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Abstract: Experimental and computational techniques have been applied to inves- 100
tigate the influence of LiysLaysTiO; nanoparticles on the ionic conductivity of the 901

poly(vinylidene fluoride) (PVDF)/LiClO, nanocomposite solid polymer electrolyte. \

The theoretical evidence facilitated to suggesta plausible mechanism for Li-ion conduc- 807 ;7 13 (mAhg")

tion across the PVDF/LiClO,/LiysLaysTiO; based solid polymer electrolytes. The solid % ¢

composite polymer electrolyte with 30 wt% of LiysLa, s TiO; (LLTO) nanofiller exhibited 601 7324 (m Ahg/])

an unprecedented ionic conductivity of 2.3687 x 10 S cm™ at room temperature. 501 . o

The addition of LLTO nanoparticles to the polymer matrix enhanced its ionic conduc- 401 s

tivity by two orders of magnitude. The activation energy (E,) and total transference 301

number (t) were estimated to be 0.29 eV and 0.853, respectively. The interaction : 6'/1
201

ory (DFT)-IR analysis. The DFT calculations have been performed on the above system 101 @

between the filler and polymer matrix has been inferred by the density functional the-

Specific capacity (mAhg'l)

PVDF/LiCIO4 PVDF/LiCIO4/LLTO

using the basis set of B3LYP-LANL2DZ. The calculated IR spectra were compared 0
with the experimental FTIR data, which allowed us to propose accurate vibrational
assignments and to clarify the complex IR vibration of the samples. All-solid-state
Li,FeSiO,/C|PVDF/LiClO,/LLTO| graphite lithium cell has been fabricated using the

highest Li-ion conducting PVDF/LiClO,/LLTO composite polymer electrolyte. The all-solid-state cell exhibits an excellent initial specific
capacity of 87.13 and 73.24 mAh g after 30 cycles, demonstrating higher capacity retention. The findings provide an avenue for exploring
the simple all-solid-state lithium batteries, which are potential candidates for next-generation energy storage technology.
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1. Introduction

In recent decades, the solid-state Lithium Polymer Batteries
(LPBs) have been intensively interested in consumer electron-
ics for low power applications, electric and hybrid vehicles due
to their promising features such as low self-discharge, lightweight,
no leakage, excellent compatibility etc."* Numerous approaches
have been devoted to preparing the novel electrolytes with sev-
eral polymers, such as polyacrylonitrile (PAN), poly(ethylene oxide)
(PEO), poly(methyl methacrylate) (PMMA) and poly(vinylidene
fluoride) (PVDF)."® Among these, the PVDF becomes a favour-
able choice as the polymer host for gel and dry polymer electrolytes
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due to its promising properties such as excellent electrochemi-
cal stability, affinity to the electrolyte solution, high dielectric
constant (& =8.4) and active electron-withdrawing functional
group (-C-F-).* However, membrane preparation of the PVDF
based polymer electrolytes becomes more difficult, and dendrite
formation at electrode/electrolyte interface occurs, preventing
wide utility of this in commercial lithium-ion batteries. The
crystalline nature of PVDF hinders the transportation of Li* ions
and hence batteries with PVDF based electrolytes have poor
electrochemical performances.

Recent studies reveal that the composite solid polymer elec-
trolytes alone can offer lithium polymer batteries with better
electrode/electrolyte compatibilities.*” One of the most prom-
ising ways to enhance the electrochemical properties of polymer
electrolytes is the dispersing of ceramic nanofillers.® The inor-
ganic nanoparticles hinder the polymer crystallization and a
create highly conductive interface layer between the polymer
matrix and filler.>*° The ceramic fillers for polymer matrix are
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two types, namely, active and passive. The active fillers like Li,N,
LiAl, 05, Li; 3Aly3Ti; 7(PO,)s3, etc,, participate in lithium migration
process."! The inactive fillers, such as Al,0s, MgO, TiO,, SiO; etc.,
are not involved in the lithium transport process.'*"

The ceramic nanofillers have a large surface area and effectively
enhance the ionic conductivity drastically. The perovskite oxides
of ABO; types, such as lithium lanthanum titanate (LigsLaysTiO3
(LLTO)) ceramic particles, exhibit higher solid-state Li* ion con-
ductivity reported to date ~10* S cm™ at room temperature.'*
The LLTO has been served as suitable ion-conducting solid-state
electrolytes for all solid-state/thin-film batteries.”® The inherent
problem with this material is to prepare as thin-film electrolytes.'®
Recently very few researchers tried to prepare LLTO incorpo-
rated composite polymer films. Wei Liu et al.”” reported the
PAN-LiCIO, composite electrolyte with the addition of 15 wt%
Ligs3Lag 557 TiO3 nanowire exhibits a highest ionic conductivity of
24 x10*S cm™ at room temperature. Similarly, Chunsheng et
al™® have prepared PEO-LiN(SO,CF,CFs;), nanocomposite system
with the incorporation of LiyssLay35TiO; fiber and reported the
highest ionic conductivity of 5.0 x 10™ S cm™ at room temperature
when the filler content about 20 wt%. Even though several
research groups have studied the PVDF-based polymer elec-
trolytes, no special attention has been given to the preparation
and characterization of PVDF/LiCl0,/LLTO nanocomposite poly-
mer electrolyte.

In this work, a strategy has been made to synthesize a best
composite solid polymer electrolyte by comprising of the excel-
lent ionic conducting properties of LLTO and better mechani-
cally stable film form capability of the PVDF/LiClO, polymer
system, for the first time. The main target of the work is to
explore the effect of LLTO nanoparticles on the electrical prop-
erties of PVDF/LiClO,/LLTO nanocomposite polymer electro-
lytes. The interaction between the LLTO and PVDF/LiClO,
polymer systems has been explained with the support of com-
putational calculations. Based on the literature available so far,
to the best of one’s knowledge, no attempt has been made on
DFT calculations for such composite polymer electrolytes. The
present study also includes performing a DFT computation calcu-
lation for the composite polymer electrolytes and has been
compared with the experimental results. In addition to that, an
attempt has been made to fabricate all solid-state Li,FeSiO,/
C|PVDF/LiClO,/LLTO|graphite lithium polymer battery using
the highest Li-ion conducting composite polymer electrolyte and
the electrochemical performance of the cell has been explored
by Cyclic Voltammetry (CV) analysis.

2. Experimental

2.1. Fabrication of PVDF/LiCl0,/LLTO nanocomposite solid
polymer films

The LLTO nanoparticles were prepared by the sol-gel method.
The PVDF/LiCl0,/LLTO nanocomposite polymer electrolyte sam-
ples were prepared by the simple solution-casting method. The
PVDF (Aldrich, M,, = 6 x 10%), LiClO, (AR-99.5%, Aldrich) and
the LLTO nanopowders were used as raw materials. The PVDF,
LiClO,4, and LLTO were kept in an incubator oven for 12,12, and
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5 h at 100, 120, and 120°C, respectively. All these materials
were dried separately to remove the traces of water. The N,N-
dimethylformamide (DMF) was used as a solvent for preparing
the composite polymer electrolytes.

For the PVDF/LiClO, preparation, the 85 wt% of PVDF poly-
mer host was added into a beaker containing 20 mL dimethyl-
formamide (DMF) and stirred well by using a magnetic stirrer
at room temperature for 2 h. Then 15 wt% of LiClO, salt was
added to the solution and stirred well for 6 h until the homoge-
neous viscous solution was formed. The resultant solution was
poured into a Petri dish, and the residue solvent is left to evap-
orate at 90 °C for 12 h in an incubator oven. Similarly, the PVDF/
LiClO,/LLTO composite polymer electrolytes were prepared
with the addition of LLTO nanoparticles. The 80 wt% of PVDF
powder was first added to a beaker containing 30 mL DMF solvent
and stirred well by using magnetic stirrer at room temperature
for 2 h. Then 15 wt% of LiClO, salt was added to the solution and
mixed by continuous stirring. Then 5 wt% of LLTO nanofiller
was added to the above solution and stirred well for 6 h. The
resulting homogeneous solution was poured into a Petri dish
and dried at 90 °C for 12 h in an incubator oven to remove all
traces of the solvent. The same procedure was applied to pre-
pare the composite polymer electrolytes with different compo-
sitions of the LLTO filler (5, 10, 20, 30, and 40 wt%).

2.2. Characterizations

The X-ray diffraction pattern of the prepared polymer films was
recorded by the Shimadzu-XRD-6000 X-ray diffractometer
instrument in the range of 10-90° using monochromatic CuKa
(1.5406 A) radiation. The morphology of the samples was ana-
lyzed by Bruker-D8 AXS FE-SEM instrument. The Fourier trans-
form infrared (FTIR) spectra were obtained by a computer
interfaced Shimadzu-FTIR 220-93270-55 IR Tracer-100 spec-
trometer in the frequency range 500-4500 cm™. The ionic con-
ductivity was measured using the Complex Impedance Analyzer
(Hioki LCR 3532-50; Frequency range: 42 Hz to 5 MHz), where
the polymer films were sandwiched between two silver elec-
trodes. The Z-View software package processed the impedance
data and it fitted with an equivalent circuit model. The transfer-
ence numbers measurement was carried out by Wagner’s dc
polarization techniques.

2.3. All solid-state battery assembly and electrochemical
characterization

The electrochemical performance of the all solid-state cell was
characterized by CV and Galvanostatic charge and discharge
test using two electrodes system. The all solid-state polymer
battery consists of anode (graphite), cathode (Li,FeSiO,/C), and
polymer electrolyte (PVDF/LiClO,/LLTO film). The graphite was
used as anode material for battery fabrication. The high capac-
ity Li,FeSiO,/C nanopowder was chosen as a cathode material
which was prepared by our previous report.'® The cathode con-
tains Li,FeSiO,/C and conductive carbon (Super P carbon) in
the ratio of 8:2 ratio. The conductive carbon powder and Li,Fe-
Si0,/C materials were mixed by mortar and pestle in order to
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obtain a fine powder. In the preparation of cathode, the con-
ductive carbon (Sigma Aldrich) was added to enhance the elec-
tronic conductivity. The anode and cathode powders were made
as 1.2 mm thickness pellets and subsequently sintered at 300 °C
in a tubular furnace under the Ar atmosphere. The Swagelok
cell type all solid-state battery was assembled using the high-
est Li-ion conducting PVDF/LiCl0,/LLTO composite solid poly-
mer electrolyte, which was sandwiched between the prepared
anode and cathode pellets and tighten the cell. The electro-
chemical performance of the all solid-state Li,FeSiO,/C|PVDF/
LiCl0,/LLTO|graphite lithium cell was examined by CV analy-
sis using electrochemical system (Biologic, SP 150) with two
electrodes set up. The electrochemical reversibility of the all
solid-state cell was investigated for various scan rates ranging
from 10 to 100 mV/s at an appropriate potential window between
-2 to 2 V. The galvanostatic charge and discharge test were per-
formed to evaluate the specific capacity of the all solid-state bat-
tery at 0.1C rate over 30 cycles.

2.4. Computational details

The structures of the C,H,F,LiCl0, (PVDF/LiCl0O,) and C,H,F,-
Li,LaTiClO, (PVDF/LiCl0,/LLTO) clusters were optimized by
ab Initio density functional theory (DFT) calculations in order
to obtain IR spectra.?*?' The DFT computations were treated
according to Becke’s three parameters gradient-corrected exchange
potential and the Lee-Yang-Parr gradient-corrected correlation
potential B3LYP.?? All the calculations were performed with-
out any symmetry constraints by the Los Alamos National Lab-
oratory 2-double-{ LANL2DZ basis set. The single-point energy
calculations were performed to study the electronic structure
of the polymer complex systems using the hybrid B3LYP level
of the theory® with the same basis set. Due to the presence of
titanium (Ti) and lanthanum (La) elements, the effective core
potential (ECP) was used, which effectively decreases the cal-
culation time, and very little loss of accuracy was incurred.?*
The Los Alamos National Laboratory 2-double-¢(LANL2DZ) basis
set is popular for such metals complex system, which incorpo-
rates an ECP.* The DFT method employed was B3LYP/LANL2DZ,
which given IR spectra of high quality and with a frequency
scaling factor of 0.999, hence no scaling was applied. Artificial
broadening was applied to the computed vibrational spectra only
for visual interpretation of the samples. The Guassian09 quan-
tum chemistry package performs all the calculations.?

3. Results and discussion
3.1. Structural analysis

Powder X-ray diffraction techniques structurally characterize the
prepared PVDF/LiClO,/LLTO nanocomposite polymer electro-
lytes. Figure 1(a) shows the typical XRD pattern of the polymer
electrolyte (without LLTO filler) in which the high-intensity broad
diffraction peak observed at 26 = 20.5° is ascribed to the semi-
crystalline @ phase PVDF and a smaller broad peak noticed at
39°is attributed to the PVDF S-phase.”® The two characteristic
reflections at 26 = 20.5° and 39° correspond to the (020) and (131)
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Figure 1. The XRD pattern of PVDF/LiCl0,/LLTO composite polymer
electrolyte with the addition of different wt% of the LLTO filler.

crystallographic planes of @ and S-phase in PVDF. The small
intensity peaks observed at 26 =31.5°, 35.48° and 42.15° are
indexed by (111), (302), and (221) crystallographic planes of
the LiClO, crystalline phase (JCPDS card no-49-0438), which
are indicated by (*) in Figure 1(a).

Figure 1(b)-(f) presents the XRD pattern of nanocomposite
samples. The diffraction pattern of nanocomposite electrolyte
with the addition of 5 wt% LLTO filler shown in Figure 1(b). It
should be noted that the peaks due to the crystalline phase of
LiClO, are suppressed when the addition of LLTO nanoparti-
cles into the host polymer. The crystalline peak (020) due to the
semi-crystalline nature of PVDF is found to broaden and sup-
pressed when compared to the filler-free sample, shown in Fig-
ure 1(c) and (d). After the addition of LLTO ceramic nanofiller,
the diffraction peak of PVDF appears suppressed due to the
higher concentration of LLTO ceramic filler that contributes to the
higher reflectivity (Figure 1(e)).

Interestingly, the semi-crystallinity of the polymer host has
vanished in the PVDF/LiClO, sample with the addition of 30
wt% of LLTO nanoparticles, which demonstrates that the LLTO
nanoparticles greatly enriched the inorganic amorphous nature
of the sample. However, the sample with a higher concentra-
tion (40 wt%) of the of LLTO) nanoparticles possessed some
crystalline diffraction peaks which are attributed to the pres-
ence of the crystalline phase of inorganic LLTO nanofiller. The
observed peaks are indexed as (001), (101), (110), (112), (200),
(210), (212), and (310) crystallographic planes corresponding
to a perovskite structure with the tetragonal P4/mmm space
group of LigsLagsTi0s. All the peaks of LiysLaysTiO3; match well
with the literature?’ (JCPDS card no:053-0109) and lattice param-
etersare a = 3.871 Aand ¢ = 7.737 A. It is noticed that the char-
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acteristic peaks of LiClO, appear completely suppressed at
higher filler concentration due to the predominant concentra-
tion of LLTO over perchlorate salt. The results suggest that the
incorporation of 30 wt% of LLTO nanoparticles is the optimal
concentration for the polymer host to enrich the inorganic amor-
phous of the host polymer.

3.2. Computational study

The DFT calculations have been applied to trace the changes in
the chemical bonding upon the addition of LLTO and to identify
their spectroscopic manifestation. Two different clusters are
developed, one C,H,LiClO, cluster which represents the PVDF/
LiClO, complex, and one C,H,Li,LaTiClO; cluster which represents
the PVDF/LiClO,/LLTO composite system. The interaction between
the polymer matrix and filler has been carried out using the
modeled clusters. The superscript on the left top of the atoms
represents the numbering of atoms and subscript on the right
bottom represents the number of atoms in the cluster. Figure
2(a) shows the optimized structure of the C;H,F,LiClO, cluster
with minimum energy obtained for structure optimizations is
-916 a.u. The Lithium salt (LiCl0,) is incorporated into the poly-
mer matrix, the carbon ,C bonded to oxygen ;0 in the tetrahedral
chlorine (ClO,). The result reveals that the bridging oxygen
atom (;;Cl-;0-,C) between the polymer matrix and Lithium salt
form a whole polymer/salt complex. The calculated bond length
of the ;,Li-;,0 bond is 1.989 A, which is higher than all other
bonds. This difference in ;,Li-;,0 bond should result due to the
poor coordination of Lithium in the cluster.

Figure 2(b) shows the optimized structure of C,H,F,Li,LaTi-
ClO; or (C,H;F,LiCl0,LiLaTiOs) cluster with minimum energy
obtained for structure optimization is -976 a.u. The incorpora-
tion of the LiLaTiO;into the polymer salt (C,H,F,LiCl0,) cluster
can facilitate the ionization of the LiClO, into Li* cation and tet-
rahedron ClO, anion. The ionization potential observed from
DFT calculation is -60 a.u. The destruction of the tetrahedron
ClO; unit and Li-ion is due to the main effect of the LLTO filler.
When LiLaTiO;added to the polymer salt cluster, the 4,Cl-,0-,C
(Figure 2(a)) bond is removed, and the ClO, unit is separated
away from carbon ,C, while the ;sL.a bonded to ;C. The intermo-
lecular distance between the dissociated ClO, unit and the LiLa-

s e
(@) © (b)

o
‘ Gz
Lia2

Figure 2. (a) Optimized structure of the C,H,F,LiClO, cluster calculated at

the B3LYP/LANL2DZ level. (b) Optimized structure of the C,H,F,.

Li,LaTiClO; cluster calculated at the B3LYP/LANL2DZ level: green: C,
blue: H, white: F, red: O, yellow: Li, brown: Cl, pink: La, and orange: Ti.

~Li12
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TiO; molecule is minimal (0.6087 A), which entangles due to
the strong Van der Waals interaction between ClO, and LiLa-
TiO; but does not involve in chemical binding. The bridging of
lanthanum atom between (;C-;4La-150) LLTO and C,H,F,LiClO,
and structural rearrangement can lead to the formation of the
perfect C,H,F,Li,LaTiClO; composite cluster.

In the LLTO, the Titanium (;5Ti) atom shared three oxygen
(1517140) to form a tetrahedral TiO; unit and one ;gLi atom bonded
to oxygen (;,0) in order to maintain structural stability. The bond
length of ;4La-,C s significantly longer than all other bonds, shown
in Figure 2(b). It should be noted that an affinity would arise
between nanofiller and the polymer matrix. This result suggests
that the incorporation of LLTO filler reduces the coordination
bonding between Li* and ClO, in the composite polymer matrix,
thereby enhances Li-ion mobility and reduces the binding energy
of Li-ions which would be more favourable for the electrolyte
application.

3.3. Vibrational spectral analysis

3.3.1. Theoretical and experimental IR analysis

In the present work, the theoretical IR vibrational spectra for
the samples have been obtained by DFT calculations and com-
pared with experimental spectra. Figure 3 shows the experimen-
tal and theoretical vibrational spectra of the sample without
filler. Assignments are made using theoretical vibrational spec-
tra to the experimental spectra. Figure 3(i)(a) shows the experi-
mental FT-IR spectra of the PVDF/LiClO, sample. The characteristic
peak observed at 539 cm™ is attributed to the CH, rocking
vibration of the PVDF polymer matrix. The rocking modes® of
CF, vibration of f-phase is obtained at 839 cm™. The band observed
at 1090 cm™ is attributed to the asymmetric stretching vibra-
tion of C-C backbone of PVDF polymer. The vibrational bands
at1179 and 1230 cm™ are assigned to asymmetric stretching of
CF, and symmetric stretching mode of C-C.*® The CH, wagging
mode® is observed at 1402 cm™. The bands at 1617 and 1629
cm™ are attributed to the Cl0, asymmetric stretching vibration
and 3557 cm™ due to the O-H stretching vibration.*

The IR spectra for the sample are calculated by DFT compu-
tational method, which allows to propose accurate vibrational
assignments and to clarify the complex IR vibration of the sam-
ples. Figure 3(i)(b) shows the theoretical IR vibrational spectra
of the C,H,F,LiClO, cluster. The main feature of the IR spectrais
indeed reproduced satisfactorily, while some minor deviations
in frequency or absorbance intensity could be due to the small
cluster size employed.

All the vibrational bands observed in the experimental spec-
tra are noticed in the theoretical IR spectra with the minor
deviation of frequency and absorbance intensity (5 to 10 cm™
in frequency differences). The characteristics absorption band
of O-H stretching vibration obtained due to absorbed water in
the experiment, which is not observed in the DFT calculations
because the calculations have been performed in gas phases.
All the IR vibrational bands of the sample computed by DFT/
calculations are in good agreement with the experimental IR
vibrational modes, which confirms the formation of perfect
(C,H,F,LiCl0,) PVDF/LiClO, complex phase.

Macromol. Res., 28(8), 739-750 (2020)
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Figure 3. (i ii) Theoretical and experimental IR spectra of PVDF/LiCl0,and PVDF/LiCl0,/LLTO, and (iii) FTIR spectra of PVDF/LiCl0,/LLTO with

the addition of different concentration (wt%) of LLTO filler.

Figure 3(ii) shows the experimental and theoretical IR spec-
tra of the PVDF/ LiClO, complex with the LLTO nanofiller. Fig-
ure 3(ii)(a) shows the experimental FT-IR spectra of the PVDF/
LiClO,/LLTO composite system. The vibrational bands of CH,,
CF,, Cl0,, and O-H vibrations for LLTO nanofiller doped polymer
electrolytes appeared in the experimental spectra are almost
identical to the filler-free polymer salt complex. The sharp charac-
teristic peak originated at 1040 cm™ can be assigned to the bend-
ing vibrations of Ti-0-La bond.'**' The disappearance of 1090
cm™ and the emergence of 1040 cm™ are corresponding to the
breaking of C-C bond and generation of Ti-O-La bond. The result
reveals that the perfect coordination bonding of the PVDF /LiC-
10, and LLTO is confirmed with the addition of LLTO nanofillers
into the polymer host matrix. Figure 3(ii)(b) shows the calcu-
lated IR spectra of the C,H,F,Li,LaTiClO; composite cluster. The
incoporation of the LLTO filler network causes an intensity drop
for vibrational modes related to CH,, CF,, C10;,0-H, and Ti-O-La
bonding, which are clearly shown in the IR spectra (Figure 3).
The vibrational modes observed at 1090, 1179, and 1230 cm™
in the filler-free system are disappears when LLTO is added to
the host matrix. The absence of these bands supports the mecha-
nism of Lithium dissociation (;,Li) from ClO,". The perfect PVDF/
LiCl0,/LLTO nanocomposite complex formation has been con-
firmed by DFT-IR calculations.

Macromol. Res., 28(8), 739-750 (2020)
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In addition to this, the composition-dependent vibrational
changes of the nanocomposite polymer electrolytes have also
been investigated by experimental FT-IR analysis. The FT-IR
spectra of PVDF/LiClO, and PVDF/LiCl0,/LLTO composite poly-
mer electrolytes with different filler compositions are shown in
Figure 3(iii).

The IR bands of CH, and CF, vibrations for 5 wt% of LLTO
nanofiller doped polymer electrolytes are almost identical to
the filler-free polymer salt complex. The peak originated at 1040
cm™ can be assigned to the bending vibrations of Ti-O-La bond.
The peak observed at 539 cm™ due to CH, rocking vibration of
PVDF/LiCl0O, complex polymer matrix has been shifted to a higher
frequency. The stretching vibration of the CH, group becomes
sharper while the rocking vibration of the CF, group is shifted
to 852 from 839 cm™ and vanishes for 40 wt% LLTO filler.

In Figure 3(iii)(e), the rocking vibration of CF, bond at 852
cm is reduced. It is noted that the vibrational mode associated
with the formation of Ti-O-La becomes more prominent and
sharper with the increase in the filler concentration. There is
no significant change in the peak position or emergence of new
peaks. The addition of the filler varies the vibration structure. It
structurally influences the intensity with respect to the concen-
tration of LLTO, which does not change after 30 wt% filler. That
may be an indication of the saturation of nanofiller reaction
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with PVDF. The sharp peaks due to the polymer filler complex
bonds that emerged after the addition of LLTO nanoparticles
demonstrate the strong interaction between the filler and the
polymer host matrix, which has been inferred by DFT-IR calcu-
lations.

3.4. Morphological analysis

Figure 4 shows the FE-SEM micrographs of PVDF/LiClO,/LLTO
nanocomposite polymer electrolytes with different composition
of the filler. Figure 4(a) shows the SEM micrograph of the filler-
free PVDF/LiClO, system, in which the spherical particles spread
over the surface with minor holes and pores. The densely packed
spherical morphology of the polymer/salt complex is observed,
and the average particle size is found to be 10 pm with smaller
cavities. Figure 4(b), (c) shows the FE-SEM micrograph of PVDF/
LiClO,/LLTO composite polymer electrolyte system with the
addition of 10 and 30 wt% LLTO nanofiller. The incorporation
of the LLTO particles into the polymer matrix results in a uniform
complex formation without any pores and holes. The complex

formation results in a different morphology with an increase in
the LLTO filler concentration.

The sample with 30 wt% of LLTO filler shows a uniform dis-
tribution of the particles without pores or cavities, which rep-
resent a perfect complex formation with the LLTO nanofillers
embedded in the polymer matrix.

It implicates that an optimal concentration of particles yield-
ing the most consistent composite matrix. The incorporation of
ceramic particles into the polymer hosts significantly changes
the nature of the morphology in the composite polymer elec-
trolytes. Figure 4(d) shows the SEM micrograph of the compos-
ite polymer system with the addition of 40 wt% LLTO nanofillers.
The rough, uneven, spherical morphology of the sample has been
observed. Additionally, more and more aggregations of LLTO
particles, with aggregation size slightly larger than nanosize, began
to appear clearly on the surface and inside the pores of polymer
electrolytes with LLTO content of 40 wt%. The photograph of the
prepared PVDF/LiClO,/LLTO nanocomposite solid polymer films
is shown in Figure 4(e) and (f).

Figure 4. FE-SEM micrographs of (a) PVDF/LiClO, polymer film without LLTO filler, PVDF/LiClO,/LLTO polymer films with (b) 10 wt% of LLTO
filler, (c) 30 wt% of LLTO filler, and (d) 40 wt% of LLTO filler. (e,f) Photographs of the PVDF/LiClO, with 30 wt% of LLTO nanofiller.
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3.5. Conductivity studies

The conductivity studies of the composite polymer samples are
carried out using the complex impedance spectroscopy. Figure
5(a)-(f) shows the Cole-Cole plot (Z'(real) vs. Z"(imaginary) of
PVDF/LiClO,/LLTO composite polymer electrolytes at room
temperature. The Cole-Cole plots of the sample are theoretically
fitted by Z-View software, and equivalent circuits are also pro-
vided. The solid line in Figure 5 indicates the fitted plots and
circles represent experimental data, and all plots show the best
fitting results with the minimum error. The value of the resis-
tance represented in the equivalent circuits. The following equa-
tion can calculate the ionic conductivity of the samples,

o=d/A*R, (1)

where the o is the ionic conductivity, d is the thickness of the
polymer films, A4 is the area of the composite films, and R, is the
bulk resistance of the film which can be determined from Z"vs.
Z" plots of the samples.

Figure 5(a) shows the Nyquist plot of the filler-free PVDF/
LiCl0, complex. The Nyquist plot shows a high-frequency semi-
circle and low-frequency semicircle with a spike, which is ascribed
to the grain and grain boundary resistance of the sample. The
high frequency semicircle represents the bulk relaxation of
the samples; the low-frequency semicircle is due to the grain
boundary effect, and straight-line after the semicircle is due to
the migration of the ions®*” and the surface inhomogeneity of
the contact electrodes. The total ionic conductivity of the PVDF/
LiClO, film is found to be 5.680 x 10° S cm™. Figure 5(b) shows
the Nyquist plot of PVDF/LiClO, complex with the addition of 5
wt% LLTO nanoparticles. The ionic conductivity of the 5 wt%
LLTO embedded sample is found to be 1.8401 x 10*S cm™. In
Figure 5, the high-frequency region of the Nyquist plot of filler-
free and 5 wt% of LLTO incorporated PVDF/LiClO, sample
slightly different from other samples due to poor grain conduc-
tivity. It has been found that the conductivity of the PVDF/LiC-
10, sample enhanced by the addition of LLTO nanoparticles. In
Figure 5(c) and (d), the bulk resistance of the nanocomposite
polymer samples decreased with the increase in the composi-

6000
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G 40004 _ e (@) LLTO: 0 wt%
&y 1z —e—(b) LLTO: 5 wt%
5 —+—(c) LLTO: 10 wi%
3000+ (d) LLTO: 20 wt%
—— () LLTO: 30 wi%
2000 —<—(f) LLTO: 40 wt%
1000 4
0 r r r r r
0 1000 2000 3000 4000 5000 6000
Z'(Q)

Figure 5. The Nyquist plot of nanocomposite polymer films with dif-
ferent concentrations of LLTO filler: (a) 0 wt%, (b) 5 wt%, (c) 10 wt%,
(d) 20 wt%, (e) 30 wt%, and (f) 40 wt%.
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tion of the LLTO nanoparticles.

Figure 5(e) shows the impedance spectra of the PVDF/LiClO,/
LLTO composite system with 30 wt% of LLTO nanofiller. An
equivalent circuit has distinguished the high-frequency depressed
semicircle and low-frequency semicircle of the sample. The
30 wt% of LLTO nanofiller embedded nanocomposite solid
polymer system exhibits an unprecedented ionic conductivity
0f 2.3687 x 10°*S cm™ at room temperature (303 K), which is
two orders of magnitude (10° to 103 S cm™) higher than that of
the filler-free PVDF/LiCl0O, complex system. It is attributed to
the fast ion transport on the smooth surfaces of ClO, ceramic
nanoparticles acting as a conductive network in the polymer
complex matrix, which is further supported by morphology,
XRD and DFT-IR calculations. Sethupathy et al.® reported that
the SiO, incorporated PVDF composite nanofiber membrane
exhibits the maximum ionic conductivity of 7.731 x 10*S cm™
Chunsheng et al.'® synthesized the LiyssLay 35 TiOs fiber incorpo-
rated PEO-LiN(SO,CF,CF;), composite system and reported
the highest ionic conductivity of 5.0 x 10* S cm™ at room tem-
perature when the filler content about 20 wt%. Wei Liu et al.””
reported the PAN/LiClO, incorporated with 15 wt% Lij33Lag55,TiO3
nanowire composite electrolyte exhibits an ionic conductivity
of 2.4 x10*Scm™

Very recently, Mariano Romero et al,** reported that the
maximum ionic conductivity of the LLTO-PMMA composite
system is 1.13 x 10*S cm™. In this work, the obtained highest
ionic conductivity (2.3687 x 10 S cm™) is one order of magni-
tude higher than that of the previously reported by Wei Liu et
al,, Mariano et al,, and Wang et al®® The obtained ionic conduc-
tivity is also higher than the bare LLTO solid-state electrolyte
(1x10°S cm™).*2 The composite sample with 40 wt% of the
LLTO filler drastically reduced ionic conductivity. The calculated
total ionic conductivity of the nanocomposite polymer films is
depicted in Table 1. From the Table 1, the conductivity of com-
posite films increases with increase in the concentration of LLTO
nanofiller up to 30 wt%. However, further addition of nanofiller
higher than that of 30 wt% significantly reduces the ionic con-
ductivity. The reduction of ionic conductivity is attributed to the
ions aggregation/agglomeration of particles in the films, which
has been ensured by FE-SEM analysis.

3.6. Temperature dependent ionic conductivity

Figure 6(i) shows the temperature dependence of ionic con-
ductivity for the PVDF/LiCl0O,/LLTO nanocomposite polymer
electrolytes, the temperature ranging from 30 to 175 °C. The
logo vs. 1000/T curves for the samples appear linear, suggesting
that its conductive behaviour obeys the Arrhenius equation,*

0 =00 exp(~E./RT), (2)

where R is the gas constant, o is the conductivity of polymer
electrolyte, o0, is the pre-exponential factor, and T is tempera-
ture, respectively. It should be noted that the nanocomposite
polymer electrolytes exhibit positive temperature-dependent
conductance. The activation energy for Li-ion transportation
has been obtained from the slope of the straight line according
to the Arrhenius equation. The activation energy of filler-free
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Table 1. The ionic conductivity and activation energy of the PVDF/LiClO,/
LLTO composite polymer electrolytes

Total conductivity Activation energy

Samples (S cm?) (eV)
LLTO: 0 wt% 568 x10° 0.77
LLTO: 5 wt% 1.84 x 10* 0.55
LLTO: 10 wt% 4,07 x 10 0.44
LLTO: 20 wt% 554 x10* 0.43
LLTO: 30 wt% 2.36x 107 0.29
LLTO: 40 wt% 7.40 x 10* 0.57

and LLTO embedded composite polymer electrolytes are listed
in Table 1.

The 30% of LLTO incorporated PVDF/LiCl0,/LLTO nano-
composite solid polymer possessed very lower activation energy
of 0.29 eV. The lower E, indicates the minimum energy required
for Li-ion transportation across the composite films. It suggestes
that the activation energy decreases from 0.67 to 0.29 eV with
an increase in the concentration of LLTO filler up to 30 wt%.
The result demonstrates that the incorporation of the LLTO
nanoparticles into the PVDF/LiClO, electrolytes effectively
improved the lithium-ion transportation across the composite
polymer electrolytes. The 40 wt% of LLTO embedded compos-
ite polymer films exhibit higher activation energy (E,) in com-
parison to the 30 wt% LLTO incorporated sample, which evidence
that the film exhibits lower ionic transportation across the sam-
ple. Figure 6(ii) shows the ionic conductivity and activation
energy (E,) as a function of the concentration of LLTO in the
composite polymer films. It can be observed that the 30 wt%
LLTO embedded PVDF/LiClO, composite system exhibits excel-
lent ionic conductivity and low activation energy, which corre-
sponds to low binding energy and high mobility of lithium ions.

In this work, the DFT calculations have been performed for
proposing a mechanism of the ionic conductivity of the samples
using the modeled (C,H,F,LiCl0, and C,H,F,Li,LaTiClO,) clus-
ters. This study gives, for the first time structural insights into
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PVDF/LiClO0,/LLTO nanocomposite polymer electrolytes and
an attempt to a facile understanding of the observed increase in
ionic conductivity by incorporating LLTO filler into the polymer
matrix. Depending on the nature of filler, the following param-
eters have been proposed to influence the ionic conductivity of
PVDF/LiClO,/LLTO systems: (i) the relative amount of nanofill-
ers, (ii) the nature of bonding in the complex, (iii) the electrostatic
interaction for ion transportation, (iv) mobility and concentra-
tion of free Li* ion.

The LLTO incorporated into the polymer matrix, which
causes sizeable structural re-origination of polymer/salt com-
plex. When the LLTO is added to the polymer matrix, the lith-
ium (,Li) ion and the tetrahedral ClO, unit is found to separate
from the composite polymer structures (Figure 2(b)). This effect
is manifested clearly by the increase of the Li-ion mobility upon
the addition of LLTO filler. The intermolecular distance between
the active site of Cl0, unit to the filler is very small, 0.6087 A,
and shown in Figure 2(b), which means that the high affinity
can be expected between Cl0, and surface of nano-oxides. For
the filler-free system, the bond length of the ;,Li-;,0 is 1.9890 A
while the bond has broken when the filler is added to the poly-
mer matrix. In terms of filler and polymer interactions, this trend
suggests a reduction of binding energy for Li-ion in the composite
system. The binding energy depends strongly on the nature of
the bonding in the complex network.

Along with this line, the lower electrostatic interaction between
the ;,Li-ions and their perchlorate sites in the composite system
decreases the binding of ;,Li-ions thereby improved the ionic
conductivity of the sample. A real mechanism with theoretical
evidence of ion transportation in the composite polymer elec-
trolytes has not yet been reported in the literature.’ In the pres-
ent work, the DFT cluster calculations yielded an evident clue
for understanding the most plausible mechanism of ionic con-
ductivity in the PVDF/LiClO,/LLTO nanocomposite solid polymer
electrolytes. The theoretical evidence for the enhancement of
ionic conductivity with the addition of inorganic nanofiller also
has in good agreement with the Lewis acid-base theory.”’ It
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SOx107 — (b) Activation energy (") 0.8
2.5x1071 .
‘ 0.7 %\
2.0x107 1 =
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Figure 6. (i) Temperature-dependent ionic conductivity, (ii) ionic conductivity and activation energy versus different wt% of LLTO concentra-

tion of PVDF/LiCl0,/LLTO electrolytes.
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suggests that the strong affinity can arise between the Cl0, and
acid groups on the surface of nano-oxides, which facilitates the
formation Li* and ClO, ion pairs and results in an increase in
the concentration of free Li**® These mobile Li-ions could make
arandom walk through the improved amorphous PVDF matrix,
and the LLTO surface region is enriched with vacancies that allow
Li* to hop from one site to the next one. However, the conduc-
tivity due to the enriched amorphous PVDF host is dominant.

3.7. Complex modulus spectroscopic analysis

Complex modulus analysis is an alternative strategy to explore
the electrical properties of the composite polymer electrolytes
and to magnify any other effects present in the polymer film as
aresult of different relaxation time constants.* The relation between
the impedance data and electric modulus is given below

M*=M'+M" 3)
M =wC,Z and M" = wC,2" (4)

where the M' and M" are real and imaginary part of the com-
plex modulus, the geometric capacitance C, = €,4/L, A is the area
of the polymer film, L is the thickness of the film and ¢, is the
permittivity of the free space (8.854 x 10™* F/cm). The variation
of the real part (M") of electrical modulus with the frequency of
composite solid polymer electrolytes shown in Figure 7(i). It
was observed that, all the samples the M approaches to zero
for all the films, which suggest that the contribution from the
electrode effect is negligible. Small dispersion is noticed in the
intermediate frequency, which demonstrates the appearance
of electrolyte polarizations. The M'is found to disperse at high
frequency is due to the conductivity relaxation. The M'increases
with an increase in the frequency for all the samples, which is
attributed to the conduction phenomenon arising due to the
short-range mobility of free charge carriers. The M'strongly depends
on the concentration of the LLTO nanoparticles, which indi-
cates that the space charge polarization and conductivity relax-
ation are depend on the contribution of LLTO nanoparticles
into the polymer host matrix.

Figure 7(ii) shows the imaginary part (M") of electrical mod-
ulus as a function of frequency for all the composite polymer
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0.0044=

0.0024 oo

0.0004
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films. The M" increases with an increase in frequency and attains
maximum value (peak) at a particular frequency, which shifts
to a higher frequency with increases in the concentration of
LLTO nanoparticles. The peak in the M" vs. frequency plot is a
non-Lorentzian type curve indicating the spread of relaxation
time. The peak position can be attributed to the re-orientation
relaxation process of mobile Li-ions.*’

3.8. Dielectric analysis

The variation in the dielectric constant is a clear indication of
polarization due to the transportation of mobile ions, electronic
polarization and lattice vibrations.***? The complex permittiv-
ity is given below,

g=e'+je" (5)

where the ¢’ is the real part of the complex permittivity or
dielectric constant and €" is the dielectric loss during each cycle
of the electric field. Figure 8(i) shows the frequency depen-
dence of dielectric constant (&) for different concentrations of
LLTO at room temperature.

For all the samples, the frequency dispersion of dielectric
constant is found to be more prominent in the low frequency.
The ¢’ displays a frequency-independent behavior at a frequency
higher than log5 (HZ). The dielectric constant £’ decreases with
increases in frequency due to the electrical relaxation process.
It is observed that the incorporation of LLTO nanoparticles, &'
value, is increased in the lower frequency and is constant at
higher frequency regions. The LLTO incorporation causes more
localization of charge carriers with mobile Li-ions which enhanced
the ionic conductivity. The higher dielectric constant and strong
dispersion at low frequency are due to the effects of LLTO fillers
on the ionic migration in the PVDF/LiClO, complex systems.
The variation of the imaginary part of dielectric permittivity
(£" as a function of frequency for different concentrations of
LLTO particles into the polymer host is shown in Figure 8(ii).
The higher value at the low-frequency region is attributed to
the free charge motion in the composite polymer films. The
dielectric loss factor (¢") increases with increases in the con-
centration of LLTO up to 30 wt% atlow-frequency region which is

0.010
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Figure 7. Electrical modulus spectra of the samples: (i) the real part (M) versus log(f) and (ii) the imaginary part (M") versus log(f).
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Figure 8. Dielectric spectra of the samples: (i) dielectric constant (&) versus log(f) and (ii) dielectric loss (¢") versus log(f).

due to the enhancement of mobility of the charge carriers. The
&" found to decreases at higher concentration (40 wt%) might
be ion aggregations. The dielectric and electrical modulus anal-
ysis for the PVDF/LiClO,/LLTO based nanocomposite solid poly-
mer has notyet been reported in the literature background.'’**
These results facilitate to understand the mechanism for the
higher ionic conductivity in the PVDF/LiClO, solid polymer elec-
trolytes with the addition of different wt.% of LLTO filler.

3.9. Transference number measurement

The electrical conductivity measurement provides the elec-
tronic and ionic transportation mechanism in the solid polymer
electrolytes. The contribution of ionic conductivity in the total
conductivity of a solid polymer electrolyte plays a significant role
in determining the best performance of the lithium polymer
battery. The determination of the total transference number
contributes to the particular charge carriers (electrons/ions) that
occur in the composite polymer electrolytes. The total transfer-
ence number for the PVDF/LiClO,/LLTO nanocomposite solid
polymer electrolytes has been elucidated by Wagner’s polar-
ization technique.” The ionic transference number has been
obtained by the polarization current versus time plots using
the equation

tion = (Ii'If)/Ii and tele = If/Ii' (6)

where the [ is the initial current and [; is the final current. The
dc polarization measurements on the PVDF/LiClO,/LLTO
composite system have been carried out with silver blocking
electrodes by supplying a 1.0 V DC bias voltage at room tem-
perature.

Figure 9 shows the DC polarization current versus time plots
of the PVDF/LiClO, and different wt% of LLTO filler embedded
composite solid polymer electrolytes. It should be noted that all
plots show the higher polarization current at the very begin-
ning, then its value decreases instantaneously and reaches con-
stant value after long polarization time. The larger current at
the beginning is attributed to the migration of charge carriers
(ions and electrons) across the polymer electrolytes. The ionic
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transportation number of the PVDF/LiClO,/LLTO nanocom-
posite solid polymer electrolytes has been calculated and listed
in Table 2. The total ionic transference number increases with
increase in the concentration of LLTO filler and reaches a high
value of 0.801 at 30 wt% of LLTO. The enhanced total ionic
transference number of the composite polymer electrolytes is
attributed to the enhanced density of mobile Lithium ions in
the systems.

The results reveal that the charge migration in this polymer
electrolyte is predominantly due to the ions with the negligi-
ble contribution of electrons. The higher transference number of
the PVDF/LiCl0,/LLTO nanocomposite solid polymer facilitates
to craft a high performance all solid-state polymer batteries.

3.10. Electrochemical performance of the all solid-state cell

In this work, the battery performance has been tested for the
highest Lithium-ion conducting nanocomposite polymer elec-
trolyte. In the case of solid-state polymer electrolyte, the ionic
conductivity and transference number play an immense role in
determining the battery performance of the samples. All solid-
state Li,FeSiO,/C|PVDF/LiClO,/LLTO|graphite lithium poly-
mer battery has been constructed using the highest Li-ion con-
ducting PVDF/LiCl0,/LLTO composite polymer electrolyte, for
the first time. The open-circuit voltage of the constructed all
solid-state lithium cell is 1.72 V (shown in Figure 10(a)), and it
was stabilized, the cell has discharged connecting through 100
kQ load resistance at room temperature. During the discharge
through aload, OCV of the cell has been initially decreased, and
the observed voltage of 1.62 V is monitored for 147 h.

This constant region of the cell voltage acts as a plateau region.
The all solid-state battery fabrication facilitates to find the com-
patibility of the PVDF/LiClO,/LLTO solid polymer electrolyte
with the electrodes. The results suggested that the Li,FeSiO,/
C|PVDF/LiClO,/LLTO|graphite all solid-state battery possessed
optimal OCV voltage and a constant plateau voltage. Further,
the electrochemical performance of the all solid-state cell has
been examined by CV analysis. Figure 10(b) shows the CV curve
of the Li,FeSiO,/C|PVDF/LiClO,/LLTO|graphite cell at differ-
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Figure 9. Current versus dc polarization time of PVDF/LiClO,/LLTO
composite solid polymer electrolytes.

Table 2. Total transference numbers of the PVDF/LiClO,/LLTO nanocomposite
solid polymer electrolytes

Samples Transference number (t)
LLTO: 0 wt% 0.673
LLTO: 5 wt% 0.706
LLTO: 10 wt% 0.762
LLTO: 20 wt% 0.787
LLTO: 30 wt% 0.853
LLTO: 40 wt% 0.793

ent scan rates from 10 to 100 mV/s ramped between -2 to 2 V.
It is noted that a pair of redox peak is observed at peak separa-
tion potential of 0.432 V. The potential difference between oxi-
dation and reduction peaks is the key factor for evaluating the
reversibility of the electrochemical reaction in the solid-state cell.
The rechargeable all solid-state cell exhibits minimum peak
separation potential which demonstrates the best electrochemi-
cal reversibility of the cell.

The anodic peak is attributed to the oxidation of Fe ions by
the intercalation of Li-ions from Li,FeSiO, /C cathode material,
and cathodic peak is the reduction of Fe ions by the de-interca-
lation of Li-ions into the host composite. The Galvanostatic
charge and discharge test have been performed for the Li,Fe-
Si0,/C|PVDF/LiCl0,/LLTO|graphite cell at 0.1 C rate over 30
cycles shown in Figure 10(c). The all solid-state cell exhibits an
excellent initial specific capacity of 87.13 and 73.24 mAh g after
30 cycles which demonstrates the higher capacity retention.
The unprecedented specific capacity of the cell is attributed to
the excellent compatibility, excellent ionic conductivity and bet-
ter transference number of the PVDF/LiCl0,/LLTO solid poly-

Macromol. Res., 28(8), 739-750 (2020) 749

7.5
b
5.01 ®
100 mV/s
2571 !
.09 10mV/s

2.0-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0
Potential (V)

< 901 " 1 ]
_g) 1.54 Anodic (d)
= 801 .
87.13 (mAhg" °
E 704 8713 (mAkg) 1.04
> J <
‘§ 60 B2amang)| E 05
50 e
[=9 —
S 40 001
=304 -0.59  Cathodic
2 20
uaa' 2 -1.01
104
3 -1.54
0 5 10 15 20 25 30 3 4 5 6 7 8 9 10

v (mV/s)

Figure 10. Rechargeable all-solid-state Li,FeSiO,/C|PVDF/LiClO,/LLTO|
graphite lithium cell: (a) photograph of the OCV measurement, (b) CV
curves with different scan rate (10 to 100 mV/s), (c) specific capacity
over multiple cycles, and (d) linear plot between I, versus V*/for the
all-solid-state lithium battery.

Cycle number

mer electrolyte. The CV measurements at different scan rates
have also been used to estimate the Li-ion diffusion coefficient
of the all solid-state cell. The diffusion coefficient of the cell can
be determined by Randles-Sevcik equation* which can be used
to explore the effect of scan rate on peak current I,. The linear
plots of I, vs. V'/* provide the evidence for chemically reverse
redox process in the all solid-state cell shown in Figure 10(d).
The diffusion coefficient of the cell is found to 1.23 x 10 cm?s™.
The preliminary findings provide an avenue for exploring the
simple all solid-state lithium polymer batteries, which is a poten-
tial candidate for next-generation energy storage technology.

4. Conclusion

The impact of the LLTO nanofiller on the ionic conductivity and
electrochemical properties of the PVDF/LiCl0,/LLTO solid poly-
mer has been explored. The nanocomposite polymer electrolyte
with 30 wt% of LLTO exhibits an unprecedented ionic conduc-
tivity of 2.3687 x 10*S cm™ at room temperature. The obtained
highest ionic conductivity upon the addition of filler into the poly-
mer matrix is attributed to the reduction in the binding energy
of Li-ions, and it makes a random walk through the enriched
amorphous host matrix. The higher transference numbers for
the sample is attributed to the charge migration in the polymer
electrolytes predominantly due to ions with negligible electronic
conduction. The incorporation of LLTO filler in the composite
polymer films has been inferred by DFT-IR calculations and com-
pared with experimental FT-IR spectroscopic data. The theo-
retical spectral assignments have been made for the nanocomposite
system that clarifies the complex IR vibration of this new elec-
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trolyte. The understanding of the possible mechanism on add-
ing ceramic nanofiller, LLTO, is made clear using DFT analysis
and found true by experimental analysis. The all solid-state Li,Fe-
Si0,/C|PVDF/LiCl0,/LLTO|graphite lithium battery has been
fabricated using the highest Li-ion conducting composite polymer
electrolyte and electrochemical performance of the battery has
been explored by CV analysis. The all solid-state cell exhibits an
initial specific capacity of 87.13 mAh g* which demonstrated
that the PVDF/LiCl0,/LLTO composite polymer electrolyte pos-
sessed excellent compatibility with the solid electrodes.
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