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Abstract Novel biopolymer electrolytes based on
carboxymethyl kappa-carrageenan (CM -carrageenan) and
ionic liquid 1-butyl-3-methylimidazolium chloride
([Bmim]Cl) have been successfully developed. Strong coor-
dination and hydrogen bonding interaction of [Bmim]Cl with
the biopolymer were detected by Fourier transform infrared
(FTIR) spectroscopy. The efficient function of [Bmim]Cl as
the charge carrier in the system was reflected by electrochem-
ical impedance spectroscopy (EIS) where the highest ionic
conductivity (σ) of (5.76 ± 0.20) × 10−3 S cm−1 was achieved
at ambient temperature (298 K) upon 30 wt.% of [Bmim]Cl
inclusion. X-ray diffraction (XRD) analysis confirmed that the
addition of ionic liquid did not alter the prominent amorphous
phase of CM -carrageenan. Analysis of scanning electron mi-
croscopy (SEM) proved the strong interaction of [Bmim]Cl
with the biopolymer matrix. The highest conducting biopoly-
mer electrolyte showed an electrochemical stability up to
3.0 V, whereas the transference number measurement revealed
that ions are the major elements that contribute to the conduc-
tivity with 0.970 ion transference number.
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Introduction

Over the past decades, the studies of electrolytes based on
biopolymers have been actively progressing due to the desir-
able properties of biopolymers and the concern on environ-
mental issues. Biopolymers offer great choices as they are
readily biodegradable, renewable, abundant, and non-
hazardous compared to synthetic polymers. Numerous studies
of biopolymers such as cellulose and its derivatives either as a
polymer host or filler in an electrolyte system have been re-
ported [1–6]. Biopolymer electrolytes based on chitosan
[7–11], corn starch [12–16], and agar [17–21] have been pro-
fusely reported as well. These trends show that biopolymers
have the ability to be applied in the electrolyte systems. Earlier
investigations have proven that biopolymers are the suitable
candidates for the electrolyte system as they possess great
thermal stability [6, 15, 17–19], high mechanical property
[2, 4, 6], improved flexibility [1, 5, 7, 18], sufficient electro-
chemical stability [1, 7, 16, 18], and high ionic conductivity
[1–21]. These characteristics therefore enable them to be
applied in various electrochemical device applications such
as dye-sensitized solar cells [11, 20], fuel cells [5, 9], and
batteries [1, 5, 18].

-Carrageenan is among the biopolymers that have been
extensively used in a variety of commercial applications such
as gelling, thickening, and stabilizing agents especially in food
products [22]. Apart from that, carrageenans are used in phar-
maceutical, medicine, cosmetics, and industrial application
[23–25]. -Carrageenan is an anionic sulfated linear polysac-
charide extracted from red seaweed (Rhodophyceae) with a
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linear backbone built of alternating (1 → 3)-linked β-D-
galactopyranose and (1 → 4)-linked α-D-galactopyranose
[26, 27]. The selection of -carrageenan in this study rather
than other types of carrageenan such as iota-carrageenan and
lambda-carrageenan is because its chemical structure has the
most hydroxyl group in the polymer chain. The hydroxyl
group is expected to be more favorable in reacting with the
ionic liquid. Moreover, -carrageenan has been reported to
produce hard gel and has better miscibility with 1-butyl-3-
methylimidazolium chloride ([Bmim]Cl) compared to other
two carrageenans that gave the formation of soft gels with
[Bmim]Cl [28]. Carboxymethyl -carrageenan (CM -carra-
geenan) is a derivative of -carrageenan that is synthesized
via chemical modification [29] in which the modification
has proven to improve the ionic conductivity [30]. The chem-
ical structure of CM -carrageenan is shown in Fig. 1. The
utilization of CM -carrageenan as a polymer matrix in this
work is based on the great properties of CM -carrageenan as
previously reported [30–32] which comprise of high ionic
conductivity, high flexibility, low crystallinity, and most es-
sentially the chemical structure of the carboxymethyl -carra-
geenan itself which is rich in electron-donating groups such as
hydroxyl (OH−), sulfate (OSO3

−), and carboxylate (COO−).
These polar groups are expected to be the active sites for
coordination or interaction with the charge carrier in the sys-
tem. The high number of active sites is expected to favor the
enhancement of ionic conductivity as there will be more fre-
quent interaction between the charge carrier and the biopoly-
mer matrix [30, 33].

Herein, ionic liquid 1-butyl-3-methylimidazolium chloride
([Bmim]Cl) has been chosen to act as the charge carrier in this
system. [Bmim]Cl has been numerously reported as a disso-
lution media for highly rigid and crystalline structure biopoly-
mers such as cellulose, chitin, and chitosan [34–39]. The pro-
ficiency of [Bmim]Cl in the pretreatment of biomass has also
been reported [40, 41]. The dissolution of carrageenan in
[Bmim]Cl has also been reported in previous studies [28].
Hence, the effectiveness of [Bmim]Cl to interact with biopoly-
mers is described to be mainly influenced by the anion (Cl−).
The anion plays a major role in determining the ability of
the ionic liquid to accept hydrogen bond which is charac-
terized by its basicity (β) value measured by Kamlet-Taft
parameters [42, 43]. The β value for [Bmim]Cl is 0.890,

which is relatively high compared to the β values reported for
other 1,3-dialkylimidazolium ionic liquids such as 1-butyl-3-
me thy l im idazo l i um t r i f l uo rome thane su l f ona t e
([Bmim][OTf]) (0.483), 1-butyl-3-methylimidazolium
dicyamide ([Bmim][N(CN)2]) (0.596), and 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide
([Bmim]NTF2) (0.240) and also higher compared to common
fluorinated ionic liquids such as 1-butyl-3-methylimidazolium
tetrafluoroborate ([Bmim][BF4]) (0.376) and 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim][PF6])
(0.210) [40, 42, 43]. Thus, the high basicity of [Bmim]Cl
implies that the chloride ion (Cl−) has a strong tendency to
accept hydrogen bond by the coordination interaction with
hydrogen in the biopolymer network. This type of coordina-
tion interaction is also important in a biopolymer-based elec-
trolyte system as the continuous interactions and movement of
the charge carrier within the biopolymer network will generate
ionic conductivity. Thus, based on this exceptional ability,
[Bmim]Cl is proposed to serve as the main conducting ions
in the biopolymer network of CM -carrageenan. To date, the
investigation on the addition of ionic liquid to CM -carrageen-
an-based electrolyte system has never been explored. The
chemical structure of [Bmim]Cl is shown in Fig. 2.

Apart from that, ionic liquid offers a lot of fascinating char-
acteristics that could be useful in the electrolyte system such as
high ionic conductivity, wide electrochemical stability win-
dow, low melting point (typically below 100 °C), and high
chemical and thermal stability [44, 45]. In addition, the flame-
retardant properties and negligible vapor pressure of ionic
liquid are the added values that contribute to the enhanced
safety features of the electrolytes.

This work describes an electrolyte system based on
carboxymethyl -carrageenan and the interaction of ionic liq-
uid [Bmim]Cl with biopolymer matrix. The physical and
chemical changes of the biopolymer with the inclusion of
[Bmim]Cl are discussed based on the characterizations
performed.

Experiment

Materials

Ҡ-Carrageenan was commercially obtained from Tacara Cor-
poration Sdn. Bhd. (Sabah, Malaysia). Eucheuma cottonii
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Fig. 1 Chemical structure of carboxymethyl -carrageenan (CM -
carrageenan)

Fig. 2 Chemical structure of 1-butyl-3-methylimidazolium chloride
([Bmim]Cl)
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seaweeds are typically found below the low tide mark to the
upper subtidal zone of a reef, growing on the sand to
rocky seafloor areas along a coral reef, where water move-
ment is slow to moderate. The molecular weight of ҡ-
carrageenan was 1.41 × 106 Da. Acetic acid and ionic
liquid 1-butyl-3-methylimidazolium chloride were pur-
chased from Sigma-Aldrich (USA). All materials were
used without further purification.

Preparation of thin film

ҡ-Carrageenan was used as a precursor to prepare
carboxymethyl ҡ-carrageenan (CMҡ-carrageenan) according
to a published method [46]. One gram of CMҡ-carrageenan
with different concentrations of [Bmim]Cl was prepared via
solution casting technique. CMҡ-carrageenan powder was
dissolved in 50 ml 1 % (v/v) solution of acetic acid and stirred
overnight in order to obtain a complete dissolution of biopoly-
mer. Different molar ratios of [Bmim]Cl (5–30 wt.%)
were measured and added to the CMҡ-carrageenan so-
lution separately in a glove box. The mixed solution
was further stirred for 24 h. After complete dissolution,
the solution was poured into a Teflon petri dish and left
to dry for several days under the fume hood. The re-
sulted thin film was then peeled and stored in a desic-
cator with phosphorous pentoxide (P2O5) powder to pre-
vent any moisture contact. The film was further dried in
a vacuum oven until constant weight was obtained to
eliminate any remaining moisture.

Characterization

Attenuated total reflectance Fourier transform infrared
analyses

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) analyses were performed using the Perkin-
Elmer Spectrum 2000 in the range of 4000–650 cm−1.
The scanning resolution was 4 cm−1. The analyses were
carried out to observe any changes and shifts of the
characteristic band due to the chemical interaction of
chitosan with the charge carrier.

X-ray diffraction

X-ray diffraction (XRD) measurements were performed using
model D5000 Siemens. The data were collected from a range
of diffraction angle 2θ from 3° to 60° at a rate of 0.05°s−1 to
determine whether the sample is crystalline, semi-crystalline,
or amorphous.

Morphology

Investigation on the morphologies of the polymer electrolytes
was examined using FESEM Supra 55VP model at 10,000
magnifications.

Impedance spectroscopy

The measurement of the bulk resistance (Rb) of the sample
was carried out by alternating current (AC) impedance
measurement using a high-frequency response analyzer
(HFRA; Solartron 1260 Schlumberger) and an electro-
chemical interface (SI 1286) in the frequency ranging
from 1 Hz to 10 MHz with an amplitude of 10 mV.
The sample was sandwiched between two blocking stain-
less steels under the spring pressure with a contact area of
2.0 cm2. The bulk resistance (Rb) was determined from
the equivalent circuit analysis by using Zview analyzer
software. The conductivity values (σ) of electrolyte were
calculated based on equation (1)

σ ¼ tRb
−1A−1 ð1Þ

where t is the thickness of the sample, Rb is the bulk resistance,
and A is the contact area. All measurements were conducted at
ambient temperature (298 K).

Electrochemical stability

Linear sweep voltammetry (LSV) technique was used to
determine the electrochemical stability window of the
polymer electrolyte. The sample was placed between
two stainless steel blocking electrodes using 1 mVs−1

scan rate from 0 to 5 V.

Transference number measurement

Transference number measurement (TNM) was carried out in
order to investigate the main conducting element in the poly-
mer electrolyte system using the DC polarization method. The
ion transference number tion in the electrolyte was determined
bymonitoring the current as a function of time. Fixed 1.0 V dc
voltage was applied across the sample sandwiched between
two stainless steel electrodes. By applying Wagner’s polariza-
tion technique, the value of tion was calculated from the current
versus time plot by using equation (2) [47].

tion ¼ I i−I ssð Þ=I i ð2Þ

where Ii and Iss are the initial and steady-state current,
respectively.
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Results and discussion

ATR-FTIR

The chemical interaction of [Bmim]Cl with biopolymer can
be detected in the FTIR spectra. Specific functional groups in
the biopolymer that are predicted to have a chemical interac-
tion with the ionic liquid will result in significant changes
either in terms of the shift in the wavenumber, change in the
intensity, or change in the band shape. Figure 3 depicts the
FTIR spectra of pure CM -carrageenan film and CM -carra-
geenan with different wt.% of [Bmim]Cl in the region: (a)
3800–3000 cm−1 and (b) 1700–1000 cm−1.

As the basicity (β), which is the ability of an ionic liquid to
accept hydrogen bond, depends on the anion, [Bmim]Cl is
expected to have a high ability to form coordination interac-
tion with CM -carrageenan matrix due to the high basic fea-
ture of the chloride ion (Cl−). The hydrogen bonds are pre-
sented in the CM -carrageenan matrix as a result of the inter-
action between the hydrogen and oxygen of the hydroxyl
groups (OH) with another hydroxyl group in the intermolec-
ular and intramolecular network. Based on earlier investiga-
tions [30, 31], the hydroxyl group in CM -carrageenan matrix
is protonated to OH2

+ during the dissolution of the biopolymer
in acetic acid and has been proven by the increase of intensity
of the OH band as shown in Fig. 3a. Thus, this positively
charged OH2

+ will be an attractive site for the chloride ion
(Cl−) to form coordination interaction. The high basicity of
Cl− and the electrostatic attraction of OH2

+ towards Cl− are
the main cause of the interaction between the biopolymer and
the ionic liquid. Accordingly, a shift of about 10 cm−1 of
wavenumbers in the OH stretching vibration from
3380 cm−1 in the pure CM -carrageenan to 3370 cm−1 with
[Bmim]Cl inclusion can be seen in Fig. 3a. The shift of the

band towards lower wavenumber indicates that the OH2
+

stretching bond in the CM -carrageenan matrix has been
lengthened probably due to the strong coordination interaction
of Cl− with the hydrogen in the OH2

+ group that eventually
pulls the hydrogen away from the center atom and thus re-
quires less energy to vibrate the particular bond. The schemat-
ic interaction of the protonated OH and the ionic liquid’s anion
(Cl−) is shown in Scheme 1.

The acidity (α), which is the ability of an ionic liquid to
donate hydrogen bond, depends on the cation [43]. Generally,
in 1,3-dialkylimidazolium ionic liquid, the α is mainly deter-
mined by the hydrogen in the C2 position due to the highly
acidic hydrogen (H2) that is in between two ring nitrogen
atoms in the imidazolium ring (Fig. 2) [40, 43]. This acidic
hydrogen (H2) has the strongest tendency to donate the hy-
drogen in order to form a hydrogen bond, and thus it is sug-
gested to be the main point of interaction with the polar groups
in the CM -carrageenan matrix. As for H4 and H5 located at
C4 and C5 position in the imidazolium ring, despite being less
acidic than H2, they also have the ability to interact with other
polar groups as proven by Avent et al. who stated that a strong
hydrogen bonding in imidazolium ionic liquid involves all
three imidazolium ring protons (H2, H4, and H5) [48], and
thus they are predicted to participate in the hydrogen bonding
interaction as well. Hence, the polar groups or active sites in
the CM -carrageenan matrix such as carbolylate (COO−) and
sulfate (OSO3

−) would be the interesting coordinating sites for
imidazolium ring as the hydrogen bonding interaction is ac-
cessible to be formed with oxygen that carries available lone
pairs of electrons in the groups. This is supported by several
significant changes observed in Fig. 3b. The asymmetric
stretching of COO− in the CM -carrageenan at 1586 cm−1

[49] was shifted to a higher wavenumber to 1591 cm−1 upon
[Bmim]Cl addition. The peak at 1230 cm−1 attributed to the
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S=O stretching [49, 50] was shifted to 1235 cm−1 while C–O–
H and C–O–C stretching at 1104 and 1061 cm−1 [49] were
shifted to 1109 and 1068 cm−1, respectively. The shifts in the
wavenumbers suggest that hydrogen bonding interactions
might have taken place in the system. The strong interaction
between the H2 especially, H4, and H5 in the imidazolium
ring with the polar groups in the CM -carrageenan matrix
might have push the COO−, C–O–H, and C–O–C bonds clos-
er and thus shorten the bond length. As a result, more energy is
needed to vibrate the COO−, C–O–H, and C–O–C bonds and
resulted in the shift towards higher wavenumbers upon the
addition of [Bmim]Cl. Scheme 2 shows the proposed interac-
tion of the asymmetric stretching of COO− with the
imidazolium ring.

Another interesting change observed due to the inclusion of
ionic liquid [Bmim]Cl into the CM -carrageenan matrix is the
decrease in the intensity of several bands as observed in Fig. 4.
Significantly, the changes in the intensity occurred in the polar
groups in the CM -carrageenan involving the peaks at 1586
and 1416 cm−1 were attributed to the asymmetric and sym-
metric stretching of COO−, respectively, stretching of sulfate
esters in C–O–S=O at 1327 cm−1 and S=O at 1230 cm−1, C–
O–H stretching at 1104 cm−1, and ether (C–O–C) stretching at
1061 cm−1 [49, 50]. The intensities of the characteristics peaks
were noticed to be significantly reduced as higher wt.% of
[Bmim]Cl was incorporated into the system. This might be
due to the changes in the dipole moment of the molecule
bonds in the polar groups which were resulted from the
strong interaction with [Bmim]Cl. As more wt.% of
[Bmim]Cl is added, more frequent and continuous interac-
tions of both anion and cation of the ionic liquid with the
polar groups might have resulted in the charge imbalance
in the molecule and thus limit the bond vibrations of the
polar groups. Consequently, the reduced intensities of the
peaks were perceived.

Hence, the significant changes observed in the FTIR spec-
tra as the ionic liquid [Bmim]Cl was added into CM -carra-
geenan suggest the compatibility between the biopolymer ma-
trix and the ionic liquid. This also signifies that [Bmim]Cl is
capable of interacting with CM -carrageenan, whereby the
coordination and hydrogen bonding interaction of the anion
(Cl−) and cation ([Bmim]+) with possible active sites or polar
groups in the CM -carrageenan implies that the ions are mo-
bile in the system. Ion mobility is important in an electrolyte
system as high ion mobility will favor ionic conductivity.
Hence, this has given a suggestion that [Bmim]Cl has the
potential to function as a charge carrier in the system. A pro-
posed conduction mechanism of [Bmim]Cl with the biopoly-
mer matrix of CM -car is shown in Scheme 3. A conducting
pathway was proposed to be formed as there will be electro-
static attraction between the positively charged OH2

+ and the
negatively charged sulfate (OSO3

−) with the mobile Cl− and
imidazolium ring [Bmim]+. The continuous coordination and
hydrogen bonding interactions of the charge carrier with the
biopolymer matrix in the conducting pathway and the high
mobility of the charge carrier will then generate the develop-
ment of an electrolyte system.

X-ray diffraction

The effect of [Bmim]Cl inclusion in the biopolymer phase was
investigated by XRD analysis. The XRD diffractograms of
CM -carrageenan with various weight percentages of
[Bmim]Cl are depicted in Fig. 5. CM -carrageenan showed a
disordered structure with broad humps, this indicates an amor-
phous phase of biopolymer. Noticeably, the addition of ionic
liquid [Bmim]Cl (5–30 wt.%) has not changed the amorphous
properties of the CM -carrageenan as the broad humps seemed
to be consistent and tend to flatten. This might be due to the
plasticizing effect of ionic liquid where the addition of ionic

Scheme 1 The interaction of Cl− with protonated OH group

Scheme 2 Hydrogen bonding interaction between the asymmetric
stretching of carboxylate (COO−) and the imidazolium ring ([Bmim]+)
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liquid has proven to contribute to the development of amor-
phous phase in polymers [7, 12, 51], and thus in this system
conserved the amorphous character of CM -carrageenan. In
addition, no formation of crystalline and ion multiple peaks
were observed, hence suggesting no sign of [Bmim]Cl ag-
glomeration in the system. Thus, this observation suggests

that [Bmim]Cl is a suitable charge carrier in the system as it
did not alter the amorphous phase of CM -carrageenan and
showed compatibility with the polymer host.

Morphology

SEM analysis on the fractured surfaces of the biopolymer
electrolyte films were performed in order to identify the phys-
ical interaction and the effect of ionic liquid ([Bmim]Cl) in-
clusion in the CM -carrageenan matrix. The fractured surface
morphology of CM -carrageenan in Fig. 6a shows a granulat-
ed structure with even surface indicating an amorphous phase
of biopolymer which is in accordance with the XRD analysis.
Unique changes have been observed upon the inclusion of
[Bmim]Cl which can be seen in Fig. 6b–d. The biopolymer
started to agglomerate with the addition of only 10 wt.%
[Bmim]Cl (Fig. 6b), hence indicates the strong effect of
[Bmim]Cl on biopolymer matrix. Higher concentrations of
[Bmim]Cl which were 20 wt.% (Fig. 6c) and 30 wt.%
(Fig. 6d) tremendously altered the CM -carrageenan morphol-
ogies. Greater degree of agglomeration has been observed.
This might be due to the highly amorphous character of
CM -carrageenan that leads to high flexibility of biopolymer
backbone, and thus the stronger interaction of [Bmim]Cl with
the CM -carrageenan matrix changes the morphology of the
biopolymer matrix. However, despite the agglomeration, the
amorphous phase of the biopolymer as shown in the XRD
analysis has not changed thus expected to favor the ionic
conduction in the biopolymer.

Ionic conductivity

In order to investigate whether the ionic liquid ([Bmim]Cl)
has the ability to act as a charge carrier in the CM -carrageenan
electrolyte system, electrochemical impedance spectroscopy
(EIS) analysis was performed on the biopolymer film. The
impedance plots of CM -carrageenan with various wt.% of
[Bmim]Cl are shown in Fig. 7. The Rb was determined from
the interception of the tilted spike at the real impedance axis (Z
′). Smaller Rb values were observed with increasing wt.% of
[Bmim]Cl. The Rb values were applied in Eq. (1) in order to
calculate the ionic conductivity (σ) of the films.

Figure 8 depicts the σ of CM -carrageenan as a function of
[Bmim]Cl wt.% at ambient temperature (298 K). It was noted
that the highest σ of (5.76 ± 0.20) × 10−3 S cm−1 was achieved
at the utmost addition of [Bmim]Cl (30 wt.%). Thus, this high
σ value has proven the efficient function of [Bmim]Cl as a
charge carrier in the system as it has improved the σ value of
pure CM -carrageenan where the σ measured was
(1.71 ± 0.45) × 10−4 S cm−1. In addition, the highest σ record-
ed in this system was highly comparable to the latest reported
studies of the electrolyte system based on CM -carrageenan.
The most recent study has reported a maximum σ of
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5.51 × 10−3 S cm−1 at 30 wt.% doping of lithium nitrate (Li-
NO3) salt [31]. Rudhziah et al. have investigated a blend

system of CM -carrageenan and carboxymethyl cellulose that
exhibited an utmost σ of 2.41 × 10−3 S cm−1 using 30 wt.%
ammonium iodide (NH4I) salt [32]. Both studies were carried
out at room temperature (298 K). In comparison with other
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Fig. 6 SEM micrographs of CM -carrageenan with a 0 wt.%, b 10 wt.%, c 20 wt.%, and d 30 wt.% [Bmim]Cl
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biopolymer/ionic liquid systems, Leones et al. have reported
the highest conductivity which was 2.35 × 10−5 S cm−1. It was
registered for the agar with ionic liquid 1-ethyl-3-
methylimidazolium acetate composition [18]. Meanwhile, bio-
degradable corn starch-lithium hexafluorophosphate integrated
wi th ion ic l iqu id 1-buty l -3 -methy l imidazo l ium
hexafluorophosphate has produced a maximum conductivity
of (1.47 ± 0.02) × 10−4 S cm−1 [13]. In another solid polymer
electrolyte system, ionic liquid 1-ethyl-3-methylimidazolium
dicyamide has enhanced the conductivity of poly(vinylidine
f l uo r i de -hexa f l uo rop ropy l ene ) (PVdf -HFP ) t o
3.42 × 10−3 S cm−1 at 250 wt.% of ionic liquid concentration
[52]. This indicates that ionic liquid [Bmim]Cl is also suitable
to be applied in an electrolyte system as it also has the potential
to function as a charge carrier as good as other ionic liquids,

inorganic lithium, and ammonium salts. The ability of
[Bmim]Cl to effectively function as a charge carrier in this
system might be due to the high basicity of the chloride ion
and the acidity of the imidazolium ring, [Bmim]+, as previously
discussed in the BATR-FTIR^ section. Furthermore, the low
melting point (Tm) of [Bmim]Cl which is around 80 °C [45]
compared to the Tm of common lithium and ammonium salts
(>250 °C) [53, 54] suggests the weak interaction between
[Bmim]+ and Cl−, and thus favors the dissociation of ions in
CM -carrageenan. High dissociation leads to free movement of
ions in the system which resulted in further interactions be-
tween the charge carrier and the biopolymer network.

Noticeably, the σ showed an increasing trend as the wt.% of
[Bmim]Cl increased. This is related to the higher number of
mobile charge carrier in the system as more frequent ions-
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biopolymer interactions had taken place in the system. Addi-
tionally, the high flexibility of the biopolymer matrix due to
the amorphous phase of CM -carrageenan has led to the seg-
mental motion of the biopolymer matrix that helps the con-
duction process. It is suggested that the plasticizing effect of
[Bmim]Cl as observed in the XRD analysis has softened the
biopolymer backbone and increased the free volume of the
biopolymer matrix, and thus providing a more flexible path
for ionic conduction in the electrolyte system [16]. The good
homogeneity and compatibility of the biopolymer and the
ionic liquid as observed in the SEM analysis suggest that the
movement of ions is favorable in the CM -carrageenan matrix
even at higher wt.% of [Bmim]Cl. Hence, this has enhanced
the σ in the system.

Electrochemical stability

The electrochemical stability of an electrolyte is the potential
range where neither oxidation nor reduction is experienced by
the electrolyte. It is an important criterion to be identified in
order to investigate the working cell potential of an electrolyte.
Figure 9a shows the linear sweep voltammetry of pure CM -
carrageenan film while the voltammogram of the highest
conducting film, CM -carrageenan with 30 wt.% [Bmim]Cl,
is depicted in Fig. 9b. Observably, the pure CM -carrageenan
film exhibited an electrochemical stability up to ±2.5 V. The
anodic current was negligible below ±1.6 V, but then in-
creased gradually which might be due to the decomposition
of the anion (Cl−) [7, 55]. A similar observation was noticed in
Fig. 9b. However, the decomposition voltage of the film
which was taken at the current onset increased up to ±3.0 V.
This proved that the addition of [Bmim]Cl has improved the
electrochemical stability of the electrolyte, and thus showed
its potential to be applied in electrochemical devices or energy
storage materials.

Transference number study

Transference number study of the highest conducting filmwas
carried out in order to determine the contribution of the ions to
the overall charge transport in the electrolyte system. The plot
of current versus time for the highest conducting film, CM -
carrageenan with 30 wt.% [Bmim]Cl, is shown in Fig. 10. The
initial total current was found to decrease with time as a result
of the depletion of the charge carriers or ionic species in the
electrolyte. Thus, in a completely depleted condition, the cur-
rent becomes constant. Based on the figure, the initial total
current was found to fall rapidly with time before being satu-
rated at 0.07 μA. Hence, the steady-state current is then car-
ried by electronic carriers. By applying Eq. (2), the ionic trans-
ference number of the filmwas found to be ±0.970. Therefore,
it is suggested that ions are the predominant contributor to the

electrolyte conduction as the influence of electrons was only
±0.03 and can be neglected [1, 5].

Conclusion

Solid biopolymer electrolytes based on CM -carrageenan and
imidazolium ionic liquid ([Bmim]Cl) as the charge carrier
were successfully prepared and characterized. The strong in-
teractions of CM -carrageenan with [Bmim]Cl was proven by
the ATR-FTIR analysis, and thus a conduction mechanism of
the biopolymer with the charge carrier was proposed. The
XRD analysis revealed that the inclusion of [Bmim]Cl did
not alter the amorphous phase of CM -carrageenan. Good
miscibility and compatibility of [Bmim]Cl with the biopoly-
mer matrix was proven by the SEM analysis. EIS analysis
confirmed that [Bmim]Cl is applicable to act as a charge car-
rier in the system as the ionic conductivity increased up to
(5.76 ± 0.20) × 10−3 S cm−1 at ambient temperature. High
electrochemical stability up to ±3.0 V was achieved by the
highest conducting electrolyte measured by LSV and the
transference number measurement showed that the ions are
the major contributor to the electrolyte conduction.
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