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Abstract

This work reports the effect of sodium aluminate (NaAlO,) filler particles on the ion dynamics of a solid polymer electro-
lyte system comprising polyethylene oxide, sodium perchlorate (NaClO,) and propylene carbonate. Free-standing flexible
polymer electrolyte films were obtained by solution-casting technique. The effect of NaAlO, fillers in the Na* transport in
the electrolyte system has been investigated using various physical and electrochemical studies. Scanning electron micros-
copy and X-ray diffraction studies reveal the enhanced amorphicity of the polymer electrolyte system upon dispersion of
NaAlO, fillers. The undispersed polymer electrolyte displays a maximum ionic conductivity of 1.6 x 107 S cm™! at 25°C,
which increases to 7.4 x 107> S cm~! on dispersion of 5 wt.% NaAlO, fillers at 30°C. The ion mobility and enhanced free
ion numbers in the dispersed polymer electrolyte system are well-observed in the frequency-dependent dielectric studies.
The optimized composition shows a significantly improved Na* transport number of ~ 0.60 and electrochemical stability

window of ~4.5 V.
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Introduction

In last few years sodium-based energy storage devices such
as sodium ion batteries (SIBs), room temperature sodium-
sulfur (RT Na-S) batteries and sodium-ion capacitors (SICs),
have been largely investigated and proposed as alternative to
lithium-based systems.'> Electrolyte is an important com-
ponent for any such device, which control the ion dynamics
between the electrodes and hence the overall performance of
the electrochemical system. Polymer-based electrolytes have
gained tremendous attention in last few decades for their
applications in energy storage devices.>® Due to a solid but
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flexible polymer backbone, these electrolytes offer a wider
working temperature range and scope of flexible device
fabrication. Additionally, these electrolytes have potential
to overcome the issues of conventionally used liquid elec-
trolytes such as leakage and short-circuiting. Polyethylene
oxide (PEO) is the oldest polymer and has been extensively
studied for electrolyte preparation. In PEO-based electro-
lytes, due to presence of ether oxygen in its main chain, the
cation transport occurs via hopping from one ether oxygen
site to other. The ion hopping mechanism is more promi-
nent when the polymer matrix is amorphous. In the case of
PEO, its semi-crystallinity offers significant hindrance to the
ionic motion, and hence, conventional salt-in-PEO systems,
in general, display lower ionic conductivity (< 107°S cm™)
and are of limited use at room temperature.

In order to improve the ionic conductivity and other
electrochemical properties of PEO-based electrolyte sys-
tems, two prominent approaches have been proposed: the
first is plasticization, and the second is the dispersion of
nano-/micro-size ceramic fillers. In plasticization, various
organic carbonates, such as ethylene carbonate (EC), pro-
pylene carbonate (PC) and diethyl carbonate (DEC), low-
molecular-weight polymers like polyethylene glycol (PEG),
and various ionic liquids are immobilized in the polymer
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matrix. These liquid plasticizers enhance amorphicity in the
polymer matrix and support the ion dissociation as well.
On the other hand, the dispersion of nano-/micro-sized
metal oxide particles, such as SiO,, Al,05, TiO, BaTiO,,
ZnFe,0,, etc., enhance the entropy of the system by creating
disturbance in the crystalline orientation of the polymers and
hence, promote the ion transport through the faster segmen-
tal motion.”'* Additionally, the filler particles with acidic
nature hold the anions on their surface via hydrogen bonding
and set more cations free in the electrolyte system.'> The
greater contribution of the cations in the total conductivity
of the electrolyte system is much required for rechargeable
battery systems. A few functionalized carbon structures have
also been investigated as fillers in PEO-based electrolytes.
Ma et al.'* used carbon quantum dots (CQDs) enriched
with oxygen-containing functional groups in a PEO/CQDs-
Na electrolyte system. The Lewis acid—base interactions
between CQD and salt enabled easy Na ion transport, which
is reflected well in terms of the enhanced ionic conductiv-
ity and Na™ transport number. Sulfonated graphene oxide
(sGO) filler has been reported to produce single-ion (Li*)
conducting electrolyte in lithiated Nafion nanocomposite. >

The ion conduction in the all the above composite elec-
trolytes is based upon the Lewis acid-base interaction
between the salt and polymer, and the enhanced amor-
phicity of the polymer network. In the last few years, a
new type of ceramic filler has been proposed which has a
specific cation in its main chemical structure. These fill-
ers are called active fillers, as they directly participate in
the ion conduction by providing extra cations and pushing
cationic motion in the electrolytes. Zhang et al.'® demon-
strated three-fold enhancement in the ionic conductivity and
superior thermal and electrochemical stability in an active
NASICON structured Nas 4Zr ¢Mg, ,S1,PO,, ceramic filler
dispersed PEO-sodium bis(trifluorosulfonyl)imide (NaTFSI)
electrolyte system. Recently, Wang et al.!” reported
a composite polymer electrolyte of PEO plus sodium
bis(trifluoromethylsulfonyl)imide (NaTFSI) dispersed with
a NASICON-type Na;Zr,Si,PO;, (NZSP) nanostructured
framework. They obtained superior ionic conductivity (1.4
x 107 S cm™!) and mechanical strength when filler parti-
cles were introduced. NASICON-type active fillers have also
been studied in liquid-rich (gel) polymer electrolyte systems.
Sodium aluminate (NaAlO,) has also been investigated as
active filler in polymer electrolyte systems. Hashmi et al.'8
reported a significant jump in the Na* transport number,
from 0.27 to 0.42, on dispersion of NaAlO, fillers in a gel
polymer electrolyte system as compared to passive Al,O;
fillers. They also observed enhancement in ionic conduc-
tivity and electrochemical stability. In an earlier study, we
demonstrated active role of NaAlO, fillers in enhancing
electrochemical properties of poly(vinylidinefluoride-cohex-
afluoropropylene) (PVdF-HFP)-based porous gel polymer

electrolyte.'® The abovementioned NaAlO, dispersed poly-
mer electrolytes'®!” are gel in nature wherein the ionic con-
duction mechanism is different than the PEO-based solid
polymer electrolytes. It will be interesting to see the effect
of these NaAlQ, fillers on the structural and electrochemi-
cal properties of PEO-based sodium-ion-conducting solid
polymer electrolytes.

In the present work, an attempt is made to enhance the
electrochemical properties of a polymer electrolyte system
comprising PEO, NaClO, and PC by dispersing NaAlO,
fillers. The effect of fillers on structural and electrochemi-
cal properties of the electrolyte system has been investi-
gated by using X-ray diffraction (XRD), scanning electron
microscopy (SEM), complex impedance spectroscopy,
cyclic voltammetry (CV) and linear sweep voltammetry.
Various frequency-dependent parameters obtained from the
impedance spectroscopy such as real and imaginary parts
of dielectric constant, loss tangent and AC conductivity are
investigated to explore the ion dynamics in the prepared
electrolyte system. An ion transport model in three differ-
ent phases of NaAlO, dispersed solid polymer electrolytes
is also presented in this paper.

Experimental
Materials

The precursors, poly(ethylene oxide) (PEO, My, ~1 x 10),
sodium perchlorate (NaClO,, purity > 98%), propylene car-
bonate (PC, purity > 99.7%) and sodium aluminate (NaAlO,,
purity > 99.95%) powder were purchased from Aldrich. The
solvent acetonitrile (99.5 %) was procured from SRL, India.

Preparation of NaAlO, Dispersed Solid Polymer
Electrolyte Films

The polymer electrolyte films carrying different concentra-
tions of NaAlO, filler were prepared by solution-casting
technique. Initially, the stoichiometric amounts of polymer
PEO and NaClO, salt (9:1 wt./wt.) were dissolved in ace-
tonitrile solvent with continuous stirring for 10 h at room
temperature. The plasticizer PC (10 wt.% of PEO) was
added to the above solution during the stirring. The NaAlO,
powder was dispersed in varying amounts according to the
compositional formula PEO + x NaAlO,, where x =0, 2, 5,
7, 8.5 and 10 wt.%. After addition of NaAlO, powder, vari-
ous solutions of PEO/NaClO,/PC/NaAlO, were subjected
to continuous stirring for 24 h to ensure homogeneous dis-
persion of the NaAlO, particles. The obtained homogene-
ous solutions were poured into a petri dish and left for slow
solvent evaporation at ambient conditions. After evapora-
tion of the solvent, free-standing and flexible polymer films
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were obtained (Fig. 1). The films with more than 10 wt.%
NaAlO,, were not stable, and phase separation was observed.

Characterization

The structural and morphological studies of the polymer
electrolyte system were carried out by X-ray diffraction
(XRD-6000, SHIMADZU) and scanning electron micros-
copy (SEM, Zeiss EVO-MA15) techniques. The crystallin-
ity of the polymer electrolyte films was measured using the
respective XRD pattern, using the formula:

A

X=X 100% 1)

0

where A = area under crystalline peaks, and A = total area
under the diffractogram (crystalline plus amorphous).

All the electrical and electrochemical measurements
such as impedance spectroscopy, linear sweep voltamme-
try (LSV), and polarization measurements were performed
using an electrochemical analyzer (Zive SP1) of WonATech
Co., Ltd., Korea. For the ionic conductivity measurement,
the films were sandwiched between two stainless-steel (SS)
ion-blocking electrodes of area 1 cm?, and an alternating
voltage of 10 mV was applied across the cell SSIpolymer
electrolytelSS over the frequency (f) range 1 Hz—1 MHz. The
obtained real (Z') and imaginary (Z") part of the impedance
data were used to evaluate various frequency-dependent
parameters including the real (¢') and imaginary (e”) part
of the dielectric constant, loss tangent (tan §) and AC con-
ductivity (o,.).

To obtain the ion transference number (,,,), DC polar-
ization technique was used on the cell configuration:
SSlIpolymer electrolytelSS. A DC potential of 0.5 V was
applied to the above cell, and the current was recorded
with respect to time. The total ion transport number (#;,)

was evaluated using the following formula:

i
o = (1_,—S> @
It

where it and i are total (ion + electron) and residual cur-
rents, respectively.

The Na™ transport number (") in the polymer elec-
trolyte system was calculated using a combination of AC
and DC techniques suggested by Vincent and his co-work-
ers.’%?! A DC polarization experiment was performed on
the symmetrical cell with a reversible Na-Hg electrode
as Na-Hglpolymer electrolytelNa-Hg. As part of the tech-
nique, impedance data of the above cell was taken before
and after the polarization. The Na* transport number (zy,")
was obtained using the formula:

o _ L (AV-R, -
Na T 7\ AV =R,

where [ is saturation current, /, is the initial current, AV is
the applied small DC voltage (16 mV) in the polarization,
R, is impedance before polarization and R, is impedance
after polarization.

Fig. 1 Photograph of the typical polymer electrolyte film in different bending modes.
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Results and discussion

XRD studies

To examine the influence of NaAlO, as filler particles on
the crystalline structure of PEO-NaClO,-PC, X-ray dif-
fraction (XRD) patterns were recorded and are shown in
Fig. 2. The two most distinctive characteristic peaks, a
single peak at 19.1° and a triple peak at about 23.3°, are in
good agreement with the results obtained by other authors
for pure PEO polymer film.!%!%1722-24 The crystallinity of
pure PEO was obtained as 76%. The intensity of the char-
acteristic crystalline peaks of PEO reduced significantly
when NaClO, and PC were immobilized in the PEO matrix
to obtain the solid polymer electrolyte. The degree of crys-
tallinity, obtained using Eq. 1, for the undispersed PEO-
NaClO,-PC solid polymer electrolyte was determined to be
31%. However, on dispersing the 5 wt.% NaAlO, particles
in PEO-NaClO,-PC matrix, the characteristic single peak
at 19.1° decreased drastically, and the degree of crystallin-
ity dropped to 26%. For the 10 wt.% composition, although
the peak at 19.1° increased in height, the other peak at
23.3° reduced significantly, and the overall crystallinity of
this polymer electrolyte membrane reduced to 25%. Thus,
on incorporating the NaClO, and PC_the crystallinity
of the PEO was significantly reduced. The crystallinity
was further suppressed on dispersion of NaAlO, particles
within the PEO framework. The higher amorphicity thus
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Fig.2 X-ray diffractograms of pure PEO and different compositions
of the NaAlO, dispersed polymer electrolyte system.

obtained provided a flexible electrolyte backbone which
supports better ion transport through it.

Scanning electron microscopy (SEM) studies

The SEM images of polymer electrolytes with 5 wt.%, 10
wt.% NaAlO, and without NaAlO, are shown in Fig. 3.
Figure 3a shows the micrograph of the undispersed PEO-
NaClO,-PC polymer electrolyte. The spherical semicrys-
talline regions, referred to as spherulites, enclosed with a
fibrous texture are observed throughout the surface of the
solid polymer electrolyte film. However, with the disper-
sion of NaAlO, particles in PEO-NaClO,-PC, significant
morphological changes are observed. Figure 3b shows the
micrograph of the optimized electrolyte composition dis-
persed with 5 wt.% NaAlO, content. The NaAlO, particles
seem to fill up the granular regions of PEO-NaClO,-PC
matrix, thereby resulting in a uniform flat surface morphol-
ogy. However, for 10 wt.% NaAlO, dispersion (Fig. 3c), the
electrolyte membrane presents an uneven surface morphol-
ogy, and NaAlO, particles appear to be distributed over the
entire surface. It is important to note that NaAlO, particles
may efficiently wrap and absorb the NaClO,-PC salt solu-
tion around them for a certain low concentration (5 wt.%
NaAlOz),”'25 thereby contributing to the coordinated ion-
transport behavior within the optimized electrolyte system.

lonic conductivity studies

The variation of ionic conductivity of the polymer elec-
trolyte system with NaAlQ, filler concentration is shown
in Fig. 4a. The ionic conductivity initially increases with
increase in NaAlO, concentration and jumps from ~ 1.6
x 10 Scem™! to ~ 7.4 x 107> S cm™! for the electrolyte
composition with 5 wt.% NaAlO,. After the above thresh-
old concentration, the ionic conductivity decreases, and the
observed minimum is ~ 8.9 x 107 S cm™! for the com-
position with 10 wt.% NaAlO,. The initial increase in the
conductivity is associated with the enhanced amorphicity
of the electrolyte system, which promotes the faster ion
transport through the disordered polymer chains. Addition-
ally, the presence of NaAlO, fillers in their polar form of
Na*-AlO,~ not only set more Na* ions free but can also
provide easy pathway for Na* transport.!®!° The drop in
the ionic conductivity after 5 wt.% NaAlO, may be associ-
ated with the blocking nature of the polar NaAlO, fillers. At
higher concentration, NaAlO, fillers block the Na* transport
and hence reduce the ion mobility. The higher fluctuation in
the ionic conductivity of the composition with 8.5 and 10
wt.% NaAlO, is associated with the presence of nonhomoge-
neous dispersion of the filler particles in the polymer matrix
at such higher concentrations.
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Fig. 3. SEM image of polymer electrolyte (a) without NaAlO,, (b) with 5 wt.% NaAlO, and (c) with 10 wt.% NaAlO,.
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Fig.4 (a) Variation of ionic conductivity with NaAlO, concentra-
tion in polymer electrolyte at room temperature (30°C) and (b) tem-
perature-dependent ionic conductivity of polymer electrolyte without

The temperature dependence of the ionic conductiv-
ity patterns of undispersed polymer electrolyte and the

highest conducting composition with 5 wt.% NaAlO,
films are shown in Fig. 4b. The composition without filler
shows two different behaviors in its pattern, separated by
a dotted line in Fig. 4b. In the temperature ranging from
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NaAlO, and with 5 wt.% NaAlO,. (Blue lines are VTF fitted, and the
green line is Arrhenius fitted).

30°C to 50°C, the electrolyte follows Arrhenius behavior,
which is typical of semicrystalline polymer electrolyte. In
this phase, the enhancement in the conductivity is more
thermally activated than the contribution of the molecular
motion of polymer host.?® The Arrhenius equation of the
ion-transport behavior is given as:
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0 = 0, exp KT 4

where o, E, and Ky are the pre-exponential factor, acti-
vation energy and Boltzmann constant, respectively. The
obtained value of the activation energy, using the Arrhenius
fitting, for the undispersed polymer electrolyte in the above-
mentioned temperature range is obtained as 0.29 eV, which
is quite low and sufficient for polymer electrolytes. The sud-
den increase in the conductivity between 50°C and 60°C is
associated with the melting of the crystalline phase of PEO
to an amorphous phase. This type of transition is typically
observed in PEO-based solid polymer electrolytes.”® Above
60°C, the polymer becomes amorphous, and the system
retains free volumes. This endorses segmental motion in the
polymer electrolyte and hence promotes the ion mobility.
In this temperature range, the conductivity of undispersed
composition follows the Vogel-Tammann—Fulcher (VTF)
model of ion transport. The VTF equation is given as:

-B
—] Q)]

=AT"'/?
c eXp lKB(T _ TO)

where A is the pre-exponential factor related to the num-
ber of ions, Kj is the Boltzmann constant, B is the pseudo-
activation energy associated with the polymer segmental
motion and 7, is the temperature close to glass transition
temperature and corresponds zero configurational entropy.
The values of the VTF parameters are given in Table I for
both the electrolyte compositions along with the regression
(R?) values close to unity. In the case of 5 wt.% NaAlO,,
the conductivity is found to follow the VTF behavior in the
complete temperature range of measurement, i.e., 30—-100°C.
This is due to the dominating role of polymer segmental
motion in the ion transport which is well assisted with the
enhanced amorphicity in the polymer electrolyte on disper-
sion of NaAlQ, fillers. This is well corroborated with the
findings of XRD and SEM studies. The conductivity of the
dispersed polymer electrolyte remains superior to the undis-
persed one throughout the temperature range. Additionally,
the value of pre-exponential factor A, which is related to
free ions, is found greater in the case of composition with
5 wt.% NaAlO,. This is an indication that the NaAlO, filler
enhances free ion concentration in the polymer electrolytes.

Table | VTF fitting parameters for the polymer electrolyte without
and with 5 wt.% NaAlO,.

Composition AGScecm™ K"  BEV) T,(K) R
Without NaAlO,*  0.09 0012 29361 0.9964
5 wt.% NaAlO, 0.19 0.016 26555 0.9987

*In the temperature range 60-100°C

The value of T, is also decreased in the NaAlO, dispersed
composition, which indicates the possible decrease in the
glass transition temperature of the polymer electrolyte
system.

Frequency-dependent dielectric constant (¢’ and "),
AC conductivity (0, .) and loss tangent (tan &)
studies

In order to understand the role of NaAlO, fillers in the ion
dynamics of the solid polymer electrolyte system, frequency-
dependent parameters €', €”, o,. and tan 6 are investigated.
The number of charge carriers (n) has strong dependency on
the dielectric constant (&), as;

-U
n_noexp<£KBT> (6)

The frequency-dependent dielectric constants, i.e., real
(¢') and imaginary (&"), are shown in Fig. 5a and b for all
the compositions of the polymer electrolyte system. The
higher values of &' and &” at low frequencies are due to the
space charge effect associated with the accumulated charges
at the ion-blocking electrode leading to high polarization
and hence high dielectric constant. The above space charge
accumulation is found increasing up to 5 wt.% NaAlO,, and
after that a drop is observed for the composition with 7 wt.%
NaAlO,. In the case of 8.5 and 10 wt.% NaAlO,, a jump is
observed in the ¢ and " values at 1 Hz. The increase in &'
and &” values is attributed to the dipolar mismatches due to
the enhanced localized charge carriers at the charge defect
centers. At the higher frequencies, the charged dipoles fail
to respond to the field values and high frequency relaxation
process corresponding to the segmental motion of the poly-
mer chains dominating.'>?"~2° This results in a decrease in
the dielectric constant of the electrolyte material. Interest-
ingly, the composition with 8.5 and 10 wt.% NaAlO, display
a different behavior in the ¢’ plot. The values of ¢’ for the
above compositions are found slightly higher than the high-
est conducting composition, i.e., polymer electrolyte with 5
wt.% NaAlQ,, in the high-frequency range. This may be due
to the significantly high numbers of free charge carriers in
the electrolyte film as an effect of higher filler concentration.
At higher frequencies, where the dielectric loss occurs due
to the de-acceleration and acceleration of ions through the
segmental motion, the values of ¢” (Fig. 5b) remain lower
for the compositions with 8.5 and 10 wt.% NaAlO,. This
indicates that these compositions carry significant numbers
of charge carriers, but the ion mobility is hindered.

In order to understand the effect of NaAlO, filler on the
segmental relaxation in the electrolyte system, the varia-
tion of the loss tangent (tané = i—///) for various composi-
tions of the electrolyte system is shown in Fig. 5c. The
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Fig.5 Frequency dependence of (a) real part &' and (b) imaginary part (¢”) of the dielectric constant, (c) loss tangent and (d) AC conductivity for
the various compositions of the NaAlO, dispersed polymer electrolyte system.

presence of the peak in the figure is due to the maximum
energy transfer at the particular frequency, and it is associ-
ated with the ion transfer through the segmental motion of
the polymer matrix in the electrolyte system. It is observed
that the position of the peaks slightly shifted towards the
lower-frequency side on dispersion of NaAlO, fillers, and
this shift becomes significant for the composition with 10
wt.% NaAlO,. The position of this relaxation peak pro-
vides the relaxation time (7), as 7 = 1/ch, where f is the
frequency at the peak. The obtained values of the relaxa-
tion time for various compositions of the polymer electro-
lyte systems are listed in Table II. It is observed that the
relaxation time is increased on dispersion of the fillers, and

@ Springer

Table Il Relaxation time (z) and the parameters obtained from the
JPL fitting.

Composition T(pus) JPL parameters
64(Scm™) A n
Without NaAlO, 6.14 1.60x107° 1.14x1072 092

2 wt.% NaAlO, 1444  215x107°  805x 1072 0.87
5 wt.% NaAlO, 79  750x 1070 L12x 107 0.90
7 wt.% NaAlO, 713 341x107°  232x1072 093
8.5 wt.% NaAlO,  39.8 1.80x 10 4.66x 107" 0.80
10 wt.% NaAlO, 8341 892x107% 450x107'""  0.76
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it is maximum for the composition with 10 wt.% NaAlO,.
In general, this peak is shifted towards higher frequencies
on addition of fillers,”-** which is associated with the
lesser relaxation time or faster segmental motion. The
relaxation time for the highest conducting composition,
i.e., composition with 5 wt.% NaAlO,, appears close to
that of the undispersed composition. The opposite behav-
ior in the case of NaAlO, active fillers may be associated
with the blocking nature of these particles at higher con-
centration. At higher concentration of NaAlO,, though the
amorphicity of the polymer matrix has been increased, the
fillers entangled in the matrix do not allow faster segmen-
tal motion for the ion transport.

In order to further investigate the ion transport, the AC con-
ductivity pattern of the electrolyte composition is shown in
Fig. 5d. The conductivity pattern is found to follow Jonscher’s
power law (JPL)?! given as:

6 =0,+A0" 7

where o, is the DC conductivity, A is the pre-exponential
factor and # is the fractional exponent which explains the
type of motion of the ions through the matrix. The value
of n may be 0, 0 < < 1or > 1, depending on free hop-
ping, correlated hopping and caged ion motion, respec-
tively.>* The solid lines in Fig. 5d are JPL fitted lines, and
the obtained parameters are listed in Table II. The deviation
of the obtained conductivity pattern for the JPL lines in the
low-frequency range is associated with the electrode polari-
zation effect. The plateau region of the pattern provides the
DC conductivity (o) of the respective electrolyte composi-
tion. The value of the exponent 7 is obtained below unity for
all the compositions and is minimum for 10 wt.% NaAlO,.
This indicates that the ionic motion in the electrolyte system
is a correlated one. The 7 is considered as the ratio of back-
ward ion hoping to the site relaxation time.>* Values of the
exponent less than unity reveal the dominance of backward
hopping of ions when the NaAlO, fillers are introduced in
greater amount.

The quantitative assessment of the ion dynamics in the
active NaAlQ, filler dispersed polymer electrolyte system
is done with the help of parameters such as DC conductiv-
ity (o4.), maximum tangent loss (tan §,,,) and correspond-
ing frequency (f,,,,), obtained from the frequency-dependent
dielectric analysis. The free ion number density (N) and the
ion mobility (u) in this electrolyte system are obtained using
the following relations:*>-*¢

GchBT
N= 4B
D2 (8a)
_ %
n=y (8b)

where D is the diffusivity (D = M), d is the thickness
32(tan 8, )

of the electrolyte film and q is the elementary charge.

The variation of N and u with concretion of NaAlO, fill-
ers in the polymer electrolyte system is shown in Fig. 6.
The ion mobilities of the compositions with 2 and 5 wt.%
NaAlO, are obtained as 4.62 x 107> and 5.30 x 107° cm?
V=1 57!, respectively, which are slightly lower but close to
that of the undispersed composition, i.e., 5.33 X 1073 cm?
V=1 57!, At higher filler concentrations, the mobility drops
significantly. This is attributed to the ion-blocking nature
of the active polar filler. The free ion number density (N)
rapidly increased in the NaAlO, dispersion, and the found
maximum was ~ 8.67 x 10'® cm™ for the highest-conduct-
ing composition carrying 5 wt.% NaAlO,. The compositions
with 7, 8.5 and 10 wt.% NaAlO, carry close N values of
~ 6.42 x 10'%, 8.60 x 10'6 and 6.27 x 10'® cm~, respec-
tively. These N values are more than threefold as compared
to the undispersed composition. These observations reveal
that the initial increase in the ionic conductivity is associ-
ated with the dominance of free charge carriers, and after
5 wt.% NaAlO,, the reduction in the ion mobility causes a
conductivity dip.

From the above discussion, it is clear that the NaAlO, fill-
ers help in the ion dissociation and provide extra Na ions in
the solid polymer electrolyte system. However, their excess
amount in the polymer matrix hinders the ionic motion. The
ion transport in the PEO-NaClO,-PC-NaAlO, polymer elec-
trolyte system in demonstrated in Fig. 7. In the undispersed
polymer electrolyte composition, the Na* transport take
place through the hopping mechanism from one ether oxy-
gen to other. The plasticizer PC provides good amorphicity

10 7
1 o ) L6
8 , I
I \ -5
L [¢] o T x
§ €] % -4 S
e o
2 [, 3
x a4 <
=z o
o -2 =~
24 o/ * [
\ﬁ L1
0 L] L] L} v L} L} L] 0

NaAIO, (wt.%)

Fig.6 Variation of free ion number density (V) and mobility (x) with
NaAlO, concentration in polymer electrolyte at room temperature
(30°C).
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oW

. Na*

D NaAlo,

Normal Na* transport

NaAlO, supported Na* transport
with presence of extra Na*

Hindered Na* transport due to
high concentration of NaAIO,

Fig. 7 Ion conduction model demonstrating the Na* ion transport in three different phases of the NaAlO, dispersed polymer electrolyte system.

to the polymer matrix which results in fast Na* transport
through segmental motion of the polymer matrix (Fig. 7a).
On dispersion of the optimum amount of NaAlO, fillers,
the number of Na ions is enhanced significantly, and ion
mobility is supported by the active NaAlO, fillers (Fig. 7b).
However, on dispersion of higher content of NaAlO,
filler, the free ion number density is affected by the polar
Na*-AlO,~ due to the formation of an ion multiplate, and
additionally, cation transport is hindered as the filler parti-
cles block them by occupying their path and ether oxygen
sites (Fig. 7c).

Electrochemical stability window (ESW) and ion
transport number

In order to see the effect of active NaAlO, fillers on the ESW
of the polymer electrolyte system, linear sweep voltamme-
try (LSV) was performed on the electrolyte system. The
LSV traces of the undispersed and the optimized NaAlO,
dispersed (5 wt. %) polymer electrolyte films are shown in
Fig. 8a. The ESW of the optimized composition is found
superior (~ 4.5 V) than the undispersed one (~ 3.7 V). This
feature is in accordance with the earlier reports on gel poly-
mer electrolytes dispersed with NaAlO, fillers.'®!”

To confirm the purely ionic nature of the polymer elec-
trolyte system, the ion transport number was measured using
the DC polarization technique, as discussed in the “Char-
acterization” section. Figure 8b shows the DC polarization
curve for the optimized polymer electrolyte film (5 wt.%
NaAlQO,). In the polarization curve of the cell with the SS
ion-blocking electrode, the value of the initial current (Ir)

@ Springer

is observed as 13.36 pA cm™2, which suddenly drops and
saturates at ~ 0.01 pA cm™> (Iy). The ion transport number
(t,,n,) obtained using Eq. 2 is observed close to unity. Similar
observations were made for all the other compositions of the
NaAlO, dispersed polymer electrolyte system. This reveals
that the prepared electrolyte system is purely ionic in nature.

To calculate the Na* ion transport number (#y,") in the pol-
ymer electrolyte system, a combined AC and DC technique
was used, as discussed in the “Characterization” section. Fig-
ure 8c and d shows the complex impedance plots obtained
for the electrolyte compositions with 5 and 10 wt.% NaAlO,,
respectively, with their respective DC polarization curves in
the inset. In the DC polarization curves (inset Fig. 8c and d),
where the reversible Na-Hg electrodes were used, the currents
do not follow the pattern as for SS electrodes in Fig. 8b and
saturates at higher current values. This is associated with the
Na* conductivity in the polymer electrolyte, which does not
fade with the Na-Hg reversible electrode. For the highest con-
ducting composition, i.e., composition with 5 wt.% NaAlO,,
the initial current (/;) and the saturation current (/) are
observed as ~ 14.37 pA cm~2 and 8.41 pA cm ™2, respectively.
The complex impedance plots before and after the polarization
(Fig. 8c) give the values of the bulk resistance before (R,) and
after (R,) polarization as ~ 424 Q and ~ 759 Q, respectively.
The Na* transport number (zy,*) obtained using Eq. 3 is found
as ~ 0.60 for the highest conducting composition carrying 5
wt.% NaAlO, filler. For the composition with the highest (10
wt.% NaAlO,) dispersion, the values of the polarization cur-
rents, 1, and I, are obtained as 4.21 pA cm™ and 1.40 pA
cm™2, respectively, and the bulk resistance values, R, and R,
are obtained as 1326 Q and 5602 Q, respectively (Fig. 8d). The
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Fig.8 (a) LSV traces of polymer electrolyte without NaAlO, and
with 5 wt.% NaAlO,, (b) DC polarization of polymer electrolyte
film with 5 wt.% NaAlO, in symmetrical cell with blocking SS, (c)
complex impedance plots and DC polarization curve (inset) of Na-

In," value for the above composition is evaluated to be ~ 0.42.
The ty,* value for the undispersed composition was obtained
as ~ 0.32. This reveals that the NaAlO, fillers enhance the
contribution of Na* transport in the total ionic conductivity
of the electrolyte film; however, at higher filler concentration,
the Na* ion transport is hindered. These observations confirm
the finding of the ion dynamics studies and support the ion

Z'(Q)

transport model demonstrated in Fig. 7.
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Hglpolymer electrolyte with 5 wt.% NaAlO, [Na-Hg cell and (d)
complex impedance plots and DC polarization curve (inset) of Na-
Hglpolymer electrolyte with 10 wt.% NaAlO, INa-Hg cell reversible
Na-Hg electrodes.

Conclusion

Free-standing and flexible polymer electrolyte films com-
prising PEO, NaClOj, salt, PC plasticizer and varying con-
centrations of NaAlO, fillers were prepared. The effect
of active NaAlO, fillers on the structural and electrical
properties of a sodium-ion-conducting PEO-NaClO,-PC
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polymer electrolyte system was investigated. The follow-
ing features were observed:

(1) The NaAlO, fillers hinder the crystallization of the
polymer and promote amorphicity in the polymer elec-
trolyte. The crystallinity of the undispersed polymer
electrolyte was observed as ~ 31%, which reduced to a
minimum of ~ 25% for the composition with 10 wt.%
NaAlO,.

(2) The ionic conductivity of the polymer electrolyte sys-
tem (~ 1.6 X 107> S em™!) increased with dispersion
of fillers, with a maximum of ~ 7.4 X 107> S cm™!
found for the composition with 5 wt.% NaAlO,. The
conductivity dropped on dispersion of higher content
of NaAlO,.

(3) The enhanced amorphicity in the polymer electrolyte
system was reflected well in the temperature-dependent
conductivity pattern of the NaAlO, dispersed polymer
electrolyte system, as it followed VTF behavior in the
entire temperature range.

(4) The ion dynamics in the electrolyte system were inves-
tigated using frequency-dependent dielectric studies.
These studies reveal that the NaAlO, fillers participate
actively in the ion transport and enhance free Na* ions
in the electrolyte system. However, at higher concentra-
tion, these particles start blocking the ion transport and
may form an ion multiplate and hence reduce the ionic
conductivity.

(5) The electrochemical stability window and the cation
(Na™) transport number of the electrolyte system
improved significantly on dispersion of these active fill-
ers. The optimized electrolyte composition carrying 5
wt.% NaAlO, possessed a stability window of ~ 4.5 V
and cation transport number of ~ 0.60.
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