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Abstract

The effect of TiO, nanofiller concentration on the dielectric polarization and relaxation processes of
(75PEO/25PVDF)/25 wt% LiClO,-x wt% TiO, (x=0, 2, 5, 10, 15, and 20) compositions based nanocomposite solid poly-
mer electrolyte (NSPE) films has been investigated by employing the dielectric relaxation spectroscopy. The SEM micro-
graphs demonstrate that the dispersion of TiO, nanoparticles enormously alters the spherulitic morphology with the
development of some cracks, pores, and wrinkles of these solution-cast prepared NSPE films. The X-ray diffraction study
confirms that the heterostructures of these NSPE materials are semicrystalline and their degree of crystallinity increases
irregularly with the increase of TiO, concentration, however the crystallinity of host polymer blend matrix of these elec-
trolytes decreases. The complex dielectric permittivity spectra of these NSPE materials in the frequency range from 20 Hz
to 1 MHz at 27 °C reveal that there is a dominant contribution of electrode polarization and interfacial polarization at
lower frequencies, whereas the high frequency permittivity values attribute to dipolar and ionic polarizations. Four types
of relaxation processes have been probed by the ‘master curve representation’ of the dielectric and electrical spectra of
these solid ion-dipole complexes. It is observed that the addition of TiO, nanoparticles up to 10 wt% in these electro-
lytes influences the dielectric properties anomalously, but a huge decrease in the dielectric polarization and increase
in the relaxation times are noted resulting in a significant decrease in the ionic conductivity of the film at 20 wt% TiO,
concentration. The dependence of dc ionic conductivity of these lithium-ion conducting NSPE materials on the chain
segmental relaxation time and also the degree of crystallinity has been explored. The results of these NSPE materials
have also been compared with the TiO, nanoparticles loaded different polymer matrices and salts based electrolytes
and discussed appropriately. These lithium-ion based electrolyte films are accredited for the solid-state ion-conducting
energy storing devices from their electrochemical parameters characterized by LSV, CV, and CA techniques.
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1 Introduction rechargeable batteries, fuel cells, supercapacitors, solar
cells, sensors, and so forth) [1-10]. These materials are

The solid polymer electrolytes (SPEs) have attracted novel and advantageous over their liquid counterparts

huge attention in the last four decades and now matured
enough owing to their tremendous technological impor-
tance established in the development of flexible-type
all-solid-state advanced ion-conducting devices (i.e.,

especially relevant to the battery applications because
they have adequate ionic conductivity and numerous
other fascinating features like wide operating temperature
range, lightweight, good shelf life, high energy density,
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leakage-free, ease of preparation, the flexibility of minia-
turization, reduced flammability, low toxicity, good stabil-
ity during the charge-discharge cycles, as well as appreci-
able mechanical and thermal stabilities [2, 4, 8-10]. So far,
a variety of SPEs including nanocomposite SPEs (NSPEs),
plasticized SPEs (PSPEs), and plasticized nanocomposite
SPEs (PNSPEs) have been beautifully developed with state-
of-the-art, and their technological significance has been
greatly appreciated with breakthroughs in the energy stor-
ing devices (batteries and supercapacitors) [2, 3, 6-8, 10,
11]. At the early stage of the development of solid-state
electrolyte materials, they exhibited some drawbacks from
the technology point of view and therefore tremendous
efforts have been made in the last decade researches to
overcome the drawbacks and are thoroughly addressed in
several recent reviews [1-12].

Many approaches such as the use of polymer blends
as promising host matrices [13-19], inclusion of inorganic
and organic nanofillers forimproving thermal, mechanical,
and ion transportation properties [20-23], the addition of
various ionic liquid and/or dipolar liquid plasticizers for
increasing degree of salt dissociation and reducing the
crystallinity of polymer matrix [24-27], and consideration
of different preparation methods suitable from the indus-
trial point of view [28-33]. Furthermore, some combina-
tions of these different approaches have also been taken
into consideration for exploiting different kinds of SPE
materials with a variety of appealing properties [17, 20,
26, 34]. Among these approaches, the blending of poly-
mers and their use as host matrices for the preparation of
appropriate properties SPEs is a valid and more feasible
green chemistry process that has been exemplified by vari-
ous research groups [10, 17-21, 26, 29, 32]. The blending
process not only suppresses the unwanted properties of
individual polymers but also enhances the required supe-
rior properties that can be engineered through an appro-
priate compositional weight ratio of the blended polymers
[14,17,18, 35, 36]. The addition of nano-sized fillers in the
host polymer matrix is also a widely popular and efficient
strategy to get improved physicochemical properties of
the prepared NSPE materials [6, 10, 18, 22, 30, 371. It has
been observed that the nanofiller increases free volume in
the polymeric composite material and creates additional
favourable ion conductive paths due to which ions mobil-
ity increases [5, 10]. Further, numerous studies have also
validated the fact that the nanofillers decrease the crys-
talline content of the semicrystalline polymer matrix and
thereby make it more fascinating ion-conductive amor-
phous host medium [22, 23, 371.

For the preparation of SPE films, the poly (ethylene
oxide) (PEO) is extensively used as a host polymer matrix
since the development of first-ever SPE material [5, 8, 10],
and it is still the prime choice of researchers for progressive
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work on the ion-conducting flexible-type SPE materi-
als [38-41]. The key favorable properties of the PEO in
regards to its use as SPE materials are its easy processing
and high solvating power for the alkali metal salts [5, 8,
10]. Although the degree of crystallinity of the PEO matrix
(~73.6%) is high [42], its relatively fast chain segmental
motion facilitates the hopping mechanism of ions trans-
portation [33]. However, poor thermal and mechanical
properties of the PEO matrix-based SPEs are major draw-
backs in regard to device workability at higher temper-
atures [5, 10]. Therefore, the blends of PEO with several
polymers of better thermophysical properties are largely
considered for the preparation of promising SPE, NSPE,
PSPE, and PNSPE materials [14, 17-21, 26, 31, 32, 36, 43].
The semicrystalline polar poly(vinylidene fluoride) (PVDF)
matrix has relatively appreciable physicochemical and
electroactive properties [44] and therefore it is considered
in several researches for the development of advanced SPE
materials [45-47]. Numerous studies on the blend matrices
of PEO/PVDF have realized some favourable properties in
regards to their suitability as a host matrix for the SPEs
and therefore this polymer blend matrix is used for the
preparation of a variety of SPEs [13-15, 35, 36, 48] and also
electrolyte membranes [16, 49, 50] suitable for all-solid-
state ion-conducting devices. A survey of literature con-
firms that for the lithium-ion conducting SPE materials,
the LiClO, is one of the appealing ionic dopants used enor-
mously for the preparation of SPEs [10, 23, 27, 33, 36]. The
investigations on numerous NSPE materials have claimed
that the dispersion of TiO, nanoparticles mostly increases
the ionic conductivity, and some studies also reported an
unexpected increase by a few orders of magnitude [22,
23, 30, 49-62]. Some studies have concluded that only the
acidic groups surface-modified TiO, and some other inor-
ganic nanofillers are effective in increasing the conductiv-
ity of the NSPE materials [63, 64]. The molecular simulation
studies established that the nanoparticles slow down the
dynamics of polymer chain segments near their surface
due to which mobility of ions reduces and thereby the
ionic conductivity of the polymer electrolytes decreases
in presence of a nanofiller [65, 66]. Additionally, the study
of TiO, based NSPEs is not only interesting for the devel-
opment of energy storage devices point of view but also
highly appreciable in regards to energy harvesting devices
[49, 671.

Recently, we investigated detailed structural and die-
lectric properties of the PEO/PVDF blends over the entire
blend composition range [42], these polymers blends
based nanocomposites [68], and also a variety of SPE
materials [35, 69, 70]. In continuation of these researches
on the PEO/PVDF blend matrix-based various types of
flexible dielectric and electrolyte materials, the present
manuscript deals with the NSPE materials comprising



SN Applied Sciences (2020) 2:833 | https://doi.org/10.1007/542452-020-2656-9

Research Article

(75PEO/25PVDF)/25 wt% LiClO,—x wt% TiO, composi-
tions. The manifold aims of this work are; first, to study
and report the detailed morphological, structural, dielec-
tric polarization and relaxations, and also ion conduction
behaviour of these NSPE materials with the variation of
TiO, nanofiller concentration, second, to explore the effect
of TiO, concentration on the various relaxation times and
their correlation with the ion transport mechanism in
these heterogeneous ion-dipole complexes, and third,
to confirm how much this wide bandgap semiconductor
inorganic TiO, nanofiller is effective in the improvement of
the promising properties of PEO/PVDF blend matrix-based
electrolyte materials.

2 Experimental
2.1 Materials

The Sigma-Aldrich PEO of M, =600,000 g mol™" (CAS No.
25322-68-3), PVDF of M,,~ 534,000 g mol™' (CAS No. 24937-
79-9), LiClO, of battery grade (CAS No. 7791-03-9), and TiO,
of particle sizes less than 21 nm (CAS No. 13463-67-7) were
used as primary materials for the preparation of the NSPE
films. N,N-dimethyl formamide (DMF) (CAS No. 68-12-2) of
Loba Chemie, India was used as the solvent.

2.2 Preparation of NSPE films

The NSPE films (i.e., (75PEO/25PVDF)/25 wt% LiClO,—x wt%
TiO,) of varying TiO, concentrations (x=0, 2, 5, 10, 15, and
20 wt% designated respectively as NSPEO (i.e., SPE), NSPE2,
NSPES5, NSPE10, NSPE15, and NSPE20) were obtained by
casting from solution. Firstly, six polymeric solutions for
PEO/PVDF blend of compositional weight ratio 75/25 wt/
wt% were prepared by taking the amounts of PEO (0.75 g)
and PVDF (0.25 g) in stoppered conical glass flasks for each
sample, and dissolving them in DMF (15 ml) at 80 °C with
magnetic stirring. Thereafter, 25 wt% amount of LiClO,
(0.25 g) with respect to the amount of polymer blend (1 g)
was added to each polymeric solution and then these were
again subjected to magnetic stirring for dissolution of the
salt completely which resulted primary polymeric electro-
lyte solutions ((75PEO/25PVDF)/25 wt% LiClO,). Thereafter,
the required amounts of TiO, for its 2 (0.02 g), 5 (0.05 g),
10(0.109), 15 (0.15 g), and 20 (0.20 g) wt% concentrations
with respect to the amount of polymer blend (1 g) were
dispersed in DMF and then added in respective five sam-
ples of the primary polymeric electrolyte solutions. These
solutions were again stirred magnetically for 2 h to achieve
good dispersibility of TiO, nanoparticles in the electrolyte
solutions. Finally, these five heterogeneous polymeric
electrolyte solutions of different TiO, concentrations and

one sample of primary polymeric electrolyte solution were
casted on to glass petri dishes. For the film formation, the
casted solutions were heated at 70 °C on a thermostated
hot plate until the solvent evaporation was completed.
These were then cooled down to room temperature which
resulted free-standing NSPE films. All these films were vac-
uum dried at 40 °C for a day to remove solvent traces and
then were stored in the desiccator.

2.3 Measurements

The micro-images of NSPEO, NSPE5, and NSPE10 films and
their EDX spectra were recorded by employing a scanning
electron microscope (SEM; Carl ZEISS EVO MA15) equipped
with energy dispersive X-ray (EDX) analyzer which run at
EHT voltage of 15 kV. The XRD patterns of all these NSPE
films were collected in reflection mode using the PANalyti-
cal X'pert Pro multipurpose powder diffractometer oper-
ated at 45 kV and 40 mA. The frequency dependent electri-
cal measurements of each NSPE film sandwiched between
the electrodes of dielectric test fixture were performed
using Agilent Technologies 4284A precision LCR meter and
16451B solid dielectric test fixture. These measurements
were carried out at 1-V electric signal of frequency range
20 Hz-1 MHz, at 27 °C. The measured values of frequency
dependent electrical quantities (i.e., capacitance Cp, resist-
ance Rp, and dissipation factor D (tand)) were used for the
determination of complex dielectric permittivity, electri-
cal conductivity, impedance, and electric modulus spectra
of the NSPE films from the respective relations described
elsewhere [70]. The electrochemical analyzer (CH Instru-
ments, Inc. CHI 608E) was employed for carrying out the
linear sweep voltammetry (LSV), cyclic voltammetry (CV),
and chronoamperometry (CA) of the NSPE films. A sym-
metrical cell for each film sandwiched between the stain-
less steel (SS) blocking electrodes was constructed for
collecting LSV, CV, and CA traces following the procedure
explained in the previous publication [71].

3 Results and discussion
3.1 SEMimages and microstructures

Figure 1 presents the digital pictures, SEM images, and EDX
spectra of NSPEOQ, NSPE5, and NSPE10 films as representa-
tive samples. It can be noted from the digital pictures that
the NSPEO film has some transparency but the TiO, dis-
persed films are opaque and milky. The manual bending,
twisting, and touching operations realize that the NSPEQ
film is little sticky and relatively more flexible whereas the
stickiness and flexibility of the NSPE films reduce with the
increase of TiO, concentration. These manual observations
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Fig.1 The digital pictures, SEM images, and EDX spectra of
(75PEO/25PVDF)/25 wt% LiClO,~x wt% TiO, films; a NSPEO (x=0)
with encircled spherulites, b NSPE5 (x=5) with typical cracked

infer that the TiO, loading increases the mechanical
strength of the NSPE films which are in agreement with
earlier experimental results on the TiO, containing other
NSPE films [57, 58, 62].

The micrograph of NSPEO film (Fig. 1a) shows that there
are macro-sized spherulites (some are encircled) which
represent the crystallites of PEO blended with PVDF [42],
although, the pristine PEO and PVDF films exhibit highly
distinguishable spherulites surrounded by the amorphous
amount of these polymers [14, 42, 72]. The interconnected
spherulites of the NSPEOQ film evidence cross-linked chain
structures of the blended polymers through ion-dipole
complexes due to which a large amount of these poly-
mers crystals turn into amorphous content. Further, the
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earth texture encircled by ellipses, and ¢ NSPE10 (x=10) with encir-
cled speherulits, and cracks and pores encircled by ellipses of differ-
ent colors

wrinkles or fibril-like textures exhibited over the entire
surface evidence large inner forces acting in these hetero-
materials during the process of film formation as reported
for a similar type of electrolyte materials [17]. Figure 1b
reveals that 5 wt% amount of TiO, dispersed NSPES5 film
exhibits highly different microstructures as compared to
that of the NSPEO film. Typical dry cracked earth texture
with fluffier and crumpled structures can be seen in the
micrograph of NSPE5 film. Further, when the TiO, amount
is increased up to 10 wt%, then the NSPE10 film texture
(Fig. 1¢) turned rougher having several cracks with typical
micro-sized pores. Some macro-size spherulitic features of
typical granular shapes have also appeared which indicate
strong electrostatic interaction of TiO, nanoparticles with
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the polymer structures. This SEM image also infers that the
TiO, nanoparticles exist almost homogeneously dispersed
in the prepared film.

The EDX spectrum of NSPEO film (Fig. 1a) confirms
that there is the presence of only its constituent ele-
ments which is evidence of the purity of film. This film
has energy peaks of carbon (C) (at 0.28 keV), oxygen (O)
(at 0.53 keV), fluorine (F) (at 0.68 keV), and chlorine (Cl)
(at 2.62 keV) which are according to its composition. In
addition to these peaks, the EDX spectra of NSPE5 (Fig. 1b)
and NSPE10 (Fig. 1¢) films also exhibit the peak of titanium
(Ti) (at 4.51 keV) and its intensity is found high for the
NSPE10 film as compared to that of the NSPE5 film, which
is expected according to the increase in the concentration
of TiO, nanofiller. Further, the gold (Au) peak observed at
2.15 keV in the EDX spectra of all these films is due to the
use of this element for sputtering over the surfaces of the
films prior to their EDX mapping.

3.2 XRD spectra and crystal structures

The XRD patterns in 26 range from 10° to 50° of the
(75PEO/25PVDF)/25 wt% LiClO,—x wt% TiO, films are
depicted in Fig. 2. These patterns have moderate intensi-
ties peaks of the PEO, PVDF, and TiO, representing their
crystalline content (marked in the figure), and also a huge
background hump in each pattern attributing to amor-
phous content. These patterns confirm that these semic-
rystalline films are predominantly amorphous. The assign-
ments of main crystalline peaks with their positions 26,
reflection plane indices (hk/), and the determined values
of basal spacing d, full width at half maximum (FWHM) B,
crystallite size L, and intensity / for all these NSPE films are
listed in Table 1.

The NSPEO (primary SPE without nanofiller) film dis-
plays the characteristic peaks of PEO (19.11° and 23.38°)
but their intensities are much lower than that of the pris-
tine PEO film [33] revealing that a large amount of PEO
crystallites have turned into amorphous content due to
formation of ion-dipole complexes. A significant inten-
sity B-phase (20.53°), a very low intensity y-phase (22.02°),
and also a-phase (36.32°) crystals peaks in the XRD pattern
of this film confirms the PVDF polymorphism [15, 42, 44,
62]. Further, as compared to peaks intensities and posi-
tions of NSPEO film, it is found that there is an increase in
intensities of the PEO and PVDF peaks with a small change
in their positions for the NSPE2 film (see 26 and / values
given in Table 1). Furthermore, a low intensity peak at
25.17° (101) is also exhibited in the XRD pattern of this
film which is the main characteristic peak of tetragonal
anatase TiO, [73]. Besides this peak, several weak intensity
peaks around 27°, 36.08°, 37.75°, and 47.92° can be noted
with increasing TiO, contents in the films attributing to
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Fig.2 The XRD patterns of (75PEO/25PVDF)/25 wt% LiClO,—x wt%
TiO, films (x=0, 2, 5, 10, 15, and 20) marked with PEO, PVDF, and
TiO, peaks and the characteristic TiO, peak highlighted with a col-
oured background. The plot of intensity / versus x (wt%) for the
characteristic intense peak of TiO, at ~25° (101) of these NSPE films
is shown in the inset

anatase and rutile phases of TiO, [73]. It is also observed
from these XRD patterns that with the increase of TiO, con-
centrations up to 20 wt%, the peaks intensities of both
the polymers decrease anomalously, whereas there is a
gradual increase in the intensities of TiO, peaks. The main
characteristic peak of TiO, is highlighted with a coloured
background in Fig. 2 for these NSPE films. The inset of this
figure shows the plot of TiO, peak intensity versus x (wt%)
which increases non-linearly with the increase of TiO,
content in these NSPE films. This finding evidence that
the nanoparticles incorporated in these electrolyte films
are uniformly distributed over the entire volume of each
NSPE film. Further, the major crystallite peaks of pristine
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Table 1 Values of 2,6' d B Diffraction peaks 20 (degree) d (nm) B (x1073 rad) L (nm) I (counts)
L, and I corresponding to
E/;SrrEtggi;fg\a/giF%Eeag of (75PEO/25PVDF)/25 wt% LiClO, film (NSPEO)
LiCIO,—x wt%TiO, ﬁlvn\:s ° PEO (120) 19.11 0.464 4.59 31.99 778
3 PVDF (110),(200) 20.53 0.432 17.65 8.34 263
y PVDF (020) 22.02 0.403 2.50 59.11 123
PEO (112),(032) 23.38 0.380 13.11 11.28 640
a PVDF (200) 36.32 0.247 10.90 13.97 65
(75PEO/25PVDF)/25 wt% LiClO,~2 wt% TiO, film (NSPE2)
PEO (120) 19.02 0.466 2.89 49.20 1208
3 PVDF (110),(200) 20.14 0.440 16.63 8.84 282
PEO (112),(032) 23.14 0.384 12.28 12.03 890
TiO, (101) 25.17 0.353 6.99 21.20 230
(75PEO/25PVDF)/25 wt% LiClO,~5 wt% TiO, film (NSPE5)
PEO (120) 19.09 0.465 5.67 25.89 470
(3 PVDF (110),(200) 20.17 0.440 17.08 8.61 193
PEO (112),(032) 23.32 0.381 13.98 10.58 508
TiO, (101) 25.26 0.352 7.33 20.25 358
(75PEO/25PVDF)/25 wt% LiClO,~10 wt% TiO, film (NSPE10)
PEO (120) 19.07 0.465 3.07 47.80 498
3 PVDF (110),(200) 20.46 0.434 16.93 8.69 200
PEO (112),(032) 23.18 0.383 9.29 15.92 376
TiO, (101) 25.24 0.353 6.98 21.26 738
(75PEOQ/25PVDF)/25 wt% LiClO,~15 wt% TiO, film (NSPE15)
PEO (120) 19.03 0.466 5.39 27.23 375
3 PVDF (110),(200) 20.12 0.441 20.75 7.09 184
PEO (112),(032) 23.24 0.382 13.44 11.00 356
TiO, (101) 25.19 0.353 7.14 20.79 935
(75PEO/25PVDF)/25 wt% LiClO,~20 wt% TiO, film (NSPE20)
PEO (120) 19.13 0.464 3.12 47.00 418
3 PVDF (110),(200) 20.35 0.436 22.75 6.46 143
PEO (112),(032) 23.46 0.379 12.93 11.44 291
TiO, (101) 25.29 0.352 7.10 20.89 1013

LiClO, (21.02° and 23.04°) [74] are not exhibited in these
XRD patterns which confirms the complete dissolution of
the added amount of salt in the prepared NSPE materials.

The degree of crystallinity X, of the electrolyte films (i.e.,
X.(p) Of the host polymer matrix and X, of the total bulk

Table 2 Values of degree of crystallinity X, (%) and X4 (%), vari-
ous relaxation times Ty Tyws: Te and T, dc ionic conductivity o4
(04c(0) @nd Oy fractional exponent n, and total ion transference

composite material) were determined from the areas of
crystalline and amorphous parts in XRD patterns using the
area-based relation given in the literature [42, 68]. It can be
noted from Table 2 that the X, values of TiO, dispersed
NSPE films are significantly lower whereas X, values are

number t,,, of (75PEO/25PVDF)/25 wt% LiClO,~x wt% TiO, films for

x=0,2,5,10,15,and 20

NSPEfilms X (%) X (%) Tep, (X107%S) Ty (X107°5) T, (x107°5) T, (X107'S)  Oyey (MS/CM)  Oyegpy (MS/CM) 1 tion
NSPEO 229 229 5.31 2.10 1.69 134 3.25 5.3 050 0.990
NSPE2 175 242 10.62 3.46 3.09 3.08 2.40 3.8 073 0.938
NSPE5 15.4 247 8.80 2.45 1.96 1.71 2.60 4.5 057 0.970
NSPE10 173 26.4 13.05 2,97 1.89 1.54 2.95 46 072 0.941
NSPE15 16.8 349 3.55 1.72 174 2.08 2.42 4.0 0.62 0.976
NSPE20 13.0 37.0 5.94 3.31 5.89 12.92 0.47 0.8 0.68 0.931
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higher as compared to that of the NSPEO (SPE film without
nanofiller). Further, these X values anomalously vary with
the increase of TiO, concentration in the NSPE films. The
effect of X (,) and X values on the ionic conductivity of
these NSPE films is considered in the later section of this
manuscript.

3.3 Dielectric spectra and polarization processes

Figure 3 presents the complex dielectric permittivity (real
part € and imaginary part €”) and dielectric loss tangent
(tand=¢"/€") values as a function of frequency for the
(75PEO/25PVDF)/25wt% LiClO,-x wt% TiO, films, at 27

30F zoé 1.0 4
=]
2.5 ~ g 0 5 -
i
©Q 20} 8 g
g .0
15F g
1.0} g
05F g
-.I | i s el i |
10" 10° 10° 10* 10° 10°
f(Hz)

Fig.3 The spectra of complex dielectric permittivity (real part
€' and imaginary part €”) and dielectric loss tangent tané of
(75PEO/25PVDF)/25 wt% LiClO,—x wt% TiO, films (x=0, 2, 5, 10, 15,
and 20), at 27 °C. Inset shows the scaled plots of tand spectra

°C. It can be noted that the respective shapes of these
spectra of €, €”, and tand for all the NSPE films are almost
identical. Further, at a fixed frequency, there are relatively
small changes in €' and €” values with the increase of TiO,
concentration up to 10 wt%, but a noticeable decrease at
15 wt% in the lower frequency range and a huge decrease
at 20 wt% over the entire frequency range is observed.
These results verify that there is a moderate alteration in
the overall amount of ion—dipole ordering in the presence
of TiO, nanoparticles up to 10 wt% but a large disordering
is exhibited for the higher concentration of the nanofiller.
The magnitude and dispersion trend of frequency depend-
ent €’ and €” values for these films evidence the existence
of four types of dielectric polarization processes in the fre-
quency range from 20 Hz-1 MHz which are demonstrated
for some other electrolyte materials in recent publications
[69, 70]. The dominance of the electrode polarization (EP)
process is exhibited at lower frequencies as evident from
the high dielectric permittivity values of about three
orders of magnitude for these NSPE films. Further, at inter-
mediate frequencies, there is a significant contribution of
interfacial polarization (IP) process in these heterogene-
ous materials due to which there is a slow decrease in €'
values and €” values resulting a hump in the frequency
range from 1 kHz-10 kHz. A huge dispersion of €' and €"
values at higher frequencies can be attributed, firstly to
the molecular polarization and then the ionic polarization
with increasing frequency. The probing of relaxations cor-
responding to these processes is executed with the help of
‘master curve representation’in the later section.

The tand spectra of these NSPE materials character-
istically exhibit the intense relaxation peaks in the high
frequency region which are corresponding to the ions
coupled chain segmental motion. It can be noted that
the intensities and positions of the tand peaks anoma-
lously change with the increase of TiO, concentration in
these NSPE films which reveals that the heterogeneous
ion—-dipole-nanoparticle interactions vary irregularly and
hence the dielectric properties of these materials cannot
be tuned by changing TiO, concentration. The scaled plots
of tand spectra (i.e. tand/tand,,,, versus f/f,,,,) shown in
the inset of the figure for these NSPE materials are found
reasonably overlapped (except NSPE20 film at lower fre-
guencies) which manifests that they have a similar trend
of the distribution of their main relaxation time [69]. The
deviation at lower frequencies evidences a significant dif-
ference in electrode polarization behaviour of these NSPE
materials of nanofiller concentration > 10 wt%.

3.4 Conductivity spectra and charge transportation

Figure 4 demonstrates the ac electrical conductivity (real
part o’) spectra of the NSPE films at 27 °C, which exhibit
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Fig.4 The spectra of real part o’ of ac electrical conductivity for
(75PEO/25PVDF)/25 wt% LiClO,—x wt% TiO, films (x=0, 2, 5, 10, 15,
and 20), at 27 °C. Solid lines on these o’ spectra are the power law
fit o'(w) =04 +Aw" of high frequency experimental data

all the characteristic dispersion regions similar to those
demonstrated for other electrolyte materials investigated
earlier [19, 20, 31-34, 43, 53, 69, 70]. In the low frequency
region, the o’ values increase sharply with the increase of
frequency owing to the fast suppression of the electric
double layer (EDL) capacitances which are relatively large
at the initial frequency of the spectra. After full suppres-
sion of the EDLs, these spectra firstly exhibit a very narrow
range of dc plateau and then show dc to ac transition of
the charge carriers according to Jonscher power law rela-
tion o'(w) =04 +Aw". The power law fits of high frequency
o' data points are shown by solid lines on the spectra in
the figure, and the observed values of fit parameters i.e.,
dcionic conductivity 6,4 (denoted as 6 and fractional
exponent n of these NSPE films are listed in Table 2. The o4,
values are found of the order of 107® S/cm for these NSPE
films which show a small variation with the increase of TiO,
concentration up to 15 wt%. The o4 value of 20 wt% TiO,
containing NSPE20 film is found about one order of mag-
nitude lower in comparison to the other low concentration
TiO, containing NSPE films (see Table 2). Further, it can be
noted that the o4 values of all the TiO, containing NSPE
films are lower than that of the NSPEO film without nano-
filler. This finding confirms that the dispersion of TiO, nan-
oparticles in the primary composition of these electrolytes
is not effective in regards to enhancing the ion transport
mechanism. Further, the n values of these NSPE materi-
als are found in the range 0.50 to 0.73, which are much

SN Applied Sciences

A SPRINGERNATURE journal

T T LR LR
[ x (Wt%); £, (mm)

r —=— 0; 0.29
| —o0— 2; 0.35

5
100F 4,

Py
]
<10tk ;
[\|] n
10° 2 E
----------- N Ry
0.2 0.4. 0.6 ‘0.8 1.0
| Z (k)
10 11l Loa ol Lo sl Lo sl PR
10° 10° 10* 10° 10°
7' (©)
Fig.5 Complex impedance plane plots (Z” versus Z) for

(75PEO/25PVDF)/25 wt% LiClO,—x wt% TiO, films (x=0, 2, 5, 10, 15,
and 20) of thicknesses t, (mm), at 27 °C. Insets show the enlarged
view of high frequencies on the linear scale and bulk resistances R,
marked with vertical dashed lines, and semicircle drawn with high
frequency data for the NSPE2 (x=2) and NSPE20 (x=20) films

lower than unity confirming that the ion transportation
takes place predominantly through hopping mechanism
and this fact agrees with the results on several other SPE
materials investigated with dielectric spectroscopy [20, 21,
29,31-33,70].

3.5 Complex impedance plots

The Nyquist plots of frequency dependent complex
impedance data (Z"” versus Z') on the logarithmic scale
for the NSPE films at 27 °C are given in Fig. 5. All these
complex plane plots exhibit two characteristic parts of
the electrolyte films; (i) the tilted large spikes formed by
low frequency data representing the EDL capacitances,
and (ii) the small sized arcs formed by the high frequency
data (enlarged view on the linear scale shown in insets of
the figure which are parts of semicircle drawn for some
representative samples) attributing to bulk properties of
the electrolyte materials. Each arc represents the equiv-
alent parallel combination circuit of an energy storing
element C;, and a dissipating element R,,. The shapes of
these impedance plots are found in good resemblance
with that of the several similar types of electrolyte
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materials based on different polymer matrices [14, 26,
30, 32, 35, 43, 69]. Further, the shape of the Nyquist plot
of NSPE20 film indicates that the arc and spike parts in
the plot are not clearly separable as usually noted for
the other electrolytes which reflect that there may be
few stiffer domains on the film surfaces resulting in poor
electrode/electrolyte contact [70].

The bulk resistance R, which is the dc resistance of the
electrolyte material was noted from the real axis Z’ for
each film at which the arc and spike intersect as marked
by vertical dashed lines in the figure. Taking these R,
values and the film thicknesses t, marked in Fig. 5, the
dc ionic conductivities were determined by the rela-
tion o4 =t,/R,-A where A=11.35 cm? is the active elec-
trode surface area of the test fixture. The observed o,
(denoted by 04y, values for these films from this Ry,
based relation are also listed in Table 2. It can be noted
from this table that the o4y and o4 values for each
sample are of the same order of magnitude which vali-
dates the suitability of both the methods used for deter-
mination of ionic conductivity of the solid polymer elec-
trolytes. Some differences may be there in the o4, and
O4crb) Values of the ion-conducting electrolytes because
of possible error in the estimated R, values from the
complex impedance plots as explained earlier [20, 32,
39,69-71].

3.6 Electric modulus spectra

The complex electric modulus (real part M’' and imag-
inary part M") spectra for the NSPE materials at 27 °C
are depicted in Fig. 6. These spectra on semi-logarith-
mic scale reveal that the low frequency range in which
the M’ and M" values are about zero represents the EP
dominated region, whereas the steep rise in the high
frequency range attributes to bulk properties of the
electrolyte materials which are common characteristics
reported for several electrolyte materials [18-21, 35, 69,
70]. The M" spectrum of the NSPE20 film exhibits a peak
at about 200 kHz corresponding to the conductivity
relaxation process at which the long range motion of
charge carriers turn to localized hopping mechanism [26,
32,33,71,75]. The shape of M" spectra for the NSPE films
containing TiO, concentration 0 <x < 15 reflects that con-
ductivity relaxation process peaks of these materials are
just above 1 MHz confirming their relatively fast hop-
ping mechanism as compared to that of the NSPE20 film.
The Nyquist plot (M" versus M) of the NSPES5 film as a
representative is shown in the inset of the figure which
confirms the Cole-Cole dispersion of its conductivity
relaxation process, and the same is true for the other
NSPE materials.
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Fig.6 The electric modulus spectra (real part M' and imaginary
part M") of (75PEO/25PVDF)/25 wt% LiClO,—x wt% TiO, films (x=0,
2,5,10, 15, and 20), at 27 °C. Inset shows the Cole-Cole plot for the
NSPE5 (x=>5) film

3.7 Confirmation of relaxation processes

Figure 7 shows a novel procedure of probing different
relaxation processes in the heterogeneous electrolytes by
‘master curve representation’ of all the dielectric and elec-
tric functions which is explained in the recent publications
[69, 70, 75]. This figure shows the spectra of dielectric and
electric functions drawn on the same frequency scale for
NSPE2 (Fig. 7a) and NSPE20 (Fig. 7b) films as representa-
tives of these materials. The frequencies corresponding
to four different relaxation processes occurring in the fre-
quency range from 20 Hz to 1 MHz are marked by verti-
cal dashed lines in this figure. These relaxation processes
denoted by the frequencies fip,, fuws fs and f; in the fig-
ure are corresponding to the charging and discharging of
EDL capacitances, charge dynamics of the MWS mecha-
nism with a significant contribution of the EDLs relaxa-
tion, ions coupled chain segmental motion, and the ionic
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Fig.7 ‘Mater curve representation’ of various dielectric and electri-
cal functions for (75PEO/25PVDF)/25wt% LiCIO,—x wt% TiO, films;
a NSPE2 (x=2) and b NSPE20 (x=20) at 27 °C. The relaxation fre-

conductivity relaxation, respectively. The detailed identi-
fication procedure of these relaxation processes for the
complex SPE materials is demonstrated in our recent pub-
lications [70].

For these NSPE films, the lower cross-frequency
f.c and the higher cross-frequency f,. of the real and
imaginary parts of the dielectric and electric functions
can be assigned to the MWS and conductivity relaxation
processes, respectively. For non-Debye type ac electrical
conductivity dispersion of the electrolyte materials, the
conductivity relaxation frequency f; appears at a little
higher value than the f,, but the trend of variation of f;
with the change in the composition of the electrolytes
seems to remain same as that noted in the f,; values.
Further, the frequency corresponding to the minimum
of tan® and €” in the lower frequency region where M”
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quency corresponding to different relaxation processes are marked
with vertical dashed lines

also starts to deviate from linearity can be labeled to
EDL relaxation process. The frequency corresponding to
the peak in tand spectra where Z” and o” also exhibit
minimum can be labeled to the ions coupled chain seg-
mental relaxation process. The values of relaxation times
for these processes i.e., Tgp, Tyws T and 1, are evalu-
ated from the respective relaxation frequencies using
the relation t=1/2nf and the observed values for these
materials are listed in Table 2. The anomalous variation in
these relaxation times with the increase of TiO, concen-
tration in these NSPE films is noted. These results confirm
that the heterogeneous polymeric electrolyte films at
ambient temperature, in general, might exhibit all four
different relaxation processes when they are character-
ized by the DRS technique with six orders of frequency
variation from 10" to 10° Hz.
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3.8 Dependence of 64, on T, and X,

Figure 8 presents the variation of oy, T, and X with x wt%
of TiO, for these NSPE films at 27 °C, which are considered
here to examine the dependence of o values on the T,
and X, values of these materials. It can be noted from this
figure that the X, of these NSPE films irregularly increase
with the increase of TiO, content, whereas X, decreases
anomalously. The oy values of these NSPEs up to 15 wt%
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Fig.8 Degree of crystallinity X, (%) (X, and X ), chain segmental
relaxation time 1, and dc ionic conductivity 4. (Og and Oy rp))
versus x (wt%) plots of (75PEO/25PVDF)/2 wt% LiClO,-x wt% TiO,
films (x=0, 2, 5,10, 15, and 20), at 27 °C

TiO, concentration are found slightly low as compared
to NSPEO film without nanofiller but the conductivity is
decreased by about one order of magnitude for 20 wt%
TiO, containing NSPE20 film. If only the NSPEO and NSPE20
films are considered, then from their results it can be firmly
concluded that the increase of X, reduces the o, but this
fact is not found true for the NSPEs having TiO, contents
in the range 2-15 wt%. However, if the effect of X, is
taken into account, then the o, values of all the NSPE films
must be high as compared to NSPEO film without nano-
filler because of their low X, values. But this fact is also
found invalid for all these electrolyte materials. Therefore,
it cannot be concluded that only the degree of crystallinity
(either of the host polymer matrix or the bulk composite
electrolyte material) governs the ionic conductivity of such
heterogeneous electrolyte materials.

The 1, values are found a little higher for the NSPEs as
compared to that of the NSPEO film, and therefore it can
be concluded that the increase of t, reduces the o, val-
ues. For 20 wt% TiO, containing NSPE20 film, its T, is about
half order high and the o4 is low by the same amount.
For all these NSPE materials, an almost inverse relation-
ship between the o, and 1, values can be noted from
Fig. 8. This fact establishes that the ion transportation is
predominantly ruled by the relaxation time of ions cou-
pled polymer chain segmental motion in these heteroge-
neous ion-dipole-nanofiller networks. This finding is in
good agreement with the results on several other types
of solid polymer electrolytes characterized by employing
the DRS technique [20, 26, 27, 29, 31-33, 69, 70]. The com-
parison of a4, T,, and X, values of these different wt% TiO,
dispersed NSPE films also illustrates that their content of
amorphous phase and the relative variation of ion coupled
chain segmental dynamics compensate the effect of one
another on the oy values. For example, 15 wt% TiO, con-
taining NSPE15 film has a large increase in X, value and
therefore, there must be a huge drop in its o4 value, but
it is not there because the 1, value of this film is relatively
low. Similarly for NSPE20 film, both the X_ and T, values
are high and thus this film exhibits a relatively low value
of o4 as expected in comparison to that of the lower TiO,
concentration NSPE films.

3.9 Electrochemical performance

The electrochemical parameters namely working volt-
age (V,), electrochemical stability window (ESW), total
ion transference number (t,,,), and also reversibility per-
formance of these NSPE films were explored from their
LSV, CV, and CA traces recorded at 27 °C, and the same are
depicted in Fig. 9.

The LSV traces of these NSPE films (Fig. 9a) clearly show
that the current is almost zero with sweeping the voltage
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Fig.9 a Linear sweep voltammograms (LSVs), b cyclic vol-
tammograms (CVs), and ¢ chronoamperograms (CAs) of
(75PEO/25PVDF)/25 wt% LiClO,~x wt% TiO, films (x=0 (a), 2 (b), 5
(c), 10 (d), 15 (e), and 20 (f)), at 27 °C

SN Applied Sciences

A SPRINGERNATURE journal

from zero to about 3V confirming the stability of the mate-
rials up to 3V, and after that, it increases rapidly indicating
that some decomposition of the electrolytes have started
on the blocking electrodes. The threshold voltage at which
decomposition of the material starts is termed as stability
voltage (V,), and for all the studied NSPE films its value is
found =3V which is a considerable value confirming them
as potential candidates for the high voltage LIBs [8, 10, 19,
35,69, 70]. The CV traces of the NSPE films are presented in
Fig. 9b which reveals that all these electrolyte films exhibit
excellent reversibility performance over the ESW range
that is taken equal to 2V..

Figure 9c depicts the CA traces from which it can be
noted that the initial current /, is comparatively high for
the NSPEO film and it varies anomalously with the increase
of TiO, concentration in these NSPE films. Further, current
in these materials decreases rapidly with the increase of
polarization time, and finally approach the steady state /.
The values of I, and I, noted from CA traces were used for
the determination of t,, values for these NSPE films using
the relation given in recent publication [70], and the deter-
mined values are recorded in Table 2. It can be read from
this table that the t,,,, values of all these NSPE materials
are close to unity confirming that the electrical conductiv-
ity is predominantly ionic, and therefore these materials
can serve as an appropriate ionic conductor between the
anode and cathode of a rechargeable solid-state lithium-
ion battery [8, 10].

3.10 Effect of TiO, on the ionic conductivity
of various NSPE films: an overview

Herein, the results of earlier investigations on the ionic
conductivity of varying concentration TiO, nanoparticles
incorporated different polymer matrices based lithium-
ion conducting NSPE materials at ambient temperature
are summarized for better understanding of the role of
TiO, nanofiller on the ion transportation. The increase
in conductivity by about one and a half order of magni-
tude (i.e., from 7.1x 107 t0 1.2x 10~ S/cm) is reported for
the (PEO-PVCQ)-LiPF, solid complexes with the loading
of 10 wt% TiO, [18]. Similarly, it was noted that the ionic
conductivity of PEO-LiCF;SO; electrolyte had increased
by one order of magnitude with 10 wt% TiO, addition
(i.e., from 1.4x107° to 4.9x 107> S/cm) [22]. Recently,
in situ synthesized lithium-ion conducting poly(ethylene
citrate) with embedded titania nanoparticles yielded a
maximum increase of conductivity from 5.92x107° to
1.74x107* S/cm for 20 wt% of TiO, nanofiller [30]. For the
plasticized PMMA-LiCIO, based NSPE films, a maximum
ionic conductivity of 3x 10~ S/cm was observed for 1 wt%
TiO, nanoparticles with respect to 2.53 x 107 S/cm for
the electrolyte film without nanofiller [53]. The PEO-LiTDI
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ion—-dipole complexes also exhibited an increase in con-
ductivity by one order of magnitude (i.e., from 2.05x 107
to 2.11x 107 S/cm) with the loading of 8 wt% TiO, [57].
One order of magnitude conductivity enhancement that
is from 1.27 x 10 to 1.20 x 10> S/cm was also reported for
the PEO-LiClO, electrolyte films when 3 wt% TiO, nano-
particles were dispersed [58]. A little increase in ionic con-
ductivity from 3.1x 1073 to 3.9x 1073 S/cm was observed
for 3 wt% in situ TiO, inclusion for the PVDF/PMMA matrix-
based gel polymer electrolytes (GPEs) [60]. The PVA-LiCIO,
complex based NSPE films exhibited anomalous behaviour
of ionic conductivity with the increase of TiO, nanofiller
but the highest value of conductivity was observed for
8 wt% TiO, loaded ion-dipole-nanoparticle complexes
[61].

In the case of PEO-EMIHSO, gel electrolytes, the
enhancement of conductivity was observed by a factor
of two which is from 0.85x 107 to 1.76 X 107> S/cm with
the addition of 10 wt% TiO, nanofiller [62]. Further, the
electrospun nanofibrous composite polymer electro-
lytes (PEO/LiCIO,/PC/EC/TiO,) also exhibited the high-
est ionic conductivity 8.5x 107 S/cm at 0.175 wt% TiO,
nanofiller [51]. It was also reported that in comparison
to the commercial TiO, sub-micron as filler, the use of
TiO, nanorods is more effective in the enhancement of
lithium-ion conductivity in the PVDF-HFP based com-
posite polymer electrolytes [55]. The NSPEs based on
PMMA/SAN/EC/PC/LiCF;SO; complexes dispersed with
9 wt% anatase-TiO, nanofiller exhibited high ionic con-
ductivity (1.05x 107 S/cm) which is not because of the
TiO, filler alone but also due to the contribution of EC/
PC plasticizer [56]. The EC/DEC plasticized PVDF/PVC/
LiBOB complexes showed enhanced ionic conductivity
up to 5.43x107* S/cm with 2.5 wt% of TiO, nanofiller
[76]. It is also noted that there is an enhancement of
thermal and electrochemical properties of the PVDF-
HFP/PMMA/LiPF¢ electrolyte membrane with the addi-
tion of TiO, nanoparticles and their ionic conductivity
also enhances [77]. The plasticized nanocomposite solid
polymer electrolyte membranes based on PEMA/PVAc/
LiCIO,/EC/x wt% TiO, exhibited maximum ionic conduc-
tivity of 2.745x 1073 S/cm with 10 wt% TiO, loading [78].
Although these numerous studies on TiO, nanoparticles
incorporated NSPE materials claimed that this inorganic
nanofiller increases the ionic conductivity of the elec-
trolytes, there is a huge anomaly on the effective con-
centration of TiO, nanofiller in regards to enhancement
of ionic conductivity. Therefore, on the basis of above
mentioned results, it is difficult to conclude firmly that
a particular type of TiO, and/or a fixed concentration is
actually effective in tailoring the ionic conductivity of
the NSPE materials. More recently, the effect of the shape
of TiO, nanofiller on the ionic conductivity of PEO-LiCIO,

electrolytes has been explored [79]. This study con-
cluded that the improvement of conductivity with 2 wt%
TiO, nanorods is one order of magnitude higher than
that with 5 wt% elliptical TiO, and it further explained
the shape-property relationship in such NSPE materials.

In contrast to the above results, it was also explained
that there is a little impact of the untreated surface TiO,
nanoparticles on the conductivity of polymeric electro-
lytes above the polymer melting temperature, but supera-
cidic groups introduced on the nanoparticle surface can
significantly increase the ionic conductivity [63]. Similar
to these results, another study further revealed that the
acidic surface-modified filler is more effective in the
enhancement of ionic conductivity of the solid polymer
electrolytes [64]. Furthermore, the characterization of
TiO,-grafted nanohybrid polymer electrolytes exhibits
superior electrochemical properties with an ionic conduc-
tivity of 1.1x 107* S/cm at 30 °C [80]. Similarly, the results of
PVA/PVDF/LICF;SO; electrolytes with TiO, filler suggested
that the addition of TiO, filler slightly enhances the ionic
conductivity [81]. Our recent investigation on fixed TiO,
concentration based plasticized nanocomposites solid pol-
ymer electrolytes evidenced that the high concentration
of PC plasticizer along with 10 wt% TiO, nanofiller slightly
enhances the ionic conductivity i.e., by a factor of about
two only [69].

But some studies have firmly demonstrated that there is
a lowering of ionic conductivity of the solid polymer elec-
trolytes upon the addition of inert inorganic oxide nanofill-
ers [20, 82, 83]. The results of atomistic molecular dynam-
ics simulations performed on PEO-LiBF, complexes with
TiO, and Al,0; nanoparticles proved that the segmental
dynamics becomes retarded with the addition of inorganic
nanofiller near the surface of nanoparticles and also dis-
rupt the polymer conformation resulting a huge decrease
of ions mobility and therefore the ionic conductivity of
these composite electrolyte [65, 66, 84]. The recent results
on coin cell employed NSPE film of PVDF-HFP/LiBOB/TiO,
(72:18:10 wt%) also confirmed that the ionic conductiv-
ity slightly decreased (1.27 x 107° S/cm) as compared to
that of the PVDF-HFP/LiBOB electrolyte without nanofiller
(2.02x 107 S/cm) [85]. The results of the present study
on the ionic conductivity of (PEO/PVDF)/LiClO,-x wt%
TiO, films are also found in good agreement with those
reported without nanofiller because the decrease in oy,
with the addition of untreated surface TiO, nanoparticles
is insignificant up to 15 wt% loading. Further, the corre-
lation of o4, with the chain segmental dynamics which
mainly governs the mobility of ions reasonably supported
several facts as explained in regards to variation in ionic
conductivity with the addition of TiO, nanoparticles and
other inorganic nanofillers as summarized for all the above
mentioned studies [20, 63-66, 80-84].
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4 Conclusions

Various NSPE films of (75PEO/25PVDF)/25 wt% LiClO,-x
wt% TiO, compositions were prepared by casting from
solution. The effect of TiO, nanofiller concentration on the
morphological, structural, dielectric polarization and relax-
ation, ionic conduction, and electrochemical properties
of these NSPE films was investigated. The XRD results of
these electrolytes confirm the presence of a small amount
of characteristic PEO crystallites and the -phase crystals
of PVDF, and also unveil significant alteration in these
polymers crystals with the addition of TiO, nanoparticles.
The degree of crystallinity of the blend polymer matrix
significantly decreased and that of the bulk composite
materials increased in the presence of TiO, nanoparticles.
The homogeneous dispersion of the TiO, nanoparticles is
evidenced from the increase in intensities of the charac-
teristic TiO, peaks with the increase in its amount in these
nanocomposite electrolytes. Further, the morphology of
these NSPE films drastically changes with the initial addi-
tion of TiO, nanoparticles and with the further increase of
its concentration.

The dielectric spectroscopic results confirm that these
heterogeneous dielectric materials have a dominant con-
tribution of electrode polarization at lower frequencies,
interfacial polarization at intermediate frequencies, and
molecular and ionic polarization at high frequencies in
the frequency range of 20 Hz-1 MHz at 27 °C. The relaxa-
tion processes corresponding to these polarizations have
been demonstrated by the ‘master curve representation’
of the complex dielectric and electric spectra, simultane-
ously. The real part of ac electrical conductivity of these
NSPE films obeys Jonscher power law in the high fre-
quency region with fractional exponent values ~ 0.50 to
0.73 confirming that the transport of ions occurs through
hopping and the chain segmental dynamics facilitate this
mechanism.

The o4 values thus obtained are found maximum for
the NSPEO film without nanofiller, whereas the dispersion
of 2 to 15 wt% TiO, has lead to a small decrease in the
ionic conductivity. Further, about one order of magnitude
drop in the ionic conductivity value has been observed
for the 20 wt% TiO, containing NSPE20 film. The compara-
tive results on conductivity and relaxation time unveil the
adverse effect of TiO, nanoparticles addition on the ion
conduction in these PEO/PVDF blend matrix-based NSPE
materials. The electrochemical performance of all these
NSPE materials is found appreciable regarding their suita-
bility in the development of all-solid-state ion-conducting
devices.
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