|c||—0‘ Li* (LiClO4)
0
0
|| Lithium acetate 881
C Li* (LiAc)
N N\,
/
H
H

LiTf is one of the ionic salts that usually added to the newly synthesised PMMA to provide
additional conducting species to gain higher ionic conductivity. Aside from its large size of the anion,
LiTf owns a highly delocalised structure which contributes to its low lattice energy. The delocalisation
of the negative charge occurs at the anion via electron withdrawing group of —CF3z which reduces the
electrostatic attraction between the cation and anion [76]. However, the addition of a high amount of salt
and low dielectric constants of solvents contribute to the formation of ion pairs and ionic aggregates
which reduce the ionic conductivity of the polymer electrolytes [58].

5. POTENTIAL OF PMMA BASED POLYMER ELECTROLYTES AS
ELECTROCHEMICAL SUPERCAPACITORS

Nowadays, the need for energy is increasing due to the rapid growth of the global population and
economy. However, due to global warming and resource depletion concerns the use of traditional fossil
fuels as energy sources is a subject of concern. Renewable energies (e.g., solar, wind and tidal energy)
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were created at the time, however these sources are heavily reliant on the natural environment. Thus, the
best alternative is an energy storage device that is extremely efficient, stable, and environmentally
benign. Batteries, supercapacitors and fuel cells are the most commonly utilized energy storage devices
[68, 77]. The performance of these devices depends on how much charge can be stored and how quickly
the charge can be stored and released. Therefore, the energy density (E) (Equation (1)) and power density
(P) (Equation (2)) of these energy storage devices are two important parameters in evaluating their
performances.

2
E_ CVv
2 @)
2
PR
; )

where C equals to specific capacitance, V equals to voltage and Rs denotes to equivalent series
resistance. Thus, to get high values of E and P, C and V need to be increased while reducing Rs.

Supercapacitors can be divided into three categories including EDLC, pseudocapacitors and
hybrid capacitors (Table 11).

Table 11. Characteristics for different types of supercapacitors [78]

EDLC Pseudocapacitors Hybrid capacitors
Charge Electrostatically Electrochemically Electrostatically and
storage (Helmholtz layer) (Faradaic charge electrochemically
transfer)
Types of - Activated carbons - Conducting - Composite hybrids
electrodes - Carbon aerogels polymers - Asymmetric hybrids
- Carbon nanotubes - Metal oxide - Battery-type hybrids
Capacitance Lower capacitance if High capacitance High capacitance

compared to
pseudocapacitors and
hybrid capacitors

Lifetime Longer lifetimes Shorter lifetime Shorter lifetime

The advantage for each type of supercapacitors is determined by how they store energy. As the
EDLC stores energy electrostatically, so there is no faradic reaction at the electrodes, which minimises
swelling in the active material that can occur to pseudocapacitors and hybrid capacitors during the



Int. J. Electrochem. Sci., 17 (2022) Article Number: 22013 14

charge-discharge cycle. This can be attributed to EDLC having a longer lifetime than the other two types
of supercapacitors [78, 79].

There are several types of carbon used as electrodes in EDLC, with activated carbons (ACs) beig
the most prevalent due to their high surface area (1000-2000 m?/g), low cost, high conductivity and good
chemical stability [80]. When ACs are used as electrodes in EDLC, cost-effective applications with
longer lifetime can be designed.

5.1. Evaluation on PMMA based polymer electrolytes in EDLC

A few characterization parameters, such as electrochemical impedance spectroscopy (EIS), linear
sweep voltammetry (LSV), cyclic voltammetry (CV) and charge-discharge (CD) test can be used to
evaluate the performance of EDLC. The LSV test is used to determine the stable operational voltage
range as well as the decomposition voltage of the EDLC cell. This test must be performed before to any
other characterisations so that a suitable range of voltage may be applied in CV and CD measurements
to avoid electrolyte damage throughout the tests. For non-aqueous (organic and ionic liquid) electrolytes,
the working voltage of a symmetric EDLC cell is in the range of 2-3 V [81]. Among the factors that may
influence the operational stability window of the cell are: (a) dielectric constant, ¢r of the polymer and
(b) lattice energy of the salt [82].

5.1.1. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is used to determine the electrical properties of

a material. This method involves the application of a fixed voltage across two identical electronically

conducting electrodes of a sample holder that are in contact with the sample at different frequencies. The

Nyquist plot, also known as the impedance plot have been shown to be particularly useful in determining

impedance parameters [83, 84]., The bulk resistance (Rs) of each sample is determined from the Nquist
plot obtained, and hence the conductivity (o) of the sample is calculated using Equation

I
" R,-A

©)

where Ry is the bulk resistance (Q), | is the thickness of the film (cm) and A is the effective
electrode and the electrolyte contact area (cm?). A micrometre screw gauge is used to measure the
thickness of the samples.

Dielectric studies can be performed using impedance data to get a better understanding of the
ionic transport behaviour of polymer electrolyte systems. The dielectric constant (&) can be defined as
the measure of the stored electric charge whereas the dielectric loss (&i) is the measure of the energy
dissipated to align the charge in each cycle of the applied electric field [85]. The real part of electrical
modulus (My) and imaginary electric modulus (M;) are the reciprocal of the & and &; respectively [86,
87]. The following equations can be used to calculate the values of &, &, My and M;:
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e — Z (4)
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M. = & (7
Lo(e, +e)

where Co is equal to oA/, & is the permittivity of the free space (8.85 x 10 F cm™) and w is
equal to 2xf. By referring to the M; obtained in Equation (7), the relaxation time can be calculated using
the relation below [87]:

T_—l 8
U_Zﬂ'f ()

max
where 7 is the conductivity relaxation time and fmax is the frequency corresponding to M peak.

For an ideal system, the semicircle with the centre on the x-axis and vertical spikes are expected.
However, depressed, or distorted semicircles and slanted or curved spikes are observed in many real
systems. The deviations from the ideal behaviour are contributed by a few factors such as non-ideal
nature of capacitors, distribution of microscopic properties of the material and the unevenness of the
electrode-electrolyte interfaces [87, 88].

The AC impedance spectra of polyethylene oxide (PEO)/ polymethyl methacrylate (PMMA)-
ethylene carbonate (EC)-LiClOs-silica aerogel based solid polymer electrolyte (SPE) along with their
equivalent circuit model is illustrated in Figure 3 [89]. The spectra show a semicircle at high frequency
(corresponds to ion migration in the bulk system) followed by a spike at low frequency (corresponds to
the capacitance characteristic of the sample) [23, 90]. The equivalent circuit is made up of Ry and Cy
connected in series with Ce, where Ry and Cy are the electrolyte's bulk resistance and capacitance,
respectively, and Ce is the interfacial capacitance.
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Figure 3. AC impedance spectra of PEO-PMMA-LIiCIOs-silica aerogel based SPE [89].

5.1.2. Linear sweep voltammetry

Linear sweep voltammetry (LSV) was used to confirm the stability window of the polymer
electrolyte. Arof and co-researchers investigated the potential application of EDLC using poly(methyl
methacrylate)-C4BOgLi gel polymer electrolyte and carbonaceous material from shells of mata kucing
(Dimocarpus longan) fruit which shows the stability window was 1.7 V and -1.7 V for the anodic and
cathodic cycles, respectively. This finding implying that the polymer electrolyte is appropriate for EDLC
applications with operating voltages up to 1.7 V since this is the region where the polymer electrolyte
does not undergo any chemical transformation [91].

5.1.3. Cyclic voltammetry

The nature of charge storage in EDLC is investigated by cyclic voltammetry (CV) study and the

specific capacitance (Csp) also can be calculated using the equation below [92].
[
sm ©)
where i is the average anodic-cathodic current (A), s is the potential scan rate (Vs™) and m is the
average mass of the electrodes (g).
Figure 4 shows the cyclic voltammograms of polyacrylonitrile/ poly(methyl methacrylate)/
enzymatically hydrolyzed lignin (PPLCNFs) were recorded at scanning rates of 10- 500 mV s [93].
The overall shapes of the curves were nearly rectangular and symmetric, indicating perfect capacitive

behaviour and high reversibility. This is due to the PPLCNFs-0.5 g pore and cross-linked structures,

sp
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which can be used as rapid ion transport channels. In other work, the potential of ionogel based PMMA
in supercapacitors has been explored [94]. The CV curves of [P14666] [NTf.] + PMMA, [P14666]
[DCA] + PMMA, and [P14666] [CI] + PMMA based supercapacitor cells at a scan rate of 10 mV/s,
exhibiting almost rectangular shape, indicating that the storage capability of cells is provided by the
formation of two layers capacitance at the electrode-electrolyte interface. The absence of redox peaks in
all CVs confirms that a non-faradaic reaction occurs and that EDLC is provided solely by charge
accumulation at the electrode-electrolyte interface [91]. In other work, the cyclic voltammograms of
EDLC cell recorded for mata kucing shell carbon/polymer electrolyte/mata kucing shell carbon at 10,
20, 50 and 100 mV s™!. The EDLC CV profile at 10 and 20 mV s is essentially rectangular, with no
apparent peaks attributable to redox reaction. The low scan rate voltammograms had nearly perfect
horizontal plateaus, showing that ion diffusion occurs at a fairly consistent rate with little influence from
ohmic resistance [95]. As the scan rate rose, the effect of equivalent series resistance (ESR) could be
seen. When the potential sweep is reversed, the current takes longer to attain a constant value. At higher
scan speeds, the latency is longer. The EDLC is affected by the scan rate, which is typical of capacitor
cells [96].

50
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Figure 4. CV plots of PPLCNFs-0.5 g measured at 0.5- 10 Ag™ [93].

5.1.4. Charge discharge

The charge-discharge (CD) study is done to inspect the electrochemical property of EDLC upon
the charge and discharge processes. The information regarding the specific capacitance (Csp), cycle
stability, power density (P), energy density (E) and Coulombic efficiency (») of the assembled cell can
be obtained using equations below [80, 97].
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__ (10)
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m PR
dt
c_ C,, x(dV)? 1000 (11)
2 3600
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c

where | is the applied current (A), m is the average mass of the electrodes, dV represents the
potential change of a discharging process excluding the internal resistance drop occurring at the
beginning of the cell discharge, and dt is the time interval of the discharging process. The dV/dt is
determined from the slope of the discharge curve. ty and tc are the discharging and charging time
respectively.

The charging and discharging process in EDLC was shown in Figure 5. When an external voltage
is applied to the EDLC cell, the electron from one of the carbon electrodes transfers from a positive
electrode to the negative electrode. The poles that the electrons leave from the activated carbon are
considered as positively charged and vice versa. The anions in the electrolyte are attracted to the
positively charged electrode while the cations are attracted to the negatively charged electrode. Such a
distribution of these cations and anions leads to the accumulation of the charge carriers at both electrodes,
hence forming the electrical double layer which thereby creates the energy storage in EDLC. This
phenomenon marks the completion of the charging process. As for the discharging process, the
accumulated ions will move away from the electrode as the voltage is no longer applied. The study done
by Liew and co-workers suggested that the cation of IL is very hard to be attached to the electrode due
to its bulky structure [96]. Thus, if the electrolyte consists of both salt and IL, the cation of salt (e.g., Li™,
Mg*, H* and Na*) usually dominates the charge accumulation at the surface of the negative electrode.

This ion adsorption process can be affected by the amount of applied voltage used. The higher
applied voltage can contribute to the increasing number of separated cations and anions in the electrolyte
which will be adsorbed at the electrode interface. However, using a charging voltage that is too high
may result in many separated species, resulting in an ion blocking effect and thus increasing cell
resistance. Thus, this explains the determination of the stable potential range for the EDLC cell using
the LSV test. To begin with, the highest volumetric capacitance and greatest charge density are found in
supercapacitors [98]. Supercapacitors have found their niche as an energy storage unit and their fast
charging/discharging behavior, longer cycle life, and high specific power densities which are constantly
being studied for the advancement of the device are further adding to its popularity [99]. Their
performance can bridge the power density and the energy density. The charge storage mechanism in
EDLC:s is non-Faradaic. For example, the transfer of charge between electrode and electrolyte is based
on the accumulation of charges at the electrode/electrolyte interfaces under the application of an electric
potential [100].
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Figure 5. Charging and discharging process in EDLC.

The CD characteristics of all three anions exhibit almost linear charge-discharge curve with a
small voltage drop (iR drop) at the currency density of 5 A/g [94]. The ohmic resistance between
electrode and electrolyte causes the initial voltage to drop in the discharge curve. The almost symmetric
triangular shape of the CD curve confirms the fabricated cells’ double layer capacitive nature [91]. In
other work, the charge—discharge characteristics of EDLCs made using prepared polymer electrolyte and
“mata kucing” fruits carbon, as well as those made with prepared polymer electrolyte and commercial
activated carbon. At room temperature, the EDLCs were charged from 0 to 1.0 V at a current density of
45 pA cm [91]. The voltage drops on discharge instantaneously This voltage drop is caused by the
EDLC's internal resistance. This loss can become dominant at large discharge currents. The efficiency
of EDLCs should be more than 90% for the application of electric vehicles (EV). The internal resistance
of electrochemical condensers should therefore be reduced. Resistance by electrolytes and separators
(for EDLCs with liquid electrolytes), current collectors and interfluid resistance between the current
collection system and the electrolytes or gel are among the contributing reasons to internal resistance.

4. CONCLUSION

PMMA-based SPEs have received a lot of attention as promising electrolytes for supercapacitors
due to their excellent processing flexibility and electrode—electrolyte contact. Significant research has
been conducted to improve SPEs' limited ionic conductivity and electrochemical stability at room
temperature. ILs were introduced to PMMA-based SPEs to broaden the electrochemical window of
PMMA. The ILs benefit from high ionic conductivity and a wide range of electrochemical media,
whereas the SPEs benefit from increased flexibility and the ability to change polymer crystallinity via a
crosslink or copolymerization approach. Furthermore, by utilising multiple complex PMMA-based
SPEs, the supercapacitors can achieve significantly increased mechanical strength and interface stability.
The development of appropriate PMMA-based SPEs is a critical issue for practical applications of high-
performance supercapacitors with high safety and electrical stability.
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