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Abstract: A new series of flexible nanocomposite-solid polymer electrolyte (SPEs)
in the form of poly(vinyl alcohol) (PVA) impregnated by core-shells polyaniline
(PANI)-La,Cu0, (20:2 wt%) of nanofillers, 10 wt% LiClO, as electrolyte and various

amount 2, 4, 6, and 8 wt% of propylene carbonate, PC as plasticizer via solvent inter- SR Pof{ ?‘.\?9“_.%

calation method. The obtained plasticized PVA-SPEs films were evaluated for their ¢ oW 8.9

microstructural and morphological behaviors via X-ray diffraction (XRD), scanning (-8 %8 % Rph

electron microscopy (SEM), and Fourier transform infrared (FTIR) spectroscopy, Mo

respectively. The surface morphology of plasticized PVA-SPEs films illustrated the pmu:,cuo. e dor \:) -_—r ‘ w
finer dispersion of inclusion fillers in the PVA matrix with increasing the dosage of PC wbyo PR 02 e B e

content. FTIR spectra showed a reduction in the characteristic peaks of PVA in composite films and that denoted the interaction between
PVA-OH and fillers. Optical findings exhibited higher absorbance of PVA-SPE in the visible region compared with pure PVA4; in addition,
the band-gap energy was reduced to 2.68 eV for PVA-SPE containing 8 wt% PC. The current-voltage characteristics showed a slight devi-
ation for all PVA-SPE films denoting to non-ohmic behavior. Besides, the maximum ac-conductivity was found at 40.3 x 10~° S/cm for
PVA-SPE film containing 8 wt% PC with enhanced their specific capacitance by two folds compared with pure PVA. Mechanical testing
showed that elongation at break has been increased attributed to increasing flexibility of polymeric segments with the increase in PC content.

Keywords: PVA-SPEs, core-shell NCs, E,, ac-conductivity, specific capacitance.

1. Introduction

The polymer electrolyte must have an advantage as flexibility,
mouldability of shape and high electric properties for applica-
tion purposes. There are several approaches were adopted to
enhance the ionic-conductivity of SPEs to sensible levels and
appropriate for applications. That approaches comprise the
addition of plasticizers, utilize copolymers, and incorporation
of nanofillers, usage of salts with large anions and blending of
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two polymers.'* The polymeric blend is one of the most feasi-
ble approaches which offer a comfortable process, uncomplicated
control during preparation and modifying physical characteris-
tics within a compositional system. Solid polymer blends electro-
lyte (SPE) systems obtained by incorporating electrolyte salt into
the mixture of different polymers in order to reduce the crys-
talline phase of the matrix in composites. These could improve
the flexible and amorphous content required for faster ion
transport, thus exhibiting higher ionic conductivity.** Conduct-
ing polymers are an organic polymer that has good electrical
conductivity and can be used in various applications.*® Through
several conductive polymeric substances, polyaniline (PANI) is
most useful for super-capacitors where it has suitable redox
reversibility with high electric conduction, good environmental,
chemical-electrical stability, and easy synthesis.”*! However, the
low solubility, disability to forming film and very poor mechan-
ical properties limit the applications of PANI. Currently, polyvi-
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nyl alcohol (PVA) is frequently employed in many applications,
since its transparency to visible light, flexibility, excellent film
formability with good mechanical properties and chemical sta-
bility; it is also low-cost and has hydrophilic nature. However,
PVA has a low refractive index and poor electric property. Several
literatures reported the performance of PVA can be enhanced
with the inclusion of different fillers.'***

Therefore, PANI was chosen as a secondary polymer for
making a polymer blend along with PVA for the present polymer
electrolyte to overcome the drawbacks, which exist in pure poly-
mers. The strategy of the current investigation depends firstly
on the core-shell particle composites process where the NPs
encapsulated in the conducting PANI followed by blending
them into the PVA matrix. The NPs encapsulated with conduct-
ing PANI was predominantly including chemical oxidative and
electrochemical techniques.”* The encapsulation is generally
done ex-situ where the inorganic NPs are prepared separately
and then added to the PANI matrix in certain compositions during
the polymerization reaction.’>'® The incorporation of the active
nanomaterials into the host polymer is a promising approach
to the synthesis of multi-functional nanocomposites (NCs), which
can be used as catalysis, sensors, electrochromic display, elec-
trodes for fuel cells, capacitors, etc.'”*® Among an extensive variety
of nanostructures, the perovskite lanthanum cuprate (La,CuO,
NPs) have received great attention for their applications including
ferroelectrics, photo-electrics, catalysis and especially their super-
conductivity features at low temperatures.’®** The catalytic
activity of La,CuO, widens its potential uses in various redox
reactions a substantial possibility of using it as electrode mate-
rial. For further improvement of ionic conductivity of blend
matrix based on PVA/(PANI+NPs); lithium salt and plasticizer
are added in order to increase the amorphous portions with
the inclusion of conducting ions in a polymeric blend. Enhance-
ment in ionic-conductivity of plasticized-SPEs may be ascribed
to the dissolution process of salt along with ionic effectiveness
and reducing crystalline portions in polymeric composites.””
The electric conduction of such blend-SPEs may attribute to
molecular motions and movements of ions. Researchers are
still working on a strategy for achieving high electrical conduc-
tivity, with desirable thermal and mechanical properties in a
polymer structure, extremely necessary in a variety of uses like
opto-electrical devices, electromagnetic shielding, and increased
electric energy storage capacity.”*** In general, one of the most
successful and cost-efficient ways to enhance electrical devices
is to incorporate highly electrically conductive fillers into the
polymer structure. There are several studies, which show an
increase in conductivity of PVA after embedding with different
filters.>>* Further, insufficient literature is available on the optical
and conductivity of nanocomposite-solid polymer electrolyte
in the form of flexible PVA/(PANI+La,Cu0,)/LiClO, SPEs. There-
fore, in this investigation, an endeavor was made to fabricate a
new series of flexible films based on PVA/(PANI coated 2 wt%
La,Cu0, NPs) complexed with 10 wt% LiClO, and varying amounts
of plasticizer propylene carbonate, PC in order to achieve good
conductivity at room temperature, reduction in optical band-
width, increase refractive indices and mechanical features of
PVA-SPE films.
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2. Experimental
2.1. Materials

PVA (average m.wt 125,000 Aldrich), lithium perchlorate tri-
hydrate [(LiCl0,.3H;0); analytical reagent (AR) grade], aniline,
ammonium persulfate (NH,), S;08 (APS), lanthanum (III) nitrate
tri hydrate (La(NOs);.3H,0) as oxidants), and glycine (C,HsNO;
as fuel) were purchased from S. D. Fine Chemical, Ltd. (Mum-
bai, India). Double-distilled water (D.D water) was used in this
study.

2.2. Fabrication of polymer blend electrolyte films

2.2.1. Synthesis of nano-piroviskite La,CuO,

In the current investigation, La,Cu0, NPs was synthesized
based on the sol-gel technique auto combustion method.” The
appropriate amounts of La(NO3)3.3H,0, Cu (NO3),.3H,0 (where
the molar ratio of La:Cu is 0.85:0.15) and glycine (C,HsNO,)
were dissolved in double distilled water, separately. The molar
ratio of fuel to oxidant nitrates was 4:1. The individual solutions
were then mixed together and the pH value was adjusted to 8.5
by adding NaOH solution. Then, the solution was constantly stirred
at90 T for 2 h to obtain the dark gel. The gel was continuously
heated until the combustion process occurred and a loose pow-
der formed. Finally, the slightly dark brown powder was calci-
nated at 800 C for 4 h.

2.3.Preparation of core shell PANI-La,CuO, NPs

In order to prepare PANI coated nano-La,Cu0,;'"*® 2 wt% of
La,Cu0, NPs, 11.66 g of aniline monomer, and 8.5 mL of 1 M
HCl were added into a round-bottomed flask containing 50
mL distilled water and stirred for 1 h (D.D water) and stirred
for 1 h. Then, 50 mL of 0.25 M of (NH,),S,08 (APS) solution in
(D.D water) was added slowly with constant stirring. The
reaction mixture was constantly stirred for 2 h the in ice bath
and allowed for 24 h for complete polymerization of aniline.
The precipitated dull green to the black product of (PANI
+ La,Cu0,) was gathered, separated and washed with acetone
followed by dilute HCI and then with (D.D water). Finally, the
solution was filtered and washed with (D.D water) and dried
at 60 C in a hot air oven for 1 day to get powder of (PANI
+ La,Cu0,), which is stored in desiccators to prepare the blend
with PVA.

2.4. Casting of PVA/(PANI+La,Cu0,)/LiCl0,-PC blend SPE
films

In the first step, 21 g PVA was dissolved in 300 ml distilled H,0
under a controlled water bath in the temperature range of 80-
90 ‘C with constant stirring for 4 h. Then, 20 wt% of PANI was
added to 80 wt% of PVA solution with constant stirring for 2 h
and sonicated the blend solution for % hr. The reaction mix-
ture is poured into cleaned glass petridish and allowed to dry
gradually at ambient temperature. In the second step, 20 wt%
of core-shell (PANI + La,CuQ,) was added into the solution of
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PVAat 25 C with continuously stirring for 2 h followed by son-
icated for %2 hr. The mixture was poured on cleaned and releasing
agent coated petridish and let to dry under ambient tempera-
ture for 1-3 days. In the third step, 10 wt% of LiClO, without
and with 2, 4, 6 and 8 wt% PC as plasticizers were added sepa-
rately to the PVA/(PANI + La,Cu0,) with continuously stirring
for 1h and sonicated for % hr. The solution mixture was
poured into a mold and left to dry gradually at 25 C. Finally, all
obtained SPE films were completely dried inside the oven for
4hat60 C. The thickness of all films was measured where the
average thickness is ~0.22 mm.

2.5. Preparation of electrolytes and working electrode

The electrolyte was prepared by dissolving 2 M KOH as an elec-
trolyte in 25 mL of double-distilled water. The prepared films
of PVA and its PVA-SPEs have been used directly as the work-
ing electrode to check the response of films toward redox reaction
and its electrochemical stability. The dry film with a dimension
(3cm x 1cm) was connected to an electrochemical cell and
immersed in 2 M of electrolyte solution and scanned against
Ag/AgCl as reference electrode and platinum wire as a counter
electrode.

2.6. Characterization methods

The size and compositional characteristics of the synthesized
La,Cu0, NPs are studied by Transition Electron Microscope
(TEM) with JEOL/JEM 2100, Japan. The structure of PVA-
SPEs were obtained at room temperature by X-ray diffraction
(XRD) patterns on a D8 Advance-Bruckers AXS diffractome-
ter (Bruker-AXS, USA), with Cu-Ka radiation source (4 = 1.54
A) operated at 40 kV and 40 mA in the 260 range 10-80° at the
scan speed of 0.05° per second. The morphological behaviors
of samples were recorded by scanning electron microscope
(SEM), Zeiss-1084, Germany. The physical interaction between
components was studied by Fourier transform infrared (FTIR)
spectra, JASCO 4100 spectrometer, Japan. All films scanned
over the wave number range 4000-500 cm™. The I-V and ac-
electrical parameters of films were measured by LCR-meter
Wayane Kerr-6430, the UK at room temperature, where ac-
electrical studies in the frequency range 50Hz-5MHz at 1V.
Electrochemical cyclic voltammetry (CV) was performed
using (CH-Instrument, model 600D series, USA), with potas-
sium hydroxide (2M) as background electrolyte at a potential
scan rate of 0.1 V.s™,, using Ag/AgCl reference and platinum
wire as counter electrodes. The thermal stability of the sam-
ples have been studied using thermogravimetric analysis
(TGA, TA Instruments Q600, USA) in the temperature range
0f30-800 ‘C with a heating rate of 15 ‘C/min under a nitrogen
gas flow rate of 50 cm®/min. The UV-visible spectroscopic
studies have been established by Schimadzu-1800 spectro-
photometer, Japan in the wave-length range of 200-850 nm.
Mechanical testing was used to measure the elongation and
tensile strength of PVA-SPE films by UTM, ZWICK Z 250, Row-
ell Material Testing System, Germany.
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3. Results and discussion
3.1. Structural and morphological studies

The micro crystalline nature of PVA- SPE films containing 2, 4
and 8 wt% PC were evaluated by XRD. The obtained XRD pro-
files were displayed in Figure 1. The XRD patterns present the
distinctive peaks of the PVA/PANI blend film; an intense peak
at 19.8° (hkl =101) was noticed, which can be attributed to
crystalline portions of PVA structure.” Besides, peaks at 24.2°
and 29.3° are characteristic of PANL'"*° which may denote periodi-
cally parallel and vertically orientations of PANI chains in its
emeraldine salt form.3** The sharp peak at around 18.4° has
also resulted from crystalline portions inside the blend structure.
XRD patterns for PVA/(PANI + 2 wt%La,Cu0, NPs) without and
with 10 wt% LiClO, (Figure 1(b), (c)) displays a small intensity
peak at 34.7° ascribed to the presence of La,CuQ, NPs,** which
conformity with the JCPDS card numbers of La,CuQ, NPs (JCPDS
N0.38-0709) that reported earlier.?’

In addition, a partial decrease of intensity for the main XRD
peak at 19.8° as well as the disappearance of peaks at 24.2° and
29.3° have been noticed. It may be due to the physical interac-
tion between Li*/La,Cu0, NPs with functional groups in the
blend leading to a reduction in crystalline portions in SPE films.
Figure 1(d)-(f) exhibits the effect of introducing PC on crystal-
line peaks of blend-SPE systems. It was observed that a drastic
reduction with broadening in the main peak intensity of PVAin
SPEs at 19.8° with increasing in PC contents denote to increase
in the amorphous domain in the films. Such trends may be
attributed to existence of polarizability of heterogeneous sys-
tems such as ions/electrons and dipole for different polar groups
leading to increase mutual influence between the components
at interfaces causing reduced crystallinity of PVA-SPE films. A
similar result was reported else.**

Figure 2(a)-(g) shows FTIR spectra of PVA-SPE films. It clearly
indicates that the strong and broad peak in the range 3450-

Intensity (a.u)

101

26°

Figure 1. XRD patterns of (a) PPN1, (b) PVA/(PANI+2wt% La,Cu0,),
(c) PVA/(PANI+2 wt% La,Cu0,)+10 wt% LiClO,, PVA/(PANI+La,Cu0,)/
LiCl0, SPEs with (d) 2, (e) 4, and (f) 8 wt% PC.
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Figure 2. FTIR spectra of (a) PVA/PAN], (b) PVA/(PANI+2 wt% La,Cu0,),
(c) PVA/(PANI+2 wt% La,Cu0,)+10 wt% LiCl0,, PVA/(PANI+La,Cu0,)/
LiCl0, SPEs with (d) 2, (e) 4, (f) 6, and (g) 8 wt% PC.

3200 cm™* with its centering at 3260 cm™ denotes to stretching
vibrational of -OH group of PVA interact with a terminal N-H of
PANI by H-bonding.*® This peak intensity was reduced and
tends to vanish after an increase in PC content in PVA-SPE, as a
result of interaction between NPs/electrolyte and functional
groups of PVA/PANI in composites (Figure 2(b)-(g)). The shoul-
der peak at 3052 cm™ refers to the C=C-H of the aromatic ring
which becomes smaller and shifted its position to around 16 cm™
in blend as compared with pure PANL The symmetric and asym-
metric stretching vibration of C-H in PVA skeleton was displayed
at 2917 and 2889 cm™ whereas it's bending was noticed at
1430 cm™. The small vibrational peaks in 1533 and 1498 cm™
for aromatic ring stretching are a typical characteristic of a
nitrogen-quinoid structure of PANI in the blend.***” The reduc-
tion and disappearance of these peaks in the doped blend denote
to the electronic effects by dopants in the PVA-SPEs. The stretch-
ing vibration of single bond for residual acetate, 0-C-O in PVA
was noticed at 1250 cm™, whilst C-0 and C-N of blend show abroad
peak with small shoulder and shifted to 1084 cm™ compared
with pure PANI.*®

The peaks at 831 and 730-590 cm™ may be attributed to cou-
pling vibrations of C-H in PVA and aromatic ring** It is note-
worthy that the peak at 1140 cm™ observed for pure PANI
(Figure 2(a)) shows a very small shoulder in the blend and
completely vanishes in the PC loaded SPEs (Figure 2(b)-(g)). It
may be due to the protonated amine group (-"NH=) oxidizing to
imine form (-N=) in composites.* The reduced main bands which
are shifted to lower wave numbers are found in a doped blend
with La,CuO, NPs, LiClO, and become more significant with
increasing PC content. Such trends denote to the interaction
between incorporated dopants (fillers/PC) with functional groups

Macromol. Res., 30(9), 650-658 (2022)
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Figure 3. TEM of pristine La,CuO, NPs.

of the blend. Figure 3 exhibits a TEM photo-micrograph for
La,CuO, NPs, where the size of La,CuO, NPs lies between 91.8-
134.3 nm.

The morphological behaviors of synthesized PANI and PVA/
PANI and their PVA-SPE films probed by SEM and obtained
images were presented in Figure 4(a)-(f). It can be noticed from
Figure 4(a) for pure PAN], the small tubular and porous mor-
phology. The SEM photomicrograph of PVA/PANI (Figure 4(b))
exhibits a semi uniform dispersing of PANI in the PVA matrix.
Figure 4(c) shows an SEM photomicrograph for PVA incorpo-
rated with core-shell PANI/La,CuO,. It can be noticed that the dis-
persion of coated NPs has small spherical-shaped granules. The
roughness of the film was observed after the incorporation of
10 wt% LiClO; into the blend (Figure 4(d)). However, the rough-
ness of the film was reduced as the concentration of PC increased
in the SPE films (Figure 4(e), (f)). [t may be due to PC acting as a
solvent and assisting in more dissociation of Li salt and pre-
venting them from agglomeration or reforming salt.

3.2. Optical studies

The UV-visible spectra of PVA-SPE films containing varying
amounts of PC were displayed in Figure 5(a). From Figure 5(a),
the distinctive broad peak at the lower wavelength region for
blend at around 245-275 nm is noticed, which refers to n—»m*
of PVA*! The two peaks at 340-365 nm and 615-640 nm are
related to m—m* transition for the benzenoid ring and n—m*
transition for benzenoid to quinoid of PANI structure, respec-
tively.** The broad peak at around 245-275 nm of PVA was
affected by the addition of dopants like La,Cu0,NPs, LiClO,and
varying amounts of PC. The intensity of absorption peaks increas-
ing with increment additives and it appears partially red shift
(284-293 nm), which also corresponds to the absorbance of
hybrid La,CuO, NPs for incident light in this region. The small
shoulder peak observed for PVA/(PANI+2 wt% La,CuO,) at
around 320 nm refers to the electronic transition of La,CuO,
NPs. For PVA/(PANI+2 wt% La,Cu0,) SPE films, there is a slight
increase of intensity peak at 612-640 nm is ascribed for selec-
tive interaction between NPs and quinoid ring in PANL* Fur-
thermore, PVA-SPE containing 10 wt% of LiClO, showed an
increase in absorbance at the peak. Such increment for the
intensity of peak may refer to physical interaction between Li*
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Figure 4. SEM of (a) PANI, (b) PVA/PANI, (c) PVA/(PANI+2 wt% La,Cu0,), (d) PVA/(PANI+La,Cu0,)/10 wt% LiClO,, PVA/(PANI+La,Cu0,)/10 wt%

LiClO, SPEs with (e) 2, and (f) 8 wt% PC.
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Figure 5. (a) Absorbance vs. wavelength and (b) Tauc’s plots for PVA-SPEs.

ions with free electrons of nitrogen in PANI and oxygen atoms  visible spectrum based on Tauc’s plots which represent (ahv)?
of PVA chains. Similar trends can be noticed with the addition  versus hv for direct band gap (Figure 5(b)). The calculated E,
of PC into NCs which caused to increase in the dissociation of Li ~ values for all samples were listed in Table 1. The acquired E,
salt leading to more interaction with the polymer blend. values decreased from 4.2 eV for PVA/PANI to 2.6 eV for PVA-

The band gap energy, E, for PVA-SPEs was probed via UV-  SPE containing 8 wt% PC. Similar kind of behaviors has been
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Table 1. Optical parameters of PVA-SPE films

. E, dir. RI
Formulation of SPEs (V) ()
PVA/PANI 4.21 211
PVA/(PANI+2% La,Cu0O,) 3.51 2.24
PVA/(PANI+2% La,Cu0,)+10% LiClO, 3.48 2.25
PVA/(PANI+2% La,Cu0,)+10% LiCl0,+2% PC 331 2.28
PVA/(PANI+2% La,Cu0,)+10% LiCl0,+4% PC 3.14 232
PVA/(PANI+2% La,Cu0,)+10% LiCl0,+6% PC 2.82 2.64
PVA/(PANI+2% La,Cu0,)+10% LiCl0,+8% PC 2.68 2.45

reported for blend-SPE systems.** The decrease in E, may be due
to generating a localized state in band gap where the defects form
at the band level in PVA as a result of existing La,CuO, NPs.
Moreover, the Refractive index (n) of fabricated PVA-SPEs has
been estimated from E, using Eq. (1):

n=K(E,)* (0

Where, K and C are constant factors with values (3.3668 and
-0.32234), respectively. The calculated results of n for all sam-
ples were addressed in Table 1. The n values for all samples are
increasing with an increase in dopants contents in PAV-SPE films
as compared with PVA/PANI blend may be due to increasing
polarization in doped films. The polarization strength increased
attributing to the presence of a small ionic radius of positive
charge (La**, Cu*") in NPs and Li* in ionic salt, where it inducing
the dipoles of functional groups in the blend polymers (OH in
PVA and NH in PANI). Therefore, more interaction with the
electromagnetic field of the incident light will occur leading to an
increase in the absorption process, thus, n will be increased.*®

3.3. Electrical and electrochemical behavior

The ac-conductivity (0,.) dependence on the frequency of PVA/
PANI and its PVA-SPEs at room temperature was displayed in
Figure 6. It can be noticed from Figure 6 that, the o, for all PVA-
SPE films tends to increase with increasing frequency, dopants
(La,Cu0O, NPs, LiClO,) and PC contents. The o, of blend PVA/

4.5x10* -{[=PVA/PANI

= PVA+(PANI +2% La,CuO,)
PVA+(PANI+2% La,Cu0,)+10% LiCIO,
8= PVA+(PANI+2% LaZCuOA)HO% LiCIO,+2% PC \
= PVA+(PANI+2% LaYCu04)+10% LiCIOa+4% PC V(i
o~ 3.0x10" p=PVA+(PANI+2% LaZCUOA)+10% LiCIO,+6% PC v
( ) A

'E Fk—PVA+(PANI+2% La,Cu0,)+10% LiCIO,+8% PC g
O 25x10* 7 ?ﬁ
123 ,;» K,

30 45 6.0 ' 75 l 9.0 10.5 12.0
Log Frequency (KHz)

Figure 6. Ac-conductivity vs. Log (freq) of PVA-SPEs.
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PANI exhibits a higher value (6.01 x 10°S/cm) as compared
with pure PVA (0.82 x 107°S/cm) at higher frequencies.* It may
be due to the presence of conducting PANI in PVA, which improves
the o, of the blend system. The PANI has conjugated and delo-
calized the 7 system in its structure, which is in the resonance
state with free-electron of nitrogen atoms caused to flow the
current through the system, hence, o,.increased.

Furthermore, the increase for o, in blend SPEs may be due
to various factors such as electron tunneling due to the existence
of 2 wt% La,Cu0, NPs and mobility of dissociated Li ions, where
charged carriers move between sites over the potential barrier
separating them. Increasing the dosage of PC in SPEs caused the
increase in the free volume of segments in polymeric chains,
resulting in increased flexibility and mobility of charged carriers
through the blend matrix. The increasing PC content in PVA-SPE
films to an increase in the dissociation of LiClO,. The estimated
o, values for all PVA-SPE films were listed in Table 2. The max-
imum value of g, achieved is 4.03 x 10™*Scm™ for PVA-SPE con-
taining 8 wt% PC.

Figure 7 displays the nonlinear behaviors of log (I) versus
(V%) curves for PVA-SPE films. This deviation or nonlinear in
the curves may denote to non-ohmic charge carriers transport
process in plasticized blend-SPEs. In insulating PVA, the conduc-
tion mechanism through the polymer depends on the injection
of electrons from the device to the polymer which undergoes
the Schottky mechanism. Whereas, in PVA/PAN blend there is
partially modified in the conduction process with existence of

Table 2. Electrical and electrochemical characteristics of PVA-SPE films
0.:x10% (S em™)  Copec

Formulations of samples

+12%  (Fg")
PVA/PANI 6.01 3.25
PVA/(PANI+2% La,Cu0,) 11.1 4.08
PVA/(PANI+2% La,Cu0,)+10% LiClO, 14.2 449
PVA/(PANI+2% La,Cu0,)+10% LiCl0,+2% PC 17.9 4.68
PVA/(PANI+2% La,Cu0,)+10% LiCl0,+4% PC 25.4 491
PVA/(PANI+2% La,Cu0,)+10% LiCl0,+6% PC 34.9 5.12
PVA/(PANI+2% La,Cu0,)+10% LiCl0,+8% PC 40.3 5.45

. 3= PVA/PANI
F¥—PVA/(PANI+2% La,CuO,)
PVA/(PANI+2% La,CuO,)+10% LiCIO

Log Current (mA)

2
( 2 4
[A— PVA/(PANI+2% La,Cu0,)+10% LiCIO,+2% PC
= PVA/(PANI+2% La,Cu0,)+10% LiCIO +4% PC
= PVA/(PANI+2% La CuO,)+10% LiCIO,+6% PC
( 4

= PVA/(PANI+2% La,CuO,)+10% LiCIO +8% PC
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0 1 2 3 4 5

12
\")

Figure 7. Plots of Logarithmic current vs. square root of voltage for
PVA-SPEs.
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20 wt% PANI where this polymer consists of conjugated dou-
ble-single bonds, producing an extended 7 connected network.
The diffusion electrons within the 7-network are the main source
of electric conduction in PVA/PAN.

The fillers are desired for enhancing the conduction process
in such kind of blend. The conduction mechanism in SPEs con-
taining NPs and LiClO, may be due to the electrons diffusion
process from NPs accompanied by the ions hopping mecha-
nism in the blend matrix. As the PC content increases in the SPE
system, the ions hopping mechanism becomes the most domi-
nant in the electric conduction process.

The cyclic voltammogram was performed to probe the elec-
troactivity of the PVA-SPE films. Figure 8 shows the steady-state
voltammograms of PVA-SPEs containing various amounts of
PC. In general, all the PVA-SPE films exhibit a good voltammet-
ric response and the oxidation-reduction process as semi-rect-
angular shapes.

The embedded 2 wt% La,Cu0, NPs into PVA/PANI blend
showed the semi-rectangular shape and increased current of
the redox process with increasing potential voltage as compared
with redox process of the undoped PVA/PANI blend. The addi-
tion of 10 wt% LiClO, and different amounts of PC content into
PVA/PANI systems increases the current on the CV curves.
Therefore, the introduction of La,CuO, NPs, LiClO, and PC into
the blend system leads to promoting movements of charged
carriers (electrons/ions) through films, where the dispersion
of La,Cu0O, NPs and Li" ions in the blend produces electroactive
films. This result indicates that the doped blend could provide
an active superficial area or appropriate porous structure which
facilitates movements of charged ions, hence increasing cur-
rent through PVA-SPE films. The CV curves for PVA-SPEs incor-
porated with PC exhibit higher current as compared with un-
plasticized films due to the plasticization effect. This interesting
result, since it demonstrates that a non-conducting PVA matrix
can be successfully integrated into a semi-conductive by PANI
coated NPs and electrolyte. The CV curve in Figure 8 denotes
that all PVA-SPE films have redox processes between +4 V and
do not decompose or undergo any chemical transformation within
the potential region. The higher range of current density and

0.0045 —
0.0036 —
0.0027
0.0018 —
0.0009 —

0.0000 +

Current (A)

-0.0009

e P\/A/PANI
=== PVA/(PANI+2% La,CuO,)

2
PVA/(PANI+2% La,CuO,)+10% LICIO,

=== PVA/(PANI+2% La,CuO,)+10% LiCIO,+2% PC

=== PVA/(PANI+2% La,CuO)+10% LiCIO,+8% PC

T T T T T T T T T T
-4 -2 0 2 4 6
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-0.0027

-0.0036 —

Figure 8. Cyclic voltammograms profiles of PVA-SPE films at scan rate
0.1Vs™
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Figure 9. TGA thermograms of PVA-SPE films.

larger semi-rectangular shape of CV curves for PVA-SPE films may
denote improvement in the specific capacitance of the system."
The calculated Cj, for all PVA-SPE films was summarized in
Table 2. The obtained results indicate Cj,.. strongly depends on
PC content in PVA-SPE films.

3.4. Thermal studies

Thermal degradation patterns for PVA/PANI with its PVA-SPE
films were illustrated in Figure 9. The TGA thermo-grams (Fig-
ure 9) indicate that the pure PVA/PANI blend undergoes three
main steps thermal degradation process. The first thermal
decomposition step occurred in the temperature range of 50-
150 C with 12% mass loss which ascribes to the release of
moisture, low volatile impurities and HCl. The second step
occurred in the temperature range of 220-380 C with a corre-
sponding mass loss of around 38%, which is due to the break-
down of side groups and partial decomposition of the blend.***’
It is followed by the third step thermal decomposition which
occurred in the temperature range of 400-550 C attributing to
the degradation of polyene structures in PANI and breakdown
of the PVA chain skeleton.'”*°

With further increase in temperature > 600 C, the pyrolysis
process will occur and the formation of volatile products. The
blend exhibit a similar thermal degradation behavior like pure
PVA with a slight reduction in temperature for the decomposi-
tion process is observed. The incorporation of 2 wt% La,CuO,,
10 wt% LiClO, and different weight ratios of PC to blends
caused a partial reduction in the thermal stability of the system,
which may be due to the mutual effects between the compo-
nents in SPE films. It may be due to an increase in moisture con-
tent and the plasticization effect.

3.5. Mechanical studies
Figure 10 shows stress-strain curves of pure PVA, PVA/PANI
and PVA-SPE along with different ratios of 2, 4, 6, and 8 wt% of

PC. The strain at break of PVA is significantly reduced from
~154.7 to 131.4% because PVA blended with 20 wt% of PANI.

Macromol. Res., 30(9), 650-658 (2022)
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Table 3. Mechanical parameters of PVA/(PANI+2%La,Cu0,)/LiCl0,-PC SPEs

Compositions Strain at y?eld _Stress at Strain at bl.'eak Stress at break Tensile modulus Toughness
(% elongation)  yield (MPa) (% elongation) (MPa) x10" (MPa) (Joule)
PVA 72.23 41.02 154.7 48.57 7.747 1.547
PVA/PANI 66.58 33.39 131.4 40.57 6.762 1.318
PVA/(PANI+2%NPs) 55.47 33.55 134.1 42.42 8.463 1.344
PVA/(PANI+2%NPs)/10%LiClO, 76.42 33.30 157.6 39.84 5.837 1.291
PVA/(PANI+2%NPs)/10%LiCl0,/2%PC 83.64 28.74 164.8 36.06 5.451 1.278
PVA/(PANI+2%NPs)/10%LiCl0,/4%PC 83.40 28.05 165.6 34.96 5.352 1.275
PVA/(PANI+2%NPs)/10%LiCl0,/6%PC 78.69 29.20 171.1 32.57 4578 1.261
PVA/(PANI+2%NPs)/10%LiCl0,/8%PC 77.79 27.17 172.1 32.10 4291 1.241

It may be due to PANI being brittle in nature and unable to form
a continuous phase film. Therefore, the addition of a high ratio
of PANI contents in the PVA matrix reduced the flexibility of
blend films. The reduction in mechanical property by incorpo-
ration of PANI in other polymeric matrices has been reported
elsewhere.*’**

In the meanwhile, the data implies that the embedded 2 wt%
La,CuO, NPs into PVA/PANI blend caused an appreciably incre-
ment in tensile strength at the break from 40.57 to 42.42 MPa
and remarkably enhanced the modulus from 6.76 to 8.46 MPa
as compared to un-doped blend film. This outcome proposes
that La,CuO, NPs may act as reinforcing filler in the blend and
oriented over the direction of stress. Besides, the plots of stress-
strain display a partial increment of elongation at break values
for PVA/PANI containing La,CuO, NPs. This data denotes that
the inclusion NPs inside the blend system could ameliorate
interaction between components. The physical interaction would
take place between the functional group of the polymeric matrix
and NPs resulting in slightly improved elongation at break val-
ues with ultimate stress values.”® The partial increase in the
toughness of PVA/PANI doped with 2 wt% of La,Cu0, NPs was
noticed and it is expected due to an increase in the strength of
the film. However, introducing 10 wt% LiClO, in PVA/(PANI+
2 wt% La,Cu0,) leads to decrease in tensile strength from 42.4
to 39.8 MPa (Figure 10), which may denote the plasticizing effect

50 +
40 +

30 4

== PVA/PANI

20 F¥—PVA/(PANI+2% La,CuO,)
PVA/(PANI+2% La,CuO,) .

4= PVA/(PANI+2% La,CuO,)+10% LICIO,+2% PC

10 H = PVA/(PANI+2% La,CuO,)+10% LiCIO,+4% PC

) 4

) 4

Stress (MPa)

4
+10% LiCIO

4
&= PVA/(PANI+2% La CuO,)+10% LiCIO,+6% PC

A= PVA/(PANI+2% La,CuO,)+10% LICIO +8% PG

oo " 20 40 60 8 100 120 140 160 180
% Strain

Figure 10. Stress-strain curves of PVA/(PANI+2% La,Cu0,)/LiClO,-

PC SPEs.
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of the LiClO,. Possibly, the heterogeneous phase formation of
blend/fillers system affects the packing arrangement of the
polymeric chains, thereby reducing the tensile strength of blend
SPE films which in turn reflects a decrease in the toughness of
the film. The data in the table show that reduction in tensile
modulus for blend SPE containing 10 wt% LiClO,. A similar result
for reducing the modulus for polymeric system doped with
10 wt% LiClO, was reported elsewhere.>* The data compiled in
Figure 10 and Table 3 reveals an increase in the elongation at
break values with increasing PC content in PVA-SPEs, which is
due to the increase of flexibility for polymeric segments. At the
same time, it indicates the tensile strength and modulus were
reduced by a factor ~3-8 MPa, whilst there is no significant
changes in the toughness of plasticized PVA-SPE films.

4. Conclusions

The incorporation of plasticizer, PC into SPE blend films had
improved the dispersion of NPs and electrolyte. The XRD mea-
surements shown PVA-SPEs have an amorphous domain. The
E, was decreased to 2.68 eV, however, Rl increased to 2.45 for
PVA-SPE film having 8 wt% PC. The o, increases with increas-
ing both frequencies as well the plasticizer contents and the
optimum value is found at 4.03x10* Scm™. The conducting
mechanism of the un-doped blend depends on delocalized ©
electrons and resonance in PANI structure whilst in PVA-SEPs
is the Poole-Frenkel associated with hoping ions mechanism.
The specific capacitance of the doped polymer blend is increased
to 5.45 F/g as a result of enhance in the mobility of charge car-
riers. The thermal stability was reduced in SPE films due to
increased flexibility by the effect of plasticizer PC. The stress-
strain curves of polymer blend electrolyte, PVA/(PANI+2 wt%
LaCu0,)/10 wt% LiClO, containing different ratios of PC have
been investigated. In the plasticized PVA-SPEs, the result showed
the elongation at break has been increased attributed to increasing
flexibility of polymeric segments with the increase in PC con-
tent.
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