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Abstract

The free-standing PAN/PVdF/LiClO,/Li, sLag sTiO; nanocomposite solid polymer electrolytes have been prepared by solution
casting technique. The thermal stability of composite solid polymer electrolytes is evaluated by TG/DSC analysis, which reveals
that the filler incorporated composite samples exhibit high thermal stability up to 500 °C. The XRD analysis demonstrated that
the LijsLag sTiOz nanoparticles significantly reduced the crystallinity of the hybrid PAN/PVdF/LiClO,4 polymer films. The
FTIR spectra of PAN/PVdF/LiClO,4/Lig sLag sTiO; composites show the vibrational band of —CN stretching, CF, asymmetric
stretching, and Ti-O-La stretching which confirmed the complexation between polymer host matrices and Li, sLag sTiO3 nano-
particles. The 10 wt% Lig sLag 5sTiO3 nanoparticles embedded PAN/PVAF/LiClO, solid polymer electrolyte possessed an ex-
cellent ionic conductivity of 1.43x 107 S cm ' at room temperature, which is far better than the filler-free samples (~
10°S cm ™). The incorporation of Liy sLag sTiO5 nanoparticles into the PAN/PVAF/LiClO,4 polymer electrolyte improves the
concentration of free mobile lithium ions and develops Li-ion conduction channels within the crystalline framework. The PAN/
PVdF/LiClO4/Liy sLag sTiO5 (10 wt%) composite electrolyte exhibited high thermal stability, good discharge capacities of 122,
105, 94, and 80 mAh g_1 at 0.1, 0.5, 1, and 2C rates, and good cycling stability.
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Introduction

All-solid-state polymer batteries (ASSPBs) as an emerging
battery chemistry over different energy storage devices are
attractive candidate in energy storage systems and portable
electronic applications due to their high flexibility, light
weight, good energy/power density, and thermal stability [1,
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2]. The liquid-type organic electrolytes have been used as
electrolyte material in the conventional lithium-ion batteries
(LIBs) [3]. The liquid electrolytes present several challenging
issues, such as the formation of Li dendrite, uncontrolled side
chemical reactions, and low thermal stability. It is therefore
imperative to design a solid-state electrolyte to solve these
problems. Substantial research efforts have been devoted to
develop the solid-state electrolytes owing to their high me-
chanical, thermal, and dimensional stability [4, 5]. Among
different solid electrolytes, the solid polymer electrolytes
(SPE) possessed several advantages such as high safety due
to their non-flammable character and high thermal stability.
The wide electrochemical stability window of the SPE facili-
tates the design of high energy density ASSPBs by combining
high-voltage cathode with high-capacity anode material. In
addition, the SPEs that offering low manufacturing cost and
high flexibility are the favourable factors for the fabrication of
high performance, safe, and flexible batteries [3]. Despite nu-
merous advantages, the solid polymer electrolytes have low
ionic conductivity of 10* to 107> S cm ™' [4]. The ionic con-
ductivity of SPE plays an enormous role in improving the
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electrochemical performance of ASSPBs. It is mainly depend-
ing on the crystallinity of the solid polymer film; the high
degree of polymer crystallinity mitigates the facile lithium-
ion migration. To improve the electrical properties of SPE,
several strategies have been explored such as incorporation
of plasticizers [6], aligning polymer chains [7], cross-linking
polymer with metal oxides [8], forming block copolymer [9],
blending, and adding nano-inorganic ceramic fillers into a
polymer matrix [10]. Among these techniques, the blending
of two different polymer hosts and the incorporation of ceram-
ic fillers are effective strategies to improve the ionic conduc-
tivity and mechanical and thermal stability of the SPE.

Several polymers such as polyethylene oxide (PEO) [11],
polyimide (PI) [12], polymethyl methacrylate (PMMA) [13],
poly(vinyl chloride) (PVC) [12], poly(urethane) (PU) [14],
polyacrylonitrile (PAN) [15], and polyvinylidene fluoride
(PVdF) [16] have been widely studied as polymer electrolytes
for lithium polymer batteries. Among those polymers, the
PAN and PVdF are the promising host polymer matrices.
The PAN possessed high ionic conductivity and stable elec-
trochemical performance due to its strong molecular interac-
tion between lithium-based salt and nitrile C=N functional
groups present in PAN polymer matrix [17]. Nonetheless, a
major drawback of the PAN-based polymer electrolyte is poor
mechanical and thermal stability and low film-forming capa-
bility, which limits the widespread use of practical lithium-ion
batteries. The PVAF presents numerous features such as good
electrochemical stability, good dielectric constant (¢ =8.4),
affinity to the electrolyte solution, and strong electron-
withdrawing molecular group (-C-F-) [18]. In spite of its fea-
tures, the addition of PVdF decreases the ionic conductivity
due to the crystalline nature of PVdF. As a result, a variety of
methods have been attempted to solve these problems by in-
corporating inorganic nanofillers such as TiO,, SiO,, Al,Os,
and Sm,0O5 Li; 3Aly3Ti; 7(POy4)s to the polymer matrix [19].
The incorporation of nanofiller in the polymer electrolytes
significantly enhanced ionic conductivity, mechanical
strength, thermal stability, and compatibility with electrode-
electrolytes [20]. Additionally, the introduction of nanoparti-
cles distorts the arrangement of the polymer chain, which
leads to the improvement of more free volume or amorphous
region for ionic transport.

So far, the nanocomposite solid polymer electrolytes have
been prepared by incorporating nanofillers into a single poly-
mer host matrix. There are no studies on nanocomposite poly-
mer electrolyte preparation by mixing two promising polymer
host matrices with ceramic nanofillers to produce solid poly-
mer electrolyte for ASSPBs. In this work, an effort has been
made to blend two promising polymers (PAN and PVdF) with
highly Li-ion conducting (102 S em ") [21] Lig sLag sTiO;
(LLTO) perovskite nanoparticles as active filler in the hybrid
polymer host matrices. The blending of PAN with PVdF ma-
trix and LLTO nanoparticles greatly enhances the thermal
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stability and ionic conductivity of the composite samples. A
Swagelok-type ASSPBs have been assembled by combining
the high-capacity cathode (Li,FeSiO4/C), the PAN/PVdF/
LiClO4/LLTO nanocomposite as solid electrolyte cum sepa-
rator, and Li-metal as anode. The ASSPBs exhibit good elec-
trochemical stability window and cycling performance.

Experimental details
Preparation of Li, sLag sTiO; nanoparticles

The LLTO nanoparticles were prepared by sol-gel method as
reported in a previous work [22]. Lithium nitrate (AR-99.5%,
Aldrich), lanthanum nitrate hexahydrate (AE-99%, Himedia),
tetrabutyl titanate (AR-99%, Aldrich), and acetylacetone
(acac) (AR-99%, Himedia) were used as the raw materials.
The LiNO;s and La(NO3);.6H,0O were weighed in terms of
the stoichiometric composition, Lig sLag sTiO5, and dissolved
in ethylene glycol monomethyl ether and afterwards they were
mixed with the mixture solution of tetra butyl titanate and
acetylacetone. The precursor sol-gel was calcined at 900 °C
for 6 h to yield pure Lij sLag sTiO3 (LLTO) white powder.

Preparation of PAN/PVdF/LiClO,/LLTO
nanocomposite solid polymer electrolytes

The PAN/PVAF/LiClO,4 hybrid polymer films were prepared
by solution casting method [23, 24]. The PVdF (SR, 95), PAN
(Sigma-Aldrich, 99%), and LiClO4 (Sigma-Aldrich, 99.8%)
were used as raw materials for the preparation. The DMF was
used as the solvent for the sample preparation. After various
trial and errors, the optimum composition of LiClO4 and
PVdF was fixed as 15 wt% and 10 wt% for all the samples.
The 10 wt% of PVdF, 15 wt% of LiClOy4, and 75 wt% of PAN
were dissolved in 20-ml DMF solvent and stirred for 6 hon a
magnetic stirrer. Then, the solution was poured into a glass
Petri dish and kept in an incubator oven at 80 °C over 12 h for
solvent evaporation to obtain a free-standing polymer film as
depicted in the schematic diagram shown in Fig. 1a. The sim-
ilar procedure was followed for the preparation of the PAN/
PVdF/LiClO4/LLTO nanocomposite solid polymer films with
different composition of LLTO nanoparticles. The composi-
tion and designation of the samples are presented in Table 1.

Characterization of the polymer electrolytes

The thermal stability of the PAN/PVAF/LiCIO/LLTO com-
posite solid polymer electrolytes was carried out using ther-
mogravimetric (TG) analyser (DTA-60AH) and differential
scanning calorimetric analyser (DSC7, Perkin-Elmer instru-
ment). It was performed from room temperature to 700 °C at
a heating rate of 10 °C/min. Structural characterization of the
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Fig. 1 (a) The schematic representation of the preparation of
nanocomposite solid polymer electrolytes via solution casting method
and (b) the experimental setup for the impedance measurement

composite solid polymer electrolyte was carried out by pow-
der XRD (XRD-Shimazdu-6000) analysis. The vibration
spectrum of the sample was analysed by the FTIR
(SHIMAZDU 220-93270-55 IRTracer-100) analysis.
Morphology of the polymer film was analysed by scanning
electron microscopy (SEM) (JEOL-JSM 6390) analysis. The
ionic conductivity of the sample was measured by complex
impedance spectrometer (HIOKI LCR 3532-50; frequency

range: 42 Hz to 5 MHz with fixed voltage of 0.5 V). The solid
polymer films were sandwiched between two silver blocking
electrodes as depicted in Fig. 1b. A symmetric cell (ss|polymer
electrolyte|ss) has been fabricated using solid polymer electro-
lyte and stainless-steel blocking electrodes. The cell
ss|polymer electrolyte|ss was used to test the electrochemical
stability window of the polymer electrolyte. The linear sweep
voltammetry (LSV) was performed within a potential range of
1 to 5V (Biologic, SP 150).

Electrochemical characterization

In this work, Li,FeSiO4/C [25] was used as cathode material,
and the filler-free, best-performing PAN/PVdF/LiCl04/LLTO
was employed as solid polymer electrolyte cum separator and
graphite/Li-metal foil as anode.

Electrode fabrication

The 80 wt% of Li,FeSiO4/C, 10 wt% of PVdF binder, and
10 wt% of carbon additives were dissolved in the N-methyl-2-
pyrrolidone (NMP) solvent and stirred for 6 h. The resultant
solution was coated uniformly on a clean aluminium foil by
doctor blade method and kept in a hot air oven at 120 °C
overnight. To investigate the redox property of the all-solid-
state battery, the electrochemical cell was fabricated by
sandwiching composite solid polymer electrolyte between
the Li,FeSiO,/C and graphite as cathode and anode materials.
The cyclic voltammetry (CV) was performed for 50 cycles
within the potential range of 1.55 V at a sweeping rate of
10 mV s' using an electrochemical workstation (Biologic,
SP 150). To carry out the galvanostatic charge and discharge
test, a Swagelok cell type all-solid-state electrochemical cell
was fabricated by sandwiching PAN/PVdF/LiC1O4/LLTO be-
tween lithium foil anode (reference electrode) and
Li,FeSiO4/C cathode (working electrode) in an argon
filled glovebox. Galvanostatic charge-discharge tests
were carried out using a battery tester (LAND (CT2001A))
at various C rates (0.1, 0.5, 1, and 2C) within the voltage range
of 1.5 to 4.8 V versus Li*/Li.

Table 1 Compositions and

designation of the Sample designation PAN (g/wt%)  PVdF (g/wt%)  LiClO4 (g/wt%)  LLTO (g/wt%)

PAN/PVAF/LiCIO,/LLTO

nanocomposites PAN/LICIO4 0.85/85 0.0 0.15/15 0.0
PAN/PVAF/LiClO,4 0.75/75 0.1/10 0.15/15 0.0
PAN/PVAF/LiCIO4/LLTO: 5 wt% 0.70/70 0.1/10 0.15/15 0.05/5
PAN/PVAF/LiCIO,/LLTO: 10 wt%  0.65/65 0.1/10 0.15/15 0.10/10
PAN/PVAF/LiCIO4/LLTO: 15 wt%  0.60/60 0.1/10 0.15/15 0.15/15
PAN/PVAF/LiCIO,/LLTO: 20 wt%  0.55/55 0.1/10 0.15/15 0.20/20
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Results and discussion

Thermal, structural, and morphological
characterizations

Thermal analysis of the PAN/PVdF/LiClO4/LLTO blend
composite solid polymer electrolytes has been performed by
thermogravimetric (TG) and differential scanning calorimetry
(DSC) techniques [26] from room temperature to 700 °C.
Figure 2i (a) shows the DSC curve of PAN/LiClO,, in which
exothermic and endothermic peaks were observed at 171 and
275 °C. The peak at 171 °C is due to the crystallization of the
PAN host matrix, and peak at 275 °C is ascribed to the de-
composition of the PAN/LiClO4 complex [15]. The PVdF
blended PAN/LiClO, sample exhibits a sharp exothermic
peak at 173 °C, which is due to the crystallization of PVdF
matrix (Fig. 2i (b)). The PAN/PVdF/LiClO,4 complex shows
an endothermic peak at 330 °C due to the decomposition of
the blended complex polymer film. It reveals that the PVdF-
embedded sample shows better thermal stability when com-
pared with the PAN/LiICIO,4 polymer electrolytes. The DSC
curve of 5 wt% LLTO-incorporated solid polymer electrolyte
is shown in Fig. 2ii (c). The two endothermic peaks observed
at 335 °C and 477 °C correspond to the melting of polymer
hosts and filler complex. These peaks are more prominent in
the 10 wt% LLTO filler added sample which is due to the
strong interaction between nanofiller and the PAN/PVdF/
LiClO4 complex system. Moreover, the melting temperature

of composite polymer films increases with increase in the
composition of LLTO nanoparticles (Fig. 2ii (d—f), which in-
dicates that the polymer films are thermally stable up to
500 °C.

The TG curve of PAN/LiClO, polymer film exhibits sig-
nificant weight decay in the tested temperature range which
involves two thermal events (Fig. 2iii (a)). The first weight
loss around 16.43% from room temperature (RT) to 130 °C is
assigned to the evaporation of low molecular weight compo-
nents and the solvent (DMF) groups. The second weight loss
of about 71.19% in steep slope for PAN host matrix, observed
from 310 to 540 °C, is attributed to the decomposition of the
main polymer chain and cross-linking bridge. The weight de-
cay of PVdF-embedded PAN/LiClO, polymer film exhibits
three thermal events, first weight loss of 10.25% due to evap-
oration of residual solvents and second decay of 10.77% from
310 to 400 °C (approximately) due to the decomposition of
PAN/LiClOy4 system. In the temperature between 310 and
540 °C, PAN/PVAF/LiClO,4 shows a sharp weight loss about
47.97% which can be ascribed to the melting of the complex
system (Fig. 2iii (b)). Compared with PAN/LiClO,, the
PVdF-incorporated PAN/LiClO, complex system exhibited
better thermal stability. Figure 2 iv shows the TG curve of
PAN/PVdF/LiCIO4/LLTO nanocomposite solid polymer
electrolytes. All the composite samples possessed three stage
of weight loss from room temperature to 700 °C. It should be
noted that all samples experience a gradual weight loss be-
tween 4.39 and 7.09% in the temperature range of 30—130 °C

Fig. 2 The DSC curves of PAN/ (i) (i)
LiCl04 and PAN/PVAF/LiCl0, =} 173 ] -
complex (i) and PAN/PVdAF/ B | Q) E (OLLTO20wt3 ==
LiClO, with the addition of L 1 (@) ( ; Vs
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nanoparticles (ii). The TGA 5 [ FANENdRICIO, > mv\//-"
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corresponding to the evaporation of water molecules and sol-
vents, and second step between 300 and 400 °C is attributed to
the degradation of lithium salt (LiCIOy,) [27]. The final step
weight decay (between 15.07 and 22.16%) for all the compos-
ite films is observed between 400 and 540 °C, which corre-
sponds to the degradation of polymer host matrices [27]. It
resembles that the weight loss of PAN/PVAF/LiClIO4/LLTO is
comparatively lower than filler-free samples, which is a clear
indication of excellent thermal stability of the LLTO-
incorporated composites. The obtained thermal stability of
the PAN/PVAF/LiCIO4/LLTO is far better than the previous
report [28].

The XRD pattern of the PAN/PVdF/LiClO4/LLTO nano-
composite solid polymer electrolyte is shown in Fig. 3. The
PAN/LiClO,4 sample shows a sharp diffraction peak at 260 =
17° and a broad hike at 260 around 20 to 30° (Fig. 3a). The
crystalline peak at 20 = 17° is indexed to (010) crystallograph-
ic plane of PAN host matrix [29]. The PVdF-incorporated
PAN/LiClO, exhibits a crystalline peak at 26 = 20.5° ascribed
to the 110/200 reflection of the orthorhombic 3-phase PVdF
and a smaller broad peak observed at 38.9° corresponding to
(002) reflection of the monoclinic a-phase [30, 31]. The
blending of PVdF with PAN/LiClO, system exhibited the
semicrystalline phase of both PVdF and PAN polymers with
a slightly widened peak at 26 = 17°, indicating the mixing of
the polymer host matrices as shown in Fig. 3b. The diffraction
peaks of polymer hosts are broader and less prominent after
the addition of 5 wt% of LLTO nanoparticles (Fig. 3¢) when
compared with the PAN/PVdF/LiClO4 complex. The
crystalline peak of the PAN and PVdF polymer is
suppressed with the addition of 10 wt% LLTO
nanoparticles. Further increasing the concentration of LLTO
filler (20 wt%), the XRD pattern exhibits the emergence of

(e) LLTO:20 wt.%

(d) LLTO:10 wt.%

] e

N (¢) LLTO:5 wt.%
A1107200) - (b) PAN/PVAF/LiClO4
- (010)
(a) PAN/LiClO4

10 20 30 40 50 60 70 80 90
260 degree

Fig. 3 The XRD pattern of PAN/PVdF/LiCIO4/LLTO composite solid
polymer electrolytes

Intensity (a.u)

2)

00

several crystalline peaks at 20 =32.86, 40.01, 46.51, 52, 58,
67, and 77°, which are assigned to (110), (111), (200), (211),
(220), and 310 crystallographic planes of the cubic perovskite
structure of LLTO [22]. All the diffraction peaks of LLTO are
well matched with the PCPDF data (PCPDF Card No: 053-
0109). The characteristic peaks of PAN/PVdF/LiClO4
complex completely suppressed due to the predominant
composition of LLTO, as evidenced from the XRD pattern.
The degree of crystallinity has been calculated from the XRD
pattern using Eq. (1) [10]:

A,
< 1
Ac"’Ag ()

Degree of crystallinity =

where A, is the integrated area of crystalline phase and A,, is
the area of amorphous region. The degree of crystallinity is
calculated as 42.29, 46.14, 10.58,9.75, and 16.27% for PAN/
LiClO4, PAN/PVAF/LiClOy, 5, 10, and 20 wt% LLTO
embedded PAN/PVdF/LiClO4 composite polymer
electrolytes. It implies that the degree of crystallinity of the
polymers decreases with increase in the concentration of the
LLTO nanoparticles. However, high quantity of filler addition
exhibits its own crystalline phase, which is not favourable for
ionic migration in the composite polymer electrolytes [10].

The FTIR characterization was conducted to explore the
nature of bonding and different functional groups present in
polymer electrolytes by measuring the molecule’s vibrational
bands. The characteristic vibrational band of the PAN is ob-
served at 2246, due to stretching vibration of —CN bond [29]
(Fig. 4i (a)). The bands at 2934 cm ! and 1634 cm ™! are
attributed to the symmetrical —CH, and asymmetrical —CH
stretching vibrations of PAN [32]. The PAN/LiClO, also con-
sists of —CH/CH, deformation vibrations in the frequency
range of 1240-1460 cm ' [33]. The band located at
622 cm' is attributed to the stretching vibration of ClO,
group [34]. The PVdF-incorporated PAN/LiClO, polymer
film exhibits a characteristic band at 545 cmﬁl, due to the
CH, rocking vibrations of PVdF (Fig. 4i (b)). The rocking
modes of CF, vibration of 3-phase are obtained at 836 and
873 cm ' [35]. The vibration mode noticed at 1090 cm™ ' is
assigned to asymmetric stretching vibration of C—C backbone.
The frequency bands at 1164 cm ™' and 1238 cm ™" are due to
asymmetric stretching of CF, and symmetric stretching mode
of C—C [35, 36]. A peak originated at 1402 cm ™ is attributed
to the CF, bending mode [32]. The stretching vibration of free
ClO,  is shifted to 652 cm™' when blending the PVdF with
PAN/LiClO4 system. The vibrational band located at
3567 cm ! is the result of the O—H stretching vibration that
originates from the adsorbed water molecule observed in the
air [37-39].

The incorporation of LLTO nanoparticles significantly
amend the molecular interaction between the PVdF, PAN,
and LiClOy, shown in Fig. 4i (c). The strong characteristic
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vibrational band observed at 1040 cm ™" is due to the bending
vibration of Ti-O—La functional group in the LLTO nanofiller
[40, 41]. The IR bands of CH, and CF, vibrations are almost
similar to the filler-free polymers after the addition of 5 wt%
LLTO nanoparticles. As a result, the disappearance of 836,
873, and 1090 cm ' bands and the emergence of a band at
1040 cm ! revealed the rupture of CF, and C—C bonds and the
generation of Ti—~O—La molecular bonds. The incorporation of
nanofiller into the polymer/salt system slightly decreased the
intensity of CH, stretching vibration but does not change the
characteristic stretching vibration (—C=N) of PAN. Figure 4 ii
shows enlarged FTIR spectra for the composite samples
which is a clear indication of emergence of the peak at
1040 cm ™' with the addition of LLTO nanoparticles. It reveals
that the nanofiller is perfectly embedded into the blended solid
polymer electrolytes. The dissolution of the LiClOy salt in the
polymer host plays crucial role in determining the ionic con-
ductivity of the electrolytes. The vibrational mode of free
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Fig. 4 (i) The FTIR spectra of PAN/PVdF/LiClO4/LLTO composite

solid polymer electrolytes and (ii) enlarged FTIR spectra (900—

1200 ¢cm™ ') which is the clear indication of the emergence of

characteristic vibrational peak (1040 cm ! ~Ti-O-La) of LLTO after

incorporation of LLTO nanoparticles
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ClO, and ion-pair formation are observed in the frequency
range of 615-633 cm™' [34]. Theses peaks are more promi-
nent with the addition of LLTO, which represents that the
dissolution of LiClOy increases with increasing the concentra-
tion of LLTO nanofiller. The FTIR result implies that LLTO
nanoparticles are strongly interlinked with polymer matrices,
which establish the perfect mixing of PVdF, PAN, and LLTO
nanoparticles.

Figure 5 a and b show the SEM micrograph of the PAN/
LiClO,4 and PAN/PVAF/LiClOy solid polymer films. The par-
ticles are not uniformly distributed over the surface of the
sample, and the individual particles are not visible in the mi-
crographs. The incorporation of LLTO nanoparticles into the
PAN/PVAF/LiClO,4 composites has changed the morphology
of the solid polymer electrolyte. The particles are more or less
uniformly spread over PAN/PVdF/LiClO,4 complex, with the
addition of 10 wt% of'the LLTO filler as shown in Fig. 5c. The
LLTO nanoparticles incorporated into the hybrid polymer salt
complex does not display any pores, cavities, or pinholes over
the surface. Figure 5 d shows the SEM micrograph of 20 wt%
LLTO added PAN/PVdF/LiClOy4, which exhibits the highly
aggregated nanoparticles with micropores. The predominant
composition of LLTO results in non-uniform morphology
with the aggregation of nanoparticles. The SEM result has
shown that the morphology of polymer film is tailored to the
combination of PVdF and PAN/LiClO4 with the optimum
composition of LLTO nanoparticles that influence the electro-
chemical properties of composite solid polymer electrolytes.

Conductivity study

The complex impedance spectroscopy was used to assess the
ionic conductivity of solid polymer electrolytes. The Nyquist
plot of PAN/PVdF/LiClIO4/LLTO composite solid polymer
electrolytes is depicted in Fig. 61 (a—f). It was fitted by Z-
View software with most suited equivalent circuit display
best-fit results, and the fitted parameters are listed in
Table 2. The equivalent circuit model in Fig. 61 (inset picture)
consists of a parallel combination of Ry, and CPE-1 elements
with one CPE-2 element in series, which are attributed to the
bulk and electrolyte/contact electrodes contributions. Here R
denotes a resistance and CPE is the constant phase element.
The Rs indicates the shunt resistance or contact resistance, and
Rb is the bulk resistance, which can be used to obtain the ionic
conductivity. The constant phase elements were used as an
alternative to pure capacitors due to the presence of depressed
semicircles. In this scenario, the CPE-2 is used to boost the fit
of the low-frequency electrode, and spike refers to the
blocking effect of contact electrodes and polymer films. The
ionic conductivity of the solid polymer electrolytes is obtained
using the following equation:

o=d/(AxR,) 2)
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Fig. 5 The SEM micrographs of
the composite polymer
electrolytes: (a) PAN/LiClOy,, (b)
PAN/PVAF/LiClOy, (¢c) PAN/
PVdAF/LiClIO4/LLTO (10 wt%),
and (d) PAN/PVAF/LiClO4/
LLTO (20 wt%)

10kV- -X7,500

where o is ionic conductivity (S cm 1), d is the thickness of
the sample, A is area of the polymer electrolyte, and R, is the
bulk resistance. The PAN/LiClO, polymer film shows a de-
pressed semicircle at high-frequency and a spike at low-
frequency region (Fig. 6i (a)). The high-frequency semicircle
indicates the bulk resistance of polymer films, and the straight
line at low frequency is attributed to the ion blocking at con-
tact electrodes [42, 43]. The total conductivity of PAN/LiClO,
is found to be 4.17 x 10> S em™ . The incorporation of PVAF
into PAN/LiClO4 complex increased the diameter of the semi-
circle due to the high bulk resistance of the sample, shown in
Fig. 61 (b). The ionic conductivity of PAN/PVdF/LiClO, sam-
pleis 2.23x 107> S cm ! which is comparatively lower than
PAN/LiClOy, salt complex. Hence, the low ionic conductivity
of PAN/PVdF/LiCIO,4 hybrid polymer film has been im-
proved by incorporating different wt% of LLTO nanoparti-
cles. The bulk conductivity of 5 wt% LLTO nanoparticles
embedded PAN/PVAF/LiClO, is 1.08 x 10™* S em ™' which
is one order of magnitude higher than that of the filler-free
samples.

It is interesting to note that the 10 wt% LLTO nanoparticles
incorporated PAN/PVdF/LiClO, composite exhibits a small
depressed semicircle at high-frequency region with a low-
frequency spike (Fig. 6i (d)). It delivers an excellent ionic

“2um

—— —
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1127 SE|

conductivity of 1.43x 10 S cm', which is far better than
the PAN/PVdF/LiClO, polymer electrolyte (~107> S cm ™).
This is due to the rapid Li-ion migration through the smooth
surfaces of polymer/LLTO nanoparticles that serve as a con-
ductive network within the complex polymer matrices. It
shows that the nanofiller plays a crucial role for separating
Li* and CIO4 in composite solid polymer electrolytes. In
addition, the Lewis acid-base theory [44] describes the im-
provement of the ionic conductivity with the incorporation
of LLTO nanoparticles. The heavy molecular interaction in
the metal oxide nanoparticles between the ClO 4 and acid
groups separate Li* and CIO 4 from the LiClO4 salt of the
polymer electrolytes producing large number of free Li-ions
[45]. The Li-ions migrate easily through the increased free
volume or flexible-amorphous backbone of PAN/PVdF hy-
brid polymer electrolyte and through the crystalline LLTO
perovskite structure [46, 47], which is schematically repre-
sented in Fig. 6ii. The incorporation of filler with optimum
composition significantly reduce the crystallinity of the poly-
mers and enrich the amorphous nature of polymer host matri-
ces, which reflects in the enhancement of ionic conductivity.
Mariano Romero et al. [48] reported that the composite
LLTO-PMMA provides an ionic conductivity of 1.13 x
107 S em™'. Chunsheng et al. [49] demonstrated that the
20 wt% Lig ssLag35TiO3 fibre embedded in PEO-
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Fig.6 (i) The Nyquist plots of the
solid polymer electrolytes: (a)
PAN/LiCIO,, (b) PAN/PVAF/
LiClO,, and PAN/PVAF/LiClO,/
LLTO composite polymer elec-
trolytes with different concentra-
tion of LLTO nanoparticles. (c)
LLTO, 5 wt%; (d) LLTO,

10 wt%; (e) LLTO, 15 wt%; and
(f) LLTO, 20 wt%. (ii) The sche-
matic representation of Li-ion
migration in the PAN/PVdF/
LiClO4/LLTO composite poly-
mer electrolytes, in which the Li-
ions migrate through A-site va-
cancies in the perovskite structure
of LLTO nanofiller and enriched
amorphous region of PAN and
PVdF host matrices
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LiN(SO,CF,CFj3), composite system exhibited a highest ion-
ic conductivity of 5.0 x 10°* S cm ™ at room temperature. Wei
Liu et al. [50] prepared 15 wt% Lij33Lag 5571105 nanowire
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incorporated in PAN/LiClO,4 and reported the ionic conduc-
tivity of 2.4 x 10%S cm ™. In the present work, the obtained
ionic conductivity is far better than the previous reports

Table 2  The complex impedance fitted parameters, calculated ionic conductivity, and activation energy of the PAN/PVdF/LiClO4/LLTO composite

polymer electrolytes
Sample PAN/ PAN/PVdF/ PAN/PVAF/LiClO,/LLTO

LiClOy4 LiCIO,

5 wt% 10 wt% 15 wt% 20 wt%

CPE-1 (F) 1.61x107° 3.08x 1077 11.25%107° 26.5%107° 20.86%107° 19.5x107°
n 0.90 0.7 0.90 0.98 0.8 0.83
Bulk resistance Ry, ({2) 4890 8956 1956 145 356 557
CPE-1 (F) 3.345%10°° 413%10°° 12.93x10°° 34.87x10°° 0.13x10°° 0.176 x10°°
n 0.94 0.45 405 0.42 0.32 0.334
Thickness (mm) 0.51 0.50 0.53 0.52 0.49 0.52
Tonic conductivity (S/cm) 417x10° 223%x107° 1.08x10°* 143x1073 5501074 3.73x107*
Activation energy (eV) 0.48 0.50 0.34 0.29 0.30 0.33
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[48-50]. Figure 6 i (e and f) displays the 15 and 20 wt% LLTO
nanoparticles embedded PAN/PVdF/LiClO,4 composite poly-
mer films. When dispersing high quantity of LLTO nanopar-
ticles, the diameter of the depressed semicircle increased,
which significantly reduced the ionic conductivity of compos-
ite samples. The low ionic conductivity can be attributed to the
highly agglomerated morphology, aggregation of ions, and
high crystallinity of the LLTO nanoparticles. The calculated
ionic conductivity of the samples is listed in Table 2. It reveals
that the high content of filler addition exhibits its own crystal-
line phase, which is not in favour of ionic migration within the
composite polymer electrolytes.

The temperature-dependent conductivity analysis of the
PAN/PVAF/LiCIO4/LLTO samples has been carried out be-
tween 30 and 200 °C and depicted in Fig. 7. This shows two
linear regions between 30-125 °C and 125-200 °C that are
involved in ion migration due to specific activation energy.
Across all samples, the conductivity plots show a linear be-
haviour within the temperature range of 25 to 125 °C. The
linear behaviour (25 to 125 °C) is ascribed to the freezing
point of carbonate solvent in the electrolyte and melting of
the crystalline phase of PAN host matrix. It indicates that the
amorphous phase provides fast lithium-ion transport in the
polymer host network, and it further establishes facile conduc-
tion pathway in the polymer electrolyte which increases the
hopping conduction activity [51]. As seen from Fig. 7, the
linear region in the log(c) vs 1/T plots is slightly bent above
the temperature 125 °C. This non-linear behaviour follows the
Vogel-Tamman-Fulcher (VTF) relation [10, 52] which can be
used to obtain the activation energy (£,) of ionic conduction
instead of Arrhenius model at high temperatures. The non-
linear temperature-dependent conductivity can be expressed

Temperature (°C)
200 175 150 125 100 75 50 25
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Fig. 7 The ionic conductivity vs 1000/7 plot of the PAN/PVdF/LiClO,/
LLTO composite solid polymer electrolytes: (a) PAN/LiClO,, (b) PAN/
PVdF/LiClOy4, and PAN/PVdF/LiCIO4/LLTO composite polymer elec-
trolytes with different concentration of LLTO nanoparticles. (c) LLTO,
5 wt%; (d) LLTO, 10 wt%; (e) LLTO, 15 wt%; and (f) LLTO, 20 wt%

as per the VTF model as given below [52]:

-E
a:ATl/zexp<T_; > (3)

where A is a pre-exponential factor, £, is the activation ener-
gy, T'is temperature in kelvin (K), and 7, is equilibrium glass
transition temperature close to 7,. The warped linear behav-
iour at high temperatures promotes the segmental movement
of polymer chains, which enhances the conductivity of Li-ion
in the polymer composite electrolytes. The thermal activation
favours the movement of ions at the higher temperatures in
combination with the segmental motion of the polymer chain.
The high ionic conductivity of the sample at high temperature
can be attributed to the large bond rotation with increase in the
temperatures [53]. In the present study, the obtained highest
ionic conductivity can be attributed to the blending of ther-
mally stable PVdF with high Li-ion conducting PAN/LiClO,
and LLTO nanoparticles.

The PAN delivers large-scale segmental motion of the
polymer chain [50]. The PVdF, as an inert host, provides high
thermal and mechanical power to PAN/LiCIO, polymer films.
Therefore, the promising properties of both PAN and PVdF
host polymers are used to design a hybrid polymer matrix.
Further, its electrical and thermal stability has been systemat-
ically enhanced through the incorporation of LLTO nanofiller.
The calculated activation energy for all the samples is listed in
Table 2. Compared with other samples, the optimum compo-
sition of 10 wt% LLTO nanoparticles embedded PAN/PVdF/
LiClO, exhibited lower activation energy of 0.29 eV. The low
activation energy and high ionic conductivity are due to the
high surface area of nanofillers and enhanced amorphous re-
gion of the polymer host matrices [46, 47, 54].

Electrochemical characterizations

The electrochemical stability of solid polymer electrolytes
plays a major role in enhancing the operating voltage and
energy density of all-solid-state batteries. The electrochemical
stability window of the filler-free PAN/PVdF/LiClO,4 and the
best-performing PAN/PVdF/LiClIO4/LLTO (10 wt%) com-
posite polymer electrolytes has been determined using the
linear sweep voltammetry (LSV) technique (Fig. 8a) in the
potential range of 1-5 V at a sweep rate of 10 mV s '. The
electrochemical stability window voltage of the solid polymer
electrolyte is obtained as 3.97 and 4.89 V for the PAN/PVdF/
LiClO4 and PAN/PVAF/LiCIO4/LLTO (10 wt%) composites,
respectively. The result shows that the electrochemical stabil-
ity of the PAN/PVdF/LiClOy electrolyte is greatly enhanced
by incorporating an appropriate amount of (10 wt%) LLTO
nanoparticles, which is far better than the previous work [55].
The operating potential of practical lithium-ion batteries
ranges from 1.8 to 3.5 V [56]. In this work, the PAN/PVdF/
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Fig. 8 a The linear sweep
voltammetry profile of PAN/
PVdAF/LiClO, and
best-performing PAN/PVdF/
LiClO4/LLTO (10 wt%)
composite polymer electrolytes,
(b) comparison of CV curve of
the samples, (¢) CV curves of the
filler-free PAN/PVAF/LiClO,4
polymer films over 50 cycles,
and (d) CV curves of the
best-performing PAN/PVdF/
LiClO4/LLTO (10 wt%) com-
posite polymer

electrolytes over 50 cycles

Fig. 9 (a, b) The galvanostatic
charge/discharge curves of PAN/
PVdF/LiClO,4 and
best-performing PAN/PVdF/
LiCIO4/LLTO (10 wt%) com-
posite polymer

electrolytes with different C rates
(0.1, 0.5, 1, and 2C) in the poten-
tial range of 1.5-4.8 V and (c) the
cycling stability of the solid
polymer electrolytes for 30
charge/discharge cycles at

0.1C rate
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LiClO4/LLTO composite polymer electrolyte provides a large
electrochemical stability window that can be used as a high-
voltage solid electrolyte for the production of advanced all-
solid-state batteries.

The cyclic voltammetry has been performed to evaluate the
electrochemical performance of the filler-free and best-
performing PAN/PVAF/LiClO4/LLTO (10 wt%) composite
electrolytes with potential between 1.5 and 5 V at a scan rate
of 10 mV s~ . Figure 8 b shows the comparison of first cycle
of the CV profile. The PAN/PVdF/LiCIO4/LLTO (10 wt%)
shows higher redox area and peak current than PAN/PVdF/
LiClOy4 polymer electrolytes. Further, cycling stability of the
solid polymer electrolytes has been tested over 50 cycles and
depicted in Fig. 8 ¢ and d. The area of the CV profile in filler-
free PAN/PVAF/LiClO4 sample decreases with increasing the
cycle number which demonstrates its poor electrochemical
performance. The PAN/PVAF/LiClIO4/LLTO (10 wt%) com-
posite shows a similar CV profile after 50 cycles without
much change in the redox peak current, peak potential, and
area within the CV curves. It is revealed that the PAN/PVdF/
LiClO4/LLTO composite solid polymer delivered better cy-
cling stability and electrochemical performance than filler-free
PAN/PVAF/LiClO, system. In addition, the high enclosed ar-
ea of the CV leads to exhibit high specific capacity [57].

The galvanostatic charge/discharge test has been per-
formed for the PAN/PVdF/LiClO,4 and best-performing
PAN/PVAF/LiCIO4/LLTO composite samples with different
C rates as depicted in Fig. 9 a and b. The PAN/PVdF/LiCIO,/
LLTO composite cathode delivered good discharge capacities
of 122, 105, 94, and 80 mAh gf1 at current rates 0of 0.1, 0.5, 1,
and 2C, which are better than PAN/PVdF/LiClO; solid poly-
mer electrolyte (89, 77, 69, and 53 at 0.1, 0.5, 1, and 2C).
Figure 9 ¢ shows the cycling performance of the filler-free
PAN/PVAF/LiClIO4/LLTO solid polymer electrolytes over
30 charge/discharge cycles at a current rate of 0.1C. It is noted
that the optimum composition (10 wt%) of LLTO-
incorporated PAN/PVdF/LiClO, exhibits the higher discharge
capacity of 80 mAh g ' after 30 charge-discharge cycles when
compared with filler-free sample (43 mAh g ). The superior
electrochemical cycling stability and rate performance of the
PAN/PVAF/LiCIO4/LLTO composite solid polymer electro-
lyte is attributed to the excellent ionic conductivity and low
activation energy. In the present research, LLTO nanoparticles
are used as active fillers to boost the electrochemical perfor-
mance of the hybrid PAN/PVAF/LiClO4/LLTO polymer elec-
trolyte. In addition, the LLTO has an A-site-deficient perov-
skite structure and hopping of mobile ions in the bottle neck
size of TiOg4 octahedra in the LLTO cage producing additional
lithium-ion conductive channels in the crystalline phase,
which in turn increases the electrochemical stability of the
composite sample. Moreover, it increases the rate of Li-ions
hoping among energetically favourable sites that could result
in low activation energy in the composite solid polymer

electrolytes [22, 58]. The blending of LLTO nanoparticles
with hybrid PAN/PVdF/LiClO,4 solid polymer electrolyte
not only enriches the concentration of free lithium ions but
also develops Li-ion conduction channels within the crystal-
line framework. The sufficient amount of LLTO nanoparticles
incorporated into PAN/PVdF/LiClO, substantially improved
ion conductivity, electrochemical cycling, and rate stability.

Conclusion

The PAN/PVAF/LiClO4/LLTO composite solid polymer elec-
trolytes have been fabricated using simple solution casting
technique. The XRD study shows that the crystallinity of the
PAN/PVdAF host is significantly reduced by the addition of
LLTO nanoparticles. The SEM micrograph shows that the
addition of appropriate quantity of LLTO nanoparticles causes
better morphology with less aggregation of nanoparticles. The
FTIR study proved the dispersion of LLTO in the polymer
matrix to form PAN/PVdF/LiClIO4/LLTO composites. The
10 wt% LLTO nanoparticles incorporated PAN/PVdF/
LiClOy electrolyte delivered an excellent ionic conductivity
of 1.43x 107 S cm ™' which is far better than PAN/PVdF/
LiCIO, complex (10> S em™'). The PAN/PVAF/LIClO4/
LLTO composite cathode delivered good discharge capacities
of 122, 105, 94, and 80 mAh g_1 at current rates of 0.1, 0.5, 1,
and 2C, respectively. The optimum composition (10 wt%) of
LLTO nanoparticles embedded in PAN/PVdF/LiClO, signif-
icantly improved ion conductivity, electrochemical stability
window, and cycling performance. The hybrid PAN/PVdF/
LiClO4/LLTO nanocomposite is a promising candidate to
use as a solid polymer electrolyte for the development of high
energy density all-solid-state batteries.
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