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Abstract

An intercalated blend polymer nanocomposite (PNC) films based on blend (PEO-
PVC), LiPF, as salt and modified montmorillonite (MMMT) as nanoclay are pre-
pared via solution cast method. The impact of the nanoclay on the morphology,
structure, polymer—polymer, polymer—ion interactions, ionic conductivity, voltage
stability window, glass transition temperature, dielectric permittivity, and ac con-
ductivity has been explored. The structural analysis evidenced the formation of
blended and intercalated polymer nanocomposites. The FTIR analysis confirmed the
interaction between polymer—ion-nanoclay, and polymer intercalation is evidenced
by the out-of-the-plane mode [Si—O mode] of MMMT. An increase in the fraction
of free anions with clay addition is confirmed. The highest ionic conductivity of
about~8.2x107> S cm™! (at RT) and 1.01x107> S cm™! (at 100 °C) is exhibited
by 5 wt% MMMT based PNC. A strong correlation is observed between the glass
transition temperature, crystallinity, melting temperature (7,,), ionic conductiv-
ity, relaxation time, and dielectric strength. The dielectric data have been fitted and
enhanced dielectric strength and lowering of the relaxation time (7., and 7,,) with
clay addition evidences the faster segmental motion of polymer chain. The inter-
calated PNC shows thermal stability up to~300 °C, high ion transference number
(~1), and broad voltage stability window of ~5 V. An absolute agreement between
ion mobility (u), diffusion coefficient (D), and ionic conductivity is observed. An
ion transport mechanism has been proposed on the basis of experimental results.
Therefore, the proposed PNC can be adopted as electrolyte cum separator for energy
storage devices.
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Introduction

In order to fulfill the environmental norms and choking of global warming, the
development of sustainable and renewable energy resources remains a major chal-
lenge for the energy sector scientific community. The most convenient and prom-
ising source of energy that has been explored is the Li-ion batteries (LIBs) and
has revolutionized the energy sector as well as fulfill the energy demand all over
the world for application in household appliances, electric vehicles, agriculture,
and portable electronic devices. The LIBs possess various advantages such as
lighter in weight, economic, no memory effect, high cycle stability (>5000), high
energy efficiency (>90%), and low redox potential (—3.04 V vs. SHE) [1-3].

In 1978, Armand [4] proposed the approach of a battery that comprises two
electrodes with different potential and Li-ion flows in between them termed as
rocking chair battery. The world’s first commercial prototype LIB was introduced
in 1991 by the SONY Corporation and comprises of an anode (positive electrode;
made of graphite), the cathode (negative electrode; made of lithium), and liquid
electrolyte poured separator [5]. The liquid electrolyte has a drawback as it may
fire up the battery due to leakage or flammable nature and violent reactions may
occur in the open environment. Addition of ionic liquid and plasticizer resolved
a little bit of the leakage issue. Nevertheless, poor mechanical and dimensional
stability remain a key drawback [6]. The solution to the above-said issue is the
development of all-solid-state batteries (ASSBs) based on a solid electrolyte that
will improve the safety limit of operation, durability and prevents electrolyte
leakage. The solid electrolyte can be used in the Li-ion batteries as an alterna-
tive to the liquid electrolyte. The desirable properties for a solid polymeric sepa-
rator are, it must possess the value of ionic conductivity (> 1074 S cm_l), low
glass transition temperature (—30 to 55 °C), negligible elecronic conductivity
(<1071% S ¢cm™'), high ion transference number (t,,,~ 1), appropriate chemical
compatibility with electrode, high thermal stability, flexibility and a wide elec-
trochemical window (>4 V) are necessary [7]. The unique advantage of the free-
standing solid electrolyte may be seen as it may serve the dual purpose as it could
act as an electrolyte as well as a separator. Its benefits may directly be observed
as it may reduce the size, weight, and more importantly, cost for safe and durable
high energy density rechargeable batteries.

Nowadays, polymers have been more frequently adapted as the host matrix
due to the growing demand for flexible devices. The property on the selection of
host polymer comprises of high molecular weight, low glass transition tempera-
ture, and least cohesive energy. The electron-rich group (polar group; —O—, —N—,
—S, C=0, C=N) in the polymer host provides the coordinating sites for cation
migration, while anion seems to be hanging with the polymer backbone. The first
report on the polymer electrolyte was launched in the 1970s, and Fenton et al. [8]
in 1973 published the report that deals with ion conduction via polymer matrix.
Then in 1978, the practical aspects based on polymer electrolytes were proposed
by Armand. The advantages associated with polymer electrolytes are varied shape
geometries, desirable flexibility, thin film forming ability, lighter weight, ease of
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preparation and cost-effective and make them a promising candidate. The poly-
mer electrolytes eliminate the need for the organic solvents and prevent short cir-
cuiting that may explode the battery. The utmost frequently used host polymer in
solid polymer electrolytes are PEO, PVC, PPO, PVP, PMMA, and PAN and out
of them, polyethylene oxide (PEO) has grabbed the attention of researchers due
to its flexibility, the presence of ether group, low glass transition temperature and
easy availability [9, 10]. However, the semicrystalline nature of PEO prevents its
use due to low ionic conductivity. Various approaches are adopted to improve the
ionic conductivity, e.g., cross-linking, hybrid electrolyte, and polymer blending.
Among them, polymer blending is a cost-effective method and has received more
attention due to improved properties of the blend as compared to both polymers.
The blend polymer results in the structural alteration of the host polymer matrix
and lowers the crystalline tendency of the host polymer. The possible interaction
in blend polymer is (1) dipole—dipole interactions, (2) hydrogen bonding, and (3)
ionic interactions. A number of the blend polymers are reported such as PAN,
PEMA, PVP, and PVC. Polyvinyl chloride (PVC) is the interesting candidate to
be chosen for blending due to high amorphous content which helps in reducing
the crystallinity of PEO and improving the ionic conductivity [11].

The LiPF4 has been chosen as salt due to its good ionic conductivity (7.9 mS
cm™'; 1 M), the smaller cation size (~0.76 10\), the bulky anion (~2 /&), and good
solubility. The other advantage with LiPF is that it provides the proper balance of
properties that strengthens its candidature as well as it provides the formation of
proper solid electrolyte interface (SEI) on graphite anode and a protective layer on
the aluminum current collector. Other salts with a large anion such as LiTf, LiFSI,
LiTFSI, and LiBETI are also available, but corrosion with the aluminum collector,
poor solubility, and higher cost limits their use in commercial devices [5, 12—-14].

The various approaches have been employed to enhance the prerequisite property
of solid polymer electrolyte consisting of polymer (individual polymer/more than
one polymer) and salt but failed to achieve the adequate value due to the dominance
of concentration polarization. In order to minimize the concentration polarization
various route have been explored like: micro/nanofiller dispersion, incorporation of
different organophilic nanoclay. The incorporation of organophilic nanoclay seems
fit in order to eliminate the concentration polarization arising due to the presence
of both cation and anion in the matrix [6, 15—17]. In our previous study, we adopted
the dispersion approach using the TiO, as nanofiller in the PEO-PVC + LiPF, blend
matrix [18]. So, a continuation of the previous studies on the polymer nanocom-
posites, we prepared intercalated polymer nanocomposites using layered MMMT
as nanoclay (inorganic filler) with PEO-PVC as the host matrix. Despite the above
advantage, MMMT has low cost, easy intercalation capability and good chemical
compatibility [19]. The presence of the surface negative charge on the MMMT clay
galleries effectively separates the cation and anion and improves the electrical con-
ductivity (6 = Y. n;z;u; where n,, is, and y; refer to a number of charge carriers, ion
charge, and ion mobility, respectively) [20]. Polymer intercalation is a thought-pro-
voking approach and plays a key role in (1) suppressing the concentration polariza-
tion by avoiding anion mobility, (2) enhancement of the ion migration by allowing
the cation-coordinated polymer chain confinement in clay galleries, and (3) cation
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charge on clay surface acts as Lewis acid and competes with Li* cation to form com-
plex with polymer which reduces ion coupling [16, 21]. There are various reports on
the polymer—clay nanocomposites based on PEO, PAN, PVC, PMMA, PVdF-HFP,
and copolymers [22-26].

An attempt has been made to understand the effect of polymer intercalation and
to build a correlation between the bulk conductivity, melting point, transport param-
eters, and relaxation time. In this paper, an intercalated polymer nanocomposite
comprising of PEO-PVC as a blend polymer matrix, lithium hexafluorophosphate
(LiPFy) as salt, and dodecyl-modified montmorillonite (MMMT) as intercalant has
been investigated. The highest electrical conductivity is about~8.2x 107 S cm™ (at
RT) and increases to 1.01 x 107> S cm™! (at 100 °C) for 5 wt% MMMT. The imped-
ance results are also supported by various parameters, activation energy (E,), melt-
ing temperature (7,,), relaxation time (7 and 7,,,), and highest dielectric constant
(¢). The ion transport parameters, i.e., ion mobility (x) and diffusion coefficient (D)
are also in good agreement with electrical conductivity value. The high value of
ion transference number (~ 100%) and broad voltage stability window (~5 V) of the
intercalated polymer nanocomposite suggest their suitability for energy storage/con-
version devices.

Experimental section
Materials

Polymers polyethylene oxide (PEO; 1x10° g/mol) and polyvinyl chloride (PVC;
6 10* g/mol) were procured from the Sigma-Aldrich. Lithium hexafluorophosphate
(LiPF¢) was chosen as salt purchased from Sigma-Aldrich. Tetrahydrofuran (THF)
was used as solvent purchased from Sigma-Aldrich and was used as received. The
Na-montmorillonite clay (Na-MMT; SWy-2) has been procured from the clay min-
erals society (USA) and added in different weight fraction relative to polymer host.
Montmorillonite is a 2:1 layered hydrated aluminosilicate, with a triple-sheet sand-
wich structure (clay platelet) consisting of a central, hydrous alumina octahedral
sheet (O-layer), bonded to two silica tetrahedral sheets (T-layer) by shared oxygen
ions. The unit cell of this ideal structure has a composition [Al,(OH),(51,05),1,.

According to the manufacturer, the MMT product had a cation exchange capacity
(sum of the exchangeable cations) of 80 mequiv/100 g, interlayer charge ~0.55, and
specific surface area~31.82 m?%g. The nanoclay was modified with dodecylamine
(DDA) before use and is termed as MMMT clay throughout the manuscript.

Clay modification

In view of preparation of intercalated polymer nanocomposite films, the nature of
clay needs to be organophilic; therefore, organic modification is utmost necessary
before its use in polymer salt complex. The procured sodium montmorillonite has
been modified using dodecylamine as a surfactant by an ion exchange reaction. In
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this process, Na* ions (the natural occupancy of clay channels) located in between
clay platelets are replaced by dodecyl ammonium ion and hence the MMT changes
from hydrophilic to organophilic. The clay platelets are coated with charged mol-
ecules, and it results in separation of clay platelets owing to repulsion force (in
c-direction) [27]. Figure 1 a shows the clay modification.

Preparation of polymer nanocomposites

The polymer nanocomposites were prepared using solution cast technique. Firstly,
the appropriate amount of PEO (1 g) and PVC (1 g) were dissolved separately in
the THF (10 ml) solvent and stirred continuously till a homogenous and transpar-
ent solution is obtained. Then, the stoichiometric ratio (O/Li=38) of LiPF, was
added in the blend polymer solution and stirred again till the homogenous solu-
tion is obtained. After that, the pre-sonicated MMMT in various weight ratios
was added in the blend polymer salt matrix and the same was stirred for 24 h to
achieve uniform mixing of the nanoclay. The prepared solutions were cast on the
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Fig. 1 a Modification of nanoclay, where % is the interlayer distance, and d is the basal spacing, and b
schematic representation of solution cast technique
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Petri dishes and kept at room temperature for slow evaporation of the solvent,
followed by vacuum drying at 50 °C for 24 h. Then, the films are peeled off from
the Petri dishes, and free-standing film is kept in the desiccator (with silica gel)
again for further characterization. The solution cast technique is shown in Fig. 1b
in detail. The thickness of the film was in the range of 100—-130 pm measured by
Digital micrometer screw gauge (Mitutoyo Digimatic Micrometer). The prepared
polymer nanocomposite films are [(PEO-PVC)+LiPF, (O/Li=8)+x (MMMT),
x=0,1,3,5,7, 10, 15, 20 wt%]. The blend polymer (PEO-PVC) is denoted by
pure, (PEO-PVC) + LiPF, (O/Li=8) by 0% MMMT, and for nanoclay concentra-
tion x% (MMMT), where x=1, 3, 5, 7, 10, 15, 20.

Characterizations

X-ray diffraction analysis was performed (Model: Bruker D8 Advance with Cu-
filtered) with Cu-K, radiation (1=1.54 /o\) at room temperature in the Braggs
angle range (26) from 2° to 60° with scan 0.01 degree per minute. Field emission
scanning electron microscopy (FESEM) was used to study the surface morphol-
ogy (FESEM: Carl Zeiss product) and taken in a high vacuum after sputtering the
samples with gold in order to prepare conductive surfaces. The transmission elec-
tron microscopy (TEM) images are obtained at 100 kV. The Fourier transform
infrared spectra of the samples were recorded in the range of 400-3000 cm™!
Bruker Tensor 27, Model: NEXUS-870 to confirm the complex formation at a
scan rate of 4 cm™!.

The electrical conductivity has been measured using an electrochemical analyzer
(CHI 760; USA) in the frequency range 1 Hz—1 MHz and broad temperature range
(40-100 °C, @ 10 °C). The PNC film is sandwiched between the two stainless (SS)
blocking electrodes, and an ac signal (~20 mV) is applied across the cell. The ther-
mal activation energy for ionic transport is estimated from the slope of the linear
fit of the Arrhenius plot. The linear variation in log (6/S cm™") versus 1000/T plot
suggests a thermally activated process represented by o = o, exp (—Ea / kT), where
o, is the constant pre-exponential factor and E, is the activation energy. The param-
eter T stands for the absolute temperature and k for the Boltzmann constant. Dif-
ferential scanning calorimetry (DSC) has been performed, in a temperature range
of — 90-100 °C (@10 °C per minute in Ar/N2 atmosphere) using DSC-3500 Sirius
(NETZSCH). Thermo gravimetric analyzer (TGA; SHIMADZU-DTG-60) has been
performed in a temperature range of 30 °C-600 °C (@10 °C) per minute in nitrogen
atmosphere). The voltage stability window is obtained using the linear sweep vol-
tammetry (LSV) technique using the cell configuration SSIPNCISS in the voltage
range —3 to +3 V. The ion transference (#;,,) number was measured using i— char-
acteristics by applying a dc voltage of 0.02 V across cell SSIPNCISS. The imped-
ance data are transformed into the dielectric constant (¢'), dielectric loss (¢), and
complex conductivity (¢’ and ¢’’). All plots are fitted with corresponding equations
by Origin® 8 software to evaluate the various parameters that enable us to explore
the ion dynamics.
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Results and discussion
X-ray diffraction analysis

Figure 2 shows the XRD pattern of the prepared PNCs films at room tempera-
ture in two broad regions, i.e., at a high angle (10°<260<60°), and at a low angle
(2°<260<10°). The characteristics peaks of the PEO are located at 260=19.23°
(associated with 120 planes) and 23.78° (associated with 032, 112 planes), owing
to the crystalline nature of polymer matrix (Fig. 2a). The minor peaks present near
33° and 37° are associated with pure PEO. Addition of salt changes the peak posi-
tion of PEO, and the absence of any salt peak in the plot confirms the complete
salt dissociation [28]. Addition of salt also influences the PEO minor peaks, and
reduction in intensity infers the enhancement of the amorphous content. The change
in the peak position and shape further with the addition of nanoclay indicates the
reduction in crystallinity as evidenced in terms of decreasing peak intensity. It pro-
vides sufficient evidence of the composite formation and enhancement of the amor-
phous content. The alteration of peak position and intensity change provides strong
evidence of the sufficient interaction between the polymer matrix and nanoclay. To
get insights into the further evidence of the role of nanoclay in the polymer matrix,
modified MMT characteristic peak (001) was analyzed in detail (Fig. 2b) via low
angle X-ray diffraction pattern. It is seen that just after doping of low clay content,
the (001) peak shifted toward lower diffraction angle side and the d-spacing (clay
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Fig.2 XRD pattern of PNC films PP (Pure blend), PS (Polymer salt), PEO-PVC+LiPFs+x wt%
MMMT in the range of diffraction angle; a 10° <20<60°, and b 2°<20<10°
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Table 1 Values of 20 (degree), d-spacing (A) and R (A) of polymer nanocomposites films [(PEO-PVC)—
LIPF¢+x wt% MMMT]

Sample (120) Reflection peak parameters (112)/(032) Reflection peak parameters

20 (degree)  d-Spacing (A)  R(A)  20(degree)  d-Spacing (A) R (A)

Pure blend 19.23 4.61 5.76 23.78 3.78 4.72
0% 18.45 4.80 6.00 23.18 3.83 4.78
1% 19.24 4.61 5.76 23.46 3.79 4.73
3% 19.14 4.63 5.79 23.32 3.81 4.76
5% 19.11 4.66 5.83 23.10 3.85 4.81
7% 19.11 4.66 5.83 23.62 3.77 4.71
10% 19.14 4.63 5.79 23.61 3.77 4.71
15% 19.46 4.55 5.69 23.81 3.73 4.66
20% 19.16 4.63 5.79 23.68 3.75 4.69

Table 2 XRD data of 001 peak

of MMT in PNCs Sample 26 (degree) d-Spacing (A) S?(lilt;r{A)

Pristine MMT [30] 7.1 12.71 3.11
PEO-PVC +LiPFs+x wt% MMMT

1 5.5 16.04 6.44

3 5.6 16.04 6.44

5 5.4 16.38 6.78

7 5.7 15.71 6.11

10 5.5 16.38 6.78

15 5.5 16.38 6.78

20 5.6 15.71 6.11

gallery with) increases accordingly. To confirm the polymer intercalation and clear
interaction with polymer chain, d-spacing (d=nl/sinf) and inter-chain separation
(R=54/8sinf) is analyzed properly [29]. The obtained parameters are summarized in
Table 1. It may be noticed that both parameters increase with the addition of nano-
clay up to optimum content with the addition of nanoclay. It is attributed to the com-
plex formation and the presence of sufficient interaction between the polymer—salt
and nanoclay.

The polymer intercalation inside the clay galleries is analyzed in detail by inves-
tigating the changes in the characteristics peak of the clay (associated with 001
planes) [30]. XRD results indicate noticeable changes in the dy,; peak of clay as
compared to pristine clay (Fig. 2b). The shifting of peak toward the lower angle side
indicates an increase in the clay gallery width which infers the cation-coordinated
polymer chain intercalation inside the clay galleries (Table 2). It may be concluded
that the XRD spectra evidence the polymer intercalation. The polymer intercalation
is further confirmed by the TEM and FTIR analysis.
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Field emission scanning electron microscopy analysis

Figure 3 depicts the FESEM micrographs of the pure PEO (Fig. 3a), PEO-PVC
blend (Fig. 3b), polymer salt matrix (Fig. 3c), and polymer salt matrix with 5 wt%
MMMT (Fig. 3d). It may be observed that change in morphology of the PEO-PVC
blend polymer as compared to pure PEO indicates the disruption of the semicrystal-
line nature of PEO and confirms the blend formation. The transition from the rough
surface morphology to smooth morphology suggests the enhancement of the amor-
phous content. Further, addition of salt in the blend matrix changes the morphol-
ogy which suggests the complex formation due to the interaction between cation
and ether group of PEO (O-Li™). Addition of nanoclay in the polymer salt matrix
indicates the sufficient interaction in between the clay platelets and the polymer
matrix. The EDS spectra confirm the presence of the clay in PNCs (Fig. 3e). Fig-
ure 3f shows the elemental mapping of the different elements of the nanoclay and
supports the EDS spectrum. Further evidence of the polymer intercalation is done
by TEM analysis.

Transmission electron microscopy analysis

The morphology of the PNCs was further investigated by acquiring the transmission
electron microscope (TEM) images for polymer salt and polymer salt matrix +5%
MMMT (Fig. 4). While the morphology of the intercalated PNCs shows noticeable
changes as compared to the pristine polymer salt matrix. The dark strips depict the
clay platelets (shown by arrows) which implies the polymer intercalation, and gray/
white area is polymer salt matrix. The light strips in the image are exfoliated clay.
The presence of clay platelets in the PNCs is in perfect agreement with the XRD
results. The structural and morphological analysis evidenced the effective role of
nanoclay (polymer intercalation) [31, 32].

Fig. 3 Surface morphology of a Pure PEO, b PEO-PVC blend, ¢ polymer salt complex, d polymer salt
complex+5% MMMT, e EDS spectrum of PNC with 5% MMMT, and f elemental mapping of Si, Al,
Mg in the intercalated PNC
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Fig. 4 TEM images of the clay-free and polymer-intercalated (5 wt% MMMT) PNCs

Fourier infrared (FTIR) spectroscopy analysis

FTIR spectra have been recorded in the absorbance mode at room temperature in
the wavenumber region 400-3000 cm™! (Fig. 5). The vibrational bands of pure
PEO are obtained at 843 cm™' (CH, asymmetric rocking), 960 cm™' (CH, symmet-
ric rocking), 10601150 cm™' (C-O-C stretching triplet), 1240-1297 cm™' (CH,
twisting), 1343-1366 cm™' (CH, wagging doublet), 1466 cm™' (CH, scissoring),
and 2886 cm™! (CH, stretching) [33]. The vibrational band of the PVC are obtained
at, 613 cm™" (v (C-Cl)), 636 cm™" (v (C-CI)), 689 cm™" (v (C-CI)), 961 cm™" (r
(CH,)), 1095 cm™" (v (C-C)), 1255 cm™! (6 (C-H of CHCI)), 1330 cm™" (5§ (C-H
of CHCI)), 1429 cm™" (w (CH,)), 2909 cm™! (v (C-H of CH,)), and 2968 cm™" (v
(C—H CHCI)) [34]. A broad absorption band is observed in the wavenumber region
750-1350 cm™' and corresponds to the four Si-O stretching modes of the MMT
(three in-plane mode (1120; 1048; and 1025 cm™!), and one out-of-plane mode
(1080 cm™") [35]. The FTIR spectrum in the wavenumber region 600-3000 cm™!
is shown in Fig. 5. In order to explain the obtained data, the discussion has been
explained in light of microscopic interaction among the polymer, ion, and clay
interaction.

The FTIR spectra of the blend PEO-PVC is shown in Fig. 6i-iii in different
wavenumber range. It is important to note that after blend formation, characteristics
peak of the PEO and PVC shows a shift in peak position and change in intensity.
The peak located at 1100 cm™' associated with C—O-C stretching mode shifts to

@ Springer



Polymer Bulletin

Fig.5 FTIR spectra for a. Pure
PEO-PVC, and x% MMMT,
x=b.0,c.1,d.3,e.5,f. 7, g
10, h. 15 and i. 20
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1111 cm™" and peak of trans (C-H) wagging mode located at 961 cm™' in PVC
shifts to 951 cm™' in PEO-PVC blend. The peak located at 1255 cm™' associated
with (C-H) rocking, 1330 cm™! associated with CH, deformation mode in PVC
shifts to 1241 cm™' and 1349 cm™!, respectively. The CH, wagging mode of PVC
observed at 1429 cm™! shows a small shift toward lower wavenumber side. These
changes evidence the presence of strong interaction between PEO and PVC matrix
of blended PEO-PVC. It may be noted that the presence of characteristics peaks of
individual polymer infers the miscibility of polymer skeleton and is attributed to the,
(1) intermolecular hydrogen bonding, and (2) van der Walls interaction between the
PEO and PVC polymer chain [36]. The above analysis established the PEO-PVC
blend formation.

Polymer-ion interaction

To explore the polymer—salt interactions, firstly the characteristic vibration modes
of salt and polymer are studied. The fundamental peak of the LiPF, is located at
837 cm™! (w(PF¢ ), and 1164 cm™! (v(PFs) [37]. The characteristics peak of the
PEO-PVC located at 843, 951, 1063, 1111, 1241, 1277, 1349, 1427, 1466, and
2883 cm! is shifted to 842, 956, 1014, 1119, 1244, 1273, 1347, 1429, 1464, and
2887 cm™! on addition of salt. This provides strong evidence of the complexation
between PEO-PVC and LiPF,. The electron-rich group of the polymer is the most
favorable site for cation coordination. Now, to investigate the actual cation (Li")
coordination out of two available sites, (1) ether group (-O-) of PEO and (2) —CI of
PVC, the FTIR spectra are studied in detail.
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Fig.6 FTIR spectra in the wavenumber region, (i) 600-800 cm™, (ii) 800-1500 cm™', (iii) 2750~
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Figure 6i shows the absorbance spectra in the wavenumber 600-800 cm™' and
corresponds to 613 cm™! (v (C—Cl)), 636 cm™! (v (C-Cl)), 689 cm™! (v (C-CI)) of
PVC. It may be noted that all the peaks are almost identical in terms of its shape
and intensity on the addition of salt in the blend matrix. This identical nature of
peak position confirms that the Li* coordination has zero probability with —Cl group
of PVC and reveals the absence of any interaction of cation with the polar group
of PVC. Now, to augment the cation coordination with the ether group of PEO,
the FTIR spectra are studied as shown in Fig. 6ii. As the characteristics peak of
PEO (-C-O-C- stretching) is located near 1100 cm™! and is associated with the
amorphous content of PEO. The frequency of this peak is sensitive to the interac-
tion of the electron-rich ether group and cation [38]. The addition of salt alters peak
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position and intensity. This indicates that PEO seems to be more favorable for cation
coordination and is an actual site in the blend polymer matrix [39]. The changing
profile of the C—O—C band of PEO and unaltered profile of C—Cl in PVC suggests
the cation coordination with electron-rich ether group of PEO. The crystalline phase
shoulder peak of the PEO at 1144 cm™ is suppressed, while peak near 1056 cm™"
gradually disappeared on the addition of salt [40]. The above changes in the charac-
teristics peak of PEO provide strong evidence of ion—dipolar coordination between
the electron-rich ether group of PEO and cation, which infers the reduction in PEO
crystalline phase. So, on the basis of the above evidence, it may be concluded that
the cation coordination occurs with an ether group of PEO and polymer reorganiza-
tion tendency is reduced; hence, enhanced amorphous content is obtained.

Polymer-nanoclay interaction

The effect of nanoclay addition on the vibrational modes of the polymer matrix is
shown in the wavenumber region 800-1500 cm™! (Fig. 6ii, a—i). It may be noted
that the addition of clay influenced the peak position and shape of the characteristics
band of the blend. The band located at 960 cm™" associated with CH, symmetric
rocking of PEO indicates the increase in peak intensity and changes in peak profile.
The shift in peak is observed even after the addition of a small amount of MMMT.
The fundamental peak of PEO located at 1100 cm™! is associated with C—-O—-C
stretching mode and after even a small amount of nanoclay, a shoulder appears, and
with the addition of clay, peak get split into two peaks. It may be noted that with
an increase in clay content, the shoulder at 1144 cm™' disappears and for 5 wt%
MMMT, the only a single peak is observed which infers the crystalline phase of
PEO (Fig. 6ii, e). Along with this, another shoulder at the lower wavenumber side
(~1056 cm™") disappears with clay addition and indicates the disruption of the crys-
talline phase [40]. It suggests that the nanoclay is effective in altering the polymer
chain arrangement by confining within its clay galleries, and increased interlayer
spacing accommodates more polymer chains with cation. At high nanoclay content,
a clear signature of two peaks is observed.

Peak located at 1240—1297 cm™! associated with CH, twisting mode shows split-
ting after addition of clay in the polymer salt matrix and, CH, wagging doublet at
1343-1366 cm™! also shows very little shift in wavenumber. The CH, scissoring
mode located at 1466 cm™! shows peak broadening and a shift in peak position
confirms the strong possibility of polymer—clay interaction in PNC films. The CH,
stretching mode located at 2886 cm™! indicates the remarkable peak broadening,
and reduction in peak intensity are observed after clay addition (Fig. 6iii, a—i). The
C—H stretching mode of near 2900 cm™' provides strong evidence of polymer—clay
interaction. These changes in peak profile (broadening and change in intensity) and
a shift in position confirm the effective role played by nanoclay on the polymer salt
matrix, hence the presence of polymer—nanoclay interactions. It is believed that the
polymer intercalation disrupts the polymer reorganization tendency, and formation
of the amorphous phase is beneficial for ion transport. This provides strong evidence
of the —Li*—O- coordination, and change in peak profile of vibrational bonds con-
firms the formation of PNCs.
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lon-ion interaction

The PF, anion mode near 840 cm~! is important to examine carefully to observe
the cation—anion interaction. It is well-known that the cations are insensi-
tive, whereas anions are sensitive to FTIR; therefore, the information of
ion—ion interaction has been derived from the absorbance mode of PF,~ and
is sensitive to anion environment which reflects the salt dissociation. The
peak area provides quantitative information about ionic species distribution in
PNCs. The uncoordinated or free PF, anion possesses octahedral (Oy) symme-
try and bond angle formed by F—P-F is found to be exactly 90°. There are a total
of 15 vibrational fundamental modes of free anion and can be represented as
I =ay, +e, + 11, + by, + 31, + by, Where 9, (ay,).9,(e, ). and 95(ay, ) modes are
Raman active; the 95(r,,)and 9,(t,,) modes are IR active; and #,, and f,, modes
are silent in both Raman and IR spectra [41]. The vibrational energy of the free
anion is 9, =741(R), I, = 567(R), J; = 838(IR), 9, = 558(IR), and 95 = 470(R)
cm™!. In the FTIR spectra, it is noticed that the strongest IR-active free anion peak at
838 cm™! depicts some asymmetry due to ion—ion interactions (between neighbor-
ing ion or ion aggregation), and this alteration results in peak splitting. This indi-
cates the lowering of free anion symmetry from octahedral to the tridentate ion (O,
— C5y) [42]. We are interested in the 9; = 838(IR) mode and is deconvoluted to
probe the fraction of free anions (—PF,) and ion pairs (Li+—PF6‘) using PeakFit (v4)
software as both bands are IR active.

Figure 7 depicts the spectral pattern of PF, anion in the wavenumber region
of 820-870 cm™'. The bird-eye-view of the anion vibration mode indicates the
presence of asymmetry and is originated from the anion interactions with coun-
ter anion or ion aggregation. To understand the clay role in dissociating salt,
the absorbance was deconvoluted into two bands using PeakFit (V 4.02) soft-
ware with Voigt Amp profile, and two bands are observed by decomposing the
anion band. The band located at lower wavenumber side corresponds to free
PF¢ (does not interact directly with a cation), and another band at high wavenumber
is that of bound or ion pairs (Li+—PFg). The fraction of free anions (FFA) and a frac-
tion of ion pairs (FIP) is obtained using Eq. 1, and the best fit is said to be measured
by the correlation coefficient ().

Area of free ion peak

FFA = and FIP =
Total peak area Total peak area

Area of ion pair peak

€]

Figure 7i shows the plot of FFA and FIP against nanoclay content. It shows that
the fraction of free anions increase with the addition of MMMT content. It is clearly
seen that even at low clay content, there is a small increase and is the highest for
the 5 wt% MMMT. At, this nanoclay content sufficient interaction occurs between
polymer, cation, and nanoclay assist the PNC matrix to dissolve more salt. The com-
bined effect of the negative surface charge layer and a polar group of PEO results
in better salt dissociation and infers the increased number of free charge carriers
[43]. However, when the clay content exceeds the 5 wt%, the fraction of free ani-
ons decreases and is attributed to the reduction in surface area owing to nanoclay
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aggregation. Therefore, at high content, nanoclay is not effective in dissociating the
salt and an associated maximum in a fraction of ion pairs is observed.

The probe of clay intercalation through Si-O mode of nanoclay

FTIR spectroscopy is again very sensitive to prove the intercalation/exfoliation of
nanoclay in intercalated PNC system as suggested by Cole [35]. A broad absorp-
tion band is observed in the wavenumber region 7501350 cm™' and corresponds
to the four Si—O stretching modes of the MMT (three in-plane mode (1120; 1048;
and 1025 cm™"), and one out-of-plane mode (1080 cm™) [35]. It suggests that
the position and peak shape of out-of-plane mode located at 1080 cm™" is highly
sensitive to the physical state of nanoclay or interlayer gallery width. In the pre-
sent study, the Si—O-Si band was explored by deconvoluting it in four peaks
located at: peak I (~1024 cm™'), peak II (~ 1045 cm™"), peak III (~1080 cm™;
out-of-plane mode), and peak IV (~ 1115 cm™Y). From Fig. 8, all the peaks dis-
play a change in profile and peak III is more sensitive and may be considered an
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indicator of intercalation (shown by the dotted blue line and indicated by *) of
nanoclay during insertion of cation-coordinated polymer into it.

It is important to note that the peak becomes narrow with diminished intensity.
The above-said changes suggest that the polymer chain gets confined inside clay
galleries that enhance the interlayer spacing and confirmed by the effect on Si—O
mode. Same has been reported in other polymers also [35]. This also suggests the
possibility of cation coordination with a surface charge of clay, and it will provide
addition conducting sites for cation that will be reflected in the conductivity stud-
ies as discussed below.

It may be concluded from the details investigation of FTIR studies, (1) poly-
mer, salt, and nanoclay play effective role in PNC matrix, (2) blend formation and
cation coordination with ether group of PEO are confirmed (3) polymer inter-
calation is confirmed from Si—-O mode of MMMT, and (4) fraction of free ani-
ons increases with MMMT content. Above-said FTIR results will be helpful in
explaining the enhancement of ionic conductivity, transport parameters, flexibil-
ity, and voltage stability window with the addition of nanoclay. The clay galleries
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of nanoclay will provide accommodation to polymer chain with cation and will
support the faster cation migration by minimizing the concentration polarization.

Electrochemical analysis
Impedance spectroscopy

The impedance spectra of the prepared PNCs with different clay contents are shown
in Fig. 9a, at 40 °C. The log—log presentation of impedance plots is displayed for a
better comparison of different PNCs systems. The detailed eagerness of this repre-
sentation over the traditional plot is mentioned in our previous study and somewhere
else by Jonscher [44].

Figure 9a shows the plot of the imaginary part of impedance against a real party
for various PNCs films. It may be noted that all systems show two arcs, one lying
on the high-frequency side followed by another at the lower-frequency side. The dip
observed in the plot corresponds to the bulk resistance of PNC film and corresponds

(3)105, O 1%MMMT O 3% MMMT 5% MMMT o (b) -2 O Pure L 0%MMMT O 1% MMMT 3% MMMT
O 7%MMMT O 10 % MMMT e 0O 5%MMMT O 7%MMMT O 10 % MMMT
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Fig. 9 a Room temperature log—log complex impedance plots for different PNCs films. The inset depicts
cell configuration and equivalent circuit, b Impedance plot for 5 wt% MMMT in temperature (40—
100 °C) range. Inset of b depicts conductivity variation with temperature, ¢ Arrhenius plot, and d cell
assembly and equivalent circuit. The solid red line is the fitted plot in Figure a—c
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to the minima in the imaginary axis. For the pure polymer, the length of the high-
frequency arc is large and reduces with the addition of salt (Inset). The high-fre-
quency arc is associated with the bulk properties of the PNC film, i.e., ion migra-
tions via ions, while the low-frequency arc imitates the double-layer capacitance at
the electrode—electrolyte interface. It implies the absence of electronic conductivity,
which is desirable for faster ion transportation [38, 45]. The experimental imped-
ance was fitted with software (Zg;,,,win), and an electrical equivalent circuit (EEC)
was fitted (Fig. 9d). It may be noted that fitted data (shown by a solid line) aggress
well with the experimental data. The EEC comprise of a resistance in series with a
parallel combination of constant phase element and another resistance in series with
a Warburg impedance. It may be noted that the value of bulk resistance decreases
with the addition of clay and is attributed to an effective change in the polymer chain
arrangement that promotes the faster ion conduction [46]. With the addition of even
a small amount of clay decrease in the high-frequency arc is observed and with fur-
ther clay addition, the only low-frequency arc is visible that indicates the better salt
dissociation and formation of the double layer.

Electrical conductivity analysis

The electrical conductivity has been calculated using the R, obtained from the min-
ima of the imaginary part in the log—log plot which is used subsequently for the
evaluation of electrical conductivity. The electrical conductivity is shown in Table 3.
It may be noted that the addition of even a small amount of clay increases the elec-
trical conductivity and increases with further addition. The highest conductivity is
obtained for the 5% MMMT clay content and is about 8.15x 107> S cm™. The opti-
mum conducting composition (OCC) is 5 wt% MMMT for the present investigation
and reflects the balanced attractive forces between polymer—cation—nanoclay layers
which help in the release of the cation. It is also linked with the proper dispersion
of nanoclay that enhances the dielectric properties of nanoclay. This results in the

Table 3 Different contributions of electrical conductivity, transference number, activation energy, and
voltage stability window for (PEO-PVC)-LIPF¢+x wt% MMMT

Sample name Transference Conductivity (S cm™") E, (eV) ESW (V)
number
tion tole Electrical Tonic Electronic
Pure - - 333x107% - - 0.98 3.12
0% 093 007 1.64x1077  1.52x1077  1.14x107%  0.87 3.48
1% 094 006 4.19x10™® 393x10°® 251x1077  0.80 4.15
3% 098 002 1.79x10™°  1.75x10™°  3.58x10™%  0.72 3.93
5% 099 001 8.15x107  8.06x1075  8.15x1077 041 4.02
7% 091 009 429x10° 3.90x10™° 3.86x10™° 042 442
10% 098 002 417x10°  4.08x10™®  834x10™®  0.65 3.98
15% 096 004 252x107° 241x107° 1.01x1077  0.70 3.54
20% 093 007 7.17x1077  6.66x1077  5.01x107%  0.71 2.94
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parallel alignment of the polymer chains along with clay layers so that the num-
ber of polymer chains gets accommodated. Also, the Li* might interact with the
MMMT, and negative charge in the silicate layers provides good dissolution of salt
that results in ionic conductivity. This corresponds with the highest salt dissociation
in an optimized system [47]. The conductivity is almost four orders higher than the
pure blend system. The presence of negative surface charge layer on clay effectively
dissociates the salt, and the number of charge carriers contributes to ionic conduc-
tivity by taking advantage of sites provided by clay layers. Also, the location of cat-
ion inside clay galleries affects the ions migration as obtained by a simulation study
and suggests that the Li* moves faster in the middle of clay galleries as compared to
Li* near silicate surface [48].

For low clay concentration, the polymer chains are in the center of clay galleries,
and significant intercalation of polymer chains results in faster cation migration as
compared to near clay surface where the cation may get trapped above an octahe-
dral layer of MMMT. In the center of clay galleries, more formation of a favorable
environment for cation migration influence the ion dynamics and ease of coordina-
tion with polar group promotes faster ion migration, hence ion mobility [25, 49].
Further, addition of nanoclay, >5% lowering in the electrical conductivity plot, is
observed due to restricted ion mobility and unfavorable environment. This may be
due to the following reasons: (1) decrease in surface area owing to nanoclay aggre-
gation, (2) blockage of cation percolation path by the clay layers, (3) more chains
near clay layer surface, (4) increased viscosity of system and (5) insufficient poly-
mer intercalation.

FTIR confirms the polymer intercalation and it suggests the ease of cation migra-
tion while an anion is prevented from an entry in clay galleries. Addition of clay
makes tougher anion movement and also supported by the increased viscosity [50].
This is also observed from the FTIR results which show a decrease in a number of
charge carriers. The observed enhancement in the electrical conductivity is consist-
ent with the FTIR ion—ion interaction study which infers the enhancement in the
fraction of the free ions participating in the conduction. It can be concluded that the
addition of an optimum clay content (where balanced attractive forces among poly-
mer, cation and silicate layers occur) is capable to provide a most favorable envi-
ronment for cation transport and realizes the highest conductivity. This increase in
electrical conductivity is clarified further in the forthcoming section by analyzing
the dielectric constant, relaxation time, and transport parameters.

Temperature dependence of ionic conductivity

Figure 9b shows the temperature-dependent impedance plot for the optimized sys-
tem. It may be noted that the dip in the plot shifts toward lower impedance and
implies the enhanced electrical conductivity. Also, the increase in the length of
the arc infers the increased double-layer capacitance and confirms the ionic nature
of the PNCs with negligible electronic conductivity. The temperature-dependent
ionic conductivity is plotted for the same with the highest conductivity (Inset). It is
noticed that with an increase in the temperature, conductivity increases and reaches
to 1.02x10™* S cm™ (at 60 °C), 1.01x 107> S cm™! (at 100 °C). This enhancement
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in the conductivity is attributed to the following reasons: (1) enhancement of the
polymer flexibility, (2) faster polymer chain segmental motion, (3) thermal activa-
tion of the charge carriers and (4) increased amorphous content and free volume for
ion migration. The overall combined effect is that a favorable environment builds
up that promotes the cation migration at a faster rate from one coordinating site to
another [51].

Thermal activation energy measurement

Figure 9c shows the temperature-dependent ionic conductivity and are fitted Arrhe-
nius equation to obtain the value of activation energy (E,) from the slope of the
linear portion. The solid red line is the Arrhenius fit, and all plots are in good agree-
ment. The activation energy infers the energy linked with the ion dynamics in the
polymer matrix and should be lower for the faster ion migration [52]. The activation
energy is lowest is for the PNCs film based on PEO-PVC + LiPF;—5% MMMT. For
this optimum concentration, the favorable ion migration occurs as compared to the
nanoclay-free matrix. This suggests the enhancement of ionic conductivity on clay
addition. All the PNCs film shows activation energy in the range 0.4-0.8 eV.

Differential scanning calorimetry analysis

Figure 10 shows the variation of the glass transition temperature and melting peak
against the clay content. It is important to note that the presence of single glass

| -
()] ) -
(g)
H E -
; -
g G L)
3 Y '
. (d
‘E‘z S _______/\——(\)
; b)
i\ _(a)

.60 -50 -40 -30 -20 10 0 O 10 20 30 40 50 60 70 80 90
Temperature (°C) Temperature (°C)
Fig. 10 DSC curve (I) glass transition temperature, (II) melting peak for various PNC films (a) host

blend polymer and (PEO-PVC)-LIPF+x wt% MMMT films (b) x=0, (c) x=1, (d) x=3, (e) x=5, (f) 7,
(g) x=10, (h) x=15
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transition temperature confirms the miscibility of both polymers, and polymer
blending occurs which is also in agreement with the FTIR and FESEM results [18,
38]. It may be noted that glass transition temperature shifts toward lower tempera-
ture with the addition of the salt, and it indicates the increase in polymer flexibility
due to cation coordination with the polymer matrix (Fig. 10I). With the addition of
even a low content of MMMT, it shifts further suggests the reduction in polymer
recrystallization tendency.

The melting peak in the polymer salt complex (no nanoclay) shifts toward the
lower temperature with the addition of nanoclay (Fig. 10II). It indicates the disrup-
tion of the covalent bonding between the polymer salt system, and polymer chain
becomes more flexible after intercalation in the clay gallery [53]. The crystallinity
was obtained using the melting enthalpy, and decrease in crystallinity is evidenced
in intercalated polymer nanocomposites as compared to the polymer salt system
(Table 4). On the addition of nanoclay, the presence of a negative charge layer on
clay galleries easily accommodates the cation-coordinated polymer chains and
interactions are modified that disrupts the polymer chain conformation. The over-
all effect is the enhancement of gallery spacing which makes easier access to the
cation for migration. The decrease in crystallinity also evidences that the confined
cation-coordinated polymer chains inside clay galleries are more disordered than the
polymer chain staying outside [54]. This result is also in perfect agreement with the
XRD analysis which confirms the increase in gallery width due to intercalation of
polymer chains.

Electrochemical stability analysis

Another important characteristic of the PNCs is the electrochemical stability win-
dow (ESW) and is the maximum voltage limit for safe and trustworthy operation of
electrolyte in device applications. The linear sweep voltammetry technique is per-
formed to check the ESW using the cell configuration, SSIPNCISS in the potential
range of —3-3 V at a scan rate of 5 mV/s, where SS refers to stainless steel elec-
trode. Figure 11 shows the LSV for the polymer salt without nanoclay and displays
a window of about 3.5 V. Beyond this voltage, the rapid increase in current depicts

Table 4 Thermal properties (7,, Sample cod T °C T °C AH_ () X (%
T,, AH,, X,) of the intercalated ampre code 0O n O n (') < (%)

nanocomposites [(PEO-PVC)— Pure blend _30 78 174 )

LIPFg+x wt% MMMT]
0% —45 69 110 58
1% -50 69 70 37
3% -53 70 65 34
5% -59 62 53 28
7% -56 68 59 31
10% —42 69 58 30
15% -55 68 71 38
20% - 67 68 36

@ Springer



Polymer Bulletin

60 (d) 20] (h)
10 2,94V
—_—
0
-10 4
120
75 (g
. 3.93V , 50 ]
_ o4 : 25 ] , 3.54V .
< = ol
— -50 é -25
T 40 £ 80
[ c -
£ (b) @ 2] (f)
S 20 ‘5
o . 415V ' o 10 | 3.98V ,
0 0
20 10
30 30
20 (a) 20 ()
10 A 348V , 10 . 442V )
0 0
-10 4 104
-20 T T T T T -20 T T T T T T

w
]
()
3
N
1
-
o
-
N
w

-3 -2 -1 0 1 2
Voltage (V) Voltage (V)

Fig. 11 Linear sweep voltammetry of polymer nanocomposites with x% MMMT, x=a. 0, b. 1, c. 3, d. 5,
e. 7,1. 10, g. 15, and h. 20 in the cell configuration SSIPNCISS

the electrolyte breakdown [55]. After addition of nanoclay in the polymer salt com-
plex, ESW is improved and is in the range of 4—4.5 V. However, at high clay content,
voltage window is again reduced and it may be due to poor ionic conductivity. At
high clay content, nanoclay is ineffective in improving the electrolyte stability and
decrease is observed. The PNC having the highest conductivity exhibits the voltage
window of 4.1 V and is large enough for the solid-state Li-ion battery applications
(Table 3).

Transference number analysis

The ion mobility plays a crucial role in the development of new polymer electro-
lytes. The ion transference number (f,,) is obtained using the d.c. polarization
method by applying a fixed voltage of 50 mV, and PNC is sandwiched in between
the two stainless steel electrodes. The polarization current is monitored as a func-
tion of time across the cell configuration and is displayed in Fig. 12 for different
clay (% MMMT) contents. All plots show the rapid decrease in current with time,
and a steady state is noticed. The initial high current is due to the flow of both ions
and electrons (i,), while later on, only electronic/residual current (i.e.,) dominates.
The total ionic transport number is in the range 0.91-0.99 and suggests that the ion
migration is mainly due to ions [56]. The addition of clay having a negative surface
charge layer improves the polymer segmental chain motion and promotes the charge
carriers migration which is evidenced by the increased ion transference number. The
ion transference number has been used to obtain the ionic and electronic conductivity

@ Springer



Polymer Bulletin
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are the ionic, bulk, and electronic conductivity,

(Table 3) using the equations, o
where Ojionic> Oelectrical» and Oelectronic

respectively.

Transport parameters

As ion dynamics plays an important role in the section of a PNC for application pur-
pose. So, the three important parameters are explored which directly influence the ionic
conductivity (o), (1) number density () of free charge carriers, i.e., ions, (2) ion mobil-
ity (u); degree of ease with which ions pass through media on application of exter-
nal electrical field, and (3) diffusion coefficient (D); ease with which ions pass through
media under a concentration gradient. FTIR spectroscopy is used to obtain the trans-
port parameters using the fraction of free ions obtained from deconvoluted FTIR anion
(PFy) mode and method is reported somewhere [57]. The number density (n), mobility
(), and diffusion coefficient (D) of the mobile ions were calculated using the following
Egs. 2)—(4):

M X NA .
n = ——— X free ion area(%) )
VTotal
-
p=- 3)
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In Eq. (2), M is the number of moles of salt used in each electrolyte, N, is Avoga-
dro’s number (6.02 x 10 mol™), Vi, is the total volume of the solid polymer elec-
trolyte, and o is dc conductivity. In Eq. (3), e is the electric charge (1.602x 107 C),
kg 1s the Boltzmann constant (1.38 X 1072 JK™"), and T is the absolute temperature
in Eq. 4. Table 5 lists the values of Vr,,, free ions (%), n, u, D obtained using the
FTIR method [58]. It is observed from Table 4 that the addition of clay in the poly-
mer salt matrix improves the number density of charge carriers, ion mobility and,
the diffusion coefficient. It infers the effective role played by the clay layers having
negative surface charge layer that facilities the easy migration of cation. The trend
in the variation of the conductivity and the transport parameters is similar (Fig. 13).

Thermogravimetric analysis

Figure 14 shows the thermograms of the polymer salt and polymer salt interca-
lated nanocomposites. The plot shows three regions. The low-temperature region
(<100 °C) shows minor weight loss for all systems and is associated with the
loss of moisture content in the matrix. At high-temperature region (100-200 °C),
almost plateau region is observed and suggest the stability of films up to 280 °C.
The voltage stability in the intercalated PNCs is improved as compared to the poly-
mer salt complex. The incorporation of nanoclay in the polymer matrix suggests the
enhancement of thermal stability. As polymer chains get accommodated inside the
clay galleries so it prevents the decomposition of the polymer chains [54]. The clay
layers act as a barrier and prevent the polymer decomposition (as shown in inset).
In the third region (>280 °C) region, rapid weight loss is observed and indicates
the disruption of the weak bond in the polymer nanocomposites. At very high tem-
perature (>400 °C), major weight loss is observed that is attributed to the polymer
decomposition as well as salt decomposition. It is important to note that the ampli-
tude of the weight loss is lower for the intercalated PNC as compared to polymer salt
matrix. At very high nanoclay content weight loss in the low-temperature region is

Table 5 Values of Vy,, free ions (%), n, u, D obtained using the FTIR method

MMMT (Wt%) Vi Free ions area (%) n(x10**em™)  u D (x107% cm®s™)
(x107" cm?) (x1072em? V7ls)

0 02 49.33 4.18 0.24 0.06

1 02 50.51 428 6.11 1.65

3 02 50.27 425 259 0.70

5 02 54.64 4.63 104 28.1

7 02 54.29 4.60 58.1 15.6

10 02 53.98 458 5.69 1.53

15 02 53.16 451 3.55 0.95

20 02 52.44 445 1.02 027

@ Springer



Polymer Bulletin

30
(b) (d)
46 -~
o
45 g 20+
(%)
0 4.4 S
3 8 10
8 4.3 X
X Q
c 4.2 04
4.1
8 @[ 0. — (©)
< ‘_m
6 -
:
P4l G 504
=) g
e 5
% 24 =4
) X
0 =" 1
0 1 3 5 7 10 15 20 0 1 3 5 7 10 15 20
Clay Content (%) Clay Content (%)

Fig. 13 Variation of a ionic conductivity (), b number density (n) of free charge carriers, ¢ ion mobil-
ity (u), and d diffusion coefficient (D) for PNC film with different clay content (x wt% MMMT) at room
temperature

1o i m&gy\m
80 4 IR -

SRR

3 60 - Sobo oo boto ot oo boto
= ) ;
=
K= Cation coordinated
O 404 Polymer chains
S

20 -

Polymer salt
0 o — 5 wt. % MMMT
—15 wt. % MMMT

I I L)
300 400 500 600
Temperature (°C)

T T
100 200

Fig. 14 Thermograms of the polymer nanocomposite films at 10 °C/min in N, atmosphere

@ Springer



Polymer Bulletin

more and is due to the poor intercalation (some chains stay outside the clay gallery)
of polymer chains inside clay galleries [54, 59]. It may be concluded that the inter-
calated polymer nanocomposites are more thermally stable than the nanoclay-free
polymer nanocomposites.

Dielectric spectroscopy

The dielectric constant is an important property for investigating the ion conduct-
ing polymer electrolytes. The high dielectric constant of the polymer matrix infers
the better salt dissociation and availability of a more free number of charge carri-
ers. Therefore, the dielectric properties of the polymer blend, blend polymer salt
matrix, and intercalated polymer nanocomposite have been evaluated [60]. The
frequency dependence of real (¢') and imaginary part (¢”) of the complex permit-
tivity (e* = ¢’ — je') for PEO/PVC-LiPFs—~x wt% MMMT solid PNCs is shown
in Fig. 15a, b. The real part is dielectric constant (¢’ indicates polarizing ability)
and the imaginary part is a dielectric loss (¢” indicates energy loss in dipoles align-
ment). Figure 15a shows the high value of the dielectric constant in the low-fre-
quency window for all PNCs and is associated with the dominance of the electrode

si(a - b)8
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‘ o spmme) 107
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. O 10 %MMMT] 10 4
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Fig. 15 Plot of a real (¢’), b imaginary (¢”) of complex permittivity, ¢ variation of relaxation time, d

dielectric strength for different PNC films (x wt% MMMT) (At RT). Solid lines are the best fit to the
experimental data
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polarization (EP) or ion accumulation effect. The increase in frequency dielectric
constant decreases for all PNCs and is attributed to the periodic reversal of elec-
tric field that results in failure of dipoles to follow field direction owing to a short
time span. In this region, relaxation process dominates. Figure 15b shows the plot of
the imaginary part (¢") against frequency and depicts the decrease in dielectric loss
with an increase in frequency. The dielectric loss is explained by a three-step pro-
cess during high periodic reversal field. In first step, ion is deaccelerated on change
of direction of the field, followed by a steady state in the second step. Then, ion is
again accelerated in the opposite direction, and for the zero relaxation time, £” is
zero, (i.e., for o — o0, ”” — 0) [61-63]. It is shown in Fig. 15a that the PNCs with
5 wt% MMMT display the highest value of dielectric constant. This results in good
agreement with the deconvoluted anion mode obtained from FTIR and also exhib-
its the maximum ionic conductivity. It suggests that for the optimum concentration,
the increase in a number of charge carriers and faster segmental motion of polymer
chain together promotes the faster ion migration. To support this claim, the relaxa-
tion time (7., and 7,,) are obtained from the fitted parameters.

Figure 15c shows the variation of relaxation time with clay content. Addition of
nanoclay lowers the relaxation time and implies the faster polymer chain segmental
motion owing to increases flexibility. Figure 15d displays the variation of dielectric
strength (Ae = ¢, — €) with different clay content. It may be noted that dielectric
strength is improved as compared to the nanoclay-free PNCs. This enhancement in
the dielectric strength indicates the increase in dielectric constant and proper salt
dissociation. The PNCs with 5 wt% MMMT indicate the highest value, and these
PNC:s also show the highest ionic conductivity. At high nanoclay content, dielectric
strength decreases due to insufficient polymer chain intercalation into clay galler-
ies that infer the ion pair formation, and hence decrease in dielectric strength. The
PNCs with highest ionic conductivity depict the highest dielectric strength and low-
est relaxation time.

Sigma representation

To get further insights into the ion dynamics and to support the impedance data,
a new approach sigma representation has been proposed. It comprises of a plot
between the real (¢') and imaginary part (¢””) of complex conductivity (¢*) with
varying frequency [64]. The mathematical expression and physical significance of
sigma representation is reported in our previous article [65]. In the plot, low-fre-
quency x-intercept gives dc conductivity (o,), and high-frequency x-intercept gives
o, for ¢” = 0. The diameter of the semicircle (D = 6, — 6,) is associated with the
relaxation time by the equation D = [g, (50 - sm)] /(27), and a large value of diam-
eter suggest the slower relaxation time, hence faster segmental motion of the cation-
coordinated polymer chain. Figure 16 shows the semicircle nature that is associated
with the ionic conducting nature and with addition of clay in polymer salt complex,
increase in the diameter is observed. The highest value is obtained for the 5 wt%
MMMT-based polymer nanocomposite and suggests the faster ion migration for this
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as it is having lowest relaxation time. This is in good agreement with the impedance
study, modulus relaxation time, and FTIR analysis.

Complex conductivity analysis

The frequency dependence of real (¢') and imaginary part (¢”’) of the complex con-
ductivity (¢*) for PEO/PVC—-LiPFs—x wt% MMMT solid PNCs is shown in Fig. 17a
and b. The solid red line in the plot is best-stimulated results. Figure 17a depicts

(a) O Pure O 0%MMMT O 1% MMMT (b)

4 [0)
4 3%MMMT O 5%MMMT O 7% MMMT 107 ¢ max [
10740 10%muMT O 15%MmmT
20 % MMMT
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Fig. 17 Plot a real (¢’), and b imaginary (¢"') of complex conductivity. Solid lines are the best fit to the
experimental data

@ Springer



Polymer Bulletin

the decrease in frequency in the low-frequency window attributed to the dominance
of the electrode polarization (EP) region, an intermediate frequency plateau region
corresponding to the dc conductivity and increase in a high-frequency window asso-
ciated with the dispersive region. The PNCs with 5 wt% shows the maximum dc
conductivity and dispersion region lies beyond the measured frequency range. Fig-
ure 17b shows the plot of the imaginary part (¢”") against frequency and gradual
increase in frequency at high frequency for pure polymer electrolyte are observed.
Now, addition of even a small concentration of clay frequency decreases only up
to a certain frequency termed as onset frequency (w,,). This frequency infers the
initiation of electrode polarization mechanism, and with further decrease in fre-
quency, maxima in (¢") is observed for a particular frequency, i.e., maximum fre-
quency (wmax), associated with complete built-up of polarization [65-72]. The ¢”
again decreases with the decrease in the frequency. It is important to note that both
onset and maximum frequency peak lie toward high frequency as compared to other
PNC:s. This suggests the increase in number of free charge carriers and effective EP
effect that enhance the overall ion migration, which is in perfect agreement with the
FTIR and impedance study [73].

The proposed ion transport mechanism

On the basis of the experimental results, an ion transport mechanism was pro-
posed to highlight the role of an individual component of the polymer nanocom-
posite matrix. The model is the result of the experimental evidence obtained from
the FTIR, impedance study, and DSC analysis [74]. Figure 18 shows the proposed
model and is split into two sections. The first section highlights the formation of the
blend, polymer salt complex, and intercalated polymer nanocomposites (PNC). The
second section highlights the role of nanoclay content in the PNC matrix.

Stage 1 depicts the blend formation between the two matrices, i.e., PEO, PVC.
The polymer blending is an interesting approach to develop new polymer matrix. It
may be observed that the polymer blending occurs between two blends, and most
common intersections are hydrogen bonding (shown by dotted line). Besides this,
some other interactions exist, i.e., dipole—dipole interactions and ionic interactions.
In polymer blend, PEO matrix provides the path for cation migration, while the PVC
matrix supports the host matrix by improving mechanical properties. The polymer
blend formation was also evidenced by the FESEM and FTIR analysis. In stage 2,
when polymer salt is added in the polymer blend, then the salt (LiPF;) get dissoci-
ated into cation (Li") and anion (PF). Now, cation due to Lewis acid nature attracts
toward the electron-rich ether group of PEO (i.e., Lewis base), and it results in pol-
ymer salt complex formation. Here, two electron-rich sites are available: (1) ether
group in PEO chain), (2) chlorine in PVC chain. But, it has been already evidenced
by the FTIR that the cation interacts with the ether group rather than electron-rich
group of PVC. So, the only possibility here is cation coordination with PEO chain,
while anion remains attached with the polymer chain in the immobilized state due to
its large size. So, the PEO chain provides the coordinating sites for cation dynamics.
In stage 3, when modified nanoclay (MMMT) is added in the polymer salt matrix,
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then cation-coordinated polymer chains get intercalated inside clay galleries. Since
clay layer is having a negative surface charge layer (Si—O) in the tetrahedral sheet
which provides natural access to polymer chains and accommodates them, this dis-
rupts the Vander wall interactions existing between the clay platelets. The intercala-
tion of the cation-coordinated polymer chains is also confirmed by the XRD and
FTIR analysis.

Now, the focus is on understating the role of nanoclay variation in enhancing
conductivity. At lower clay content: At the low content of the nanoclay, the cation-
coordinated polymer chain intercalation is suitable possibility and anion remains
outside the clay gallery. The cation-coordinated polymer chains stay in the gallery
center and cation migration is easy (a). Another possibility is indicated by (b) where
more polymer chains get accommodated inside clay galleries, and conductivity is
enhanced.

Optimum clay content: Now, with an increase in the nanoclay content, balanced
interaction between the polymer—salt nanoclay creates a most favorable environment
for cation migration. This infers faster ion mobility (a). Figure 18b shows the zoom
view of the one clay sheet, and it may be noticed that the polymer chains are nega-
tive surface charge layer that holds the cation-coordinated polymer chains, and a
number of charge carriers are available owing to the better salt dissociation. Another
possibility here is that negative surface charge layers present on the tetrahedral sheet
of nanoclay may provide additional sites for the cation migration. The simultaneous
occurrence of both possibilities overall enhances the segmental motion of polymer
chains. The increased disordered in the intercalated structure also supports cation
migration.

High clay content: At higher nanoclay content, decrease in the electrical conduc-
tivity as well as transport parameters are observed that is attributed to the following
reasons: (1) nanoclay aggregation reduces the surface area, (2) blockage of the ion
percolation path by clay layers, (3) increased viscosity of the system. Another reason
may be the poor intercalation due to the inhomogeneous distribution of nanoclay in
PNC matrix. Now, most of the cation-coordinated polymer chains stay outside the
clay gallery and do not participate in conduction due to the tendency of the ion pair
formation (a). Also, the reorganization tendency of the polymer chains exists that
prevents the segmental motion of the polymer chains.

Conclusion

We have presented the preparation of a self-standing intercalated polymer nano-
composite (IPNC) films based on blend PEO-PVC/LiPF,/MMMT via standard
solution cast method. The structural investigations were performed to explore the
polymer intercalation and morphological changes. XRD analysis confirms the
reduction in crystallinity and TEM analysis evidences the intercalation of cation-
coordinated polymer chain inside clay galleries. The FTIR spectra confirm the for-
mation of polymer—ion nanoclay composite, and an increase in the fraction of free
anions and ion pairs simply the effective role played by MMMT. The highest bulk
electrical conductivity estimated by the 5 wt% MMMT-doped PNC system and is
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about~8.2x107> S cm™' (at RT) and increases to 1.01x 107> S cm™! (at 100 °C).
The reduction in crystallinity was evidenced by the DSC analysis and is in corre-
lation with the impedance study. The intercalated polymer nanocomposite is sta-
ble up to~300 °C. The dielectric analysis indicates the enhancement of dielectric
constant with the addition of nanoclay and reduction in relaxation time. The opti-
mized system (with 5 wt% MMT) exhibited the lowest activation energy (E,), low-
est melting temperature (7;,), which are in close agreement with the relaxation time
(ro and 7,,)). The enhancement in the dielectric constant (¢), ion mobility (), and
diffusion coefficient (D) infers the fast ion dynamics and supports the exhibited elec-
trical conductivity value. The high value of ion transference number (~100%) and
broad voltage stability window (~5 V) of the intercalated polymer nanocomposite
suggests their suitability for energy storage/conversion devices.
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