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Abstract. Liquid electrolytes in commercial lithium-ion (Li-ion) batteries are corrosive, volatile and flammable. For
these reasons, solid polymer electrolyte membranes are used to replace liquid electrolytes. This research focused on the
fabrication of biopolymer blend electrolyte (BBE) membranes by blending commercial methylcellulose (MC) and carboxymethyl cellulose (CMC). CMC was synthesized by using microwave-assisted organic synthesis method at the
optimum condition of 50°C, 60 min, 100 watts, and BBE membranes were prepared by casting solution technique at room
temperature with various compositions. BBE membranes were characterized by Fourier transform infrared, electrochemical impedance spectroscopy, tensile tester, X-ray diffraction, scanning electron microscopy and thermogravimetry
analysis/differential thermogravimetry/differential thermal analysis to analyse functional groups, ionic conductivities,
mechanical properties, crystallinities, morphological and thermal stability, respectively. The blend membrane polymer
host with a composition of MC/CMC (50/50) and 10% LiClO4 salt, which shows a good ionic conductivity, tensile
strength, elongation at break and thermal decomposition temperature, i.e., 1.20 9 10-2 S cm-1; 11.02 MPa; 17.33% and
202.84°C, respectively. These characteristics of BBE membranes have potential to be applied as Li-batteries separator.
Keywords. Biopolymer blend electrolyte; blending; carboxymethyl cellulose; lithium-ion batteries; polymer
electrolytes.

1.

Introduction

Polymer electrolyte membranes must reach a minimum
standard of ionic conductivities, mechanical and thermal
properties, to apply as a separator and ions conductor in
electrochemical devices like batteries and fuel cells. Polymer electrolytes can be defined as a macromolecular system
that is able to conduct electricity as ions-doped distribution,
such as Li? ion for Li-ion batteries and H? ion for fuel cell
[1]. The solid polymer electrolyte is used as substitute liquid
electrolyte to eliminate problems of corrosive solvent
leakage and reach excellent characteristics and performances, such as wide electrochemical stability range,
lightweight design, ease of processability, excellent thermal
stability and low volatility [2].
Polymer electrolytes for lithium-ion battery applications
have been developed from polymeric materials, such as

polyethylene (PE), polypropylene (PP) [3], polyvinyl
chloride (PVC), polyvinylidene fluoride [2], polyethylene
oxide, polyvinyl alcohol [4]. The use of these polymers
leaves problems with costs and impacts on the environment
[5]. Most petroleum-processed polymers cannot be
decomposed in nature, causing pollution to the environment
when they became waste and disposed into nature. Likewise, the problem of production costs of these polymers is
quite expensive, such as polyethylene oxide and polyvinyl
alcohol, although can be decomposed in nature, the cost of
production to polymer electrolyte membrane preparation is
quite expensive [5]. Thus, biopolymers are potential to be
applied in Li-ion batteries, such as starch/chitosan [6,7],
CMC/chitosan [8] and carrageenan [9].
Cellulose is a biopolymer and biocompatible material
with good mechanical strength, hydrophilic, water-insoluble, modifiable and biodegradable [10]. Sources of
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cellulose such as sugarcane bagasse, mulberry, banana fibre,
pea hull fibres, sisal fibres have been reported [11]. Its
properties give profit to be utilized in widespread applications by functionalization to be cellulose derivatives. Generally, functionalizing and modifying cellulose to be
cellulose derivative can be carried out by using chemical
treatment [12]. The main aim of functionalizing cellulose is
to obtain elastic properties that desire various applications
[13]. The comprehensive review of Li-ion battery polymer
electrolytes based on cellulose and its derivatives have been
wide explained [14]. Both methylcellulose (MC) and carboxymethyl cellulose (CMC) are popular and essential
cellulose derivatives in industrial and life applications
[4,15,16].
MC is important cellulose derivative biopolymer [17],
besides cellulose acetate (CA) and CMC [18]. MC has been
widely reported to be used as a polymer electrolyte, thickening agent, reinforcer, pharmaceuticals and cosmetics. MC
can form plastic films with good mechanical properties and
thermal properties [19] that are critical parameters in
polymer electrolyte membranes. Unfortunately, its ionic
conductivity is low, and need to improve [4,20].
Researchers of polymer electrolytes have succeeded in
developing polyblend that produce the desired characteristics. Generally, polyblends have adequate properties compared to single polymer [21], and it can alter the structural
and electrical properties [6,22]. In this work, the commercial MC was blended to another biopolymer with more
polar groups, that is synthesized CMC.
CMC is necessary cellulose ether with the characteristics
of most soluble among other cellulose derivatives. It was
reported that CMCs with a degree of substitution (DS) 0.4
were completely soluble in water, thus providing benefits as
excellent polyblend agents [23]. In addition, CMC is very
easily synthesized using carboxymethylated agents derived
from monochloro acetic acid (MCA) or Na-monochloro
acetate (NaMCA) [24,25].
The synthesis of CMC using a microwave-assisted
organic synthesis (MAOS) method has been previously
reported [26]. Microwave irradiation converts electromagnet heating into energy, giving many advantages such as
short duration time, need a small amount of solvent and
produce high yields [27,28]. In synthesizing cellulose
derivatives, the use of microwave heating is practically
highly preferred, such as MC and ethyl cellulose (EC) have
been successfully synthesized by using green microwaveassisted heating [29]. In this work, time optimization of
green microwave-assisted synthesis of CMC is needed to
produce CMC with the optimum degree of substitution
(DS). The higher the DS of CMC, the more soluble in water
[30].
There are several strategies to improve polymer
electrolyte ionic conductivities; they are blending
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method, plasticization and mixed salts systems [31]. The
polymer blend strategy can increase the amorphous
region and thus increase ionic conductivity. The
increasing of the amorphous region can also increase the
flexibility of the polymer chain, making it easier for the
movement of the chain to distribute ions doped to the
matrix. In addition, through a polymer blend method, a
polymer blend provides more sites for ionic migration
[32]. CMC has huge side groups and provides polar sites
(O atoms) of available carboxyl groups, so that the
distribution of lithium ions is easier, resulting in good
ionic conductivities. The source of Li-ion used in MC/
CMC blend is obtained from lithium perchlorate salt
(LiClO4), with having a high degree of dissociation,
abundant perchlorate anions [33,34] and low crystal
lattice energy [35]. LiClO4 has been employed in some
works related to Li? ion sources for preparing polymer
electrolyte membranes [36,37].
2.
2.1

Materials and methods
Apparatus and materials

The apparatus’ used in this work were CEM Discover SP
microwave reactor, hotplates (Thermo Scientific SuperNuova Multiplace), magnetic stirrers, vacuum evaporator
(Boeco Germany, RVO 400 SD), vacuum filtration (Lab
Companion VE-11), desiccators, vacuum oven, screw
micrometres and freeze drier. The chemicals used were
methylcellulose (MC; Sigma-Aldrich, DS = 1.5–1.9),
commercial microcrystalline cellulose (MCC; SigmaAldrich), monochloroacetic acid (MCA; Sigma-Aldrich,
99%), isopropanol (Sigma-Aldrich, p.a. 99%), sodium
hydroxide (NaOH; Merck, p.a. 99%), methanol (CH3OH;
Merck, 99%), glacial acetic acid (Sigma-Aldrich, 99%),
lithium perchlorate (LiClO4; Sigma-Aldrich, 99%) and
distilled water. All the chemicals were used without any
purifications.
2.2

Microwave-assisted organic synthesis of CMC

The synthesis method of CMC was according to the previous report with some modifications [38]. Each 1 g of
MCC was swelled into 50% NaOH solution overnight at
room temperature. Then 2 g of monochloro acetic acid
(MCA) was added into 10 ml of isopropanol. The blend
was then put into a microwave reactor, and the reaction
was carried out under conditions of the constant temperature of 60°C and 100 watts with optimization times of 10,
20, 30, 40, 50 and 60 min. The products were neutralized,
washed, filtered and dried until the solvent was completely
removed.
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Preparation of MC/CMC-based BBE membranes

BBE membranes were fabricated by casting solution techniques according to the previous method [39,40]. There
were two stages to prepare polymer electrolyte membrane;
they are to find the best conditions for compositions of MC
and CMC blends and then the addition of lithium perchlorate salt to obtain optimum MC/CMC blend.
One gram of various MC and CMC mixture was dissolved and stirred in 30 ml distilled water for 24 h to
obtain a homogenous blend. The blend solution was then
cast onto a designed flat glass surface, evaporated at
ambient temperature for 3–4 days. The best composition of
MC/CMC according to ionic conductivities is 50/50
(% w/w).
Analog with the previous stage, the different weight
percentages of LiClO4 were incorporated (5–30%) to the
blend of MC/CMC (50/50). The membrane with LiClO4
more than 25% was not characterized furthermore due to
unstable and brittle nature. The composition of the
biopolymer host with LiClO4 salt is shown in table 1.
2.4

method [26]. The following equation represents the IR
spectrum-based calculation [41]:
DS ¼

A1606
B
ðA2927 Þ

ð1Þ

where A1606 is absorbance at 1606 cm-1, which corresponds
to the stretching vibration of carboxymethyl (COO–) group;
A2927 is absorbance at 2927 cm-1, which corresponds to the
stretching vibration of C–H alkane group; B the numerical
constant ratio of A1606/A2927, which is zero (0) for cellulose.
Equation (2) represents the NMR spectrum-based calculation [26]:
ða=2Þ
DS ¼ b c ;
6 þ 2

ð2Þ

where a is the integral that refers to the methylene proton of
the carboxymethyl cellulose (4–4.5 ppm); b the integral that
refers to the C–H group of the carboxymethyl cellulose
(3–4 ppm); c is the integral that refers to the doublet set
of hydrogen anomers in the region of the spectrum (4.5 and
5.5 ppm).

Characterizations
2.6

Analysis of functional groups from all study samples was
carried out by using Fourier transform infrared (FTIR;
Prestige 21 Shimadzu), ionic conductivity using electrochemical impedance spectroscopy (EIS; Agilent, E490A
type, precision LCR), mechanical properties using a tensile
tester (FAVIGRAPH), crystallinity using a diffractometer
XRD (PAN Analytical X’Pert PRO seri PW3040/XO) and
surface and cross-section morphology using scanning
electron microscopy (SEM; Type JEOL-JSM-6360LA), and
thermal properties using thermogravimetry analysis (TGA,
Linseis, STA PT 1600 type).
2.5
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DS calculation

DS was calculated using two approaches, which are IR
spectrum-based calculation according to Hong [41] and
NMR spectrum-based approach according to a previous
Table 1.

Composition of biopolymer host with LiClO4 salt.

Composition (% w/w)
MC

CMC

LiClO4

50.0
47.5
45.0
42.5
40.0
37.5
35.0

50.0
47.5
45.0
42.5
40.0
37.5
35.0

0
5
10
15
20
25
30

Crystallinity index (Cr.I) calculation

The percentage of crystallinity of samples was calculated
using equation (3):
Cr:I: ¼

Ac
 100%
ðA a þ A c Þ

ð3Þ

where Ac is the total of crystalline region and Aa the total of
an amorphous region [32].

2.7

Ionic conductivities calculation

The ionic conductivity was calculated using equation (4)
[42,43]:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l2 þ t2
r¼
ð4Þ
RA
where r = ionic conductivity (S cm-1); l = electrode distance (1.5 cm); R = total resistance (ohm); A = area
(width of electrodes 9 thickness of membrane = 0.4 cm 9
thickness).

Stability
Stable
Stable
Stable
Stable
Stable
Stable
Unstable and
uncharacterized

2.8

Tensile strength calculation

The tensile strength was calculated using equation (5):
F
mg
ð5Þ
Tensile strength ¼ ¼
A
tw
where F = force (N), A = unit area (m2), m = load mass
(kg), g = gravitation force (9.8 kg m-2); t = thickness of
membrane (m); w = width of membrane (m) [42].
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Table 2.
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Time optimization of CMC synthesis.

Duration (min)

NaOH (% w/v)

MCA (g)

MCC (g)

DS

Solubility

50
50
50
50
50
50
50

2
2
2
2
2
2
2

1
1
1
1
1
1
1

—
0.89
0.90
1.06
1.21
1.75
1.32

Insoluble
Insoluble
Insoluble
Slightly soluble
Slightly soluble
Soluble
Soluble

10
20
30
40
50
60
70

3.

Results and discussion

3.1

The synthesis of CMC

CMC product of the MAOS method showed stable white
powder, as observed CMC product has different watersoluble ability according to its DS (table 2).
3.1a IR analysis of CMC: Figure 1 gives information on
chemical structure changes of MCC to CMC products.
Based on FTIR analysis, CMC shows some important
functional groups, such as –OH stretching, –CH2 bending,
C–H bending, C–O asymmetric stretching and –C–OH
bending out of a plane, which is observed at 3404, 1415,
1325, 1066 and 659 cm-1, respectively. However, the
significant vibrational mode changes are observed at
1606 cm-1, which indicate acetate groups. In addition,
C–H group intensity at 2920 cm-1 decreases, and –CH2
bending intensity around at 1415 cm-1 increases. This
result is in accordance with the previous reports [44].
3.1b NMR analysis of CMC: Figure 2 shows the 1HNMR spectrum of CMC product with proton signals at
chemical shifts; d (ppm) 2.5–3.5 (glycosidic ring,
H-2,3,4,5); 4.62–4.94 (methyl proton of CMC) and

Figure 1.

IR spectra of (a) MCC and (b) CMC MCC.

5.0–6.0 (H-1). 13C-NMR CMC spectrum, in figure 3 (500
MHz, D2O): d (ppm) 60–70 (carboxymethyl group, C-6); 70
(C-7 of carboxymethyl cellulose), 72–76 (C-2,3,5 of
glucose ring), 82 (C-4 of glucose ring), 110 (C-1 of
glucose ring) and 178 (C-8, the carbonyl group of
carboxymethyl side group). A C-6* signal is predicted as
a carbon signal influenced by introducing carboxymethyl
group, while C-6 is a common C-signal of glucose unit.
Carbon signal at d 178 ppm is related to a carbonyl from
carboxymethyl group bonds to glycoside ring of cellulose
[44], which indicated that the CMC product was monosubstituted. This result was similar to CMC, resulted from a
previous report [45].
3.1c XRD analysis of CMC: Figure 4 shows the
diffractograms of MCC and CMC. MCC reveals the main
peaks common cellulose semicrystalline at 2h: 21.89; 14.29
and 34.36, while CMC exhibits a new broad peak at 2h:
19.75°. XRD pattern of synthesized CMC in this study was
similar to previous CMC product [46].
Based on a calculation using equation (3), MCC has a
higher crystallinity index (Cr.I) than CMC. MCC exhibits
Cr.I of 68.90% while CMC exhibits 29.23%, which means
CMC has a much amorphous region structure. MCC has a
polymorph structure of cellulose-I as a crystalline nature,
while the modified cellulose of CMC has a polymorph
structure of cellulose-II as an amorphous nature [47]. The
amorphous region of CMC indicates a disordered arrangement, due to carboxymethyl groups substitute hydrogen
atoms that affect to supramolecular hydrogen bonds [41].
3.1d DS of CMC: The degree of substitution (DS) is an
essential parameter in functionalizing cellulose, the average
number of functional groups that substitute hydroxyl groups
of cellulose [13]. The calculated DS based on IR spectrum
is shown in table 2.
The synthesized CMCs have different DS at various
reaction times using MAOS method. The CMC was not
formed yet at reaction times of 10 min, while at reaction
times of 20–30 min the CMC was already formed;
however, it was still insoluble in water. The slightly
water-soluble CMC was produced at reaction times of
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Figure 2.

1

Figure 3.

13

104

H-NMR spectrum of CMC in D2O.

C-NMR spectrum of CMC in D2O.

30–40 min. The completely water-soluble CMC was
finally obtained at reaction times of 60 min, which is
considered as the optimum condition for synthesizing
CMC using MAOS method in this study. It can be concluded that the increase in reaction times contributed to
the increase of the DS of CMC. The longer reaction times
provide better contacts between the esterifying agent and
cellulose [48].

Figure 4.

Diffractogram of (a) MCC and (b) CMC.

3.1e Thermal analysis of CMC: The thermal
decomposition of MC and CMC was studied using
thermogravimetry analysis (TGA), differential thermal
analysis (DTA) and differential thermogravimetry (DTG).
Figure 5 displays the thermogram TGA of MCC and CMC.
Decomposition below 100°C related to the evaporation of
water, which indicated increasing of hydrophilicity of the
CMC due to the presence of –CH2COOH groups.
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(a) MCC
(b) CMC MCC
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0

MCC
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1.0x10-3
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Weight loss (%)
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-50
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Figure 7.
Figure 5.

338.48
0.3

MCC
CMC of MCC

µg/min

0.2

0.1
280.12

336.88°C, close to DTG thermogram data. However, this
condition is not visible in CMC, and it only shows a small
peak at 330.93°C.
The MCC decomposition is mainly caused by breaking
of hydrogen bonds from supramolecular hydrogen bond
structures. Meanwhile, CMC products were decomposed by
breaking bonds of –OH (hydroxyl groups) and –CH2COOH
(carboxymethyl) in small amounts. At the high temperature
(more than 300°C) the carbon residue in CMC is higher
than the MCC due to the presence of –CH2COOH groups
bonded in CMC, and the number of carboxymethyl groups
in CMC depends on the value of the DS.

3.2

0.0

0

200

400

600

Temperature (oC)

Figure 6.

DTA thermogram of (a) MCC and (b) CMC of MCC.

TGA thermogram of MCC and CMC.

DTG thermogram of (a) MCC and (b) CMC of MCC.

MCC starts to decompose at 308°C, which is higher than
CMC that decomposes at 192.9°C. Thermal stability can be
attributed to crystalline properties caused by the supramolecular hydrogen bond of MCC polymer that forms the polymorph structure of cellulose-I. Increment of the amorphous
region in CMC can change its polymorph structure to cellulose-II that induces lower thermal stability [49].
DTG thermogram for both MCC and CMC products are
shown in figure 6. DTG thermogram shows that MCC has a
higher maximum decomposition temperature rate (Tmax)
compared to its CMC product, which proves that the thermal stability of MCC is higher than the CMC product. MCC
reaches the Tmax at 338.48°C, while CMC at 280.12°C.
Similar to DTG thermogram, the DTA thermogram
(figure 7) exhibits a maximum degradation point of MCC at

MC/CMC-based BBE membranes

The physical characteristics that are considered in determining the blend composition of MC and CMC as the
polymer host for lithium ions are ionic conductivities and
mechanical properties. The preferred optimum polymer host
is good conductivity, and mechanical stability refers to its
tensile strength and elongation at break.
3.2a Ionic conductivities of MC/CMC-based BBE
membranes: It has been studied that the CMC addition
with various weight percentages of 0, 20, 40 and 50
(% w/w) into the MC biopolymer impacts to ionic
conductivities increasing. In another side, the addition of
MC into the CMC from 0, 20, 40 and 50 (% w/w) shows
similar tendency, the ionic conductivities increase, except at
the MC composition of 20%. In the initial blending of MC
into the CMC prevents the segment motion of the MC/CMC
blend, so this could decrease the ionic conductivities.
The ionic conductivities increase significantly with the
addition of 0–40% of CMC, as we see in figure 8. This is
due to the segmental motion increase in ion mobility
through the amorphous area of polymer blends. At the
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Figure 8. Profile of ionic conductivities of MC/CMC blend
membranes.

addition of 40–50% CMC, the ionic conductivities show a
slow increment owing to increase in viscosity system. The
highest ionic conductivity was obtained at the CMC composition of 50%. However, the ionic conductivities decrease
with CMC composition of 50–80%. Surprisingly, the ionic
conductivity of pure CMC in this work is higher compared
to CMC produced by a previous report [50].
Worldwide researchers have widely studied proton conductivity mechanism of polymer electrolytes. There are two
proposed mechanisms, both Grotthuss and Vehicle mechanism [51]. MC has hydroxyl groups, glycoside bonds and
methoxy groups [32], while CMC has hydroxyl groups,
glycoside bonds and carboxymethyl groups that support
ions movement, it is similar to the previous report [51]. The
proposed mechanism for ionic conductivity of the MC/
CMC blends is shown in figure 9. The H? ions conductivity
is performed by hopping through the transit site, which is
free electron pair of O-atoms, especially branch chain
groups of cellulose derivatives, such as –OCH3 (methoxy
groups) and –OCH2COOH (carboxymethyl groups).
The ion movement mechanism, commonly, in polymer
electrolyte matrices refers to the ions hopping proposed by
Meyer [52]. Figure 9 reveals one of H? ions movement
mechanisms through MC/CMC polymer host. The H? ions
through polymer interchain by hopping from sites to sites.
H?-ions sources can come from water ionization (H? and
OH-) and also carboxymethyl groups through transit sites
of polar groups of MC and CMC, and/or branch chain
groups of cellulose derivatives such as –OH (hydroxyl),
–OCH3 (methoxy) and –OCH2COOH (carboxymethyl)
[4,52].
3.2b IR analysis of MC, CMC and MC/CMC (50/50)
membranes: To study the interactions that might occur in
polymer blend matrix, selected samples with the best
condition, which is a sample with MC/CMC composition of
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50/50 (%), was considered. Figure 10 shows the FTIR
spectra of pure MC, pure CMC and MC/CMC blend
membrane 50/50 (%). Pure MC has the main absorption
peaks, i.e., O–H stretching, C–H stretching, CH3 alkane,
C–O/C–C ring stretching, C–O–C stretching and –OCH3
at 3450.65; 2933.72; 2837.28; 1654; 1070.49 and 947.04
cm-1, respectively [39]. The absorption peaks of CMC are
previously discussed in subsection 3.1a.
The peak at 3444 cm-1 corresponded to O–H vibration
and this result was the overlapping peak of O–H vibrations
within the structure of MC (at 3450 cm-1) and CMC (at
3414 cm-1). The C–H alkane vibration is observed at 2900
and 2839 cm-1, as the contribution of the vibrational
stretching C–H of the MC. The presence of the carboxyl
group at 1597 cm-1 is evident in the existence of CMC that
shifts from 1606 cm-1 caused by its interactions with MC.
The existence of the –OCH3 group from MC appeared at
948 cm-1. Other peaks are around at 1415, 1369 and 1319,
1070, and 611 cm-1 that refer to the important cellulose
absorption peaks, i.e., –CH2 bending, C–H bending, C–O
asymmetry stretching and C–OH out-of-plane groups,
respectively.
3.2c XRD
analysis
of
MC/CMC
(50/50)
membrane: Figure 11 shows the diffractogram of pure
MC, pure CMC, MC/CMC 50/50 (%) blend membranes.
The crystallinity index (Cr.I) obtained based on diffractogram XRD is presented in table 3. All diffraction patterns
show typical cellulose II structure, as a result of the
breaking hydrogen bond of MCC supramolecular during
functionalizing cellulose, such as methylation and
carboxymethylation. The peaks of MC/CMC (50/50)
blend polymer electrolyte are at 2h: 8.64° and 20.73°. At
2h: 8.64° is attributed to MC structure, which is a crystalline
structure of trimethyl glucose.
The presence of CMC shifts the typical peaks of MC (2h:
19.81°) and CMC (2h: 19.86°) to at 2h: 20.73°. The peak
shifting corresponds to entered carboxymethyl group consequence to cellulose chain. The crystallinity index of the
MC/CMC (50/50) blend was observed to decrease with
decreasing of peak intensity. Table 3 also displays that CI of
MC is lower than CMC, as well as the MC/CMC membranes. The lower crystallinity could be caused by the
interaction between both biopolymers of MC and CMC.
The decreasing of crystallinity affects increase in ionic
conductivity, while the pure CMC provides H? ions to
migrate.

3.3

Effect of LiClO4 in the MC/CMC (50/50) membranes

LiClO4-complexed MC/CMC (50/50) membranes with the
various concentration of LiClO4 were analysed by FTIR,
ionic conductivities and mechanical properties; while the
optimum conditions were compared to MC/CMC (50/50)
blend membrane through XRD, SEM and TGA analysis.
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Figure 9. Proposed mechanism of H?-ions conduction of MC/CMC blend.

transmittance (a.u.)
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Figure 10. IR spectra of (a) MC, (b) CMC and (c) MC/CMC
(50/50) membranes.

3.3a IR analysis of LiClO4-complexed MC/CMC (50/50)
membranes: To study the interactions that might occur in
the LiClO4-complexed MC/CMC (50/50) membranes FTIR
analysis was performed and FTIR spectrum from MC/CMC
(50/50) membrane was compared with LiClO4 as a control
(figure 12). Some vibration peaks of MC/CMC blend
membrane have been explained in subsection 3.2b. The
addition of LiClO4 shows some peaks at 3451, 1635 and

Figure 11. Diffractogram of membranes (a) MC, (b) CMC and
(c) MC/CMC (50/50) blend.

Table 3.

Diffraction angle 2h and crystallinity index (%).

Sample
Pure MC
Pure CMC
MC/CMC (50/50) membrane

Crystalline peak

Cr.I (%)

8.61°; 19.81°
19.86°
8.64°; 20.73°

26.63°
29.23°
28.92°

Bull. Mater. Sci. (2021)44:104

Figure 12. IR spectra of (a) MC/CMC (50/50); (b) LiClO4; MC/
CMC (50/50) ? x LiClO4, x (w/w %); (c–g) 5–25.

1085 cm-1, which are corresponded to O–H stretching,
typical peak and stretching vibration of the ClO4- ion,
respectively [53].
The effects of LiClO4 addition to the chemical interaction
changes of the MC/CMC (50/50) blend membrane was
observed especially at *1597 cm-1. This peak is attributed
to the carboxyl group vibration of CMC because of its
interaction with MC. The absorption peak around this
wavenumber appears differently after the addition of
LiClO4 as an interaction between the carboxyl group
(COO-) of CMC and lithium ion. The highest wavenumber
change occurred at 15% LiClO4 addition. The change in
wavenumber can also be caused by the interaction between
lithium salts and MC/CMC membrane.
3.3b Ionic conductivities of LiClO4-complexed MC/CMC
(50/50) membrane: Figure 13 shows that the addition of
LiClO4 to MC/CMC (50/50) blend can increase the ionic
conductivities due to ions addition from lithium perchlorate
salt. It was observed that ionic conductivities of LiClO4MC/CMC (50/50) membranes increase gradually, and it
reaches the maximum value of 2.02 9 10-2 S cm-1 by
addition of 15% (w/w) LiClO4. This result is higher than
some previous MC-based polymer electrolyte maximum
ionic conductivities, as shown in table 4. In this research we
select the best condition at 10% (w/w) LiClO4 incorporation
with the ionic conductivity of 1.20 9 10-2 S cm-1.
The ionic conductivities increase by the addition of
LiClO4 salt due to the increase of ionic concentration in
membrane samples. This means the dissociation of LiClO4
salt facilitates the enhancement of the free charge carriers or
ions [59]. Generally, the addition of salts into the polymer
matrix contributes to the increasing number of ions, also to
the increase in amorphous regions of the polymer, thereby
increasing the flexibility of the polymer chain, and these
two things can increase the ionic conductivity of membranes [51].
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Figure 13. Ionic conductivity of LiClO4-complexed MC/CMC
(50/50)-based biopolymer blend electrolyte membrane.

Table 4. Comparison of maximum ionic conductivities of MCbased polymer electrolyte in several studies.
MC-based polymer
electrolyte
MC/NH4TF
MC/NH4F
MC/NH4NO3
MC/NH4I
MC/chitosan/NH4TF

Maximum ionic conductivities
(S cm-1)
1.14
6.40
2.10
5.08
4.99

9
9
9
9
9

10-4
10-7
10-6
10-4
10-6

[54]
[55]
[56]
[57]
[58]

There is a decrease in ionic conductivity after optimum
condition is reached, which is after the LiClO4 salt addition
of 15% (w/w). The presence of excess LiClO4 salt gives a
hindrance to lithium ions mobility so that the ionic conductivity for the LiClO4-complexed MC/CMC (50/50)
blend polymer electrolyte membrane decreases slowly in
the LiClO4 addition of 20 and 25%. These results are in
compliance linear to the previous report [40,51]. In other
explanation stated that the ionic conductivity decrement
occurred because of neutral aggregation of ions and also the
formation of ion cluster [16].
Figure 14 explains the movement of Li?-ions by hopping
via the transit site of free electron pair of O-atoms from the
side groups of cellulose derivatives (–OCH3 methoxy group
and –OCH2COOH carboxymethyl group) [60]. Similar to
H?-ions hopping mechanism of MC/CMC blend, Li?-ions
move on through MC/CMC polymer chains refer to the
proposed mechanism in figure 14. The presence of LiClO4
salt causes the movement of Li?-ions from one transit site
to another transit site of MC/CMC polymer chains, confirmed by increasing ionic conductivity of membranes
compared to the membranes without LiClO4 salt [32].
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Figure 15 shows Nyquist plot representatives indicating
that the LiClO4-complexed MC/CMC (50/50) blend membrane has a low impedance value (Z) compared to pure MC
and MC/CMC (50/50) blend. Actually, the impedance
measurement of blend membrane in this work was conducted at range 20 Hz–2 MHz. As a consequence, the
semicircles are not initiating from (0,0). Furthermore,
practically the membrane surface is considered without
impedance, which means that the impedance is not equal to
zero (0). The different conditions in a metal plate allow the
semicircles probably start from (0,0).
In another report stated that the formation of semicircle
indicates the value of the bulk resistance (Rb), which affects
the ionic conductivity value. The smaller semicircle form
will decrease the Rb value, and thus increase the ionic
conductivity [9]. The semicircle was observed in a higher
frequency range due to the parallel combination of electrolyte bulk resistance (Rb) and double-layer capacitor (Cdl)
[61]. The semicircle pattern of Nyquist plot indicates that
ionic conductivity is mainly influenced by ions mobility
[50]. This result is different to many previous reports that
are showing most of the combination of a depressed semicircle and a spike [18,54]. Even, the disappearance of
Warburg indicated that ionic conductivity was fully affected
by a charge transfer mechanism. Actually, the ions conduction in the bulk of polymer electrolyte reveals semicircle
mode, while the diffusion process exhibits the spike line as

an effect of electrode polarization [61]. The existence of
LiClO4 is shortening the Z0 axis, which means the decrease
of the membrane cross-section resistance increase ionic
conductivity.
3.3c Mechanical properties of LiClO4-complexed MC/
CMC (50/50) blend: The addition of LiClO4 salt
influences the mechanical properties of MC/CMC (50/50)
blend. Table 5 shows LiClO4 salt effect to tensile strength
and elongation at the break of the MC/CMC (50/50)
membrane. It can be depicted that LiClO4 decreases the
tensile strength of the membrane significantly, but
elongation at break increases.
The decrement of tensile strength continues up to the
maximum composition of the LiClO4 salt addition of 25%.
Generally, the elastic properties of a material have a certain
behaviour, where tensile strengths decrease, otherwise strains
(stretch) increase. Based on table 5, the elongation at break
increases up to reach the optimum condition of the MC/CMC
(50/50) membrane. The elongation at break shows the same
tendency with ionic conductivities. The decrease of elongation at break happened after the addition of LiClO4 of more
than 10%. However, based on table 5, the elongation at the
break on LiClO4-complexed MC/CMC blend membranes is
higher compared to MC/CMC membranes.
The increasing of the amorphous region can increase the
elastic properties of the membrane. The tensile strength of

Figure 14. Proposed mechanism of ionic conduction of LiClO4-complexed MC/
CMC (50/50).
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Figure 16. Diffractogram of blend membrane (a) MC/CMC
(50/50) and (b) MC/CMC (50/50) ? 10% LiClO4.
Figure 15. Nyquist plot representatives of (a) pure MC, (b) MC/
CMC (50/50) and (c) MC/CMC (50/50) ? 10% LiClO4.

10.2 MPa is sufficient for lithium-ion battery applications
[5]. Based on membrane requirements for lithium-ion battery applications, these LiClO4-complexed MC/CMC (50/
50) membranes can potentially be applied for membranes of
lithium-ion batteries. Based on the result of ionic conductivity and mechanical characteristics, the membrane with
LiClO4 addition of 10% into MC/CMC (50/50) blend is the
membrane with the optimum condition.

2h: 7.86°. This shift around 2h angle is a type of trimethyl
crystal glucose from MC, which is disturbed by the addition
of LiClO4 salt. The reduction of some peaks indicates that
the interaction between salt and polymer leads to the reorganization of the polymer structure and makes it more
amorphous [51,62,63]. Figure 16 shows decreasing and
broadening peak intensity of MC/CMC (50/50) ? 10%
LiClO4, which indicates an amorphous content increase in
the membrane matrix [64]. Based on the calculation, Cr.I of
10% LiClO4-complexed MC/CMC (50/50) blend is 21.24%,
it is more amorphous than Cr.I of MC/CMC (50/50) blend
(28.92%). The complexation is predicted to occur via intraor inter-chain hopping between polar functional groups
through both biopolymers, which can weaken the rigidity
and hence decreasing of degree of crystallinity. This fact is
appropriate to the mechanical properties of membranes; the
decreased crystallinity causes tensile strength to decrease,
too. These properties also give the increment of free volume
created segmental motion [65]. The ClO4- anion gives a
bulky effect to interfere with the polymer chain arrangement to become more amorphous, and this result was confirmed by diffractogram and SEM images.

3.3d Crystallinity analysis of LiClO4-complexed MC/
CMC (50/50) membranes: X-ray diffraction (XRD)
analysis was performed to study the crystallinity of
LiClO4-complexed MC/CMC blend (50/50). In figure 16,
the crystalline peak of MC/CMC (50/50) blend at 2h: 20.73°
has decreased in intensity and looks broader at 2h: 21.58°,
which explains the incorporation of LiClO4 salt in MC/
CMC (50/50) membrane, so it enhances the amorphous
region of membranes.
This result means that the presence of LiClO4 reduces the
strength of hydrogen bonds between the MC and CMC
polymer blend chains. Likewise, the decrease in intensity
and change in peak occurs at 2h: 8.64° MC/CMC to at

3.3e Surface and cross-section morphology analysis
of LiClO4-complexed MC/CMC (50/50) membranes:
Figure 17a and b shows a pure MC membrane that has
no pores clearly on both the surface and its crosssection. From figure 17c and d, it is observed that on the
surface texture of MC/CMC (50/50) and 10% LiClO4complexed MC/CMC (50/50) membranes are rougher than
pure MC. The rougher texture is due to the blending of two
different types of biopolymers between MC and CMC, so
that it starts to show the presence of pores on the surface.
The disordered texture is more significant in the crosssection of the MC/CMC (50/50) blend, which indicates an
increase in the number of pores, and this is following the

Table 5. Tensile strength and elongation break of LiClO4-complexed MC/CMC (50/50) blend.
Comparison MC/CMC
(50/50): LiClO4 (% w/w)
100:0
95:5
90:10
85:15
80:20
75:25

Tensile strength at
break (MPa)

Elongation at
break (%)

41.29
14.57
11.02
10.45
9.39
6.07

10.92
13.62
17.33
12.78
12.51
12.12
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expectations in this study. Addition of 10% (w/w) LiClO4
into the MC/CMC (50/50) blend shows that morphological
changes have occurred on the surface and crosssection. Figure 17e and f shows the change of the porelike numbers and sizes clearly. The increasing number of
pores and the larger sizes are the contribution of LiClO4
salts, which have successfully opened the space between
the MC/CMC blending polymer chains.
The presence of pores indicates that the amorphous area has
increased, thus providing benefits for the distribution of
lithium ions into the polymer matrix [32]. While the presence
of lithium salts added is related to two things, including (1) the
pores formed are very small and tightly (dense) making it
difficult for the lithium salts to absorb in the MC/CMC (50/50)
blend, (2) there is a saturation of the absorption of lithium salt
by the polymer blend membrane matrix. The appearance of
small white granule is also caused by added salt interaction
and adhere to the polymer surface [51].
3.3f Thermal analysis of MC/CMC (50/50) blend
series: Figure 18 shows the thermal stability of MC/CMC

(50/50) blend and its addition of 10% LiClO4, as well as
comparing to pure films of MC and CMC. The pure MC
film starts to decompose at 244.81°C, while CMC
decomposes at a lower temperature of 192.9°C. The pure
CMC is hygroscopic and is solved by blending to MC [21].
Both have hydrophilicity properties, indicated by water
evaporation before initial decomposition temperature. The
MC/CMC (50/50) blend shows the ‘intermediate’ thermal
properties of both MC and CMC polymers. The blend has
higher thermal stability than the CMC, but lower than the
MC.
In figure 19, it can be observed that MC/CMC (50/50)
blend with the addition of 10% LiClO4 starts to decompose
at 202.84°C until 395.69°C. Decreasing of thermal stability
could be related to crystallinity. The pristine MC has a
higher Cr.I than other membranes, effecting in the highest
initial degradation temperature.
Based on figure 19, MC shows the highest maximum
degradation point compared with its blending to CMC. It is
blending to CMC (MC/CMC: 50/50) exhibits two maximum degradation point; both are 278 and 331.95°C. Both

Figure 17. SEM images of (a) surface morphology of MC, (b) cross-section of MC,
(c) surface morphology of MC/CMC (50/50) blend, (d) cross-section of MC/CMC
(50/50) blend; (e) surface morphology of MC/CMC (50/50) blend ? 10% LiClO4
and (f) cross-section of MC/CMC (50/50) blend ? 10% LiClO4.

Bull. Mater. Sci. (2021)44:104

Figure 18. TGA thermogram of (a) pure MC; (b) CMC of MCC;
(c) MC/CMC (50/50) blend and (d) MC/CMC (50/50) blend ?
10% LiClO4.
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Figure 20. DTA thermogram of (a) pure MC; (b) CMC–MCC;
(c) MC/CMC (50/50) blend and (d) MC/CMC (50/50) blend ?
10% LiClO4.

degradation is depicted at 318 and 349°C, while introducing
LiClO4 salt inside the polymer blend show that the polymer-chain degradation happened at 339°C. The DTA thermogram data show a similarity explanation to the DTG
thermogram. We can conclude that the introduction of
LiClO4 decreases the thermal stability of the biopolymer
blend electrolyte (BBE) membranes due to it weaken
biopolymer-chain interaction significantly.

4.

Figure 19. DTG thermogram of (a) pure MC; (b) CMC of MCC;
(c) MC/CMC (50/50) blend and (d) MC/CMC (50/50) blend ?
10% LiClO4.

are predicted source from the maximum degradation point
of CMC and MC components. However, the 10% LiClO4
addition shows a single maximum degradation point,
299.72°C, that indicates a homogeneity mixture reached
with lithium salt addition.
In figure 20, we can depict that at least two-step degradation has occurred to each sample, which were devaporation of solvent and polymer-chain degradation.
Devaporation of solvent, water in this case, occurred below
100°C while polymer-chain degradation happened above
300°C. Step I, MC starts to decompose at 44.83°C, while
CMC at 51.07°C that correlated to the humidity removal.
Step II at 326°C is showing the polymer-chain degradation
of MC, while for CMC is at 330.393°C as previously
explained.
MC/CMC-MCC
(50/50)
polymer-chain

Conclusions

Polymer host for Li-ion battery-based biopolymer electrolyte of MC/CMC blend was prepared using the casting
solution technique. The best composition of MC/CMC (50/
50) blend-based biopolymer electrolyte membrane shows an
excellent ionic conductivity, tensile strength at break and
elongation at break i.e., 4.47 9 10-3 S cm-1, 41.29 MPa
and 10.92%, respectively. The LiClO4 addition into MC/
CMC (50/50) polymer blend enhances the ionic conductivities and at the LiClO4 addition of 10% (w/w) gives the
highest ionic conductivity of 1.20 3 10-2 S cm-1. In
addition, the presence of LiClO4 salt can enhance the elastic
properties of membranes and still maintains its thermal
stability with the initial and final decomposition at 202.84
and 395.69°C, respectively. These results show that the
synthesized MC/CMC blend-based biopolymer electrolyte
membranes are potential to be used as a separator for Li-ion
batteries application.
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