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Abstract. MnO2 exhibits numerous catalytic applications owing to its wide structural diversity with different chemical
and physical properties. Different morphologies of MnO2 nanomaterial have been prepared to investigate oxidation of
methylene blue dye and reduction of nitrobenzene under natural sunlight. MnO2 nanostructures displayed versatile
photoactivity due to different surface and crystal structural morphologies. The prepared materials were characterized by
XRD, SEM, EDS, DRS, DLS and fluorescence spectroscopy. The change in absorption maxima from 441 (sea urchin) to
444 nm (nanospheres) is due to change in shape, size and exposure of surface ligand density. Particle size distribution of
a-MnO2 nanorods, sea urchin is 51 and 90–190 nm, respectively, with body-centred tetragonal crystalline structure. The
structure of synthesized polymorphs consists of octahedral (MnO6) with different arrangements of edge and phase sharing.
From SEM, variation in shapes from sea urchin to nanorods to nanospheres can be seen. MnO2-sea urchin (98%) and
a-MnO2 nanorods (91%) give better activity in photo-oxidation of dye relative to MnO2 nanospheres. The overall photooxidation reaction follows pseudo first-order kinetics. Nitrobenzene (25 lmol) is selectively reduced to 80% aniline (20.5
lmol) by a-nanotubes of MnO2 catalyst and 82.2% with MnO2-sea urchin photocatalyst. This paper explored the
correlations between shape-dependent chemical and structural factors of surface of a catalyst. The excellent performance
of hierarchical MnO2 represents a potential heterogeneous catalyst for wastewater treatment.
Keywords. Hierarchical MnO2 nanostructures; sea urchin-like MnO2; MnO2 photocatalysis; sunlight active;
photo-oxidation and photo-reduction.

1.

Introduction

Manganese oxide (MnO2) is a promising material owing to
its low-cost, enhanced environment compatibility and
extensive structural diversity together with different physical and chemical properties [1]. Different morphologies of
MnO2 kept their signatures in the field of adsorption,
catalysis, photocatalytic degradation, ion exchange and
many more. Due to its outstanding structural flexibility,
physical and chemical properties can be modified depending upon its arrangement as it is widely used as catalyst
[2,3]. MnO2 occurs in various polymorphs, such as a-, b-, cand d-MnO2 which depend on basic MnO6 units in MnO2
which shares their edges and faces [4–7]. Fabrication of
various morphologies like nanospheres-, urchin-, nanorods-,
nanotubes-, nanosheet-like structures are desirable for
advanced catalytic reactions [8]. Because of promising
power and energy alternatives, MnO2 has been found capable for application as supercapacitor [9–12]. More significantly, natural abundance of MnO2, will lower the cost
compared to noble metal oxides. Improvement in catalytic

properties is due to size of catalyst, as size decreases greater
proportions of atoms are found at the surface of catalyst in
comparison with the inside ones [13–15].
Basically, utility of MnO2 is related to degradation of dyes,
reduction of nitro compounds and various catalytic applications [16]. Various complex oxides of manganese exist, such
as MnO2, Mn2O3 and Mn2O7 because of variable oxidation
states of manganese (?3, ?4, ?5 and ?7). Manganese oxide
materials have extreme importance in technical applications,
such as Li-ion batteries, etc. [17,18]. It has high recharge
efficiency (~90%) and retention capacity. MnO2 nanostructures with different crystal structures (i.e., a- and d-MnO2)
uniformly deposited on diatomite for absorption and degradation of methyl orange [19, 20]. Meng et al [21] synthesized
different structures of manganese oxide (a-, b- and d-MnO2)
by various facile methods, where MnO2 nanoparticles reveal
electrocatalytic features. Park et al [22] prepared a-MnO2
nanowires and nanopowders to promote the comparison of
their catalytic activity.
The above literature showed various applications of
MnO2 nanoparticles in different photo-oxidation and
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photoreduction reactions. However, there is little information of catalyst having different crystal structures involving
both oxidation and reduction reactions under natural sunlight. Nanoparticles of catalyst having different shapes and
sizes could possess different crystallographic shapes, density and packing fraction and different electronic states of
atoms. Therefore, it is essential to establish relation between
structural and physiochemical properties with their catalytic
performance by exploring how shapes could influence their
catalytic activity. In this work, we focus on the size and
shape effects on the optical properties of different morphologies of MnO2 synthesized with reference to previous
papers for various reactions including oxidation and
reduction.

2.
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was further autoclaved at temperature of 140°C for 24 h.
The filtrate was washed and dried in an oven to obtain
nanowires.
For the synthesis of b-MnO2 nanorods, 0.20 g KMnO4
and 4.0 ml of polyethylene glycol (400) were mixed with 80
ml deionized water and kept under rapid magnetic agitation
at room temperature for 10 min [25]. This mixture was
transferred to autoclave at 160°C for 5 h.
For the synthesis of c-MnO2 nanosheets, 1.3 g SDBS and
0.40 g MnCl24H2O were mixed to 45 ml deionized water
and kept under rapid magnetic agitation at room temperature for 30 min [26]. This mixture was transferred to
autoclave at 110°C for 12 h [27]. The resulting samples
were filtered, washed with milli-Q distilled water and
ethanol (or dysol) and dried in an oven at 60°C.

Experimental
2.3

2.1

Potassium permanganate (KMnO4), manganese sulphate
monohydrate (MnSO4H2O), sodium dodecyl benzene sulphonate (SDBS), manganese (II) chloride (MnCl2), urea,
polyethylene glycol, hydrochloric acid (HCl) were purchased from Loba Chemicals. The solvents, ethanol
(C2H5OH), methanol (CH3OH) and isopropyl alcohol
(CH3CHOHCH3), were obtained from Sigma-Aldrich and
all chemicals were used without any further purification.

2.2

Characterization techniques

Materials

Catalyst preparation

MnO2-sea urchin was synthesized by hydrothermal
approach, in typical procedure, 0.452 g of KMnO4 was
added to 1 ml of 37% HCl further to make 40 ml mixture
which was treated hydrothermally at 140°C for 12 h [22].
The resulting sample was filtered, washed several times
with distilled water and dried in an oven at 60°C to obtain
MnO2 sea urchin-shape particles.
To produce a-MnO2 nanorods, KMnO4 (0.39 g) was mixed
with 0.172 g of MnSO4H2O to make 35 ml homogeneous
aqueous solution. This mixture was then transferred to Teflonlined stainless-steel autoclave at 180°C for 16 h [23]. The filtrate was washed and dried in an oven to obtain nanorods.
MnO2 nanospheres were synthesized by mixing 0.005
mol KMnO4 with 40 ml distilled water, followed by magnetic stirring for 20 min. During the stirring, 10 ml of 6 M
HCl was added dropwise to the mixture and then, further
stirring was continued for 4 h. The mixture was centrifuged
for 10 min [24]. The precipitates were filtered, washed with
milli-Q distilled water and ethanol (or dysol) and dried in an
oven at 60°C for two days.
The typical synthetic process was followed to synthesize
a-nanowires by taking 0.478 g of KMnO4 and 0.51 g of
MnSO4H2O and mixed together to form a homogeneous
reaction mixture of 30 ml in aqueous solution. This mixture

The absorption characteristics of different morphologies of
MnO2 were determined with diffuse reflectance spectroscopy (DRS, Avantase). The photoluminescence (PL)
spectra were analysed with Perkin-Elmer LS5. Diffraction
pattern of as-prepared catalysts were measured using XRD
(PANalytical Xpert Pro) analysis with CuKa and at an angle
range of 30–80° at the rate of 5° per min. Scanning electron
microscopy (SEM, JSM-7600F) was used for the study of
external morphology and relative amount of as-prepared
catalysts. The particle size distribution of various morphologies of MnO2 (2 mg in 5 ml distilled water) were
determined by Malvern ZEN 3600 particle size analyzer.
Surface areas of different catalysts have been measured
using Brunauer–Ememett–Teller (BET). The particles (100
mg) were preheated at 150°C for 1 h with the calibration
gases (N2:He 70:30) using SMART SORB 92/93 singlepoint surface area analyser. Separation and detection of
amino compound were performed using HPLC instrument
(Agilent 1120 Compact LC) equipped with a reverse phase
column (250 mm 9 4.6 mm, 5 lm), solvent (water and
methanol in the ratio of 70:30 (v/v)) with flow rate of 1 ml
min-1 at k = 295 nm. GC (Nucon 13A Porapak-Q column
with TCD detector) is used to quantify the amount of CO2
produced during dye degradation. The GC-oven temperature was set at 50°C injector and detector temperatures at 80
and 90°C, respectively. The quantification of CO2 was done
against a standard (180 ppm) with retention time of *0.57
min.

2.4

Photocatalytic activity

The photocatalytic degradation studies of methylene blue
(MB) dye (0.01 mM) were carried out in a test tube (5 ml)
using different catalysts (5 mg) under direct sunlight irradiation (average intensity 430 W m-2). The sample was
withdrawn periodically to measure the degradation of MB
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dye and analysed with UV–visible spectrophotometer at
kmax = 675 nm. From the slope of change in concentration,
the rate constant can be calculated and was observed to
follow the pseudo first-order kinetics as per the following
equation:
ln Ct =C0 ¼ kt;

ð1Þ

where k = rate constant, Ct = concentration after time t and
C0 = initial concentration of MB dye.

2.5

Photoreduction of nitro compound

Another application is including conversion of toxic
nitrobenzene to aniline using photocatalyst MnO2. Isopropyl alcohol was taken as solvent as it has better hole
scavenging capacity [28] than other primary alcohols and
also shows better electron-giving ability for reduction process. Fifteen milligrams of photocatalyst was added to 5 ml
of isopropyl alcohol containing nitrobenzene (25 lmol).
The results were analysed by HPLC.

3.

Results and discussion

Figure 1 represents XRD patterns of hydrothermally synthesized MnO2 nanostructures of different shapes. In these
XRD patterns, the reflections of MnO2-sea urchin,
a-nanowires and a-nanorods can be depicted as body-centred tetragonal a-MnO2 nanorods (JCPDS no. 44-0141,
space group 14/m, a = b = 9.784 Å, c = 2.863 Å), indexing
towards the significant phase-purity of the acquired a-MnO2
materials. As seen from figure 1, MnO2 nanospheres have
maximum peak at plane (211) at 2h = 36.1°, while other
peaks at (103), (411), (521), (002) and (541). In case of
a-nanorods, the maxima (211) are achieved at 2h = 36.4°
where other peaks correspond to planes (330), (521) and
(002). Sea urchin has maxima peak at plane (211) at 2h =
37° and other planes are (301), (411), (521), (600), (002),
(541) and (312), while c-MnO2 nanosheets (JCPDS
30-0820) could be identified as hexagonal MnO2. It can be
easily listed to the lattice constants (a = 2.80 Å, b = 2.80 Å,
c = 4.45 Å [28,29]. a-MnO2 nanowires have maxima (300)
at 2h = 37° and other plane at (002) shows 100% characteristic peaks with respect to their JCPDS cards. b-MnO2
nanorods (JCPDS 24-0735) can be depicted as tetragonal
phase.
The lattice constants were calculated, with a as 4.38 Å
and c as 2.88 Å, which are very consistent. The intensity
of maxima is the highest which represents the preferential
growth of nanomaterial. Different crystal planes are
reflecting different crystal structures. Mn and O can be
located either on the edge or on the phase of different
polymorphs. Due to this, some planes will be responsible
for oxidation and some for reduction processes. Hence,
we can utilize same catalyst for both oxidation and
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reduction reactions. Supplementary table S1 gives the
comparative study of XRD spectra of various morphologies of MnO2.
The diffuse reflectance spectra and corresponding Tauc
plots of various morphologies of MnO2 photocatalysts (figure 2a and b and supplementary figure S1a) show a
typical absorption edge between 350 and 650 nm. A few red
shifts are observed in c-MnO2 nanosheets and nanospheres
which occurred due to shape and surface ligand density.
Comparatively, b-nanorods and sea urchin have low intensity because of the presence of trap sites present on the
surface [29].
Photoluminescence quenching (figure 3a) can be viewed
because of effective distribution of electrons along larger
interfaces from conduction band which enables the separation of charge carriers and prevents the recombination of
electrons and holes.
More quenching has been observed in case of b-nanorods
(supplementary figure S1b) due to its dimensionality which
helps in redistribution of electrons along larger interface
that leads to enhancing of its lifetime.
Particle size distribution of a-MnO2 nanorods, c-MnO2
nanosheets, sea urchin and b-MnO2 nanorods is 51, 95,
90–190 and 89–260 nm, respectively (figures 3b and supplementary figure S2). The range of a-MnO2 nanowires and
nanospheres is 1331 and 772 nm, respectively. Supplementary table S2 represents BET surface area analysis of
various morphologies of MnO2.
The SEM images of as-synthesized MnO2 morphologies
(sea urchin, a-MnO2 nanorods and MnO2 nanospheres) is
shown in figure 4a, where sea urchin-like shape is appearing
to come outwards (figure 4b). MnO2 a-nanorods which are
uniformly placed with approximate diameter of 1 lm. These
high-purity MnO2 nanorods are about 0.20 lm in diameter,
nanospheres are of approximate diameter of 0.20 lm and
these are aggregated together. EDX spectra shown along with
SEM images represent elementary composition. Supplementary figure S3 shows the SEM micrographs of c-nanosheets,
b-nanorods and a-nanowires of MnO2 nanoparticles.

3.1

Photocatalytic activity

3.1a Oxidation of MB dye: The absorption peak near
(600–700) is due to absorption of conjugated system,
whereas peak near (300) is due to aromatic ring absorpton.
It was known that p–p*- and n–p*-based chromospheres
break initially because of dissociation of aromatic ring
(figure 5).
In all six MnO2 photocatalysts, intensity of absorption
band of MB decreases gradually with time course because
of mineralization (supplementary figure S4). In case of sea
urchin, the colour of MB suspension vanishes within 60 min
(figure 7a) indicating its degradation to smaller intermediates and increase in CO2 level was observed up to 2 h,
displays complete photomineralization of MB. A complete
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Figure 1. XRD pattern of different morphologies of MnO2 (a) nanospheres, a-nanorods, sea urchin
and (b) c-nanosheets, a-nanowires, b-nanorods.

Figure 2. (a) Diffuse reflectance spectra and (b) corresponding Tauc plots of as-prepared different
morphologies of MnO2.

balanced chemical equation for photodegradation of MB
produces 16 molecules of CO2 after complete
mineralization.
2C16 H18 N3 SCl ðMBÞ þ 39O2 ! 32CO2 þ 2SO2
4

þ 6NHþ
4 þ 2Cl þ 6H2 O:

Accordingly, 0.1 lmol of MB expected to produce 1.6 lmol
of CO2. MnO2-sea urchin showed 1.4 lmol of CO2,
a-MnO2 nanorods and b-nanorods showed 1.4 and 1.13

lmol of CO2, respectively, as compared by GC-TCD analysis (supplementary figure S5). Reaction proceeds on the
surface of solid catalyst. Rate of reaction depends upon the
adsorption of reactant on catalyst surface and larger surface
area. The photodegradation efficiency of various catalysts
shows efficiency of sea urchin and a-nanorods with better
physiochemical and electrokinetic properties showed that
with increase in surface area or surface volume, is the
highest as compared to other catalysts due to more surface
availability. Photocatalytic degradation of dye seemingly
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Figure 3. (a) Photoluminescence and (b) dynamic light scattering (DLS) particle size distribution of
various shapes of MnO2.

Figure 4. SEM micrographs of (a) sea urchin, (b) a-nanorods, (c) nanospheres and (d–f) EDX
spectra of corresponding morphologies of MnO2.
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Figure 5. Photocatalytic degradation of methylene blue using different morphologies of MnO2:
(a) sea urchin, (b) a-nanorods, (c) and (d) time vs. concentration graphs of MB degradation.

Scheme 1. Schematic representation of methylene blue degradation and nitrobenzene reduction with
different morphologies of MnO2 photocatalyst under solar irradiation.

follows the generation of electron–hole pair in MnO2
under solar light. After absorption of energy equal to or
greater than the band gap of MnO2, holes are generated in
valence band and electrons in conduction band. Photoelectrons reduce O2 to oxygen radicles (.O2-) and then, to
hydroxyl (.OH) radicals. Further, holes oxidize H2O to

hydroxyl radicals. These hydroxyls have ability to oxidize
MB and decompose it into further intermediates, these
intermediates are highly unstable in presence of .OH radical and gets converted to aliphatic acids that finally break
down to produce carbon dioxide (CO2) and water (H2O)
(Scheme 1).
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Figure 6. HPLC of standard (a) nitrobenzene (b) aniline, and (c–e) time course photoreduction of nitrobenzene (25 lmol) by
different MnO2 photocatalyst in isopropyl alcohol under 8 h of solar irradiation.

Figure 7. (a) Photodegradation efficiency of methylene blue and its quantification by GC.
(b) Percentage reduction of nitrobenzene to aniline and amount of product formed in isopropanol after
8 h of solar irradiation with various MnO2 photocatalysts.

3.1b Reduction of nitrobenzene to nitro aniline: Further
conversion of toxic nitrobenzene to aniline using photocatalyst MnO2 has been performed. A comparative
HPLC pattern shows a clear separation of nitrobenzene

(tR = 4.8 min) (figure 6a), aniline (tR = 3.6 min)
(figure 6b) peaks in a mixture (5 mM) of authentic
samples), and nitrobenzene reduction by MnO2 for 8 h
irradiation displayed aniline formation at tR = 3.6 min
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using sea urchin, a-MnO2 nanorods and nanospheres as
shown in figure 6c–e.
Figure 7b showed that nitrobenzene (25 lmol) is selectively reduced to 80% aniline (20.5 lmol) by a-nanotubes
of MnO2 catalyst and other catalysts are reduced to 1–20%
of aniline. Also, it showed that 82.2% of nitrobenzene is
converted into aniline with MnO2-sea urchin photocatalyst.
First step of photocatalysis is the generation of electron–hole
pair in MnO2 under solar light. The two processes that occur in
series are, generation and migration of generated photoelectrons
and holes, and the other is reaction between these electron–hole
pairs or hydroxyl radical and organic compound [30].
Therefore, for the overall process, each step can be ratedetermining step. In valence band, isopropyl alcohol is
converted to acetone and photoelectrons in conduction band
reduce nitrobenzene to aniline.
4.

Conclusion

This study demonstrated the preparation of varying morphologies of MnO2 for enhancing the photocatalytic activity. Sea urchin and a-MnO2 nanorods are effective
photocatalysts for photo-oxidation of MB resulting in
complete photomineralization to H2O and CO2. This work
also showed that sea urchin is an effective catalyst for
photoreduction of toxic nitrobenzene to aniline under sunlight owing to different physiochemical parameters. The
change in band gap and energetics of varied crystal structures and sizes results in change in electronic property
followed by rates of oxidation and reduction reactions.
Thus, it has been concluded that MnO2 photocatalyst can be
utilized for both photoreduction and photo-oxidation to
eliminate toxic substances from environment using never
ending sunlight source.
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