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Abstract. In this study, manganese ion was used as a dopant to improve the electrochemical characteristics of
SrO3–BaCO3–B2O3, a manganese-based cathode material. Manganese-doped strontium barium borate (MSBB)
glass was synthesized using the melt quenching procedure. UV–Vis spectroscopy was used to investigate linear
optical characteristics such as optical band-gap energy (Eg), extinction coefficient (k), refractive index (n) and,
optical and electrical conductivity. Furthermore, spectroscopy was employed to determine the existence of Mn2+

and Mn3+ oxidation states of manganese oxide in the glass composition. The dielectric characteristics (εr and tan
δ) and ac conductivity (σac) were examined at 30°C in the frequency range of 100 Hz to 5 MHz, and the space
charge polarisation is dominant at the lower frequency domain, resulting in a high dielectric constant. The increase in
frequency was accompanied by an increase in ac conductivity over shorter distances, which might be explained by the
mobility carrier hopping process. The paramagnetic features of prepared glass at room temperature were confirmed
by vibrating sample magnetometry (VSM). The electrochemical characteristics of the prepared glass electrode
in a 6 M KOH electrolyte were investigated using cyclic voltammetry (CV), galvanostatic charge–discharge, and
electrochemical impedance spectroscopy (EIS). The MSBB glass electrode has the highest specific capacitance
of 84 F g–1 at 2 A g–1 and the highest power density of 1388 W kg–1, with a specific energy density of 2 Wh
kg–1. The mechanical behavior of the prepared glass under various stresses was examined using Vickers hardness
measurement. The mass attenuation coefficient (μ/ρ), the mean free path (MFP) and the half-value layer (HVL) of
the prepared glass were all evaluated.

Keywords. Optical conductivity; electrical conductivity; dielectric constant; hysteresis curve; cyclic
voltammogram; specific capacitance.
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1. Introduction

Recent interest in research indicates that glass materials
are being employed as electrolytes in electrochemi-
cal equipment including chemical sensors and batteries
[1, 2]. Barium-based borate glasses are widely used in
electronic, pharmaceutical, and industrial applications
because of their superior refraction, low dispersion,
strong electric resistance, low coefficient of thermal
expansion, and low melting point [3, 4]. Glass mod-
ifiers like alkali and alkaline earth oxides can enable
borate glasses to have enhanced physical and optical

properties. Alkaline earth oxides (BaO, CaO, MgO and
SrO) react with B2O3 to generate binary borate glasses
with triangular and tetrahedral boron groups, as seen
by infrared and Raman spectra [5, 6]. Alkaline earth
oxide-based borate glasses have also been developed
and are used in a variety of applications, including solar
energy converters, vacuum ultraviolet optics, and radi-
ation dosimetry. The addition of alkaline earth metals
to the borate glass network causes favourable mod-
ifications, especially strontium (Sr2+) functions as a
good modifier. The doping of an appropriate amount of
SrO into glass samples can significantly improve their
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strength [7, 8]. According to Krogh Moe et al [9], an
alkali oxide can convert a trigonal boron atom (BO3)
into a four-fold (BO4) coordinated boron atom, by cre-
ating a bridging oxygen network between four oxygen
and each BO4 negatively charged structural group. The
factors of conversion BO3 → BO4 were associated with
the increase in density, which was due to the introduction
of strontium with a heavier atomic weight (87.62 amu).
Furthermore, as the concentration of SrO increases, the
increase in the boron–oxygen ratio could impact the
increase in density [10]. SrO also enhances the stiff-
ness of glass samples, which opens up new applications
in biological systems and nonlinear optical devices [11].

When ionising radiation (γ-rays, X-rays, and high-
energy electrons) is used to ionise a glass, the incident
energy exceeds the band gap, causing electrons to be
excited from the valence band. These electrons are trans-
formed into kinetic energy and propelled into the glass,
where they either recombine with positively charged
holes to produce colour centers or become trapped
within the glass to generate colour centers. The elec-
trons are trapped or will recombine with holes when the
electron energy is too low to ionise further electrons. A
wide range of applications exists for glasses containing
heavy metal oxides, including optical fibre amplifiers,
energy storage devices, shielding window glass for radi-
ation, and encapsulating radioactive wastes.

The energy density of conventional dielectric capaci-
tors is lower, whereas secondary batteries offer a higher
power density and longer life. As a result, it is essential
to find the right electrode materials for supercapaci-
tors. Electrochemical supercapacitors are employed in
high-energy storage systems because of their advan-
tages. In general, electrochemical supercapacitors were
made using transition metal oxide glasses and polymers.
Transition metal ions (Mn2+, Ni2+, Cr2+, Fe3+, etc.,) can
perform as network formers or modifiers depending on
their coordination number and redox state. Tetrahedral
coordination is frequently related to network-forming
properties and the octahedral bonding structure of cation
modifies the network [11].

TM ions in the borate system of glasses are expected
to enhance specific capacitance and capacity retention
of electrochemical devices. Optical, dielectric, mechan-
ical, and VSM studies have also been utilized to analyse
borate glasses containing TM ions in order to deter-
mine their properties for specific applications [12–14].
Magnesium offers a variety of advantages that make it
an ideal electrode material for rechargeable batteries.
Magnesium batteries may be explored as lithium sub-
stitutes in the future due to their abundance, less toxicity,
and environmental advantages. Magnesium batteries
presently face a number of obstacles, including fewer
choices of Mg intercalation cathodes due to the divalent

nature of the magnesium ion and electrolyte–electrode
incompatibility [15, 16]. As a result, novel cathode
materials that allow reversible reactions with Mg2+

are desperately required. Meanwhile, various research
groups have described that doping Sr2+ for Ba2+ in
LnBaCo2O5+d can improve the electrochemical activ-
ity of cathode materials [17–19]. This study examined
the effect of doping manganese onto strontium–barium
borate cathode materials, which could improve man-
ganese ion cell performance. We have also discussed the
optical, electrical, and magnetic properties of prepared
glass in this paper.

2. Experimental methods

2.1 Glass sample preparation

A novel manganese-doped strontium barium borate
(MSBB) glass was synthesized using the melt quenching
technique. The glass was prepared using raw chem-
icals such as manganese (III) oxide (Mn2O3 Merck,
99% purity) as an oxidizer, boric acid (H3BO3 Alfa
Aesar, 99.9% purity) as network former, barium carbon-
ate (BaCO3, Alfa Aeaser, 99.9% purity) and strontium
oxide (SrO3, Merck, 97.8% purity) as network modifier.
The high-pure chemicals are taken in appropriate pro-
portions (60B2O3 + 20BaCO3 + 10SrO3 + 10Mn2O3)
based on the glass batch calculation. The chemical
reagents were weighed in powdered form and finely
ground at room temperature into a homogenous fine
powder. For the fusion reaction, the required fine powder
of the compositions was placed in a platinum crucible
and was heated for 3 h. The obtained glass powders were
melted in a muffle furnace at 1170°C, and the molten
sample was put into dye at 400°C. After 4 h of the anneal-
ing process, the temperature was gradually decreased
to 30°C. The sample was cut and polished from a
bubble-free section and was utilized for several physical
characterizations, including electrochemical analysis.

3. Result and discussion

3.1 Powder XRD-spectrum analysis

Figure 1 shows the powder XRD pattern of the pre-
pared MSBB glass sample, which was performed in the
range of 2θ between 20° and 80° at room temperature.
In comparison to a crystal, the diffraction pattern of the
amorphous solids shows a wide hump over the region
rather than a sharp peak. There are no sharp peaks on
the XRD pattern and a broad hump around 20–30° and
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Figure 1. Powder X-ray diffraction spectrum of the MSBB
glass.

40–50° (figure 1), indicates that the material is amor-
phous. The radial distribution function is connected to
the large hump in the XRD spectrum.

3.2 UV–Vis-NIR spectroscopic analysis

The absorption spectrum was obtained on MSBB glass
with a thickness of 2 mm using a T90 + PG spectropho-
tometer in the wavelength range of 200 nm to 1200 nm.
The existence of different oxidation states can lead to
different absorption spectra, which can be explained
using ligand field theory. Manganese (II) oxide breaks
down into Mn2+ and Mn3+ ions when dissolved in
molten glass, resulting in a purple colour due to Mn3+

ions. As shown in figure 2(a), the absorption spectra of
the MSBB glass have high transmittance in the range
of 800 to 1200 nm, revealing the IR window character-
istic. The glass sample has a substantial and wide UV
absorption spectrum, with a peak at 265 nm and a broad
visible band of 502 nm. The absorption band at 265 nm
is associated with the O2– → Mn2+ charge transfer tran-
sition in Mn2O3. The existence of trivalent manganese
ion (Mn3+) in octahedral sites of this glass results in
an extremely wide asymmetric band located at around
500 nm [20]. The optical band-gap energy (Eg) of a glass
sample was also determined using the equation [21]

(αhυ)1/n � A
(
Eg−hυ

)
, (1)

where α is the optical absorption coefficient, A is the
optical constant and hν is the photon energy. Depending
on the type of electron transition, the n value is equal
to ½ or 2 for indirect and direct transition band gaps.
The absorption coefficient of the sample has an energy
dependency, indicating the presence of a direct band

gap (n � 2). The variation of (αhυ)2 vs. hν in the fun-
damental absorption domain generates Tauc’s plots for
the glass sample, as shown in figure 2(b). The band-
gap energy of the MSBB glass is found to be 3.51 eV
using a curve extrapolated by the linear fit, intersecting
at the x-axis on Tauc’s plot. This value is comparatively
equal to the manganese–borate-based glasses, and the
value depends upon the concentration of boron in the
glass [22]. Laorodphan et al [23] found that the band-
gap energy of vanadate–borate glasses decreased as the
boron content increased.

The linear refractive index n of glass is influenced
by its chemical composition, as composition dictates
the electrical and magnetic properties under controlled
conditions. The reflectance R(1 – T + A) is used to cal-
culate the refractive index of the prepared glass, which
is given by the equation [24]

n �
(

1 + √
R
)

(1 − √
R)

. (2)

The wavelength dependence of the index of refrac-
tion causes material dispersion. The refractive index
of most non-crystalline transparent materials decreases
as the wavelength increases [25]. The refractive index
(n) of the MSBB glass changes as a function of wave-
length, as shown in figure 3(a). The refractive index
steeply increases in the shorter wavelength range of
300–335 nm due to anomalous dispersion, reaching a
maximum value of 2.63 corresponding to 335 nm and
continuing to decrease. Normal dispersion causes the
refractive index to decrease with increasing wavelength
in regions of the spectrum where the material does not
absorb light. The addition of Sr2+ to this glass network

Figure 2. (a) Optical absorbance as a function of wave-
length, (b) Tauc’s plot: Determination of optical band-gap
energy of the prepared glass.
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Figure 3. (a) Linear refractive index (n) of the MSBB glass as a function of wavelength. (b) Extinction coefficient (k) of the
MSBB glass as a function of wavelength.

considerably increases the density, which allows light
to travel at a slower rate in the medium, resulting in a
higher refractive index.

The extinction coefficient (k), or imaginary part of
the refractive index is a measure of how well a chemical
substance absorbs light at a specific wavelength and it is
derived using the Swanepoel method and the following
relationship [26]:

k � αλ

4π
. (3)

The optical characteristics are directly connected to
the dielectric constant. The complex refractive index (N)
of the medium is related as

N � √
ε � n + ik, (4)

where n is the linear refractive index, k is the extinction
coefficient, and ε � ε′ + iε′′ is the dielectric constant of
the material. ε′ and ε′′ are the real and imaginary parts of
the dielectric constant. Here, ε′ represents the refraction
property and ε′′ shows the amount of energy absorbed
owing to the electrical field of the dipole motion. As a
result, these could be related as follows [27]:

εr � n2 − k2, (5)

εi � 2nk. (6)

Experiments on optical reflection, refraction and
transmission are used to estimate the dielectric constant,
which is linked to the band structure. Another essential
feature to investigate is the conductivity of materials.
The optical (σ op) and electrical (σ e) conductivities of
the MSBB glass can be calculated using the following

formulae [28, 29]:

σop � αnc

4π
(s)−1, (7)

σe � 2λσop

α
(� cm)−1. (8)

Figure 3(b) shows that as the wavelength increases,
the extinction coefficient (k) decreases. The extinction
coefficient describes how much light is lost per unit
volume due to absorption and scattering. The high k
values in the lower wavelength region indicate that the
glass is opaque in this region. The curve’s oscillatory
appearance is due to the interference effect that occurs
at intermediate wavelengths. Figure 4 depicts the real
and imaginary components of the dielectric constant of

Figure 4. Real (ε′) and imaginary (ε′′) components of com-
plex dielectric constant measured from optical absorbance
data.
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Figure 5. Optical conductivity (σ op) and electrical conduc-
tivity (σ e) as the function of photon energy.

the MSBB glass. The variation of the real part follows a
pattern that is nearly identical to the imaginary part. The
imaginary part of the complex dielectric constant of the
MSBB glass is found to decrease at the indirect band gap
(2.45 eV) and the direct band-gap energy (3.51 eV) with
the least values 8.22830 × 10–5and 4.742 × 10–5 respec-
tively. The decrease of ε′ and ε′′ at the band-gap energy
region is due to the loss of energy by scattering and
absorbing respectively. The ε′′ increases in the photon
energy ranges 1.45–2.34 eV and 3.50–3.94 eV, indicat-
ing that the loss factor increases with increasing photon
energy in these regions. Whereas, a decrease of ε′′ in the
photon energy range 2.58–3.37 eV and above 3.94 eV
indicates that the loss factor decreases with increasing
photon energy in these regions.

Figure 5 shows the plots of the optical conductiv-
ity (σ op) and electrical conductivity (σ e) as a function
of photon energy (hν). The indirect optical band-gap
energy is calculated by intersecting σ op and σ e, and it is
found to be 2.45 eV. The increase in optical conductivity
is attributed to an increase in the absorption coefficient
in the photon energy ranges of 1.0 to 2.5 eV and 3.4 to
3.8 eV. The peak optical conductivity curve at 2.70 eV
and 3.95 eV indicate that MSBB glass has good char-
acteristics in the visible region, and photon conduction
rather than electrical conduction is the dominant mecha-
nism. The increased optical conductivity of the prepared
glass is indicated by the positive value of the σ op, which
is attributed to a decrease in its extinction coefficient
[30]. The electrical conductivity of the glass linearly
decreases as the photon energy increases (figure 5). The
high σ e of the glass at the lower photon energy domain
validates its high photosensitivity. The high absorbance
of glass causes a decrease in electrical conductivity,
which could be produced by photon-induced electron
excitation.

Figure 6. FT-IR spectrum of the MSBB glass.

3.3 FTIR analysis

FTIR spectrum of prepared glasses was obtained using
the KBr disc technique in the spectral region 500 to
3500 cm–1 and is shown in figure 6. A vibrational tech-
nique of the spectrum contains both physical and chem-
ical states. Usually, crystalline materials have sharper
bands than the spectrum of amorphous/no-crystalline
material. The peaks at 524 cm–1 represent the vibra-
tions of the Mn–O bond and metal cations Sr2+. The peak
was observed at 575 cm–1 due to the specific vibration of
Ba–O bonds’ low intensity. The peak at 925 cm–1 corre-
sponds to B–O–B bending vibrations, which are caused
by an oxygen bridge between trigonal and tetrahedral
boron atoms. The fundamental stretching of B–O–B was
observed at 1354 cm–1. The peak at 1996 cm–1 was
attributed to B–O stretching vibration of trigonal BO3
units in the boroxol ring. The band between 2098 and
2639 cm–1 is ascribed to hydrogen bonding and/or water
vibrations or BOH [31].

3.4 Dielectric analysis

Dielectric characteristics emerge from ionic movements
in ionic conducting glasses. Charge carriers cannot eas-
ily move through the glass structure, but they can be
transformed and polarized by an applied electric field.
The dielectric characteristics are influenced by two
mechanisms: (i) ions spinning about their negative sites,
and (ii) short-range transport (hopping). The dielectric
constant (ε′) and the dielectric loss tangent (tan δ) of
the MSBB glass have been obtained using the follow-
ing formula in the frequency range of 100 Hz to 5 M Hz
at room temperature [32]:

ε′ � Cpt

ε0A
, (9)
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Figure 7. (a) Dielectric constant (εr) and (b) dielectric loss tangent (tan δ) as a function of frequency.

tan δ � ε′′

ε′ , (10)

where Cp is the sample capacitance, εo is the free space
permittivity, and A is the cross-sectional area. The ac
conductivity (σ ac) of the glass is determined from the
dielectric values using the following formula [32]:

σac � 2πν εoεr tan δ, (11)

where ε0 is the permittivity of free space, t is the thick-
ness of the glass sample, and ν is the frequency of
the applied field. The influence of frequency on the
dielectric constant has been studied for the glass sam-
ple, as shown in figure 7(a). With increasing frequency,
the dielectric constant decreases exponentially, and the
large value of the dielectric constant in low frequencies
is owing to the dominance of space charge polariza-
tion in this domain. The variation in dielectric constant
can be described by space-charge polarization, which is
caused by the existence of greater conductivity phases in
a glass structure, resulting in localized charge accumula-
tion under the influence of an applied electric field. The
contribution of various oxidation states of manganese
(Mn2+/3+), Sr2+, and Ba2+ ions to the host structure gen-
erate enough dipoles which lead to the high dielectric
constant (~ 228). The alignment of axes parallel to an
alternating electric field takes a finite amount of time
for space-charge carriers, including ionic and electronic
carriers, which are present in the glass. All charge car-
riers will be unable to keep up with the field as the
frequency of the field increases, and their direction will
lag behind the fields. As a result, the dielectric constant
of the material decreases.

In figure 7(b), the dielectric loss was likewise shown
to decrease with frequency. As a result, changes in

the electronic exchange process have an impact on the
conduction process and dielectric mechanism. The inter-
facial polarization process is responsible for the large
dispersion of the dielectric loss tangent at low frequen-
cies. The dielectric loss decreases exponentially with a
trailing rim as frequency increases due to the low reac-
tance given by the prepared glass, which causes reduced
involvement of ions in the electric field direction. Mov-
ing charges may also be responsible, as they dominate
polarisation in low-frequency regions and have low
dipolar relaxations in high-frequency regions.

The ac conductivity of the MSBB glass as a func-
tion of frequency is depicted in figure 8. At lower
frequencies, conductivity is frequency-independent, but
it rises sharply as a function of higher frequencies.

Figure 8. The ac conductivity (σ ac) of the MSBB glass as a
function of frequency.
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Because of the high energy barrier in the low-frequency
region, fewer charge carriers with lengthy relaxation
times respond, resulting in low conductivity [33]. As
a result of the lower energy barrier height at higher fre-
quencies, a greater proportion of charge carriers respond
quickly and have short-range Mn2+ ion movement due to
the shorter time periods available, resulting in increased
conductivity. Furthermore, the conductivity of glass
medium is independent of frequency at lower frequen-
cies, and this is considered as dc conductivity at low
frequencies which is related to the random distribu-
tion of ionic charges (Sr2+, Mn2+, and Mn3+) caused by
activated hopping, whereas conductivity at higher fre-
quencies is due to the dispersion that increases linearly
in the higher frequency zone (σ dc � 0). The increasing
pattern of ac conductivity as frequency rises could be
related to cation disorder in their locations, as well as
due to the presence of space charge [34].

In addition, the presence of solid electrodes acting as
blocking surfaces on the charge carriers causes notice-
able alterations in the complex conductivity function at
lower frequencies. Because the metal electrode blocks
the ions, they accumulate or deplete near the electrodes,
forming space-charge layers [35, 36]. The voltage in
these layers declines rapidly, implying that the material
is highly polarised electrically and that the bulk sample
has no electric field at low frequencies. With decreasing
frequency, the accumulation of electrical polarization
and decrease in the electric field in the bulk are expressed
in an increase in the ac permittivity and a decrease in
the ac conductivity.

3.5 Vibrating sample magnetometer study

The magnetic characteristics of the MSBB glass were
determined using a vibrating magnetometer (VSM,
Lakeshore 7410) under ± 15 kOe at room temperature.
The magnetization of the prepared glass increases lin-
early with the applied magnetic field, and the curve does
not reach saturation until a field of 15 kOe is applied, as
shown in figure 9. This is due to dipole surface spins that
do not rotate incompatible with the magnetic moment
and hence do not saturate as quickly as the core when
the field increases.

The manganese ion appears as Mn3+ in borate glasses
with octahedral coordination, which has substantial
magnetic anisotropy due to its intense spin–orbit inter-
action with the 3d orbital [37]. Mn2+ and Mn3+ are well-
known paramagnetic ions, whereas Mn2+ and Mn4+ are
luminous activators, respectively [38]. The addition of
Sr2+ and Mn2+/3+ ions to various sites of borate dis-
turbed its structure and led to the formation of more
dipoles, such as Sr–O, Mn–O and Ba–O. The saturation
magnetisation (Ms) is high since there are more dipoles

Figure 9. Hysteresis curve: Magnetization (M) vs. magnetic
field (H).

randomly dispersed at zero magnetising force. When the
glass sample is placed in a magnetic field, the increase
in Ms with increasing dopant (Sr2+, Mn2+/3+) concen-
tration could be attributed to an increase in unpaired
electrons, which produce a substantial net magnetisa-
tion [39]. From the hysteresis loop of the MSBB glass,
the magnetic parameters such as remanent magnetisa-
tion (Mr) and coercivity were found to be 427.41 × 10–6

emu (at H � 0) and 253.49 Oe (at M � 0), respectively.
A small remanent magnetisation and coercive fields are
known to be observable on the loop due to its grain size
and the presence of impurities in the glass, especially
interstitial components like C and O. The hysteresis
curve of this glass is narrow in size and has a lower sur-
face area, indicating that it has paramagnetic features.

3.6 Electrochemical properties

The MSBB glass electrode was subjected to cyclic
voltammetry and electrochemical impedance spec-
troscopy (EIS) utilizing a Solartron 1287 electrochemi-
cal interface and a 1255B FRA. The cyclic voltammo-
gram (CV) was performed on the MSBB electrode in
a 5 M KOH electrolyte with a scan rate of 1 m/V for
10 cycles. The potassium hydroxide (KOH) electrolyte
was chosen for its long-lasting ionic conductivity, high
OH– anion mobility in aqueous solutions, and small
size. When the concentration of KOH rises, the num-
ber of ions in the electrolyte rises as well, increasing the
electrolyte’s ionic conductivity. The following equation
is used to estimate the specific capacitances of the elec-
trodes using cyclic voltammetry (CV) [40–42]:

CCV � 1

mvV
∫ I dV , (12)
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where m is the mass of the active materials (g), I is
the response current (A), υ is the scan rate (mV s–1),
and V is the potential window (V). In a galvanostatic
charge–discharge study, the equation was used to deter-
mine the electrode’s specific capacitance (CGCD):

Csp � It

mV
, (13)

where I is the discharge current (A), V is the poten-
tial window (V), t is the discharge time, and m is the
mass of the active materials (g). The power density (P)
and energy density (E) for the electrodes have been esti-
mated using the relation [43]

E � CGCD
V 2

7.2
(Wh/kg), (14)

P � E × 3600

t
(W/kg), (15)

where t is the discharge time (s), V is the potential
window and CGCD is the specific capacitance deter-
mined from charge–discharge measurement (F/g). The
current at the working electrode is measured during the
potential scans to produce a cyclic voltammogram as
shown in figure 10. It has been observed that as the
scanning rate increases, the current density increases.
In a voltage range of –1.0 to 1.5, cyclic voltammetry
was investigated. The reduction process takes place in
the switching potential region of –0.49 to 0.0 V, and the
potential is scanned negatively in this region, resulting in
a reduction (discharging). The reduction peak potential
is observed when all of the ions (Sr2+, Mn2+ and Mn3+)
at the surface of the electrode have been reduced, and
it is found to be –0.74 V. During the reduction process,
granular particles can offer more interfacial area con-
tact inside a KOH electrolyte. As a result, an increase
in the probability of the Mn2+ ions intercalating back
into the host structure offers a high Coulomb potential.
After the reduction process, the potential scan starts pos-
itively from 0.0 to 0.5 V. The peak potential is attained
to its maximum when all of the substrate ions on the
surface of the electrode have been oxidized. During oxi-
dation and reduction, the electrolytic solution provides
ions to the electrodes. According to the CV, the glass
shows a greater oxidation potential peak at 100 mV/s
than at other scan rates. The oxidation (charging) proce-
dure reveals that the smaller the particle size, the higher
the potential required to extract manganese ions [44].
The CV curve of the glass sample displays a couple
of redox peaks, which is a common method of pseudo-
capacitance that involves the process of electroactive ion
(Mn2+ and Mn3+) absorption on the electrode material
surface for charge transfer through faradaic reactions
[45].

The prepared glass electrode’s specific capacitance
was calculated as a function of current density from 0
to 20 A/g. As shown in figure 11(a), the MSBB glass
electrode has a specific capacitance of 84 F g–1 at a
current density of 2 A g–1 and decreased to 53 F g–1.
The glass sample has the highest specific capacitance
due to the strongest redox reaction in the Mn oxida-
tion state. The large-sized Ba2+ cations in the glass
structure, which partially occupy tunnel cavities at spe-
cific stable lattice sites, are expected to interact with
charge carriers (Mn2+ and Mn3+) and hence affect elec-
trode charge storage capacity [46, 47]. The glass has
a relatively high specific capacitance when compared
to lithium manganese borate glasses [48]. The specific
capacitance of the prepared glass electrode decreases
as the current density increases because the electrolyte
ion does not have enough time to penetrate deep into
the pores of the material. Furthermore, the glass sam-
ple could have a high redox reaction [49]. The energy
density produced under relatively high power density
conditions is a vital measure to evaluate the actual per-
formance of practical supercapacitors. The ions in the
electrolyte can diffuse/penetrate into microscopic holes,
hence a large microscopic volume can help to store
charge and increase total capacity. In the meso- and
micro-porous area, however, hierarchical pores provide
unobstructed channels for fast ion transport. The power
density vs. energy density of the MSBB glass is shown
in figure 11(b). A high power density does not always
imply a high energy density. A glass sample with high
energy but low power density can work for an incredible
duration. The glass exhibits a high power density with
low energy density, indicating that it can quickly release
and recharge energy.

Electrochemical impedance spectroscopy (EIS) was
used to determine equivalent circuit parameters such
as ohmic resistance (R) and charge transfer resistance
(Rct). Figure 12 shows the Nyquist plot of the MSBB
glass impedance between Z ′ and Z ′′. The Nyquist plot
reveals a deformed semi-circle in the high-frequency
zone due to the absorbency of the electrode, and a
perpendicular linear slope in the low-frequency zone,
indicating ideal capacitive behaviour. In the magnified
high-frequency area, however, there are noticeable vari-
ances among the curves (figure 12, inset). The value of
ohmic resistance (R) is calculated by the high-frequency
intercept of a semi-circle on the real axis (Z ′), and it is
found to be 17.7 � for this glass electrode. The charge
transfer resistance was determined to be 36.10 � cm2

on the enlarged Nyquist plot of the glass sample, and
it was associated with the diameter of the semicircle.
A lower charge transfer and more effective electrolyte
accessibility within the structures are shown by a smaller
semicircle diameter and a shorter 45° Warburg region.
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Figure 10. Cyclic voltammogram: Pseudo-capacitive characteristic of the MSBB glass electrode determined from the potential
vs. current with various scan rates.

Figure 11. (a) The specific capacitance of the MSBB glass as a function of current density. (b) The power density of the
MSBB glass as a function of energy density.

According to the findings obtained, the prepared MSBB
glass has a high potential for use in supercapacitor appli-
cations.

3.7 Microhardness study

Hardness measurement is used to find the mechanical
stability of the materials and materials category. The
micro-hardness test was carried out on MSBB borate
glass at 30°C using Vicker’s hardness tester with a load-
ing range of 10–200 g. The load was applied to the
sample with a dwell time of 10 s and the corresponding

indentation length was measured. The Hv is calculated
for each corresponding load using the following equa-
tion [50]:

Hv � 1.8544P

d2 kg/mm2, (16)

where P is the applied load in kg, Hv is the Vicker’s
hardness number, and d is the average diagonal length of
the indentation mark. The yield strength is a measure of
stress required to start deforming a material plastically,
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Figure 12. Nyquist plot: The relation between the real and
imaginary components of impedance (inset: high-frequency
zone).

and the relation is used to calculate it is

σy � Hv

3
kg/mm2. (17)

Figure 13 represents the load relative to the yield
strength and hardness number of the MSBB glass. The
magnitude of the microhardness number depends on
the applied load. As a result of the measurement, Hv
increases with increasing load values demonstrating
the reverse indentation size effect (RISE). The crack
occurred beyond 100 g, indicating that the glass sys-
tem experienced stress-related dislocations. The glass
is subjected to both shear and compression throughout
the measurement, which has an effect on the plastic

Figure 13. Hardness number (Hv) and yield strength (σ y) of
the MSBB glass as a function of applied loads.

Figure 14. Stiffness constant (C11) and c/a of the MSBB
glass as a function of applied loads.

flow, densification, and elastic deformation caused by
the applied load. The yield strength of the MSBB glass
was found to increase by varying the load. The Meyer’s
index value (n) of the MSBB glass was estimated from
Mayer’s relation, P � k1dn [51]. According to Onitsch,
if n is less than 1.6, the material belongs to the hard
material type. If n is more than 1.6, the compound is a
soft material. The MSBB glass has an n value of 2.5,
indicating that it belongs to the soft material category.

The elastic stiffness constant (C11) for MSBB glass
was estimated using Wooster’s empirical formula C11
� H7/4. The stiffness constants of the MSBB glass vary
with applied load up to 100 g, revealing that the bond-
ing force between the ions is more rigid, as shown in
figure 14. The fracture toughness (Kc) and Brittle index
(Bi) of the glass were calculated using the following
equation [52, 53]:

Kc � P

βoC
3/2

MPa m−1/2 (18)

Bi � HV

Kc
m−1/2, (19)

where C is the crack length measured, βo is taken as 7
for Vickers’s indenter and P is the applied load in kg.
Figure 15 shows the loads related to the fracture tough-
ness and brittle index of MSBB borate glass. As the
applied loads increase, the fracture toughness increases
and the brittle index decreases. Fracture toughness can
be related to Young’s modulus and bond strength of
the glass material. The breakage of the weakest bonds
between modifying cations and non-bridging oxygen
occurred due to the cracks. The fracture induces brit-
tleness and thus affects the mechanical property of the
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Figure 15. Fracture toughness (Kc) and brittle index (Bi) of
the MSBB glass as a function of applied loads.

MSBB borate glass, which reveals that MSBB glass
has good brittle index. In brittle materials, propagat-
ing cracks produced fracture at the four corners of the
indentation which frequently originates from flaws and
extends during above-threshold stress.

3.8 Scanning electron microscopy analysis

The microstructure of the prepared glass was carried out
using Mini SEM Hirox SH-400 M. The SEM topog-

raphy of the MSBB glass illustrates rough and coarse
morphology of the particles. Figure 16 shows the SEM
topography of the borate glass with different magnifica-
tion: (a) 400 μm, (b) 10 μm, (c) 5 μm, and (d) 1 μm. The
SEM images of the MSBB glass demonstrates a clear
surface without any microstructure, which confirms the
amorphous nature of the material.

3.8.1 Gamma ray shielding features. The GM counter
is used to determine the magnitude of γ-ray absorption
by the prepared glass. The γ-ray source was a 60Co
cell operating at 32°C with a dosage rate of 150 rad/s.
The measurement recorded the intensity of transmitted
radiation resisted by the glass. The count for the pre-
pared glass sample was computed to be 900 (1150), with
the figure in the bracket indicating background counts.
The mass attenuation coefficient (μ/ρ), half-value layer
(HVL) and mean free path (MFP) of the MSBB glass
were calculated in the range of 0.01–15 MeV using
Phy-X software. The variation of the mass attenuation
coefficient of the prepared glass as a function of photon
energy is depicted in figure 17. The value of the mass
attenuation coefficient (μ/ρ) increases till the photon
energy reaches 0.04 MeV, and a further increase in pho-
ton energy shows that the μ/ρ value starts decreasing
and attains saturation. This result reveals that at lower
energies, the γ -photon has a greater possibility of inter-
action with the studied glass, and there is a substantial

Figure 16. SEM topography of the MSBB glass with different magnification: (a) 400 μm, (b) 10 μm, (c) 5 μm and (d) 1 μm.
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Figure 17. Mass attenuation coefficient (μ/ρ) of the MSBB
glass as a function of photon energy.

attenuation due to the photoelectric absorption mech-
anism’s dominance. As the energy rises, photoelectric
absorption becomes less feasible, and other interactions
such as Compton scattering and pair formation become
more dominant [54].

The HVL is the thickness of the material required
to reduce the intensity of the incident photon beam to
half its initial value of the incident photon. The average
distance travelled by a photon between two consecutive
scattering/collisions in the material is measured by the
mean free path. The following equations were used to
determine the HVL and MFP:

HVL � 0.693

μ
, (20)

MFP � 1

μ
, (21)

where μ refers to the fraction of photons that are
absorbed or scattered per unit thickness of the glass
sample. A high value of μ suggests that only a small
quantity of photons pass through the glass. Figure 18
demonstrates the variation of HVL and MFP as a func-
tion of photon energy.

4. Conclusion

A novel manganese-based cathode glass material
(MSBB) has been successfully prepared by utilizing the
melt quenching technique. The powder-XRD analysis of
the prepared glass revealed no evidence of crystallinity,
confirming the amorphous nature of the sample. In an
optical absorption spectrum of the prepared glass, λm of
Mn3+ ion was discovered to be 502 nm. The optical con-
ductivity of the glass is entirely positive, and two peaks
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Figure 18. Half-value layer (HVL) and mean free path
(MFP) of the MSBB glass as a function of photon energy.

observed in the optical conductivity spectrum reveal
the interior penetration of the electromagnetic wave.
The high electrical conductivity at lower photon energy
validates the remarkable photosensitivity of the glass.
Dielectric characteristics are reported to be decreasing
as ac conductivity increases with frequency due to the
hopping of electrons between different valence states.
The VSM result indicates that the glass has param-
agnetic properties, and the hysteresis curve does not
show saturation up to the applied field of 15 kOe. The
cyclic voltammogram curve displays pseudo-capacitive
behavior, indicating that Mn2+/Mn3+ is in a mixed oxi-
dation state. The glass electrode has the highest specific
capacitance value of 84 F g–1, indicating that it could
be a potentially promising glass electrode in future Mn-
ion batteries. The mechanical behavior of the prepared
glass was studied with different loads. The microstruc-
ture of the prepared glass was analysed. The prepared
glass was investigated for shielding parameters such as
μ/ρ, MFP, and HVL, and the findings demonstrated that
the glass is a potential material for gamma ray shielding
applications.
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