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ABSTRACT: We have demonstrated a novel solution chemistry route for the synthesis
of nanoscale hierarchical flower-like MnO2 through a light-assisted decomposition of a
manganese precursor over the surface of a clay nanotube. By tuning the reaction
conditions, we have successfully synthesized δ-MnO2 flowery nanostructures comprising
assemblies of intersected nanosheets and subsequently studied their photocatalytic
activity for the degradation of organic dyes under natural sunlight irradiations. The
crystallographic phase dependent photocatalytic activity of MnO2 nanocomposites has
also been carried out toward the photodegradation of dyes, indicating δ-MnO2
nanostructures possess higher catalytic efficiency compared to α-MnO2. The underlying
mechanism demonstrates the formation of reactive oxygen species, which in turn facilitate
the degradation of dyes and also substantiates that there is no need of any supplementary
oxygen sources during photodegradation. The outstanding performance of the
hierarchical δ-MnO2 nanocomposites, together with the convenient fabrication method,
represents an alternative and environmentally benign route to develop heterogeneous
photocatalyst for the degradation of refractory pollutants. Thus, these new insights will shed light in the practical applications of
heterogeneous catalysts for environmental remediation through wastewater treatment in a greener approach.
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■ INTRODUCTION

Environmental pollution has become one of the greatest
concerns in the recent past owing to its grave and irreparable
damage to the earth. Wastewater effluents from industries are
defined as primary sources of water pollution as they are
discharged sometimes even untreated or inadequately treated
before being released into the environment, resulting in
increased level of water pollution that causes a severe impact
on the natural environment as well as on human health.1,2

Nowadays, organic dyes used in textile and food industries are
the major sources of environmental contamination due to their
nonbiodegradability, high toxicity, and carcinogenic effects.3,4

Additionally, wastewater treatment of pollutants produced from
dye processing industries demonstrates a major challenge to
attain desired effluent discharge standards, followed by
appropriate recycle and reuse of those products in manufactur-
ing processes. Therefore, the degradation of these refractory
pollutants has drawn adequate interest and become the need of
the hour in the ongoing effort to diminish their environmental
impact. Simultaneously, cost-effective procedures need to be
developed for the transformation of hazardous substances into
the benign forms.5 The photocatalytic degradation, a rapidly
expanding process for wastewater treatment, is capable of
removing organic dyes through degradation or by transforming
them into harmless chemicals in the contaminated water, is also

low cost, achieves complete mineralization, and is a low
temperature route.6−8 Furthermore, the effective and inimitable
way to utilize the renewable and never-ending solar energy
would be photocatalysis, driven by the well-known photo-
catalysis principle of the redox reaction induced by a
photogenerated electrons and holes on photocatalysts.9

Among the transition metal oxides, manganese oxides
represent one of the diverse classes of materials having
fundamental and technological significance. Nanostructured
manganese dioxides (MnO2) kept their signature in the field of
catalysis,10−12 ion exchange,13 molecular adsorption,14,15

biosensors,16,17 energy storage,18,19 and electrode materials for
batteries20,21 owing to their high abundance and outstanding
structural flexibility. However, a special mention is needed for
MnO2 in environmental remediation, where it is being used as a
catalyst for the degradation of organic dyes. MnO2 occurs in
several polymorphic forms, such as α-MnO2,

22,23 β-MnO2,
22,23

γ-MnO2,
24 δ-MnO2,

25 and ε-MnO2
26 depending on how the

basic MnO6 octahedral units in MnO2 share their face and edge.
A variety of approaches such as hydrothermal,21,27,28 sol−
gel,29,30 coprecipitation,31,32 thermal decomposition,33 electro-
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deposition,34 etc. have been established to synthesize
nanostructures of MnO2 with different morphologies, like
spheres, cubes, rods, wires, belts, tubes, plates, flowers,
urchinlike structures, and so on. Alternatively, fabrication of
multidimensional ordered nanostructured oxides is especially
desirable for advanced catalytic, electronic, and optoelectronic
applications. However, the structural and morphological
complexity in MnO2 nanostructures makes the synthesis
procedure more difficult and still challenging to achieve a
pure crystallographic phase and uniform morphology, which is
indispensable for any MnO2 nanostructures to demonstrate
their efficacy. Moreover, precise control over self-assembly of
nanostructures with hierarchy is desirable to fabricate novel
materials. Besides these difficulties, the low-temperature
solution chemistry route always represents an alternative user-
friendly approach in terms of practical significance.
Fabrication of novel nanocomposites (NCs) based on

nanoclays invokes a new direction in the frontier area of
materials science to synthesize novel materials for varied
applications including advanced catalysis, environmental
remediation, water purification, anticorrosion agents, pseudo-
capacitors, nanoreactors to host reactants for nanosynthesis and
biomimetic synthesis, drug delivery, and energy storage.35−41

HNTs are environmentally friendly, less expensive, and
naturally occurring layered aluminosilicate clay with a well-
defined hollow tubular structure, formed due to the mismatch
in the periodicity between the oxygen sharing tetrahedral SiO2
sheets and the octahedral AlO6 sheets.42,43 The adjacent
alumina and silica layers along with their water of hydration
induce a packing disorder, making the nanotubes curve and roll
up to form multilayers. The unique surface chemistry in HNTs,
originating from their positive octahedral array of Al−OH
groups at the inner surfaces and negative Si−O−Si groups at
the outer surfaces, is fascinating for fabricating novel hybrid
nanocomposites with exceptional physical or chemical proper-
ties.
The objective of this work is to prepare nanoscale

hierarchical MnO2 over the surface of halloysite clay nanotubes
(HNTs) using a novel green chemistry route through a light-
assisted decomposition of a manganese precursor and
investigate the photocatalytic activity of HNTs/MnO2 NCs
under natural sunlight irradiation for the degradation of several
organic dyes. Flower-like δ-MnO2 nanostructures comprising of
assemblies of intersected nanosheets were grown over the outer
surfaces of HNTs. The growth mechanism together with the
morphological and crystalline evolution of δ-MnO2 nano-
flowers has been demonstrated through controlled synthesis,
along with X-ray diffraction and electron microscopy studies.
Methylene blue (MB) and eosin yellow (EY) were chosen as
model contaminants to study their catalytic efficacy. Effects of
organic dye type, irradiation source and time, photocatalytic
stability, and the crystal phase of the photocatalyst were also
examined. The underlying mechanism for the degradation of
dyes has also been established through quenching experiments,
suggesting the formation of reactive oxygen species which are
responsible for the dye degradation.

■ EXPERIMENTAL SECTION
Surface Functionalization of Halloysite Nanotubes. Organo-

silane grafted halloysite nanotubes were synthesized according to the
following procedure.35,44 The grafting reaction was carried out under
nitrogen atmosphere using standard air free techniques. A total of 3.0 g
of HNTs was taken in a 50 mL three-necked round-bottom flask

containing 15.0 mL of toluene. Afterward, the reaction flux was fixed
with a rubber septum, condenser, thermocouple adaptor, and
additional quartz sheath in which a thermocouple was inserted. The
reaction mixture was deaerated for 30 min under nitrogen at room
temperature, followed by heated with a heating mantle. Then, 1.5 mL
of (3-aminopropyl) triethoxysilane was injected into the reaction flask
at 60 °C under stirring condition and refluxed for 20 h. Finally, the as-
synthesized product was collected through filtration and washed
several times with toluene and ethanol, respectively. The obtained
product was dried at 100 °C overnight under vacuum.

Fabrication of HNTs/MnO2 NCs. The HNTs/MnO2 nano-
composites were prepared using a light-assisted decomposition
technique. In a typical process, 1.0 mmol of potassium permanganate
was dissolved in 7.0 mL of Millipore water in a vial containing 0.1 g of
amine functionalized HNTs. Next, 3.0 mL of NaOH solution (3 wt %)
was added dropwise into the above reaction solution and was mixed
well using a vortexer for 10 min. The vial was then closed properly and
placed under visible light for 6 h, and the reaction temperature was
monitored to be 90 °C. Once the solution was cooled to room
temperature, the product was obtained by simple filtration and washed
several times with Millipore water to remove NaOH and unreacted
KMnO4 if any. The product was dried in air for 1 day and abbreviated
as HNTs/MnO2 NCs.

Photocatalytic Reaction. The photocatalytic activity of HNTs/
MnO2 NCs was explored toward the degradation of aqueous solution
of methylene blue (MB) and eosin yellow (EY) under solar light and
UV light irradiation, respectively. All photocatalytic reactions were
performed in a photocatalytic reactor system, consisting of a cylindrical
borosilicate glass reactor vessel with an effective volume of 50 mL and
a cooling water jacket. UV-A lamp (8 W medium-pressure mercury
lamp of λ = 254 nm) positioned axially at the center as a UV light
radiation source in a photocatalytic reactor system. The reaction
temperature was maintained at 25 °C by circulating the cooling water
during the photodegradation of the dyes. During the photocatalysis
using natural solar radiation, we have placed the photocatalytic reactor
under the solar light radiation keeping all other experimental
conditions the same. The photocatalytic experiment was carried out
taking 25.0 mL of 0.03 mM aqueous solution of dye in a 50 mL glass
reactor, having catalyst concentration of 40 mg L−1. First, the reaction
mixture was stirred using a magnetic stirrer in the dark overnight to
attain a complete adsorption−desorption equilibrium. Then, the
solutions were exposed to light irradiation with a constant stirring up
to a desired time. The time dependent photocatalytic degradation of
MB and EY at room temperature was monitored using a UV−visible
spectrophotometer, taking 3.0 mL of the suspension at specific time
intervals. Prior to UV−visible absorption study, the suspension was
centrifuged each time to separate the photocatalyst from the dye
solution, and the spectrum was recorded. Once the spectrum was
recorded, the solution was transferred back to the reaction vessel.
Absorption spectra of exposed MB solution at 664 nm and EY solution
at 515 nm have been analyzed quantitatively at definite time intervals
during the degradation study. Similarly, the control experiment was
carried out in the presence of nanocomposites under dark.
Subsequently, the degradation rate was evaluated in terms of changes
in absorption intensity of the dye solution. The efficiency (%) toward
the degradation of dyes using HNTs/MnO2 nanocomposites was
estimated as follows:

=
−

×
C C

C
(%) Degradation 100t0

0 (1)

where Ct is the concentration of dye after irradiation of light at a
specific time and C0 is the initial concentration.

■ RESULTS AND DISCUSSION

HNTs are naturally occurring and environmentally benign
layered aluminosilicate clay having a well-defined hollow
tubular structure, consisting of tetrahedral SiO2 sheets and
the octahedral AlO6 sheets. Their positive inner surfaces and
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negative outer surfaces facilitate tuning of their surface
chemistry, which in turn assists fabricating novel hybrid NCs.
Selective modification of the outer surfaces of HNTs with
aminosilane assists immobilization of metal or metal oxides
over their surfaces, resulting in the formation of metal or metal
oxide NCs.
The functionalization of HNTs with aminosilane was carried

out through grafting reaction. Fourier transform infrared
(FTIR) spectroscopy substantiates the formation of amine
functionalized HNTs owing to the presence of three new bands
at 1559, 2937, and 3451 cm−1 for N−H deformation and
stretching vibrations of C−H and N−H, respectively (Figure
S1), along with two characteristic peaks at 3621 and 3697 cm−1

for the stretching vibrations of the inner hydroxyl group and
inner surface hydroxyl group, respectively.45,46 The grafted
amino groups on to the surface of HNTs were assessed to be
0.38 mmol per gram of amine functionalized HNTs, estimated
using carbon, hydrogen, and nitrogen analyzer. The ζ-potential
measurements demonstrated that the surface of pristine HNTs
is negatively charged, having ζ-potential of −18.6 mV. After
functionalization with aminosilane, the surface became positive
with ζ-potential of +24.5 mV, signifying the surface coverage of
HNTs with amine groups. Hence, the selective surface
modification of HNTs basically tunes their surface chemistry.
The synthesis of MnO2 nanostructures has been carried out

through light-assisted decomposition reactions of an aqueous
solution of potassium permanganate (KMnO4) in alkaline
condition. Upon addition of alkaline KMnO4 solution onto the
amine functionalized HNTs under visible light irradiation (∼90
°C), it was reduced to MnO2 and immobilized over the HNTs
surfaces and thus produces HNTs/MnO2 NCs. Field emission
scanning electron microscopy (FESEM) analysis demonstrated
that HNTs are composed of cylindrical shaped tubes with an
open-ended lumen along the tube (Figure S2). The length of
the tube generally varies between ∼1.0 to 1.5 μm with an outer
diameter of 50−100 nm and an inner diameter of 15−20 nm.
However, it is important to note that surface functionalization
of HNTs does not alter their morphology or size. The
morphology of the HNTs/MnO2 NCs is illustrated in Figure 1.
The FESEM images demonstrate a panoramic morphology,
consisting of hierarchical flower-like MnO2 nanostructures and
made up of assemblies of thin intersected nanosheets.
To gain insight further into their morphology and detailed

crystalline structure, transmission electron microscopy (TEM)
images of HNTs/MnO2 NCs at different magnifications are
demonstrated in Figure 2. Analogous to FESEM images, the
TEM image also points to the formation of flower-like
morphology of MnO2, Figure 2A,B. Many wrinkled and
intersected nanosheets of ∼4 nm thickness self-assemble and
finally grow in all directions to produce the MnO2 nanoflower
(Figure 2C,D). The high resolution TEM (HRTEM) image of
the edge (Figure 2E) indicates lattice fringes with spacing of
∼0.71 nm corresponding to the (001) plane of δ-MnO2. The
X-ray diffraction (XRD) pattern of the MnO2 nanoflower
represents the characteristic signature of the monoclinic
structure of layered δ-MnO2. All the diffraction peaks
correspond to the (001), (002), (1̅11), and (020) plane of
pure δ-MnO2 respectively, as shown in Figure 2F. This is also
in accordance with the HRTEM analysis. No manganese
oxides, hydroxides or other impurities were found in XRD,
signifying the successful formation of the pure δ-MnO2 phase.
The phase transition of MnO2 nanoflowers from δ-phase to α-
phase occurs upon heating the sample at 450 °C, suggesting the

layered crystalline structure of δ-MnO2 transforms into the 2 ×
2 tunnels in α-MnO2. However, we could not observe any
change in their morphology (Figure S3). The compositional
analysis of HNTs/MnO2 NCs by energy dispersive X-ray
spectroscopy (EDS) authenticates the presence of Mn as
signals from Mn are evident with the three main constituents of
HNTs: oxygen, alumina, and silicon (Figure S4).
To directly visualize the formation of MnO2 nanoflowers

over the surface of HNTs, scanning transmission electron
microscopy−energy dispersive spectroscopy (STEM-EDS)
elemental mapping was carried out on the HNTs/MnO2
NCs. STEM images of hierarchical flower-like MnO2
nanostructures immobilized over the surface of HNTs are
presented in Figure 3A−C. The STEM image of MnO2
nanoflowers onto the surface of a single cylindrical shaped
halloysite nanotube is presented in Figure 3D. The elemental
maps shown in Figure 3 represent the distribution of all the
basic elements present in the HNTs/MnO2 NCs. Each element
is specified by a definite color. The elemental mappings of Al
and Si demonstrate their homogeneous distribution throughout
the body of the cylindrical shaped tubes, whereas Mn is located
exclusively over the outer surfaces of the tubes in a flowery
architecture and O is quantified all over the nanocomposites.
Selective surface modification of HNTs with aminosilane

facilitates the formation and subsequent growth of flower-like
metal oxides over their outer surfaces, which in turn produces
HNTs/metal oxide NCs. Upon irradiation of alkaline KMnO4
solution under visible light, the purple color of the reaction
solution gradually diminishes with time, demonstrating that
MnO4

− ions were reduced photochemically to MnO2 and
immobilized over the amine functionalized HNTs. The ζ-
potential of δ-MnO2 NCs is negative, whereas it is positive for
amine functionalized HNTs (Table S1). The negative charge of
δ-MnO2 may arise due to the presence of large amount of
vacancies within the Mn(IV) octahedral sheets,47 since the
estimated vacant site was found to be approximately 6−7% of

Figure 1. FESEM micrographs of HNTs/MnO2 nanocomposites at
different magnifications, demonstrating hierarchical flower-like MnO2
nanostructures were grown over the outer surfaces of halloysite clays
(HNTs).
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the total Mn sites.48,49 In an alkaline condition, a hydrogen ion
may be lost from hydrated manganese dioxide surfaces, giving
rise to negatively charged particles.50

→ +− +MnO (H O)(s) MnO (OH) (s) H2 2 2

Thus, the alkaline condition induces the negative charge to the
MnO2 particles which were then assembled over the outer
surfaces of amine functionalized HNTs through electrostatic
interaction and finally grown as flower-like architecture. It is
also important to note that no apparent reaction occurs when
the reaction solution is neutral. Figure 4 shows FESEM images
of the intermediates during the formation of flower-like δ-
MnO2 nanostructures under the light-assisted decomposition
techniques at different times. As shown in Figure 4, the
intermediate formed after 1 h is composed of tiny nano-
particles, which are gradually grown into a flower-like
architecture as the reaction time progresses and finally well
transformed nanoflowers are achieved on the surface of HNTs
after 6 h of the reaction time. Therefore, the proposed growth
mechanism encompasses the formation of tiny MnO2 nano-
particle seeds, followed by self-assembly of those seeds through
a seeded growth mechanism to produce hierarchical flower-like
nanostructures of MnO2. It is also evident from the TEM
images that all the functionalized HNTs are covered completely

by δ-MnO2 nanoflowers, which are well grown on their outer
surfaces. Figure 5 demonstrates TEM images of MnO2

Figure 2. (A, B) TEM images of hierarchical flower-like HNTs/MnO2
nanocomposites. (C, D) TEM images of MnO2 nanoflowers
demonstrating that they are made up of assemblies of thin intersected
nanosheets and (E) HRTEM image of the nanosheets. (F) XRD
patterns of pristine HNTs and δ-MnO2 nanoflowers grown onto the
surface of HNTs, which transform into α-MnO2 nanoflowers upon
heating.

Figure 3. (A−C) STEM images of hierarchical flower-like MnO2
nanostructures grown over the outer surfaces of HNTs at different
magnifications. (D) STEM image of MnO2 nanoflowers onto the
surface of a single cylindrical shaped halloysite nanotube (HNT) and
corresponding elemental mapping of the Al (pink zone), Si (blue
zone), O (red zone), and Mn (green zone), respectively.

Figure 4. FESEM images of the intermediates during the formation of
flower-like δ-MnO2 nanostructures under the light-assisted decom-
position techniques at different times, (A) 1 h, (B) 2 h, (C) 4 h, and
(D) 6 h, respectively, demonstrating the time-dependent evolution of
δ-MnO2 nanoflowers through the seeded growth procedure.
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nanoflowers onto the surface of a single cylindrical shaped
HNT, leaving aside no empty surfaces. TEM analysis further
substantiates strong electrostatic interactions between MnO2
nanoflowers and functionalized HNTs, since they are firmly
attached to the HNT surfaces and no nanosheets are coming
out even after sonication, which further supports the robustness
of the structures.
To demonstrate the specific surfaces of HNTs and HNTs/

MnO2 NCs, nitrogen adsorption/desorption study was
performed at 77 K, shown in Figure S5. The isotherm of the
HNTs is of type II with H3 hysteresis loops according to
IUPAC classification, whereas it is of type IV for MnO2 NCs,
indicating the distinctive signature of mesoporous materials.
The specific surface area of HNTs and the flower-like NCs was
estimated to be 18 and 30 m2 g−1 by the Brunauer−Emmett−
Teller (BET) method. Hence, the increase in surface area in the
flower-like NCs will facilitate enhancement of their photo-
catalytic efficacy. The UV−visible diffuse reflectance spectrum
of HNTs/MnO2 NCs exhibits a broad band in the region of
350−550 nm with a distinct band edge around 425 nm (Figure
S6). The characteristic optical absorption of MnO2 NCs can be
attributed to the Mn4+ ← O2

− charge transfer transitions,51

together with d−d transitions in Mn ions52 originating due to
the split of the Mn 3d energy level into higher (eg) and lower
(t2g) energy levels due to the ligand field of MnO6 octahedra.
We have estimated the band gap energies for HNTs/δ-MnO2
and HNTs/α-MnO2 NCs and found them to be 1.70 and 1.85
eV, respectively, as shown in Figure S7. The concentration of
the loaded manganese onto the halloysite clays was assessed to
be ∼13.37 wt % of the clays estimated using the inductively
coupled plasma optical emission spectrometry (ICP-OES)
technique. The elemental composition analysis obtained by
EDS study further demonstrated that 12.92 wt % Mn was
immobilized in HNTs/MnO2 NCs, which is in good agreement
with the result obtained through ICP analysis. Thus, the
present work represents a low-temperature solution chemistry
approach for the synthesis of hierarchical flower-like δ-MnO2
nanostructures over nanoclays to study their photocatalytic

efficiency for the degradation of several organic dyes under
natural sunlight irradiation.
The degradation of the refractory pollutants has drawn

immense interest and become a key challenge to diminish their
impact on environmental health and safety. Keeping the impact
of the refractory pollutants in mind, we have studied the
catalytic performance of hierarchical flower-like HNTs/δ-
MnO2 NCs for wastewater treatment by considering the
degradation of organic dyes in aqueous solution under sunlight
irradiation at room temperature. Methylene blue (MB) and
eosin yellow (EY), having complex aromatic molecular
structure, were chosen as model contaminants for this study.
Once the dye solution reached an adsorption−desorption
equilibrium (Figure S8), it was then exposed to the irradiation
source, and the degradation reaction was studied. The UV−
visible absorption spectra of MB and EY as a function of
reaction time in the process of photodegradation and the rate
of degradation under solar light are presented in Figure 6. As

the reaction proceeds, the characteristic absorbance of MB at
664 nm which was chosen to monitor the catalytic process
gradually decreases, demonstrating the degradation of the dye
with time (Figure 6A). Again, the color of the dye solution
changed from blue to light blue and finally to colorless over the
degradation process.53 Similarly, the characteristic absorbance
of EY at 515 nm steadily decreases, and the yellow color of the
solution progressively faded away and became colorless upon
irradiation of sunlight.54 Figure 6B shows the absorption

Figure 5. TEM micrographs of (A) a single halloysite nanotube
(HNT) and (B−D) MnO2 nanoflowers grown over the surface of the
nanotube.

Figure 6. UV−visible absorption spectra of (A) MB and (B) EY as a
function of reaction time in the process of photodegradation under
solar light using hierarchical flower-like HNTs/δ-MnO2 NCs as
catalysts. (C) and (D) indicate the change in concentration of the MB
and EY solution with time under the irradiation of UV and sunlight,
respectively. Rate of degradation of (E) MB and (F) EY under
irradiation of two different light sources, demonstrating their faster
degradation under sunlight than that of UV light.
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spectra of EY dye solution in the presence of HNTs/δ-MnO2
NCs under irradiation of direct sunlight at different time
intervals.
The photocatalytic efficiency of the NCs has also been

verified under UV light irradiation. Figure 6C,D indicates the
change in concentration of the dye solution with time for UV
and sunlight irradiation, suggesting that both the dyes degrade
at a faster rate under sunlight in comparison to UV light. The
kinetics of the degradation process was further explored using
HNTs/δ-MnO2 NCs under these two different irradiation
sources based on the pseudo-first-order kinetic model:

= −C C ktln( / )t 0 (2)

where C0 is the initial concentration of the dyes, Ct is the
concentration of dyes with regard to the degradation time t, and
k is the reaction rate constant. The degradation of MB and EY
obeyed the pseudo-first-order kinetic model (Figure 6E,F), and
the corresponding rate constants of the degradation reactions
were assessed for UV and solar irradiation. Degradation
efficiency, time, and the reaction rate constants for these dyes
are demonstrated in Table 1. The higher reaction rate constant

under sunlight compared to UV light for both the dyes
contributes to their faster degradation under sunlight than that
of UV light irradiation, which is further ascribed to the
enhanced photocatalytic activity of HNTs/δ-MnO2 NCs in the
presence of natural solar light. This may be due to the fact that
MnO2 possesses characteristic optical absorption in the region
of 350−550 nm with a distinct band edge around 425 nm.
With the aim to verify the impact of HNTs toward the

degradation process using HNTs/MnO2 NCs, the photo-
degradation of the dyes was carried out exclusively using
pristine HNTs. However, they hardly show any catalytic
efficiency toward photodegradation and hence do not impart
any effect during the degradation of dyes (Figure S9). From a
practical point of view, it is always important for a catalyst to
have structural stability during the catalytic process. The
repetitive use of HNTs/δ-MnO2 NCs toward the degradation
of dyes as a function of time demonstrates excellent recycling
capability and outstanding degradation performance (Figure
7A,B). Degradation efficiency in terms of number of uses has
also been estimated and is presented in Figure S10. Apart from
their recyclability, easy recovery from the reaction solution
through simple filtration is another salient advantage of such
heterogeneous catalysts. In addition, we have compared the
catalytic efficiency of HNTs/δ-MnO2 NCs with the reported
MnO2 based catalysts (Table S2), corroborating their higher
catalytic efficacy toward the photodegradation of organic dyes.
With the α-phase of HNTs/MnO2 NCs, obtained upon heating

the sample at 450 °C, the photodegradation reaction was also
carried out keeping all the other experimental condition the
same. It was found that HNTs/δ-MnO2 NCs possess higher
catalytic efficiency in contrast to HNTs/α-MnO2 NCs and thus
follow the order δ-MnO2 > α-MnO2 NCs (Figure 7C). This
might be accredited to their different exposed crystallographic
facets that showed varied adsorption ability to the reactants, or
there may be a slight impact of the band gap energies of the
nanocomposites during the degradation of dyes, resulting in
their diverse catalytic activity.
To demonstrate that the degradation reaction proceeds

through a photocatalytic pathway via the formation of reactive
oxygen species due to the irradiation of light, photodegradation
of MB was carried out after the addition of a supplementary
oxygen source, H2O2, to the dye solution, keeping all the
experimental conditions unaltered and then exposed to the
sunlight (Figure 7D). It was evident that the rate of
photodegradation of MB is significantly increased in the
presence of H2O2, signifying the possible formation of reactive
oxygen species due to the irradiation of light, and thus enhances
the degradation rate. To further authenticate the formation of
primary active species and their role during photocatalysis, the
reaction was performed using tert-butyl alcohol (t-BA), which is
a scavenger of hydroxyl radicals (•OH), and sodium azide, a
quencher of both singlet oxygen (1O2) and hydroxyl radicals
(•OH), respectively, so that they can scavenge the generated
reactive oxygen species in the reaction medium (Figure 7D).
The degradation reaction was also studied in the presence of
triethanolamine (TEA), a scavenger of hole (h+). Figure S11
compares the photocatalytic rate in the presence of scavengers,
which clearly shows that the photocatalytic efficacy of HNTs/δ-
MnO2 NCs was significantly inhibited, further attributing to the
formation of reactive oxygen species during pohotocatalysis.
Based on the aforesaid observation, the photocatalytic

Table 1. Summary of the Degradation Percentage of MB and
EY at a Specific Time and the Corresponding Rate
Constants under UV and Solar Light Irradiation Using
Hierarchical Flower-Like HNTs/δ-MnO2 NCs Based on the
Pseudo-First-Order Kinetic Model

catalyst dye
irradiation
source

degradation
time (min)

% of
degradation

first-order
rate constant
(k, min‑1)

HNTs/
δ-MnO2

MB sunlight 60 97 0.05526
UV light 120 83 0.01679

EY sunlight 90 92 0.02751
UV light 120 76 0.01224

Figure 7. Multicycle degradation performances of hierarchical flower-
like HNTs/δ-MnO2 NCs toward the degradation of (A) MB and (B)
EY under sunlight irradiation. (C) Comparison of the photo-
degradation efficiency of HNTs/δ-MnO2 vs HNTs/α-MnO2 NCs,
demonstrating that HNTs/δ-MnO2 NCs possess higher catalytic
efficiency than that of HNTs/α-MnO2 NCs. (D) Comparison of the
photocatalytic rate in the presence of a supplementary oxygen source
and scavengers under solar light using HNTs/δ-MnO2, demonstrating
that the degradation reaction occurs due to the formation of reactive
oxygen species during photocatalysis.
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mechanism of MnO2 NCs is proposed in Scheme 1. The
predominant photogenerated active species are h+, •OH, and

also 1O2, among which the last two species originated probably
due to the interaction of photoexcited conduction band
electrons with molecular oxygen at the surface of the MnO2
nanoflowers. •OH also may be produced through direct
oxidation of surface adsorbed H2O molecules by h+. As a
consequence, photogenerated several active species take part in
the photocatalytic reaction and thus facilitate to enhance the
photocatalytic activity of the catalyst. We have further assessed
the conduction band (CB) and valence band (VB) potential for
MnO2 NCs to confirm the generation of active species. These
energy levels were calculated using the following empirical
equations:55

χ= − −E E E0.5CB
e

g (3)

= +E E EVB CB g (4)

χ χ χ= +[ (A) (B) ]a b a b1/( ) (5)

where EVB and ECB are the VB and CB potentials and Ee is the
energy of free electrons on the hydrogen scale (4.5 eV). Eg is
the band gap energy of the semiconductor, and χ is the absolute
electronegativity of the semiconductor, determined as the
geometric mean of the electronegativity of the constituent
atoms. A and B are the atoms present in the semiconductor,
whereas a and b are the number of those atoms. Eg and χ for
MnO2 nanostructures are found to be 1.7 and 5.95 eV,
respectively. Thus, ECB and EVB of MnO2 nanostructures are
estimated to be 0.60 and 2.30 eV, which in turn demonstrate
the generation of active species upon irradiation of light, and
those photogenerated active species assist degradation of dyes.
Hence, the hierarchical flower-like δ-MnO2 nanostructure
supported on clay nanotubes would be a promising candidate
to fabricate photocatalytic reaction devices for environmental
remediation by eliminating the organic pollutants from
wastewater.

■ CONCLUSION
In summary, we have established a light-assisted solution
chemistry route for the synthesis of nanoscale hierarchical

flower-like MnO2 over the surface of aluminosilicate clay
nanotubes. Microscopic analysis demonstrates that δ-MnO2
nanoflowers comprise of assemblies of many wrinkled and
intersected nanosheets. The photocatalytic activity of the
HNTs/δ-MnO2 NCs has been investigated toward the
degradation of organic dyes in the presence of renewable and
never-ending solar energy. The crystallographic phase depend-
ent photocatalytic activity of HNTs/MnO2 NCs demonstrated
that δ-MnO2 possesses higher catalytic efficiency compared to
α-MnO2. The underlying photocatalytic mechanism suggests
the formation of reactive oxygen species that facilitate the
degradation of dyes. Thus, the present work points to a low-
temperature environmentally friendly approach for the syn-
thesis of hierarchical flower-like δ-MnO2 nanostructures, which
may be considered to be an alternative heterogeneous
photocatalyst for the degradation of organic pollutants under
natural sunlight irradiation. The process should be fascinating
because of the easy control over reaction conditions, possible
scaling up, and recycling of the nanocomposites, as well as no
need of any supplementary oxygen sources during photo-
degradation, which in turn may open up a broader impact in
the area of environmental remediation including the cleanup
process of the industrial effluents to groundwater treatment.
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