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Abstract: Various nano-photocatalysts have been used to decompose organic dyes. Sb2O3 nanopar-
ticles (NPs) have emerged as potential photocatalysts due to their redox potential, non-toxicity,
long-term stability, and low cost. This work describes the fabrication of Sb2O3 NPs via the solvother-
mal process. A field emission scanning electron microscopic (FE-SEM) analysis depicted the spherical
shape of the NPs, and an energy-dispersive X-ray (EDAX) analysis confirmed the presence of oxygen
(O) and antimony (Sb) in the synthesized NPs. XRD (X-ray diffraction) patterns were recorded to
measure the size and phase of the NPs. The sample was found with an alpha phase of antimony
oxide indicating high purity. The Scherrer equation was used to calculate the size of the NPs, which
was found to be approximately 20.89 nm. The photocatalytic potential was tested against methylene
blue (MB) dye. The NPs showed a 60% degradation of the dye in 60 min. The dye was found to
be adsorbed on the Sb2O3 nanoball surface and degradation was associated with the generation of
reactive oxygen species (ROS).

Keywords: methylene blue dye; photocatalysis; Sb2O3; solvothermal synthesis

1. Introduction

Sb2O3 NPs have been proposed as a promising resolution for wastewater treatment [1].
High surface-to-volume ratios of the NPs facilitate the interaction between them and the
pollutants leading to their active adsorption and catalytic degradation [2]. Antimony oxides
are an important class of compounds having three different phases viz. antimony trioxide
(Sb2O3), antimony tetroxide (Sb2O4), and antimony pentoxide (Sb2O5). Changes in Gibbs
energy affect the formation of the desired phase [3,4]. Sb2O3 NPs also have good properties
such as a higher refractive index [5], wear resistance, higher conductivity [6], excellent
mechanical properties, and higher absorbing power [7]. Sb2O3 NPs have excellent chemical
stability, energy consumption, and thermal performance, making them appropriate for
wastewater remediation [8] as they can eradicate numerous pollutants from wastewater,
together with heavy metals, chemicals, and dyes. The surface of the NPs can be altered to
enhance their adsorption capacity and selectivity for pollutants [9]. Furthermore, Sb2O3
NPs are easy to recover and recycle, cost-effective for large-scale wastewater treatment, and
can be utilized as nano photocatalysts in advanced oxidation processes (AOPs) to produce
hydroxyl radicals in the presence of light [10]. The optical properties of the Sb2O3 NPs,
such as energy diffraction and energy absorption of light, make the photocatalysis of many
organic compounds more effective [11,12]. The antibacterial properties of the Sb2O3 NPs
have also been explored [13]. They inhibit the growth of bacteria and other organisms
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in wastewater, thereby reducing the risk of waterborne diseases [14]. According to the
previous literature, Sb2O3 NPs synthesized via the hydrothermal route showed excellent
potential for the degradation of Malachite green dye (MG) [15]. In another study, Sb2O3
NPs with different morphologies demonstrated superhydrophobic properties and excellent
anticorrosion properties [16]. Furthermore, the photocatalytic degradation of Rhodamine
B using the valentinite Sb2O3 NPs was also reported previously [17]. In this work, the
authors have reported the synthesis and characterization of Sb2O3 NPs via the solvothermal
process, and the photocatalytic efficiency of the NPs was evaluated against MB dye, which
is associated with potential toxicity when used in high concentrations or administered
incorrectly. Swallowing or injecting the dye can cause serious side effects, including
methemoglobinemia, a condition in which the blood’s ability to carry oxygen is impaired.
In addition, its prolonged exposure can cause skin irritation and allergies. Another problem
is that it can smudge and discolor, which can be a problem when dealing with soft products
or in some applications where true color representation is important [18,19].

2. Materials and Methods

Antimony chloride (SbCl3) and methylene blue dye were procured from Sigma Aldrich,
(St. Louis, MO, USA) and ammonium hydroxide (NH4OH) was procured from MERCK
India (MITC), Tower 3 (Bengaluru, Karnataka, India). FT-IR spectrum was recorded on
a Bruker Tensor instrument in the scanning range of 4000–400 cm−1 through the KBr
pellet method. The X-ray crystallographic study was performed on a Rigaku Ultima IV
diffractometer, in Tokyo, Japan, to measure the particle size. UV–Vis spectra were recorded
on a Hitachi U3900 spectrometer to assess the absorbance frequency and Tauc plot for
bandgap measurement. The crystal structure and purity of the Sb2O3 NPs were measured
through a diffractometer (XRD, Rigaku Ultima IV, Tokyo, Japan). The structure of the NPs
was determined using a scanning electron microscope (SEM) Zeiss Gemini SEM 500 with
EDAX detector, Singapore) FESEM Analyzer Zeiss Gemini SEM 50 with an acceleration
voltage of 0.02–30 kV and with thermal field emission type, probe current pA of 20 nA, and
a magnification of 50×—2,000,000×. An EDAX analysis of the samples was carried out on
a Bruker energy-dispersive X-ray spectrometer. All chemicals were of analytical reagent
(AR) grade and used without additional refinement.

Synthesis of Sb2O3 NPs

114 mg (0.1 M) of SbCl3 was dissolved into 50 mL of ethanol. A freshly prepared
6 mL of 10 mol/L NH4OH was added to it with constant stirring for 60 min to maintain
pH at 10 and was then shifted to an autoclave [20]. The autoclave was set at 120–160 ◦C
for 10 h and cooled to room temperature. The resultant white powder was washed with
distilled water, followed by ethanol to remove impurities, and then dried at 60 ◦C for
3 h [21]. The alcoholysis of SbCl3 is depicted in Equations (1)–(3), in which R group denotes
hydrocarbyl [22].

SbCl3 + 3ROH → Sb(OR)3 + 3HCl (1)

Sb(OR)3 + 4OH− → Sb(OH)4
− + 3RO− (2)

Sb(OH)4
− → Sb2O3 + 3OH− + 3H2O (3)

3. Results and Discussion
3.1. Characterization Tactics
3.1.1. XRD

To evaluate the crystalline size and phase of Sb2O3 NPs, the XRD patterns were
recorded (Figure 1). Using the JCPDS data card (card number 05-0534), with a preferred
plane of (222), the sample was found with an alpha phase of Sb2O3 NPs, indicating
high purity [23]. The average crystallite size (D) was calculated through the Scherrer
Equation (4) [24].

D = kλ/β cos θ (4)
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where k = Scherrer constant (0.94);
λ = Wavelength of the incident X-ray (1.542 Å);
β = Full width at half maximum (FWHM) of the diffraction peak;
θ = Angle of diffraction.
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The average grain size was calculated to be 20.89 nm, as demonstrated in Table 1.

Table 1. XRD data and calculation of the average size.

Material 2θ Value FWHM Value Crystallite Size at Different θ
Values (nm)

Average Crystallite Size of
Sb2O3 NPs (nm)

Sb2O3 NPs
19.29◦ 0.43 20.91

20.89 nm
28.36◦ 0.41 20.87
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3.1.2. SEM Analysis

The synthesized NPs showed distinct particles with no agglomeration. Figure 1b
reveals the spherical morphology of the Sb2O3 NPs [25,26]. Figure 1c shows the EDAX
spectrum, confirming the presence of O and Sb. The particle size was calculated using
Figure 1d, showing an average particle size of 26 nm.

3.1.3. FT-IR Analysis

The absorption bands at 458 cm−1 and 791 cm−1 demonstrated the stretching fre-
quencies (Sb-O), oxide bridge functional group (O-Sb-O), and symmetric and asymmetric
vibration of Sb2O3. The peak at 1644 cm−1 was attributed to the bending vibrations of
H2O [15,27]. The lesser intensity of the peak showed a low content of humidity in the
as-prepared sample.

3.1.4. UV-Vis Analysis

Figure 1f depicts the UV-Vis absorption spectrum of Sb2O3 NPs. The maximum
absorbance was obtained at 233 nm. In a previous study, the optical absorption spectrum
of the Sb2O3 NPs showed an absorption peak around 298 nm [28]. The bandgap energy
was obtained using Tauc’s Equation (5):

hν·α = (Ahν − Eg) n/2 (5)

where Eg is the optical bandgap, ν is the frequency of light, and A is a constant for the
direct transition value of n = 1 and indirect transition, n = 2—from the plot of (F(R) × hν)
1/2 versus hν. The estimated bandgap value for Sb2O3 NPs was found to be 3.32 eV, which
was almost similar to the previously reported literature [29].

3.2. Photocatalytic Potential of Sb2O3 NPs

The photocatalytic activity was investigated against MB dye in aqueous media under
UV light illumination. A dye solution with an initial concentration of C0 was prepared, and
an appropriate amount of Sb2O3 NPs was added to it in separate beakers. Before irradiation,
the samples were agitated for 20 min in the dark to check the adsorption/desorption
equilibrium. In all the settings in the dark, the dye concentration did not change, suggesting
very little or insignificant adsorption. Then, the reaction chamber was irradiated with UV
light to form photoexcited charge carriers (electron (e−) and hole (h+); the photocatalytic
potential was tested against MB dye at room temperature in the presence of UV light. A
total of 40 mg of Sb2O3 nanoballs was distributed in 100 mL (10 ppm) of MB dye solution;
5 mL solution was collected at an interval of 20 min from the prepared sample for the
UV-Vis analysis. Then, 60% dye was degraded in 60 min as depicted in Figure 2a,b, which
depicts the kinetics of the dye degradation. The dye degradation percentage was calculated
using Equation (6) [30,31].

Percentage of degradation =
C0 − Ct

C0
× 100 (6)

The kinetics of photodegradation were also studied using the Langmuir–Hinshelwood
model as Equation (7):

ln
[

C0

Ct

]
= Kappt (7)

where C0 and Ct represent the dye concentrations at the time ‘0’ and ‘t’, respectively, and
‘Kapp’ represents the apparent pseudo-first-order rate constant. The maximum photodegra-
dation rate (0.70 min−1) with excellent linear correlation was demonstrated by the Sb2O3
NPs, suggesting pseudo-first-order kinetics as depicted in Figure 2b.
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Figure 2. (a) Photodegradation of MB dye; (b) kinetics of dye degradation.

The probable mechanism of MB degradation is depicted in Figure 3a. The increase
in MB adsorption on the Sb2O3 NP surface may react with ROS during the photocatalytic
process. When a photon with hν energy from a visible light source collides with the
surface of synthesized nanostructures, an electron (e−) in the valence band (VB) becomes
excited and jumps to the conduction band (CB), leaving a hole (h+) in the valence band
(Equation (8)) and electrons of the conduction band produce superoxide (Equation (9)). The
reaction between superoxide and water generates hydroxyl radicals (Equation (10)) [32]. It
can also interact with hydroxyl groups in water to form OH radicals (Equation (11)) [33,34].
The hydroxyl radical reacts with the dye, reducing the dye to CO2 and H2O (Equation (12)).

Sb2O3 + hν → Sb2O3 (e−CB + h+
VB) (8)

e−CB + O2 → O2
•− (9)

O2
•− + H2O → •OH + −OH + O2 (10)

h+
VB + H2O → •OH (11)

Reactive species (•OH, O2
•−) + Dye (organic pollutant) → Degradation products (12)
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3.3. Quenching Experiment

To study the qualitative effect, DMSO and carbonate ions have been used as scavengers
for chemically active species. To carry out the experiment, the concentration of Sb2O3 NPs
taken was 0.5 g/L and the concentration of DMSO or carbonate ions taken was 0.4 g/L
in 100 mL of dye solution. The reaction mixture was irradiated via UV–visible radiation
for 60 min. It was observed that in the absence of a scavenger (DMSO or carbonate ion),
the percentage degradation of dye was 27.5%, but when DMSO or a carbonate ion was
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added to the dye solution, the percentage degradation of the dye decreased to 10.3 and
13.5%, respectively (Figure 3b). From the experimental results, it was concluded that the
concentration of active radicals which are responsible for the degradation decreased in
the presence of scavengers [35]. The scavenging mechanism is shown in Equations (13)
and (14):

OH• + (CH3)2SO → CH•
3 + CH3SO2H (13)

OH• + CO2−
3 → OH− + CO−

3 (14)

4. Conclusions

The fabrication of Sb2O3 NPs has been effectively achieved via the solvothermal
process and has shown excellent adsorption and photocatalytic activity towards MB dye.
The photocatalytic activity of Sb2O3 NPs is increased in UV light exposure, which is
attributed to the recombination of photogenerated electrons and holes and the generation
of more reactive oxygen species. The photocatalyst followed Langmuir and Freundlich’s
adsorption isotherm and the maximum photocatalytic activity was found to be 60.2%. The
correlation coefficient value (R2 = 0.90278) showed the rate followed by pseudo-first-order
kinetics. Owing to excellent adsorption capacity, surface area, and photocatalytic activity,
Sb2O3 NPs have shown a dual role in the removal of MB dye. With the obtained results,
it can be concluded that the photocatalyst can be used for practical implementation in
industries for the treatment of wastewater.
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