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Abstract. The present study deals with the enhancement of proton transport and conduction properties of solid polymer
electrolyte (SPE)-based carboxymethyl cellulose (CMC) blended with polyvinyl alcohol (PVA) doped with ammonium
nitrate (NH4NO;) and plasticized with various compositions of polyethylene glycol (PEG). The SPE system was suc-
cessfully prepared using an economical method, the solution casting technique, and analysed by Fourier transform
infrared spectroscopy and electrical impedance spectroscopy. The infrared spectra show that interaction had occurred at
O-H and COO™ from CMC when PEG was added which prevailed the enhancement of ion dissociation. Glass transition
measurement highlighted that the interaction between CMC-PVA-NH4NO; and ethylene carbonate at 8 wt% give the
most plasticization effect that achieved the lowest T,. The highest conductivity of the SPE system achieved at ambient
temperature was 1.70 x 107> S cm™" for a non-plasticized sample, and further enhanced to 3.00 x 107> S cm™' when 8
wt% PEG was incorporated into the SPE system. The sample with the highest conductivity was found to obey the
Arrhenius behaviour with a function of temperature. The ionic conductivity of the SPE system was shown to be primarily

influenced by a number of ions (7), ion mobility (1) and diffusion coefficient (D).
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1. Introduction

Conventional lithium-ion liquid electrolyte batteries have
gained an unforeseen importance in the last few decades in
portable electronic devices such as laptop computers,
mobile phones and electric cars [1]. Alkaline batteries were
being produced more than 10 billion units per year and a
majority of these batteries end up at landfills [2]. However,
liquid electrolyte batteries are an inherent hazard to leak-
ages and explosions. Due to continuous charging of liquid
electrolyte batteries, it will lead to loss of battery quality.
Hence, all these factors have contributed to the develop-
ment of solid polymer electrolytes (SPEs) [1,3,4]. More-
over, due to the rapid growth in microelectronics circuits,
demand for lightweight batteries with high energy density
and high cycle life is increasing rapidly. In the application
of SPEs, some improvisation is needed to increase the ionic
conductivity. A comprehensive study is required to focus on
the substitute of liquid electrolytes which was commercially
used in energy storage. The new substitute should use safer
materials which certainly contribute to the sustainability of
the environment. Hence, the advent of SPEs based on bio-

CMC-PVA-NH4NO3; PEG; ionic transport.

resources has been researched and developed to disclose
possible alternatives with much superior properties, non-
hazardous properties and good biocompatibility [5].
Notwithstanding four decades of attempts, the potential
of SPEs as hosts for great ionic mobility has not been
realized. To date, lots of studies have been carried out to
improve SPE properties including the use of copolymers
and addition of dopants or plasticizers [6]. In SPEs, com-
position of salt or plasticizer affects the ionic conductivity.
Among the pioneering studies in the field of SPEs, the
combination of polyethylene glycol (PEG) and lithium
perchlorate (LiClO,4) had achieved a maximum conductivity
of 7.3 x 1077 S cm™! [7]. Parameswaran er al [8] observed
an electrical conductivity for a zwitterionic polymer blend
incorporated with ammonium bromide which was enhanced
to ~107* S cm™" for battery application. Similarly, Aziz
[9] investigated SPEs based on polycaprolactone with
lithium bis(oxalato)borate as a doping salt. The result
revealed that DC electrical conductivity and dielectric
constant of SPEs had increased with concentration of salt up
to 4 wt%. Several studies have reported based on car-
boxymethyl cellulose (CMC)—polyvinyl alcohol (PVA)
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incorporated with different ionic dopants including NH4Cl
[10], NH4Br [11] and NH4NO5 [12] with a conductivity in
the range of ~107> to 107> S cm™ !, respectively. Hence,
most of the studies have been focusing on alternatives to
overcome the limitations of SPE systems in terms of
enhancement of mobility-limiting polymer chains which
might affect the conductivity of SPEs.

The incorporation of plasticizers provides new pathways for
the dissociation of the salt by weakening the force between the
cations and anions and causes the salt to dissociate more easily
into free ions [13]. This pathway could be attributed to the
significant changes in the local structure by complexation
which leads to increment in the amorphous region, decrement
of glass transition temperature and eventually enhanced the
ionic conductivity [14]. A number of authors have considered
the effect of addition of plasticizers which is regarded as the
most effective way to improve the ionic conductivity [15].
Therefore, this encouraged many researchers to assess the
effect of various plasticizers such as ethylene carbonate (EC)
[16], glycerol [17], dimethylacetamide [18] and tetra(ethylene
glycol)dimethyl ether [19]. In the same vein, Ng and Moha-
mad [20] studied proton batteries based on chitosan SPEs
incorporated with NH4NO; and EC as plasticizers in acetic
acid solution and succeeded in enhancement of the conduc-
tivity from ~107> to ~107> S cm™". In this present study,
PEG was added into polymer complexes CMC-PVA-
NH4NO;5 because a limited number of research studies have
used PEG as a plasticizer thus far. Herein, the present study
has used CMC-PVA-NH4NO; which was optimized at
56:14:30 due to the favourable conduction as reported in a
previous preliminary study [12] as a polymer electrolyte sys-
tem and plasticized with PEG. This is an attempt to evaluate
the effectiveness of PEG as a plasticizer for the CMC-PVA
incorporated with NH4;NO;. To understand how various
compositions of PEG affects the complexation and ionic
transport properties, simple approaches e.g., Fourier transform
infrared (FTIR), differential scanning calorimetry (DSC) and
electrical impedance spectroscopy (EIS) were used in char-
acterization. Furthermore, the deconvolution technique was
adopted and parameters including number of mobile ions,
ionic mobility and diffusion coefficient were compared sys-
tematically based on various PEG compositions. To the best of
author’s knowledge, none of the previous literature reports has
investigated the proton conduction enhancement of CMC-
PVA-NH4NO; influenced by PEG which could enlighten this
newly developed SPE as a promising electrolyte in various
applications.

2. Experimental

2.1 Preparation of SPE sample

CMC (Acros Organics, M.W. 90,000) and partially
hydrolysed PVA (Merck Schuchardt OHG, M.W. 70,000)
with an 80:20 composition of 2.00 g were dissolved in
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distilled water at room temperature prior to the addition of
30 wt% equivalent of 0.857 g of NH4NO;3; (Merck KGaA,
M =80.04 g mol™") [12]. The mixed solution was stirred
continuously until complete dissolution was achieved.
Various weight percents of PEG (Sigma Aldrich, M, =
1,100) were incorporated into the doped polymer blend and
stirred homogeneously. The indication of sample compo-
sitions is tabulated in table 1. The mixtures were casted into
Petri dishes and dried using an oven for about 5 h at 60°C.

2.2 Characterization of CMC/PVA SPEs

2.2a FTIR spectroscopy: A Spectrum One (Perkin
Elmer, USA) FTIR spectrometer equipped with zinc
selenium (ZnSe) attenuated total reflectance (ATR) was
used to analyse the complexation of polymer—proton
interactions, the formation of ternary blends and the
surface composition of samples. The frequency range was
set from 4,000 to 700 cm~! with a total of 10 scans at a

resolution of 2 cm ™.

2.2b DSC: The thermal study was carried out using a
DSC 214 Polyma (Netzsch, Germany) where ~3.00 mg of
sample was weighed into an aluminium pan. The sample
was heated up to 400°C at a heating rate of 10°C min~" and

purged under a nitrogen flow at a rate of 40 ml min~".

2.2c EIS: SPE samples were characterized using EIS
with a HIOKI 3532-50 LCR Hi-Tester interfaced to a
computer in the frequency range between 50 Hz and 1 MHz.
The samples were cut into suitable size and placed in
between the electrodes. From the plot of imaginary part (Z;)
vs. real part (Z,) of impedance, the bulk resistance R}, of SPE
films could be determined. The ionic conductivity, ¢, can be
calculated using the following equation:

[

" RA

(1)
where [ is the thickness of the film and A is the electrode—
electrolyte contact area in the SPE films in cm? The
thickness of the SPEs was measured using a digital
thickness gauge (DML3032).

Table 1. List of samples with their compositions.

Indication Composition of PEG (wt%)

Co
Cc2
C4
Co
C8
C10
C12

N O 0RO

—_ =




Bull. Mater. Sci. (2020) 43:203

2.2d  FTIR deconvolution: The deconvolution method
was carried out using Origin Pro (by Gaussian—Lorentz
function) to determine the number of ions (77), mobility of
ions (1) and diffusion coefficient (D). The baseline function
was utilized to deconvolute a specific region and analysed
transport properties. In this method, the FTIR peaks
attributable to the dominant ionic movement were studied
and the total intensity of all the deconvoluted peaks was
determined to fit the original spectrum [21]. The area under
the peaks was deduced and the percentage of free ions was
calculated using the following equation [22]:

A
Percentage of free ions (%) = <A —l—fA ) x 100%,
f c

(2)

where Ay is the area under the peak indicating the free ion
region, A. is the sum of area under the peak indicating the
contact ions, M is the moles of each wt% PEG, N, is the
Avogadro’s constant, Vi, is the total volume of the SPE
system, k is the Boltzmann constant, 7 is the absolute tem-
perature and e is the electron charge. The number of density
(1), diffusion coefficient (D) and mobility (u) of the ions were
calculated using the following equations [21,23-25]:

n= (M X NA) x free ions (%), (3)

Vtotal

()

D= (’%) (5)

3. Results and discussion

3.1 ATR-FTIR analysis

Figure 1 shows the IR spectra of three important regions
which correspond to the presence of asymmetrical COO™,
bending —OH and stretching —OH which are crucial func-
tional groups to the interaction of coordination in CMC-
PVA-NH4NO; and PEG. The changes in wavenumber for the
complexation taken place in SPEs are tabulated in table 2.
Figure la depicts the IR spectra of the CMC-PVA-NH,.
NOs-PEG SPE system at 1,312 cm~ ! which agrees with the
presence of —OH (hydroxyl) bending. Based on the figure, itis
evident that the hydroxyl band has shifted to higher
wavenumber 1,333 cm™! as the amount of PEG increased.
This phenomenon implied that the PEG promotes the
occurrence of H-bonding in the SPEs [26,27]. Moreover, the
band became wider due to the formation of rather strong
hydrogen bonds between the O—H and NH;-H™ [28].

On contrary, it can be observed in figure 1b that the
intensity of the peak at 1,579 cm™' was discovered to
reduce with the addition of PEG. The changes are
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considered due to the coordination interaction of -COO™ in
CMC with H of [NH; ] substructure in NH4;NO5; which
reveals that the higher the PEG composition, the higher the
number of H* withdrawn towards the -COO™. The shifting
towards higher wavenumber infers that complexation has
taken place between the CMC-PVA-NH4NO; and PEG
which was due to the formation of intra-molecular
H-bonding attraction [29]. This interaction also allowed the
protonation and deprotonation to occur from one —COO™ to
another —COO™ by ion hopping. PEG is regarded as a
representative that could shorten the distance of the ion-
hopping mechanism by providing a new alternative path-
way [30]. In addition, the appearance of small hump at
1,710 ecm™" in the adjacent position of -COO™ becomes
more apparent after the addition of PEG which suggests the
success of the plasticization.

Figure Ic evidences that the complexation leads to a shift
in a wide contour absorption band of CMC-PVA, that is, the
stretching —OH group is located in the 2,800-3,800 cm ™'
region. Indeed, more hydrogen bonds have formed due to the
increment of PEG composition which was shown by the
plateau in that region [31,32]. This could explain that the
addition of a plasticizer caused the growth in the number of
free ions which encourage more complexation to
occur [13].

3.2 Thermal analysis

DSC has been performed to determine the glass transition
temperature (7) upon the incorporation of PEG into the
CMC-PVA-NH,NO;. The DSC thermogram for various
samples of CMC-PVA-NH,NO;-PEG is depicted in
figure 2.

The determination of T, was performed at the midpoint
of the endothermic peak and shown as an inset in figure 2.
Based on the data, the addition of PEG has reduced the T,
value. This pattern could be deduced as a result of reduction
in segmental motion which was ascribed to the coordination
interaction of —COO~ in CMC with H" of [NHI] sub-
structure in NH4NOj; explained by FTIR previously. Nota-
bly, the plasticization effect contributed by PEG has
weakened the Columbic forces (dipole—dipole and hydrogen
bonding) of the host polymer and NH4NO; which in turn
create a transient or temporary bonding during the interac-
tion between the CMC-PVA-NH NO; and PEG [33].
Consequently, the energy barrier for the protonation and
migration of H" could be reduced. This is aligned with the
result of present study, where a reduction of T, from 88.65
to 48.99°C was observed with the addition of PEG up to
8 wt%. The decrement of T, may be attributed to the
plasticization effect (polymer—salt complex softening) by
the PEG and it causes the polymer chain to become more
flexible [34]. This observation is in good agreement with the
result reported by Greco et al [35], who investigated the T,
dependency to be due to the miscibility of the plasticized
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Figure 1. FTIR spectra of the CMC-PVA-NH,NO;-PEG SPE system of (a) 1,200-1,500 cm™", (b) 1,500-1,800

cm~! and (¢) 2,800-3,800 cm ™.

Table 2. List of important FTIR vibrational modes of SPEs.

Vibrational modes (cmfl)

Asymmetrical
Sample Bending -OH —-CO0O™ Stretching —OH
Co 1,312 1,579 3,381
c2 1,318 1,578 3,377
C4 1,320 1,579 3,376
Co6 1,324 1,581 3,375
C8 1,325 1,583 3,368
C10 1,330 1,586 3,365
C12 1,333 1,587 3,361

system. Similarly, Ahmadi-Khaneghah et al [36] found that
the polyethylene segment in the PEG managed to decrease
the T, and resulted in the increase of chain mobility. Thus,
the addition of PEG causes the SPE to behave as a rubber-
like material at lower temperature. Additionally, the pres-
ence of PEG in the SPE leads to good compatibility and
resulting in a miscible system. This could be evidenced by
the occurrence of single glass transition which was observed
for all samples.

Together, the effect of incorporation of PEG into the SPE
towards the glass transition temperature was compared with
previous studies and tabulated in table 3. A recent study by

Heat flow (W/g)

63.49 °C 88.65 °C

et T 35 70 105
Temperature (°C)

Heat flow (W/g)

« EX0
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Figure 2. DSC thermogram of CMC-PVA-NH4NO;-PEG (inset:

glass transition temperature of the CMC-PVA-NH,4NO;-PEG SPE
system).

Devangamath et al [37] involved a comprehensive research
on the glass transition temperatures of pure PVA and PEG
in which the value was obtained as 85 and 63°C, respec-
tively. In this present study, PEG was added to the CMC—
PVA-NH,NO; to weaken the Coulombic force in the
NH4NO; which facilitate the modification of a three-di-
mensional molecular arrangement of the SPEs, thereby
reducing the energy required for the phase transition to
occur [38]. Consistent with the literature, the T, achieved by
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Table 3. Comparison of glass transition temperature of the pre-
sent SPEs and other systems.

Glass phase transition,

SPE T, (°C) Reference
Cellulose-ECH-PEG 183 [40]
PVA-PEG 95 [37]
PVA-PVP-PEG 64.13 [41]
CMC-PVA- 48.99 Present
NH4NOz;-PEG study

ECH, epichlorohydrin; PVP, polyvinylpyrrolidone.

present SPEs based on CMC-PVA-NH4NO;-PEG exhib-
ited a lower value than that of other SPE systems listed in
the table suggesting the success of plasticization effect.
Aziz et al [39] performed a conceptual review of the ion
transport in the polymer electrolyte and confirmed that the
three-dimensional molecular arrangement of the SPE could
lead to an increase in the free volume of the system, which

O Ec

\ = Hopping

) Protonation

( Deprotonation
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can boost the movement of ionic charge carriers, H". This
successively would favour the enhancement of ionic con-
ductivity in the SPEs.

3.3 Ionic conductivity analysis

The ionic conductivity of the CMC-PVA-NH,NO;-PEG
SPE system at ambient temperature is depicted in figure 3.
Based on a previous report [42], the highest conductivity for
the CMC-PVA-NH4NO; SPE system was stated at 1.70 x
1072 £ 6.01 x 107* S cm™" for the sample containing 30
wt% NH4NO;. In the present system, the ionic conductivity
further increased to 3.00 x 107> & 8.76 x 107* S cm™!
when 8 wt% of PEG was added to the SPE system. Based
on the figure, the amount of 8 wt% PEG is adequate to aid
in the dissociation of H" from NH,NO;. However, a min-
imal increment in ionic conductivity was observed and
raised an intriguing question regarding the factors govern-
ing the enhancement of ionic conductivity. Drawing on

6531\103-0

@ cgo -

Figure 3. Schematic diagram of the reaction mechanism for the plasticization effect on the CMC—

PVA-NH,NO;-PEG SPE system.
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Table 4. Comparison of un-plasticized and plasticized ionic conductivity of the present SPEs and other systems.

SPE Ionic conductivity (S cm™ ) Reference
CH-MC-LiBr, 3.74 x 107° [49]
CH-MC-LiBr,~PEG 212 x 107°

Agar—agar-NH,Br 724 x 107° [50]
Agar-agar-NH,Br—EC 373 x 107*

2-HEC-NH,NO; 451 x 1074 [44]
2-HEC-NH,NO;-EC 1.17 x 1073

PVP-MSA 1.16 x 107° [45]
PVP-MSA-DMC 327 x 107°

PEO-PAM-NaCF;SO; 832 x 1076 [47]
PEO-PAM-NaCF;SO5-EC + PC 5.74 x 107*

CMC-PVA-NH,NO; 1.70 x 1073 Present
CMC-PVA-NH,NO;-PEG 3.00 x 1072 study

PEO, polyethylene oxide; PAM, polyacrylamide; PVP, polyvinylpyrrolidone; MSA, methanesulphonic acid; MC, methyl cellulose;
NH4CF3SO3, ammonium trifluoromethanesulphonate; EC, ethylene carbonate; Gly, glycerol; LiOAc, lithium acetate; DMC, dimethyl

carbonate.
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Figure 4.
C2, C8 and C12 SPE systems.

extensive factors affecting the ionic conductivity, three
important aspects could be highlighted from the present
study which include lower dielectric constant properties of
the plasticizer, suppression in ion dissociation and number
of free ions (H™") dissociated from NHj. Despite the fact of
slight increase in the ionic conductivity value, this finding
could contribute to decipher the function of the plasticizer
in polymer—salt complexes. Muhammad et al [43] also point

Ionic conductivity of various PEG wt% at room temperature and Cole—Cole plot of

out that the ionic conductivity was attributed to a dielectric
constant of the plasticizer which resulted in greater ion
dissociation and hence higher ionic conductivity. Another
observation was reported by Hafiza and Isa [44] and
Ambika et al [45] where the addition of a plasticizer in
polymer salt complexes has increased the ionic conductivity
only slightly which shows a similar trend to the present
study. In addition, it is encouraging to compare this result
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Figure 6. Activation energy E, for various SPE systems.

with that of Das and Ghosh [46] who found that the
enhancement in ionic conductivity was mainly influenced
by the dielectric value of the plasticizer. The observed
increase in ionic conductivity could be attributed to the
lower dielectric constant value of PEG (¢, = 12.4) compared
to other plasticizers [44]. Therefore, Dave et al [47] have
attempted to investigate the combined effect of two plasti-
cizers (EC + PC) to boost the ionic conductivity of poly-
mer-blend systems.

Nevertheless, in contrast this finding could give signifi-
cant implications for the understanding of the enhancement
of ionic conductivity by increment of PEG composition
based on the capability of PEG to enhance the dissociation
of un-dissociated or salt aggregation towards the production
of more free hydrogen conducting ions. This can be verified
in terms of increase in the non-bridging ions between the
hydroxyl group from PEG and hydrogen conducting ions
from NH4NO;. This allows the released H' to migrate
towards the COO™ group of CMC. As the amount of PEG
increases, the number of transit sites for the H' ions
increase considerably. This inspection was confirmed by
FTIR analysis whereby the addition of PEG provides
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alternative pathways for the protonation of hydrogen ions as
depicted in figure 3.

In addition, the improvement in the ionic conductivity of
the SPE system is because PEG provides a large free volume
of relatively significant conducting phase and it also provides
good thermal stability that would open channels for greater
ionic transport [48]. The plasticizer provides free volume
that exists between the biopolymer chains and allows a
massive amount of H' ions to move without any restriction.
Apparently, PEG does not supply ions towards the SPE
system, but it is believed that PEG aided in dissociation of
NH4NO; in the CMC-PVA matrix. This is due to the
weakening of the inter-ion Coulomb force between the
cations and anions in NH4;NO; causing the increase in
hydrogen conducting ions (H") with an increase in plasti-
cization [48]. However, it shows that beyond 8 wt% of the
CMC-PVA-NH4NO;-PEG SPE system, the conductivity
decreases, and this might be caused by the re-association of
ions. Table 4 provides a comparison of ionic conductivity for
the polymer—salt complex systems incorporated with various
types of plasticizers. The finding reveals that the present
system based on CMC-PVA-NH4NOj; added with PEG as a
plasticizer achieved relatively higher ionic conductivity
compared to other plasticized SPE systems. This indicates
that the combination of CMC-PVA-NH,NO; and PEG may
possibly provide a better pathway for the ion conduction
mechanism and resulting in higher ionic conductivity.

The Cole—Cole plot of the selected CMC-PVA
biopolymer blend doped with NH4NO; and further plasti-
cized with 2, 8 and 12 wt% of PEG is also presented in
figure 4. The Cole—Cole plot revealed the occurrence of a
spike line which may be caused by the ion migration
occurred in the matrix polymer [51]. The spike line is
determined by the influence of electrode polarization.
Moreover, it shows that the total conductivity is principally
the outcome of the ion conduction of the SPE system and
the current carriers are ions [52,53]. The increment of the
spike was considerably moving towards the higher range of
frequency and the inclination of the spike was <90° with the
real axis due to rapid relaxation of the dipolar in the CMC—
PVA-NH,NO;-PEG system after the addition of 8 wt%
(C8), which could have enhanced the conductive properties
[24,54].

Figure 5 illustrates the temperature dependence of ionic
conductivity for the SPE system studied in the temperature
range of 303-363 K. This is to study the temperature-con-
ductivity behaviour of the SPE system plasticized with
PEG. Based on the figure, the increment in temperature
causes an increase in conductivity and it is clearly shown
that the graph of log conductivity vs. 1,000/T is linear which
indicate that the temperature dependent ionic conductivity
obeyed the Arrhenius relationship using the following
equation:

0 = og exp (—E,/kT), (6)
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Figure 7. Deconvolution IR spectrum for the selected sample of the SPE system.

Table 5. Contact and free ions of the CMC-PVA-NH,NO;—
PEG SPE system.

Samples Free ions (%) Contact ions (%)
COo 42.08 57.92
Cc2 47.72 52.28
Cc4 52.62 47.38
C6 62.91 37.09
C8 70.61 29.39
C10 60.32 39.68
C12 59.05 40.95

where ¢ is the pre-exponential factor, k is the Boltzmann
constant, T is the absolute temperature and E, is the acti-
vation energy.

As temperature increases, the dissociation of salts, ther-
mal movement of biopolymer chain segments and amor-
phousness of the SPE system also increase gradually. This
demonstrates that the SPE system is thermally assisted. The
extension of this study is the determination of activation
energy, E,. Figure 6 shows the value of E, for various
compositions of PEG which decreases gradually as the

conductivity of SPE samples increases until the addition of
8 wt% of PEG. This observed result corresponds to an
increase in the number of mobile ions in the SPE system. As
the greater amount of PEG particles had been ionized in the
salt polymer complexes, the more prominent is the struc-
tural disorderliness that enhances the flexibility of the CMC
backbone. This will further enhance the migration of
hydrogen mobile ions [55-57]. However, the value has
increased beyond the addition of 8 wt% of PEG which
might be due to the overcrowded of ion aggregation. It is
observed that the sample with the lowest E, would have the
highest ionic conductivity. The E, of 8 wt% PEG compo-
sition is the lowest which is 0.026 eV. Because the E, of this
SPE system is considerably low, it is significant for prac-
tical applications in electrochemical devices and storage.

3.4 lIonic transport analysis

As discussed based on FTIR, the —OH bending located in
the 1,200-1,500 ¢cm™! region has exerted a stronger H-
bonding. Thus, to further identify the hydroxyl band,
deconvolution was performed for the selected SPEs as
shown in figure 7. Based on the figure, the free ion repre-
sents the free mobile ions which are more likely H' ions
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system for number of mobile ions, #; mobility, u and diffusion
coefficient, D.

and the contact ion pairs represent the contact ions includ-
ing NH;r and NH; [58]. The contact and free ions were
calculated from the percentage of the area of contact or free
ions in the entire area of deconvolution peaks, respectively
which are tabulated in table 5. The percentage of free ions
with an increment of PEG composition until C8 can be
observed. This is due to an upsurge of dissociation of H
ions from NH; which would lead to an increase in ionic
conductivity. The highest ionic conductivity was achieved
due to the formation of greatest number of free ions. This
result facilitates the ionic conductivity remark in the SPE
system.

It can be observed that the ratio of free ions has increased
when the PEG composition is added until 8 wt% which has
assisted the ion dissociation of HT ions from the salt. Notably,
the ionic conductivity has improved as observed from the
analysis of ionic conductivity discussed previously. How-
ever, at 10 and 12 wt%, the percentage of free ions decreases
drastically due to the formation of ion aggregates that reduced
the ionic conductivity. Based on table 5, itis observed that the
current system becomes more capacitive than resistive as
PEG increases until the optimum value is achieved for sample
C8. The increment in the capacitance value with the increase
of PEG content shows that the SPE system is suitable for the
application in electrochemical devices [21,49].

Based on the information of free and contact ions, the
number of ionic mobility (x), mobile ions (1) and diffusion
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coefficient (D) were calculated using equations (3, 4 and 5)
and are presented in figure 8. Based on figure 8, it can be
noted that the values of #, u and D increased with increasing
EC composition until sample C8 and reduced at higher PEG
composition. This behaviour follows the trend of conduc-
tivity—composition of EC as depicted in figure 8 and found
to be similar to transport properties from other research
studies [59-62]. In the present system, the addition of PEG
into CMC-PVA-NH,4NO; once again confirmed our con-
jecture via the FTIR analysis where plasticization helps in
increment of NH4NO; dissociation and with better diffusion
rate; in turn it will produce more ions ready to hop to the
COO™ group from the CMC-PVA backbone. Moreover,
with an increased dissociation of NH4NOj3; upon the addi-
tion of EC, the ions can easily hop from one site to another
site and this phenomenon would influence the ionic con-
ductivity of the plasticized system. Thus, plasticization has
capability for the enhancement of ionic conductivity of
SPEs which is confirmed by the increment of free ions by
~30% as compared to un-plasticized SPEs.

4. Conclusion

Biopolymer CMC blend with PVA doped with NH4;NO;
plasticized PEG was successfully prepared by the solution
casting method. Plasticization is able to enhance the dis-
sociation of NH4NOj. This plasticizing effect was con-
firmed by FTIR analysis where interaction via inter- and
intra-H-bonding at the -OH and COO~ of PEG and H"
from NH4NO; provides an alternative pathway for ion
hopping within the SPEs. The formation of H-bonding
promotes the miscibility among the constituents and redu-
ces the T, upon the addition of PEG. The SPEs with 8 wt%
PEG shows the highest ionic conductivity which is 3.00 x
107 S cm™" with the lowest activation energy of 0.026 eV.
All SPE systems obey the Arrhenius characteristics within
the studied temperature range. The number of mobile ions,
ionic mobility and diffusion coefficient properties have
confirmed that the mobile ions dominate in the ionic
transport of the SPE system and has a correlation with the
behaviour of ionic conductivity. Continued efforts are
needed to further enhance the ionic conductivity of the
SPEs including dual plasticization effect because the SPEs
may be a good candidate for solid electrolyte system
applications.
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