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Abstract: Currently, there is growing concern about minimizing the environmental impacts caused by
the generation of waste on water, soil, air pollution, and contamination of the environment in general.
Magnesium oxide (MgO) nanoballs (NBs) were synthesized by the hydrothermal method followed by
a calcination process. The average size of particles dispersed in deionized water was 159.2 £ 70 nm.
The energy band gap was calculated to be 5.14 eV. The magnetic behavior, cyclic voltammetry,
and electrochemical impedance of MgO NBs were studied. Under visible-light irradiation, the
photocatalytic activity of MgO nanoballs was investigated by methylene blue (MB) dye. Results
showed that photodegradation for MB under visible light irradiation for 120 min and degradation
results are fitted well with pseudo-first-order reaction kinetics with a rate constant of 0.00252 min !
and a correlation coefficient of 0.96.

Keywords: MgO nanostructures; hydrothermal synthesis; optical properties; electrochemical prop-
erty; photocatalytic activity

1. Introduction

Nanotechnology is an emerging field of science that is gaining popularity in the
worldwide due to its potential applications in fields such as medicine, automotives, and
the environment [1,2]. Nanotechnology is also inevitable due to increased versatility in
production with desired size and morphology for a variety of applications such as sensors,
automotive spare parts processing and drug delivery [3,4]. Nanomaterials have enhanced
physicochemical properties and intensified efficiency-enhancing activities in a variety of
applications including wastewater treatment, biomedical, optical, sensory, antibacterial
and electrochemical applications [5,6]. Advances in industrialization resulting in toxic
by-products have altered the environment, releasing a certain variety of toxins and emis-
sions of hazardous gases into the atmosphere. In this regard, traditional methods such as
immobilization, biological and chemical oxidation, and incineration have been widely used
to treat a variety of organic and toxic industrial pollutants [7]. Various physical, chemical,
and biological processes are used to remove colorants and other hazardous contaminants
from wastewater [8]. Some physical and chemical treatment methods such as coagulation,
precipitation, flocculation, ion exchange, membrane filtration, and adsorption techniques
are commonly used to remove contaminants, although they are not optimal for complete
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contaminant removal [9]. Heterogeneous photocatalysis using semiconductor oxides has
been used to mineralize organic impurities into HO, CO, and inorganic ions [10]. Due
to solar energy, photocatalysis in water treatment has an excellent position compared to
other conventional approaches [11]. Nanomaterials have unique chemical and physical
properties, such as larger surface areas and surface defects [12]. It would also be used
in photocatalytic degradation [10,13]. The optical properties of nanomaterials are mainly
influenced by their size and shape [14]. Compared to metal oxides, nanostructures are
environmentally friendly, exhibit high mobility and chemical and thermal stability, have
low cost, show compatibility, and involve a simple process. In the class of metal oxide
nanostructures, MgO has attracted much attention due to its unique biocompatibility and
extreme stability [15,16]. The MgO nanostructure has been considered for various applica-
tions including electronics, catalysis, additives, ceramics, photochemical products, paints
and medicine [17,18]. Numerous techniques are used to produce MgO nanoballs, such
as sol-gel, hydrothermal, spray pyrolysis, combustion, microwave, and co-precipitation
methods [19-25].

Metal oxide nanostructures are widely characterized by their effective photocatalysts in
water treatment processes, including pharmaceutical and dye-containing effluents [26-29].
Because of these intriguing properties, scientists have experimented with a variety of metal
oxides to improve the efficiency of nanomaterials. MgO nanomaterials have been explored
as a non-toxic and environmentally friendly adsorbent to remove organic pollutants and
toxic metal ions from water [30]. The dye contaminants discharged from dye industries are
chemically stable, and common physical, chemical, and biological methods for removing
toxic dyes from wastewater, such as adsorption, coagulation, gentrification, filtration, and
reverse osmosis, are ineffective [31,32]. For the decomposition of toxic compounds in
wastewater, advanced oxidation processes such as sonic catalysis, ozone decomposition,
photo Fenton, photocatalysis, and photo electro-Fenton have become popular [33,34].
Depending on the source of the dyes and the remediation methods, each method has
advantages and disadvantages. The technique associated with UV radiation and hydroxide
oxidation does not effectively treat color dyes either. The photocatalytic method has
recently received a lot of attention due to its effective dye decolorization [35,36]. In a
photocatalytic reaction, the semiconductor material absorbs energy equal to the band gap
and generates electric charges, resulting in an oxidation and reduction reaction that leads
to dye degradation [37]. Methylene blue is a cationic thiazine dye that is commonly used
in the paper and textile industries for dyeing and printing. Therefore, in this work, MgO
nanoballs are synthesized via a hydrothermal route, and their electrochemical impedance,
cyclic voltammetry and photocatalytic activity are investigated.

2. Materials and Methods
2.1. Materials

MgO nanoballs were formed by the hydrothermal synthesis route of magnesium
nitrate (Mg (NOj3)2-6H0), in the presence of sodium hydroxide (NaOH) (purchased
from Sigma-Aldrich, Mumbai, India) and PVA. All chemicals and solvents used during
the synthesis were analytical-grade reagents and used as received without any further
purification.

2.2. Synthesis of MgO Nanoballs

In this work, MgO NBs were prepared by a hydrothermal method followed by a
calcination process. In a typical synthesis, 0.5 M magnesium nitrate (Mg (NO3),-6H,0) was
added to 50 mL of double distilled water and stirred well for 30 min. Then, 2 g NaOH and
4.3 g PVA were added directly to the above solution. The resulting homogeneous mixture
was transferred to a Teflon-lined autoclave. The autoclave was sealed and subjected to
a temperature of 180 °C for 12 h and then cooled to room temperature. On cooling, the
precipitate formed was filtered, washed with distilled water to remove excess residual ions,
and then washed with ethanol. Subsequently, the precipitate was dried in an oven at 80 °C
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for 4 h to obtain the Mg (OH),. In order to convert the amorphous phase of Mg (OH), to
MgO, the samples were calcined at 350 °C for 2 h under the air atmosphere.

2.3. Photocatalytic Activity Study

The photocatalytic reactor comprises a 250 W Xenon lamp that serves as a visible-
light source. To examine the photocatalytic activity of the synthesized sample on the dye,
40 mg of the catalyst was placed in a 250 mL beaker containing 80 mL of 15 ppm MB
dye and stirred for 30 min in a dark room to induce the adsorption/establish desorption
equilibrium. The process of the photodegradation was followed by observing the change in
the absorption maximum wavelength of 664 nm of the dye. The percentage of degradation
(Degradation (%)) of the MB dye was calculated using Equation (1):

Degradation(%) = (1 — A/Ap) x 100 1)

where A and A represent the absorbance of MB dye before and after exposure to visible-
light irradiation, respectively.

2.4. Electrochemical Measurement

The electrochemical measurement was carried out on a three-electrode system. GCE/MgO
NBs, platinum wire, and Ag/AgCl were used as working, counter and reference electrodes,
respectively. 0.5 M NaySOy solution was used as an electrolyte throughout the experiment
in the potential window between —1.1 to 1.8 V with a scan rate of 20 mV/s. The catalyst
sample was prepared by dispersing it in ethanol. The working electrode was fabricated by
first cleaning the surface of the glassy carbon electrode (GCE) with alumina and then drop
casting the 15 uL of the as-synthesized MgO sample on it and kept for dry. Electrochemical
impedance measurement was performed by a Versa STAT MC impedance spectrometer in
the frequency range from 1 Hz to 1 MHz at room temperature.

2.5. Characterisation

The X-ray diffractometer (PANalytical, X'Pert) was used with CuK« radiation (A = 1.5406 A)
in the range of 10-70°. The presence of functional molecules in the synthesized MgO
NBs was confirmed by Fourier Transform Infrared spectroscopy (FTIR) (Perkin Elmer,
Waltham, MA, USA). The surface morphological analysis of MgO NBs was performed
using scanning electron microscopy (FEI-Quanta FEG 200F instrument) (Hillsboro, OR,
USA). The Varian, Cary 5000 spectrophotometer was used to examine the UV-Vis spectrum
of MgO NBs between 300 and 800 nm. Photoluminescence spectra (PL) were recorded
using FLUOROLOG—FL3—11 Jobin Yuvo make Spectro-fluorometer (Edison, NJ, USA).
The Lakeshore VSM7410 magnetometer provides the M-H hysteresis loop for MgO NBs.

3. Results and Discussion
3.1. X-ray Diffraction Analysis

Figure 1a represents the XRD pattern of MgO nanoballs, which reveals the charac-
teristic peak with the planes of (11 1), (2 00), and (2 2 0). These planes match well with
(JCPDS No. 87-0653) with a cubic crystal system. The most intense and characteristic peak
among all XRD patterns corresponds to the reflecting plane (2 0 0), showing the formation
of a single-phase cubic structure. Additionally, as provided in the figure, the diffraction
patterns formed are high sharp, narrow, and with significant intensity where all these
factors support the crystalline nature of the formed MgO NBs. The crystalline size (D) of
MgO was calculated using the Debye-Scherrer formula given below:

D = 0.94\/p cos 0 @)
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Figure 1. (a) Powder XRD pattern of MgO NBs. The cubic crystal structure of MgO drawn by
Vesta software (Version 3.4.5); (b) Ball-and-stick model and (c) Polyhedral model. Unit cell lattice
parameters: crystal system—Cubic, space group—Fm-3m, distances a =b = ¢ = 4.21700, along with
axes (for Mg, x =0,y =0 and z = 0 and for O, x = 0.500000, y = 0.500000 and z = 0.500000), and angles
ax=pB=y=90°

The mean crystallite size of MgO nanoballs was found to be 14 nm. D is the average
crystallite size, 0 is Bragg’s diffraction angle, A (1.540 A) is the wavelength of the X-ray
source, and f3 is full width at half maximum (FWHM). Moreover, Figure 1b,c shows the
ball-and-stick model and polyhedral model of MgO, respectively, where it can be seen that
arrangement of Mg?* and O?~ ions in the MgO crystal structure. These two representations
demonstrated that each O~ anion is octahedrally coordinated by six Mg?* cations, while
each Mg?* cation is octahedrally coordinated by six O?~ anions.

3.2. FTIR Analysis

Fourier transform-infrared spectroscopy in transmission mode was utilized to generate
the spectra for obtaining the information about compounds present on MgO nanoballs.
Figure 2 shows the FTIR spectrum of MgO NBs. The FI-IR spectra of MgO NBs exhibited
broad peak at 3456 cm ! assigned to the -OH stretching vibration of water molecules. The
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sharp and high intense peak at 3696 cm ! indicates the presence of surface hydroxyl group
on the crystal face of low-coordination sites or defect sites [38]. The weak peak existed at
1638 cm ™! corresponds to the bending vibration of the surface hydroxyl group [38]. The
characteristic peak was observed at 501 cm~! corresponding to the stretching mode of
Mg-O bond. The strong bands at 1389 and 839 cm ! were assigned to carbonate species
(CO527) chemisorbed on the surface of MgO NBs [39]. In addition, a weak band observed
at 2442 cm~! belongs to the adsorption of gas phase CO, molecules [40]. The weak peak
at 2756 cm~! could be assigned to the -C-H stretching vibration of residual PVA [41].
Furthermore, no impurities were found. The IR spectrum confirmed the pure cubic crystal
structure of the MgO samples prepared. Hence, it is known that these generated functional
groups on the surface of MgO nanoballs play an important role in the catalytic reaction.

|
839

Intensity (a. u.)

3696 1389 501

—Tt - T - I 1 T T 1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. FTIR spectrum of MgO NBs.

3.3. Morphology

Figure 3a—d shows that the SEM images of MgO NBs at different magnifications, where
it can be clearly seen that the MgO NPs have rough surface and nanoballs morphology.
The agglomeration among NBs was enhanced. Due to the high surface charge and high
magnetization among nanoballs, agglomeration occurred. Furthermore, the elemental
analysis of MgO NBs as shown in Figure 3e, EDX confirms the presence of Mg and O
elements in the sample. Figure 4 shows the EDS elemental mapping of MgO NBs. The
mapping was derived from SEM image to analyze elemental distribution. The combined
elemental distribution ensures a homogeneous distribution of all elements in the MgO NBs
(Figure 4b. the red color represents the presence of oxygen in MgO NBs (Figure 4c). The
green color in Figure 4d confirms the presence of magnesium in MgO NBs.
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Figure 3. SEM images at different magnifications (a-d) and EDX spectrum (e) of MgO NBs.

Figure 4. EDS mapping of MgO NBs. (a) SEM micrograph of MgO NBs, (b) elemental distribution of
Mg and O, (c) distribution of O elements and (d) distribution of Mg elements.
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3.4. Dynamic Light Scattering

The dynamic light scattering (DLS) particle size analyzer was used to confirm the
size and distribution of the MgO NBs. The plot of differential intensity as a function of
diameter (nm) is shown in Figure 5. From the figure given in the histogram, the average
hydrodynamic diameter of the MgO particles in water is 159.2 &+ 70 nm.
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Figure 5. DLS spectrum of the MgO NBs.

3.5. Optical Properties

The optical properties of MgO NBs have analyzed the determination of the electronic
transitions type and bandgap. The UV-Vis absorbance spectrum of MgO NBs in the range
of 200-800 nm is shown in Figure 6a. As can be seen from the figure, the maximum
absorption occurs at 280 nm. The absorption at 280 nm is attributed to the coordination of
surface oxide ions, with the associated high wavelength of the surface exciton indicating
low coordination. The band gap energies were calculated by extrapolating the line from
the Kubelka—Munk function F(R) graph versus photon energy as shown in Figure 6b. The
bandgap of the MgO NBs was estimated to be 5.14 V. is in good agreement with the earlier
report [42,43]. MgO is a wide and direct gap semiconductor as evidenced from the above
results and there is a red shift in bandgap from the bulk (7.65 eV) [43]. The redshift can be
explained based on various main active facets and excitation energies and also due to the

quantum size effect [43].
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Figure 6. UV-Vis absorbance spectrum (a,b) determination of the band gap energy by the Kubelka—

Munk function.
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3.6. PL Spectra

Figure 7 shows the PL spectrum of MgO NBs. The strong UV emission peak at 362 nm
can be seen in the PL spectrum due to the direct recombination of holes and electrons in
the energy band. The visible emission band at 443 nm is caused by oxygen vacancies, Mg
vacancies, or Mg interstitials [44], which induce new energy levels in the band gap of MgO.
The most common defects in nanomaterials, oxygen vacancies, cause lattice distortions in
their immediate vicinity and act as a radiative center in luminescence processes. The MgO
NBs have a larger surface area with an oxygen defect on the surface, making them excellent

photocatalysts.

140,000 - 362
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Figure 7. PL spectrum of MgO NBs.

3.7. Magnetic Studies

Figure 8 shows the magnetization curve at room temperature. Studying the magnetic
properties of a material is crucial as it provides insight into the observed defects, imper-
fections, structural changes, and electron configurations. In the low range of the applied
magnetic field, the MgO NBs show diamagnetism and small ferromagnetic behavior, as
shown in Figure 8. In the low-frequency range, the MgO nanoplates appear to be ferromag-
netic. Defects such as oxygen vacancies, Mg vacancies, and dangling bonds were thought
to be responsible for the ferromagnetism of the MgO NBs. Many research groups have dealt
with defect-induced magnetism (DIM). Ferromagnetism is highly defective in MgO NBs at
room temperature. MgO is non-magnetic in bulk but ferromagnetic in the nanostructure at
room temperature [45]. DIM in MgO NBs is caused by the spin polarization of 2p electrons
from oxygen atoms near the Mg vacancies [46]. The calculated susceptibility (x), remanence
(Mr), and magnetic coercivity (Hci) are presented in Table 1. The negative susceptibility
value indicates that the MgO nanomaterial is diamagnetic.

Table 1. Calculated value of susceptibility (x), remanence (M;), and magnetic coercivity (H;).

M, Mnax Hg Xx=M/H

10~° (emu/g) (emu/g) (G) 10-8 (emu/gG)
17.39 —0.00021989 972.33 —1.4659
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Figure 8. M-H hysteresis loop observed at room temperature.

3.8. Electrochemical Studies

The most common method for determining the oxidation-reduction process of in-
organic molecular species by using cyclic voltammetry (CV). The efficiency of charging,
discharging and reversibility of the reaction between the electrodes can all be quantified
and this is done with CV. Figure 9a shows the results of cyclic voltammetric studies of MgO
NBs. The CV curves represent the quasi-reversible electron transfer process, suggesting
that the redox mechanism is the cause of the measured capacitance [47]. However, the
course of the curve indicates that the characteristic capacitance determined differs from that
of an electric double-layer capacitor, which could partially represent an almost rectangular
CV curve [48]. Figure 9b shows the Nyquist plots with equivalent circuit diagram for the
MgO sample. As shown in Figure 9b, MgO NBs showed a semi-circle in the Nyquist plot,
which is ascribed to the direct charge-transfer at the GCE/MgO electrode and electrolyte
interface. Figure 9b inset shows the equivalent circuit diagram which contains Rs, Ret, Zy
and CPE as the solution resistance, charge-transfer resistance at the electrode—electrolyte
interface, Warburg impedance and constant phase element, respectively.

Current (uA)

1
N
‘?

= —

~o

1
D
o

T T T T y T T 0
-0.8 -04 0.0 04 08 12 1.6 0

Potential (V)

Z' (KQ)

Figure 9. Cyclic voltammetry (a), Nyquist plot (b) of MgO NBs.
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3.9. Photocatalytic Activity Study

Photocatalytic tests on the degradation of MB dye were performed in the presence
of a catalyst for 120 min. The degradation efficiency of the dyes was determined under
visible-light irradiation and at 30-min intervals by exposing a known amount of solution to
the UV-Vis spectrometer; the resulting UV-Vis spectra of the dyes are shown in Figure 10a
(MB dye). There was a frequent drop in the dye absorption band; as a result, deterioration
increased with time. When the solution is illuminated with visible light in the presence of
the catalyst, the absorption peaks steadily decrease with irradiation time, demonstrating
the increased photocatalytic activity of MgO NBs. During the early stages of the contact
time, the decay of the absorption peak for MB was rapid but slowed as the process reached
equilibrium. The decrease in the maximum absorption wavelength (Amax) of the dye with
the irradiation time, as shown in Figure 10a,b, indicates the photoactivity of the synthesized
sample. Figure 10c was achieved for 2 h of exposure to visible light at pH with the other
experimental parameters indicated and without the initial addition of an electron-accepting
or -donating species to the reaction medium.

a 1.00{x (b
@ ®)
5 0.95
809
" <t°0.90
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G
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<
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Figure 10. Photodegradation of MB under visible light irradiation; change of absorbance with time
(a), change of normalized absorbance with time (b), degradation percentage (c), and kinetics plot (d).

The half-life of the reaction (t; /), the time it takes for the initial concentration of the
dye to decrease by half, is shown in Equation (4).

In(A,/A) =Kkt 3)
t1/2 = IH(Z) /kl (4:)
where k; refers to the rate constant of the reaction in time t, and Ay and A are as defined in

Equation (1).

The experimental degradation data also fit well with the pseudo-first-order reaction,
Equation (4), and graphically illustrated in Figure 10d, with a reaction rate constant of
0.00252 min~! and a coefficient of correlation of 0.96. The photocatalytic activity of metal
oxide nanoballs is closely related to their different synthesis conditions, crystallite size,
morphology, and surface properties. The concentration of defects on the surface of the
nanoballs can also make a difference in the photocatalytic activity. These surface defects act
as electron traps to inhibit the recombination between photogenerated electron-hole pairs.
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The radical (superoxide and hydroxyl) groups are dynamic to boost the oxidation of organic
pollutants. Thus, it is recommended that the oxygen vacancies (luminescence studies) are
in favor of photocatalytic reactions. The photocatalytic activity process for MgO under
visible-light irradiation. The electrons generated by the CB are transferred to the MgO
catalyst where they combine with ambient O, to create superoxide radicals. Meanwhile, the
holes in the VB react with the H,O. The superoxide radicals formed during dye activation
accelerate the breakdown of the dye molecule [49,50]. Table 2 provides a comparison of
the photodegradation performances achieved by MgO nanoparticles synthesized using
different methods for various pollutants under different conditions.

Table 2. Comparison of the photocatalytic degradation of dyes using various MgO nanoparticles.

Type of

Synthesis Pseudo-First-

S.No. Nanocomposites Method Contaminant (s) Light %o Removal Order Rate Reference
Constant
1 MsO picrowave: MB _sunlight 88% 0.02086 min~! [42]
nanostructures assisted irradiation
2 MsO hydrothermal MB _sunlight 92% 0.02611 min-! [42]
nanostructures irradiation
3 MgO microwave- CR sunlight 82% 0.00851 min~? [42]
nanostructures assisted irradiation
4 MgO hydrothermal CR _sunlight 86% 0.01189 min ! [42]
nanostructures irradiation
MgO combustion . . o ;
5 Nanoparticles method MB UV irradiation. 75% [51]
6 MgO nano bio mediated MG . sun%lght ) _ [52]
powders route irradiation
7 MgO nano bio mediated MG UV light ) B (52]
powders route
8 MgO nano bio mediated Rh-B ' sun%lght ) . (52]
powders route irradiation
9 MgO nano bio mediated Rh-B UV light ) ; 52]
powders route
MgO nano UV light
10 powders IC dye irradiation ) ) 53]
MgO Green ultraviolet o
1 Nanoparticles synthesis MB uv) 70% ) [54]
12 MgO. sol-gel method MB UV irradiation 52% 0.0038 min ! [55]
Nanoparticles
13 MgO Hydrothermal MB Visible 27% 0.00252min~!  Present work
Nanoparticles synthesis

4. Conclusions

Magnesium oxide has received a lot of attention due to its biocompatibility and
stability under extreme conditions. It has been used in various application areas such as
electronics, catalysis, additives, ceramics, photochemical products, paints, and medicine.
In this present work, MgO NBs are successfully synthesized by the hydrothermal method
followed by a calcination process and thoroughly characterized in terms of their crystallinity,
morphology, surface functionality, and optical properties. Powder XRD pattern confirms the
formation of MgO phase with high crystallinity. SEM micrographs shows the formation of
balls morphology, some of them agglomerated into larger particles. FTIR spectra confirms
the characteristic stretching vibration of Mg-O bond with some surface-functionalized
groups originating from the reaction medium during synthesis and atmospheric moisture.
Dynamic light scattering measurements demonstrated the stability of the synthesized MgO
NBs in an aqueous media with an average hydrodynamic diameter of 159.2 nm. Finally, as
synthesized MgO nanoballs showed photoactivity towards the degradation of MB under
visible light at natural pH and without the initial addition of an electron-accepting or
-donating species to the reaction medium.
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