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Abstract

Sodium superoxide loaded phosphovanadate based glass systems were prepared from a mixture of
vanadium pentoxide (V20s), phosphorus pentoxide (P2Os) boric acid (H3BOs) and sodium superoxide
(NaO2) using a melt-quenching method. Amorphous phase of as-prepared glass system confirmed using
XRD technique. Surface morphology of glass system studied using scanning electron microscope.
Ultraviolet-visible spectroscopy was employed to extract complex optical parameters like direct and
indirect optical band gap, Urbach energy, refractive index, complex dielectric constant and optical
conductivity. The absorption bands in the region 200 - 400 nm are recognized to the ligand-to-metal charge
transfer. The region of 400 - 600 nm is ascribed to the pair excitation processes. The refractive index
increases initially and then decreases for 15 and 20 mol % of NaO, due non bridging oxygen (NBO) atoms.
The 25 mol % of NaO; sample shows maximum value of extinction coefficient and refractive index. The
direct and indirect band gap energies vary in between 2.067 to 1.824 eV and 1.869 to 1.495 eV, respectively.
With increase in concentration of NaO», the effective band gap of NaO; decreases because band edge shifted
into forbidden gap due to increase in defect levels below the conduction. This primary report on sodium
superoxide loaded phosphovanadate based glass systems opens wide avenue for battery and supercapacitor
applications. Tailing in the bandgap was observed and found to obey Urbach rule.

Keywords: Optical properties, Sodium superoxide, Phosphovanadate glass, Optical conductivity, Urbach
energy, Direct band gap, Dielectric constant

Introduction

Conducting glasses are potential candidate for solid state batteries due their admirable conductivity
and chemical stability against atmospheric changes. In this category, V20s glasses has a great potential due
to its advantages like generating various structural groups [1,2], showing electrical and optical properties
and mostly its competence as a host for different metallic ions [3]. These properties usually used in
fabrication of electrochemical batteries [4], memory switching devices [5] and supercapacitor [6]. The
electrical properties of vanadate glasses are determined by the transition metal ions which existing in V4
and V% states and the conduction mechanism is conquered by small polaron hopping between them [7,8].
One of the greatest imperative glass forms is Borate glass as it is often appropriate, optical and dielectric,
it also insulates materials that are extremely transparent, have a low melting point and have a high thermal
stability. It can also be utilized in many applications [9,10]. The B20s-P.Os glasses are more popular for
their low refractive index and extraordinary optical properties [11]. These glasses exhibit excellent chemical
durability when doped with transition metals due to formation of BO, tetrahedral, which transforms
metaphosphate chain into 3-dimensional network [12]. Hence, they are useful as tune able solid-state lasers
[13], optical materials [14], memories [15], luminescence materials [16], converters for solar energy [17]
and fiber optic communication devices [18].

Now a days, sodium-ion batteries have been explored as the most promising power sources for
electrical energy storage due to energy crisis and pollution from fossil fuels. [19,20]. The NaO; battery that
takes advantage of the superoxide chemistry differentiates itself among current energy-storage techniques
[21]. The sodium superoxide is feasible to the cell chemistry than lithium oxide cells, due to easily
noticeable discharge products [22]. The preparation of stable superoxide is a complicated task for the
researchers. Nemade et al. reported the novel synthesis approach for stable NaO,. The spray pyrolysis
technique is employed for preparation of NaO nanoparticles in which high density oxygen environment is
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maintain to achieve higher degree of purity in superoxide phase [23]. These batteries can be cycled forming
sodium superoxide as the lone discharge product with improved cycle life [24]. Peled et al. reported that
using sodium as the anode and oxygen as the cathode, these batteries ran several cycles at the temperature
of 105 °C [25]. Hartmann et al. reported that a sodium superoxide battery with 0.2 V voltage polarizations
upon charge, which makes this technology as optimistic competitor to lithium oxygen batteries. The results
of the study show that sodium superoxide crystals forms in a one-electron allocation step as a solid
discharge. This work opens the way for the replacement of lithium-ion by sodium for batteries, which offer
an unpredicted outcome as metal-air batteries [22]. These batteries have engrossed great attention because
they exhibit the highest theoretical energy density while also offering the advantages of elemental earth
abundance and potential cost efficiency [26]. The photochromic effect enticed many researchers. The main
defect found in the glasses arenNegative electron-centers (EC) and positive hole. This defect was
investigated by optical spectroscopy to inspect their electronic transitions that cause high absorbance in the
UV-VIS region [27]. Thakur et al. studied the optical, structural, and dielectric spectroscopic properties of
B203-Bi203 glasses glasses doped with ZrO2, and SeO2 which confirms the ionic character of the studied
glass samples [28].

In this we plan to investigate the complex optical properties of sodium superoxide doped vanadate
glass system in UV and visible region. Several parameters like as optical band gap, Urbach energy,
refractive index, complex dielectric constant and optical conductivity were investigated at room
temperature.

Materials and methods

NaO; was synthesis from AR grade, SD fine sodium nitrate (NaNOs3) by heating in oxygen rich
surrounding [29]. For the preparation of glasses 99 % Purity, SD fine vanadium pentoxide (V20s),
phosphorus pentoxide (P2Os) and boric acid (H3BO3) along with a prepared NaO, was used. The samples
of compositions 60V,05-5P,05—(35-X) B,O3—xNaO,, x = 5, 10, 15, 20 and 25 mol % were prepared by
usual melt-quenching method as described in our previous work [30]. By using Bruker D8 advance with
Cu Ka radiation the phase purity and structure of as prepared NaO2 and glasses were confirmed with scan
rate 6.00 in the range 20° - 80°. Morphologies of all prepared samples were studied by using JEOL-6390LV
SEM. Ultraviolet-visible spectro-photometer was used to record the optical properties of all prepared
glasses, from which the optical band gap, Urbach energy, refractive index, Complex dielectric constant and
optical conductivity were calculated.

Results and discussion

XRD pattern of NaO is shown in Figure 1. The peaks (200), (220), (311) and (222) appear in XRD
accurately index to NaO; according to JCPDS reference card No. 01-077-0207, which confirms the
formation of NaO; [22, 29]. In XRD pattern of prepared glass samples depicts in Figure 2, there was no
characteristic peak which corresponds to any crystalline phase pointed out the formation of glasses.
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Figure 1 XRD of Sodium Superoxide (NaO).
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Figure 2 XRD of 60V205-5P,05—(35-x)B203—xNaO; for (a) 5 mol %, (b) 10 mol %, (c) 15 mol %, (d) 20
mol % and (€) 25 mol % of NaOx.

From Figure 3 it is shows that, the grains are high agglomerated having good interconnectivity
between the particles, which helps the transportation of charge particles [31]. From the image it is clear that
sample exhibit an irregular granular morphology.

EHT = 3.00 kV Signal A = InLens
WD = 24 mm Mag = 15.00 KX

Figure 3 SEM image of 20 mol % of NaO. doped glass sample.

The absorption spectra were recorded at room temperature by using UV-Visible spectrophotometer
in range of 200 - 600 nm. From the absorbance, the optical absorption coefficient (o)) was calculated. After
correction for reflection losses, o may be find out by using the relation [32]:

2303 A

a(®) =274 @

where | is the sample thickness in cm and A is defined by A = log (Io/I) where Io and I are the intensity of
the incident and transmitted beams.
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From these spectra, displayed in Figure 4, shows an intense absorption dip in the wavelength region
220 to 230 nm and a broad hump in the wavelength region of 300 - 450 nm. The absorption bands in the
region 200 - 400 nm are recognized to the ligand-to-metal charge transfer [33]. The region of 400 - 600 nm
is ascribed to the pair excitation processes [34]. The broad absorption band between 250 - 450 nm may be
due to the charge transfer transition from O, to Na* in NaO,.
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Figure 4 Absorption spectra of the glass systems.

The optical properties of as such prepared glass system may be represented by the refractive index
(n) and extinction coefficient (k), which are the real and imaginary components of the complex refractive
index N = n—ik, respectively. The extinction coefficient can be estimated by using the relation [35];

k=% )

T am

where, a is % absorption and A is wavelength.

From Figure 5(a) shows that, in the region 225 - 500 nm, extinction coefficient of all glasses increases
linearly and it is measure of capturing of light, which concluded that light trapping is proportional to
wavelength. The extinction coefficient curve becomes almost linear beyond 525 nm. [36,37]. Which is
favourable with absorption behavior of glass system. The 25 mol % of NaO, sample shows maximum value
of extinction coefficient.

Refractive index has an important role in the search for optical materials, in optical communication and in
designing antireflection coating [38]. The refractive index was estimated using the formula Eq. (3) [36];

1 1
n=grt Jur 1 (3)

where %T is transmission through sample.

Figure 5(b) shows the plot of refractive index with wavelength, which shows that samples have
jagged reduction in refractive index around 225 nm due to strong absorption in UV region. Also, samples
have small value of refractive index on shorter wavelength side, whereas on longer wavelength side its
value increases up to 340 nm and beyond it, refractive index decreases gradually. With the concentration
of NaO,, refractive index also increases initially and then decreases for 15 and 20 mol % of NaO2 due non
bridging oxygen (NBO) atoms. The maximum value of refractive index is detected for 25 mol % of NaO..



Trends Sci. 2022; 19(23): 2077 50f11

60 1.005065 _
- — S5mol % —_ — Smol %
5 {——10 mol % = — 1: mol:;ﬁ
‘S 50 13mel% = 1.005060- T o
= ——20 mol % o .
% 4{——25 mol % =] 25 mol %
S 404 = 1.0050551
o 40 ”
= 2z
'3 304 *g 1.005050
=
& 3
= 20 o2 1.005045-

20 (a) (b)

200 300 400 500 600 200 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 5 (a) Variation of extinction coefficient and (b) Variation of refractive index of the glass system as
a function of wavelength.

Analysis of absorption spectra is one of the most valuable means for explaining the optical transition
and electronic band structure materials. The band gap is also very important properties for photovoltaic
device application. The basic principle is that, electromagnetic wave interacts with the electron in valance
band and photon having higher energy than the band gap will be absorbed. There are 2 categories of optical
transitions direct and indirect and in both cases, due to interaction of electromagnetic waves with electrons
in the valence band, it raised across the fundamental gap and goes to the conduction band. The expression
of the absorption co-efficient, (a) to determine direct and indirect band gap (Eg) was given by Davis and
Mott [39]:

ah9 = A(h9 — E,)™ @)

where A is an energy dependent constant, Eg is the optical band gap of the material, m is a constant that
depends on the semiconducting materials, which can be expected to have values of 1/2, 3/2, 2 and 3. The
value of m depends on the type of the electronic transition responsible for absorption; 1/2 for allowed direct
transitions, for direct forbidden transitions it is 3/2, for allowed indirect transitions it is 2 and for indirect
forbidden transitions it is 3 [23]. For glassy materials indirect transitions (m = 2) are valid according to the
Tauc’s relations. The indirect optical energy band gaps (Eg’) of samples can be found by plotting (ahv)*/"
verses hu and extrapolating it to (ahv)¥" = 0.

Figures 6(a) and 6(b) shows the Tauc plots for indirect and direct band gap energy of different
composition of NaO; loaded glass system, respectively. The direct and indirect band gap energies vary in
between 2.067 to 1.824 eV and 1.869 to 1.495 eV respectively. The band gap of the glasses became more
and more narrower along with the concentration of NaO.. Also, due to increase in NaO; in the glasses
creates a large number of donor centers and growth of new polaronic can lead to a considerable reduction
in the band gap which suggests the conversion of the bridging oxygen (BO) atoms in to non-bridging
oxygen (NBO) in the glasses. The band gap of glasses are effectively impacts as NBOs have higher energies
than the BOs. The addition of NaO, may increases localized electrons due to increase of donor center in the
which decreases the band gap and it is accountable for the red shift of the absorption edge [40]. It indicated
that NaO; doping successfully extended their solar response spectra.
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Figure 6 (a). Tauc plot of (achv)? versus photon energy and (b) Tauc plot of (ahv)Y? versus photon energy
of various glass samples.

The width of the defect bands formed in the band gap of NaO2 as an intermediate state which create
a band tail known as the Urbach tail on both sides of the top of the valence band and bottom of the
conduction band and the energy associated with this tail is referred as Urbach energy explained by following
equation;

a(¥) = agexp (%) ®)

where oy is a constant, hv is the photon energy and Evy is the Urbach’s energy [41,42].

The Ey is calculated from the plot of Ln o vs. hv, i.e., from the slopes of the linear portion, below the
band gap and the source of it is considered as thermal vibrations in the lattice. Urbach energy for each glass
samples are as shown in Figure 7 which varies in between 0.433 to 0.574 eV. The defect energy increases
with decrease in band gap, which obviously supports the creation of sub-band states in between the valence
and conduction bands consequence in the reduction of the band gap. With increase in concentration of
NaO,, the effective band gap of NaO; decreases because band edge shifted into forbidden gap due to
increase in defect levels below the conduction [43, 44]. The relationship of the band gap with Urbach energy
for different samples are shown in Figure 8(a). The pictorial representation of formation of Urbach tail in
NaO, doped V,0s-P,05-B,03 glass is shown in Figure 8(b). Table 1 displays the estimated values of
direct, indirect band gap and Urbach energies for various NaO, contents.
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Figure 7 Plot of Ln(a) vs. hv for the determination of Urbach energy.
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Figure 8 (a) Variation of band gap and Urbach energy for different mol % of NaO.. and (b) Formation of
Urbach tail for NaO2 doped V20s—P.0s—B,03 glass.

Table 1 Direct, indirect band gap values and the Urbach energies for various NaO- contents.

Sample Direct band gap Energy Indirect band gap Urbach Energy (Eu)
(Eq) (eV) Energy (Ey) (eV) (eV)

5 mol % 2.067 1.869 0.433

10 mol % 2.407 1.771 0.456

15 mol % 2.008 1.762 0.459

20 mol % 1.912 1.618 0.497

25 mol % 1.824 1.495 0.575

The optical dielectric function is complex quantity which consists of real part () which represents
the ability of materials to reduce speed of light and imaginary part (g;) represents absorption of energy from
an electric field respectively. Both part of dielectric constant shows direct relation with refractive index (n)

and extinction coefficient (k) [45,46].
g =n?—k? (6)
g = 2nk (7)

It is found that & mostly depended on n? because of insignificant values of k2, while & mostly depends
on k values which are related to the change of absorption coefficients.

The plots of real and imaginary part of dielectric constant verses wavelength at room temperature are
shown in Figure 9(a) and 9(b), respectively. The value of & increases linearly with wavelength from 225
nm up to 490 nm. The 25 mol % of NaO, sample shows uppermost value of &, hence it exhibits highest
ability to slowdown light, as real dielectric constant is measure of slowdown of speed of light [47]. The
curve of g increases linearly from 225 nm upto 500 nm. In this, due to dipole motion, 25 mol % of NaO;
sample have the highest strength to absorb energy from an electric field. [48]. In this both real and imaginary
parts follow the same pattern and ¢ are higher than the &;.
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Figure 9 (a) Variation of real dielectric constant and (b) Variation of imaginary dielectric constant as a
function of wavelength.

Optical conductivity denotes the optical response of a material and the dimension is same as that of
frequency which is valid solitary in a Gaussian system. The optical conductivity (copt) has been calculated
by using the relation [37],

acn

Oopt = 7

®)
where ¢, a and n are speed of light, absorption coefficient and the refractive index respectively. The plot of
oopt With photon energy is shown in Figure 10. It shows that ooy increases with photon energy as well as
NaO,, which may be due to the increase of both absorption coefficient and refractive index with NaO, also
due to the change in density of localized states in band gap [49,50], and electron excited by photon energy.
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Figure 10 Variation of optical conductivity of glass samples as a function of photon energy.
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Conclusions

The present work successfully reports the preparation of sodium superoxide loaded phosphovanadate
glass system by melt-quenching method. The prepared glass system has good quality amorphous phase,
confirmed through XRD study. The absorption spectra show intense absorption dip in the wavelength
region 220 to 230 nm and a broad hump in the wavelength region of 300 - 450 nm. The prepared glass
system shows capturing of light that is extinction coefficient is proportional to wavelength in range 225 -
500 nm. Prepared samples have small value of refractive index on shorter wavelength side, whereas on
longer wavelength side its value increases up to 340 nm and beyond it, refractive index decreases gradually.
The values of direct and indirect band gap, and Urbach energy were successfully estimated for the prepared
glass system. The dielectric constant measurements show linear behavior with wavelength. The defect
energy increases with decrease in band gap, which obviously supports the creation of sub-band states in
between the valence and conduction bands consequence in the reduction of the band gap. With increase in
concentration of NaO,, the effective band gap of NaO, decreases because band edge shifted into forbidden
gap due to increase in defect levels below the conduction.
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