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Abstract

Lithium ion conducting solid polymer electrolyte based on carboxymethyl cellu-
lose (CMC) complexed with lithium tetrafluoroborate was prepared by using solu-
tion cast technique. Ionic conductivity was measured using ac impedance analyzer
and observed as 8.2x 107 S cm™! at room temperature. For further enhancement in
the conductivity, plasticizer was introduced and it reached up to 3.7x 107> S cm™
at room temperature. Structural characterization was performed by using X-ray dif-
fraction (XRD) and Fourier transform infrared (FTIR) spectroscope technique. XRD
results show the amorphous nature of the electrolyte film. FTIR spectroscopic analy-
sis confirmed the complexation of the salt and plasticizer with the polymer matrix.
Differential scanning calorimetry was used to determine the glass transition and
melting temperatures of pure CMC and CMC-based polymer electrolyte film.

Keywords Carboxymethyl cellulose - Lithium salt - Tonic conductivity - Bio-
polymer - Solid polymer electrolyte

Introduction

Polymer electrolytes (PEs) have attracted the attention of the researchers from
the last four decades because of their unique properties like electrode—electro-
lyte interaction, ease in salt doping, fabrication, versatile in shape, and high
ionic conductivity [1]. These polymer electrolytes have been extensively used
in variety of electrochemical devices [2]. The study was first started with high
molecular weight polyethylene oxide (PEO) with Li salts and then followed by
other polymers like poly acrylonitrile (PAN), poly methyl methacrylate (PMMA),
polyvinylidene fluoride (PVDF), etc. [3—-8]. These polymer electrolytes are dif-
ferent because of their unique electrical properties. However, one of the major
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drawbacks with these synthetic polymer electrolytes is their disposal, storage and
long-term degradation. Due to these limitations, researchers are focusing their
interest in natural polymers called bio-polymers. Bio-polymers consist of mono-
meric units which are covalently bonded, establishing chain-like molecules [22].
They also form hydrogels which minimize the extracellular matrix (ECM) and
enhance tissue growth [9]. The use of bio-polymer reduces the environmental
issues and also takes into account the low production cost due to the great variety
and low prices of raw materials. Among such green polymers like starch, pro-
teins, cellulose and their derivatives are best candidate due to their abundance in
environment [9].

In bio-polymers, cellulose and its derivatives have received much attention.
They are used in various industrial sectors like food, textiles, paper, adhesives,
paints, pharmaceuticals and cosmetics. They also show ability to form good
transparent film with high mechanical strength so they are also used for electro-
chemical applications like batteries, fuel cells, super capacitors, display devices,
sensors, etc. [10—14]. However, they have low ionic conductivity as they are crys-
talline in nature which limits the application of these polymer electrolytes. Cel-
lulose is one of the earth’s most extensive natural organic chemical; therefore, it
is thoroughly important as a renewable resource [4].

Cellulose has many derivatives in which carboxymethyl cellulose (CMC) is
also one. It is a natural anionic polysaccharide, consisting of f-linked glucopyra-
nose residues having partial hydroxyl groups substituted with carboxymethyl
(-CH,COO-) groups which can dissolve in water to form viscous solution and is
widely used as a binder in li ion batteries [15-18]. Along with these, they have
outstanding film forming properties as they can form a transparent film having
extortionate mechanical strength [2], brittle and stiffer in nature which features a
high degree of brittleness. So normally, CMC is not that much impressive in field
of conductivity but can be outstandingly increase by doping, plasticizing or other
techniques [3].

In this article, we present the results of SPE obtained by the plasticization of
CMC with glycerol and addition of LiBF, as a dopant. From the results, we found
that the effect of glycerol as a plasticizer on the ionic conductivity is much more
important than the effect obtained by varying the salt concentration. Lithium salts
are being used as charge carriers in the polymer electrolytes because of Lewis acid
behavior which can interact with electron donor centers. The smaller size of Li*
could contribute to ion dissociation resultant from coulombic interaction forces
between the two oppositely charged ions [18]. With the commercialization of graph-
ite electrodes, the LiPF, and LiBF, became the most popular salts. In both of them
the later one shows the better performance of the electrolytes at high (50-80 °C)
and low temperature (—20 °C), but it also shows moderate ionic conductivity in the
resulting electrolytes [19-22].

In view of the aforesaid aspects, we report the ionic conductivity of the lithium-
doped CMC-based solid polymer electrolytes (SPEs). SPEs having highest conduc-
tivity were chosen for X-ray diffraction (XRD) to study the crystalline/amorphous
character, vibrational spectrum by FTIR and thermal analysis of polymer electrolyte
by differential scanning calorimeter (DSC).
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Sample preparation

All the CMC-LiBF, films were prepared using solution cast technique. In order to
prepare the stock solution, 2 g of CMC sodium (high viscosity) purchased from
Loba Chemie was dissolved in 100 ml of deionized water. The solution was stirred
until the CMC was completely dissolved in water. Varying amount of 1 M solution
of LiBF, (0.1-1 ml) (Sigma Aldrich) and various quantity of glycerol (0-20 wt%)
(Merck) were added in 10 ml of CMC stock solution in different beakers. Then the
mixtures were poured in different glass petri dishes and left to dry for 2 h in an oven
at 50 °C to obtain thick film. Then films were peeled out and stored in desiccator for
further drying.

Characterization techniques

To study the nature of the film, the X-ray diffraction (XRD) analysis was carried out
by using PAN analytical. Sample (size =10 mm) adhered onto glass slide and then
placed in the sample holder of the diffractometer. Samples were scanned at 26 rang-
ing from 5° to 80° with X-rays of 1.5406 A wavelength generated by a CuK_ source.

The thermal analyses of the sample were done using DSC in NETZCH instru-
ment. Measurement were taken over a temperature range of 20-120 °C at heating
rate of 5 °C min~' under nitrogen atmosphere at flow rate of 60 ml min~"'.

Vibrational spectra of CMC and CMC-based electrolyte were carried by FTIR in
PerkinElemer instrument at room temperature.

For the electrochemical study, the samples were characterized by electrical
impedance spectroscopy (EIS). SPEs samples having thickness of 1.5 mm meas-
ured using screw gauge were cut into 1 cmX 1 cm square dimension and placed
between two square stainless steel electrodes (length 1 cm) fitted with copper wires.
The whole setup was hold tightly with plastic clamp. The bulk ionic conductivities
(o) of the SPEs were determined using the AC impedance spectra in the frequency
range between 10! and 10° Hz with an applied voltage of 10 mV. Negative imagi-
nary impedance (—Z") versus real impedance (Z') was calculated from the plot. The
conductivity of the film was calculated by using equation:

where L is the electrode separation, i.e., the gap between electrodes or the thickness
of the film, A is the contact area between the electrolyte film and the electrode, and

R, (€2) is the bulk resistance obtained from the Nyquist plot at the intersection of the
imaginary impedance on the real impedance axis.

Results and discussion
Table 1 shows the variation in conductivity with the addition of lithium salt solution
for the CMC-based electrolyte. The conductivity followed the typical trend of poly-

mer—salt complexes. It increased and attained a maximum at 1 ml of 1 M lithium salt
solution. The increase in conductivity depends upon the number of charge carriers,
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Table 1 Ton conductivity of
CMC-based electrolyte with
various content of 1 M Li salt 0.1 4.2%1077
solution at 298 K

1 M Li salt solution (ml) Conductivity (S cm™)

0.5 5.6x1077
1.0 8.2x107°
1.5 7.7%107°

i.e., free ions and ion pairs. But beyond optimum level the number of charge carriers
increased, and they become too close to each other which produced the hindrance
in the conduction pathway and enabled them to recombine into neutral ion pairs,
because of its conductivity decreased.

Table 2 reveals the variation in conductivity with the addition of glycerol as
plasticizer. Conductivity increased from 8.2x107% S cm™ to 3.7x107 S cm™
at 20 wt% of glycerol at room temperature with good mechanical strength. The
increase in conductivity due to plasticizer may be due to the amorphous nature of
the film as compared to CMC with Li salt solution. The increase in conductivity
was also attributed to the dissociation of ionic dopant and thereby produces free Li*
ions which can easily migrate through the plasticizer-rich phase. The effect of the
plasticizer on the mobility and conductivity was because of change in properties
like viscosity, dielectric constant, polymer plasticizer interaction, and ion plasticizer
coordination [23-25].

Plasticizer reduced the 7, of the polymer matrix which helps in soften the poly-
mer backbone and increased the flexibility which enhanced the segmental motion
of the polymer chain. The high dielectric constant of glycerol allows the great dis-
solution of the salt which increases the number of charge carriers, promoting the ion
hopping mechanism [24].

The temperature dependence conductivity of CMC electrolyte with salt and plas-
ticizer is depicted in Fig. 1. The ionic conductivity increased linearly with inverse
temperature, which obeys Arrhenius behavior. This linear behavior showed that
there is no phase transition in the polymer matrix. Activation energy, EA, was calcu-
lated by using equation;

o =0, exp (—E,/kT)

where o, is the pre-exponential factor, E, is the activation energy, k is the Boltz-
mann constant, and 7 is absolute temperature. Based on the calculations, SPEs

Table 2 Ionic conductivity of
CMC-based electrolyte with

different weights of glycerol as 0 8.2% 10
plasticizer at 298 K

Plasticizer (wt%) Conductivity (S cm™)

5 1.5%107°
10 52x107°
15 7.6x107*
20 3.7%1073
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Fig. 1 Temperature dependence conductivity of CMC-based polymer electrolyte at different weight per-
centages of plasticizer

showed the activation energy in the range of 0.38 eV-0.21 eV. The low value of
activation energy was due to the completely amorphous nature of polymer elec-
trolyte. The ionic conductivity values of the CMC-based polymer electrolyte with
plasticizer were calculated at different temperatures and were found to increase with
increase in temperature, i.e., from 3.7 X 1073 S em™" t0 2.2%x107% S em™'. The val-
ues of the ion conductivity obtained are summarized in Table 3. Figure 2 reveals the
Nyquist plot for the CMC-based polymer film electrolyte with 20 wt% of glycerol
as plasticizer at different temperatures. The semicircles in figure were observed at
high-frequency region and a spike in the low-frequency region. The bulk resistance
(Ry,) was calculated from the intercept of the semicircle with the real impedance axis
of the Nyquist plot as a function of temperature.

Electrochemical potential window measurement represents the potential stabil-
ity range of polymer electrolyte materials and decides the working voltage of any
electrochemical device. In the present study, the electrochemical stability of poly-
mer electrolyte has been measured using linear sweep voltammetry techniques,

Table 3 Variation in ionic

conductivity of CMC doped
with Li* salt and glycerol at 298 37%10°3
different temperatures

Temperature (K) Conductivity (S cm™)

318 52x107°
338 7.8x1073
355 2.2x1072
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by sandwiching the solid polymer electrolytes in between two stainless steel elec-
trodes. Figure 3 shows the I-V characteristics of the optimized polymer electro-
lyte at a scan rate of 0.05 mV s~!. The general pattern reveled a gradual increase
in current values with increasing voltage up to certain values of potential and
after that, abrupt increase in current value was observed which basically repre-
sented a potential window or working voltage of polymer electrolytes. In the pre-
sent studies working voltage was found to be ~1.75 V.

X-ray diffraction was used to examine the amorphosity of polymer electrolytes,
and high conductivity was obtained in amorphous polymers. The diffraction pat-
tern of the CMC and SPE doped with lithium salt and plasticizer at room tem-
perature is shown in Fig. 4. One broad peak was observed for plasticizer and salt
free polymer at Bragg angle of 20=20°. It revealed the amorphous behavior of
the polymer. With the addition of plasticizer, it again showed amorphous nature
the peak shifts at Bragg angle of 20=21°. The change in shape depicted higher

Fig. 3 Electrochemical potential
window for CMC-based electro-
lyte at scan rate of 0.05 mV s~
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Fig.4 X-Ray diffraction pattern of CMC film and CMC-based electrolyte film

amorphous nature of the electrolyte. Thus, it enhanced the ionic conductivity of
the polymer electrolyte.

Figure 5 attributes the FTIR spectra of CMC film, CMC doped with Li salt
solution film and CMC with lithium solution and plasticizer-based polymer elec-
trolyte film. The band at 3275 cm™! was due to O-H stretching bonding in CMC.

—— CMC+Li
—CMC
—— CMCH+Li+Gly.

% T
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Fig.5 FTIR spectra of CMC, CMC with Li solution and CMC with lithium solution and plasticizer-
based electrolyte film
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The C—H uneven stretching vibration was shown at 2922 cm~! which was due to
methyl group and methylene group [26, 27]. The asymmetrical COO- stretching
was found at 1582 cm™! [28, 29]. O—H stretching in-plane and symmetrical C—H
stretching was found at peaks 1411 cm™' and 1322 cm™!. The C-O stretching was
observed at 1018 cm™! [30]. In CMC doped with Li, the O-H stretching bond-
ing is absent and the band at 770 showing B-O stretching peak. This conforms
the mixing of Li to CMC. The expansion of plasticizer builds the spectra space
taking after the area of the O—H extending vibration at 3294 cm~!. This dem-
onstrated the deliquescent conduct of plasticizer and inferable from the hydro-
gen retreats designed by the hydroxyl gathering of each CMC and glycerol struc-
tures [31]. The sharp band around 2936 cm™! was dispensed to C—H extending in
uneven and reciprocal, severally. The band at 1601 cm™' confirmed the presence
of COO- bonding of the carboxyl group. The presence of glycerol additionally
showed changes within the band region between 800 and 1200 cm™" that was giv-
ing data concerning the alcoholic (C-O) stretching bands and also the uneven and
isobilateral (C—O—C) stretching vibrations band. The band at 1032 cm™' was due
to stretching vibration of C—O in C—O-H bonds [32].

Figure 6 reveals the T, of CMC and CMC-based polymer electrolyte. Peaks
were observed at 87 °C and at 54 °C, respectively, for CMC film and CMC-based
electrolyte film. 7, was decreased by incorporating glycerol due to its plasticiz-
ing impact. The plasticizing impact tends to weaken the dipole—dipole interac-
tions; thus, it interrupted the transient cross-link bonds among polymer matrix
and ordered arrangement of polymer backbone. Along these lines, it relaxed the
polymer lattice and produced the exceptionally adaptable polymer chain and rais-
ing the segmental quality that winded up in higher ionic conductivity.

= CMC+Li+Gly.
—— CMC

Heat Flow (mW)

r —
30 40 50 60 70 80 90 100 110
Temperature

Fig.6 The T, of CMC and CMC-based polymer electrolyte
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Conclusion

The lithium salt-doped carboxymethyl cellulose (CMC)-based polymer electrolyte
with glycerol as plasticizer was successfully synthesized by solution casting tech-
nique. The investigation of complexation between polymer, salt and plasticizer
was confirmed by FTIR spectra. The temperature dependence ionic conductivity
was also checked and found to obey Arrhenius behavior. The ionic conductivity
increased and reached up to 3.7x 107> S cm™! upon addition of glycerol as plasti-
cizer. The working potential range of the synthesized polymer electrolyte was found
near 1.75 V. DSC results illustrated decrease in thermal stability with the addition
of plasticizer. Higher amorphous nature of electrolyte film was confirmed by XRD
analysis. Lithium ion conducting solid polymer electrolyte based on carboxymethyl
cellulose (CMC) complexed with lithium tetrafluoroborate could be used in an elec-
trochemical devices.
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