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The nanostructured powder sample, BazCo204(CO3)o¢ Was fabricated by sol-gel method. The powder XRD
pattern revealed a 37 nm-sized crystallite, P-6 symmetric hexagonal structure, anisotropic with a plate-like
morphology. By examining the absorption spectrum, the optical parameters have been computed in the wave-
length range of 400-1000 nm. Tauc’s direct transition model is used to characterize the optical absorption edge,
and its extrapolation yields the optical band gap (Ey) to be 3.12 eV. The refractive index using Herve-Vandamme
formula for the synthesized sample was 2.39. PL spectra of BazCo206(C0O3).¢ was measured at room temperature
by a Fluoromax3 Spectroflourimeter — Perkin Elmer LS 45. shows the properties of direct band gap material. PL
study which encompasses the whole visible area of the electromagnetic spectrum, revealed the weak emission
band at 440 nm symbolizing blue-green emission, generating a red-shifted narrow emission band at 766 nm.
Energy gap values and PL emission suggest the synthesized sample’s semiconducting nature. The optical prop-
erties of synthesized nanostructured samples find their importance in solar cells, electrochromic devices, and gas

sensor applications.

1. Introduction

The unique characteristics of nanocrystals, which rely on the particle
size at the nanoscale, include phase transition temperature, melting
point, and improved solubility [1]. The primary sources of the special
characteristics of nanocrystalline materials, which set them apart from
bulk ones, are quantum confinement effects and the increased function
of surface atoms with decreasing particle size. Transition metal oxide
(TMO) nanoparticles, in particular, have drawn much attention with
their physical characteristics. TMOs have been the subject of much
research due to their spin-polarization, magnetic, optical, solar cell, and
antibacterial characteristics. The experimental conditions have a sig-
nificant impact on the properties of metal oxide nanomaterials, such as
particle size, shape, and stability [2]. Due to its optical transparency,
mechanical stability, chemical resistance, and adaptability in sensor
morphological designs, sol-gel-derived materials have drawn special
attention as chemical receptor matrices. The materials have many
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benefits, including the ability to be set up at room temperature, the fact
that they are not broken down by light or electrochemical processes,
they can undergo a wide range of chemical changes, can be obtained in
different forms (such as monoliths, thin films, fibers, or powders), and
they react quickly. These materials are desirable for application in the
food, chemical, and pharmaceutical sectors because of the combination
of these qualities [3]. Cobalt oxide, which may be made in a variety of
ways, is seen as a promising material since it can be used as a highly
selective CO sensor, a photocatalyst, a solar selective absorber at high
temperatures, a thin-film supercapacitor electrode material in electro-
chromic devices, and a magnetic material, as a result of altering its
optical characteristics in response to an external electrical stimulus [4,
5]. The precise optical characteristics of Cos04 nanoparticles can change
based on the dopants, crystal structure, and production techniques
employed [1]. From the literature [6,7], it has been found from the
density functional theory (DFT) of the electronic behavior of alkaline
earth metals Ca and Ba dopants in Nag;75C00, that both Ca and Ba
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Fig. 1. Schematic representation of sol-gel combustion synthesis.
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Fig. 2. XRD patterns with hkl values of BazC0,0¢(CO3).

dopants tend to substitute Na sites instead of Co sites and the margin of
stability in the case of Ba is greater than the one of Ca. The study also
shows that the substitution of La® * by divalent ions in LaCoOs, such as
Ca2*, Sr?* and Ba?' has a significant influence on the spin state of
C03+/C04+, oxygen vacancy concentration and/or crystal-structure
distortions in the material, which also affect the physical (electric and
magnetic) properties [8]. It has also been reported that an interesting
insulator-metal (I-M) transition occurs when either temperature or A’s
ionic radius increases in a misfit-layered BipA2C020¢, concluding that
misfit-layered BipA2Co20¢ is likely to take a metallic state at a larger
lattice constant while staying in an insulator state at a smaller lattice
constant [9]. Additionally, the addition of a foreign element to the host
may take the place of an atom from the metal framework by occupying
an interstitial site even at low temperatures and can alter the host’s
physicochemical characteristics, such as phase transitions, changes in
the lattice parameter, thermal stability, etc [10]. The necessity for novel
synthesis techniques in the nuclear firm led to the development of the
sol-gel method in the 1960s. A technique that required a lower sintering
temperature and produced less dust than the ceramic process was
needed. Furthermore, the synthesis ought to be able to be controlled
remotely. Materials with a range of morphologies, including porous
structures, thin fibers, dense powders, and thin films, can be created
using sol-gel synthesis. The main use of a wet-chemical process is the
creation of materials, usually metal oxides, from a chemical solution
(sol, short for solution), which serves as the starting point for an

integrated network (or gel) of network polymers or discrete particles.
Because of the features like the capacity to produce inorganic nano-
particles with excellent purity, excellent nanostructure homogeneity,
broad suitability for a range of inorganic materials, regulation of the
structures’ particle size and shape, the ability to create phases that are
nanoporous, regulation of the particles’ crystallinity, a process with a
comparatively low temperature, etc., the approach has garnered a lot of
study interest recently. By intimately mixing the reactant cations on an
atomic scale, the sol-gel method’s constituent hydroxyl groups may be
involved in intra- or intermolecular interactions. This increases the re-
action rate, which lowers the synthesis temperature and produces
smaller particles.

Photoluminescence spectra are often employed to reveal the per-
formance of electron-hole pairs in semiconductors i.e., to access the
recombination rate of photogenerated (e’/h™) pairs in the synthesized
sample. There are two phases in the fundamental mechanism of PL
emission. The first involves the substance being electronically excited by
incident radiation, while the second involves the excited photon’s sub-
sequent emission. The emission process is separated into fluorescence
and phosphorescence based on the time that passes between these
processes. Phosphorescence can have a comparatively longer delay time
and the decay time of ~10~% s might be thought of as the point at which
fluorescence and phosphorescence diverge. Furthermore, if the energy
emitted or absorbed equals the difference between the stimulated and
ground levels, the emission process is considered radiative. Conversely,
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Fig. 3. (a). XRD patterns of the synthesized sample at di

a nonradiative process illuminates a tiny portion of the absorbed energy,
with the remaining energy being lost via heat radiation, phonon exci-
tations in solids, or molecular vibrations [11]. Specifically, the features
of photoluminescence (PL) are a significant quantum optical phenom-
enon and one of the most effective ways to investigate order-disorder
effects in semiconductors. The optical properties of semiconductor ma-
terials are significantly impacted by structural and electrical
order-disorder phenomena. When the degree of local order is high
enough that structurally inequitable sites can be identified by their
various electronic transition types and are associated with a particular
structural arrangement, PL is an intriguing method for probing specific
structural aspects to provide information at the short- and
medium-range. There is ongoing interest in the synthesis of noble
nanoparticles for use in biology, electronics, environmental, and

fferent temperatures and (b) High intensity peaks- projected.

catalytic applications [12]. In most cases, the degree of structural and
electrical disorder in the lattice controls the optical band gap energies,
allowing for a change in the optical transitions and providing a chance to
adjust their characteristics through the band gap [13].

We report the synthesis of BagCo206(C0O3)o ¢ nanoparticles utilizing
nitrates in the sol-gel method with a shorter annealing time, even though
the synthesis and thermoelectric properties have been documented
previously. As far as we are aware, this is the first report on the optical
characteristics of the synthesized sample, Ba3Co20¢(CO3)g¢ nano-
particles including absorbance, refractive index, and
photoluminescence.
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Fig. 4. W-H analysis of BazC0204(CO3).6.

Table 1

Observed and calculated diffraction angles, p-spacing, and crystallite size with (hkl) planes Ba3C02,0¢(CO3 nanoparticles.

Observed diffracting angle, Calculated diffracting angle,  Observed b-

Calculated p- hkl Crystallite size D Lattice parameter of the

20 (degree) 20 (degree) spacing A) spacing A) planes (nm) sample A)
26.25 26.15 2.70 3.40 112 65.79 4.14
23.97 23.39 3.63 3.80 021 29.56 8.74
32.01 32.05 2.80 2.79 030 23.60 3.16
41.98 41.86 2.12 2.16 222 26.18 8.01
53.71 53.67 1.70 1.71 142 34.54 7.03
37.76 37.78 2.38 2.38 004 81.50 3.77

2. Experimental section
2.1. Materials and methods

Barium nitrate (BaNO3,99.9 % purity) and cobalt nitrate hexahy-
drate (Co(NO3)2.6H20; 99.9 % purity) were acquired from Sigma
Aldrich and were put to use without any additional purification. Ethanol
and citric acid were utilized as the solvent. The stoichiometric amounts
of the precursor powders, barium nitrate, the cobalt (II) nitrate were
added to the solvent ethylene glycol and the complexing agent, citric
acid, and were stirred vigorously using a magnetic stirring bar for 3 h at
the 120 °C same temperature. High effervescence and a shift in color
from red to purple were seen during this procedure. The deep purple
frothy material was manually crushed to break up the agglomerates and
kept in a furnace wherein the auto-combustion took place (300 °C). The
resultant ash product was calcined at 900 °C for 2 h in a furnace with an
atmosphere of air, and a homogeneous powder sample with nanoscale
particle size was produced. [14]. The quick synthesis of the beginning
precursors at relatively low temperatures is a benefit of the
auto-combustion reaction and makes it possible to keep the subsequent
calcination time necessary to create the BagCo206(CO3)p¢ phase
reasonably short, 2 h in the present study [15,16]. Fig. 1 depicts the
procedure of the synthesis. Earlier we have reported on the phase
change of the annealing temperature and the mixed conduction of the
sample [17,18]. Investigations have been made into the associated
properties of the end product of the present synthesis.

2.2. Instrumentation

The heat-treated nano-powder sample’s shape and microstructures
were analyzed using electron microscopy FESEM (Carl Zeiss, ZIGMA /
BRUKER) with an energy dispersive spectroscopy; X-ray diffraction
using Bruker-axs D8 diffractometer (40KV, 30 mA) controlled by DIF-
FRAC plus software, in Bragg- Brentano reflection geometry with Cu Ka
radiation (=1.05418 A); Far-Infrared spectra (FT-IR) from the sample
was observed in the 400-4000 cm lvia Fourier transform-infrared
spectrometer (Perkin-Elmer spectrum); UV-Vis spectroscopy study
using UV+ t90 spectrometer and photoluminescence via Spectro-
flourimeter — Perkin Elmer LS 45.

Origin 8.6 software was used in the graphical analysis.

3. Results and discussion
3.1. Structural characterization

Fig. 2 displays the XRD pattern of the produced Ba3zCo06(CO3)0.6
sample. The different crystalline phases present in the sample were
confirmed by comparing the XRD pattern to reference phases of the
Xpert high score plus software. Major peaks had been associated with
the Ba3Co204(CO3)o.6 phase, specified by its reflection planes (Fig. 2).
The acquired data indicate that the crystal planes (112), (021), (030),
(222), (142), and (004) all have intensity peaks, with the highest in-
tensity peak being found at (112), picturized in Fig. 2. The JCPDS file
(PDF no: 01-070-3621) and the previously published report [17,19] are
in good agreement with all of the peaks that have been identified. A rich
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Fig. 5. FESEM photographs with different magnifications & EDX spectrum of
Ba3C0,06(CO3).6; Inset: Synthesized pellet sample.

oxygen atmosphere during sintering could have stabilized the
BagCo206(CO3).6 phase, suppressing the formation of stoichiometric
Ba3Co409 [20]. The production polycrystalline BagCo206(CO3)o.6 (space
group: P-6) with a hexagonal structure is seen [19]. As pointed out in the
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literature, the structure can be explained by a hexagonal stacking
sequence of Ba3Ogy layers (y =1.2), with P-6 symmetry in which
two-thirds of the octahedral sites defined by the oxygen atoms are
occupied in an orderly manner by Co atoms. Rows of face-sharing
octahedra running along the c-axis are created by the orderly occupa-
tion of octahedral sites; two of these rows are occupied by cobalt, while
the third Co-free row contains the carbonate groups at random.
Ba3C0206(C0O3)0.60 structure can be described from the ordered inter-
growth of two blocks, [BazCo20¢ls. and [Ba(CO3)o.e0lsy, alternating
along the a-axis and hence, formulated as BazC020¢(CO3)x. [19,21] IR
spectroscopy suggests the presence of carbonate groups in the structure.
Fig. 3 depicts the various phases associated with the synthesized sample
constituting different temperatures. A series of phase changes
(BaCo04 ¢—BaCo03—Ba3Co0506(CO3)0e) from 973K to 1173 K
complicate the phase sequence. Therefore, 900°C for two h may be
considered the start-up temperature for the synthesis of
Ba3Co206(CO3)g 6. In our earlier work, we have discussed the properties
of BaCoO3 ¢ and Mg- substituted BaCoO2¢ [17,18].
The Scherrer equation (Eq. 1),

ki
D=—— 1
pCosb M
with k = 0.9, and, the full width at half maximum (FWHM) of the main
plane (112) were utilized to estimate the size of the crystallite [22].
The dislocation density from Eq. 2,

&= 2 @

was discovered to be 7.39 x 10'* lines/m? and the calculated crystallite
size was in the nanometer range (36.78 nm). The secondary phases were
greatly reduced upon annealing at 1173 K. The scattered spots in the
Williamson-Hall (Fig. 4) graph indicate that the synthesized sample is
anisotropic in nature [20].

The spacing between diffracting planes (d) of synthesized
Ba3Co206(CO3) nanoparticles was calculated from the Bragg equation
(equation 3),

ni=2dSin6 3)

The lattice parameter of the cubic (a = b = c¢) and hexagonal (a =b #
c) crystal is calculated using the formula (Eq. 4),
1 h? k_2 2 1 R E 2

& etete™MgTetata

@
where, d is the atomic lattice spacing, h, k and 1 are Miller indices; a is
the lattice parameter of the crystal [22,23]. The microstructure data of
BagCo206(CO3 has been tabulated (Table 1).

Fig. 5 displays the FESEM images having agglomerates of very thin,
non-uniform plate-like morphology with mean grain sizes that have
been estimated to be in the range of ~1-5 pm, in the planar dimension
and are consistent with the other data found in the literature [24-27]
and the EDS spectrum verifies the presence of Ba, Co, C and O elements
in the synthesized sample.

Ba3Co0206(CO3)p.6 ’s FTIR pattern is depicted in Fig. 6. The presence
of carbonate groups, which may be caused by the substitution of some
Co% by CO% ions, is what is responsible for the occurrence of peaks in
the regions of 1449 cm ! and 856 cm ™! [28]. Co-O stretching vibrations
are responsible for the absorption band at 664 cm™, and the doublets
around 570 cm ™! show two valence states for the cobalt ions connected
to Co-O vibrations [29]. Water absorption is responsible for the H-O-H
mode peaks at 1636 cm L.

Fig. 7 depicts thermal experiments (TG/DSC) from ambient tem-
perature to 600°C. A solid-state endothermic reaction can be observed to
have taken place during heating given that the heat flow between the
two peaks was non-linear. The endothermic peak on the DSC curve at
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Fig. 7. DSC-TG curves of Ba3zCo,06(CO3)p.6-

112 °C may represent the melting point of the sample [30] According to
the tiny peak around 430 °C, the symmetry change is an exothermic
event, which may be due to the formation of gaseous products and af-
firms the formation of phase [15,31]. After 300 °C, decomposition be-
gins, and until the measured temperature of 600 °C (TG curve), only a
little weight loss of about 1.6 mg is seen.

3.2. Optical study

Many molecules absorb visible or ultraviolet light when a particular
frequency of light passes through them, and the transmittance light ra-
diation % is calculated in UV-Vis spectrophotometric analysis. This
method calculates the absorbance intensity or optical density (O.D.) as a
function of wavelength. According to Beer’s law, the concentration of
the absorbing species directly correlates with absorption [26]. The
absorbance curve in the Fig. 8 displays a pronounced peak around
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constituents like short-term coordination and nano- & micro crystallites,
i etc., [26,27].
A k y Electronic polarization of ions and the local field inside the optical
i rr— __.-"“‘""" - material are examples of intrinsic material properties that are related to
. the material’s refractive index. It is evident that as photon energy in-
i creases, the produced material’s refractive index drops, indicating that
Encrgy gap the synthesized polymeric samples exhibit typical dispersion behavior.
The interaction between photons and electrons is demonstrated by the
\ Iote " \, foles k change in n values with photon energy. Since the internal energy of the
\ ' device depends on the photon energy, we may estimate the photon en-
Direcd bandgap semiconductons Inglirect bandga ergy to obtain the necessary material for building the optoelectronics

Fig. 9. The valence (VB) and conduction (CB) bands of direct and indirect
bandgap semiconductors are depicted in this simplified energy diagram.

362 nm from the plasmon resonance of Ba3Co2,0¢(CO3)o.¢ nanoparticles.
[27]. Highly crystalline nanoparticles with fewer surface flaws are
demonstrated by the abrupt increase in the spectra at the absorption
edge [1].

The absorption of radiation dealing with the electronic transition
between the valence band and conduction band is categorized into
direct and indirect band transitions (Fig. 9). The energy gap (Eg) can be
determined from Tauc’s plot (ahv vs hv) and the relation (Eq. 5),

aho= A(ho-Ep)P (5)

where A is a constant, v is the transition frequency, and the exponent ()
characterizes the nature of band transitions, wherein p=1/2 & 3/2
corresponds to direct allowed and directly forbidden transitions and
f=2 & 3 to indirect allowed & forbidden transitions, respectively.
Extrapolating the straight line Tauc’s graph to hv = 0 of Fig. 10 with the
best straight-line fit of p = 2 for the direct transition [14,16,19] quan-
tifies the energy gap (Eg) of 3.12 eV, suggesting that the produced
nanoparticles are primarily semiconductors [28]. The energy gap of the
crystalline materials depends on their anisotropy, temperature, and
pressure under an electromagnetic field and microstructural

device [29,32].
The variation of the refractive index ‘n’ has been evaluated by the
expression (Eq. 6) [33].

L _1+VR

T 1-+R

where ‘R’ is the reflectance of the material. The maximum value of the
refractive index was found to be 1.67 for the wavelength of 204 nm,
depicted in Fig. 11.

The Herve-Vandamme formula was also used to determine the
Ba3Co0206(C0O3)o.6 powder sample’s refractive index, (Eq. 7) [23],

_P
E, +Q

(6)

n=[1+( )" @

where the typical constant values are P = 13.6 eV and Q = 3.4 eV. The
refractive index determines the density measurement and provides in-
formation about the vacancies in the Ba3Co204(CO3).¢ nanoparticles
and was found to be 2.39.

The produced Ba3Co204(C0O3)o.¢ nanoparticles with 380 nm excita-
tion exhibit the greatest PL emission in the 400-800 nm wavelength
range, which encompasses the whole visible area of the electromagnetic
spectrum. Fig. 12 displays the narrow PL peak at 766 nm and the weak
broad peak at 440 nm. The emission band seen at 440 nm (about 3.5 eV)
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may be caused by the relative oxygen vacancies (surface defects) of the
nanoparticles, which shall be explained via the charge carrier transfer
between the conduction and valence bands of the nanoparticles [34] by
quantum confinement [35] or due to the band edge emission [22]
because the peak value roughly corresponds to the Ba3zCo0(CO3)o.6
nanoparticles band gap, indicating the blue-green colored emission
[36]. The radiative recombination mechanism, which was caused by
exciton entrapment at the localized stationary states (LSS) and usually

connected to the NPs sizes, was identified as the cause of the observed
narrow emission band at 766 nm for the BazCo50¢(CO3)g.6 NPs in the
energy range 1.62 eV significantly lower than the band gap. The major
resource of trap states in the suggested NPs was primarily the surface
area to volume ratio. Additionally, LSS atoms have un-passivated
valence bonds (dangling states) because they have fewer neighboring
atoms than their bulk (interior). These unsaturated atomic orbitals may
result in additional energy states (referred to as LSSs) in the synthesized
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NPs HOMO-LUMO band gap, which is in charge of exciton trapping and
ultimately visible light emission by radiative recombination [11,36].
Oxygen vacancies in the particle’s crystalline systems generate a
noticeable redshift in the synthesized sample’s PL behavior indicating a
change in the local chemical environment and disorder and the expec-
tation that specific localized states should exist in the forbidden band
gap [37-39]. Meanwhile, the lower energy peak may come from the
emission of defects such as 0% vacancies [40,41]. Fast electron-hole
recombination typically produces a greater PL signal, and vice versa.
Thus, a reduction in PL intensity due to the decrease in electron-hole
recombination rate builds up photocatalytic efficiency. [42,43]

4. Conclusion

In the current research, our synthesis using the sol-gel method yiel-
ded nano-sized particles of 37 nm with a hexagonal structure of P-6
symmetry. SEM analysis depicts plate-shaped grains, and EDAX
confirmed the expected elements. The scattered plot of Williamson-Hall
suggests the sample’s anisotropic nature. UV-Vis optical study eluci-
dated the absorption wavelength of 362 nm, and Tauc’s direct transition
yields the optical band gap (E;) to be 3.12 eV. The refractive index using
the Herve-Vandamme formula for the synthesized sample was found to
be 2.39. PL study, which encompasses the whole visible area of the
electromagnetic spectrum, revealed the weak emission band at 440 nm
symbolizing blue-green emission, generating a red-shifted narrow
emission band at 766 nm. Energy gap values and PL emission suggest the
synthesized sample’s semiconducting nature. The optical properties of
synthesized nanostructured samples find their importance in solar cells,
electrochromic devices, and gas sensor applications. More insight into
its linear and non-linear optical properties and photocatalytic applica-
tions of BagCo206(CO3)¢ ¢ nanoparticles will be our future research.
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