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Pure and TiO, doped MnO, nanoparticles were made using a simple sol-gel technique, and
their structural, morphological, characteristics were characteristically examined using
XRD, FTIR, and UV-Visible and photocatalytic analysis. Through XRD and SEM
analyses, a tetragonal crystalline structure with spherical nanoparticles was discovered.
The EDAX experiments provide additional evidence of TiO,'s presence in the MnO,
crystal matrix. From UV spectral studies, the band gap energy of MnO, doped was
determined. Photo-degradation study was monitored using methylene blue (MB) and
phenol dye solution under visible light irradiation. MnO, doped catalyst displayed
exceptional photocatalytic efficacy towards MB dye under ideal conditions.
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1. Introduction

Natural substances are known as water poisons, and they appear in various forms in the
food, clothing, leather, medicinal, and plastic industries [1, 2]. Due to their semi-volatility, greater
water dissolvability, high lipid solvency, persistence, and high atomic weight, these natural
pollutants are harmful to the ecosystem, dangerous to human health, and challenging to degrade.
Large-scale treatment methods, such as photochemical degradation, natural debasement, chemical
oxidation, ultrasound debasement, coagulation and flocculation, Advanced Oxidation Process
(AOPs), and adsorption, have subsequently been tested for the expulsion of dyes from natural
waters and wastewater sources [3—9]. Photocatalyst is an excellent approach for separating organic
pollutants from other types of pollutants in the atmosphere. The removal of pollutants from the
environment and the development of self-cleaning glass are just a few of the astounding practical
uses of photocatalysis, which is a crucial component of research in the field. Due to their narrow
band gap, tunable electronic configuration, desired physico-chemical properties, and high
absorption capacity [14-16], semiconducting based metal oxides such as TiO, [10], WO; [11],
ZnO [12], and SnO, [13] catalyst is generally very effective material. Manganese oxide (MnO2)
has drawn the most interest among these due to its favourable environmental effects, high
reversibility, and greater economic value [14-16]. In the presence of a catalyst, it can also be
readily adjusted to the right physical and chemical properties. The visible light has been readily
absorbed due to the appropriate band gap energy (2.6 e¢V), which is more beneficial for photo-
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degradation performance due to the better electronic conducting nature. Various areas, including
those involving super capacitors, batteries, sensors, optoelectronic devices, and catalytic
applications, have made extensive use of MnO, [17-19]. According to Zhang et al. [20], the
methylene blue decomposition of MnO, nanorods is highly effective. High degradation efficiency
of various toxic pollutants using the MnO2 catalyst was reported by Sui et al. [21]. MnO,
nanopowders with spherical nanoparticles were prepared by Cao et al. [22] who also disclosed the
structural, optical, and photocatalytic studies. Even so, the main flaw of MnO2 is the low number
of photo-generated electron-hole pairs and the rapid rate at which the pairs recombine, which
reduces the photocatalytic effectiveness under both UV and visible light illuminations. The
appropriate method has been modified to increase the photocatalytic efficacy of bare MnO, in
order to fix this flaw. For instance, MnO, can be doped with metals, mixed with metal oxides, or
used in combination with carbon-based materials to increase its photocatalytic efficiency. Dopant
is the best option among these to enhance the pristine MnO,'s band gap energy and light
absorption property. So, in order to enhance the photocatalytic efficacy, TiO, is added to MnQO,. In
general, the size and shape of silver nanoparticles have a significant impact on their antibacterial,
optical, thermal, and catalytic characteristics. TiO, can be added to MnO, to improve its capacity
to absorb light while also reducing the rate at which electron-hole couples recombine. According
to the author's best report, the research results are concentrated on the preparation of MnO,
combined with TiO, using a straightforward sol-gel technique in order to obtain the improved
photocatalytic degradation efficiency of TiO, doped MnQO, structures under visible light
illuminations.

2. Materials and methods

2.1. Preparation of pure and TiO, doped MnQO, nanoparticles

Using TiO,, KMnO,, and MnSQ,, it was simple to create TiO, enriched MnO,
nanoparticles.Raw elements are H,O. MnSO4.H,0 (0.5 g) was first dissolved in 15 mL of water
using a sonicator. The solution was then supplemented with KMnO, water dispersion (1 mg/mL)
while being stirred magnetically. The MnO, precursor was combined with TiO,, and the mixture
was allowed to rapidly stirrer for 8 hours at 80 deg. C to produce gel-like form. The resulting gel
was then cleaned by being washed repeatedly with distilled water and ethanol before being
centrifuged at a speed of 3000 rpm. The acquired gel was then dried in a vacuum oven at 45 deg.
C. The dark TiO, doped MnO, nano powders were finally collected. The same testing technique
was used to obtain the pure MnQO,. All of the prepared examples were placed in an alumina
crucible with a cover, heated for four hours at 400 °C, and then removed.

2.2. Characterization techniques

By using Cu-K as the radiation source (wavelength: 1.54056) and a scan rate of 0.50 s, X-
ray powder diffraction (XRD, Bruker D8 Advance) was used to determine the structural
characteristics of the produced samples. With the help of a JEOL JEM 2100F scanning electron
microscope, microstructure research was carried out. (SEM). A Hitachi UV-365
spectrophotometer with an integrating sphere attachment and wavelength ranges of 300 to 700 nm
was used to conduct the DRS observations. Raman spectra of the samples were recorded using a
BRUKER IFS FT-IR Spectrometer at a resolution of 0.2 cm-1 to determine their fundamental
vibration modes.

3. Results and discussion

3.1. Powder X-ray diffraction (XRD) analysis

The purity and phase nature of the samples was identified via XRD pattern and the
resultant graph is shown in Figure 1. From the XRD profile clearly showing that both pure and
MnO, doped TiO, samples are belongs to tetragonal crystal structure with space group of 12/m
(87). The resulting miller indices are (200), (202), (220), (310), (211), (330), (301), (321), (521)



871

and (202) synchronized well with the standard value (JCPDS#44-0141). The TiO2 dopant does not
impact the crystalline structure but improves the crystalline nature. The sharp and high intense
peaks were detected for doped MnQO, than pure MnO,. Moreover, a slight shift in the lower angle
side of the doped MnO, was observed. This may due to the advancing the crystalline nature. The
found lattice parameters were just a bit higher than the bare MnO, (a = 9.802 and ¢ = 2.8612) in
terms of a and c. By measuring the crystalline size using Debye-Scherrer's equation, this effect
was further discovered [24]. For MnO2 and MnO,@Ti0O,, the typical grain size was found to be 38
and 45 nm, respectively.
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Fig. 1. Powder X-ray diffraction pattern of pure MnO, and doped TiO, samples.

3.2. FT-IR analysis

The FT-IR bands are captured between 4000 and 400 cm’. Manganese dioxide
nanoparticles' FT-IR bands are displayed in Figure 2. When compared to bare MnQO,, these major
peaks for MnO, doped TiO, are absent, demonstrating the existence of TiO,. These major peaks
were obtained at 3523, 2978, 1686, 1184, and 685 cm™. Both bare MnO, and doped MnO2 exhibit
a wide band at 1686 cm™, which is consistent with the stretching mode of the -OH group. The H-
O-H bending vibration of water found in the moisture absorbed from the environment is attributed
to a band near 1686 cm™. O, ions could be the cause of bands around 1184 cm™. The peak at
approximately 685 cm™ is the typical Mn-O stretching absorption, indicating the creation of Mn-O
bond in the prepared nanoparticles. The FT-IR spectra of altered iron oxide nanoparticles are
displayed in Figure (2). On doping, the Ti-O peak's intensity also dropped. While a decline in
intensity suggests that doping is low and has little effect on the Ti-O structure skeleton, a small
shift in band indicates that doping in nanomaterials.
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Fig. 2. FTIR spectrum of pure MnO, and doped TiO; nanomaterials.
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According to Hook's law, which states that the vibration frequency is indirectly
proportional to reduced mass in particular, as the condensed mass rises the vibrational frequency
shifts to a deeper value, this reduction can be explained.

3.3. UV-Vis DRS analysis

In the area of photocatalyst, the band gap energy's absorption capacity and makeup are
more crucial. As a result, the UV-DRS method was used to analyse these characteristics. The UV-
Vis absorption spectra for both materials are displayed in Figure 3. The optical absorption
maximum of bare MnO, and MnO, doped TiO, was determined to be 260 nm, showing that pure
MnO, has a deeper absorption than doped MnO,. These bands were also moved to a higher
wavelength area of 450 nm. This might be because the samples' sizes varied. In addition, the
surface plasmon resonance effect plays a significant part in lowering band gap energy. The
Kubelka-Munk (K-M) model [27] was used to further corroborate the samples' reducing band gap.
R is the proportion of reflectance, and F (R) = (1-R)2/2R gives the K-M model at any wavelength.
The direct band gap energy [28] is used as the intercept number on a graph between [F (R) h]2 Vs
h.
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Fig. 3. UV-Vis DRS spectra of pure MnO, and doped TiO, samples

3.4. Raman analysis

Raman spectroscopy was used to further expose the structural information of the pure and
TiO creation in MnO,, and the resulting graph is depicted in Figure 4. For both bare MnO2 and
doped MnO,, two distinct maxima were found at 612 and 1607 cm™. The symmetric stretching
vibration of Mn-O is linked to the vibration bands [25, 26]. The peak of doped MnO2 found near
400 is missing in pure MnO,, which supports the formation of TiO in MnO,, and there are
vibration bands associated with TiO,. As the TiO, content in the MnO, matrix grew, the peak
intensity gradually increased. The size disparity between MnO2 and TiO doped MnO, may be the
cause of this peak variation.. Results from XRD and SEM also provided an explanation for the
variance in grain sizes of both pure and doped MnO2 [29].
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Fig. 4. Raman spectra of pure MnO, and doped TiO, samples

3.5. SEM and EDAX analysis

By using SEM images, the goods' detailed morphological and structural information was
examined. The SEM pictures of pure and doped MnO, samples are shown in Figures 5(a&b),
respectively.
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Fig. 5. (a). SEM images of pure MnO,; and EDAX spectra of MnO5.

Both examples demonstrate the presence of discernible spherical objects in ranges of
uniform sizes. The Ti doped MnO2 samples exhibited less spherical agglomeration and increased
dimension in the structures when compared to bare MnO,. For the bare MnO, and doped samples,
the typical particle size was determined to be 30 and 45 nm, respectively. SEM pictures were used
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to further analyse the doped sample's structural data. It was evident that there are distinct fringes in
the tetragonal MnO, phase's (310) plane of the lattice value d = 0.293 nm, which are in good
agreement with the XRD findings EDAX spectra were used to determine the elements' makeup in
addition. (Fig. 4). The primary components of Mn, O, and TiO, are revealed by the spectra of pure
and doped MnQO,. Ti was successfully incorporated into the MnO, matrix as evidenced by the
adding of TiO to the doped sample [30].
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Fig. 2. (b). SEM images of MnO; doped TiO2 and EDAX spectra of MnO,:TiO2.

3.6. Photocatalytic studies

To cause the photo-generated electron-hole pairs under visible light irradiation, time
degradation and absorption skill are essential. Additionally, this is crucial for the photocatalytic
decomposition process' dye deterioration. The ability to absorb light was originally discovered in
order to understand the behaviour of photocatalytic activity. The UV-Vis absorption bands of MB
dye using MnO2 and MnO,@TiO, catalyst samples are shown in Figure 6(a&b) when illuminated
by visible light. The highest MB absorption intensity was first noticed at 660 nm when there was
no visible light present. The absorption intensity steadily decreased as the visible light illumination
increased from 0 to 120 minutes. It was therefore obvious that the catalysts produced were more
active in visible light. To corroborate the capability of the catalysts, the degradation efficiency of
both dyes was further examined. The temporal degradation curve of MB dye using the catalysts is
shown in Fig. 7(a & b) under visible light. The trial was conducted in a similar experimental
setting. It was discovered that pure MnO2 has a high degradation efficiency of the MB dye (85%),
and that as the amount of TiO, was progressively added, the efficiency of the MB dye was also
linearly increased. The MnO, doped TiO, catalyst sample was found to reach the maximum
efficiency of MB, which is 95%. The photocatalytic finding demonstrates unequivocally that
doped MnO, catalyst demonstrated increased photocatalytic efficiency compared to bare MnQO,.
Particularly, the MnO, doped TiO, catalyst under ideal conditions demonstrated superior
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photocatalytic efficacy compared to other catalyst powders. This might be as a result of the doped
samples' larger surface area, porous structure, and lower band gap energy when compared to bare
MnO,. The catalysts' pseudo-first-order kinetic equation was also found in order to understand
more of the photocatalytic activity [31]. Different masses of the MnO2@TiO, catalyst were
collected and exposed to the photocatalytic efficiency of MB dye. This produced advanced
photocatalytic performance, and the degradation efficiency of the dyes was displayed in a bar
diagram. The practical photocatalytic device and waste water treatment uses depend on
reproducibility and long-term stability. Under the same experimental circumstances, all catalysts'
stability tests were evaluated over five cycles, and Fig. 8's bar diagram displays the results. (a &
b). Both dyes' photo-degradation effectiveness has not significantly decreased. Only 2.5% of the
catalyst's original degradation effectiveness was lost after 7 cycles of operation. As a result, the
catalyst that was collected is more resistant to the degradation of MB and phenol dyes when
exposed to visible light. The improved process of the MnO2 doped TiO, catalyst under visible
light is schematically depicted in Fig. 9 based on the photocatalytic test. Because more visible light
is absorbed by the surface of the modified MnO,, more photo-electrons are excited and become
condensed, improving the photocatalytic behaviour of the material. As the Fermi level of MnO,
doped TiO, lies between the conduction band and Fermi level of pure MnQO,, these excited
electrons can be easily attracted to the TiO, nanoparticles. This leads to the formation of the
Schottky junction at the MnO,@TiO, interface, which improves the separation of photogenerated
charge carriers and lowers their recombination rate [32]. Additionally, superoxide anion radicals
are produced when excited electrons combine with O, molecules, whereas hydroxyl radicals are
produced when excited holes interact with water. The photodegradation of MB pigment is brought
on by these radicals. Additionally, the enormous surface area of MnO, doped TiO, could offer a
sizable active site to capture the visible light on its surface, improving the prepared sample's ability
to degrade.

1 T T v T T 1
29 Pure MnO, 660 (nm)
: 0- Min
_ 104 : T
.‘E |
=
= 03
= J
B
o
8 06 4 -
2 120- Min
E -
2 04 4
2
i
= 02 - ]
00 - :
t

T T T T T T T
500 550 600 650 700 750 800
Wavelength (nm)

Fig. 7. (a) UV absorption spectra of MB using pure MnO, NPs.
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Fig. 7. (b) UV absorption spectra of MB using MnO, doped TiO, NPs.
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Fig. 8. (a) Temporal degradation profile of MB dye using pure MnQO, under visible light irradiation.
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Fig. 8. (b) Temporal degradation curve of MB dye using TiO2 doped with MnO2 exposed to visible light.
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Fig. 9. Depicts, under visible light, the impact of the MnO2 doped TiO?2 catalyst dosage on
the degradation of the MB dye.
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Fig. 10. MnO?2 doped TiO2 catalysts' photocatalytic process when exposed to visible light.

4. Conclusions

Pure MnO, and TiO, incorporated MnO, nanoparticles were created using the
straightforward sol-gel technique, and their scientific study included XRD, FTIR, UV, Raman, and
SEM analysis to uncover their structural, morphological, and optical details. In order to investigate
the photo-degradation efficiency of MB dye when exposed to visible light, a number of MnO,
doped TiO, catalysts were made. The findings demonstrate that a doped MnO, catalyst operating
at its peak demonstrated exceptional photocatalytic performance, including improved degradation
efficiency and long-term stability. The band gap energy of the MnO, dopant TiO, that has been
harvested has been decreased. As a result, it was determined that synthetic catalyst is a viable

option for applications involving the degradation of environmental pollutants, such as waste water
treatment.
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