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Two solid biopolymer electrolytes (SBEs) systems of carboxymethyl cellulose doped ammonium chlo-
ride (CMC-AC) and propylene carbonate plasticized (CMC-AC-PC) were prepared via solution casting
technique. The ionic conductivity of SBEs were analyzed using electrical impedance spectroscopy (EIS)
in the frequency range of 50 Hz-1 MHz at ambient temperature (303 K). The highest ionic conductivity
of CMC-AC SBE is 1.43 x 10~3 S/cm for 16 wt.% of AC while the highest conductivity of plasticized SBE
system is 1.01 x 1072 S/cm when added with 8 wt.% of PC. TGA/DSC showed that the addition of PC had
increased the decomposition temperature compared of CMC-AC SBE. Fourier transform infrared (FTIR)
spectra showed the occurrence of complexation between the SBE components and it is proved success-
fully executed by Gaussian software. X-ray diffraction (XRD) indicated that amorphous nature of SBEs.
It is believed that the PC is one of the most promising plasticizer to enhance the ionic conductivity and
performance for SBE system.
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1. Introduction

In the 20th century, plethora of polymers has been used as
structural materials or electric insulators. But, in recent years,
researchers have been creating an electrolyte from combination
between ion conductors and appropriate salts. Wright had reported
(Wright, 1975) that polymer plays a role as a host for appropriate
salt, therefore creating a solid polymer-salt complex electrolyte.

Nowadays, solid biopolymer electrolyte (SBE) system has
achieved a lot of attraction all over the world since it shows a great
prospect in application of electrochemical devices. SBE plays an
important role in solid state ionics due to their distinctive proper-
ties, such as ease of fabrication, good electrode-electrolyte contact
and good dimensional, thermal stability, able to accommodate a
wide range of ionic salt doping compositions and high ionic conduc-
tivity (Rani, Rudhziah, Ahmad, & Mohamed, 2014; Sohaimy & Isa,
2015). Carboxymethyl cellulose (CMC) is chosen as polymer hosts
due to lower cost, in an environmental friendly manner and with
good chemical and physical properties (Rozali & Isa, 2014; Zhang,
Liu, Cui, & Chen, 2015). CMC is one type of cellulose polymers that
has been widely used in a diverse array of application, for example
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in paper, food additives, textiles fibers, adhesives, paints, pharma-
ceuticals, cosmetics and medical supplies (Yokota, Ueno, Kitaoka,
& Wariishi, 2007). It is natural organic polymer that the most
abundant bio-macromolecule, biocompatible and biodegradable
(Kamarudin & Isa, 2013). It contains a hydrophobic polysaccharide
backbone and many hydrophilic carboxyl groups; hence, showing
amphiphilic characteristic (Chai & Isa, 2011).

In order to obtain high ionic conductivity SBE films, several
methods had been used such as blending, copolymerization, addi-
tion of ceramic fillers (Sekhar, Kumar, & Sharma, 2012) and etc.
Besides, one of the methods in increasing the ionic conductivity
is plasticizing the film with suitable amount of plasticizer. There
was many plasticizers that had been commercialized such as ethyl-
ene carbonate (EC), propylene carbonate (PC), polyethylene glycol
(PEG), dimethyl carbonate (DMC), diethyl carbonate (DEC) and etc.
(Ng & Mohamad, 2006). These plasticizers were chosen based on
a few properties such as, high dielectric constant, help to enhance
the ionic dissociation, low viscosity, decrease the glass transition
and increase the amorphous content (Ahmad, Isa, & Osman, 2011;
Pradhan, Choudhary, & Samantaray, 2008; Samsudin & Isa, 2013).
Previous work (Suthanthiraraj & Vadivel, 2012; propylene car-
bonate (PC)) has been chosen as the plasticizer since it has high
dielectric constant, £=64.4 (Pitawala, Dissanayake, Seneviratne,
Mellander, & Albinson, 2008). In addition, PC is highly soluble with
CMC and AC.
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The present work aimed to investigate the electrical, structural
and nature behavior of the SBEs system by using electri-
cal impedance spectroscopy (EIS), Fourier Transform Infrared
(FTIR) Spectroscopy, X-ray Diffraction (XRD), Differential Scanning
Calorimetry (DSC) and Thermogravimetric analysis (TGA). Analysis
on absorption of FTIR spectra will be compared using Gaussian sim-
ulation software. These experiment combination techniques give in
deep understanding on the SBE behavior.

2. Experimental
2.1. Sample preparation

2.0g of CMC (Acros Organic Co.) was added into distilled
water and stirred until it was completely dissolved. Different
amount of AC was added to the CMC solution and stirred again
until the solutions became homogeneous. The mixture was cast
into petri dish and heated in an oven at constant temperature
of 50°C for 14 hours. Then, the films were kept into desiccator
(with silica gel) for further drying. For the plasticized sam-
ple, the highest conductivity of CMC-AC SBE was chosen to be
added with plasticizer. The same method was used to produce
CMC-AC-PC SBEs by adding different amount of propylene car-
bonate (PC) as plasticizer into CMC-AC mixture as captured into
Table 1.

2.2. Sample characterization

2.2.1. Electrical impedance spectroscopy (EIS)

The ionic conductivity of SBEs were investigated by electrical
impedance spectroscopy (EIS) similarly done by other work-
ers (Ramesh, Shanti, & Morris, 2012; Taib & Idris, 2014; Alj,
Yahya, Bahron, & Subban, 2007; Shukur, Ithnin, & Kadir, 2014;
Sreenivasachari, 2013) using HIOKI 3532-50 LCR Hi-Tester in the
frequency range of 50Hz to 1 MHz at temperatures from 303 K
to 353 K. SBE was placed between two stainless steel electrodes
of a conductivity cell which connected to a computer. A graph of
negative imaginary impedance against real impedance known as
Cole-Cole plot was then obtained. From the bulk resistance (R})
value can be determined from the Cole-Cole plots. The ionic con-
ductivity (o) was calculated using the following equation (Ramesh
et al,, 2012; Taib & Idris, 2014; Ali et al., 2007; Shukur et al., 2014;
Sreenivasachari, 2013):

t
o= (1)
where t (cm) is the thickness and A (cm?) is the

electrode-electrolyte contact area of SBEs.

Table 1

Designation of SBEs.
Designation Formulation

CMC (g) AC (Wt.%) AC(g) PC (wt.%) PC(g)

A0 2 0 0.000 0 0
A4 4 0.083
A8 8 0.174
A12 12 0.273
Al16 16 0.381
A20 20 0.500
B2 2 16 0.381 2 0.041
B4 4 0.099
B6 6 0.152
B8 8 0.207
B10 10 0.265
B12 12 0.325

2.2.2. Differential scanning calorimetry (DSC)

The thermal properties of the SBEs were determined by differen-
tial scanning calorimetry (DSC) (Model Mettler—Toledo (TGA/DSC)
equipped with star® system). ~30mg of SBEs were placed on
aluminum pan of DSC equipment. Empty pan was used as the ref-
erence. The glass transition temperature (Tg) of the different SBEs
were measured at a heating scan rate of 10°C/min from 30°C to
400°C.

2.2.3. Thermogravimetric analysis (TGA)

TGA was carried out using Mettler—Toledo (TGA/DSC) equipped
with star® system to determine the decomposition temperature
and information regarding of the water content in the SBEs. About
~30mg of the sample was sealed into aluminum pans and heated
from 30 to 400 °C under argon flow at a heating rate of 10 °C/min.

2.2.4. X-ray diffraction (XRD)

XRD was carried out to determine the effect of CuKa on the
nature of the samples. X-ray diffractograms of all samples were
recorded using an X-ray Diffractometer from 26 angle about 5 to
60°.

2.2.5. Fourier transform infrared (FTIR) spectroscopy

The complexation of SBEs can be determined by using Fourier
Transform Infrared spectroscopy. A Thermo Nicolet 380 FTIR spec-
trometer equipped with an Attenuated Total Reflection (ATR)
accessory utilizing a germanium crystal. The spectrum was
recorded in the frequency ranging between 4000 and 700cm™!
with a resolution of 4cm~1.

2.2.6. Computational

The Gaussian 09W program and method B3LYP were used in
order to perform geometry optimizations and frequency calcula-
tions on a large set of molecules. These optimization and frequency
calculations were made for the 6-31G basis set.

3. Results and discussions

The free-standing of SBEs with good mechanical property is
shown in Fig. 1.

3.1. Assessment of compatibility of A0, A16 and B8 SBEs by
conductivity, TGA and DSC studies

Fig. 2 shows the Cole-Cole plot of the highest conducting SBE for
A16 and B8 at ambient temperature (303 K). Inset figure (A0) shows
a tilted semicircle implying that the material is partially resistive
and capacitive. However, A16 and B8 SBEs are very capacitive in
nature. The capacitance of these two SBEs changes with frequency.
The reduced semicircle and inclined spike can be related to the
increment in ionic mobility and the number of charge carriers of
freeions (H*)(Ahmad &Isa, 2015a) proven by FTIR analysis. R, value
for SBEs were determined from the intercept of high-frequency
semi-circle and low frequency spike on Z;-axis as shown in Fig. 2.

Table 2 showed the ionic conductivity for A0, A16 and B8 SBEs
system. It shows that B8 has the highest ionic conductivity com-
pared to A16 and AO SBEs. This is due to the addition of propylene
carbonate as plasticizer. This trend before and after added with
plasticizer was similar to the result obtained by (Pitawala et al.,
2008). As a certain amount of plasticizer added, more protons (H*)
are supplied due to the dissociation of the ion (Kumar, Tiwari,
& Srivastava, 2012). The contribution to the ionic conductivity
enhancement for plasticized SBEs were due to increase in the seg-
mental mobility of polymer chains (Sekhar et al., 2012).

The temperature dependence of the ionic conductivity for AO,
A16 and B8 SBEs system is shown in Fig. 3. It is observed that
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Fig. 1. Clear, transparent and good mechanical properties of SBE.
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Fig. 2. Cole-Cole plot for A16 and B8 SBEs. Inset: Cole-Cole plot for AO SBE.

Table 2
Thickness and bulk resistance for AO, A16 and B8 SBEs.

SBE Thickness, t (cm) Bulk resistance, R, (£2) Conductivity, o (S/cm)

A0 0.010 24,900.00 (1.11+£0.04) x 1077
A16 0.012 2.82 (1.43+£0.02)x 103
B8 0.020 0.63 (1.01+£0.003) x 102

the regression values for A0, A16 and B8 have been found to be
close to unity, suggesting that the temperature dependent ionic
conductivity for all the complexes obeys the Arrhenius relation. A
comparable Arrhenian conductivity—temperature relationship has
been observed in other system i.e. PVA-NH,4Cl, PVA-NH4Br and
PVA-NH4I (Hema, Selvasekarapandian, Arunkumar, Sakunthala, &
Nithya, 2009; Hema, Selvasekerapandian, & Hirankumar, 2007).
Previous workers (Rajendran, Sivakumar, & Subadevi, 2003)
reported that the sample with plasticizer (EC) gives the optimum
value of 1.29 x 1073 S/cm and the conductivity-temperature plot
is Arrhenian. The conductivity and temperature dependent in this
work also comparable with Rajendran and co-workers. In current
work, no abrupt jump in conductivity value with temperature can
be seen in each SBEs system. This indicates that the SBEs exhibit a
completely amorphous structure (Ravi et al., 2011). From the plot,
it is evident that as the temperature increases the ionic conduc-
tivity increases for all SBEs system similar temperature behavior
has been reported by (Kadir, Teo, Majid, & Arof, 2009). The increase
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Fig. 3. Temperature dependent conductivity for 303-353 K of SBEs system (Interval
10K for AO and A16, interval 5K for B8).

in conductivity with temperature may be due to the decrease in
viscosity which increased chain flexibility (Saroj & Singh,2012). The
temperature range for present work is 303-353 K (10K increment)
for A16 and 303-328 K (5K increment) for B8 SBE. These selected
temperature ranges were selected based from the DSC result.

In order to determine glass transition temperature, Tg, DSC anal-
ysis has been implemented. Fig. 4 shows the DSC thermogram of
AO (inset), A16 and B8 SBEs in temperature range of 30-400°C. At
T,, a small endothermic reaction will be observed in the specific
heat of the sample increases. It shows a different feature in the A16
and B8 DSC thermograms having one endothermic at 56.89 °C and
others peak at relatively higher temperatures due to the decompo-
sition of the main chain. This step is followed by depolymerization,
which proceeds due to the cleavage of glycosidic linkages (Ramesh
& Arof, 2001). The other small exothermic peaks at 300.93 °C and
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Fig. 5. TGA thermograms of A16 and B8 SBES. Inset: TGA thermogram for AO SBE.

above are due to the combustion of the degraded SBEs. These two
temperature results were similar with the works reported by (Su,
Huang, Yuan, Wang, & Li, 2010; Samsudin, Lai, & Isa, 2014). The
instability of 1st endothermic peak of SBEs observed is the pres-
ence of water contained in CMC by itself (Liu, Yu, Liu, Chen, & Li,
2009). 1st endothermic thermal degradation of CMC take places
due to the evaporation of residual solvent, moisture and impurities
which mainly referring to the designated molecule of O—H in CMC
backbone. Biopolymer tends to absorb moisture from its surround-
ing and contributes in the initial weight loss (Samsudin et al., 2014).
2nd endothermic thermal degradation of SBEs, B8 was found to be
lower than A16. It is due to a lubricating effect (Morales & Acosta,
1997). The decrease in Tg helps to soften the polymer backbone
and increase its segmental motion. Theoretically, easy flow of the
polymer chains can increase the ionic conductivity. It’s proven by
conductivity result in Table 2. Current work exhibited similar trend
by (Pradhan, Choudhary, Samantaray, Karan, & Katiyar, 2007) using
PEG as plasticizer. The addition of PC as plasticizer gives a major
contribution to the enhancement in conductivity that comes from
the structural changes associated with polymer host (Johan & Ting,
2011).

Fig. 5 shows the TGA thermograms of A0, A16 and B8 SBEs. Su
et al. reported that water was evaporated and degradation pro-
cess occurred at 50 to 150°C (Su et al., 2010). In this region, AQ SBE

Intensity (a.u)

. Mg (O

20 (degree)

Fig. 6. XRD patterns for (a) AO (b) A16 (c) B8 SBEs.

exhibits —19% weight loss. The second stage of the degradation was
melting temperature, T;; ranging from 250 to 300 °C represent the
volatilization of the easily degraded components. As reported by
(Suetal.,2010),CMCdecomposes in a two-stage process. The initial
weight loss is attributed to the presence of a small amount of mois-
ture influenced from the uses of distilled water as solvent in SBE
system and the second weight loss looks extreme drop arises due to
CO, from the COO— groups. Above 300 °C, CMC start to decompose.

For A16 and B8 SBEs, it can be observed the first weight loss
is higher (~27-31%) than AO SBE. This result was higher due to
water retention abilities in plasticized sample and containing salt
compared to the A0 (Ramesh et al., 2012). It is certainly because
of hydrophilic nature of ionic dopant and plasticizer (Shukur et al.,
2014). First stage of decomposition temperature for A16 can be
observed less than 100°C. This observation tells the decline in
the heat resistivity results from the disruption of strong hydrogen
bonding network in A16 (Rani et al., 2014). In this present work,
addition of AC in CMC SBE shows an improvement in both the heat-
resistivity and thermal stability of AO SBE. With addition of AC, the
maximum decomposition temperature, T, increases while the total
weight loss of the SBE decreases and achieved the highest T, at tem-
perature 320.29 °C with total weight loss 38.26% for A16 SBE. This
is attributed to the complexation of proton (H*) from NH,4Cl with
COO— group of CMC backbone. However, the heat resistivity of B8
decreases compared to A16. This is because propylene carbonate
weakens the interaction among polymer chain in a greater extent
compared toammonium chloride. This causes an immense increase
in the structural disorderliness in carboxylate anion (COO~) from
CMC, thus minimum amount of heat is sufficient to decompose the
polymer electrolytes (Ramesh et al.,2012). Hereby, addition of plas-
ticizer will make the matrix increasingly lose its resistivity toward
heat and gradually decreases the decomposition temperature. The
un-plasticized SBE and plasticized SBE by using same plasticizer
but different host polymer were also reported by (Mohamad &
Arof, 2007). In their work, by increase concentration of PC, the total
weightloss alsoincreases. The thermal stability of the polymer elec-
trolytes decreased with the addition of PC plasticizer which affected
to the conductivity-temperature (Fig. 3).

3.2. X-ray diffraction (XRD) analyses of A0, A16 and B8 SBEs
Fig. 6 showed XRD patterns of (a) AO (b) A16 (c) B8 SBEs. AO

gave a strong hump at 20°. The hump centerd between 26 =20°
and 23° for A16 SBE became broadened and shifted to the higher



430 N.H. Ahmad, M.LN. Isa / Carbohydrate Polymers 137 (2016) 426-432

(@)

2916

3326

(b)

3127
3041

% Transmittance (a.u)

~
8
MV_,__d pure AC
@
3

A16

©

pure PC

1386
1351

1116

1174
1047

1783

3500 3000 2500

2000 1500 1000

Wavenumber (cm'1)

Fig. 7. IR specta, (a) AO (b) A16 (c) B8 (Inset picture: molecular structure of compound is shown inside (a-c) whereas calculations were carried via Gaussian 09W. Red is
oxygen atom, blue is nitrogen atom, green is chlorine atom, light grey is hydrogen atom, dark grey is carbon atom, purple is sodium atom) (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.).

Bragg’s angle (Ahmad & Isa, 2015b). Furthermore, the hump B8
SBE become wider than A16 SBE 26=20° until 24° almost simi-
lar result reported by (Su et al,, 2010; Suthanthiraraj & Vadivel,
2012), where the addition of plasticizer has greatly decreased the
intensity, thereby increasing the ionic conduction. It shows that the
presence of PC reduce the crystallinity compared to A16 SBE.

3.3. Infrared spectra (IR) analyses

The IR analyses were studied in order to obtain the informa-
tion about the structure of a molecule. The IR spectrum were
used to identify the bands attributable to any functional groups. In
this research, two different methods; Fourier Transform Infrared
spectrometer as experimental and Gaussian 09W software as com-
putational were used to identify the functional group present in
A0, A16 and B8 SBEs. Previous reported by (Ahmad & Isa, 2015b)
were discussed about FTIR complexation of SBE system. They found
that the characteristic bands of A0 appeared at 3700cm~! and
900 cm~. The bands at ~3500-3000cm~!, 2980-2878 cm~! were
allocated to the O—H stretching of hydrogen bonding and the —CH
stretching region, respectively. The wavenumber of ~1594cm™!,
~1412cm~1 and ~1322 cm~! were corresponded to the asymmet-
rical COO—stretching of the carboxylate anion,—CHj scissoring and
—OH bending vibration, respectively which comparable to the pre-
vious study by (Indran et al., 2014; Su et al., 2010; Zhang et al.,

2014; Halim, Majid, Arof, Kajzar, & Pawlicka, 2012; Pushpamalar,
Langford, Ahmad, & Lim, 2006; Silvertein, Webster, & Kiemle, 2005).

Based on previous work done by (Ahmad & Isa, 2015a), mobile
ionic carrier in CMC-AC system is cation. Du and researchers have
proven that H* is the ion which conducting species in chitosan-
NH4Cl sample and the proton conduction of polymer electrolyte
film occurs by Grotthus mechanism (Du et al., 2010). According
to (Hema et al., 2008), interaction between polymer-salt occurred
between one of the four hydrogen atoms in NH4* ions can easily be
dissociated under the influence of a dc electric field.

Refer to Fig. 7(c), the band at 1240cm~! comes from C—O
stretching bond of the carbonate groups by itself and also may be
due hydroxyethyl chain in the backbone of the polymer. The addi-
tional peaks in the 1450-1350cm~! range were due to scissoring
and bending of the C—H bonds (Spencer & Kohl, 2011). The C=0
stretching was observed at wavenumber 1783 cm~!. As for pure
PC, the C=0 is partly adjacent in between two —O groups (Indran
etal, 2014).

Using single scalling factor, 0.95 (Andersson & Uvdal, 2005), the
IR spectra experiment result was compared to the Gaussian 09W
program result as showed in Fig. 8. It was found that the value
of wavenumber (3700-900cm~1) of infrared spectrum between
these 2 methods almost the same. This work was comparable
as reported by previous study (Rahmani, Ghammami, & Lashgari,
2014).
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4. Conclusion

Un-plasticized and plasticized SBE systems based on car-
boxymethyl cellulose have been successfully prepared via solution
cast technique. Thermal analysis by TGA/DSC showed that decom-
position temperature for B8 than A16 SBE system. The decreases in
the value of Tg helps increase the conductivity by the ease move-
ment of the polymer chains. In A16 system, the highest conductivity
was 1.43 10~3 S/cm at ambient temperature. On the other hand,
the conductivity value for BS was enhanced 1.01 x 10~2 S/cm. From
FTIR and Gaussian results, the complexation between the SBE com-
ponents is proven by the appearance of new peak at 1240cm™!
for plasticized system. The changes of wavenumber showed that
the interaction was completely occurred when PC was added to
A16 system. All result indicates that PC plasticizer is promising
candidate for conductivity enhancement of SBE system.
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