
Page 1/29

Novel Composites Polymer Electrolytes Based on
Methylcellulose-pectin Blend Complexed With Potassium
Phosphate and Ethylene Carbonate
Abdullahi Abbas Adam  (  ibneeabdullah234@gmail.com )

Universiti Teknologi PETRONAS
Hassan Soleimani 

Universiti Teknologi PETRONAS
Muhammad Fadhlullah Bin Abd. Shukur 

Universiti Teknologi PETRONAS
John Ojur Dennis 

Universiti Teknologi PETRONAS
Yarima Mudassir Hassan 

Universiti Teknologi PETRONAS
Bashir Abubakar Abdulkadir 

Universiti Teknologi PETRONAS
Jemilat Yetunde Yusuf 

Universiti Teknologi PETRONAS
Omar Sami Sultan Ahmed 

Universiti Teknologi PETRONAS
Saba Ayub 

Universiti Teknologi PETRONAS
Suleiman Shuaibu Abdullahi 

Al-Qalam University Katsina

Research Article

Keywords: CPE, solution casting, EDLC, potential window

Posted Date: July 26th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1860435/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full
License

https://doi.org/10.21203/rs.3.rs-1860435/v1
mailto:ibneeabdullah234@gmail.com
https://doi.org/10.21203/rs.3.rs-1860435/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/29

Abstract
In large-scale all-solid-state storage technologies, solid polymer electrolytes (SPEs) provide greater safety and
longer cycle life than traditional liquid or gel polymer electrolytes.  Polymer electrolytes (PEs) derived from
biopolymers have been intensively explored for use in electrochemical devices due to their great �exibility, low cost,
and environmental sustainability. However, biopolymer-based electrolytes cannot meet the expectations of practical
applications at room temperature due to their low ionic conductivity. Over the years, improving the performance of
this class of electrolytes has been the focus of intense research and development, notably polymer
blending, plasticization, and structural functionalization. Here, we investigate the performance of an all-biopolymer
solid electrolyte based on a methylcellulose-pectin blend doped with potassium phosphate. FESEM micrographs as
well as the shifting and changing intensity of FTIR bands in the electrolyte specimens con�rm the
polyblend homogeneity with no phase separation. The increased amorphous fraction of the composites polymer
electrolytes (CPEs) is seen in the XRD and DSC patterns of the plasticized and unplasticized samples. Impendence
studies performed on the system recorded a maximum ionic conductivity of 1×10-5 Scm-1 by doping with 50 wt.%
K3PO4. This value further increased to 5.9×10-5 Scm-1 upon adding 25 wt.% EC to the polymer system. This sample
also possesses an electrochemical stability window of 4.24V and an ion transference number of 0.95.

1. Introduction
Human activities, particularly energy production and consumption, are the primary causes of severe environmental
problems such as global warming and environmental degradation (A. A. Adam et al., 2020; Hassan et al., 2021).
Researchers are now using biodegradable polymer membranes in energy systems such as metal-ion batteries, fuel
cells, supercapacitors, and dye-sensitized solar cells to reduce the reliance on fossil fuels while boosting the use of
alternative energy sources (M et al., 2020). In terms of energy storage, the electrochemical double-layer capacitors
(EDLCs) which are a class of supercapacitors with superior properties are regarded as feasible alternatives to
conventional batteries, thanks to their rapid charge-discharge rate, exceptional cycle stability, and high power density.
The EDLC works on an electrostatic concept, in which electrolyte ions create dual layers on the interfacial surfaces of
opposing electrodes. This technique underpins the general energy storage mechanism of every EDLC (Bashir
Abubakar Abdulkadir et al., 2020; A. A. Adam et al., 2020; A. Asnawi et al., 2020; "Electrochemical supercapacitors for
energy storage and delivery fundamentals and applications by Aiping Yu Victor Chabot Jiujun Zhang (z-lib.org).pdf,").

The polymer electrolytes (PEs) as an integral part of an EDLC have been intensively researched over the past 40 years
due to their high ambient temperature conductivity, moldability, conformity, processability, and good electrode-
electrolyte interaction (Abdullah, Ahmed, Tahir, Jamal, & Mohamad, 2021). Due to these exotic properties, current
operations on �exible EDLCs and thin batteries with design freedom and high performance rely extensively on PEs.
However, the ionic conductivity of these PEs needs to be improved to effectively meet commercial demand. Recently,
PEs have been modi�ed in a variety of ways to increase their ionic conductivity, electrochemical stability, and
mechanical robustness. These modi�cations include the development of innovative polymers (Youcef et al., 2020),
the cross-linking of two or more polymers (S. Tang et al., 2020), the mixing of polymers to produce polyblends
(Mohamed, Shukur, Kadir, & Yusof, 2020), the introduction of plasticizers (M. H. Hamsan et al., 2020), and the addition
of inorganic inert �llers/nano�llers (Črešnar et al., 2021) among others.

A typical PE is designed by the complexation of a host polymer(s) with an inorganic salt (e.g., potassium
triphosphate). Conduction in SPEs occurs as a consequence of ion hopping within the host matrix and the polymer's
segmental motion (Salleh, Aziz, Aspanut, & Kadir, 2016). Currently, SPE research is laying a greater emphasis on
biopolymers as host materials, principally because biopolymers are ecologically friendly, non-toxic, and abundant in
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nature. Additionally, they offer the potential to resolve some of the synthetic polymers' key shortcomings, among
which include their insoluble nature in many organic solvents, non-biodegradability, and poor compatibility with
certain inorganic salts (Jia et al., 2018; Monisha et al., 2017). Among natural-based polymers, methylcellulose (MC) is
one of the most researched biopolymers due to its water solubility, the presence of hydroxyl groups in its chemical
structure, and the existence of lone pairs of electrons at its oxygen atoms, which enables it to function as an electron
donor since ionic conduction would occur in PEs only if the polymer matrix contains lone pairs of electrons. In
addition to high mechanical strength, MC exhibits superior �lm-forming properties and a capacity to make
transparent �lms (Omed Gh. Abdullah, Bakhtyar K. Aziz, Shujahadeen B. Aziz, & Mahdi H. Suhail, 2018a; M. H.
Hamsan, Shukur, & Kadir, 2016; Kadir et al., 2017; Rudhziah, Rani, Ahmad, Mohamed, & Kaddami, 2015; Yusof, Woo, &
Arof, 2016).

Similarly, pectin (PC), a common polysaccharide macromolecule (C6H10O7) is extensively investigated recently. It is a
carbohydrate biopolymer found mostly in citrus and apple products. Its molecular structure is composed of -1,4 linked
galacturonic acid monomers that are partially methyl esteri�ed. The anionic polymerization process was employed to
extract pectin from its parent source (Naqash, Masoodi, Rather, Wani, & Gani, 2017; Perumal, Christopher Selvin,
Selvasekarapandian, & Abhilash, 2019; Vahini & Muthuvinayagam, 2018). Due to its numerous OH groups, PC has a
high number of coordination groups with salts, facilitating the development of complexation by ionic dissociation. As
a consequence, PC can be blended with other polymers to produce a PE blend system with highly reduced crystallinity
(Mohanapriya, Rambabu, Bhat, & Raj, 2020; Perumal, Christopher Selvin, Selvasekarapandian, & Sivaraj, 2019;
Perumal, Selvasekarapandian, et al., 2019; Perumal & Selvin, 2021). In SPE technology Li and Na salts have been
extensively utilized in the study of ionic conductivity of SPE systems. However, the ionic radius of K is greater than
both Li and Na. Due to the high ionic radius of K salts, their lattice energy is lower than that of Li and Na salts. This
makes the degree of salt salvation of K salts higher than that of Li and Na salts (Dey, Karan, Dey, & De, 2011).
Notably, high-temperature resistant potassium salts dispersed in PVA/PVP polymer blend systems have been reported
by Veena et al. (Veena & Lobo, 2018). The prepared PE recorded an ionic conductivity of 3.8×10− 5 Scm− 1 at ambient
temperature.

In this study, we report a novel CPE consisting of MC and PC as host materials and potassium phosphate (K3PO4)
and ethylene carbonate (EC) as the source of conducting ion and organic plasticizer, respectively. According to
Abdulkadir et al. (B. A. Abdulkadir et al., 2021), the ionic conductivity of PE increases with the introduction of a
plasticizer as a result of the plasticizer's ability to improve the �exibility of the polymer chain. Furthermore, Rajendran
et al. (Rajendran & Saratha, 2021b) reported that EC possesses a superior dielectric constant, higher donor number,
and elevated boiling temperature than other organic plasticizers. This study therefore uses a low molecular weight EC
plasticizer at varying concentrations to increase the ionic conductivity of the prepared CPE at room temperature. This
work will therefore demonstrate the suitability of MC/PC/K3PO4/EC CPE as a new type of simple, cheap, sustainable
and highly stable CPE for electrochemical applications.

2. Materials And Methods

2.1 Materials
MC (viscosity of 4,000 cP) was purchased from Sigma Aldrich, Malaysia, PC (Mw of 30, 000 gmol− 1), K3PO4 (Mw of

212.27 gmol− 1) and glycerol (Mw of 92.09 gmol− 1) were purchased from R and M Chemicals, Malaysia. All chemicals
were supplied by Evergreen Chemicals Supply (Selangor Malaysia) and used without further treatment. DI water was
chosen as the only solvent throughout the experiment.
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2.2 Methods

2.2.1 Synthesis of MC/PC polymer �lms
The methodology for the preparation of MC/PC based CPE is summarized in Fig. 1. In detail, appropriate masses of
MC and PC (Table 1) were separately dissolved in 80ml DI water and stirred for several hours until fully dissolved. The
samples were mixed and further stirred to obtain the MC/PC blend solution. This is followed by ultrasonication to
ensure a homogenous mixture. Prepared samples were then cast on petri dishes and dried at 50 ℃ in anoven to
obtain solid electrolyte �lms. Using a digital micrometer screw guage, an average �lm thickness of about 0.02–
0.04cm was measured for the prepared �lms.

Table 1
Optimization of MC/PC blend ratio

wt % ratio of MC/PC Mass of MC/PC (g) Designation

0/100 0.0/1.0 AA01

10/90 0.1/0.9 AA02

20/80 0.2/0.8 AA03

30/70 0.3/0.7 AA04

40/60 0.4/0.6 AA05

50/50 0.5/0.5 AA06

60/40 0.6/0.4 AA07

70/30 0.7/0.3 AA08

80/20 0.8/0.2 AA09

90/10 0.9/0.1 AA10

100/0 1.0/0.0 AA11

2.2.2 Synthesis of K3PO4 doped MC/PC CPEs
Potassium-ion CPE was prepared by dispersing different concentrations of K3PO4 in a solution containing AA04. The
concentration of K3PO4 was varied from 10 wt.% to 60 wt.% to examine the effect of K3PO4 on the ionic conductivity
and electrochemical stability window of the prepared electrolytes. To ensure a homogenous mixture, the solution was
stirred further for one hour after adding K3PO4 followed by 30 minutes of ultrasonication before casting and drying.
For easy identi�cation, the prepared samples were labelled AB01, AB02, AB03, AB04, AB05 and AB06.

2.2.3 Synthesis of EC plasticized MC/PC/K3PO4 CPEs
The preparation of plasticized samples is similar to that of MC/PC/K3PO4 with the only difference being that EC was
added 10 min after adding K3PO4. Other procedures follow suit. Plasticized samples were labelled AC01, AC02, AC03,
AC04, AC05 and AC06 for 5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, 25 wt.% and 30 wt.% EC respectively.

2.3 Characterization of electrolyte samples
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Fourier transforms infrared (FTIR) analysis was used to examine the functional groups of the produced samples and
their related band shifts. The FTIR analysis was performed in the 4000–400 cm-1 region with KBr pellets and a
scanning resolution of 4 cm− 1 using an FTIR spectrometer (Bruker Instruments, model Aquinox 55, Germany). The
materials' structural properties were determined using a 40-kV Bruker D8 Advance X-ray diffractometer (XRD)
operating at a current of 40 mA and a Ni-�ltered Cu K graphite monochromator (Ś = 1.5406 Å). Field-Emission
Scanning Electron Microscopy (FESEM) was used to analyse the surface morphology and percentage composition of
component elements present in the samples. Differential scanning calorimetry (DSC) (Model DSC Q2000 V24.11,
Oberkochen, Germany) was used to investigate the thermal behaviour of the PE. The glass transition temperature (Tg)

of the samples was measured at a heating rate of 10 ℃m− 1 from − 50 ℃ to 190 ℃ in a nitrogen (N2) environment.

2.4 Electrochemical studies of solid electrolytes
Electrochemical studies were used to ascertain the ionic conductivity and operating potential window of each polymer
electrolyte. The measurement was performed using the AUTOLAB/AUT51018 in a two-electrode setup. The CPE
sample was sandwiched between two blocks of a stainless-steel sample holder with a 3.142 cm2 surface area that
was positioned opposite each other. Transference number measurement (TNM) was performed using a digital dc
power supply (V&A Instrument DP3003).

3. Results And Discussion

3.1 Characterizations of CPEs

3.1.1 FTIR analysis
With the help of FTIR spectroscopy, it was possible to con�rm the formation of a polymer blend between MC and PC.
The band shifts for The FTIR spectral band assignments of prepared samples can be seen in Fig. 2 and Table 2, with
the results showing that MC and PC have many functional groups in common. All wavenumbers found in all the
samples were found to be consistent with previous literature (Omed Gh Abdullah, Bakhtyar K. Aziz, Shujahadeen B.
Aziz, & Mahdi H. Suhail, 2018; Asnawi et al., 2021; Shujahadeen B Aziz et al., 2020; Kadir et al., 2017; Muthukrishnan
et al., 2018; Nurhaziqah, A�qah, Aziz, Aziz, & Hasiah, 2018; Perumal, Christopher Selvin, & Selvasekarapandian, 2018;
Rajendran & Saratha, 2021b; Shuhaimi, Teo, Woo, Majid, & Arof, 2012; Vahini & Muthuvinayagam, 2018). Blending
between MC and PC in the MC/PC polymer blend system can be con�rmed by observing the polymers IR band shifts.
The polymer blending could be correlated to IR spectral adjustments like band shifting or the
development/disappearance of new spectral bands (Sohaimy & Isa, 2017).

Con�rmation of MC backbone

1. According to the literature, the FTIR spectrum of pristine MC exhibit characteristic bands at the vicinity of 3250
and 2810 cm-1 belong to the O-H stretching, C-H asymetric stretching, respectively. Other spectral bands such as
1668, 1458 and 1058 cm-1 correspond to the COO- asymmetric stretching, C-H rocking and C-O-C stretching MC,
respectively (Abdullahi Abbas Adam et al., 2022; Asnawi et al., 2021; Shujahadeen B Aziz et al., 2020).

2. The O-H stretching of pure MC observed in this work lies between 3300 to 3650 cm-1 which is in close proximity
to report by Asnawi et al. (Asnawi, Hamsan, Kadir, Aziz, & Yusof, 2020) and Aziz et al. (Shujahadeen B. Aziz et al.,
2020).

3. The characteristic stretching peak found at 2900 cm-1 belong to the prominent C-H scissoring of MC. In the work
of Abdullah et al. (Omed Gh. Abdullah, Bakhtyar K. Aziz, Shujahadeen B. Aziz, & Mahdi H. Suhail, 2018b), this
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band is found at 2910 cm-1 which is in close agreement with the �nding in this work.
4. The ether band (characterized by COO- asymmetric stretching) of pure MC is observed in this study between 1600

and 1750 cm-1. Other absorption bands such as C-H rocking and C-O-C stretching of MC exist at 1300–1400 cm-1

and around 1100 cm-1 respectively. All these results are supported by previous literature (Aziz, Dannoun,
Abdulwahid, et al., 2022; Faris et al., 2022; Vijaya, Selvasekarapandian, Sornalatha, Sujithra, & Monisha, 2017).

5. The tiny peaks seen around 946 cm-1 are the Infrared spectra characterization for MC (Nadirah, Ong, Saheed,
Yusof, & Shukur, 2020).

Con�rmation of PC backbone

1. For pristine PC �lm, literature has shown that the FTIR prominent bands are found within the proximity of 3334,
2910 and 1099 cm-1 which belong to O-H stretching, C-H stretching and C-O-C stretching of PC, respectively. The
carboxylate ion bands of PC are found at 1652, 1422 cm-1 which represent the carbonyl (COO-) asymmetric and
symmetric stretching, respectively. In addition, typical PC is characteriszed by distictive bands around 1740, 1228
and 1010 cm-1 which are de�ned by the -COOCH3 stretching of the ionized carboxymethyl group, the -CH-OH in
the aliphatic cyclic secondary alcohol group and the -CH-O-CH- bending vibration of PC, respectively [22, 31, 37,
41].

2. In this study, the absorption bands seen at the vicinity of 3400 and 2880 cm-1 belong to the O-H stretching and C-
H stretching of pure PC. These functional groups serve as coordination sites via hydrogen bonding. The band
assignments for OH and CH stretches obtained in this study are in close agreement with some literature
(Muthukrishnan et al., 2019; Perumal et al., 2018; Rajendran & Saratha, 2021a).

3. The C = O stretching vibration of the methyl-esteri�ed carboxylic group (-COOCH3) appears at 1620 cm-1. This is
an important functional group as it serve as complexation site with inorganic salt. A similar peak was reported by
Vijaya et al. (Vijaya et al., 2017).

4. Based on literature, the positions of other less prominent functional groups of PC were seen around 1094
(Kiruthika, Malathi, Selvasekarapandian, Tamilarasan, & Maheshwari, 2020; Kiruthika et al., 2019) and 1371 cm-1

(Perumal et al., 2018) which belong to the C-C bond and the OH bending, respectively. However, the hydroxyl
functional group of the OH bending vibration can equally serve as interaction site via hydrogen bonding due to
the presence of oxygen atoms.

Con�rmation of MC/PC polyblend

1. Upon mixing MC with PC, the synthesized polyblend �lm exhibit a shift in IR spectrum relative to conventional
peaks of pristine MC and PC �lms (as shown in Table 1) due to the successful blending of MC with PC. The
prominent O-H stretch is observed at 3370 cm-1 due to hydrogen bond interaction between the covalently bonded
H atom of one polymer with the covalently bonded oxygen atom of the adjacent polymer. It can be seen that the
hydrogen atom of hydroxyl band (O-H) in methylcellulose interact with glycosidic linkage (C-O-C) band in pectin
(or vice versa) to form the MC/PC polymer blend. This leads to slight shift of the OH band of the blend systems
to lower wavelength (relative to the OH band of pure PC). Similarly, the intensity of OH band in the blend systems
down shifted, con�rming the interaction of PC with MC via hydrogen bonding.

2. The CH stretching of MC/PC blend systems looks quite similar to that of pure PC, except for AA10 which
contains a larger concentration of MC. This indicates that interaction between MC and PC barely occurs at the
CH band of AA02 – AA09. Nevertheless, the alteration in the CH band of AA10 suggests a potential interaction in
this functional group. This may be due to the larger concentration of electropositive hydrogen atoms linked to the
carbon backbone of MC which might have interacted oxygen atoms of adjacent polymer.
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3. The C = O stretch vary signi�cantly for various combinations of MC and PC. This is evidently due to excellent
interaction between hydrogen atom of one polymer with the carbonyl oxygen of the adjacent polymer. As the
concentration of MC increases in the blend system, the C = O band becomes quite broader due to hydrogen
bonding between MC and PC. Similarly, doublet bond CH bands are observed in the MC/PC blend, which become
more prominent with increasing MC content. This band splitting is induced by the overtone of ring breathing
mode vibrations and the presence of short-range ordering of the molecular orientation. This phenomenon is
caused by the dipole-dipole interaction between two molecules and is related to the Fermi resonance of C = O
stretching mode (Perumal, Christopher Selvin, Selvasekarapandian, Sivaraj, et al., 2019).

4. Other band assignments found in the MC/PC polyblend �lms formed due to the interaction of MC with PC are the
IR band spectrum of C-H rocking (around 1350–1438 cm-1) and the C-O-C stretching (1066 cm-1). These bands
do not show appreciable deviation from the pristine �lms which mean that interaction of MC with PC do not
involve these functional groups appreciably. However, the oxygen atom in the C-O-C functional group can act as
coordination site due to its high electronegativity.

Con�rmation of complexation with K3PO4

1. When an MC/PC blend is doped with 10 to 50 wt. % K3PO4, the OH band of the polyblend becomes wider. As the
salt concentration rises, the OH band equally downshifts, suggesting that complexation between the MC/PC
blend (AA04) and K3PO4 has taken place. Apparently, the more K3PO4 added to AA04, the greater the

concentration of K+, and thus more electrons are pulled toward AA04 through the hydroxyl and carbonyl groups
to form hydrogen bonds. The interaction of the conducting species (K+) formed by K3PO4 increases the number
of mobile ions, which increases the conductivity of the electrolytes. These FTIR data, therefore demonstrate that
the oxygen atoms in those functional groups act as complexation sites for the salt's cation, resulting in the
formation of dative bonds. Further increase in K3PO4 concentration causes the OH band (AB06) to upshift. This
could be attributed to aglomeration of excess potassium ions which restricts ion migration.

2. The C-H band found at 2931cm-1 in the AA04 �lm expands as the concentration of K3PO4 increases upto 50
wt.%. This con�rm that K3PO4 salt disrupts the MC/PC host polymer backbone. When the concentration of K3PO4

increases to 60 wt.%, the C-H peaks become more obvious with the protrusion of a sharp peak at around 2892
cm-1, probably due to the aggregation of K+.

3. Since complexation of MC/PC with K3PO4 is considered to occur majorly at the C = O peak owing to the existence
of lone pair of electrons that attract free ions, raising the potassium salt concentration is found to cause a
decrease in the transmittance intensity (and also a shift in the bandwidth of the doped samples to the lower
wavelength zone) of the COO- stretch. This apparent decrease in transmittance strength and shifting of bands
indicate the development of complexes between salt cations and the carbonyl functional groups in the polymer
blend matrix. This also demonstrates that the MC/PC host polymer and the added salt have signi�cant
interaction. A similar result was obtained by Nadirah et al. (Nadirah et al., 2020) showing a decrease in the
intensity of MC/PAN blend with the addition of LiI salt.

Con�rmation of EC plasticizer incorporation

EC is regarded an agent that might accelerate the dissociation of the ionic dopant K3PO4, leading to a greater

dissociation of K+ toward the MC/PC blend. In this system, it is claimed that EC develops a network with a shorter
route, allowing K+ to traverse and pass each site more freely. During the conduction process, weak bonds were
established between K+ and the oxygen atoms of EC before the K+ jumped to the C = O of the CPE. Additionally, the
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effective hop distance got shorter, causing the energy threshold to be reduced as well (Saadiah, Nagao, & Samsudin,
2021). Thus, it is anticipated that incorporation of EC will alter the IR spectra in the present CPE which signi�es
increase ionic conduction.

A careful examination of the FTIR spectra of the prepared CPEs reveals that the spectrum of each EC plasticizer
incorporated AB05 �lm closely resembles that of unplqasticized AB05 �lm. However, the intensities of a few peaks
vary signi�cantly with increasing EC concentrations with only a slight shift in the positions of some of the peaks. The
alterations in peak intensities strongly suggest that EC interact with the functional groups MC/PC/K3PO4 �lms.

1. In the IR spectrum of pure EC, a major doublet peak resulting from the C = O mode of EC is observed around 1700
cm-1. The doublet peak is induced by the Fermi resonance of the C = O stretching mode, which is a result of
dipole-dipole interaction between two EC molecules. The electropositively charged carbon atom of the carbonyl
group in one EC molecule is electrostatically attracted to the electronegatively charged oxygen atom in another
EC molecule (Nazir, Ismail, Zailani, Yahya, & Ali, 2021). Upon inclusion of EC into the MC/PC/K3PO4 system,
slight modi�cations to the infrared intensity and locations were detected.

2. The vibration band at 2850 cm-1 in AB05 associated with the CH stretching mode has vanished as EC
concentration was increased. The presence of EC has a signi�cant impact on the amorphousness of the
produced CPE. In addition, the interaction between salt and EC tends to minimize the coulombic interaction
between the salt's cations and anions, resulting in an easier dissociation of salt in order to create a greater
number of mobile charge carriers for high ionic transport (Perumal, Christopher Selvin, Selvasekarapandian,
Sivaraj, et al., 2019). Moreover, the modi�cation in the intensity and shift of the CH band vibrations suggests that
the addition of EC might improve the diffusion of K+ ions owing to the increase in free space and the enhanced
polymer chain's segmental mobility. It is believed that the integration of K3PO4 and EC boosts the concentration

of K+ in CPE and ion–dipole complexations.
3. The COO- symmetric stretching mode of AB05 in the polymer-salt system gives clear evidence of complexation

through band shifting due to the presence of plasticizer. The polymer salt matrix also plays a signi�cant role in
polymer–ion and polymer–ion–plasticizer interactions in the CPEs due to the interaction of the plasticizer's
surface acid group with the Lewis base upon the addition of EC. Potassium phosphate-anion and the surface
groups of EC also exhibit the Lewis acid-base interaction within the polymer matrix. This mechanism decreases
the Coulombic interaction between the salt's cation and anion, increasing the K2PO4

- dissolvability thus more

cations are available to coordinate with the oxygen atoms in the COO- groups of the MC/PC blend. Further
addition of EC results in a downshift in the COO- transmittance intensity's band location for the stretching mode.

4. All of these changes in the FTIR spectrum apparently indicate that the salt and plasticizer had been effectively
complexed and dissolved in the polymer blend.
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Table 2
Functional groups of MC/PC and their corresponding band assignments

Functional
groups

Band

Assignments

AA01 AA02 AA03 AA04 AA05 AA06 AA07 AA08 AA09 AA10 AA11  

O-H
stretching

3400 3454 3458 3470 3474 3502 3510 3523 3531 3543 3650  

C-H
asymmetric
stretching

2880 2882 2885 2885 2885 2885 2885 2885 2889 2895 2900  

COO−

asymmetric
stretching

1620 1637 1649 1655 1659 1661 1665 1671 1675 1670 1750  

C-H rocking
in CH2

1422 1425 1425 1425 1425 1425 1425 1425 1425 1433 1400  

O-H bending 1371 1224 1220 1216 1212 - - - - - -  

C-O-C
stretching

1094 1004 1006 1006 1008 1014 1018 1026 1030 1038 1100  

* - 957 954 949 947 988 929 933 937 941 946  

Ref. AA01 (Muthukrishnan et al., 2018; Perumal et al., 2018; Rajendran & Saratha, 2021b; Vahini & Muthuvinayagam,
2018), AA02 – AA10 (Kadir et al., 2017; Muthukrishnan et al., 2018; Perumal et al., 2018; Rajendran & Saratha, 2021b;
Shuhaimi et al., 2012) and AA11 (Omed Gh Abdullah et al., 2018; Asnawi et al., 2021; Shujahadeen B Aziz et al., 2020;
Kadir et al., 2017; Nurhaziqah et al., 2018; Shuhaimi et al., 2012) * Infrared spectra characterization for MC (Nadirah et
al., 2020)

3.1.2 XRD analysis
Figure 3a and 3b illustrates the XRD patterns produced from various ratios of MC/PC blended samples. Typically, MC
is well-known for its broad semi-crystalline hump between 2 =19–21°, which was caused by tightly bonded
intermolecular hydrogen atoms spanning the short distances between its polymer chains. Additionally, hydrogen
bonding happens when a hydrogen atom with de�cient electron bonds with a highly electronegative atom (e.g. -O or -
N). From the literature, pure MC also displays a substantial peak at 2 =7–8° (Long et al., 2019; Nadirah et al., 2020;
Nurhaziqah et al., 2018) while pure PC was found to have two large amorphous peaks located at about 7° and 20°
(Kiruthika et al., 2019; Mendes, Esperança, Medeiros, Pawlicka, & Silva, 2017; Perumal, Christopher Selvin,
Selvasekarapandian, & Sivaraj, 2019). In this work, it was discovered that pristine MC has crystalline peaks at 2 =7.6°
and 2 =20.1°, whilst pristine PC contains wide bands at 2 =7.4° and 2 =20.5° (as shown in Fig. 3a). As the MC and
PC were blended, their crystalline peaks progressively reduced, resulting in a more amorphous �lm, as seen in Fig. 3a.
This is a clear indicator that MC and PC have effectively blended, as demonstrated by the FTIR investigations in the
preceding section. AA04 was found to be the most amorphous of sample. Based on EIS investigations (to be
described in detail in a later session), this sample has the greatest ionic conductivity.

The behaviour of the PE upon complexation with K3PO4 and EC is shown in Fig. 3b. As seen, the amorphous phase of
the polymer matrix has increased with increased salt content. Pandi et al. (Pandi et al., 2016) reported that
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incorporation of inorganic salt into PE increases the amorphousity of PE, thereby resulting in a decline in the energy
barrier owing to the PE's segmental motion. Among the prepared polymer blend systems, AB04 observed to be the
most amorphous sample. The reappearance of crystalline peak at 2 =7.9° for AB06 could be due to the
agglomeration of excess salt within the polymer matrix. Upon incorporation of EC into the polymer-salt complex, a
further decrease in crystallinity was observed due to plasticization effect of EC. The amorphous region continues to
improve with a further increase in EC content until an optimum is attained at 25 wt.% of EC, after which its
crystallinity begins to reappear. Tiny peaks observed at 2Ө=24.6° and 2Ө=30.5° could be attributed to EC beginning to
replace MC/PC host material in the SBE system. This observation is consistent with impedance studies which will be
discussed further in another section.

3.1.3 FESEM micrograph
FESEM pictures may be used to test the compatibility of blend PEs and the interfaces within PEs. Additionally, surface
exploration may provide information into how the structure and electrical properties of a material change as a
consequence of different activities (Shujahadeen B Aziz et al., 2020). Earlier studies have shown that morphology
analysis of polymers convey an overwhelming amount of information about surface changes (M. Hamsan, Aziz,
Shukur, & Kadir, 2019; Kumar et al., 2014). In terms of crystallinity, the polymer family is divided into two distinct
classes: crystalline polymers and amorphous polymers, which are de�ned by their degree of crystallinity. As shown in
Fig. 4, the smooth FESEM surface morphology achieved for the blend system conveys information about the system’s
miscibility since the blending of MC with PC has increased the degree of amorphousness. Furthermore, the cross-
sections of the �lms (insets) show no phase separations in all the blend �lms, implying that MC and PC are mutually
miscible with one another and have been homogeneously blended. This result agrees well with the XRD pattern
observed in the previous section.

Energy-dispersive X-ray spectroscopy (EDX) was employed to further verify the blending of MC with PC, as well as the
elemental composition study of each sample. On the basis of their identi�ed band spectra (shown in Fig. 5), it was
established that C and O were the principal components of all samples. Similarly, the weight percentages, as well as
the atomic percentages of the constituent elements found in each sample are presented in Table 3. As can be seen,
oxygen atoms dominate over carbon atoms in all the samples except for AA11. This could be attributed to the
presence of PC, which possesses numerous OH groups in the polyblend. The wt.% of oxygen atoms decreases as the
concentration of PC reduces in the polyblend which con�rms that PC contributes to the higher wt.% of oxygen atoms.
Na spectra were identi�ed in samples containing substantial amounts of PC (AA01 – AA09). On numerous occasions,
sodium hydroxide (NaOH) was used as a pH stabiliser during the extraction and processing of PC (Hu, Ye,
Chantapakul, Chen, & Zheng, 2020; Wandee, Uttapap, & Mischnick, 2019; Wang et al., 2020; Yang, Mu, & Ma, 2018; X.
Yang et al., 2018). As a consequence, the existence of Na spectra may be ascribed to residual NaOH from the PC
extraction procedure. However, as the concentration of PC in the polyblend system declines, the weight percentage of
Na in the system decreases until it is completely absent (AA10 and AA11).
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Table 3
Elemental composition of MC/PC �lms

Samples Elements

C O Na

Weight % Atomic % Weight % Atomic % Weight % Atomic %

AA01 42.39 49.65 56.45 49.64 1.16 0.71

AA02 45.45 52.71 53.78 46.82 0.77 0.47

AA03 46.94 54.20 52.33 45.36 0.73 0.44

AA04 47.44 54.68 51.94 44.95 0.62 0.37

AA05 47.46 54.69 51.96 44.96 0.58 0.35

AA06 47.58 54.80 51.92 44.89 0.51 0.31

AA07 47.79 55.02 51.69 44.67 0.51 0.31

AA08 49.10 56.30 50.46 43.44 0.44 0.26

AA09 48.27 55.47 51.31 55.47 0.42 0.25

AA10 49.94 57.06 50.06 42.94 - -

AA11 51.82 58.90 48.18 41.10 - -

3.1.4 DSC analysis
The thermal behaviour of the AA04, AB05, and AC05 complexes was studied using DSC analysis and the DSc
thermograms are shown in Fig. 6. As shown, all samples display a wide endotherm phase transition between 40 and
130°C, which suggests the Tg of each CPE. To start with AA04, a single Tg seen on the DSC thermogram
demonstrates that the MC and PC blend components are compatible. According to Shamsuri et al. (Shamsuri, Zaine,
Yusof, Yahya, & Shukur, 2020), a single step transition of endothermic reaction observed in the DSC thermogram of
MC/PVA �lm con�rms the miscibility of the two polymers. Also, the effect of K3PO4 doping in MC/PC blend polymer
on the Tg of prepared CPEs is equally investigated. The Tg value of AA04 (99.89°C) drops to 73.85°C when 50 wt.%
K3PO4 is introduced to the MC/PC system. The decreased Tg value due to salt incorporation a�rms that the polymer-
salt’s segment became less stiff in the amorphous phase structure, which has been previously con�rmed by XRD
analysis. As a result, the polymer host's Tg decreases, which is likewise linked to the PEs' increased ionic conductivity.
To put it another way, when an electric �eld is applied to the AB04 system, the polymer chain network becomes more
open to ions, which results in an increase in conductivity, since ions may �ow freely across the polymer chain
network.

At 25 wt.% EC content, the Tg decreases further to 67.59 ° C. This may be owing to the plasticization effect of the
electrolyte caused by the presence of EC, which decreases the dipole–dipole interactions between polymer chains,
hence softening the polymer morphology. Consequently, the drop in Tg implies an increase in the �exibility of the
polymer chains, which facilitates the easy movement of ions across the polymer network by reducing the crystallinity
of the polymer.

3.2 Electrochemical test
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3.2.1 Conductivity studies
Batteries and supercapacitors used in high-power applications demand rapid charge/discharge rates; hence,
electrolytes with high ionic conductivity are required for the proper operation of such devices (W. Tang et al., 2018). In
this study, conductivity measurements were performed on CPEs using an impedance spectroscopy setup comprised
of stainless steel (SS)/CPE/SS. The impedance plots for unplasticized and EC plasticized MC/PC/K3PO4 complexes
are illustrated in Fig. 7. The resistance of each �lm is equivalent to the total of the bulk resistance obtained at the x-
axis semicircle. At ambient temperature and within a frequency limit of 105–10− 2 Hz, the in�uence of K3PO4 and EC
on the ionic conductivity (σ) of an MC/PC composite system is determined using Eq. 1 (B, Km, M, V.S, & S, 2017);.

σ =
l

RS

1

Here, l (cm), R (Ω) and S (cm2) stand for the thickness of the CPE, bulk resistance, and the area of contact between
the electrodes and the electrolyte, respectively. Furthermore, impedance curve shown in supplementary material (S1)
illustrates the conventional impedance plots used to calculate ionic conductivity for selected MC/PC blend systems.
Based on the impedance values obtained (from �gure S1), highest ionic conductivity of 2.9×10− 9 Scm− 1 was
obtained for the AA04 blend system, whereas pure MC (AA01), pure PC (AA11) and an equal ratio of MC and PC
(AA06) exhibited a conductivity of 4.1×10− 11 Scm− 1, 6.3×10− 10 Scm− 1 and 1.5×10− 10 Scm− 1 respectively. The
increased ionic conductivity is attributed to decreased crystallinity in the blend system (Vahini & Muthuvinayagam,
2018), as will be discussed later.

The complex EIS curves of selected CPEs (AB01, AB05, AB06, AC01, AC05 and AC06) for varying concentrations of
K3PO4 and EC are presented in Fig. 7. Other samples are shown in �gures S2 and S3 in the supplementary material.
As can be seen, the EIS curves show the quintessential behaviour of a typical EDLC, which consist of a symbolic spike
and semi-circle at low and high frequencies, respectively. The high-frequency semi-circle is caused by parallel
arrangements of bulk capacitance and bulk resistance (formed by immobilised polymer chains and cation migration,
respectively), while the low-frequency spike is caused by blocking electrodes (Pandi et al., 2016). As a result of the
increase in the number density of mobile charge carriers when K3PO4 was introduced, the ionic conductivity was

optimised to 1×10− 5 Scm− 1 (AB05). When the salt and the polymer hosts come into contact, the K+ ion disperses
within the polymer matrix, thereby improving the conductivity of the polymer hosts. Increasing the concentrations of
K3PO4 beyond 50 wt.% (SB06) results in a decrease in conductivity. This is because excess K3PO4 in the CPE may
cause anions and cations to cluster so closely together that they form salt aggregates, obstructing the movement of
free ions and reducing the number of free mobile ions inside the polymer host.

Furthermore, samples AC01-AC05 (Fig. 7 and S3) demonstrate that the addition of 5–25% EC results in a
considerable inclination of the impedance spike toward higher frequency regions owing to the CPEs system's rapid
dipolar relaxation. To support this, Aziz et al (Shujahadeen B Aziz et al., 2021) argues that plasticizers often increase
ionic conductivity by increasing the charge carrier number of salt ions, hence enhancing salt dispersion and ion
mobility. However, when additional EC (> 25 wt. %) is incorporated, the ionic conductivity decreases. Due to the high
concentration of EC in the complex system, ion aggregates-contact ions forms, causing the ion �ow through the CPE
to slow down. As a consequence, ion mobility decreases, lowering the ionic conductivity of the system.
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The variation of room temperature ionic conductivity of AC05 as a function of EC concentration is presented in Fig. 8.
As can be seen, the conductivity of the CPE increases when EC was added, until it reaches a maximum value of
5.9×10− 4 Scm− 1 at a concentration of 25% EC (AC05). Due to the presence of EC, additional routes for ions to move
have evolved, contributing to the conductivity rise. Along with functioning as a plasticizer, EC tends to weaken the
Coulombic attraction between K3PO4 cations and anions. As a consequence, extra salts dissociated to liberate free
mobile ions, thereby boosting the solution's ion density (Saadiah et al., 2021). Nevertheless, the addition of more than
25% wt. EC (AC06) leads to a decrease in conductivity. When plasticizer molecules are excess in the polymer-salt
complexes, they displace the host fragments and cause the salt molecules to crystallise, reducing the host polymer's
conductivity (Kadir et al., 2017). Thus, observed decrease in conductivity at 30% wt. EC was due to the
recrystallization of K3PO4 in the SBE system.

3.2.2 Electrochemical potential window analysis
The electrochemical stability window is well recognised as one of the most critical elements in the practical use of an
CPE. The stability window can be de�ned as a domain of potential in which the Faraday induced current does not
�ow through the electrolyte (Asnawi et al., 2021), and it is restricted within its cathodic and anodic sections, where the
reduction and oxidation of the PEs and the salt ions take place (Abdullahi Abbas Adam et al., 2022). A very stable
electrolyte is necessary for supercapacitors because of their rapid charging and discharging process, and to prevent
deterioration of the electrolyte when a potential greater than its decomposition limit is applied (Dannoun et al., 2020;
Fan et al., 2018). In this work, we determined the potential window stability of the CPEs by subjecting them to LSV
testing using AUTOLAB/AUT51018. The samples were subjected to a voltage sweep with a constant scan rate of
10mVs− 1 and a potential range of -4V to 4V and the results are shown in Fig. 9. As seen, all plasticized samples were
found to exhibit a wider potential window compared to the unplasticized sample. For the optimum sample, a potential
window of 4.24V was recorded. This indicates that the CPE is highly suitable for application in electrochemical
systems since the threshold potential window for electrochemical device is 1V (Abdullahi Abbas Adam et al., 2022).

3.2.3 Transference number measurement
Solid-state ionics is a discipline of physics concerned with the ionic transport characteristics of materials that have a
su�ciently high ionic conductivity (Shujahadeen B. Aziz et al., 2021). The TNM studies, along with LSV analysis are
important parameters that determine the suitability of PE for use in EDLCs. In every EDLC, electrons and ions are, in
theory the two charge-carrying species. The objective of TNM is to determine the identity of the predominant charge
carrier species in the PE (Abdulwahid et al., 2021). The polarization curve for the comparatively highly conducting
electrolyte is shown in Fig. 10. The measurement is taken by keeping the potential at 0.2 V, at which point the initial
current begins, followed by a steady state. As a result of the polarization effect, an initial current (Ii) of 2.49 A is
measured at the onset. Initially, both ions and electrons contribute to the �rst high value of the current, hence the large
Ii recorded is due to the involvement of both ions and electrons. Before the steady state, the current decays
signi�cantly until it approaches saturation (as seen in Fig. 10). The absence of ionic species is responsible for this
signi�cant decrease in current until a steady-state current (Iss) of 0.12 A is attained. In this condition, the cell is
polarised and a current �ow as a consequence of just electrons �owing as carrier conductors. Ion movement in the
sample is prevented via the stainless-steel electrodes.

The values of the electronic (telec) and ionic (tion) transference numbers may be calculated using Equations (2) and
(3);
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tion =
Ii − Iss

Ii

2

tel = 1 − tion

3

According to Aziz et al. (Aziz, Dannoun, Brza, et al., 2022), the transference number of the ion (tion) is an appropriate
indicator of when it is almost equal to 1, given that ions are considered to be the principal charge carriers in PE
systems. The computed values of te and tion for the AC05 sample are 0.048 and 0.952, respectively. The high value of
tion indicates that ions, rather than electrons contribute majorly to the transport of charges.

Conclusions
In conclusion, the solution casting technique was used to fabricate CPEs containing K3PO4 as a novel conducting
species. Ethylene carbonate (EC) was e�ciently incorporated as a plasticizer into the MC/PC/K3PO4 electrolyte
system at varying amounts to improve the conductivity of the system. The electrolyte containing 25 wt.% of EC has
acquired the maximum ionic conductivity at room temperature (5.9×10− 4 Scm− 1). The sample with the highest ionic
conductivity had ions dominance with a tion of 0.95 and a high stability window of 4.24 V. Using the band frequencies
from FTIR spectra, the molecular connection between the MC and PC hosts of the electrolyte was validated. XRD and
DSC patterns have shown a substantial improvement in the amorphous phase for both plasticized and unplasticized
blend systems.
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Figures

Figure 1

Schematic description of MC/PC/K3PO4/EC CPE preparation
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Figure 2

FTIR spectra of MC/PC polymer blend
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Figure 3

XRD patterns of MC/PC based SBE



Page 23/29

Figure 4

FESEM micrograph showing the surface morphology of MC/PC/K3PO4/EC CPEs
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Figure 5

EDX spectra of MC/PC polymer blend
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Figure 6

DSC curve indicating the Tg for the prepared CPEs
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Figure 7

EIS impedance plots of selected MC/PC/K3PO4 based CPEs
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Figure 8

Variation of room temperature conductivity of AC05 as a function of EC concentration
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Figure 9

Potential window plots for MC/PC/K3PO4/EC CPEs
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Figure 10

TNM of AC05 showing initial and steady-state currents
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