shyly etal. Journal of Engineering
Journal of Engineering and Applied Science (2022) 69:26

https://doi.org/10.1186/544147-022-00077-5 and Applied Science

RESEARCH Open Access

. ) )
Thermal and mechanical studies sl

of nanochitosan incorporated polymethyl
methacrylate-based composite electrolytes

P.M. Shyly', N. Ammakutti Sridevi? and P. Sumithraj Premkumar®’

*Correspondence:

psumithraj@gmail.com Abstract

* PG and Research The composite solid polymer electrolytes based on Polymethyl methacrylate-Lithium
Department of Physics, St. ifl ith hi . il db b h
John's College, Palayamkottai triflate with nanochitosan as inert nanofiller were prepared by membrane hot-press
Tirunelveli, Tamnilnadu method. Nanochitosan was synthesized from shrimp shell. The obtained polymer
?26?01 'f“diah o membrane was subjected to X-ray diffraction and Fourier transform infrared spec-

ull list of author information . . . .

ic available at the end of the Froscopy tg study the str‘ucturali behavior. X-ray diffraction stu.d|es revealed that the
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phous phase. The complexation behavior of the prepared electrolytes was analyzed by
Fourier transform infrared spectroscopy. Thermogravimetric and differential scanning
calorimetric studies were carried out to understand the thermal stability of the pre-
pared polymer composite electrode. The incorporation of nanochitosan in the polymer
matrix significantly reduces the crystalline temperature of polymethyl methacrylate
which was confirmed by differential scanning calorimetric study. Universal testing
studies were carried to know the mechanical stability of the prepared solid polymer
electrolytes. The ionic conductivity of the prepared composite polymer electrolyte was
carried out using electrochemical impedance spectroscopy from ambient to 120 °C.
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Introduction

Polymethyl methacrylate (PMMA) is a transparent polymeric material and has many
desirable properties such as light weight, high light transmittance, chemical resistance,
uncolored, corrosion resistance, and good insulating properties [1]. Also, it has been
used as a polymer host due to its high stability at the lithium-electrolyte surface since it
is less reactive towards the lithium electrode. In this polymer, a monomer methyl meth-
acrylate (MMA) has a polar functional group in the main polymer chain and has high
affinity to lithium ions which are transported. The oxygen atoms in these monomers will
form a coordinate bond with the lithium ion which is from the doping salts. Thus, due
to the presence of polar functional group in PMMA, the increase in effective ionic trans-
port of PMMA based polymer electrolytes might be achieved. Among various lithium
salts, lithium triflate (LiTf, LICF;SOs) is an interesting salt since it decreases the polymer
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host’s crystallinity and is more thermally and chemically stable than other traditional
lithium salts [2].

In addition, the developing of new composite polymer electrolyte by dispersing with
inorganic or organic filler is to improve the ionic conductivity and mechanical stability
in the polymer electrolyte system. Chitosan is a cationic polymer obtained from chitin
through alkaline deacetylation process. It finds many applications in field of medical and
engineering based on the inherent properties such as antibacterial, antifungal, antiviral,
antacid, nontoxic, and total biodegradable as well as film formation, fiber formation, and
hydrogel formation properties [3—5]. Due to its functional groups, it can be easily tai-
lored with other molecules in order to improve the properties. Several research works
was carried out to enhance the properties of the materials by adding nanochitosan to the
various fields and reported in the literature [6—8]. In the present work, PMMA-LiTf solid
polymer electrolytes were prepared and the nanochitosan was employed as nanofiller.
The structural properties of the prepared samples were analyzed by employing the X-ray
diffraction and Fourier transform infrared spectroscopy. The thermal and mechanical
studies of the prepared polymer electrolytes were studied. Also, the ionic conductivity of
the prepared composite polymers was carried out.

Methods

Materials

Poly (methyl methacrylate) (Mw = 35,0000, Sigma-Aldrich), Lithium triflate (LiCF;SO,,
Merck), and Tetrahydrofuran (C,HgO, Merck) were used to the preparation of compos-
ite polymer electrolytes. Nanochitosan (Mw = 3923, 85% DD) was synthesized from
shrimp cell as the method reported earlier [9].

Preparation of polymer composite membrane

The solution was prepared by dissolving the required amount of PMMA, Nanochitosan
(NC) and Lithium triflate (LiTf) in tetrahydrofuran (THF). The homogeneous solution
was prepared by stirring constantly until the mixture took a viscous appearance. Thus,
the obtained solution was poured on to a Teflon push and allows the THF to evaporate
in air at room temperature. The samples were collected and hot pressed as film speci-
mens at high temperature using membrane hot press. The thickness of the prepared film
was measured using screw gauge. Different composite membranes were prepared by
repeating the process through varying the amount of polymer (PMMA) and filler (NC).
The various compositions of filler, lithium salt and polymer used for the preparation of
composite polymer electrolyte were tabulated in Table 1. The obtained homogeneous,
self-standing polymer electrolyte were stored in vacuum desiccators and then subjected
to further characterizations.

Characterization techniques

X-ray diffraction measurements were carried out from Panalytical make, MODEL X’per
PRO with Cu-K_, radiation. Fourier transform infrared spectroscopy of all the prepared
were measured from JASCO-FTIR4100/Japan. Thermogravimetric analysis (TGA) and
differential scanning calorimetric (DSC) analysis of all the prepared polymer electrolytes
was carried out from Perkin Elmer STA 600 and Netzsch DSC 204 F1 in the temperature
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Table 1 Composition of PMMA, lithium triflate (TF), and nanochitosan (NC)

Samples PMMA LiCF,SO, NC
(Wt %) (Wt %) (Wt %)
TF-NCO 95 5 -
TF-NC5 90 5 5
TF-NC10 85 5 10
TF-NC15 80 5 15
TF-NC20 75 5 20

range 30-500 °C at a heating rate of 10 °C/min in nitrogen atmosphere. The samples
were investigated with a universal material-testing machine equipped with a 10-ton load
cell using Dak System Inc. (Model No. UTB 9103), in room temperature. The ionic con-
ductivity of the prepared composite polymer electrolyte was studied using ZAHNER,
IM6 Electrochemical workstation in the temperature range from 303 K to 393 K over a
wide frequency range from 1 Hz to 100 kHz.

Results and discussion

XRD analysis

Figure 1a—f shows the X-ray diffraction pattern of the polymer electrolytes prepared in
the present study.

In Fig. 1 b, we noticed that there was no change in the X-ray diffraction pattern due
to the addition of lithium triflate salt. This X-ray diffraction pattern is similar to the
x-ray pattern of PMMA; the crystalline peak corresponding to LiTf were not observed in
Fig. 1b. This indicates that the added lithium salt is completely dissolved in the polymer
matrix and thereby confirming the complex formation of PMMA and LiTf [10].

On incorporating nanochitosan to the polymer electrolyte system, the diffraction
peaks corresponding to PMMA become less intense and broadened (Fig. 1 c¢—f). Thus,
the addition of nanochitosan may induce a significant increase in the amorphicity of the
polymer matrix. The reflections at 26 values of 15.2° correspond to the crystal planes,
viz.,, (1 2 0) yielding the strongest lines of nanochitosan as evidenced by the JCPDS file.
The intensity of PMMA peak were decreased and broadened as the filler concentration
increases in the ratio of 5-20 wt% in the polymer matrix. This is shown in Fig. 1 c—f. This
result clearly suggested that the amorphous nature of PMMA increases with increasing
nanochitosan concentration.

The filler nanochitosan supports higher dissociation of lithium triflate salt which leads
to higher mobility and increase in conductivity. These results are in accordance with the
result reported earlier using TiO, as nanofiller in PMMA matrix [11].

Fourier transform infrared (FTIR) analysis

The FTIR spectra of PMMA, nanochitosan, and polymer electrolytes are shown in
Fig. 2a—g). The vibrational peaks and corresponding band assignments are tabulated in
Table 2. From the figure, it is understood that the characteristic frequencies of LiCF;SO4
at 3481 cm ™', 1641 cm ™', and 1182 cm ™" are shifted to 3585 cm™', 1718 cm ™', and 1145
cm™! in the polymer complex. This can be attributed to the change in environment for
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Fig. 1 XRD patterns of a PMMA, b TF-NCO, ¢ TF-NC5, d TF-NC10, e TF-NC15, f TF-NC20

the CF,SO;™ ions in the complex. The observed peaks at 1145 and 979 cm™! confirmed
the presence of lithium ions in the prepared PMMA-based polymer electrolyte [12].

In Fig. 2d—g, the incorporation of nanochitosan to the polymer electrolytes has shifted
the band at 1646 cm ™! (Fig. 2d), 1644 cm~*(Fig. 2e), 1642 cm™(Fig. 2f), and 1631 cm™*
(Fig. 2g). This result is due to the complexation of the PMMA, LiTf, and nanochitosan.
The peaks at 3484 cm™! (Fig. 2d), 3440 cm ' (Fig. 2e), 3423 cm™!(Fig. 2f), and 3415 cm™*
(Fig. 2g) are attributed to the hydrogen bonding with SO;™ anions of the salt and OH
group of chitosan. This result is in agreement with the earlier reports [13-15].

Further, it is informed that the addition of nanochitosan creates an insulating layer and
reduces the number of surface layer which is formed between PMMA and NC. There-
fore, this impedes the mobility of charge carriers in the PMMA polymer matrix and it
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Fig. 2 FT-IR spectra of a PMMA, b nanochitosan, ¢ TF-NCO, d TF-NC5, e TF-NC10, f TF-NC15, g TF-NC20

Table 2 Vibrational modes and band assignments for the polymer electrolytes (PMMA-LITY-

nanochitosan)

Vibration Peaks
(em™)

Band assignments

1191
1234
1452
1752
2954
3492

1646

O-CHj, stretching of PMMA

C-O stretching of PMMA

CH; asymmetric bending of PMMA
C=0 stretching of PMMA

CH; asymmetric stretching of PMMA

Combined peaks of OH and NH stretch-
ing vibration of chitosan

NH bending of amide group of chitosan
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helps the transportation of Li* ions in the polymer network by creating voids or vacancy

and improves ionic conductivity.

Differential scanning calorimetry (DSC) analysis

Figure 3a—e shows the melting temperature (7,,) of TF-NCO, TF-NC5, TF-NCI10,
TE-NC15, and TE-NC20. On incorporation of nanochitosan in the polymer matrix was
found to decrease the melting temperature of PMMA as shown in Fig. 3b—d.

Addition of nanochitosan in the prepared PMMA based polymer electrolyte results
in the broadening of the melting endotherm with an apparent decrease in the heat of
fusion (AH) [16-19]. The values of AH; and T, of all prepared PMMA based polymer
electrolytes were observed from the DSC curve and are summarized in Table 3. The
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0 200 400
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Fig. 3 DSC thermogram for a TF-NCO, b TF-NC5, ¢ TF-NC10, d TF-NC15, e TF-NC20
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Table 3 Glass transition temperature (T,), melting temperature (7)), and heat of fusion (AH) of

TF-NCO, TF-NC5, TF-NC10, TF-NC15, and TF-NC20

Samples T, T, AH,
(°C) (°Q) (J/9)
TF-NCO 95.7 4185 976.3
TF-NC5 96.8 4146 936.8
TF-NC10 97.5 4136 764.6
TF-NC15 100.8 393.3 7510
TF-NC20 101.3 387.3 7280

value of AH; was found to decrease significantly in the presence of nanochitosan filler in
the prepared PMMA based polymer matrix which is inferred from Table 3.

The melting temperature (7,,) of the prepared polymer composite electrolyte is
decreasing while increasing the concentration of nanofiller and this reduction is sug-
gested that the interaction between the polymer PMMA and NC upset the polymer
chain dynamics. This is because of the coordination bonds between the transient cross-
linkage bonds of —O—- and carbonyl group. At the same time, the glass transition temper-
ature (T,) of the prepared composite polymer is increasing with increasing of nanofiller.
This shift towards higher temperature is due to the Li+ preferring to cooperate with the
cross-linkage bonds, that is Li+—O- binding which obstruct the rotation of polymer
segments and decreases the flexibility of polymer backbone. These may be due to the
agglomeration of nanofillers in the polymer chain that creates blocking effects for ion
conduction. As a consequence, the polymer chain elasticity decreases which leads to a
decrease in ionic conductivity [20, 21].

Thermogravimetry analysis (TGA)
Figure 4a—-d shows the thermogravimetric scans of TF-NCO0, TE-NC5, TF-NCI10,
TE-NC15, and TE-NC20 respectively.

It is observed from the thermograms that the initial weight loss of the samples
noted that 4 to 7% around 130 °C is due to the evaporation of residual solvent, mois-
ture and impurities (Fig. 4a—e). Fluorine is also the contributor for the initial weight
loss, as the polymer tends to absorb moisture from its surroundings [22]. The thermal
stability of the prepared polymer electrolytes systematically increases with the incor-
poration of nanochitosan filler which is evident from Fig. 4b—e. Table 4 summarizes
the decomposition stages and the corresponding weight loss for TF-NCO0, TF-NCS5,
TE-NC10, TE-NC15, and TE-NC20.

From the results obtained, we inferred that the incorporation of nanochitosan has
enhanced the thermal stability of the polymer electrolytes significantly. The reason
is due to the formation of hard filler-polymer interaction which makes the polymer
electrolytes more thermally and mechanically stable. These results are in agreement
with the results obtained by ionic conductivity and mechanical properties of the pre-
pared polymer electrolytes [23, 24].
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Fig. 4 Thermogravimetric scans of a TF-NCO, b TF-NC5, ¢ TF-NC10, d TF-NC15, and e TF-NC20

Table 4 Decomposition stages and percentage of weight loss for various compositions of polymer
electrolytes (PMMA-LiTf-nanochitosan)

Samples First decomposition Second decomposition Total
temperature, °C temperature, °C weight
loss, (%)
TF-NCO 1185 3222 86.1
TE-NC5 122.8 334.5 824
TF-NC10 126.7 3353 74.9
TE-NC15 127.5 339.3 76.5
TF-NC20 130.2 34294 69.1
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Mechanical studies

The mechanical behavior of the prepared PMMA based polymer electrolytes pre-
pared in the present study is displayed in Fig. 5a—e. The tensile strength and Young’s
modulus values of the prepared PMMA based polymer electrolytes were calculated
and are tabulated in Table 5.

As we increase the filler concentration, it is noticed that the tensile strength and
flexibility have increased. This is more preferred when the flexibility of the polymer
electrolyte has improved the practical application of the lithium rechargeable battery.

The addition of LiTf into the rigid PMMA basically improves the flexibility of the
polymer electrolyte. However, the mechanical strength is reduced. The addition
of nanochitosan in the polymer matrix was found to increase in tensile strength of
the polymer electrolytes and it is found to increase further with filler concentration
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Fig. 5 Stress—strain curve for a TF-NCO, b TF-NC5, c TF-NC10, d TF-NC15, and e TF-NC20
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Table 5 Tensile strength and Young’s modulus for the various nanochitosan compositions of
polymer electrolytes (PMMA-LiTf-nanochitosan)

Samples Tensile strength Young’s
(MPa) modulus
(MPa)
TF-NCO 4.25 229
TF-NC5 5.78 374
TF-NC10 6.04 438
TF-NC15 95 720
TF-NC20 129 792

(Fig. 6). With the dispersing of the filler, into the polymer electrolyte, both mechani-
cal strength and flexibility have increased. Additionally, the increase in mechanical
stability with respect to nanochitosan concentration may be due to the fact of appro-
priate dispersion of filler, sufficient load transfer, good interfacial action of nanochi-
tosan on the polymer host surface, and less number of cavities. Figure 7 shows the
variation of Young’s modulus with the different concentration of nanochitosan in
the polymer electrolytes. Young’s modulus of the polymer electrolyte increases with
increase of filler content [25-27].

lonic conductivity

The prepared composite polymer electrolytes were sandwiched between two stain-
less steel blocking electrodes and the ionic conductivity was determined by measur-
ing the bulk resistance for the temperature range with signal amplitude of 1 V and
frequency range of 1 Hz to 100 kHz using the formula 0 =t/R,A, where ¢ is the thick-
ness (in cm); R, is the bulk resistance (in Q) and A is the known area in contact
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Fig. 6 Variation of tensile strength with the different concentration of nanochitosan incorporated polymer
electrolytes
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Fig. 7 Variation of Young's modulus with the different concentration of nanochitosan incorporated polymer
electrolytes

with the electrodes (in cm?). The variation of logarithm of ionic conductivity as a
function of inversion temperature for different wt% of nanochitosan based polymer
electrolytes are depicted in Fig. 8. As it is evident from Fig. 8, the ionic conductivity
of polymer electrolytes obeys Vogel-Tamman-Fulcher relation [VTF], i.e., the con-
ductivity increases with increase in temperature. This implies that as the tempera-
ture increases, the polymer can expand easily and produce free volume. This leads to

64 —a— TF-NCO
—eo— TF-NC5
+— TF-NC10
. —v—TF-NC15
<= TF-NC20
£
3]
N -
©
(o))
(o]
-l 9
-10
25 26 27 28 29 3.0 31 3.2 33 34
1000/T (K™1)
Fig. 8 Temperature dependence on ionic conductivity of a TF-NCO, b TF-NC5, ¢ TF-NC10, d TF-NC15, and e
TF-NC20
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the increase of ion mobility and segmental mobility that will assist ion transport and
practically compensate for the retarding effect of the ion clouds [28-31].

It is also noticed from Fig. 8 that the conductivity increases with increase in nano-
chitosan content up to 10 wt% (Fig. 8b, c). This is due to the fact that the nanochi-
tosan increases the polymer chain segmental motion as well as amorphous region.
This amorphous region favors the migration of lithium ion in the free volume of
polymer matrix.

In the meantime, if the concentration of NC was increased beyond 10 wt%, the
conductivity decreases rapidly as shown in Fig. 8. This is due to phase discontinui-
ties; dilution effect predominates in the polymer matrix, viscosity of polymer matrix
increases by the way of inter-chain self cross-linking and results in decrease the
polymer segmental motion (Fig. 8 d, e). Further increasing of NC content hinders
the migration of Li* along the polymer chain. Hence, the termination of conducting
pathway occurs results in decreasing the conductivity drastically.

The ionic conductivity for TF-NCI10 is greater than TF-NC15; this may be con-
cluded that the smaller particle size of filler might have a better dispersion phase
and provides a better Lewis acid-base interaction with lithium triflate in the polymer
electrolyte. The maximum ionic conductivity is found to be in the order of 1074
S/cm corresponding to the sample with 10 weight ratio of NC to PMMA-LiTf-NC
polymer complex. Similar observations are reported for other polymer electrolytes
such as PVA, PVC, PMMA, and its blend with different fillers [32—34].

Conclusions

Nanocomposite solid polymer electrolyte consisting of PMMA-LiTf-nanochitosan
was synthesized and their films were prepared by hot-press method. The structural,
thermal, mechanical and conductivity characterization of the prepared samples were
studied. The enhancement of amorphous phases in the prepared composite polymer
electrolytes was observed while increasing the nanofillers in the polymer matrix as
evidenced by reduction in the intensity of X-ray diffraction characteristic peaks. The
Fourier transform infrared studies confirmed that the complexation of the electro-
lyte systems in the prepared composite polymer electrolyte. Thermal studies of the
prepared composite polymer electrolyte indicated that the melting temperature was
reduced upon incorporation of nanofillers and glass transition temperature was
increased with increase of nanofillers. Mechanical stability of the prepared compos-
ite polymer was found to increase with increases the filler concentration in the poly-
mer matrix. The ionic conductivity of the prepared composite polymer increases with
increase in temperature and reaches maximum at10 wt% nanochitosan content in the
polymer matrix.
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