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Abstract

A comprehensive structural and optical characterisation was conducted on antimony molybdate
(Sb2MoOg) flower-like microstructures to assess their structural and electronic properties. X-ray
diffraction and Raman spectroscopy confirmed a crystalline composite framework, mainly
comprising Sb,0O, and MoO, phases. Field emission scanning electron microscopy showed a
unique 3D flower-like morphology composed of self-assembled nanosheets that formed porous
microspheres with an average diameter of 4.19 + 0.81 uym. X-ray photoelectron spectroscopy
verified the oxidation states of Sb® and Mo®* confirming the presence of Sb and Mo in the metal
oxide composite. Optical studies with UV-Visible diffuse reflectance spectroscopy identified a
direct band gap of 2.48 eV. These findings indicate that the microwave-assisted synthesis
produces hierarchical structures with electronic properties suited for advanced functional
applications.
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1.0 INTRODUCTION

Transition metal molybdates with the general formulas MMoO4 and M2MoO4 (M = transition metal) have garnered a significant
attention recently.[1], [2], [3] They have distinct crystal structures and tunable electronic properties which make them promising
candidates for a variety of functional applications.[4], [5] The presence of multiple oxidation states in transition metals enables
the synthesis of various nanostructures which include hierarchical structures like Sb2MoOs, CoM0oQO4 and NiMoQa4, as well as
their hybrids with carbon-based materials for enhanced electrochemical performance.[1], [6]

Among these, Sb2MoOs has emerged as a particularly interesting metal oxide due to the synergistic interaction between
Sb® and Mo®* species.[1], [5], [7] Molybdenum-based compounds exhibit rich redox chemistry (Mo%*/Mo®), suitable working
potentials, and stable three-dimensional frameworks, which contribute to good charge-discharge cycling and efficient ion
transport, making them attractive for energy storage and catalysis.[2], [6] Structurally, MoOs octahedra can form layered or
tunnel configurations through various connectivity modes, further enhancing their functional versatility.[6] In Sb2MoOes, the
presence of Sb3* lone-pair electrons coupled with MoOs octahedral units introduces a synergistic effect that enhances chemical
reactivity and light-harvesting capability.[4], [8] The morphology and hierarchical structure of Sb2MoOs have a significant
influence on its performance.[7], [9]

Traditional methods such as hydrothermal and solid-state synthesis techniques frequently produce materials with
poorly defined morphologies and small surface areas, which limit the accessibility of active sites.[1], [8] To address these
limitations, 3D hierarchical architectures, particularly flower-like microspheres assembled from two-dimensional nanosheets,
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have been developed to enhance porosity, mass transport, and light—matter interaction.[4], [7] Microwave-assisted hydrothermal
synthesis offers a powerful alternative, providing rapid and uniform heating. This method improves the crystallinity and provides
precise morphological control within reduced reaction times.[7], [9] Despite growing interest, a comprehensive understanding of
the physicochemical and optical properties of microwave-synthesised Sb2MoOs remains limited.

In this study, hierarchical SboMoOs flower-like microspheres were synthesised via a rapid 90-minute microwave-
assisted hydrothermal method. The material was characterised in terms of structure, vibrational properties, morphology, and
optical behaviour. This work establishes a clear structure—property relationship, highlighting the potential of Sb2MoOe as a high-
performance material for photocatalytic and electrochemical applications.

2.0 EXPERIMENTAL
2.1 Microwave-Assisted Hydrothermal Synthesis of SboMoOs

Antimony (lll) trichloride (SbCls, 99.95%), sodium molybdate (V1) dihydrate (Na2M00O4.2H20, 99%), and ethanol (98%) were
purchased from Sigma-Aldrich and used as received without further purification. Deionised (DI) water was used throughout the
synthesis and cleaning processes. The Sb2MoOe flower-like microspheres were synthesized using a modified one-step
microwave-assisted hydrothermal route as reported by Lu et al. (2019).[7] SbCls (0.19 g) and of Na2M004.2H20 (0.10 g) were
dissolved in 30 mL of DI water. The solution was stirred vigorously until a homogenous precursor was formed. The mixture was
transferred to a 50 mL Teflon-lined microwave digestion vessel and heated in a microwave system at 160°C for 90 minutes.
After cooling to room temperature, the resulting green precipitate was collected via centrifugation (6000 rpm), washed multiple
times with DI water and ethanol to remove residual ions, and dried in a vacuum oven at 60°C for 12 hours.

2.2 Structural, Chemical and Optical Characterisation Sb,MoOg

The crystal phase was determined using X-ray diffraction (XRD, Rigaku SmartLab) with Cu-Ka radiation (A = 1.3923 A) in the
26 range of 3° to 100°. Raman spectra were recorded using a 633 nm laser source to identify the metal-oxide bonding modes.
X-ray photoelectron spectroscopy (XPS) was used to determine elemental oxidation states. Morphological evaluation and
elemental mapping were carried out using field emission scanning electron microscopy (FESEM) and energy dispersive X-ray
(EDX) spectroscopy at an accelerating voltage of 20 kV. The average diameter and size distribution of the Sb2MoOs
microspheres were determined by statistical analysis of the FESEM micrographs using ImagedJ software. The band gap energy
was determined using UV-Visible Diffuse Reflectance Spectroscopy (UV-DRS, Shimadzu UV-2600). The direct band gap was
estimated using the resulting Tauc plot.

3.0 RESULTS AND DISCUSSION

3.1 Phase and Vibrational Analysis (XRD and Raman)

The crystalline phase of the synthesised Sb2MoOs was investigated using XRD. The diffraction pattern reveals a monoclinic
crystal system (@ =y =90°, 8 #90°, a=5.60 A, b =4.854 and ¢ = 5.61A) with most intense peak recorded at 26 = 28.47° (see
Figure 1a). The diffraction pattern is consistent with standard JCPDS data (No. 33-1491) and previously reported studies[1], [7],
[8], [9], confirming the formation of the expected phase of Sb2MoOs. However, while earlier works reported a triclinic structure,
the present study observed a monoclinic crystal system. The sharp peaks indicating that the microwave-assisted hydrothermal
process successfully promoted high crystallinity. Further analysis identifies a nanocrystalline composite primarily composed of
Sb204 (~91%) and MoO2 (~9%) phases with an average crystallite size of 1.83 nm. Raman spectroscopy was used to investigate
the vibrational modes of the metal-oxide Sb2MoOs framework. For Mo-O Raman bands, a prominent stretching mode at 768
cm correspons to the Mo-O-Mo symmetric stretching, 885 cm™! is assigned to the terminal Mo=0 bond stretching and the peak
at 696 cm™' is attributed to the asymmetric stretching of the Mo—O-Mo of the MoOs octahedra (see Figure 1b).[5], [10], [11]
Importantly, the incorporation of Sb into the oxide lattice is verified by the peaks at 331 cm™" and 480 cm'.[12] The former refers
to Sb—O bending vibrations, while the latter corresponds to the Sb—O-Sb stretching mode. The alignment between XRD and
Raman data confirms the formation of a long-range ordered lattice despite the short synthesis duration.
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Figure 1 : (a) XRD pattern showing 26 peaks at 25.61°, 28.47°, 36.13°, 37.23", 51.08°, 53.75 and 61.41°; and (b) Raman
spectrum of Sb2MoOs showing most intense Raman shift at 768 cm-".

3.2 Morphology and Composition Analysis (FESEM-EDX)

Following the method reported by Lu et al. (2019), hierarchical Sb2MoOs microstructures were successfully synthesised. The
surface morphology of SboMoOs was examined using FESEM while the elemental composition was obtained from the EDX
analysis. The previous study by Lu ef al. (2019) described microspheres formed from 1D nanobelts,[7] however the current
results show a 3D flower-like morphology composed of interconnected 2D sheets with significant surface due to the porosity
and hierarchical structures. (see Figure 2). The microspheres had an average diameter of 4.19 + 0.81 ym. This variation in
hierarchical assembly is probably due to the local kinetic factors and thermal distribution within the microwave cavity.

Figure 2 : The ESEM images of the as prepared 3D ower-like morphology composed of mtercnnected 2D sheets at
magnifications at (a) 5,000, (b) 10,000, (c) 20,000 and (d) 30,000.

The elemental composition of the flower-like microspheres was determined using EDX analysis. Table 1 summarises the
outcomes of two studies, as well as the theoretical and literature values. The atomic percentages for Trial 1 (Sb: 24.37%, Mo:
9.09%, O: 66.53%) are consistent with the theoretical stoichiometry of Sb2MoOs (2:1:6 ratio) and the values reported by Lu et
al. (2019). However, Trial 2 has a higher Sb content (28.17%), resulting in an Sb-rich stoichiometry that approximates 3:1:7,
probably due to the localised composition variation within the sample.



4 Mohamad et al. / J. Mater. Life Sci. 5:1 (2026) 63-68

Table 1: Atomic Percent (%) of Sb, Mo and O from EDX Analysis of Sb2MoQOs

Atomic Percent (%)
Element
Trial 1 Trial 2 Theoretical Lu et al. (2019)[7]
Sb 24.37 28.17 22.22 22.87
Mo 9.099 8.74 11.11 11.07
o 66.53 63.09 66.67 66.86
Ratio Sb:Mo:O 2:1:6 3:1:7 2:1:6 2:1:6

3.3 Surface Chemistry Analysis (XPS)

The surface chemical composition and oxidation states of the Sb2MoOs hierarchical microspheres were studies using XPS
analysis. The survey spectrum indicates the presence of Sb, Mo, and O, which is consistent with the EDX results (see Figure
3a). The high-resolution spectrum of Sb 3d displays two major peaks located at around 530 eV (3ds;2) and 540 eV (3dsr2) (see
Figure 3b). The peak positions and separation of ~10 eV indicate the Sb3* oxidation state within an oxide lattice.[13], [14] Note
that also the peak of Sb 3dsr2 (~530 eV) typically overlaps with the O 1s peak, thus contributing to its high intensity. The high-
resolution Mo 3d spectrum exhibits two distinct peaks at ~233 eV (3ds2) and 236 eV (3dss2) (see Figure 3c). These peak positions
and the binding energy peak separation of 3 eV confirm the presence of Mo in the Mo®* oxidation state. The synthesis of high
purity Sb2MoOs with the expected electrical configurations is clearly demonstrated by these XPS results, which are in line with
the previous published research.[1], [8], [14]
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Figure 3 : XPS spectra of the hierarchical Sb2MoOe flower-like microspheres: (a) wide survey scan indicating the elemental
constituents; (b) high-resolution core-level spectrum of Sb 3d; and (c) high-resolution core-level spectrum of Mo 3d.
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3.4 Optical Properties (UV-DRS)

UV-DRS was used to analyse the optical properties of Sb2MoOs. The reflectance spectrum of the hierarchical Sb2MoOs
microspheres exhibits two distinct optical regimes: (I) 200 — 420 nm and (ll) >420 nm (see Figure 4a). In the UV and visible
region (up to ~420 nm), the reflectance is at its minimum, indicating maximum absorbance as photons possess sufficient energy
to overcome the energy gap. Conversely, for wavelengths beyond 420 nm, a sharp increase in reflectance is observed,
suggesting that the material becomes poorly absorbing in the longer wavelength visible region. This steep transition corresponds
to the estimated direct band gap of 2.48 eV based on the Tauc plot (see Figure 4b).

a b 3500

e | Il 000

2500

%]
1

2000

(hva)?

1500 4

Reflectance (%)
® o
1 1

1000

500 -

T T T T T 3
200 300 400 500 600 700 800 2 3

2.48 ev
Wavelength (nm) hv (eV)

Figure 4: (a) Reflectance spectrum and (b) Tauc plot of Sb2MoOs.

4.0 CONCLUSION

Sb2MoOs flower-like microstructures were successfully synthesised using microwave-assisted hydrothermal method and were
physico-chemically characterised. The XRD pattern exhibited sharp diffraction peaks indicating high crystallinity with most
intense peak recorded at 20 = 28.47°. Raman spectroscopy analysis showed characteristic Mo-O (696, 768 and 885 cm-) and
Sb-O (331 and 480 cm™) vibrational modes, confirming the incorporation of Sb into the crystal lattice and the formation of
Sb2MoOs. FESEM morphological analysis demonstrated the formation of 3D flower-like microspheres with assembled from
interconnected 2D nanosheets, with increased surface area and porosity. This observation differs from previously described
nanobelt-based morphologies. The average size of the microspheres is estimated around 4.19 + 0.81 ym. XPS investigation
verified the existence of Sb3* and Mo®* oxidation states which is consistent with the EDX results. UV-DRS investigation showed
minimum reflectance thus high absorption up to ~420 nm, with a direct band gap of 2.48 eV, indicating suitable for visible-light
applications.
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