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ABSTRACT KEYWORDS
Polymer electrolytes have been prepared by blending methylcellulose Polymer electrolyte;
(MC)-potato starch, doped with lithium perchlorate (LiClO,) and plasti- conductivity;

cized with glycerol. The blend of 60 wt% MC-40 wt% starch was found methylcellulose-starch

blend; lithium perchlorate;

to be the most suitable ratio to serve as polymer host. Fourier transform YRD

infrared (FTIR) spectroscopy analysis proved the interaction among the
components. X-ray diffraction (XRD) analysis indicated that the conduc-
tivity enhancement is due to the increase in amorphous content. The
highest ionic conductivity obtained at room temperature was (4.25 £+
0.82) x 10* S cm™! for MC-starch-LiClO,-20 wt% glycerol. The highest
conducting samples in both systems were found to obey Arrhenius rule.
Dielectric study further strengthens the conductivity result.

Introduction

Solid polymer electrolyte (SPE) has a good potential in lithium batteries, fuel cells, sensors and
electrochemical devices [1-4]. Researchers reported that this type of electrolyte produced rea-
sonable potential window stability, easy to prepare and have a good thermal stability [5-7].
Various efforts have been done to enhance the ionic conductivity of SPE including plasticiza-
tion [8, 9], polymer blending [10, 11], addition of ceramic filler [12, 13] and copolymerization
[14]. This is because electrolyte is the key component of electrochemical devices since it pro-
vides the medium for ionic conduction [15].

Blending polymers is an effective way for achieving suitable combinations of physical prop-
erties and better characteristics. The most important factor to choose the polymer blends is
the miscibility of the components [16]. Cellulose derivatives are polysaccharides composed of
linear chains of 8(1-4) glucosidic units with methyl, hydroxypropyl or carboxyl substituents
[17]. Methylcellulose (MC) has an excellent film-forming property, water solubility, and efhi-
cient oxygen permeabilities [18]. Starch has attracted researchers for its rich variety and abun-
dance in nature. It is composed of repeating 1,4-a-D-glucopyranosyl units: amylose and amy-
lopectin [19-21]. Starch is soluble in water, however the molded articles prepared from starch
and water was transparent, brittle and sensitive to atmospheric moisture [22]. Therefore,
blending two or more dissimilar natural polymers has shown potential to overcome these
difficulties. Khiar and Arof [23] reported that the ionic conductivity of 2.83 x 107> Scm ™! at
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room temperature obtained from starch doped with NH,;NOj; has increased to 3.89 x 107> S
cm™! by blending starch and chitosan [24].

Ions are mainly mobile in amorphous phase since their motion is supported by poly-
mer segmental motion [25, 26]. The percentage of amorphous nature of the polymer can be
increased by the addition of salts [27]. In this work, LiClO, has been chosen as the dopant
due to its low lattice energy. LiClO, is comprised of small sized cation and large sized anion
which is believed can give high conductivity to the electrolytes due to its high diffusion rate
of ions [28].

Experimental

Electrolytes preparation

Different weight percentages (x wt%) of potato starch (Sigma Aldrich) were dissolved in
100 mL of 1% acetic acid (SYSTERM) and heated at 80°C for 20 min. After the solutions
cooled to room temperature, (100—x) wt% of MC was then added to the solutions. The mix-
tures were stirred until homogeneous solutions obtained. For preparation of salted system,
different amounts of LiClO, (Sigma Aldrich) were added to the starch-MC solutions and
stirred until they become homogeneous solutions. For preparation of plasticized system, dif-
ferent amounts of glycerol (SYSTERM) were added into the highest conducting electrolyte in
the salted system and stirred until complete dissolution. All solutions were cast into different
plastic Petri dishes and left to dry for 2-3 days at room temperature. The dried films were
then kept in a desiccator filled with silica gel desiccants for further drying to avoid any trace
moisture.

Electrolytes characterization

XRD measurements of the electrolytes were conducted using Siemens D5000 X-ray diffrac-
tometer, where X-rays of 1.5406 A wavelengths were generated by a Cu Ka source. The 26
angle was varied from 5° to 80°. Thermogravimetric analysis (TGA) was carried out using
Perkin-Elmer Pyris 1 TGA equipment. The samples were heated from room temperature to
700°C at a heating rate of 10°C min~'. The FTIR studies were performed using Spotlight
400 Perkin-Elmer spectrometer in the wavenumber range of 400 - 4000 cm™! at a resolu-
tion of 1 cm™!. Confirmation of interaction between polymer and salt was the objective of
performing FTIR studies. Impedance measurements were carried out using HIOKI 3532-50
LCR HiTESTER in the frequency range of 50 Hz to 5 MHz. The electrolytes were sandwiched
between two stainless steel electrodes of a conductivity holder. The conductivity of the elec-
trolyte was calculated using:

oc=— (1)

where ¢ is the thickness of the electrolyte, R, is the bulk resistance and A is the electrode
electrolyte contact area.
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Figure 1. X-ray diffraction patterns of MC-starch polymer blend.
Results and discussion

Characteristics of polymer blend films

The XRD patterns of MC-starch polymer blends are represented in Fig. 1. The choice of the
most suitable ratio of the polymers to serve as polymer host is directed to the reduced in
crystallinity. From the X-ray diffractogram, it can be seen that MC film exhibits a peak at
20=8° and a broad peak at 21°, while starch film exhibits an unresolved doublet at 26 =19 and
20°, and also another two peaks at 20 = 17 and 22°, which almost similar with the one reported
by El-Kader & Ragab [29]. The presence of the peak at 20=8° in the XRD pattern of MC film
is correlated with the crystallinity of trimethyl glucose sequence [30]. However, in the blend
of 60 wt% MC and 40 wt% starch, all crystalline peaks have disappeared inferring that the
blend is well formed and miscible into each other. The crystallinity of each polymer is strongly
affected by the presence of the other component. Hence, molecular miscibility between the
components of the polymer blends could favor the formation of a good polymer host. To
strengthen the XRD results, crystallinity values have been calculated using equation:

Xe = x 100% (2)

c+a

with the aid of Origin 9.0 software, where c is the crystalline area and a is the amorphous area
of the electrolyte [31]. The crystallinity values are listed in Table 1. The blend of 60 wt% MC
and 40 wt% starch gives the lowest degree of crystallinity value compared to other blends.
TGA measurement has been carried out to study the thermal analysis and phase transi-
tion of the polymer blend films. As the temperature increased up to 100°C, an initial thermal
degradation around 10% is detected due to evaporation of moisture. The elimination of impu-
rities in the polymer electrolytes and residual solvent also contributes to the weight loss at this
stage [32]. Figure 2 shows that starch starts to decompose around 250°C, while MC starts to
decompose around 340°C which means that MC can stand higher temperature compared to
starch. Other researchers also reported almost similar TGA results for cellulose derivatives
degradation process, which occurred due to the formation of levoglucosan and other volatile
compounds [33, 34]. According to Ramesh et al. [35], this one step weight loss process of
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Table 1. Degree of crystallinity of polymer blend films.

Samples Degree of crystallinity
Pure starch film 37.76
10 wt% MC-90 wt% starch 34.22
20 wt% MC-80 wt% starch 32.66
30 wt% MC-70 wt% starch 3249
40 wt% MC-60 wt% starch 30.68
50 wt% MC-50 wt% starch 29.76
60 wt% MC-40 wt% starch 28.80
70 wt% MC-30 wt% starch 32.07
80 wt% MC-20 wt% starch 35.86
90 wt% MC-10 wt% starch 36.57
Pure MC film 3935

starch is attributed to the depolymerization of the polymer electrolyte. During this process,
the monomers, which are amylose and amylopectin detached from their long polymer chain
while forming aromatic and cross-linked structures as the temperature increases [36].

Starch and MC have different molecular structures even though both are natural polymers.
Starch consists of highly branched amylopectin and linear amylose, which exist in the form
of granules [37]. The highly branched of amylopectin are difficult to be disrupted, hence left
around 20% residues at 700°C. Mano et al. [36] also mentioned in their report that the residues
left at 500°C was about 20% due to the different degradation rate of amylose and amylopectin.
While in MC, COO™ group exists which is decarboxylated and enhanced the rapid loss in the
temperature range between 200°C to 400°C [32]. The final stage of the MC film in the present
work represents that all the residuals have evaporated. Guru et al. [38] exhibited a 100% weight
loss of MC around 380°C compared to PVA that only decomposed around 80% at 400°C.

When two polymers are mixed or blended together, thermal behaviors from both polymers
are retained in the blended film. For instance, Jingjid et al. [39] reported that the final residue
of MC at 440°C was around 14%. However, the decomposition temperature of the blend of
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Figure 2. TGA results of MC powder, starch powder and MC-starch blend film.
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montmorillonite with MC has increased as the final residue also increased up to 24%. This
indicates that the MC and montmorillonite are compatible and the thermal stability has been
improved if compared to MC. In the present work, it is observed that blending MC and potato
starch has improved the thermal stability since the blend film starts to decompose at around
280°C. At 700°C, the degradation behavior of potato starch and MC are retained in the MC-
starch blend film where it shows around 10% materials left. Hence, based on these XRD and
TGA results, the polymer blend consists of 60 wt% MC and 40 wt% starch is expected to host a
reasonable fast ionic conduction due to its amorphous nature and improved thermal stability
compared to other blend compositions.

FTIR study

Figure 3 exhibits the FTIR spectra of MC powder, MC film and MC-starch blend film. The
ether band is observed at 1046 and 1101 cm™! for the MC powder. In the MC film, a slight
change has occurred to the peak due to the complexation of the C-O-C stretching group with
the solvent. This result is almost similar with the region reported by Aziz et al. [40], which
further shifted during the complexation of MC and starch in the MC-starch blend film. The
addition of LiClOy leads to the shifting of the ether peak towards lower wavenumber as can be
seen in Figure 4(a) which is the same phenomena as reported by Kulasekarapandian et al. [41].
The band observed at around ~ 1100 cm ™" starts to disappear as LiClO, content increased.
This indicates the interaction between Li* cation and oxygen atom in C-O bond of MC, which
acts as electron donor [11]. The addition of LiClO, has increased the amorphousness of the
polymer electrolyte, which support the motion of the charge carriers hence increased the con-
ductivity. Figure 4(b) depicts FTIR spectra of MC-starch-LiClO,4-glycerol in the ether region.
It can be seen that the C-O-C band has shifted towards lower wavenumbers due to the inter-
action among the components of the polymer blend. This proves that the glycerol has played
the role as transit site for ion conduction in the plasticized system.

Conductivity study

Figure 5(a) represents the variation of room temperature conductivity as a function of LiClO,
concentration. Conductivity of electrolytes depends on charge carrier concentration [42]. It
can be seen that the conductivity increased to (3.26 £ 1.12) x 107° S cm™! as the LiClO, con-
centration increased up to 20 wt%. This conductivity can be compared with the work done
by Sudhakar et al. [43]. They reported a conductivity value of ~107¢ S cm™! obtained from
the unplasticized chitosan-poly (ethylene glycol)(PEG)-LiClO,. Further addition of salt has
lead to the conductivity decrement because the distance between the dissociated ions become
closer causes the ions to reassociate back to become neutral ion pairs which do not contribute
in ion conduction [4]. The variation of room temperature conductivity as a function of glyc-
erol content is shown in Fig. 5(b). Different amounts of glycerol (5-30 wt%) were added to
the highest conducting electrolyte in the salted system in order to enhance the conductiv-
ity. The conductivity value has increased to (4.25 & 0.82) x 107* S cm™! on the addition of
20 wt% glycerol. A plasticizer has a high dielectric constant that can weaken the Columbic
force between the anion and cation of the salt thus easier for the salt to dissociate to become
free mobile ions [4, 44]. Besides, the addition of glycerol can create more favorable path-
ways for lithium ions conduction hence increase the ionic mobility [45, 46]. However, further
addition of glycerol leads to conductivity decrement due to the formation of microcrystalline
junctions between the plasticizer which causes the recrystallization of salt [47, 48]. The host
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Figure 3. (a) FTIR spectra for (i) MC powder, (i) pure MC film and (iii) 60 wt% MC-40 wt% starch blend film
in the region of 900-1300 cm~".

polymer has also been displaced by the plasticizer molecules within the salt complexes [49].
Pawlicka et al. [50] reported a conductivity value of 6.12 x 107> S cm ™! for the starch-LiClO,-
glycerol system at room temperature which is lower compared to this work. Buraidah and
Arof [51] reported that more complexation sites can be provided by blending two polymers.
This method provides more sites for ion migration and exchange to take place which leads
to an increase in conductivity. It was proven by their work when the conductivity of 55 wt%
chitosan-45 wt% NH,I had been increased from 3.73 x 1077 Scm™! to 1.77 x 107 S cm™!
when chitosan was blended with poly(vinyl alcohol) (PVA). Kulasekarapandian et al. [41] also
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Figure 4. (a) FTIR spectra for (i) pure LiClO, (ii) pure MC-starch film (jii) MC-starch-10 wt% LiClO, (iv) MC-
starch-20 wt% LiClO,, (v) MC-starch-30 wt% LiClO, and (vi) MC-starch-40 wt% LiClO, in the region of 900-
1300 cm ™. (b) FTIR spectra for (i) MC-starch-20 wt% LiClO,, film with (ii) 5 wt% glycerol, (iii) 10 wt% glycerol,
(iv) 15 wt% glycerol, (v) 20 wt% glycerol and (v) 25 wt% glycerol in the region of 900-1300 cm™~".

reported that the blend of 37.5% PVC-37.5% PEO-25% LiClO, exhibits a conductivity value
of 6.50 x 107° Scm™.

The plots of conductivity as a function of temperature for the highest conducting sample
in salted and plasticized systems are shown in Fig. 6. Since the regression values, R? are nearly
to 1, it can be implied that the plots of log o versus 1000/ T are Arrhenian [52], which follow
the equation:

_E,
o =00exp|: T ] (3)
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where o ( is a pre-exponential factor, E, is the activation energy of conduction and k is Boltz-
mann constant. From the plot, it is depicted that the conductivity increased as the tempera-
ture increased which attributed to the increase in number density and mobility of ions [53].
Besides, at high temperature, the polymer chain acquires faster internal modes where bonding
rotations produce motions to favor inter and intra-chain ion hopping [54]. Using the slope of
the Arrhenius plots, the E, values for the highest conducting sample in salted and plasticized
systems are found to be 0.258 and 0.165, respectively. These results imply that the ions in
highly conducting samples require lower energy for migration [51]. Lower E, is resulted from
the short distance between the transit sites provided by the blended polymers [51]. Based on
Anderson-Stuart model [55], E, is the sum of the binding energy of the ion to its site and the
kinetic energy for migration. If the energy of the ion is only sufficient to overcome the binding
energy, the ion will not migrate but instead, dislocated from its site but will still remain at the
same location. If it has more energy than the binding energy, the ion will be free to move [45].

XRD study

The X-ray diffractograms of selected samples in salted and plasticized systems is depicted in
Fig. 7. Hodge et al. [56] suggested that XRD patterns with no obvious peak proved that the
salt is completely dissociated in a polymer matrix. It can be seen that the addition of 10 wt%
LiClO, has increased the amorphousness of the polymer blend by reducing the intensity of
the crystalline peaks at 20 =20 and 22° compared to pure MC-starch film. The highest room
temperature conductivity for the salted system has been attained with the addition of 20 wt%
LiClO, which proved by further suppressed of the crystalline peaks. This indicates that the
presence of LiClOy contributes a lot to the amorphousness of the polymer blend by increasing
the number of mobile charge carriers [57]. However, the addition of more than 20 wt% of
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LiClOy leads to an increase in crystallinity. It can be seen from the diffractograms that the
crystalline peaks due to excess of salt start to appear at 260=21, 23, 31, 35 and 39° which is
similar as reported by Kulasekarapandian et al. [41] and Liew et al. [58], hence decreased
the ionic conductivity. These peaks attributed to the recrystallization of LiClO, out of the
film surface because the polymer host was unable to accommodate the salt. This leads to the
recombination of ions thus decreased the conductivity [4]. The crystallinity peaks were found
to be absent with the addition of plasticizer. This variation confirms a complete dissolution of
the polymer electrolyte and the complexation between the polymer blend, LiClO,4 and glycerol
[59]. The conductivity enhancement due to plasticization can also be explained by this XRD
result. It can be seen that the XRD hump of the polymer blend containing 20 wt% glycerol is
broader compared to the one containing 5 wt% glycerol, proving that the highest conducting
electrolyte has the most amorphous structure. Dragunski and Pawlicka [60] reported that the
crystalline peaks in the X-ray diffractogram of pure amylopectin-rich starch are absent in the
diffractogram of starch-LiClO,-glycerol complexes, confirming the amorphous structure of
the electrolytes.
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an enlarge plot at low frequency.

Dielectric study

The dielectric study helps to understand the trend of conductivity and also gives the important
insights of the polarization effect at the electrode/ electrolyte interfaces [61]. The equations
for the dielectric constant, ¢, and dielectric loss, ¢; are as follow:

Zi

g = —————— 4
wCO(ZrZ + Ziz) ( )

e ®)

wCo(Z,” + Z;%)
where Z; is imaginary part of impedance, Z, is real part of impedance, Cy is vacuum capaci-
tance and w is angular frequency. Here, Cy) = ¢,A/t and @ = 21, & is the permittivity of free
space and f is the frequency. €, represents the material’s stored charge, while ¢; represents the
amount of energy loss to move ions and align dipoles when the electric field polarity reverses
rapidly [62]. Figure 8 (a) and (b) show that the &, values of MC-starch-20 wt% LiClOy, are the
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highest in the salted system while the ¢, values of MC-starch-LiClO4-20 wt% glycerol are the
highest in plasticized system. An increase in dielectric constant is due to the increasing num-
ber of charge carriers in the space charge accumulation region [63]. The addition of glycerol
which has high dielectric constant leads to a higher dissociation rate of the ions hence leads to
conductivity enhancement [59]. Shukur et al. [64] reported that the dielectric constant result
for starch-lithium iodide (Lil) and starch-Lil-glycerol electrolytes is in agreement with the
conductivity result. When the polarity of ac stimulus reverses, ion translational diffusion and
dipole orientation decelerate, stop, and accelerate in the reverse direction. This polarization
process produces heat through internal friction which occurred when the ions overcome the
opposition they encounter hence causes energy loss, €; [65]. At low-frequency region, the ions
tend to diffuse and migrate along the field appropriately under the influence of an electric field.
Since the ions are not transparent to the stainless steel electrodes, they accumulate and local-
ized in a heterocharge layer at the electrode-electrolyte interface [65, 66]. Assuming that the
thickness of the electrolyte is greater than the heterocharge layer, the charge density increases
rapidly leading to electrode polarization [67]. This phenomenon has occurred in this work, as
can be seen in Fig. 9 (a) and (b). The decrease in ¢, and ¢; at higher frequencies is ascribed to
the decrease in charge accumulation [29]. As the frequency increased, the dipoles are unable
to follow the direction of the field hence the orientation polarization stops.

Conclusion

MC-starch-LiClO4 and MC-starch-LiClO,-glycerol systems were successfully prepared via
the solution casting technique. XRD and TGA results prove that 60 wt% MC-40 wt% starch
was the most suitable ratio to serve as the polymer blend host due to its amorphous nature and
thermally stable characteristics. FTIR analysis showed that the interaction occurred between
the polymer host, salt and the plasticizer. In the salted system, the highest room temperature
conductivity was obtained at (3.26 + 1.12) x 107% S cm ™! with the addition of 20 wt% LiClO,.
In the plasticized system, the highest room temperature conductivity was obtained at (4.25 &+
0.82) x 107* S cm™' on the addition of 20 wt% glycerol. The dielectric study has strength-
ened the conductivity trend. The plot of conductivity-temperature proves that all electrolytes
obeyed the Arrhenius rule.
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