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Abstract

Crystalline hexagonal disk-shaped anatase TiO, within manganese oxide (Mn,05) nanorods has been fabricated to form
manganese oxide-titanium dioxide (MnT) composites following sonochemical approach. The unique morphology of
the synthesized MnT provides higher surface area to enhance the adsorption efficiency and promotes electron-hole
separation. This appears particularly promising for efficient photocatalysis. The photocatalytic decolorization efficiency
(PD) of sonosynthesized MnT (S-MnT) was tested via decomposition of an organic pollutant, malachite green oxalate
under ultraviolet irradiation and compared to that of sol-gel synthesized MnT (H-MnT). The profound impact of hydro-
gen peroxide (H,0,) addition on the photoactivity was tested. S-MnT with addition of sonicated H,0, showed the best
photoactivity (PD 99.61% in 50 min) in comparison to sol-gel synthesized H-MnT (PD 92.14% in 60 min). The mechanism
of degradation was found to depend on the formation of superoxide radicals (03), hydroxyl radicals (OH) and the defect
concentration. The role of ultrasound in the overall degradation process was also discussed. Photoluminescence studies
demonstrate that Mn?* ions are in an octahedral and tetrahedral coordination in both the composites which is favour-
able for light emission.
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1 Introduction

Non-silica mesoporous materials have inspired remarkable
research interest as they are expected to serve as novel
photocatalysts, semiconductors, electrode materials etc.
[1]. Among these novel materials, titanium dioxide (TiO,)
is one among the most investigated functional materials
in recent years [2, 3]. Nevertheless, the main problem with
TiO, photocatalysis lies in the separation of photoinduced

electron-hole pairs. To overcome this issue, different routes
have been proposed which include combining the photo-
catalyst with another transition metal semiconductor [4],
incorporation of non-metal ions [5] and by adding some sac-
rificial agent into the reaction system [6, 7]. Available meth-
ods for the formation of the binary composites include the
sol-gel route [8], co-precipitation method [9], self-assembly
[10] and a chelating agent-assisted precipitation method
[11], although each suffers from conventional drawbacks.

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s42452-020-2933-7) contains

supplementary material, which is available to authorized users.

04 Tapas Pal Majumder, tpmajumder1966@gmail.com | 'Department of Physics, University of Kalyani, Kalyani, West Bengal 741235,
India. 2Department of Chemistry, University of Kalyani, Kalyani, West Bengal 741235, India. *Department of Earth Sciences Centre

for Climate and Environmental Sciences, Indian Institute of Science, Education and Research Kolkata, Mohanpur, West Bengal 741246,
India. *Centre for Climate and Environmental Sciences, Indian Institute of Science, Education and Research Kolkata, Mohanpur,

West Bengal 741246, India.

®

Check for
updates

SN Applied Sciences (2020) 2:1126 | https://doi.org/10.1007/542452-020-2933-7

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-2933-7&domain=pdf
https://doi.org/10.1007/s42452-020-2933-7

Research Article

SN Applied Sciences (2020) 2:1126 | https://doi.org/10.1007/542452-020-2933-7

The widely used sol-gel route is characterized by poor dis-
persion and requirement of complexing agents to control
the homogeneous crystallization of dopant inorganic pre-
cursors [12] while interfacial self-assembly methods [10]
have various technical issues that remain unaddressed. In
recent times, sonochemical synthesis of nanocomposites
has gained momentum because of its cost-effectiveness
and simplicity [13, 14]. Pressure and temperature changes
during sonosynthesis result in the production of free radicals
that in turn can reduce metal ions to metal or metal oxide
nanoparticles [15, 16].

Aquatic ecosystems are continuously being contami-
nated by dye pollutants and have reached at an alarming
point. These organic pollutants can be degraded to benign
by-products by advanced oxidation processes which exploit
the high reactivity of the hydroxyl radicals (OH) as their driv-
ing force. The rate of generation of ‘OH radical is, however,
dependent on the type of crystal polymorphs. It is believed
that a correlation exists between the rates of ‘OH radical
generation and the photocatalytic reactivity [17]. The pho-
toinduced electrons and holes in the photocatalytic process
react with H,0 and O, to give rise to several reactive oxygen
species. Among the various reactive oxygen species, H,0, is
the most stable one. It is environment friendly and has high
oxidative power [18, 19]. However, its behaviour on semi-
conducting particles is very complex. During photocatalytic
reactions, it is not only formed but also gets decomposed.
Kim et al. [20] have suggested that the difference in the
reactivity of anatase and rutile TiO, can be ascribed to their
adsorption capability of the ‘OH radicals. Many research-
ers have investigated the formation rate of ‘OH radicals for
various kinds of TiO, powders along with the effect of small
amounts of H,0, addition [21-24] but none have discussed
the method of addition of these agents.

In the present communication, two different Mn,0;-TiO,
(MnT) nanocomposites have been synthesized following
conventional sol-gel route and an ultrasound assisted
cost-effective technique. Two different morphologies, hex-
agonal nanodisks and nanorods were distinctly observed
in the sonosynthesized composite in comparison to sol-gel
synthesized composite which showed only hexagonal nano-
disks. The focus of this work is to investigate the synergistic
photocatalytic degradation of malachite green (MG) in aque-
ous conditions with addition of H,O, under ultraviolet (UV)
irradiation by the synthesized nanocomposites.

2 Experimental section

2.1 Materials required

Titanium (IV) n-butoxide, manganese acetate tetrahy-
drate was procured from Sigma Aldrich and sodium
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hydroxide (NaOH), ethanol, stearic acid, hydrogen per-
oxide (30% purified) from Merck and malachite green
oxalate from PubChem.

2.2 Method of preparation

Ultrasonic irradiation (40 kHz, 480 W) served the base
for synthesis of S-MnT nanocomposite. Titanium tetra
butoxide (1.0x 1072 M) was added drop wise into
100 mL NaOH (1.0x 1073 M) in an ice bath. The mixture
was then subjected to ultrasonic irradiation using a bath
sonicator for a period of 3 h at a temperature of 80 °C.
Fresh flow of water was introduced in the bath when-
ever required to maintain temperature. To this solution,
10 mL ethanolic solution of manganese acetate tetrahy-
drate (1.0x 10™" M) mixed with 0.5 M of melted (80 °C)
stearic acid was added and the mixture was subjected to
ultrasonic irradiation for 5 h. The final product (5-MnT)
was washed with ethanol, filtered and dried at 120 °C
for 24 h.

To properly understand the crucial influence of ultra-
sound governing the nanocomposite synthesis proce-
dure, another MnT was prepared following the sol-gel
route. Typically, titanium tetra butoxide (1.0 x 1 072 M) was
added drop wise to 100 mL of (1 .0x 1073 M) NaOH solu-
tion and stirred vigorously (700 rev/s) for a period of 4 h.
Subsequently, 10 mL of ethanolic solution of manganese
acetate tetrahydrate (1.0 x 10" M) mixed with 0.5 M of
melted (80 °C) stearic acid was added. The contents were
put in an autoclave, and heated at 130 °C for 24 h. The
obtained product (H-MnT) was filtered, washed thrice with
de-ionized water and dried at 200 °C for 5 h.

2.3 Characterization techniques

An X'Pert PRO PANalytical X-ray diffractometer was used
to obtain the diffraction patterns of the synthesized
materials. Elemental composition and morphology were
ascertained with a Field emission Scanning Electron
Micrograph (Carl Zeiss SUPRA 55VP Field emission SEM)
coupled with an Energy dispersive spectrometer (EDS).
Functional groups present in the materials were con-
firmed with an Infrared (IR) spectrometer (Perkin Elmer
Spectrum one L120-000A). The emission and absorption
spectra were recorded with a PTI QM 40 spectrometer and
UV 3600 spectrometer respectively. A surface area analyser
(Micromeritics Gemini VII-2390t) was used to measure the
surface area. The samples were degassed at 100 °C and the
total pore size distribution (PSD) was measured from the
nitrogen desorption isotherm using the cylindrical pore
model.
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2.4 Degradation experiments

A UV-vis-NIR spectrophotometer was utilized to monitor
the photocatalytic behaviour of MnT nanocomposites.
The photocatalytic tests were carried out with an aque-
ous solution of malachite green oxalate (molecular for-
mula Cg,Hs,N,O,,, PubChem, CAS 2437-29-8) as the test
contaminant in a reaction chamber enclosed within a
wooden chamber fitted with UV lamps (Philips TUV 30 W
T8). Arrangement of the reactor was such that UV light
was directly incident on the samples. The photon flux
has been calculated by a method discussed in M.D. Pur-
kayastha et al. [2]. Prior to photocatalytic experiments, the
aqueous dye solution was subjected to UV irradiation for
1 h to check whether photolysis occurs. Also, the adsorp-
tion behaviour of the photocatalysts for MG dye was
tested without UV light irradiation. To achieve this, the
photocatalysts were dispersed in the aqueous dye solu-
tion and stirred in dark for 1 h. The photocatalytic activi-
ties of both the samples were evaluated by measuring the
decomposition of MG under UV light with time. Typically,
50 mL aqueous solution of MG dye (0.001 M) with 50 mg
of the photocatalyst was stirred in the reactor. Prior to stir-
ring, the system was dispersed by ultrasonic waves. After
subjecting to UV irradiation, 5 mL aliquots of the reaction
solutions were removed from the reactor every 10 min for
analysis. These aliquots were centrifuged at 1000 rpm to
exclude suspended particles, and the concentration of
MG in the supernatant solutions was assessed by UV-Vis
spectrometry at 618 nm, 315 nm and 418 nm absorption
wavelengths for MG.

To analyse the influence of ultrasound on the behaviour
of oxidizing species, photocatalytic degradation kinetic
tests were repeated with optimal amounts of hydrogen
peroxide (2 mL) added to S-MnT catalyst once directly and
once after ultrasonication.

3 Results and discussion
3.1 S-MnT synthesis

Sonochemical methods of synthesis have been recently
considered as a simple and efficient with the non-require-
ment of surfactants and complexing agents [25]. Addi-
tion of NaOH causes hydrolysis of titanium tetrabutoxide
[Eq. (1)]. The hydrolytic species undergoes condensation
and aggregation forming TiO, under the effect of sonica-
tion at an elevated temperature of 80 °C [13, 26, 271.

Ti(OC,Ho), + 4H,0 — Ti(OH), + 4C,HyOH (1)

Ti(OH), — TiO, + 2H,0 2)

Regarding the formation of Mn,O;, the precursor man-
ganese acetate tetrahydrate is first dissolved in ethanol
where it undergoes hydrolysis [9]. The use of stearic acid
can modify the particle surface by introducing character-
istic groups onto the surface of Mn,0O; to alter its physico-
chemical properties [28]. Also, the long carbon chains in
stearic acid endow it with strong ability to disperse metal
precursors [29]. The FTIR spectrum confirms the modifica-
tion by showing a band corresponding to stearate. Similar
predictions have been made by Kolodziejczak-Radzimska
et al. [30]. Probably, changes in pressure and temperature
due to ultrasonic irradiation caused Mn?* ions to get oxi-
dized to Mn,0; that impeded the TiO, particles to join
forming rod like structures [31]. Similar observations have
been made by Hu et al. [25] who synthesized connected
rods of ZnO using a sonochemical process with an aque-
ous solution of Zn(NO,),.6H,0 at a temperature of 80 °C
under ambient conditions.

3.2 Structural characterization

The diffraction pattern (Fig. 1a) of the pure TiO, shows the
presence of anatase peaks corresponding to the (10 1),
(004),(200),(105),(211), (204), (116), (220) and (215)
diffraction planes supported by JCPDS card no.78-2486.
Figure 1b, c depicts the XRD patterns acquired from the
two representative samples H-MnT and S-MnT. The diffrac-
tion peaks can be indexed to the mixtures of TiO, anatase
and bixbyite structure of Mn,O; coinciding with JCPDS
24-0508. The S-MnT and H-MnT nano powders exhibited
brown hue.

Sonication effect on size of the crystallites, and the
phase was studied from the XRD pattern [32]. Both the
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composites favoured anatase phase of TiO, in it. As
shown in Fig. 1, the intensity of the (101) peak of TiO, in
the composites decreased remarkably in comparison to
pure TiO, anatase. However, the peaks of H-MnT appeared
slightly sharper in comparison to S-MnT showing signs of
improved crystalline structure. Probably, the step-wise
hydrolysis of tetrabutyl titanate affected the process of
crystallization in S-MnT. It could be concluded from this
that ultrasound had some impact on the crystallinity. On
calculating the crystallite size by Scherer formula [33]
corresponding to the most intense (101) peak of TiO, in
the composites, it was observed that sizes (31.94 nm for
H-MnT and 24.18 nm for S-MnT) are comparable. Overall,

P 2 -

sonosynthesis has little or no influence on crystallite size
and phase of the synthesized samples.

The energy dispersive X-ray (EDS) spectra of both
H-MnT (Fig. 2a) and S-MnT (Fig. 2b) confirm the presence of
manganese (5.6-6.6 keV), titanium (4.5-5 keV) and oxygen
(0-1 keV) [34]. It can be observed that the atomic weight
percentage of manganese in S-MnT is much higher which
suggests better dispersion of manganese in the formation
of S-MnT composite.

The typical FESEM images of the as-synthesized sam-
ples presented in Fig. 2 shows that the morphology
changes drastically with change in synthesis techniques.
The sample S-MnT prepared with ultrasound generated

Specirum 1

Fig.2 a EDS image of H-MnT; b EDS image of S-MnT; ¢ and FESEM images of S-MnT and e and f FESEM images of H-MnT

SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2020) 2:1126 | https://doi.org/10.1007/542452-020-2933-7

Research Article

nanorods along with nanodisks (Fig. 2¢, d), while only hex-
agonal nanodisks could be observed for H-MnT (Fig. 2e, f).
It should be noted that these composite structures were
synthesized maintaining all experimental conditions fixed
except the use of ultrasound. Therefore, the evolution of
diverse morphology is believed to be the result of ultra-
sound. The existence of diverse morphology in S-MnT
could be because manganese impeded the hexagonal
nanodisks to grow along preferred crystallographic direc-
tion forming nanorods under the influence of ultrasound.
Thus, sonosynthesis can significantly influence the surface
morphology of the nanoparticles which may have a pro-
found effect on photocatalytic activity as well [35, 36].

The samples were dispersed in doubly distilled water
in an ultrasonic bath and the absorbance spectrum was
recorded (Fig. 3i). H-MnT showed absorption peaks at
238 nm and 377 nm corresponding to the UV region. These
are characteristics peaks of TiO, and found to coincide
well with literature [37, 38]. Similar peaks were observed
in the case of S-MnT. But the peak at 377 nm appeared red
shifted by 5 nm. The Tauc Eq. (3) was utilized to calculate
the optical band gap (Eg).

ahv = C(hv - E )" 3)

where a is the absorption coefficient and n signals the
character of transition which assumes a value 1/2 for
direct, allowed transition. The band gap of H-MnT was
found to 2.44 eV (Fig. 3ii). The synergistic effect of ultra-
sound brings down the band gap energy to 2.14 eV for
S-MnT (Fig. 3iii). Probably, ultrasound caused chemical
bonding between Mn,0; and TiO, particles in the compos-
ite that led to band gap narrowing. The band gap energy
values are lower than those reported by other researchers
[39] which could be due to structural distortion resulting
from oxygen deficiencies in the samples. Also, the S-MnT
peaks showed higher intensity confirming the structural
modification. Thus, sonochemistry is capable of tuning the

band gaps and altering the light absorption properties of
the samples as well.

IR spectra of S-MnT and H-MnT are illustrated in Fig. 4i.
The peaks at 3400 cm™" and 1627 cm™" in both the samples
can be assigned to the stretching vibrations of adsorbed
water molecules and OH™ in the lattice. H-MnT and S-MnT
both show the characteristic peak of stearic acid at
1046 cm™" used in their preparation which confirms that
stearic acid is well incorporated in the structures [40]. The
formation of bonds between metal and oxygen are con-
firmed from the peaks at 514 cm™" and 730 cm™' [29, 40].

Manganese, being a transition metal ion, has a wide
emission wavelength range and its location in the TiO, lat-
tice actually decides its luminescence properties [41]. The
photoluminescence (PL) properties of the samples under
the UV excitation wavelength of 300 nm are presented in
Fig. 4ii. Considering the Tanabe-Sugano diagrams [42] to
demonstrate the PL mechanism, it can be assumed that
due to UV excitation, electron transition occurs and the
system is excited from the A, ground state to the excited
states of °T, and *T, These excited states are however not
stable, and it is presumable that the system will relax and
ultimately come down to the ground state *A, through a
radiative transition. Previous studies have reported that a
material can emit light corresponding to different wave-
lengths based on their arrangement within the lattice
[43, 44]. H-MnT showed emissions at 469 nm and 551 nm
while for S-MnT (Fig. 4ii) these peaks appeared slightly
red shifted. This red shift can be attributed to the evolu-
tion of defects [45]. The peak at 551 nm corresponds to
yellow-orange (and also red) emission and is associated
with deeper defects while that at 469 nm corresponds to
blue-green emission which can be associated with sur-
face defects [46, 47]. Manganese is known to have vari-
able oxidation states. Report [48] claims that the emission
band of Mn** ion stretches from 600 to 710 nm and is
due to the 2E— *A, transition. In the present case, a peak
at 692 nm confirms the presence of Mn** ions in both
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Fig. 3 (i) Absorption spectra of (a) H-MnT and (b) S-MnT; (ii) & (iii) Band gap determination using Tauc plot of (a) H-MnT and (b) S-MnT
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Fig. 4 (i) Infrared spectra of (a) H-MnT and (b) S-MnT; (ii) Emission spectra of (a) H-MnT and (b) S-MnT

the composites. Generally, the octahedral coordinated
Mn?* ions are known to yield an orange to red emission,
whereas tetrahedral coordinated ones exhibit a green
emission [49-51]. Thus, PL spectra confirm the presence
of both octahedral coordinated Mn?* ions and tetrahedral
coordinated Mn?* ions in the composites.

3.3 BET analysis results

The synthesized S-MnT sample (Fig. 5a) indicated type IV
isotherm according to IUPAC classification and exhibited
H-2 type hysteresis loop corresponding to mesoporous
nature [52]. It also indicates the existence of narrow slit
shaped pores [52]. At a relative pressure of 0.05, the first
layer on the sample surface gets filled up which is indi-
cated by the first inflection point A. The linear region (B)
in the isotherm is attributed to the multilayer adsorption
on the surface. BET method has been utilized to estimate
the surface area using multi-point BET Eq. (4) indicated as
follows: [52]

1 1 -1

P
= +
W[%o _ 1] w,C " W,C

Po

(%)

where W, indicates the adsorbate weight covering the
surface and W is the gas accumulated at P/P,. By plotting
1/[W (P/P,) — 1] versus P/P,, we obtained a linear curve
(Fig. 5b) within 0.05 <P/P,<0.35 range. This proves that
the isotherm data conforms well to the BET model.

The BJH method was then employed to determine the
pore size distribution (Fig. 5¢).

The surface area value for S-MnT is 18.14 m%/g. It is well
known that mesopores and high surface area are benefi-
cial for the adsorption and diffusion of the reactants [9].
As surface area increases, light harvesting capacity of the
photocatalyst increases [53] which cause a significant
increase in the interfacial charge transfer rate [54]. Also,
the availability of active surface area differs depending on
nanostructure dimensions [55]. Peter et al. [56] observed
that reduction in dimensionality enhanced the available
active surface area. S-MnT also shows a wider PSD which
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is suitable for energy applications and environmental
remediation.

3.4 Analysis of photocatalytic properties

Malachite green (MQG) is an organic pollutant present in
aquatic ecosystems widely used in agriculture as a bio-
cide [57]. The photocatalytic behaviour of the compos-
ites was analysed by monitoring their MG decomposition
rates under UV radiation at neutral pH. The UV irradiation
dose has been calculated as discussed in [2] and listed in
Table 1. Dark experiments were carried out for 1 h and
the adsorption ability of the composites was found to
be less than 10% (Fig. 6i). Negative control experiments
(without catalyst) were carried out and decomposition
was found to be negligible in absence of photocatalyst.
The MG solution along with the added photocatalyst
was then subjected to UV irradiation and the progress
of the reaction was followed by monitoring the intensity
of MG absorption bands at 618 nm, 315 nm and 418 nm
respectively. A change in absorbance intensity as func-
tion of time was observed (Figure S1). The kinetics of

heterogeneous catalytic processes can be best described
by Langmuir-Hinshelwood model that takes the sorp-
tion effect into consideration. Dye molecules tend to get
adsorbed on the active sites of the photocatalyst before
the reaction starts [58]. The expression for rate of the
reaction (5) that changes with time is given by [59]

dA _ k KA
dt~ 1+KA

)

where A is the dye concentration at any time t, A, is the
initial dye concentration, k, is the reaction rate constant
and K is the adsorption coefficient of the dye MG. Rate
of photodegradation of organic compounds, in general,
follow first order reaction kinetics. For pseudo first order
reaction (KAK 1)

dA
dA
o = kA (7)

where k; is the pseudo first order reaction rate constant.To
make the concentration-time relationship linear

Table 1 Calculated parameters of photocatalytic activity for MnT nanocomposites

Sample type Time (min) UV radiation Degradation Pseudo first order rate Correlation Error x?
dose (107%) efficiency PD (%) constant (k;) min™ coefficient R
(Jsm?)
1stcycle  5thcycle
(Assuch)  (Recycled)
H-MnT 60 3451 92.14 .0445 .0399 9747 5.655
S-MnT 60 3451 99.61 .0788 .0689 9576 18.08
S-MnT with sonicated H,0, 50 2.397 99.61 .0815 .0883 .9861 15.33
S-MnT with directly added H,0, 30 2.397 91.31 .0986 .0795 .9670 2.130
Up to four significant figures except time
10 0 = ‘ (iih) )
T ol <)
8 7(d)
80 /
() ] Kl
60 =~
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404 = = =
E ——(a) n T o
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Fig.6 (i) Dark experiments to investigate adsorption behaviour (ii)
Photocatalytic MG contaminant decomposition efficiency and (iii)
Reaction rate evaluation plot of (a) H-MnT and (b) S-MnT (c) S-MnT

Time (min)

with directly added H,0, (d) S-MnT with sonicated H,O, and (e) no

photocatalyst
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Af

o

On plotting —In (A/A,) as a function of time, the con-
stant k, can be easily determined from the slope of lin-
ear best fit. The decolourization efficiency was calculated
using [60]

(Ao —A)
Ao

PD = X 100, 9)

where A, and A, denote dye concentrations before and
after photo-irradiation. Figure 6ii shows the time depend-
ent percentage decolourization efficiency (PD) of MG solu-
tion (100 mg/L) under UV irradiation in contact with the
composites, and also without the presence of the photo-
catalyst for MG 618 nm absorption peak. The PD values
corresponding to 315 nm and 418 nm peaks of MG have
been provided in Table S1 in Supplementary material. The
composites were found to exhibit enhanced photoactiv-
ity in comparison to similar reported materials under UV
radiation [61, 62]. It has already been discussed that H,0,
is a promising electron acceptor that tends to enhance
the overall reaction rate [63]. However, addition of H,0,
in large amounts can have a deteriorating effect on it [64,
65]. Experiments were carried out with different amounts
of H,0, (0.5-5 mL) and 2 mL H,0, was found to be the
optimal dosage. To underline the sonication effect, this
H,0, was added in two ways-once directly and once after
being sonicated. S-MnT with sonicated H,O, showed the
best photoactivity which confirmed that sonochemistry
has a role in inhibition of electron-hole recombination.
Probably, sonochemistry led to the uniform dispersion of
H,0, in the photocatalyst solution which accelerated the
process of radical formation. The estimated values of k,,
corresponding correlation coefficients (R?), PD efficiencies
and error (chi-square XZ) values are listed in Table 1 (for
pseudo first order). Figure 6iii provides the values of the
pseudo first order rate constant obtained from the linear
regression curves.

The stability is essential for its practical application. A
cycle experiment of degrading MG in aqueous solutions
over the composites was conducted. Results (Table 1)
showed that S-MnT with sonicated H,0, still held high
photocatalytic activity after five cycles (Fig. 7).

The mechanism of photocatalysis is described as fol-
lows: On irradiating the reaction solution with UV light,
photoexcited charge carriers get formed (Eq. (10)).

Photoexcitation : MnT + hv(UV) — MnT (e~ (CB) + h*(VB))
(10)
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Fig.7 Rate constant comparison plot for of a H-MnT and b S-MnT ¢
S-MnT with sonicated H,0, and d S-MnT with directly added H,0,

Rate constant (k )

where hv=photons, h* =holes, proton=H*, CB is conduc-
tion band, VB is valence band and e” =electrons.

Magesh et al. [66] calculated the conduction band
potential (Ecg) for TiO, (E;=3.2 eV) in reference to normal
hydrogen electrode (NHE) as —0.29 eV while Li et al. [67]
found that Ecg for Mn,05 (E;=3.2 eV) is — 1 eV. Clearly,
Ecg for Mn,0; is more negative than that of TiO,. So, it is
expected that at the junction of the MnT composite, there
will be a transfer of excited electrons from Mn,0; to the
conduction band of TiO,.

The holes in the valence band will give rise to ‘OH radi-
cals by the oxidation of water as given by Egs. (11) and
(12).

MnT (h*(VB)) + water — MnT + proton + -OH (11)

MnT (h*(VB)) + OH™ — MnT + -OH (12)

Some excited electrons may get transferred to adsorbed
oxygen molecules reducing molecular oxygen to superox-
ide radicals (O3) [23, 68-71].

Oxygenionosorption : MnT(e”(CB)) + O, — MnT + O3
(13)
Also, as Ecg for TiO, is more negative than that for O,/
H,0, (0.682 eV vs NHE), H,0, may be produced in the pro-
cess [72].

reduction
- 2 W0, (14)

In case of added H,0,, Ti-peroxo species tend to be
formed at the solution interface [73-76]. Ohno et al. [75]
through FTIR and X-ray photoelectron spectroscopy (XPS)
and Lousada et al. [77] through density functional theory
studies have confirmed the formation of such peroxo
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Table 2 Comparison of photocatalytic abilities of some composites for MG degradation

Photocatalyst Dye conc (mg/L) Catalyst dose (g/L) PD (%) Time (min)  Light source References
TiO, rutile 100.0 0.050 97.00 180 uv [2]
Commercial TiO, 100.0 0.050 96.00 210 uv [2]
TiO,-DAS - 0.005 60.40 120 uv [3]
TiO,-DAS-SiO, - 0.005 21.60 120 uv [3]
MnS - 0.005 - 80 uv [81]
MnS - 0.050 56.60 300 uv [82]
MnS-DAS - 0.050 82.80 300 uv [82]
- 12.50 - 70.00 120 Ultrasound (135W)  [83]
TiO, 10.00 0.100-0.500 100.0 30-60 UV +Ultrasound [83]
A. Flavus 0.030 - 99.70 8640 - [84]
A.Solani 0.030 - 91.70 8640 - [84]
ZnS:Mn 2.000 - 91.00 60 Visible [85]
ZnS:Mn/Zn$S 2.000 - 98 60 Visible [85]
Au/NaNbO, 100.0 0.8-1.6 87.00-94.00 60 Visible [86]
Ca doped ceria 6.000 0.100 93.00 90 uv [87]
Zn0 capped with ethylene 9.270 0.002 94.10 41 Simulated sunlight  [88]

diamine tetra acetic acid
Zn0 capped with citric acid 9.270 0.002 80.10 61 Simulated sunlight  [88]
ZnO0 capped with oleic acid 9.270 0.002 67.60 61 Simulated sunlight  [88]
Nickel vanadate 927.0 0.100 - 100 Visible [89]
TiO, 50.00 0.500 99.90 240 uv [90]
CoTiO, - - 96.30 180 uv [3]
Co,TiO, - - 88.00 200 uv [3]
ZnO nanorods on RGO/Ni foam  20.00 - 100.0 15 uv [91]
ZnO/Nifoam 20.00 - 68.00 15 uv [91]
RGO/Ni foam 20.00 - 38.00 15 uv [91]
H-MnT 927.0 0.050 92.10 60 uv Present work
S-MnT 927.0 0.050 99.60 60 uv Present work
S-MnT with direct H,0, 927.0 0.050 91.30 30 uv Present work
S-MnT with sonicated H,0, 927.0 0.050 99.60 50 uv Present work

Up to 4 significant figures except time

species. These reactive oxygen species (OH, O3, H,0, and
peroxo species) ultimately lead to transformation of the
chromophoric groups in the dye. MG is a dye containing
nitrogen. Depending on the oxidation state of the nitro-
gen atom, MG may release NH,*, NO;™ or even N, [78].
However, the complete mineralization of the dye requires
highly energetic free radicals which are preferentially gen-
erated under UV irradiation. In this context, Bae et al. [79]
has documented that the TOC removal efficiencies of tita-
nia based catalysts are much higher under UV irradiation.

Also, the defect content in the composites could be
responsible for the efficient photoactivity shown by
them. In this regard, Zheng et al. [80] have explained that
defects like interstitial oxygen generate shallow levels near
the valence band while defects like oxygen vacancies act
as electron acceptors. Thus, interfacial charge transfer
prolongs the lifetime of the carriers by suppressing the

recombination of electron-hole pairs. However, in the
future, such parameters need to be studied on a theoreti-
cal platform.

A comparison of photocatalytic ability of synthesized
MnT composites with other reported composites in
degrading MG is illustrated in Table 2.

4 Conclusions

The present study outlined a reliable, cost-effective sono-
chemical method to synthesize binary nanocomposites
of manganese and titanium oxides that can be extended
for the preparation of other binary metal oxide compos-
ites. The composites were used to test the photocatalytic
degradation of MG in the aqueous solution. The decol-
ourization rate of S-MnT photocatalyst with ultrasound
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functionalized H,0, was found to be higher than that of
H-MnT, bare S-MnT and S-MnT with directly added H,0.,.
It could be proposed that unique nanorod-nanodisk mor-
phology, defect concentration and sonochemistry played
a vital role in reducing the chances of electron hole recom-
bination thereby enhancing pollutant degradation rate.
Luminescence studies also predict possible optoelectronic
applications for transition metal oxide nanomaterials. The
composites exhibited good stability predicting potential
applications in waste water treatment, environment pro-
tection and even in energy preservation.
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