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1 Introduction

Nowadays, clean energy storing and conversion technologies such as fuel cells, solar
cells, super-capacitors, and batteries have emerged as viable options for addressing
the world’s growing energy needs. While each of these technologies offers unique
advantages out of these fuel cells currently being used to generate green and clean
energy, which offers promising alternative to traditional power generation [1]. Fuel
cells are the devices that convert energy from chemical reactions into electrical
energy [1-3]. The fuel cell was first demonstrated by RW Grove in 1838 but it was
not commercialized at that time [3—6]. Among various types of fuel cells, SOFCs
have gained significant attention due to their ability to function at intermediate to high
temperatures, resulting in higher energy conversion efficiency compared to other fuel
cell types. This makes them a promising alternative for power generation applica-
tions. In Solid oxide fuel cells (SOFCs), as air flows along the cathode, the oxygen
molecules acquire electrons and split into oxide ions at the cathode-electrolyte inter-
face [6-9]. Yttrium-stabilized-zirconia (YSZ) is highly effective electrolyte material
in SOFCs, however due to its high operating temperature, it faces substantial chal-
lenges such as high manufacturing cost, low lifetime, and reduced chemical stability
[10-12]. These issues limit the widespread use of SOFCs. Bismuth oxide-based
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electrolyte is another option for SOFCs, but it has a limited temperature range of
stability, (around 700-820 °C). When the oxygen pressure is low, this electrolyte
can be reduced to bismuth metal [10-12]. Efforts are being made to find new elec-
trolyte materials for SOFCs that can reduce operating temperatures, provide longer
lifetimes, increase chemical and structural stability, and have lower manufacturing
costs. Hexagonal perovskite materials show immense potential as an electrolyte in
Intermediate temperature SOFCs [12, 13]. These structures consist of hexagonal
A X3 layers that are closely packed together, or a combination of cubic and hexagonal
A X3 layers in close proximity [14]. Hexagonal perovskites may prove advantageous
in creating new ionic conductors for various energy-related technologies. Several
crystal structures are associated with hexagonal perovskite oxides. However, it is
challenging to find oxide ion conductors that have hexagonal perovskite-like struc-
tures. Sacha Fop et al. and M. Yashima et al. have reported hexagonal perovskites
with high oxide ion conductivity at intermediate temperatures at broad range of
oxygen partial pressure [14—16]. Bezdorozhev et al. have reported the characteris-
tics and phase composition of hexagonal perovskite are influenced by the amount
of strontium present [17]. Sakuda et al. have reported the effect of doping Cr®* on
conductivity enhancement in Ba;Nby;MoO, hexagonal perovskite [18]. The proper-
ties of the H-perovskite-based electrolytes Ba;NbMoOg s and Ba;NbsMoQO;y have
been reported by Nakayama [19]. Recently, Yasui et al. have published their work
on hidden chemical order in Ba;NbsMoO,y by using XRD and NMR. [20, 21]
Therefore, in worldwide a lot of work is going on this special hexagonal oxide. As
for structure concern, Ba;NbysMoO, crystallizes in the three-dimensional trigonal
structure having space group P3mI. The crystal structure Ba;NbsMoO, is shown
in Fig. 1. This structure comprises seven inequivalent Ba?* sites in which first and
second Ba* site Ba’* is separately bonded to ten O?>~ atoms in a 10-coordinate
geometry with varying Ba—O bond distances in these two inequivalent sites. In 3rd
Ba’* site, Ba?* is bonded to six O?>~ atoms in a 6-coordinate geometry. There are
three shorter and three longer Ba—O bond lengths. Ba>* forms BaO1, cuboctahedra
at the fourth Ba?* site by bonding with twelve O>~ atoms, which share corners with
nine other BaO;, cuboctahedra, faces with six other BaO;, cuboctahedra, and faces
with seven NbOg octahedra. Ba>* forms BaO;, cuboctahedra at the fifth Ba?* site by
bonding with twelve 02 atoms, which share corners with nine other BaO;, cuboc-
tahedra, faces with six other BaO, cuboctahedra, and faces with seven other NbQOg
octahedra. Ba®* is bound to twelve O>~ atoms in the sixth Ba?* site to create the
BaOj, cuboctahedra, which also include nine equivalent BaO,, cuboctahedra, three
equivalent MoOy tetrahedra, three equivalent BaO|, cuboctahedra on their faces, and
four equivalent NbOg octahedra on their faces. Ba?* forms BaO;, cuboctahedra at
the seventh Ba?* site by bonding with twelve O?>~ atoms. These cuboctahedra share
faces with four NbOg octahedra, three comparable NbOy, tetrahedra, and corners with
nine other cuboctahedra. A detailed crystal structure of Ba;NbsMoO;, was reported
in the literature [1, 14-20, 22].

In this work, we synthesized the Ba;NbsMoO,, (BNMO) hexagonal perovskite
by using the solid-state reaction technique and investigated the phase formation
of the material via XRD analysis and pattern was indexed with standard ICSD
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Fig. 1 Crystal structure of Ba7NbsMoOzg

database. Compositional concentration and its microstructure were examined using
SEM-EDX technique. The sample’s chemical composition and molecular structure
were analyzed and identified through Raman spectroscopy. Additionally, FT-IR was
conducted to explore the molecular structure and examine the vibrations and rota-
tions of chemical bonds. The band-gap energy was calculated by Ultraviolet—Visible
(UV-Vis) spectroscopy via Tauc’s plot. Electrochemical Impedance spectroscopy
measurement was carried out in order to check the conductive behavior of the sample.

2 Experimental

2.1 Synthesis

In this paper, we prepared the Ba;Nby;MoQO,( sample by solid-state reaction method.
Barium carbonate (BaCOs, 99.99%), Niobium pentoxide (Nb,Os, 99.99%), and
Molybdenum trioxide (MoO3, 99.99%) were used as the starting materials [1, 15].
The powders of these materials were mixed in stoichiometric ratio as described
below:

7(BaCO3) + 2(NbyOs) + (MoO3) — Ba;NbsMoO,y + CO, 1 (1)
The molecular weights of the precursor components are as follows:
BaCO3 — 197.35, Nb,Os — 265.81, and MoO3; — 143.94.
It is important to ensure that the stoichiometric ratio of the precursor powders
was thoroughly mixed by using an agate mortar and pestle for 2 h, and ball milled

for 2 h in order to obtain a homogeneous mixture. The precursor sample powder
is then calcined in a muffle furnace, maintaining the heating rate of 5°/min, at a



4 P. Saini et al.

temperature of 1050 °C for 48 h in static air [1]. The calcined sample was then
ground thoroughly for 2 h using an agate-mortar and pestle. And hence obtained
calcined sample was pelletized by using hydraulic press. The average thickness and
diameter of the samples were 1.89 mm and 9.49 mm, respectively. The pelletized
samples were sintered in a furnace, maintaining a heating rate of 5°%min, at 1200 °C
for 5 h [1]. Then, further characterizations were done from the calcined powders and
sintered pellets of the sample.

2.2 Characterizations

2.2.1 XRD Analysis

The XRD study has been performed to evaluate phase purity and stability of the
samples by using Rigaku Miniflex desktop diffractometer at room temperature. While
XRD analysis the Cu-Ka; radiation was used, and the resulting XRD patterns were
collected with a step size of 0.02° in the range of 20°-80°, using a wavelength (\)
of 1.5415 A [16, 20, 21].

2.2.2 SEM-EDX Analysis

The Scanning Electron Microscope (SEM) micrograph was recorded at room temper-
ature for the surfaces of BNMO (JEOL Japan SEM, JSM 6610LV) and the image
was taken at resolution of 2 pm.

2.2.3 RAMAN Analysis

The sample’s chemical composition and molecular structure were analyzed and iden-
tified through Renishaw Invia I Raman microscopy at room temperature in the range
of 200-1000 cm .

2.2.4 FTIR analysis

FT-IR analysis was conducted at room temperature to explore the molecular structure

and to examine the vibrations and rotations of chemical bonds by using Nicolet iS50

FTIR Tri-detector. The spectra of the sample were obtained in the range of 400-4000
~1

cm™ .
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2.2.5 UV-Vis’s Spectroscopy Analysis

UV-Vis’s spectroscopy analysis of the sample was conducted by using JASCO V 670
Spectrometer. The spectrum was recorded in absorption mode within the wavelength
range of 200-2000 nm (with 400 nm/min scan speed). Data from the absorbance
spectra were used to determine the sample’s band gap energy.

2.2.6 Impedance Spectroscopy Analysis

Electrical impedance spectroscopy for the synthesized system was carried out in the
temperature range of 573-923 K using 6500 P Wayne Kerr Impedance analyzer. The
pellets were coated with a layer of Platinum paint and dried for 30 min in a muffle
furnace at 1000 °C. The measurements were then performed within the frequency
range 20 Hz to 1 MHz and temperature range of 573-923 K with an interval of 50 K.

3 Results and Discussion

3.1 XRD Study

In order to determine the physical properties of the calcined sample for the compo-
sition, X-ray diffraction (XRD) was conducted (by using Rigaku Miniflex desktop)
at room temperature. [6] While XRD analysis the Cu-Ka, radiation was used, and
the resulting XRD patterns were collected with a step size of 0.02° in the range of
20°-80°, using a wavelength (\) of 1.5415 A [16, 20, 21]. The XRD pattern of the
Ba;NbsMoO;, sample is shown in Fig. 2 and unit cell parameters are given in Table 1.
The obtained diffractogram was analyzed to confirm that the samples whether in a
pure phase or not, and their compositions were identified with the space group P3m I
[1, 15]. Crystal structure of the composition has 7H polytype hexagonal phase. The
peaks observed are very sharp in all samples of XRD pattern which suggests that
the samples prepared are highly crystalline. The peaks with maximum intensity are
observed at 27.91° and 30.61°. A few minor peaks marked as * are also observed
revealing some impurity phases (Such as BasNb4O,s) present in the sample.

3.2 SEM and EDAX Analysis

The Scanning Electron Microscope (SEM) micrograph was recorded at room temper-
ature for the surfaces of BNMO (JEOL Japan SEM, JSM 6610LV). Before the SEM
investigations, the pellets were coated with a gold Palladium alloy to prevent charging
of the surface (This coating provides a uniform surface of the pellets for analysis and
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Fig. 2 XRD pattern of calcined BNMO sample at room temperature

Table 1 The unit cell parameters with space group P 3 m/

a B c o B y
5.8644 A 5.8644 A 16.52719 A 90° 90° 120°

helps to increase the secondary electron emission). Figure 3 shows the SEM image
of the surface of dense Ba;NbsMoO; pellet sample.

From the SEM micrographs, it is observed that primary phase formation has taken
place. The grains show cored morphology with good contact, which implies that the
pellet is dense. The typical grain size of the sample was measured using Image-J
software [6]. The results show that the average grain size for Ba;NbsMoO, ranges
from 0.4 to 3.0 wm. Archimedes’ density of the composition was found to be around
95% to theoretical one.

To verify the presence of all constituent elements in the sample of Ba;NbsMoO,,
we conducted an EDS mapping of a dense sample surface (Fig. 4). The resulting
EDS analysis data is presented in Table 2, which shows the atomic% and weight% of
elements present in the composition for the Ba;NbsMoO,, sample. 5-10% variation
was seen in the theoretical and experimental data of elemental concentration.
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Fig. 4 EDS scan for the BNMO sample

Table 2 EDS analysis

summary of BNMO sample Elements | Theoretical atomic % | Atomic % | Weight %

Ba 21.875 28.430 59.450
Nb 12.500 15.340 21.700
Mo 3.125 4.230 6.180

o 62.500 51.990 12.660
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Fig. 5 Raman spectra of 200 300 400 500 600 700 8O0 900 1000
T T T T T T T
BNMO sample at room Ba,Nb,MoO,,
temperature
w
=
c
S
o
=
©
2
7}
c
8
=
1 i L L 1 i 1 i L i L

200 300 400 500 600 700 800 900 1000
Raman Shift (incm™)

3.3 Raman Analysis

The Raman scattering spectra of the Ba;Nby;MoO,y sample were obtained at room
temperature in the range of 200-1000 cm™!, as shown in Fig. 5. Ba;NbsMoO,
sample belongs to the D5, crystallographic point group with a P3m1 space group
[23]. The intense peak is observed at 300 cm~!. Observations from the Raman spectra
indicate that Mo exhibits a tetrahedral [MoO4]*>~ mode at around 900 cm ! [23].

The low-intensity peaks between 400 and 700 cm™~! at 420, 500, 550, and 650
cm™~! provide evidence for octahedrally coordinated Nb or Mo sites [19]. The modes
between 400 and 700 cm~! are attributed to NbOg or MoOg in several different
compounds. The peak splitting occurs at 750 to 900 cm ™! because the stretching
vibration mode has various frequencies. Two bands at approximately 300 and 800
cm™! correspond to [NbO4] or [MoOy] tetrahedral groups [23]. Minor changes in the
spectra could be attributed to the unique structural properties of various compounds,
such as the presence of face-sharing octahedra in the structure.

3.4 FTIR Analysis

FTIR spectra of the Ba;NbsMoO,, was (Nicolet iS50 FTIR Tri-detector) obtained
in the range of 400-4000 cm™! at room temperature as shown in Fig. 6. In IR plot
analysis, the peak near 820 cm™! is attributed to the [Mo—O] stretching vibration
mode of the tetrahedral group of [MoO4]*~ [24]. In the range of 440-460 cm™!,
weak infrared absorption bands are observed, this can be caused by vibration modes
associated to bending in the medium frequency range [24].
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Fig. 6 FT-IR spectra of 500 1000 1500 2000 2500 3000 3500 4000
Ba;NbsMoO,( sample is ! . . : L
obtained at room temperature
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3.5 UV-Vis’ Spectroscopy Analysis

In Fig. 7a UV-visible spectra of the sample Ba;NbsMoO, is plotted. The spectrum
was recorded between 200 and 2000 nm wavelength range. Data from the absorbance
spectra were used to determine the sample’s band gap energy. Tauc’s plot for BNMO
sample is shown in Fig. 7b. The Tauc’s equation was used to calculate the value of
Band gap [25, 26]. The Tauc’s equation is:

ahv = A(hv — Eg)" (2)

In order to calculate the optical band-gap energy of the Ba;NbsMoO,, sample,
a plot of “(ozhv)ﬁ Vshv” was formed using the above relation, “A” is a constant
that is independent of energy, “«” is the incident light’s absorption coefficient and
“hv” represents the energy of the light. Depending on the kind of electron transition,
the value of “n” is assumed to be either 2 or 1/2 for indirect or direct inter-band
transitions respectively. The linear portion of the plot was extrapolated to zero, and
the resulting value for the energy band gap was determined to be 3.3870 eV. In
contrast, the Ba;NbsMoO,( sample from the Materials Project website exhibits an
energy band gap of 2.64 eV [28]. A little bit higher energy gap was obtained for
the investigated sample possibly due to the presence of some impurity phases in the
sample.
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Fig. 7 a UV-Visible spectra
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3.6 Impedance Spectroscopy Analysis

Electrical spectroscopy for the synthesized system was carried out in the tempera-
ture range of 573-923 K using 6500 P Wayne Kerr Impedance analyzer. Figure 8a
shows the Arrhenius plot for the BNMO sample. The conductivity values at different
temperature were calculated using o = ﬁ relation where “c” is the conductivity
and “R” is the resistance, “A” is the area and “L” denotes the length. The resistance
“R” is calculated using the fitted Cole—Cole plot [1, 15, 27].

From plot (a), it has been found that as the temperature rises, the conductivity
of the sample increases, which may be explained by an increase in charge carrier
concentration. The values of conductivity exhibited by the sample at different inter-
mediate temperature ranges are shown in Table 3. The Arrhenius graphic clearly
shows that conductivity is significantly influenced by temperature. At 510 °C, the
BNMO sample’s conductivity was found to be 3.54 mScm™!. Putting this beside the
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Fig. 8 a Representative complex impedance spectra of the BNMO sample at 500 °C. b Arrhenius
plot for the BNMO sample

conductivity reading provided by Sacha Fop et al., which is approximately equivalent
to4.0mScm ™! [1, 16]. The maximum conductivity for the BNMO sample comes out
to be at 650 °C with a value of 0.01547 Scm ™. This value of electrical conductivity
can be considered decent for electrolytes of intermediate temperature solid oxide
fuel cells and for the other electrochemical devices.

4 Conclusions

In this investigation, Ba;NbsMoQO,, sample was prepared via solid-state reaction
method. The prepared sample’s XRD patterns are indexed with the MATCH program.
The obtained diffractograms identify the structure of the sample belonging to the
space group P3m1. By using SEM technique, it is observed that highly dense sample
formation has taken place. To analyze the phase formation, FT-IR analysis was
performed, and it additionally verified the hexagonal structure. UV-visible spectra
wavelengths were obtained for Ba;NbsMoOy in the range of 200-2000 nm. UV-
visible method was used to calculate the optical band-gap energy, and the result was
3.3870 eV. Electrical conductivity of Ba;NbsMoO,o sample was measured by using
impedance spectroscopy. The Arrhenius plot clearly shows that conductivity is signif-
icantly influenced by temperature. The maximum conductivity for the Ba;NbsMoO»
sample was found to be 0.0154 S.cm~! at 650 °C. Based on the investigation, it
can be concluded that the hexagonal perovskite-based Ba;NbsMoO,y system may
be considered as a potential candidate solid electrolyte for electrochemical devices
such as SOFCs.
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