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Abstract

The PANIi/NaO2 composites were prepared using an ex-situ technique in 5-20 wt.% range. The NaO2 was prepared in a
single step by heating sodium nitrate in oxygen rich environment. Ultraviolet-visible spectroscopy was employed to extract
optical parameters like direct band gap, refractive index, complex dielectric constant and optical conductivity. The refractive
index increased with NaO2 content for 5 and 10 wt. %, and then decreased possibly due to non-bridging oxygen (NBO) atoms.
The composite with 10 wt. % NaO2 showed the largest refractive index. On increasing the concentration of NaOz, the band gap
decreased from 2.538 to 2.307 eV and became narrower. Beyond 225 nm wavelength the extinction coefficient increased
linearly, indicating that light trapping was proportional to wavelength. Both parts of the dielectrics follow the same pattern and
the real dielectric constant is higher than the imaginary dielectric constant. The optical conductivity increased with hv due to a
change in density of localized states in the band gap, and also possibly due to the electrons excited by photon energy.
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1. Introduction

Conducting polymers are pursued with a view to
applications. With long-conjugated structures, these polymers
have exclusive properties such as flexibility, thermal and
electrical stability, ease of synthesis, and durability (Cabuka &
Gunduz, 2017). With the help of a series of simple anionic or
cationic species, the conductivity of such polymers is
approached through chemical oxidation or reduction reactions
(Chen, 2003). The conducting polymers behave like
semiconductors with small charge carrier mobility, and their
conductivity approaches the range of metals on doping with
suitable dopants (Khairy, & Gouda, 2015). The transport,
optical and mechanical properties of these polymers can
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changed with the addition of dopant agents (Vadukumpully,
Paul, Mahanta, & Valiyaveettil, 2011). The most common
conducting polymer is polyaniline (PANi) because it is
environmentally stable, easy to synthesize, has variable
conductivity, and remarkable chemical, electrical and optical
properties  (Mini, Archana, Raghu, Sharanappa, &
Devendrappa, 2016). It has industrial applications in
electrochromic devices, sensors, conductive paints, drug
delivery, rechargeable battery electrolytes, and solar cells
(Stenicka et al., 2008; Yilmaz, Akgoz, Cabuk, & Karaagac.,
2011). The PANi can be synthesized from acidic aqueous
solutions chemically or electrochemically. The chemical
method is useful for large scale production of PANi, as it is
very affordable. Oxidative polymerization is widely used for
the preparation of PANi with an oxidant like ammonium
persulfate ((NH4)2S20s) (Mathew, Yang, & Mattes, 2002).
Nowadays, sodium-ion batteries appear to be most
promising for electrical energy storage, to address the energy
crisis and the pollution from fossil fuels (Li et al., 2019; Xu,
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Hui, Dinh, Hui, & Wang, 2019). The NaO2 battery that takes
advantage of superoxide chemistry differentiates itself from
current energy-storage techniques (Ren, & Wu, 2013).
Sodium superoxide has more feasible cell chemistry than
lithium oxide, due to the discharge products (Hartmann et al.,
2013). The preparation of stable superoxide is a complicated
task for researchers. Nemade et al. reported a novel synthesis
approach for stable NaO:. The nanoparticles of NaO: are
synthesized by spray pyrolysis while maintaining high-density
oxygen environment, so that a higher purity of the superoxide
phase is achieved. These batteries can be cycled forming
sodium superoxide as the lone discharge product with
improved cycle life (He et al., 2016). Peled et al. reported that
on using sodium as the anode and oxygen as the cathode,
these batteries ran several cycles at the temperature of 105°C
(Peled, Golodnitsky, Mazor, Goor, & Avshalomov, 2011).
The 0.2 V charge polarization of sodium superoxide battery
makes it a potential competitor to lithium-oxygen batteries.
These results show the formation of NaO:2 crystals in a one-
electron allocation step as a solid discharge. This suggests
replacing lithium-ions by sodium in batteries, with an
unexpected outcome of metal-air batteries (Hartmann et al.,
2013). These batteries have garnered lots of attention because
they exhibit the highest theoretical energy density and also
offer the benefits of using abundant rare earth elements and
potential cost efficiency (Park et al., 2018).

In this study, we plan to examine the optical
properties of NaO: doped polyaniline in UV and visible
regions at room temperature. Several parameters like band
gap, refractive index, complex dielectric constant, and optical
conductivity were investigated.

2. Materials and Methods

2.1 Materials

AR grade chemicals (99% purity, SD Fine) were
used to prepare PANi/NaO2 Composites. Sodium nitrate was
used for the synthesis of sodium superoxide (NaOz). For the
synthesis of polyaniline (PANi) aniline monomer and
ammonium persulfate was used. As such synthesized PANi
was washed with hydrochloric acid. Doubled distilled (De-
ionized) water was used in all experiments.

2.2 Methods

2.2.1 Synthesis of PANI

By using oxidative polymerization, PANi was
chemically synthesized at room temperature. Ammonium
persulfate ((NH4)2S20s) (45.34 gm) was dissolved in doubly
distilled water (100 ml) and mixed with magnetic stirring for
90 min. Again, with constant stirring for 90 min, aniline
monomer (18 ml, for better yield) was added drop by drop
from a burette, in an ammonium persulfate solution. The
resultant product appears greenish black and was kept for 12 h
at room temperature. To wash the product, 1M hydrochloric
acid solution was used. The product was filtered and washed
until the filtrate become colorless, and then dried at 45 °C
overnight (Ibrahim, 2017).
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2.2.2 Synthesis of NaO:

The sodium superoxide (NaOz) was prepared using
spray pyrolysis in an oxygen rich environment at a
temperature of 673 K. Sodium nitrate and hydrogen peroxide
were used as precursors in the preparation of NaO2. The
suspension for spray pyrolysis was prepared by adding 1 M
sodium nitrate in 20 ml H202 under strong magnetic stirring.
Subsequently, this suspension was employed for spraying
under constant oxygen flow on SiO: heating substrate. The
structure and phase purity of NaO2 were confirmed through
XRD analysis that was published in our previous work (Barde,
2016).

2.2.3 Preparation of PANi/NaO2 composites

The PANIi/NaO2 composites were synthesized in
organic medium for good dispersion of NaOz in the polymeric
matrix, using an ex-situ technique with the quantity of NaO2
varied in 5 wt.% steps in the range from 5 to 20 wt.%. The
composites were labeled for pure PANi as (Po), 5 wt.% NaO2
as (P1), 10 wt.% NaO: as (P2), 15 wt.% NaO:2 as (Ps) and 20
wt.% NaO:2 as (P4). The samples were subjected to an optical
study using ultraviolet-visible spectro-photometer on samples
of equal thickness (2 + 0.1 mm) to record the optical
properties of all prepared composites. The samples were also
tested by XRD, SEM and FTIR as published in our previous
work (Barde, 2016).

3. Results and Discussion

The optical absorption spectrum allows estimating
the optical energy band gap of crystalline and amorphous
materials. The absorption corresponds to electron excitation
from the valance band to the conduction band, and is used to
verify the character and value of the optical band gap (Cabuk,
& Gunduz, 2017). The absorption spectra of PANi/NaO2
composites were obtained over the range 200-700 nm. The
absorption coefficient (o) was calculated using (Fox, 2001):

2.3034
1

where | is the sample thickness in cm and A is defined by A =
log (lo/l) where lo is the intensity of the incident beam and |
is the intensity of transmitted beam.

Figure 1 shows a penetrating absorption dip in the
region from 210 to 220 nm and a broad hump in the region
300-600 nm. The absorption bands in the regions 200- 400
nm and 400-600 nm are attributed to the ligand-to-metal
charge transfer (Lian et al., 2009; Li et al., 2008) and to the
pair excitation processes (Wang et al., 2014) respectively. The
wide absorption band in 250-600 nm may be a charge transfer
transition from Oz to Na* in NaOa.

The refractive index (n) is another significant
parameter in opto-electronic parameters. Refractive index (n)
and extinction coefficient (k) are the real and imaginary
components of the complex refractive index N=n—ik. These
components represent the optical properties of the prepared
composites. The refractive index has a substantial role in
optical communication as well in designing antireflection
coatings (Chopra, & Kaur, 1969). The refractive index is
calculated by using the relation:

a(®) =
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Figure 1. Absorption spectra of pure PANi and PANi/ NaO,
composites
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where % T is transmission through the sample.

Figure 2 shows the plot of refractive index vs
wavelength. Due to the intense absorption by composites in
the ultraviolet region, there is a sharp decrease in refractive
index around 215 nm. Also, on the lower wavelength side the
PANI/ NaO2 composites have a low refractive index, whereas
its value increases up to 370 nm, and beyond this decreases
gradually. Initially, the refractive index also increases for 5
and 10 wt. % NaO2, and then decreases possibly due to non-
bridging oxygen (NBO) atoms. The composites with 10 wt. %
NaOz2 show the largest refractive index.
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Figure 2. Variation of the refractive index as a function of
wavelength

Extinction coefficient can be estimated by (Gedia et
al., 2015)
al

T an

where o is % absorption and A is the wavelength.

Figure 3 shows that beyond the wavelength 225 nm,
the extinction coefficient of undoped PANi and all PANi/
NaO2 composites increases linearly, indicating light trapping.
From this, we conclude that light trapping is proportional to
wavelength (Barde, 2016; Barde, Nemade, & Waghuley,
2015). On other hand, the wavelengths between 200 and 225
nm are not trapped by the samples as the extinction coefficient
is nearly constant between 200 and 225 nm. The largest
extinction coefficient was found for the 10 wt. % case of
PANi/NaO2 composite.
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Figure 3.

Analysis of absorption spectra is the most valuable
means for explaining the optical transition and electronic band
structure of materials. The band gap is also a very important
property for photovoltaic device applications. The basic
principle is that an electromagnetic wave interacts with the
electron in the valance band and a photon having higher
energy than the band gap will be absorbed as the electron is
transferred across the fundamental gap to the conduction
band. The expression of the absorption coefficient, (a), to
determine direct band gap (Eg) was given by (Song, Wang,
Yuan, Yao, & Jing, 2015):

ahd = A(h9 —E,)"
where A is an energy dependent constant, Eg is the band gap
of the material, and the index m is a constant with discrete
values 1/2, 3/2, 2 or more, depending on whether the
transition is direct or indirect and allowed or forbidden,
respectively (Shumaila et al., (2011)).

Figure 4 shows the Tauc plots between (ctht?)? and

h1 for all compositions of PANi/NaO, composites. By

extrapolation of the linear part of the plot, the band gap energy
was estimated. It was found that on increasing NaO2, Eg
decreased from 2.538 to 2.307 eV and became narrower. The
doping of NaO2 may increase localized electrons due to an
increase of the donor centers, which decreases the band gap,
and this is responsible for the red shift of the absorption edge
(Shailajha, Geetha, Vasantharani, & Sheik Abdul Kadhar,
2015). This band gap narrowing is predictable and important
to applications in photocatalysis.
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Figure 4. Tauc plot of (ahv)? versus photon energy.
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The dielectric function comprises (i) its real part
(er), which signifies the capability of materials to decrease the
speed of light; and (ii) its imaginary part (i), which represents
absorption of energy from an electric field due to dipole
motion. Both these parts have direct relations with refractive
index and extinction coefficient (Equations (3) and (4))
(Abdullah, 2013; Barde, Nemade, & Waghuley, 2015).

g =n? —k?

g = 2nk
where k is the extinction coefficient and n the refractive index.

It was found that the real dielectric constant (er)
mostly depended on refractive index (n?) because of low
values of extinction coefficient (k), while the imaginary
dielectric constant (gi) mostly depended on extinction
coefficient (k) which is related to the variation of absorption
coefficient. Figure 5 shows the variation of the real dielectric
constant with wavelength. The real dielectric constant
increased linearly with wavelength. The 10 wt. % of NaO:
sample shows the largest real dielectric constant, hence this
sample exhibits the highest ability to slow down light
(Sharma, & Katyal, 2007).
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Figure 5. Variation of real dielectric constant

The plots of the imaginary dielectric constant
against wavelength are shown in Figure 6. The imaginary
dielectric constant increased linearly with wavelength, and the
10 wt. % case of NaO:z in sample had the largest energy
absorption from an electric field due to dipole motion (Bakr et
al., 2011). Both the real and imaginary parts show the same
pattern and the real dielectric constant was larger than the
imaginary dielectric constant.
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Figure 6. Variation of imaginary dielectric constant.
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Optical response is explained by optical
conductivity (copt) and its dimension is similar to frequency,
which is valid only in a Gaussian system of units. It is
calculated by using following relation (Barde, Nemade, &
Waghuley, 2015),

acn

Oopt = A7

where c is velocity of light, o is absorption coefficient, and n
the refractive index.

The plot of copt Verses hv is shown in Figure 7. In it
oopt increased with photon energy. Initially as NaO2 content
increases, the optical conductivity first increases and then
decreases. The increase in optical conductivity is due to
increases in both absorption coefficient and refractive index
with NaO2z, and may be due to the change in density of
localized states in the band gap (Yakuphanoglu, Cukurovali,
& Yilmaz, 2005) and also may be due to the electron
excitation by photon energy.
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Figure 7. Variation of optical conductivity as a function of photon
energy

The optical study of Sodium Superoxide Loaded
Polyaniline composites indicates that this material system
potentially has applications in terahertz devices, flexible and
thin screens, electromagnetic shielding, and electronic
components. The characteristics, such as being lightweight,
resistant, and stable, enable these composites to be used in
electromagnetic shielding applications. Easy control of the
electrical conductivity of these composites makes them an
important research domain for reliable industrial development.

In the context of environmental impact, polyaniline-
based composites exhibit high water dispersibility. In addition
to this, polyaniline is considered most promising due to its
easy synthesis, environmental stability, low toxicity, and
thermal and radiation stability.

4, Conclusions

This work successfully demonstrated PANi/NaO2
composites prepared by using an ex-situ technique. The NaO:
was prepared in a single step by heating sodium nitrate in an
oxygen rich environment. The optical absorption spectra of
PANIi/NaO2 composites show an intense absorption dip in the
region from 210 to 220 nm and a broad hump in the region
300-700 nm. The prepared composites show trapping of light
with extinction coefficient proportional to wavelength. These
composites have a low refractive index on the shorter
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wavelength side, whereas on the longer wavelength side it
increases up to 360 nm; and beyond this the refractive index
decreases gradually. The direct band gap was estimated for
sodium superoxide loaded polyaniline composites. The
dielectric constant measurements show linear behavior as a
function of wavelength. Optical conductivity increases with an
increase of photon energy due to the change in density of
localized states in the band gap.
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