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ABSTRACT

The transition towards supercapacitors for efficient energy storage provides a dynamic outcome for the global
warming. The MoOs samples were prepared at various pH using facile wet-chemical approach. The orthorhombic phase (o-
Mo0Os3) was confirmed from structural investigations namely XRD, and Raman. It is also evident that the prepared samples
show layered structure of MoOs, which contributed in improving the efficiency of the supercapacitor application. The
morphological analysis from SEM micrographs showed a slight agglomeration. The CV studies revealed that the sample

prepared at pH-10 displayed a higher specific capacitance.
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1. INTRODUCTION

A strong demand for a shift towards renewable
and sustainable energy is the essential solution for
addressing the alarming global warming and climate
change. For electricity and transportation, the reliance on
fossil fuel increases greenhouse gases production and
intensifies the environmental challenges. Therefore,
implementing renewable energy resources create
promising sustainable future, where energy production
and environmental preservation are in harmony by
curbing greenhouse gas emissions (Mensah-Darkwa et
al. 2019) Supercapacitors have significant part to replace
batteries in hybrid electric vehicles and portable
electronic devices with many interesting properties
namely, high power output, prolonged operational
lifespans, rapid cycling rates, remarkable stability, and
durability. Supercapacitors made of inorganic materials
show superior structural, electrical, storage properties
along with a non-toxic nature, cost effective and eco-
friendly (Thillaikkarasi and Ramesh, 2022). The various
inorganic materials being researched like Fe;Os, CuO,
NiO, and MnO; have gained a huge attention due to their
lightweight architecture (Shao et al. 2021), (EI-Nady et
al. 2022; Yue et al. 2022). Among them, MoOs with
unique structural properties unravel their potential role
towards sensors, hydrogen storage, piezoelectric devices,
electrocatalysts, batteries and supercapacitors. It is an n-
type semiconductor with an energy gap of >3 eV (Kodan
et al. 2018).

MoO; possesses three distinct polymorphs
namely stable (a-M0Os3) orthorhombic, metastable (B-
MoOs3) monoclinic, and (h-MoQs) hexagonal. The phase
of a-MoOs consists of double-layered [MoOs] octahedral
units. The B-MoO3 displays a three-dimensional structure
in which the corner oxygen atoms are shared by [MoOgs]
octahedra. The h-MoOs has a one-dimensional tunnel-
like structure comprising a zigzag chain of [MoQs]
octahedra. Among these phases, a-MoOQs is specifically
well-suited for charge storage owing to its distinct
layered structure parallel to the (010) direction, which
provides open channels that enable the intercalation at
various sites (Chithambararaj et al. 2016). The
thermodynamically stable and 2D layered orthorhombic
phase (o) of MoQOs can be prepared by a simple
precipitation approach with appreciable mechanical
stability and specific capacitance. An appreciable
specific capacitance value of around 240 F g was
reported at a current density of 1.5 mA cm= with a
retention of 78.8% even after 5000 cycles was achieved
by 2D a-MoOj3 nanosheets synthesized via magnetron
sputtering (Murugesan et al. 2019). Novel structure of
MoO3/Mo0Os /SiO; prepared via electrodeposition shows
the power density of about 1000 W Kg* and with an
energy density of 78 Wh Kg* with around 98% cyclic
stability over 8000 cycles, whereas, poly dispersed MoO3
displayed a specific capacitance of 835 Fgtat1 Ag™. In
our current research, a-MoOs were prepared through a
simple wet chemical route and calcined at 500 °C (Zhao
et al. 2020). The structural, morphological, optical, and
capacitance properties of the samples were studied. The
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electrochemical supercapacitance of the sample was
tested for 1 M KOH as the electrolyte.

2. MATERIALS AND METHODS

2.1 Materials

The analytical grade precursor chemicals
namely hexa ammonium hepta molybdate [(NH4)
6Mo07024.H20], nitric acid [HNO3], liquid ammonia
[NHzn] were purchased from Merck, India. All the
chemicals are used without any further purification
process.

2.2 Preparation Protocol

The MoOs; samples at different pH were
prepared by employing facile wet-chemical approach.
Typically, 0.2 mol of molybdate precursor was dissolved
in 100 ml of deionized water and left at constant stirring
for 30 mins. After complete dissolution, 25 ml of
concentrated Nitric acid (HNOg3) was added in drops to
the solution. The homogeneous mixture underwent a
constant stirring at 85 °C for 3 hours, followed by the
addition of precipitating agent [NH3] to the solution until
pH-9 was attained. After that, formed precipitate was
aged at room temperature for about 4 hours. The
collected precipitate was centrifuged at 3000 rpm for 10
mins and rinsed thoroughly several times with acetone
(CH3COCHs3) and ethanol (CH3CH,OH) to remove the
impurities. Then, the obtained precipitate after washing
was dried at 120 °C for 24 hours. Later, the dried
precipitate was calcined at 500 °C for 3 hours. Now, the
MoOs sample prepared at pH-9 was collected and stored
for characterization.

The aforementioned protocol was repeated for
pH-10 and pH-11 as well. Finally, the samples prepared
at different pH (9.0, 10.0, and 11.0) were analyzed for
structural optical and super capacitance properties.

3. SAMPLE CHARACTERIZATION

The characterization techniques of structural
and morphological investigations are XRD, Raman, and
SEM. The three-electrode system was employed for
recording the electrochemical activity of the samples
with KOH as electrolyte.

4. RESULTS AND DISCUSSIONS

4.1 X-ray Diffraction

Fig. 1 presents the X-ray diffraction spectra of
the as prepared samples and it form a basis for
investigating the crystalline nature and phase purity of
the samples. The MoOs; samples prepared at different pH
values exhibited orthorhombic crystal structure. The
sharp and well-defined peaks indicate the multi-faceted
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growth. The observed peaks at around ~12.8°, 23.1°,
25.7°,27.2°, 29.6°, 33.8°, 35.5°, 38.9°, 46.1°, and 49.4°
ascribes the miller planes (020), (110), (040), (021),
(130), (111), (041), (060), (210), and (002) respectively.
The absence of parasitic phase shows the phase purity of
the samples prepared and the results accord well with the
JCPDS card 05-0508 (space group - Pbnm (62)) (M.
Shashank et al., 2021). It is prominently evident that the
planes (110), (040), and (021) at 23.1°, 25.7°, 27.2°
respectively confirm stable orthorhombic (a-Mo0Os)
phase that is thermodynamically stable. Thus, the unit
cell parameters calculated was found to be a = 3.955 nm,
b =13.84 nm and ¢ =3.69 nm and are in relevant with the
aforementioned JCPDS Card. The high-intense peaks
imply the formation of layered structured of o -MoOs3 unit
cells in anisotropic way (Usha et al. 2023). From the
observed XRD spectra, d spacing, crystallite size, micro-
strain, and other crystallographic parameters were found.
The calculated microstructural attributes of the samples
are tabulated in Table. 1 using the following relations.

nA = 2d sind (8]
D = (K 1)/ (B cosb) 2)
€= (B cos 0)/4 3)

where, n is the order of reflection (n=1), d is the
interplanar spacing (nm), 6 be the Bragg’s diffraction
angle, D indicates crystallite size obtained from the
Debye-Scherrer formula, f is the full width at half
maxima, € denotes micro-strain. The texture coefficient
of (110) and (040) was lesser than (021) plane. The
higher TChi of (021) attributes the better orientation due
to insufficient interfacial energy, which eventually
accelerates the nucleation and coalescence resulting in
preferential orientation of the atoms in the specific
direction (021) (Prakash et al. 2018).
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Fig. 1: XRD spectra of undoped MoOs nanoparticles at pH 9,
pH 10 and pH 11
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Table. 1 Microstructural property of MoOs nanoparticles at
pH 9, pH 10 and pH 11

Samples Crystallite size (nm) Micro strain (x107%)
pH-9.0 48 0.0069
pH-10.0 45 0.0066
pH-11.0 46 0.0061

4.2 Raman Spectra

The vibrational spectra were recorded using a
Raman laser excitation line to investigate the bonding
nature and local structure of the prepared samples (Fig.
2). This effective tool provides information about the
forces raised from mutual interactions of electrons and
nuclei. The bands obtained from the spectra are assigned
using Py - Masche model (Py and Maschke 1981). The
characteristic Raman bands 670, 822, and 1000 cm
attribute the layered configuration of orthorhombic
MoOjs structure. The 670 cm™ can be assigned to the
symmetric stretching mode of triply coordinated bridge
oxygen (Mo3-0: B2g, B3g) atoms and originated from
sharing of oxygen located at the corner of the crystallites.
The Raman bands around 822 and 1000 cm? are
symmetric (MoZO: Ag, B1g) and asymmetric (Mo%*=0:
Ag, B1g) stretching modes of doubly coordinated oxygen
and unshared oxygen atoms respectively (Shahsank et al.
2021) The bands at 340 and 385 cm™ can be related to
the scissoring (B3g) and wagging (B1g) modes of O —
Mo — O. The twisting and wagging modes of double bond
O = Mo = O appeared around 244 (B3g) and 294 (B2g)
cm respectively. From the observed Raman spectra, it is
evident that the prepared samples are orthorhombic in
phase and it accords well with the XRD findings.

Intensity (a.u)
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Fig. 2: Raman Spectra of undoped MoOs nanoparticles at pH
9,pH 10 and pH 11
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4.3 SEM Analysis

The SEM micrographs of MoOs prepared at pH-
10.0 is presented in Fig. 3. The SEM micrographs show
non-uniform mere spherical morphology with sparse
agglomeration. The particle’s high surface energy
stabilization might be the cause of the agglomeration.
This was achieved via Ostwald’s ripening process during
growth of crystallites reaction (Lou and Zeng 2002). The
particle size distribution calculated from the obtained
micrograph exhibits ~ 20 nm. From the FESEM analysis,
we realized that the individual particle boundaries in spite
of particle agglomeration occur. Also, during the
synthesis we have not exploited any form of surfactants
in order to prevent the particle aggregation which results
in mild agglomeration of particles.

Fig. 3: SEM micrograph of undoped MoOs nanoparticles at
PH10

4.4 CV Studies

The CV study of the prepared MoOs; samples
were recorded using a reference, working, auxiliary
electrode workstation at various scan rates (10, 20, 30,
40, and 50 mV/s) in a potential window of -500 to 500
mV and are shown in Fig 4. The electrolyte of 1 M KOH
was employed to study the electrochemical activity. The
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CV graphs presented in Fig. 4, display the redox cycles
of Faradaic reactions similar to electric double layer
capacitor (EDLC). The specific capacitance of the MoOs
synthesized at pH-9, 10, and 11 are 420, 460, and 333 F
g*. Among them, the pH™ prepared at a scan rate 10
mV/s exhibited the highest specific capacitance.
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Fig. 4: Cyclic voltammetry analysis of undoped MoOs;
nanoparticles at pH 9 (a), pH 10(b) and pH 11(c)

5. CONCLUSION

The orthorhombic phase (o) MoOsz were
prepared at varying pH via simple co-precipitation
method. The structural and morphological nature were
analyzed through X-Ray diffraction, Confocal - RAMAN
and Surface Emission Microscopy. The phase purity and
multi-faceted growth were confirmed from the XRD and
Raman. The layered structure of MoO3 evidenced from
the structural analysis are responsible for the witnessed
electrochemical activity. The sparse agglomeration of
non-uniform mere spherical morphology was revealed
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from FESEM analysis. The pH-10 prepared MoOs3
exhibited the high specific capacitance.
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