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Abstract: The composite solid polymer electrolyte films were prepared by doping nano-sized Fe:0s particles on PVB
(Polyvinyl Butyral) complexed with NaNO; salt by solution casting technique. FTIR, XRD, and SEM methods
characterized these electrolyte films. The Fourier Transform Infrared Spectroscopy and X-ray diffraction techniques
reveal the structural and complexation changes occurring in the electrolytes. The surface morphology of the electrolyte
film was examined using the SEM (Scanning Electron Microscope) technique. The PVB+NaNOs+Fe:03(70:30:3%)
electrolyte shows a moderate ionic conductivity of 2.51x107° S cm™! at ambient temperature (303 K). AC impedance
spectroscopic analysis evaluates the ionic conductivity of the produced polymer electrolyte. Wagner's polarisation
technique was applied to study the charge transport characteristics in the electrolyte films. The investigation revealed
that ions constituted the majority of the transport carriers. An Open Circuit Voltage (OCV) of 2.0 V and a Short Circuit
Current (SCC) of 0.8 mA were found in the discharge characteristics data for the cell constructed with the polymer
electrolyte sample.

Keywords: Polymer electrolytes, X-ray diffraction, lonic conductivity, Discharge characteristics, Optical properties,

Transference number.

1. INTRODUCTION

Solid electrolytes have many advantages over
liquid electrolytes, including better ionic
conductivity, greater mechanical strength, good
chemical and thermal stability, and better
compatibility with electrode materials. These
advantages can be applied to various devices,
including fuel cells, electrochemical devices,
electrochromic panels, and supercapacitors [1-5].
Therefore, many investigations are being done
worldwide on solid polymer -electrolytes to
improve conductivity by chemically modifying
the surface morphology of the electrolyte. This
modification improves by forming a low
resistivity layer at the electrolyte-electrode
interface. However, the cost of these polymer
electrolytes with changed surfaces is high.
Consequently, composite polymer films with
several components that are loaded with salts and
alcohols are being used as a starting material for
studies [6-8]. It changes the physicochemical
characteristics of the blended films, increasing
the conductivity compared to all other inorganic
compounds.

In this work, a PVB-based solid polymeric

electrolyte was prepared by using PVB as the
host polymer. Polyvinyl butyral, or PVB, is a
translucent, strong, and flexible thermoplastic
substance. It also adheres well to a wide range of
substrates and has excellent optical clarity. It
is made mostly of polyvinyl alcohol by a
chemical reaction involving formaldehyde and
butyraldehyde. The resin's exceptional UV
resistance and film-forming capacity are widely
known. The cheap and easily accessible polymer
polyvinyl butyral, or PVB, is made from
polyvinyl alcohol, or PVA. When polyvinyl
alcohol and butyraldehyde combine in an acidic
environment, it is produced. There is no clear
crystallinity and the resultant copolymer is
random. Because it contains hydrophilic hydroxyl
groups, hydrophobic butyral groups, and tiny
acetyl moieties, PVB can be combined with
hydrophilic and hydrophobic components.
Polymer hydrophilicity or hydrophobicity can be
adjusted by varying the monomer composition
[9]. Despite being widely utilized in automotive
safety glasses as an interlayer material to increase
durability and reduce the effects of ultraviolet
light, PVB also possesses the intriguing ability to
form complexes with both inorganic and organic
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salts. These PVB-salt complexes maintain the
amorphous form of the host polymer, thereby
overcoming crystallization-related problems that
significantly affect ionic mobility and the overall
effectiveness of solid polymer electrolytes (SPEs)
[10]. Despite a wealth of literature on the subject,
there has been little focus on using PVB as a
host polymer. Thin-film polymeric electrolytes
based on photovoltaic beads (PVBs) have been
employed in several studies to enable dye-
sensitized solar cells [11]. The Morphology and
Thermal Degradation Kinetics of Poly (vinyl
butyral) Cast Films Made with Various Organic
Solvents [12]. Polyvinyl butyral-Al (NOs)3
composite solvent production and characterization
for alumina-based fiber [13]. Sodium is another
material abundantly available on earth which is
a non-toxic material and has a very high
electrochemical potential. Hence sodium can be
used in electrolyte preparation and battery
applications [14]. Recent research has focused on
sodium ion conducting systems for their possible
application in solid-state batteries with high cell
voltages and energy densities since sodium metal
ions are readily available and inexpensive. Few
efforts have been made to use sodium ion
complexes to raise the sodium ion conductivity.

Hematites (Fe>Os) is a mineral widely available
on earth and belongs to the iron-oxide minerals
group. They have a paramagnetic behavior
and have a hexagonal structure. As Hematites
are environment friendly [15], the cheapest
semiconductor material [16-17], and show strong
catalytic activity, they become more suitable to be
used in battery applications. Because the material
can absorb visible light and retain up to 45% of
solar spectrum energy, it can also be used in
visible light photocatalysis. Nanoparticles can be
composed with PVB-based films to improve
conductivity and the mobility of ions and
electrons. Moreover, composition stabilizes the
films [18]. The improved conductivity of the
nanoparticle-composed films is a result of the
decreased surface area/volume ratio and other
morphological changes associated with the
nanoparticles. Different investigation reports and
literature survey shows the composition of nano-
ZnO and ceramic nanofillers in PVB films to
improve the electrical properties. [19-20]. The
purpose of this study is to produce and evaluate
nano-Fe;Os-composed PVB+Sodium Nitrate
composite films using XRD, SEM, FTIR, and AC

.

impedance spectroscopy, and to investigate
their potential use in the construction of
electrochemical cells.

2. EXPERIMENTAL PROCEDURES

2.1. Materials and Preparation of the Polymer
Electrolyte Films

KF Chemicals supplied the sodium nitrate
(NaNO3), methanol, and polyvinyl butyral (PVB).
Sigma Aldrich provides the nanofiller, Fe,Os.
None of the chemicals were refined or altered
before usage. The solution casting method was
used to generate the necessary concentration of
PVB and NaNOs in a 70:30 ratio, and nanofiller-
Fe,O3; was added in compositions of 1%, 2%,
and 3%. During the preparation, methanol was
utilized as the solvent. After combining the
necessary amounts of PVB, NaNOs salt, and
nanofiller Fe»O;, the resultant mixture was
constantly stirred at room temperature for 48
hours to create a clear, uniform solution. In a
vacuum chamber, this solution was allowed to dry
in the polypropylene dishes at ambient temperature.
The methanol in the homogenous mixture
progressively evaporated at that temperature
under vacuum drying. A somewhat translucent
film developed after 24 hours. Following the
experiments, the polymer electrolyte film was
taken out of the dishes and put in a vacuum
desiccator.

2.2. Materials Characterization

An X’pert diffractometer was used to examine the
produced films’ XRD pattern. With the CuKa
radiation of A= 1.5403 A, the diffraction factors
for the films were measured between 10° and 90°
of 20 values. FTIR (Mid Infrared) Spectrometer-
SHIMADZU (Model-206-31010-58) was used
to perform Fourier transform infrared (FTIR)
spectroscopy. Using a 2 cm™' spectral resolution
setting, the measurement was conducted for
the 5004000 cm™' wavenumber range. Using
blocking stainless steel electrodes at frequencies
between 20 Hz and 2 MHz, the HIOKI 3532-50
LCR meter was employed to examine electric
characteristics throughout a temperature range of
303-373 K. At room temperature (303 K), disc-
shaped samples were placed between stainless
steel electrodes and Wagner's polarization
technique was applied. The polarization current
as a function of time was measured in response to
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a 1.5 V DC bias. The plot of polarization current
vs. time was used to calculate the ionic transport
(tion) and electronic transport (i) quantities.
MIRA 3 (FESEM) was used to capture the
pictures from the scanning electron microscope
(SEM). The most conductive film's discharge
properties were investigated.

3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction Studies

For the electrolyte film samples with different
compositions, XRD measurements were made.
The XRD results for different films are displayed
in Fig 1.
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Fig. 1. XRD pattern of PVB+NaNOj3 (70:30) and
PVB (70%)+NaNOj; (30%)+nano-Fe,O3 (1-4%)
complexed electrolytes and pure NaNOs salt.

Broad, distinctive peaks have been seen in pure
PVB at 20.82°. This peak is expanded and shifted
to 19.35° with a decrease in intensity upon the
addition of 30% of NaNQOj salt [21]. The peak is
shifted to 19.32° for 1.0%, 19.30° for 2.0%, and
19.25° for 3.0% when nano-Fe;Os3 is present
in the 70PVB+30 NaNO;(70:30) film. This
transition happens as the intensity decreases and
the widening increases. It is important to notice

that the shift is maximal and well-broadened at
3.0%, without the characteristic strong and abrupt
peaks of Fe;Os, NaNOs, or both, and with less
intensity. Additionally, the peaks' broadening
signifies the formation of a larger amorphous area
in the film, which promotes ionic mobility [22].
These alterations in the XRD spectrum show that
the components of the film are evenly distributed
throughout and that the film with the 3% nano-
Fe,O3; has more homogeneous and amorphous
sections, indicating its suitability for conductivity
studies.

3.2. Fourier Transform Infrared Spectroscopy
(FTIR) Studies

To understand the complex formation between
polymers, salt, and nanofiller, FTIR analysis was
done. Fig 2 shows the FTIR data for the polymer
electrolyte film with different compositions
of nanofiller Fe;O3; added into 70% PVB and
30% NaNO;. The measurement data is shown
for the wavenumber ranging from 500 to 4000
cm!. We observe that the characteristic peak
at 3417 cm! is observed for 70PVB:30NaNO;
combination and this corresponds to the stretching
of the Hydroxyl group (O-H). The peaks 2935 cm!
and 2870 cm™' shown are of the vibrational
bands for the 70PVB:30NaNOs; composition.
These peaks belong to the Asymmetric stretching
of CH; and Symmetric stretching of CHj for this
polymer [23].
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Fig. 2. FTIR analysis spectra of PVB+NaNO;+Fe>Os
polymer electrolyte films. a) 70PVB+30NaNOs3, b)
1% F€203, C) 2% F6203, d) 3% Fe,0s.

The intensity of the broad peaks was decreased
in the addition of nanofillers to the polymeric
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substance.  Likewise, the bands for
70PVB:30NaNOs at 1648 cm™, 1377 ¢cm™, and
1066 cm™! can be assigned to C=0 stretching C-H
bending and C-O stretching respectively. When
nanofillers are added to a polymeric substance,
the intensity of these peaks decreases and their
peaks broaden, indicating that complexation
between the composed nanofiller Fe,O3 and the
host polymer matrix has occurred [24]. However,
we also observe that with the addition of
nanofiller Fe,Os; into the polymer matrix of
PVB-NaNO;3, there are new peaks observed at
2394 ¢cm™ and 1771 ¢cm’! in the nanocomposite
films of PVN+NaNOs+Fe,0s.

3.3. SEM Analysis

The study on the surface morphology of the
polymer electrolytes was done using Scanning
Electron Microscopy (SEM). Fig 3 (a-d) shows the
images of the SEM study for 70PVB:30NaNQO; and
70PVB:30NaNOs:(1-3 wt%) Fe,O3; nanocomposite
polymer electrolyte films with different

Fig. 3. SEM images of PVB+NaNO3+Fe;0;

magnifications. It can be observed from the
images that there is a significant variation in the
surface morphology in the complex polymer
matrix which is added with nano Fe,Os filler. The
absence of roughness suggests that the host
polymer electrolyte films have dissolved the
nanofillers Fe;O;. X-ray diffraction measurements
corroborated the appearance of a more amorphous
composite film with 3 weight percent Fe,Os
distributed nanoparticles when compared to other
compositions. The smooth and homogenous
surface morphology of the 70PVB:30NaNO; and
1-3 weight percent Fe;O; complexed polymer
electrolyte film suggests its amorphous nature
[25]. Lumps of Fe,O; are seen on the membrane
surface and a crystalline structure contained in
the polymer matrix is visible in the surface
morphology of the nanocomposite polymer films
[26]. The amorphous character of the host polymer
electrolyte is reflected in the background's darkness
and smoothness. It suggests an amorphous nature,
which is consistent with the XRD findings.

2% Fe;03, d) 3% Fe;0s.
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3.4. Transference Number Measurements

The electrolyte films were subjected to Wagner’s
polarization technique to find out the transference
numbers. These numbers are significant in
classifying the polymer electrolyte films. For this
measurement, the system was constructed with
the combination Ag/PVB+NaNO;+Fe,03/Ag and
polarized at 303 K by supplying a constant supply
voltage of 1.5 V. We were able to evaluate how
much ions and electrons contributed to the films'
conductivity using this method. We used the
below equations.

tion =1 —=1I¢/]; (1)
tele = It/l; (2)
Where the initial current is denoted by [; and the
final current by I;.The calculation showed the
transference numbers for ions were 0.98-0.997.
The data is shown in Fig 4 and Table 1.
We observe from Table 1 that, the maximum
contribution for charge carriers is from ions and
the contribution from electrons is minimal. Also,
we observe that the film with a composition
of 3.0% FexO; has higher conductivity and
lower activation energy and crystallinity. The
transference numbers for ions in the films tend
towards unity, which shows that these polymer
electrolyte films are suitable for building solid-
state electrochemical cells [27, 28].
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Fig. 4. Polarisation current vs time for polymer
electrolyte films with varying Fe,O3; weight
percentage ratios.

3.5. Conductivity Studies

The Conductivity plots for PVB+NaNOs+Fe,0s3
polymer electrolyte films at room temperature

(303 K) for various weight percentage ratios are
shown in Fig. 5. A small amount of AC voltage
was applied across the sample, and the Cole-Cole
graph was generated using the measurement data.
The real part (Z') and imaginary part (Z") in the
frequency range of 20 Hz-2 MHz were measured
using the LCR meter HIOKI 3532-50. Because
of the excellent contact between the electrode
and electrolyte interfaces, we see an electrode
polarisation phenomenon. A semi-circular arc
appears at high frequency on the Cole-Cole
plot, also called the Nyquist plot, whereas a
spike forms at low frequency, indicating bulk
resistance. lonic conduction is primarily
responsible for the spike that is generated [29,
30]. Table 1 displays the computed values for
conductivity. The bulk resistance values (Rp) can
be used to compute the AC conductivity using the
equation below.

o =t/RpA 3)
In this case, "t" denotes the film's thickness,
"A" denotes its area, and "Ry" stands for bulk
resistance. According to the impedance spectra,
the bulk resistance of the electrolyte films
containing 1 to 3 weight percent Fe,O3 decreases,
however as the Fe,Oj3 level increases, the polymer
electrolytes' conductivity improves [31, 32]. Fig 6
shows Plots of impedance for the R and C
circuits in both series and parallel configurations.
Fig 7 shows the change in the logarithm of ionic
conductivity with inverse temperature for different
Fe,O3 concentrations in the PVB+NaNQO; complex
over the 303-373 K temperature range.
The Arrhenius equation is followed by the
temperature (T) as a function of G.

0 = 0,exp (-E4/KT) 4)
Where T is denoted by absolute temperature, the
activation energy is denoted by E,, the Boltzmann
constant is represented by k, and the pre-
exponential factor is denoted by o,. The activation
energy values were calculated from the slopes
shown in Table 1. The computed values of
activation energy fall between 0.18 and 0.35 eV.
With an increase in Fe,Os; concentration, we
observe a decrease in activation energy. This
might result from the creation of a charge transfer
complex in the lattice, which increases electrical
conductivity and lattice charges when dopants are
added [33]. In contrast to the other samples, the
polymer film PVB+NaNOs+Fe,0; (70:30:3%)
exhibits the lowest activation energy and the
maximum conductivity.

& &
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Table 1. Ionic conductivity, activation energy, and transference numbers of polymer electrolyte films with

varying PVB + NaNOj3 + nano-Fe;O3; compositions.
Conductivity (S ecm™) Activation Transference
Polymer electrolytes 303K energy(eV) - Number ;
PVB+NaNOs (70:30) 3.98x107°% 0.35 0.98 0.012
PVB+NaNOs;+Fe;0; (70:30:1%) 1.58x107° 0.30 0.991 0.009
PVB+NaNOs;+Fe203 (70:30:2%) 4.46x107° 0.25 0.995 0.005
PVB+NaNO;+Fe;0; (70:30:3%) 2.51x107° 0.18 0.997 0.003

The film with 3.0% Fe,O3 shows higher
conductivity, lower activation energy, and lower
crystallinity due to: (1) The disruption of the
polymer's crystalline structure, leads to more
amorphous regions that facilitate ion movement.
(2) The formation of efficient ionic pathways and
increased Na* ion mobility due to the interaction
of Fe,O3 with the polymer matrix.

7 m 70 PVB:30NaNO3
3105 ® 1%Fo,0,
1 A 2% Fe,0,
3.0x10" V3% Fe.0,
- n
2.5%10" - L
4 L [ ]
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1.0x10 »,t
{ =
o’
5.0x1o‘:f\
0.0 s T L T = 1 & ]
0 1x107 2x10° 3x107 4x10"
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Fig. 5. Cole-Cole plots for the PVB: NaNO3+Fe;O3
polymer electrolyte films for varying weight
percentages at 303 K.

(3) An optimal concentration of nanoparticles
that promotes conductivity without causing
agglomeration or blocking ion pathways. These

>

z

factors work synergistically to enhance the
electrochemical properties of the solid polymer
electrolyte, making it more suitable for
electrochemical cell applications.
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Fig. 6. Plots of log ¢ vs 1000/T for 70PVB+30
NaNO; and PVB+NaNO;+Fe, O3 at various weight
percent ratios.

3.6. Discharge Characteristics

Solid-state batteries are made using polymer
electrolyte films based on polyvinyl butyral
complexed with nano-Fe;O3; and sodium nitrate
salt.

R C
A A A {.

f

AR )
Z

Fig. 7. Plots of impedance for the R and C circuit in both series and parallel configurations
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The following arrangements were utilized to
produce solid-state electrochemical cells at
room temperature: Cathode: (I,+C+electrolyte)/
(70PVB+30NaNOs+3% Fe,0O3)/Na (anode) [34].
Fig 8 shows the discharge characteristics of the
cell at room temperature and a constant load of
100 kQ. As a result of the polarisation effect,
the voltage first drops dramatically. The most
conductive polymer electrolyte system, 70PVB+
30NaNO;+3% FexO;, has been evaluated
concerning cell properties, including discharge
capacity, open circuit voltage (OCV), short circuit
current (SCC), current density, power density, and
energy density. In Table 2, the outcomes are
displayed [35, 36].

2.0
" | #— Discharge through 100k |
.
15 '-‘\\ 70PVB:30N3N03:3%F6203
.
— 1
! .
D
g |
= 1.0 |
re] b
> \
.
l
L B R T S W
0.5 ]

20 40 60 80 100

Time(Hr)
Fig. 8. Discharge properties of an electrochemical cell
with a 70PVB+30NaNO3+3% Fe,O; polymer
electrolyte (load= 100 kQ)

=

4. CONCLUSIONS

Through the solution casting method, Fe,Os
nanoparticles were composed of PVB (poly vinyl

butyral) complexed with NaNOs salt to create
solid-state ion-conducting polymer electrolyte
films. According to XRD, when the concentration
of salt increases, the peak's strength decreases.
XRD and FTIR investigations verified that
the salt and nanofiller had complexed with
the polymer. The smooth and homogenous
surface morphology of the 70PVB:30NaNOs
and 1-3 weight percent Fe,O3; complexed
polymer electrolyte film suggests its amorphous
nature.

The conductivity measurements at room
temperature indicate that the maximum
conductivity for 70PVB+30NaNO;+3% Fe;03
is 2.51x10° S/cm. The ionic and electronic
numbers transference is detected within the range
of 0.991-0.997. Consequently, the majority of
charge carriers in these polymer electrolyte films
are ions rather than electrons. The conductivity
of the 3.0% Fe,O3-PVB-NaNO; electrolyte
is significantly higher than other polymer
electrolytes with different nano-fillers, likely due
to enhanced ionic mobility in the amorphous
phase. The activation energy in this study is lower
compared to other studies, highlighting Fe,Os’s
role in facilitating ion transport. The crystallinity
reduction is more pronounced in this system,
allowing for better ion conduction pathways
than in similar polymer-nanofiller systems.
Electrochemical stability is expected to be on
par or better compared to other systems, though
direct comparisons should be made with specific
experimental data. This comparative analysis
shows that Fe,O3 nanoparticles have a significant
positive effect on the ionic and structural
properties of the PVB-NaNO; electrolyte,
outperforming many other systems. A solid-state
battery was constructed using these polymer
electrolyte films, and the battery's discharge
characteristics were investigated.

Table 2. The electrochemical cell's parameters.

Cell parameters Cell discharge values of 70PVB:30NaNO3:3% Fe203
Open circuit voltage 20V
Short circuit current 0.8 mA
Area of the cell 1.23 cm?
Weight of the cell 12g
Discharge time 100 h
Power density 1.3 WKg!
Energy density 130 Wh Kg'!
Current density 0.65 mA cm?
Discharge capacity 80 mA h
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