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Abstract—Photocatalysis is useful for the long-term goal of a pollution-free environment. However, the development
of new photoactive materials with enhanced photoconversion efficiency remains a serious bottleneck. This study
demonstrates the preparation of low-cost, nontoxic, rod-like f#Mn,V,0, using a simple, cost-effective fabrication
method. The proposed photoactive material was characterized using several analytical techniques to determine its
physiochemical properties, while its photocatalytic ability for the removal of organic pollutants under direct sunlight
was also assessed. The prepared f-Mn,V,0, was found to efficiently remove both Rhodamine B and methylene blue
from an aqueous solution. The photoinduced and ultra-sound-assisted catalytic reduction of 4-nitrophenol (4-NP) was
also demonstrated. The hydrogen-evolved photocatalytic removal of 4-NP was evaluated with different amounts of eth-
anol as a scavenger, with 10% ethanol exhibiting optimal efficiency. The superior organic pollutant removal ability of
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the proposed material is ascribed to its high surface area, superior optical properties, and suitable band edges.
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INTRODUCTION

Solar energy has been harnessed for use in a range of promising
technologies [1], including advanced oxidation as a means to oxi-
dize refractory pollutants via the redox capability of highly active
radicals in aqueous media. In this process, the removal of highly
toxic organic pollutants requires the development of heterogeneous
photocatalysts. However, most of the photocatalyst materials pre-
sented to date are unsuitable for industrial purposes, because they do
not meet the essential criteria for photoactive materials [2], such as a
sufficiently small bandgap energy, high catalytic activity, and strong
band edge potential for highly efficient redox reactions. In addition,
photocatalysts require a high quantum yield, a low electron-hole
recombination rate, a high surface area, a suitable textural structure,
and the ability to generate a large volume of reactive radicals [3-5].

Though industrial wastewater contains a range of organic pol-
lutants, including aromatic compounds (e.g., phenols, toluene, and
chlorobenzene), one of the primary targets of photocatalysis-based
pollutant removal is commercial dye. More than 100,000 types of
commercial dye are currently in use in various industries, includ-
ing rhodamine B (RhB), methylene blue (MB), acid red, methyl
orange, ethyl violet, crystal violet, and malachite green, and many
of these dyes are not readily biodegradable. In addition, because
they are highly water-soluble, they are difficult to detect at low con-
centrations. This is a serious problem because dyes can be harmful
to the ecosystem. For example, organic dye molecules in the hy-
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drosphere can limit the diftusion of sunlight while also having muta-
genic, carcinogenic, and/or teratogenic effects on flora and fauna.
These dyes also pose a health risk to humans, potentially harming
internal organs and causing skin allergies [6,7]. In particular, MB is
a heterocyclic dye that is widely used in industrial applications such
as dyeing and printing textiles. MB creates serious environmental
pollution due to its high toxicity and stability. Similarly, RhB is exten-
sively used as a colorant in textiles and foodstuffs and as a tracer fluo-
rescent, and similar concerns have been raised regarding its toxicity
[8]. Another organic pollutant of serious concern is 4-nitrophenol
(4-NP), which has been classified as a priority pollutant. Because it
is a common raw material in insecticides, drugs, dyes, and fungi-
cides, 4-NP is widely found in industrial waste and agricultural
and hospital effluent. It can have a damaging effect on the central
nervous system, liver, kidney, and blood of humans and other organ-
isms, with exposure often accompanied by headaches, drowsiness,
and nausea. The conversion of 4-NP into 4-aminophenol (4-AP)
is an important process in industrial production and has attracted
greater academic and technological attention due to its lower tox-
icity. 4-AP is an organic intermediate for the production of various
organic compounds such as dyes, agrochemicals, antipyretic drugs,
and pharmaceuticals. It is also employed as a wood stain and dye-
ing agent for fur and feathers.

Many organic and inorganic-based semiconducting photocata-
lytic materials have been reported in previous studies, including
TiO, [8], CdS [9], and B, WOy [9]. These monophasic materials
are often modified in various ways to increase their photocatalytic
efficiency over the full spectrum of solar light. However, the devel-
opment of novel materials with higher removal efficiency for organic
molecules is still required. Metal oxides containing vanadium (V)
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are considered particularly promising for use in a range of energy
conversion and storage applications, including Li-ion storage, super-
capacitors, photoelectrodes, and photocatalysts [10]. Due to its var-
ious oxidation states and functional properties, a large number of
V-based metal oxides with different phases have been produced,
including BiVO, [11], Bi,V,0y; [12], V,0s [13], Cu,V,0,(OH),
2H,0 [14], Zn,V,0, [15] and Mn,V,0, [16,17], for use in solar
water splitting, organic pollutant removal, and flexible and non-
flexible electrochemical energy storage and conversion devices.

In general, the combined use of materials with bandgap ener-
gies ranging between 0.9-2.0 eV is most suitable for light absorb-
ers, because this range covers the full solar spectrum, thus leading
to the generation of a sufficient number of charge carriers. In this
respect, Mn,V, 0, has attracted significant attention across a diverse
range of fields because it has a bandgap energy of less than 2.0 eV
and is highly stable under light illumination and in alkaline solu-
tions. Other advantageous properties include its low toxicity, high
abundance, economic feasibility, and high energy density. There-
fore, Mn,V,0, demonstrates significant potential for the removal
of organic pollutants from wastewater using photocatalyst systems.
However, pure f-Mn,V,0; is difficult to fabricate, with & phases
and Mn,O; often present as secondary phases. Xia et al. [17] reported
the large-scale synthesis of pure f-Mn,V,0, using hydrothermal
and annealing processes without the use of a template. Their 3
Mn,V,0; sample exhibited a good cycling ability of 760 mAh g
at 0.5 A g ' over 120 cycles and a rate capability of 470 mAh g at
2A g as an anode material for a Li-ion battery. Sambandam et
al. [16] also successfully prepared Mn,V,0, with a simple, eco-
nomically feasible method. The prepared material had a superior
reversible capacity of 868 mAh g™ at 500mA g even after 180
cycles as an anode in a Li-ion battery. The as-prepared sponge-like
Mn,V,0; material continued to produce a capacity of about 200
mAh g at ~6,000mA g ', which demonstrated the higher rate
capability of the material. Yan et al. [18] reported a computational
and experimental investigation of Mn,V,0, as a solar light absorber
for water splitting. They calculated that the material had a band-
gap of about 1.7 eV (the near-infrared region), making it suitable
for photocatalytic activity. In this material, each element was shown
to play a unique role in its structural and electronic properties.
Similarly, Zhou et al. [19] introduced a novel molten preparation
technique for single-crystal Mn,V,0; using different inorganic chlo-
ride salts. The single-crystalline nature of the sample was confirmed
using X-ray diffraction (XRD) and selected area electron diffrac-
tion (SAED) analysis.

These studies indicate that Mn,V,0; offers near-infrared band-
gap absorption under solar light illumination. The robust hybrid-
ization between the Mn 3d and O 2p electronic states leads to the
formation of the valence band maximum with a higher redox poten-
tial. On the other hand, the V 3d electronic states may lead to the
formation of the conduction band maximum. In the present study,
we present the successful production of novel monophasic £
Mn,V,0; rods using a facile calcination and hydrothermal fabrica-
tion method. The properties of the #Mn,V,0; crystal phase were
characterized using a variety of methods to determine its func-
tional properties, and the photocatalytic removal of MB and RhB
as model organic pollutants was assessed. Finally, the effectiveness
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of the prepared photocatalyst for 4-NP reduction in an aqueous solu-
tion was also tested.

MATERIALS AND METHODS

All chemicals purchased for use in the experiments were of ana-
lytical grade, including manganese (II) carbonate (MnCO;; Sigma
Aldrich), ammonium metavanadate (NH,VO,; SRL India), nitric
acid (HNO;), sodium hydroxide (NaOH) pellets (SRL India), eth-
anol (C,H;OH; China), acetone (C;HO), 4-NP (SRL), and sodium
borohydride (SRL India).

1. Preparation of /-Mn,V,0,

Novel rod-like f#-Mn,V,0, was prepared using a simple hydro-
thermal and calcination process. In the typical synthesis route, 0.2
mol MnCO; was dissolved in distilled water (40 mL) and HNO,
(2mL) to produce solution A. Solution B was prepared by dissolv-
ing 0.2 mol NH,VO,; in distilled water (40 mL) and HNO; (2 mL).
After producing a transparent solution, the two solutions were mixed
by adding solution A to solution B dropwise. The mixture was then
stirred vigorously for 2 h with the addition of 10 mL of 4 mol NaOH
solution. The resulting colloid-like solution was then transferred
into a Teflon-lined autoclave and sealed, before being heated to
180°C for 24 h. The autoclave was subsequently rapidly cooled to
room temperature using tap water. The collected precipitate was
washed with ethanol and distilled water several times to remove
the unreacted material. The obtained sample was then dried at
80 °C and calcinated at 550 °C for 8 h, before being ground to a
fine powder for further characterization.

2. Characterization Techniques

Structural analysis was conducted using a PANalytical instru-
ment (Netherlands) with a scanning range of 10 to 80°. The sur-
face morphology of the samples was assessed using a high-resolution
scanning electron microscope (HRSEM; FEI Quanta FEG 200)
equipped with a Bruker EDS attachment. High-resolution trans-
mission electron microscopy (HRTEM) measurements were car-
ried out with a JEOL microscope (Japan). The surface chemical
states of the elements were analyzed using X-ray photoelectron
spectroscopy (XPS; Physical Electronics) at a binding energy of 0
to 1,100 eV. The vibrational spectrum of the samples was studied
using a confocal Raman microscope (Horiba, France) at an exci-
tation wavelength of 532nm and a wavenumber range of 100-
2,000 cm™". Fourier-transform infrared spectroscopy (FTIR) was
conducted from 400 to 4,000 cm™ in ATR mode using an IRTracer-
100 spectrometer (Shimadzu). The optical properties of the sam-
ples were analyzed using a UV-3600 Plus UV-Vis-NIR spectrome-
ter (Shimadzu) over a scanning range of 200-800 nm.

3. Photocatalytic Activity of the Material

The photocatalytic removal activity for the organic pollutants
MB and RhB was measured with a standard procedure; the exper-
imental details are provided in Section 3.10. The photocatalytic and
ultrasound-assisted catalytic reduction ability of #Mn,V,0, for 4-
NP was analyzed using 100 mL of 10 ppm 4-NP solution prepared
in distilled water. First, 5mL of freshly prepared NaBH, solution
(1 mg mL™") was added to the 4-NP solution as a reductant. Fol-
lowing this, 50 mg of the prepared catalyst was added to the solu-
tion and placed in direct sunlight between 11 am and 3 pm with



Thortveitite phase manganese vanadate (Mn,V,0;) for the removal of model organic pollutants 1995

minimal fluctuation in the solar intensity, which was measured
using a lux meter (average=43,000 lux). During photodegradation,
3-mL aliquots of the solution were collected at fixed time intervals.
The catalyst powder was removed by centrifugation. Its absor-
bance was analyzed using a UV-Vis instrument in the 200-600 nm
region. The temperature of the photo-reaction solution was con-
stantly monitored to hold it at around 34 °C. The 4-NP reduction
reaction was also assisted with ultrasound by placing the catalyst-
containing solution in an ultrasonicator, and its absorbance was
monitored.

For the hydrogen-evolved photo-reduction reaction, a 10 ppm
4-NP solution was prepared in distilled water with 5, 10, or 15%
ethanol to act as a scavenger. Following this, 0.2 mL of freshly pre-
pared NaBH, solution (1 mg mL™") was added to 100 ml of the 4-
NP/ethanol mixture as a reductant. The solutions were then used
for the degradation reaction under the same experimental condi-
tions used for the reduction of 4-NP.

RESULT AND DISCUSSION

1. XRD Analysis
Powder XRD patterns were used to examine the structure and
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Fig. 1. X-ray diffraction patterns for 5-Mn,V,0,.

phase purity of the final product from the hydrothermal and calci-
nation processes (Fig. 1). Distinctive sharp diffraction peaks were
observed at 26 values of 16.96, 20.34, 27.53, 29.18, 33.71, 34.28,
36.64, 37.99, 40.22, 42.6, 46.06, 53.63, 54.99, 59.22, 63.96, 65.6, and

i

Fig. 2. (a)-(c) FESEM images, (d)-(f) TEM images, (g), (h) HRTEM images, and (i) SAED patterns for #Mn,V,0,.
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72.0°, which were indexed to the (110), (020), (021), (-201),
(130), (220), (201), (-112), (131), (-311), (=222), (132),
(-401), (-421), (060), (-152), and (—403) crystallographic
planes of /#Mn,V,0;, respectively. The characteristic diffraction
peaks of Mn,O; as a secondary phase were also observed at 26
values of 23.12, 32.96, and 49.36°, which were assigned to the
(211), (222), and (1 34) planes, respectively. Similar results have
been reported for structural changes in Mn-V-O materials [17,19-
22]. The XRD results thus confirmed the successful formation of
Mn,V,0,.
2. Morphological and Elemental Analysis

The surface morphology of £-Mn,V,0, was investigated using
FESEM analysis (Fig. 2(a)-(c)). The £Mn,V,0O; samples consisted
of micro-rods with similar morphologies, illustrating the purity of
the sample [23]. The size of the individual rods was measured to
be ~2.2 pm. The morphology of the obtained /Mn,V,0O, was also
investigated using TEM and HRTEM analysis (Fig. 2(d)-(f)). The
resulting images revealed a #-Mn,V,0; phase consisting of micro-
rod-like structures made up of nanoparticles, which was in agree-
ment with the FESEM analysis. HRTEM images were also used to
measure the lattice fringe of /Mn,V,0,, which was found to be
0.32 nm, roughly in accordance with the (02 1) plane of the cata-
lyst (Fig. 2(g), (h)). The SAED pattern of the f/Mn,V,0; is pre-
sented in Fig. 2(i), which was indexed to monoclinic phases. Sub-
sequently; the elements presented in the £-Mn,V,0, powder sam-
ple were identified using EDS analysis (Fig. 3), showing that Mn,
V, and O were uniformly distributed within the obtained material
(Table 1).
3. Raman and FTIR Analysis

To verify the phase formation and purity of the catalyst using its
vibrational modes, the prepared sample was subjected to Raman
spectral analysis (Fig. 4(a)). Six active Raman modes were identi-
fied, with one strong peak located at 837 cm ™' and the other peaks
at about 121, 154, 255, 362, and 484 cm ™. In Fig. 4, the intense peak
at 837 cm™ is related to the [VO,] stretching vibrations, while the
peaks at 484 and 362 cm ™" are attributed to the symmetric scaling
mode and [VO,] bending vibrations, respectively. The lower fre-
quency peaks at 121, 154, and 255 cm™ are associated with crystal
lattice translations and rotational modes, respectively [15,23]. The
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Fig. 3. EDS analysis of #-Mn,V,0,.

Table 1. Elemental composition of the sample

Element Mass % Atom %
Mn 47.49 46.52
Vv 24.83 26.23
O 8.10 27.25

observed Raman peaks confirm the successful formation of £
Mn,V,0; without secondary phases. The FTIR spectrum for the
prepared AMn,V,0, sample for the 400-4,000 cm " region is pre-
sented in Fig. 4(b). In general, metal oxides exhibit characteristic
vibrational properties in the fingerprint region of transmittance
[3]. The obtained spectrum exhibits a broad vibration from 1,600
to 3,100 cm™, which is ascribed to the O-H stretching vibrations
of the hydroxyl groups. The bands observed at a lower wavenum-
ber range are attributed to octahedral MnOyq and tetrahedral VO,
in the crystal network. The strong band at 918 cm™ appears to be
the symmetric stretching mode of v1 (VO;). The bands at 800 and
750 cm™' correspond to the anti-symmetric stretching of v3 (VO,).
The lower wavenumber bands at 565 and 509 cm™ may be due to
the V-O-V units [15,23].
4. XPS Analysis

The as-synthesized #-Mn,V,0, was subjected to XPS analysis
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Fig. 4. (a) Raman and (b), (b1) FTIR spectra for #Mn,V,0,.
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Fig. 6. Optical properties of /-Mn,V,0,. (a) UV-Vis near-infrared spectrum. (b) Tauc plot.

to verify its composition and surface chemical state. The survey
scan spectrum for #-Mn,V,0; is presented in Fig. 5(a), indicating
the presence of Mn 2p, V 2p, and O 1s in the material. The core-
level Mn 2p, V 2p, and O 1s spectra were deconvoluted, and the
results are presented in Fig. 5(b), (c). The high-resolution Mn 2p
spectrum contains two peaks at around 641.32 and 653.24 eV with
a spin-orbital splitting energy of about AE=11.92 eV, which are related
to the 2p;, and 2p,, states, respectively. The deconvoluted spectra
reveal the three-valence state of Min 2p,,, as indicated by the bind-
ing energies of 640.7, 642.2, and 644.4 eV. These observed shoul-
der peaks are attributed to the +2, +3, and +4 valence states of Mn
2ps,, respectively [16,17]. Similarly, the V' core spectrum reveals
valence states of +4 and +5 with broad peak splitting at 516.75 (V
2ps;,) and 524.39 eV (V 2p,,,). These +4 and +5 valence states for
V 2p were determined from the fitted peak values (516.6, 517.33,
and 517.71 eV from 516.75 eV and 522.85 and 524.58 from 524.39
eV) [4,13,14,16,17]. The O 1s spectrum reveals two peaks at around
529.8 and 530.7 eV with a broad peak centered at 529.89 eV. The
two peaks are attributed to the lattice and surface-adsorbed or dan-
gling bonds of O, respectively [4,13,14,16,17]. These XPS results
confirm the presence of Mn (+2, 43, +4), V (+4, +5), and O (-2)
oxidation states, which is in accordance with the XRD and Raman
analyses, thus verifying the formation of #Mn,V,0;.

5. Optical Properties of Mn,V,0,

The light absorption properties of the as-obtained Mn,V,0,
were examined using a UV-Vis-NIR DRS spectrometer (Fig. 6(a)).
S-Mn,V,0, exhibits strong absorption from the pure visible to the
near-infrared region, while the absorption in the UV region is very
weak, and a strong absorption edge is observed at around 635 nm.
The bandgap energy of f#Mn,V,0, was also calculated using a
Tauc plot with the direct transition of charge carriers in the bands
of the semiconductor [20]. The plot of (c¢h1)’ against hv is pre-
sented in Fig. 6(b). The bandgap energy for #Mn,V,0;, was cal-
culated to be around 1.68 eV, which closely corresponded with the
theoretical and experimental results from previous studies [20],
though with a slight shift toward a lower value, possibly due to the
presence of Mn,O; as a secondary phase. A sufficiently high band
edge potential is required for photoresponsive and catalytic reac-
tions in photocatalysis systems. The conduction and valence bands
of the as-prepared £-Mn,V,0, with respect to a normal hydrogen
electrode were estimated using calculations reported by Butler and
Ginley and Xu and Schoonen as follows [20]:

Eyg s=Eo+(7°Mn ,‘{ZV}/O)UHiEg/Z

where E, is —4.5 €V, which is the difference between a normal hy-
drogen electrode and a vacuum, and y is the Mulliken electroneg-
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ativity of the atomic constituents of the material. The electronega-
tivity of /-Mn,V,0, was calculated using the standard method to
be about 5.7875V [20], while the conduction band and valence
band maxima for fMn,V,0, were calculated with respect to a
normal hydrogen electrode and found to be 043 and 2.13V,
respectively. These estimated values are in close agreement with
those from previous reports, and they indicate that the proposed
material has a strong redox ability for the removal of organic mole-
cules.

6. Texture Analysis

The Brunauer-Emmett-Teller (BET) N, adsorption-desorption
process was used to evaluate the specific surface area and average
pore size distribution of £#Mn,V,0O;. The observed N, adsorption-
desorption graph is displayed in Fig. 7(a)-(b). The as-prepared /£
Mn,V,O; exhibits H;-type hysteresis and a mesoporous structure,
with a specific surface area of about 10.115m’ g~ which is much
higher than values reported elsewhere. The average pore diameter
and volume were estimated using BJH desorption and are sum-
marized in Table 2 alongside previously reported materials for com-
parison. These results indicate that £-Mn,V,0, may have a higher
number of catalytic sites due to its higher surface area, thus lead-
ing to higher photoactivity.

7. Formation Mechanisms for /Mn,V,0,

The reaction mechanisms responsible for the formation of £
Mn,V,0, were also determined. To produce fMn,V,0;, MnCO;
was dissolved in a mixture of distilled water and HNO,. Mn®" ions
were subsequently produced from the MnCO; precursor with the
combination of the solvents according to the following equation:

30{@
o-9-9,
e
254 /.-. /
® /.
%520 4 .,o .,o
N o /./
2154 o o
/ 7/
g . g
o o-®
S 10+ o o
= /./ ",o
54 /. .’..‘
: ol adl
£
0 -
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/Pg)

Fig. 7. Textural analysis of #-Mn,V,0,.

Table 2. Surface area and BET results for #Mn,V,0,

dV/dD (cc/g)

V. Jayaraman et al.

MnCO;—>Mn™" +CO;”

NH,VO; powder was dissolved in a mixture of distilled water
and HNO,, forming V*" ions and other byproducts:

2Mn**+2CO% +NH,VO,—Mn,V,0,+(NH,),CO,+CO,

Manganese hydroxide and manganese vanadium hydroxide were
formed with the addition of NaOH to the mixture of the ijonic
Mn”" and V** solutions. Hydrothermal treatment consequently led
to the formation of f#Mn,V,0; and Mn,O; with impurities. As
reported in previous studies, the addition of NaOH did not lead to
any morphological changes but led to the formation of Mn,Os.
After hydrothermal treatment, the Teflon-lined autoclave was rap-
idly cooled to room temperature by immersing it in tap water,
which may have led to the aggregation of particles and the forma-
tion of rod-like structures with a significantly higher surface area
[24].

8. Photocatalytic Activity

The photocatalytic removal of MB and RhB as target contami-
nants was tested for the as-prepared /-Mn,V,0; under direct sun-
light. In this experiment, 50mL of a 10 ppm dye solution was
mixed with 50 mg of the as-prepared #Mn,V,0; catalyst. Before
the experimental analysis, adsorption-desorption and photolysis
experiments were conducted to confirm the stability of the cata-
lyst and dye solutions. The resulting adsorption and photolysis effects
were ignored in the spectral measurements. The RhB and MB solu-
tions containing the catalyst were placed under direct sunlight, with
aliquots collected at specific time intervals and analyzed using a
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Table 3. Degradation profile for the dye solutions using 4#Mn,V,0,
MB RhB
Sample name 5 - > —
R K (min™) Efficiency % R K (min™) Efficiency %
Mn,V,0, 0.9032 0.00626 87.23 0.944 0.00999 95.55

UV-Vis instrument. The spectral changes and the 4, of the sam-
ples were measured, with C/C, plotted to assess the degradation
efficiency of Mn,V,0O, (Fig. 8(a), (c)). In general, the concentration
of the dye solutions containing #Mn,V,0, gradually declined with
increasing irradiation time, with a degradation efficiency for RhB
and MB over 280 min of around 95.55 and 87.23%, respectively. This
degradation activity of the #Mn,V,0, catalyst against organic pollut-
ants was ascribed to its visible-light-responsive nature and high
surface area. To quantify the degradation rate and degradation pro-
cess for the dye solutions, the degradation spectra for f/-Mn,V,0,
were investigated using the Langmuir-Hinshelwood model. The
degradation spectra were fitted to the pseudo-first-order kinetic
reaction model and the results are summarized in Table 3, and the
fitted graphs for RhB and MB are presented in Fig. 8(b), (d). Both
RhB and MB exhibit a good degradation rate. The proposed pro-
cess of radical production and subsequent degradation of the dyes
using /-Mn,V,0; is schematically illustrated in Fig. 9(a). The sta-
bility of a photocatalyst is very important for industrial applica-

tions. Therefore, used #-Mn,V,0, was subjected to XRD analysis,
and the results were compared to the pristine material (Fig. 9b).
The results show that f#Mn,V,0; remains unchanged after the
degradation process in direct sunlight. These experimental results
collectively indicate that S-Mn,V,0, has good efficiency; recyclabil-
ity, and stability.
9. Sunlight- and Ultrasound-assisted 4-NP Reduction

Direct sunlight- and ultrasound-assisted catalytic reduction of
4-NP using #Mn,V,0, was also assessed. Because the reduction
reaction of phenolic compounds occurs on the surface of a cata-
lyst, its surface area and catalytic sites play a vital role in this reac-
tion. The adsorption capacity of #Mn,V,0, was monitored in the
dark under stirring conditions with a 4-NP solution containing no
other additives. An adsorption-desorption equilibrium between £
Mn,V,0; and 4-NP was achieved, and the degree of adsorption
was negligible. The pure 4-NP solution had a 4,,,, of around 316
nm and was bright yellow; and the absorbance intensity increased
with the addition of NaBH,. 4,,,, was found to be 400 nm for the
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Fig. 9. (a) Schematic overview of the degradation mechanisms for organic molecules. (b) XRD patterns for the used and fresh catalyst.
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Fig. 10. Spectral changes in 4-NP due to #Mn,V,0; under (a) sunlight and (b) ultrasound.
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Fig. 11. (a) 4-NP concentration over time and (b) the corresponding kinetics plot for /-Mn,V,0,.

light-yellow solution of 4-NP. This observed shift in the absorbance for the photocatalytic and ultrasound-assisted conversion of 4-NP
region indicated the conversion of 4-NP into 4-nitrophenolate ions. is presented in Fig. 10. The inset shows the spectral shift in the
The conversion efficiency was calculated using the absorbance val- absorbance with the addition of NaBH,. For the sunlight-assisted
ues at 400 nm. The sunlight- and ultrasound-assisted reduction photoreduction reaction, the spectra change vertically without any
processes were both more highly efficient than previous reports. sign of the conversion of 4-NP into 4-AP. In contrast, the ultrasonic
The resultant absorbance intensity in relation to the wavelength catalytic conversion process exhibits an increase in the absorbance
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intensity at around 300 nm. This indicates the formation of the
comparatively less toxic 4-AP, which is colorless. These differences
in the absorbance spectra could be attributed to different conver-
sion pathways. The efficiency of #Mn,V,0, for the conversion of
4-NP was calculated based on Fig. 11(a) and found to be around
99.6 and 91.0% for sunlight- and ultrasound-assisted catalytic reduc-
tion over 27 min. The reaction rate constant and the kinetics for
these processes were also calculated. The kinetics for the reaction
conversion from 4-NP to 4-AP is presented in Fig. 11(b). The fol-
lowing equation was used to calculate the rate of the reaction:

~In(GJ/C)=K,pp

where C, and C, denote the initial concentration of the 4-NP reac-
tion solution and the concentration at time t, respectively, while
K, represents the reaction rate constant. According to the Lang-
muir-Hinshelwood model, the fitted reaction curves for both the
sunlight- and ultrasound-assisted conversion reduction reactions
followed pseudo-first-order kinetics, from which the reaction con-
stant was calculated to be 0.0973 and 0.090 min ', respectively.
Similarly, the R? value should be above 0.89 for a first-order-kinetic
reaction; it was found to be 0.958 under sunlight and 0.954 with
ultrasonic assistance. The prepared £Mn,V,0, thus had strong
reduction activity against 4-NP, with an efficiency that was consid-
erably higher than or comparable with previously reported materials.
10. Hydrogen-evolved Photo-catalytic Reduction

Ethanol and NaBH, were subsequently incorporated into the
reduction reaction process as a hole scavenger and reducing agent,
respectively. These reagents were selected for their combined reduc-
tion and degradation pathways (among many available hole scav-
engers such as NaSO,, formic acid, and EDTA) [25]. Bekena et al.
and Abdullah et al. have previously reported the use of NaBH, in
the photocatalytic reduction of para-nitrophenol, and ethanol has
been used as a hole scavenger in photo-degradation [25,26]. The
4-NP conversion efficiency with ethanol is summarized in Fig. 12.
The photoreaction between 4-NP and Mn,V,0, with 5% ethanol
and NaBH, under direct sunlight led to the generation of highly
active H' ions, which were responsible for the degradation of the
4-NP (Fig. 12(a)). However, the reaction rate was slow due to the

rapid recombination of the carriers and the conversion of H" ions
into hydrogen by the available electrons in the conduction band of
the catalyst [25,26]. The reaction between Mn,V,0; and 4-NP
with 10% ethanol and NaBH, under sunlight led to the initial
reduction of 4-NP to 4-AP and other byproducts, which is indi-
cated by the observed changes in color and the shift from a 4, of
400 nm and 316 nm to 298 nm. The reaction ended with the com-
plete reduction and degradation of 4-NP, as confirmed by the UV-
Vis spectral changes after 24 min. The reaction between Mn,V,0;,
and 4-NP with 15% ethanol and NaBH, also led to reduction and
degradation, though with a lower generation of H" ions via the
excited carriers from the Mn,V,0O;. The changes in the absorbance
peak intensity in the 300-400 nm spectral regions and the color
transformation from strong yellow to colorless are attributed to the
reduction of 4-NP to 4-AP and degradation into other chemical
byproducts [27-29]. In all three reactions, the peak intensity at
around 316 nm remained steady with the addition of ethanol and
NaBH,, representing the unreacted 4-NP solution.

The reaction efficiency and rate for Mn,V,0, were calculated
using Fig. 12(b), which plots the concentration changes at around
400 nm over time. The calculated 4-NP removal efficiency for f
Mn,V,0; under sunlight with NaBH, and 5%, 10%, or 15% etha-
nol was 52%, 87%, and 81%, respectively, which was the result of a
combination of reduction and degradation reactions. The reaction
rate constant for fMn,V,0O; under sunlight with NaBH, and 5%,
10%, or 15% ethanol was 0.0318, 0.076, and 0.0605 min ™', respec-
tively, with a corresponding R” of 0.098, 0.096, and 0.097, respec-
tively. These results indicate that the reactions followed pseudo-
first-order kinetics. The observed reaction rate constants depend
on the initial concentration of the NaBH, and 4-NP solution. The
addition of a high level of NaBH, solution will cause the material
surface [30]. In general, the efficiency of 4-NP removal is directly
connected with the adsorption ability of the catalyst material and
its surface area [31]. The obtained results are compared with pre-
viously available materials in Table 4.

11. Possible Reaction Mechanisms for the Removal of 4-NP

The possible 4-NP reduction mechanisms for f-Mn,V,0O; with
the assistance of NaBH, as a reductant and either sunlight or ultra-
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Fig. 12. (a) 4-NP concentration over time for the hydrogen evolution reaction and (b) the corresponding kinetics plot for #Mn,V,0,.
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Table 4. Photocatalytic removal of 4-NP by various catalysts

Sample name Efficiency  Kinetics  References
Co@N-CNT 0.62 min "' (35]
Cu,0/Fe;0,@C/Cu 1.2544 [36]
g-C,N,@HPC-700 0.120 min ™" [37]
CuS/ZnS@PVP 100% [38]
NiS,@NSC 0.0550 S [39]
10% ethanol Mn,V,0, 87% 0.076 This study
100
99.6% 3
95.8% X
80 E;S 93.1%
& 89.7%
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Fig. 13. Stability analysis of the catalyst.

sound were also elucidated. During the reduction reaction, 4-NP
and BH; ions adhered to the surface of the £Mn,V,0; rods. The
illumination of direct sunlight and ultrasound vibrations gener-
ated electrons, which were excited in the conduction band of £
Mn,V,0,. There was no direct experimental evidence for a two-
channel reduction reaction for 4-NP using #-Mn,V,0,. However,
previous studies have outlined potential two-channel reduction
reactions [25,26].
12. Stability Analysis

The recyclability and stability of a catalyst are important for its
potential industrial applications. Therefore, the reduction of 4-NP
under sunlight using £#Mn,V,0, was also monitored under cycling
tests (Fig. 13). It was found that the proposed catalyst retained its
efficiency after several cycles with only a slight decrease from 99.6%
to 87.2%. The incomplete recovery of the catalyst and potential dam-
age due to the addition of NaBH, may have led to this decrease in
the reduction activity of £Mn,V,0,. However, these experimental
results collectively indicate that f#Mn,V,0, has good efficiency,
recyclability, and stability.

CONCLUSION

The present study focused on the preparation of a fMn,V,0,
catalyst and the subsequent analysis of its photocatalytic degrada-
tion of RhB, MB, and 4-NP. The prepared £-Mn,V,0; catalyst was
also characterized using FESEM, HRTEM, XRD, UV-Vis, FTIR,
and BET analysis. Higher photocatalytic activity was observed due
to a combination of a high surface area and excellent electron-hole

August, 2023

separation. The obtained results indicate that /-Mn,V,0O; has suit-
able physicochemical properties for the effective photodegradation
of dye molecules under direct sunlight. However, further modifica-
tions and testing are needed for monophasic #Mn,V,0; to improve
its degradation of organic pollutants.
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