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HIGHLIGHTS

e MnTiO3 nanodiscs synthesized via hydrothermal method.

o The structure and composition of the perovskite MnTiO3 nanodiscs were confirmed from XPS and TEM analysis.
o The optimal photocatalytic degradation of 89.7, 80.4, 79.4, and 79.4 % was observed after 180 min of irradiation for MB, RhB, MO, and CR, respectively.
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MTO nanodiscs synthesized using the hydrothermal approach were explored for the photocatalytic removal of
methylene blue (MB), rhodamine B (RhB), congo red (CR), and methyl orange (MO). The disc-like structures of
~16 nm thick and ~291 nm average diameter of stoichiometric MTO were rhombohedral in nature. The MTO
nanodiscs delivered stable and recyclable photocatalytic activity under Xe lamp irradiation. The kinetic studies
showed the 89.7, 80.4, 79.4, and 79.4 % degradation of MB, RhB, MO, and CR at the rate constants of
0.011(40.001), 0.006(4-0.001), 0.007(#0.0007), and 0.009 (4-0.0001) min’l, respectively, after the 180 min of

irradiation. The substantial function of photogenerated holes and hydroxide radicals pertaining to the dye
removal phenomena is confirmed by radical scavenger trapping studies. Overall, the present studies provide a way

to develop pristine and heterostructure perovskite for photocatalysts degradation of various organic wastes.

1. Introduction

Nowadays, the raised industrialization frequently releases hazardous
contaminants in the environment, especially organic pollutants in water
and soil, which precedes detrimental effects on groundwater quality [1].
This contamination disturbs aquatic life, earth, and humans living
directly or indirectly, which is a threat to a viable civilization [2].
Pharmaceutical garbage and organic wastes are mostly non-eco-friendly,
and their removal from anaerobic environments gives rise to harmful
ingredients in the atmosphere [3]. Chemical methods such as Fenton's
reagent, ozonation, advanced oxidation processes, and anaerobic treat-
ment, etc.,, and the physical processes such as adsorption, reverse
osmosis, flocculation, and sedimentation, etc. have been explored to
control pharmaceutical contaminants via degradation of organic dyes
[4]. But, in recent times, photocatalysis has gained considerable
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attention as an environmentally friendly process where no further energy
in the kind of heat is expected during the degradation processes. The
most cost-effective photocatalyst is expected to be non-poisonous, reus-
able, and highly durable. Therefore, various metal oxides and sulfides of
Ni, Ti, Zn, W, Cu, and Mo are explored for photocatalytic
dye-degradation [5, 6, 7, 8]. However, oxidative degradation observed
from metal oxides, without any substantial alterations in their properties,
on exposure to the visible light has the potentials to serve in real-time
applications, hence attracting the scientific community [9]. So far,
TiO2, ZnO, CuO, MnO,, NiO, and Co304 are extensively studied to
remove the synthetic pigments from the water bodies [5, 6]. TiOy re-
mains the highly explored photocatalysts for removing synthetic dyes
due to its chemical limpness, photocatalytic permanence, and
eco-friendly nature [10]. However, a wide bandgap of 3.2 eV hampers
the TiOy photocatalytic activities in the visible region. Therefore,

Received 1 April 2021; Received in revised form 7 May 2021; Accepted 9 June 2021
2405-8440/© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:rupesh@iiti.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e07297&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e07297
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2021.e07297

N. Kitchamsetti et al.

numerous tactics like doping and coupling with additional semi-
conducting materials were employed to boost the photocatalytic activity
by controlling the bandgap of TiO; in the visible range [11, 12, 13]. On
the other hand, the oxides of Mn deliver the narrow bandgap of 1-2 eV
has the potentials to deliver promising photocatalytic activities in the
visible region [14, 15]. The promising catalytic properties combined
through acid resistance and natural profusion have denoted MnO, as a
captivating contender in removing the organic dye.

The conformation of such narrow and wide bandgap oxide materials
in the perovskite form shall enhance the photocatalytic activities.
Moreover, perovskite oxides are contemplated to be an exhilarating
group of visible-light photocatalytic materials in current times [16].
Perovskite oxides delivered excellent structural stability and flexibility to
accommodate a wide range of cations with different oxidation states,
which guided them for excellent catalytic activity and consequently for
applications in photocatalysis [17, 18, 19, 20, 21]. Various research
groups have explored the photocatalytic dye degradation activities of the
perovskite materials such as ZnTiOs, SrTiOs, BaTiOs, NiTiO3, CoTiOs,
and MnTiOs, respectively [20, 22, 23, 24, 25, 26]. Ali et al. [26] observed
photocatalytic degradation of methyl orange (MO) using the cobalt
titanate nanoparticles obtained from the polymerization method, but 50
% of methyl orange dye was removed after 80 min irradiation of UV light.
SrTiO3 removed 95 % of methylene blue (MB) dye after irradiating 360
min under visible light [23]. Likewise, the microwave-assisted BaTiO3
nanospheres were found comparatively effective and quicker in the
degradation of MB under UV light irradiation [24]. The longer time taken
by these perovskites for degradation of organic dyes directed the scien-
tific community to hunt for new materials with larger surface area and
improved photocatalytic activities. MnTiOs, a wide bandgap (i.e.,
1.5-3.2 eV) perovskite [27], has recently attracted the attention for ap-
plications in magnetic recorder, solar cells, gas sensor, and dielectric
ceramics, etc. due to the high carrier mobility, enormous absorption
coefficient, exceptional photo-physical/chemical properties. Further-
more, the strong absorption in the visible region has governed the MTO
as competent material for photocatalytic removal of organic dyes. He
et al. [27] have reported the usefulness of MTO for photodegradation of
MO under sunlight irradiation, but lower bandgap (i.e., 1.46 eV) of MTO
nanoparticles restricted the absorption of visible light and inhibited the
overall degradation performance. Recently, Suhila et al. [20] reported
photodegradation of MB dye using the sol-gel synthesized MTO powders,
but the total degradation was restricted to 70 % after 240 min irradiation.
Nevertheless, the excellent physicochemical properties, together with the
good agreement of Mn and Ti elements, navigate the MTO to explore the
degradation activity of the various organic dyes. Consequently, various
nanostructure morphologies of MTO need to be explored thoroughly to
understand the effect of larger surface area, the stoichiometry of Mn and
Ti, and O deficiency, etc.

Overall, the literature reports the independent studies on the utili-
zation of MTO for the photocatalytic degradation of either MB or MO.
Moreover, our recent studies revealed that the larger surface area en-
hances the photocatalytic decomposition of organic dyes [28]. Here, we
report the comparative study on the photocatalytic removal of MB, RhB,
MO, and CR dyes in the presence of MTO nanodiscs providing a larger
surface area. The structural, chemical, morphological, and photocatalytic
studies illustrate the competency of MTO nanodiscs for MB dye degra-
dation under light illumination. The MTO nanodiscs might have provided
abundant trapping sites for electrons, which influenced the electron-hole
pair recombination and further assisted in enhancing photocatalytic dye
removal activities.

2. Experimental section

The analytical grade reagents procured from Sigma Aldrich were used
as collected to synthesize MTO nanodiscs using the hydrothermal
method. Typically, 1.25 mmol of Tetrabutyl orthotitanate (Ti(C4HgO)4,
98 %) was added to 16 ml of 1,2-Ethanediol (C2HgO2, 99 %) under
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continuous stirring at room temperature to prepare a homogeneous so-
lution. Simultaneously, 1.25 mmol of manganese chloride tetrahydrate
(MnCl,.4H50, 98 %) was dissolved into 4 ml of 1,2-diaminoethane
(CoHgNs, 99 %). Both these solutions were mixed for 30 min under
constant stirring, and subsequently, 5 ml of deionized water was added
dropwise and continued stirring. Later, the solution was moved to a
Teflon-lined stainless-steel autoclave and reacted at 180 °C for 24 h,
which was allowed to cool down at room temperature in the ambient
atmosphere. The hydrothermally reacted product was collected by
centrifugation after rinsing through deionized water and alcohol
numerous times to discard additional impurities and solvent. Further, the
MTO powder with pale-yellow color was achieved after drying at 90 °C
for 8 h and characterized to analyze the physicochemical properties. The
crystal structure of the MTO perovskite was verified using X-ray
diffraction (D2-Phaser Bruker, Cu-Ka, A = 1.5406 /o\). The field emission
scanning electron microscope (FESEM, JEOL JSM-6500F) equipped with
energy-dispersive X-ray spectroscopy (EDS, Oxford Instrument INCA, X-
sight 7557) was used to investigate the surface morphology of MTO and
the presence of elements, respectively. X-ray photoelectron spectrometer
(XPS, Thermo Scientific Inc. K-alpha) with microfocus monochromated
Al Ko X-rays was used to investigate the surface chemistry and electronic
nature of MTO nanodiscs. The optical behavior of MTO nanodiscs was
studied using a UV-Visible spectrophotometer (Shimadzu UV-2600). The
photocatalytic activity of MTO nanodiscs was analyzed for various
organic dyes under Xe lamp (300 W) irradiation. The optimized amount
of 25 mg MTO catalyst was added into 10 ppm aqueous dye solutions
maintained at pH of 6.8 under continuous stirring for 1 h in the darkroom
at ambient atmosphere to obtain an adsorption-desorption equilibrium
between the dye pollutant and photocatalyst before the light illumina-
tion. It was further irradiated under Xe lamp at different time intervals
and centrifuged to extract the catalyst from the dye solution. The
centrifuged solution was further subjected for UV-Vis absorption studies.
The concentration (C;) at a reaction time of ‘t’ and the initial concen-
tration (C,) of the dye pollutants were examined instantly from UV-Vis
spectra. The degradation rate of different dye solutions was estimated
from the Eq. (1),

Co — G

0

Dye degradation efficiency (%) = x 100 1)

3. Results and discussion

FESEM image in Figure 1(a) reveals the morphology of MTO nano-
discs. The optimized reaction mixture of MnCly, Ti(C4HgO)4, and C;HgO2
offered a disc-like morphology of MTO. Even though the diameter of ~16
(£3) nm thick nanodiscs varied between 180 to 440 nm, most nanodiscs
were of 291 (£+5) nm average diameter. Each nanodisc was intact and
separated from the other with clearly visible boundaries. The high
magnification FESEM image in the inset of Figure 1(a) illustrates the
rough surface morphology of the MTO, which provided the BET surface
area of 64.6 m?/g and the pore volume of 0.11 cm®/g. The EDS image of
MTO nanodiscs confirms the presence of Ti, Mn, and O elements, without
detecting any extra elements except C. The insignificant existence of C
might have observed from the carbon tape utilized during the analysis
(Figure 1(b)). Further, the crystal structure MTO nanodiscs was studied
utilizing XRD. The resulting XRD peaks (Figure 1(c)) located at 26 of
23.5°, 32°, 34.8°, 39.8°, 48.1°, 52.2°, 55.1°, 60.8°, 62.5°, and 68.7°
corresponds to (012), (104), (110), (113), (024), (116), (018), (214), and
(300), respectively, are assigned to the rhombohedral crystal structure
MTO (JCPDS card no. 12-0435). Furthermore, no distinctive peaks
specifying the development of TiO» MnO,, or additional impurity phases
were observed, corroborate the synthesis of single-phase MTO nanodiscs.
Further, the crystal structure of the MTO was confirmed from TEM
analysis. The HRTEM image (Figure 2(a)) confirms that the MTO nano-
discs were well crystallized with an interplanar spacing of 0.352 nm
comprised of (012) rhombohedral lattice plane [29]. Moreover, the SAED
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Figure 1. (a) FESEM image, (b) EDS, and (c) XRD pattern of MTO nanodiscs.

Figure 2. (a) HRTEM image (b) SAED pattern collected from the
MTO nanodiscs.

pattern of the MTO nanodiscs represents randomly aligned numerous
diffraction spots (Figure 2(b)). The careful observation of these numerous
bright diffraction spots produces concentric diffraction rings (yellow in
color) correspond to the rhombohedral crystal structure of MTO nano-
discs. These observations are akin to that of XRD, EDS, and FESEM
analysis.

Moreover, the chemical properties and electronic structure of MTO
nanodiscs were analyzed employing XPS. Figure 3 illustrates the XPS
spectra of Mn(2p), Ti(2p), and O(1s) core levels of MTO nanodiscs. The
XPS spectrum of Mn(2p) was fitted via the Voigt function to accurately
define the double peak features of Mn (2p3,2) and Mn (2p; /2) core levels
[30]. The deconvoluted XPS of Mn(2p) (Figure 3(a)) displays 4 peaks
positioned at binding energy (B.E.) of 641.5 (= A), 645.6 (= A'), 653.2(=
B), and 657.1 eV (= B'). The peaks situated at a B.E. of 641.5 (= A) and
653.2 (= B) eV have been allocated to the core levels of Mn(2p), and their
associated peaks at a binding energy of 645.6 (= A’) and 657.1 (= B') are
relevant shake-up satellite peaks. The peak splitting of 11.7 eV between
the Mn (2p3/2) and Mn (2p;,2) core levels represents the formation of
Mn?t, Similarly, the deconvolution of XPS spectrum of the Ti(2p) core

levels demonstrate the three distinct peaks at the B.E. of 458.3 (= Q),
460.2 (= C'), and 463.9 (= D) eV for the Ti*"(2ps/2), Ti>"(2ps/2) and
Ti**(2p1,2) core levels, respectively. The greater intensity of Ti*"(2ps/2)
and Ti**(2p;,5) peaks represents the major existence of Ti*' cation.
However, the less intense peak of Ti>*(2ps/2) core levels proves the
minor presence of Ti®* cations. The peak separation of 5.6 eV between
the Ti(2ps,2) and Ti(2p;,2) core levels suggest Ti** cations [18, 19, 31].
The compound peak characteristic for O(1s) XPS spectrum deconvoluted
using Voigt fitting function (Figure 3(c)) revealed 2 peaks at a binding
energy of 529.5 and 531.1 eV. The high-intensity peak at 529.5 eV re-
sembles the O(1s) core level of the 02 anions in the MTO nanodiscs. The
less intensity peak at 531.1 eV is assigned to the surface contamination,
in the form of carbon or hydroxides, etc. [28, 32]. In general, the XPS
study validates the formation of stoichiometric MTO nanodiscs.

The UV-Vis spectroscopy was employed to inspect the optical
behavior of the MTO nanodiscs. The optical diffusive reflectance spectra
(DRS) of the MTO nanodiscs was evaluated at room temperature.
Figure 4 presents the typical reflectance spectra of MTO nanodiscs, which
was further analyzed to evaluate energy bandgap using the Kubelka-
Munk function in Eq. (2),

(1-R)

(PR = S

x hy ()]
Where, R is the absolute reflectance of the MTO, and hv is incident
photon energy. The bandgap is evaluated from the plots of (F(R) hv)'/2
versus hv, believing that the absorption coefficient (o) is directly pro-
portional to the Kubelka-Munk function (F(R)). The bandgap of 2.78 eV
was approximated from the (hv) vs. (F(R) hv)l/ 2 plot for MTO nanodiscs.
The reduced thickness (i.e., dimensions) of the MTO nanodiscs might be
the reason for the increase in the bandgap than the bulk MTO [27]. The
photocatalytic degradation studies of MTO nanodiscs were performed on
MB, RhB, MO, and CR dyes under continuous Xenon lamp illumination at
ambient atmosphere. The irradiated solutions were collected at different
time intervals, and their consecutive UV-Vis spectra are shown in
Figure 5. The intensity of the major absorption peak of MB (i.e., 664 nm),
RhB (i.e., 554 nm), MO (i.e., 463 nm), and CR (i.e., 498 nm) continued
reducing with an increase in irradiation time, which confirm the removal
of dye pollutants under xenon lamp irradiation in the presence of MTO
photocatalysts. The dye removal has improved with increased irradiation
time and reached saturation after attending the highest dye removal in
180 min of illumination. However, for a better understanding of the
photocatalytic degradation activity of MTO nanodiscs, the MB was irra-
diated in the absence of photocatalyst for the identical time period (i.e.,
180 min) [33]. An insignificant amount of dye removal detected in the
absence of MTO nanodiscs (Figure 6) confirmed the influence of MTO
nanodiscs in the photocatalytic degradation of dye pollutants. The
excellent absorption of pollutants and the photosensitizing effect of the
MTO nanodiscs might have helped consume a significant amount of
visible light to enhance the photocatalytic mechanism [34].

The reaction kinetics of photocatalytic dye removal was compre-
hended from the Langmuir-Hinshelwood model (Eq. (3)) [35], which is
simplified to the pseudo-first-order equation for a lower concentration of
catalysts (Eq. (4)),
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Figure 3. High resolution XPS spectra of the (a) Mn (2p), (b) Ti (2p), and (c) O
(1s) core levels of the MTO nanodiscs.
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Figure 4. UV-Vis DRS spectra and bandgap analysis of MTO nanodiscs.

Where, r is the reaction rate in mol/L.min, C is the equilibrium concen-
tration of the constituent in mol/L, t is the photocatalytic activity time in
min., K is the Langmuir constant in L/mol, k is the reaction rate constant
in L/min, C; and C, are the dye pollutant concentrations in mol/L at
various time intervals (t) and t = 0, and kg, is the pseudo-first-order rate
constant in L/min.

The photocatalytic degradation activities are illustrated using the
pseudo-first-order kinetic model. Figure 7(a and b) signifies the plot of
Cy/Cp and -In (C¢/Cp) with respect to the irradiation time (t) for the MB,
RhB, CR, and MO dye removal estimated from Figure 5. The photo-
catalytic dye pollutant removal mechanism is tailored well with the
pseudo-first-order kinetics model. The rate constant of 0.011(£0.001),
0.0064(+0.001), 0.009(£+0.0001), and 0.007(+0.001) minfl, and cor-
relation coefficient (R?) of 0.94, 0.89, 0.99, and 0.95 were observed for
MB, RhB, MO, and CR dye, respectively. The higher rate constant rep-
resents the improved response of MTO nanodiscs for photocatalytic
decomposition of MB than the RhB, MO, and CR dyes. Figure 7(c) reveals
the statistical histogram of irradiation time-dependent dye degradation
efficiency estimated from Figure 5. The 89.7, 80.4, 79.4, and 79.4 %
photocatalytic decomposition was detected for MB, RhB, MO, and CR
dyes, respectively, after 180 min irradiation. This reveals that MTO
nanodiscs show superior photocatalytic activity for MB.

Being the better photocatalytic reaction mechanism of MTO towards
MB, the radical scavenger catching studies were carried out for photo-
catalytic decomposition of MB in the presence of various scavengers.
Figure 8(a) shows the photocatalytic decomposition of MB in the exis-
tence of distinct scavengers such as methanol (MeOH), isopropanol
(IPA), and ammonium oxalate (AO) to confirm the influence of super-
oxide radicals (*O3 ), hydroxyl radicals (OH*), and photogenerated holes
(h™), respectively [36]. The severely reduced photodegradation of MB
(i.e., 19.8 %) in the presence of AO confirms the significant role of
photogenerated holes in MB decomposition. However, the moderate
reduction in the photodegradation (i.e., 35 %) in the presence of IPA
confirms the partial involvement of hydroxyl radicals (OH*). Thus, the
hydroxyl radicals (OH*) and photogenerated holes (h™) dominated the
photodegradation of the MB. Further, the reusability of MTO nanodiscs
was examined for three repeated cycles of MB degradation (Figure 8(b)).
The negligible loss of ~2 % (i.e., from 89.7 % to 87 %) observed in the
photocatalytic degradation activity for MB dye might be attributed to the
catalyst loss throughout the recovery processes such as washing, centri-
fugation, and desiccating, etc. Moreover, the stability of MTO nanodiscs
photocatalysis was confirmed from FTIR. The FTIR spectra of the MTO
nanodiscs before and after photocatalytic studies (Figure 9) were
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diation of 180 min without photocatalyst.

identical to each other, illustrate the excellent photocatalytic stability of MTO + huv = MTO (¢~ + h") 5)
the MTO nanodiscs. _ o

Figure 10 illustrates a pictorial representation of the photocatalytic MTO (e7) + 0 > MTO (*03) ©)
degradation behavior of MTO nanodiscs. The electron (e”) — hole (h™) Dye + *0; — Dyeqy (intermediates) — CO, + H,0 )
pair photogenerated after xenon light irradiation control the photo-
catalytic activity of MTO nanodiscs. Therefore, photocatalytic degrada- MTO (h*) + H,0 - MTO (OH*) + H* ®
tion depends on (i) trapping and recombination of holes and electrons . .
and (ii) recombination of theg captured electron (e”) — hole (h™) pair. The Dye + OH* = Dyeox (intermediates) — €O, + H,0 ©
increased e~ — h' recombination time and the larger interface of the Under visible light illumination with sufficient energy of photon
electron transfer rate boost the photocatalytic decomposition. In the greater than or equal to the bandgap of MTO nanodiscs, electrons (e ) are
current work, the photocatalytic decomposition mechanism of dye excited from the valence band (V.B.) to the conduction band (C.B),
pollutant is described as follows: leaving holes in the V.B., which are created and then recombine on the
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MTO surface (Eq. (5)). MTO nanodiscs capture the electrons, which ar-
rests electron (e”) - hole (h") recombination and improve the *03 rad-
icals for degradation of the dyes (Egs. (6), and (7)) [37]. In most cases,
holes may easily react with HoO to generate *OH radicals (Eq. (8)) [38].
It is well-known that *OH radicals are robust oxidizing agents efficient
for degrading most dye contaminants. The dyes may be oxidized by *OH
radicals (Eq. (9)) and then be reduced to small organic pieces, and these
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Figure 9. FTIR spectra, obtained from the MTO nanodiscs before and after three
repeated photocatalytic degradation cycles of MB dye solution.

organic pieces can ultimately be mineralized into CO, and HyO. There-
fore, the larger surface area and disc-like morphology of MTO have a
significant impact on the eco-friendly and economic photocatalytic
mechanism for transforming various organic chemicals/pollutants.
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4. Conclusion

In conclusion, we have successfully synthesized MTO nanodiscs via
the hydrothermal method. The MTO nanodiscs of thickness ~16 nm and
a diameter of ~291 nm were of the rhombohedral crystalline phase. The
stoichiometric MTO nanodiscs delivered the bandgap of 2.78 eV and
unveiled the exceptional photocatalytic activity to decompose organic
pollutants. The optimal photocatalytic reduction of 89.7, 80.4, 79.4, and
79.4 % was observed after 180 min for MB, RhB, MO, and CR, respec-
tively, at the 0.011(+0.001), 0.0064(+0.001), 0.009(+0.0001), and
0.007(+£0.001) min~?, rate constants. The stability and recyclability
without substantial loss in photocatalytic activity conclude the reliable,
economic, and eco-friendly nature of MTO nanodiscs.
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