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ABSTRACT: In this work, we propose a systematic and delicate size- and shape-controlled synthesis of CuO−MnO2 composite
nanostructures from time-dependent redox transformation reactions between Cu2O and KMnO4. The parental size and shape of
Cu2O nanostructures are retained, even after the redox transformation, but the morphology becomes porous in nature. After
prolonged reaction times (>24 h), the product shapes are ruptured, and as a result, tiny spherical porous nanocomposites of
∼100 nm in size are obtained. This method is highly advantageous due to its low cost, its easy operation, and a surfactant or
stabilizing agent-free approach with high reproducibility, and it provides a facile but new way to fabricate porous CuO−MnO2
nanocomposites of varied shape and size. The composite nanomaterials act as efficient recyclable catalysts for nitroarene
reduction in water at room temperature. The time-dependent reduction kinetics can be easily monitored by using UV−vis
spectrophotometer. The catalytic system is found to be very useful toward the reduction of nitro compounds, regardless of the
type and position of the substituent(s). Furthermore, it is revealed that CuO−MnO2 composite nanomaterials exhibit facet-
dependent catalytic activity toward nitroarene reduction, where the (111) facet of the composite stands to be more active than
that of the (100) facet. The results are also corroborated from the BET surface area measurements. It is worthwhile to mention
that porous tiny spheres (product of 48 h reaction) exhibit the highest catalytic activity due to pronounced surface area and
smaller size.
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■ INTRODUCTION
Recently, many efforts have been devoted to the fabrication of
nanoparticles due to the fact that the transition from bulk to
nanosize regime leads to massive changes in the physical and
chemical properties of the nanoparticles.1 The exponential
growth in the field of composite nanomaterials during the past
few years is due to their intriguing properties and multiple
functionalities. Composite nanomaterials often exhibit superior
performances over those of individual nanomaterials in the
various fields of application, such as catalysis, biological
detection, and optoelectronics.2−4 With the passage of time
and advancements in the field, the attention is now focused on
the synthesis of porous composite materials owing to their huge
potential application in adsorption or catalysis.5 Porous micro-
and nanostructures have come to occupy a distinct position due

to their high surface area, low density, and large pore volumes.6

Therefore, exploration of the controllable synthesis of porous
micro/nanostructures of composite nanomaterials is now a
challenging task.
A variety of synthetic protocols in both aqueous and

nonaqueous media have been developed for large-scale
synthesis of composite nanomaterials.7−11 Recently, redox
transformation reactions have shown great potential for the
synthesis of hollow/porous metal oxide nanoframeworks,12,13

alloy nanostructures,14 and composite nanomaterials.11 Re-
searchers have been paying more attention to exploit the
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technique both in aqueous and organic media to design
different nanomaterials with intriguing properties.
As an important p-type transition-metal oxide with a narrow

band gap of 1.2 eV, CuO has proved to be a versatile material
for applications in catalysis, gas sensors, superconductors, solar
cell devices, and lithium ion electrode materials.15−19 CuO is an
attractive material for its nontoxicity, chemical stability,
electrochemical activity, abundant availability, and low
production cost.11 On the other hand, MnO2 is also a
promising candidate due to its low cost, high surface area,
strong oxidizing/adsorptive ability, and good chemical stability
in acidic conditions.20 More significantly, MnO2 nanoparticles
are generally used in pseudocapacitors, heavy metal ion
adsorption, catalysis, and gas sensors.21−24 By simultaneously
taking the advantages of both the nanoparticles, CuO−MnO2
composite nanomaterial with porous structure has been
thought to be an ideal material with great potential to be
exploited in catalysis. Only a few studies describe the catalytic
activity of CuO−MnO2 composite nanomaterials. Kun et al.
reported that CuO−MnO2 behaves as an active site for CO
oxidation reaction, which follows the interfacial oxidation
mechanism.25 Mauricio et al. demonstrated that MnO2−CuO
catalyzes water oxidation for the destruction of quinoline.26 The
oxidative conversion of ethyl acetate in water under subcritical
and supercritical reaction conditions by using alumina
supported MnO2−CuO catalyst has been reported by Andreas
et al.27 So, the progress of catalytic application by using such
composite catalyst is highly desirable.
Among the hydrogenation reactions, catalytic hydrogenation

of aromatic nitro compounds is now well-received, as the
products (aromatic amines) are significant intermediates and
precursors in the preparation of pharmaceuticals, polymers,
herbicides, agrochemicals, pigments, and dyes.28,29 This
reaction has been widely used as a model reaction to test the
catalytic activity of metal nanoparticles by different groups,
including our group,30−33 due to two important properties: the
reaction does not proceed without a catalyst and the reaction
can be easily monitored by UV−vis spectrophotometer.
However, the selective reduction of the nitro groups is a
challenging task when another reducible group is present in the
same molecule. There are many reports on hydrogenation
reaction of aromatic nitro compounds by using noble metal
catalysts in the presence of NaBH4.

34−37 Due to the high cost
and limited availability of these types of metals, there is a strong
need to develop a suitable catalyst that is more economical,
easily available, and nontoxic.

Herein, for the first time, we report the synthesis of size- and
shape-dependent CuO−MnO2 composite nanomaterials from a
redox transformation reaction between inexpensive as-synthe-
sized Cu2O nanoparticles and KMnO4. Moreover, the
morphology can be controlled through the adjustment of
reaction time. Meanwhile, all the composite nanomaterials
exhibit high surface area due to porous structure and achieve
high affinity toward heterogeneous catalysis of nitroarene
reduction. In all the cases studied herein, complete conversions
of nitroarenes to the corresponding anilines take place within a
very short reaction time scale (4−24 min). Our experimental
data show that nitroarene reduction depends on many factors
such as surface area, porosity, exposed crystal planes, and size.

■ EXPERIMENTAL SECTION
Materials and Instruments. The related information is presented

in the Supporting Information.
Synthesis of Cu2O Octahedrons, Cubes, and Spheres. In this

work, three morphologically different Cu2O nanoparticles (octahedral,
cubic, and spherical) were synthesized according to the previously
reported synthetic methods.38 In a typical synthesis, 5 mL of 0.1 M
and 10 mL of 0.02 M pyridine solution were added dropwise into the
CuSO4·5H2O solution (5 mL 0.05 M and 10 mL 0.02 M), and the
solution was stirred for 30 min. After the addition of pyridine, blue
Cu(OH)2 colloid was produced within a few minutes. Octahedral
Cu2O nanoparticle (Scheme 1) was obtained when the above reaction
mixture was heated in a water bath (WB) for 5 min with 5 mL of 0.1
M glucose solution under alkaline condition (10 mL of 0.1 M NaOH).
In contrast, from the well-stirred reaction mixture with hydrazine
hydrate (40 μL, 99−100%) at room temperature, we obtained
spherical Cu2O nanoparticle (Scheme 1) in 5 min.

If we use 2-methylpyridine instead of pyridine, then we obtain cubic
Cu2O nanoparticles. Here, 5 mL of 0.1 M 2-methylpyridine solution
was added to a CuSO4·5H2O solution (5 mL 0.01 M), and the
solution was stirred constantly. After the addition of 2-methylpyridine,
blue Cu(OH)2 colloid was formed within a few minutes. Then, 5 mL
of 0.1 M glucose solution and 10 mL of 0.1 M NaOH were added to
that solution and heated on a water bath for 5 min at ∼80 °C. During
heating, the solution became red-brown, indicating the formation of
Cu2O nanoparticles with cubic morphology (Scheme 1). Finally, all
three types of Cu2O nanoparticles were carefully washed, first with
distilled water and then with absolute ethanol, and dried in vacuum.

Synthesis of CuO−MnO2 Nanocomposites. For the synthesis
of CuO−MnO2 nanocomposites, 0.01 g of as-synthesized Cu2O
nanoparticles bearing morphologically different shapes was separately
dispersed in 5 mL of 0.025 M KMnO4 solution and stirred vigorously.
Then, the three mixtures were taken in screw capped test tubes and
heated using a 100 W bulb for different periods of time (24 and 48 h)
under modified hydrothermal (MHT) conditions (Scheme 1). The as-

Scheme 1. Schematic Representation of Morphologically Different CuO−MnO2 Nanocomposites Synthesized from 24 and 48 h
Redox Transformation Reactions between Cu2O (Octahedral, Cubic, and Spherical) Nanoparticles and KMnO4
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obtained black products were carefully washed, first with distilled water
and then with absolute ethanol, and dried in vacuum. Finally, all
products were annealed at 400 °C for 4 h in a controlled air oven, and
their unaltered morphologies were examined.
Catalytic Reduction of Nitroarenes. In a typical reaction, 3 mL

of 1 × 10−4 M aqueous solution of nitroarene and 300 μL of freshly
prepared aqueous NaBH4 (5 × 10−2 M) solution were mixed in a
quartz cuvette under ambient conditions. Then, 1 mg of
morphologically different CuO−MnO2 nanocomposites was added
to the reaction mixture, and the progress of the reactions was
monitored using a UV−vis spectrophotometer. This experiment was
also conducted separately with three other catalysts (viz., Cu2O, CuO,
and MnO2) for comparative study.

■ RESULTS AND DISCUSSION
X-ray Diffraction Analysis. XRD measurements were

performed to determine the phase structures of as-synthesized
Cu2O nanoparticles and CuO−MnO2 nanocomposites. The a
curves in Figure 1A−C display the five reflection peaks at

(110), (111), (200), (220), and (311) for as-prepared
octahedral, cubic, and spherical Cu2O nanoparticles, respec-
tively (JCPDS file No. 05-0667), indicating that all the Cu2O
nanoparticles are phase pure. The (200) diffraction peak in the
XRD pattern of cubic Cu2O nanoparticle is more intense than
other diffraction peaks, indicating that cubic Cu2O exclusively
exposes (100) planes, whereas in the case of octahedral Cu2O,
(111) diffraction peak dominates over the other diffraction
peaks, indicating that octahedral Cu2O exclusively exposes
(111) planes. The CuO−MnO2 composite nanoparticle
(before annealing at 400 °C for 4 h) does not exhibit any
signature of MnO2 (Figure S1a of the Supporting Information).
However, EDX analysis (Figure S1b of the Supporting
Information) reveals the presence of Mn in the composite.
This is presumably due to the amorphous nature of MnO2. To
confirm the presence of MnO2, we annealed the sample at 400
°C for 4 h and observed the expected crystalline MnO2 in the

Figure 1. (A−C) Curve a shows the XRD patterns of octahedral, cubic, and spherical Cu2O nanoparticles, respectively; curves b and c show the
XRD patterns of CuO−MnO2 nanocomposites prepared from 24 and 48 h redox transformation reaction, respectively. (D) Cu 2p XPS spectrum of
as-prepared octahedral Cu2O nanoparticle. XPS spectra of porous octahedral CuO−MnO2 nanocomposite: (E) Cu 2p spectrum and (F) Mn 2p
spectrum. XPS spectra of tiny spherical CuO−MnO2 nanocomposite: (G) Cu 2p spectrum and (H) Mn 2p spectrum.
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sample by XRD measurement. So, the presence of amorphous
MnO2 was explicitly assured. The b and c curves in Figure 1A−

C represent the XRD patterns of CuO−MnO2 nanocomposites
prepared from 24 and 48 h redox transformation reaction

Figure 2. FESEM images of as-synthesized (a1) octahedral, (b1) cubic, and (c1) spherical Cu2O nanoparticles. (a2, b2, and c2) and (a3, b3, and c3)
FESEM images of CuO−MnO2 nanocomposites prepared from 24 and 48 h redox transformation reactions between (a1) octahedral, (b1) cubic,
and (c1) spherical Cu2O nanoparticles and KMnO4, respectively.

Figure 3. TEM images of as-synthesized (a1) octahedral, (b1) cubic, and (c1) spherical Cu2O nanoparticles. (a2, b2, and c2) and (a3, b3, and c3)
TEM images of CuO−MnO2 nanocomposites prepared from 24 and 48 h redox transformation reactions between (a1) octahedral, (b1) cubic, and
(c1) spherical Cu2O nanoparticles and KMnO4, respectively.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am502866t | ACS Appl. Mater. Interfaces 2014, 6, 9173−91849176



between Cu2O (octahedral, cubic, and spherical) and KMnO4
followed by annealing at 400 °C for 4 h. Here, all the diffraction
peaks in the XRD patterns of CuO−MnO2 nanocomposites
obtained at different time intervals (24 and 48 h) are the same.
The diffraction peaks at 2θ = 32.4°, 35.6°, 38.8°, 48.8°, 53.6°,
58.1°, 61.5°, 66.1°, 68.1°, and 74.9° correspond to (110), (11 ̅1)
and (002), (111) and (200), (20 ̅2), (020), (202), (11 ̅3), (11 ̅3),
(220), and (004) planes for CuO nanoparticle (JCPDS file No.
48-1548) and the other peaks at 2θ = 28.7°, 37.4°, 41.1°, 43.4°,
46.3°, 59.9°, 65.3°, and 72.4° correspond to (110), (101),
(200), (111), (210), (220), (002), and (301) for β-MnO2
(JCPDS file No. 72-1984). These experimental results imply
that Cu2O nanoparticles are completely converted to CuO−
MnO2 composite nanomaterials.
XPS Analysis. With the help of XPS analysis, the chemical

state and surface atomic composition of both Cu2O nano-
particles and CuO−MnO2 composite nanomaterials have been
authenticated. Figure S2a of the Supporting Information
exhibits main core level peaks for C 1s, O 1s, and Cu 2p at
binding energies of 284.6, 530.3, and 932.5 eV, respectively.
The high-resolution XPS spectrum shows the peaks of Cu 2p3/2
and Cu 2p1/2 at 932.5 and 952.8 eV, respectively, arising from
octahedral Cu2O nanoparticle (Figure 1D).11 A few shakeup
satellite peaks are also noticed at the higher energy side in the
spectrum, 940.4 and 943.1 eV, which can be attributed to
Cu(II) states.11 These facts propose the existence of a thin layer
of CuO on the Cu2O surface due to surface oxidation. The
survey scan spectrum of CuO−MnO2 nanocomposite obtained
from 24 h redox transformation reaction between octahedral
Cu2O and KMnO4 shows the presence of C 1s, O 1s, Cu 2p
and Mn 2p peaks (Figure S2b of the Supporting Information).
The XPS spectra of Cu 2p3/2 and Cu 2p1/2 at 933.5 and 953.5
eV are attributed to the presence of CuO (Figure 1E).11 The
high-resolution XPS spectrum (Figure 1F) displays two peaks
at 642.1 and 653.7 eV, which are the characteristic Mn 2p3/2
and Mn 2p1/2 peaks of β-MnO2.

39 Figure 1G,H and Figure S2c
of the Supporting Information show the XPS spectra of CuO−
MnO2 composite nanomaterial synthesized from 48 h redox
transformation reaction between octahedral Cu2O and KMnO4.
Here, the main core level peak positions for C 1s, O 1s, Cu 2p,
and Mn 2p are similar to those of the above CuO−MnO2
nanocomposite. So, the composition and chemical nature of
both the composite nanomaterials prepared from different time
intervals are the same. Similar results are also observed from the
XPS spectra of cubic and spherical Cu2O nanoparticles before
and after the redox transformation reaction with KMnO4 at
different time intervals.
FESEM and TEM Analysis. To determine the 3D

architecture of the as-synthesized Cu2O nanoparticles as well
as CuO−MnO2 composite nanomaterials, FESEM and TEM
measurements were performed. FESEM (a1 in Figure 2 and
Figure S3 of the Supporting Information) and TEM images (a1
in Figure 3 and Figure S4 of the Supporting Information) show
the well-defined, smooth, and uniform morphology of
octahedral Cu2O nanoparticles with octahedral edge length of
600−630 nm. FESEM (a2 in Figure 2 and Figure S3 of the
Supporting Information) and TEM images (a2 in Figure 3 and
Figure S4 of the Supporting Information) reveal the porous
octahedral morphology of CuO−MnO2 composite nanoma-
terial obtained after 24 h of redox transformation reaction. In
this case, octahedral edge length remains same as that of
octahedral Cu2O. When the redox transformation reaction was
continued for 48 h, the tiny spherical CuO−MnO2 was

obtained with an extremely porous structure. The average
diameter of the tiny spherical CuO−MnO2 is about 100 nm.
This result is confirmed by FESEM (a3 in Figure 2 and Figure
S3 of the Supporting Information) and TEM images (a3 in
Figure 3 and Figure S4 of the Supporting Information).
FESEM (b1 in Figure 2 and Figure S3 of the Supporting

Information) and TEM images (b1 in Figure 3 and Figure S4 of
the Supporting Information) exhibit well-defined, smooth, and
uniform morphology of the cubic Cu2O nanoparticles with
average edge length of 400−430 nm. When the redox reaction
was allowed to progress for 24 h, the porous structure of cubic
CuO−MnO2 with average edge length of 400−430 nm was
observed from FESEM (b2 in Figure 2 and Figure S3 of the
Supporting Information) and TEM images (b2 in Figure 3 and
Figure S4 of the Supporting Information). FESEM (b3 in
Figure 2 and Figure S3 of the Supporting Information) and
TEM images (b3 in Figure 3 and Figure S4 of the Supporting
Information) show tiny spherical CuO−MnO2 with highly
porous nature (average diameter 100 nm) when the redox
reaction time is increased to 48 h.
FESEM (c1 in Figure 2 and Figure S3 of the Supporting

Information) and TEM images (c1 in Figure 3 and Figure S4 of
the Supporting Information) display well-defined and uniform
morphology of spherical Cu2O nanoparticles with an average
diameter of 800 nm. FESEM (c2 in Figure 2 and Figure S3 of
the Supporting Information) and TEM images (c2 in Figure 3
and Figure S4 of the Supporting Information) indicate that the
surface of spherical CuO−MnO2 (average diameter of 800 nm)
is porous when the redox reaction time is 24 h. The 48 h redox
transformation reaction causes the formation of highly porous
CuO−MnO2 with tiny spherical structure (average diameter of
100 nm), as shown in FESEM (c3 in Figure 2 and Figure S3 of
the Supporting Information) and TEM images (c3 in Figure 3
and Figure S4 of the Supporting Information). In all three
cases, it is observed that structure and morphology of CuO−
MnO2 composite nanomaterials (average diameter of 100 nm)
obtained from the 48 h redox transformation reaction between
Cu2O (octahedral, cubic, and spherical) and KMnO4 are alike.
XRD results (curve c in Figure 1A−C) also reveal that the
composition of these final products obtained from three
different reaction mixtures is also the same.

BET Measurements of CuO−MnO2 Composite Nano-
materials. Surface area of the composite nanomaterials plays a
crucial role for catalytic application. To augment the
proposition, the surface area of differently shaped CuO−
MnO2 nanocomposites was measured from BET experiment
(Figure S5 of the Supporting Information). The surface area of
the tiny spherical, octahedral, cubic, and spherical CuO−MnO2
composite nanomaterials was found to be 88.321, 51.925,
47.576, and 36.289 m2/g, respectively (Table 1). The pore
volumes of the nanomaterials are 3.182 × 10−01, 1.96 × 10−01,
1.65 × 10−01, 6.88 × 10−02 cm3/g, respectively (Table 1). The

Table 1. BET Surface Area, Pore Volume, and Rate Constant
for Different CuO−MnO2 Composite Nanomaterials

composite nanomaterial

surface
area

(m2/g)
pore volume
(cm3/g)

rate
constant
(min−1)

tiny spherical CuO−MnO2 88.321 3.182 × 10−01 0.3136
octahedral CuO−MnO2 51.925 1.96 × 10−01 0.2625
cubic CuO−MnO2 47.576 1.65 × 10−01 0.1904
spherical CuO−MnO2 36.289 6.88 × 10−02 0.1724
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results support the surface-area-related catalytic activity toward
the proposed nitroarene reduction.
Formation Mechanism of Morphologically Different

Shaped CuO−MnO2 Composite Nanomaterials. Here, a
simple, facile, cost-effective and surfactant-free synthetic
strategy has been described for the evolution of CuO−MnO2

composite nanomaterials. The porous CuO−MnO2 nano-
composites are prepared in a two-step process. According to
the preparation strategy, the first step involves the formation of
octahedral, cubic, and spherical Cu2O nanoparticles by using
different hydrolyzing and reducing agents. The formation
mechanism of differently shaped Cu2O nanoparticles has
already been discussed in our previous work.38 The second
step is the synthesis of CuO−MnO2 nanocomposites by
employing a redox transformation reaction between Cu2O
(octahedral, cubic, and spherical) nanoparticles and KMnO4

solution under MHT condition for 24 and 48 h. The standard
reduction potential values of MnO4

−/MnO2 (+ 0.59 V vs SHE)
and Cu2+/Cu2O (+ 0.203 V vs SHE) pairs prescribe
thermodynamically allowed formation of CuO−MnO2 nano-
composite. Controlled temperature and autogenic pressure of
the modified hydrothermal (MHT) conditions and final pH
(∼7.5) of the reaction mixture play significant roles in the
formation of composite nanomaterials. When the redox
transformation reaction is initiated, Cu2O is oxidized to Cu2+

(tested with potassium ferrocyanide) with continuous stripping
of electrons from the surface, which are transferred to the
MnO4

− ions, causing the formation of MnO2 nanoparticles.
The formation of CuO takes place most probably through the
dehydration of Cu(OH)2 under MHT condition.

+ + → +

° = +

− − −

−E

MnO 2H O 3e MnO (s) 4OH

[ 0.59 V]
4 2 2

MnO /MnO4 2 (1)

+ + → +

° = +

+ + −

E

Cu O 2H
1
2

O 2Cu 2OH

[ 0.203 V]

2 2
2

Cu(II)/Cu O2 (2)

→ +Cu(OH) CuO H O2 2 (3)

We have studied the shape and morphology evolution of the
composite nanomaterials in different time domains to explain
the growth mechanism of the final products, and the results are
presented in Scheme 2 (FESEM images). After the samples
incubated for 24 h, we notice the formation of porous
octahedral, cubic, and spherical CuO−MnO2 nanocomposite
with the retention of parental size and shape of Cu2O
nanostructures. When the incubation time is increased to 32
h, nanospherical overgrowth is observed all over the surface of
octahedral, cubic, and spherical CuO−MnO2. Densely packed
overgrowth of nanospherical particles throughout the surfaces is
created when the incubation time is increased to 40 h. When
the incubation time is prolonged further to 48 h, octahedral,
cubic, and spherical CuO−MnO2 nanoparticles with complete
coverage of spherical superstructures are found to be ruptured
into tiny spherical nanocomposites with an average diameter of
100 nm.
After comparing the sizes of the respective metal ions

involved in the redox transformation process, it may be
concluded that the smallest MnIV (67 pm) is incorporated
conveniently in the crystal lattice of the larger CuII (87 pm)
assembly originated from CuI (91 pm). An almost 20% density
reduction of the composite (revealed from specific gravity
measurement) speaks in favor of porous structure. Thus, the
comparative size factor of the metal ions accounts the MnIV

incorporation into the CuO matrix, and low-density porous
composite formation results.

Catalysis. Morphology-dependent40−43 and facet-selec-
tive44−49 catalytic activity has now become an effective and
popular way to study chemical transformation. To explore the
ability and performance of the as-synthesized CuO−MnO2

Scheme 2. Schematic Representation of Time-Dependent Growth Process To Obtain Tiny Spherical CuO−MnO2
Nanocomposites from As-Synthesized Cu2O Nanoparticlesa

aComposites a2, b2, and c2 obtained after 24 h of reaction; a3, b3, and c3 obtained after 32 h of reaction; a4, b4, and c4 obtained after 40 h of
reaction; and a5, b5, and c5 obtained after 48 h of reaction from (a1) octahedral, (b1) cubic, and (c1) spherical Cu2O nanoparticles, respectively.
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nanocomposites as a catalyst, we have performed hydro-
genation reaction of various nitrocompounds in the presence of
NaBH4 as a hydrogen source. Because nitroarenes are a class of
toxic and poisonous chemicals, a number of catalytic methods
for the reduction of nitroarenes have been developed to
accomplish this transformation.50 In the absence of any catalyst,
the reaction does not proceed favorably (Figure 4e).
To investigate the catalytic efficiency of differently shaped

CuO−MnO2 composite nanomaterials, we first studied the
reduction of 4-nitrophenol in the presence of NaBH4. It is well-
known that aqueous 4-nitrophenol solution shows a strong
absorption peak at 317 nm, but in the presence of NaBH4

solution, the peak is remarkably red-shifted to 400 nm. This is
mainly due to the formation of dark yellow colored
nitrophenolate ions in alkaline condition. During the reduction
process (in the presence of a catalyst), the characteristic band
of 4-nitrophenolate ions at 400 nm is gradually diminished with
time, and a new concomitant peak arises at 300 nm due to the

formation of colorless 4-aminophenol. Time-dependent reduc-
tion kinetics of this reduction reaction can be easily monitored
by using a UV−vis spectrophotometer. In our study, 1 mg of
the CuO−MnO2 nanocomposite was added to 3 mL of a 1 ×
10−4 M aqueous solution of 4-nitrophenol in the presence of a
freshly prepared aqueous NaBH4 (300 μL; 5 × 10−2 M)
solution in ambient conditions. In the absorbance spectra, two
isosbestic points are created at around 280 and 313 nm, which
suggests 4-aminophenol as a sole product with no other
byproducts.33 Because the added NaBH4 has much higher
concentration (500 times) relative to the 4-NP, the catalytic
reaction follows pseudo-first-order reaction kinetics, and the
plot of ln A vs time demonstrates a straight line with a negative
slope to point out the rate constant. Figure 4a−d shows UV−
vis absorption spectra of the 4-NP reduction for tiny spherical,
octahedral, cubic, and spherical CuO−MnO2 nanocomposites,
respectively. Catalytic efficiency toward 4-NP reduction by
morphologically different shapes of CuO−MnO2 nanocompo-

Figure 4. UV−visible absorption spectra of the reduction of 4-nitrophenol by NaBH4 in the presence of 1 mg of (a) tiny spherical, (b) octahedral,
(c) cubic, and (d) spherical CuO−MnO2 catalyst and (e) without catalyst. (f) Corresponding ln A vs time plot.
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sites follows the sequence of (a) tiny sphere > (b) octahedron
> (c) cube > (d) sphere (Table S1 of the Supporting
Information). On the basis of the results of FESEM and TEM,
it can be concluded that all the CuO−MnO2 nanocomposites
exhibit a porous structure with a large void space within it.
From BET measurement, the surface areas of the differently
shaped CuO−MnO2 nanocomposites follow the order of (a)
tiny sphere > (b) octahedron > (c) cube > (d) sphere.
Considering the BET results, we concluded that the catalytic
efficiency of these composite nanomaterials has a close
relationship with the surface area, as generally expected.
Octahedral CuO−MnO2 is bound by eight triangular (111)
facets, whereas cubic CuO−MnO2 is composed of six (100)
facets. It is known that (100) facets are less reactive than (111)
facets.38,51 So, the octahedral CuO−MnO2 exhibits greater
catalytic efficiency than that of the cubic CuO−MnO2

nanocomposites. This is also supported from BET results.

The lowest catalytic efficiency of spherical particles (800 nm) is
ascribed to its lowest surface area. It has been found that the
tiny spherical CuO−MnO2 with average diameter of 100 nm
can be successfully fabricated only by increasing the redox
reaction time to 48 h, and these tiny spherical nanocomposites
exhibit the highest catalytic efficiency. So, the small particle size,
porous structure, and high surface area of the tiny spherical
CuO−MnO2 make them most promising catalyst for 4-NP
reduction than the other three composite nanoparticles. The
plots of ln A vs time (min) for different CuO−MnO2 catalysts
show straight lines with negative slopes (Figure 4f). The values
of rate constant for tiny spherical, octahedral, cubic, and
spherical CuO−MnO2 nanocomposites (1 mg) are 0.3136,
0.2625, 0.1904, and 0.1724 min−1, respectively.
To demonstrate a comparative account of catalytic efficiency,

we have performed the same experiments individually by using
the as-synthesized Cu2O (octahedral, cubic, and spherical),

Figure 5. UV−visible absorption spectra of the reduction of 4-nitrophenol by NaBH4 in the presence of 1 mg of (a1) octahedral, (b1) cubic, and
(c1) spherical Cu2O catalyst; (d1) CuO; and (e1) MnO2 catalyst. (f1) Corresponding ln A vs time plot.
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CuO (synthesized following a reported method52), and MnO2
(synthesized following a reported method39) nanoparticles as
catalyst. Figure 5a1−c1 displays UV−vis absorption spectra of
the 4-NP reduction for octahedral, cubic, and spherical Cu2O
nanoparticles, respectively, keeping all other reaction conditions
unaltered. The order of catalytic reactivity of differently shaped
Cu2O nanoparticles is as follows: (a1) octahedron > (b1) cube
> (c1) sphere (Table S1 of the Supporting Information), and
the reason is similar to that of CuO−MnO2 nanocomposites.
As can be seen from Figure 5d1,e1, CuO nanoparticle takes

shorter time than MnO2 nanoparticles and longer time than
Cu2O to complete the reduction of 4-NP under the same
prescribed experimental conditions. The plots ln A vs time
(min) for different Cu2O (octahedral, cubic, and spherical),
CuO, and MnO2 nanoparticles exhibit straight lines with
negative slopes (Figure 5f1). The values of rate constant for
octahedral Cu2O, cubic Cu2O, spherical Cu2O, CuO, and
MnO2 nanoparticles (1 mg) are 0.1251, 0.1112, 0.1023, 0.0876,
and 0.0217 min−1, respectively. It is worth mentioning that the
reaction does not proceed in the absence of catalyst (Figure

Table 2. Reduction of Various Nitroarenes Using Tiny Spherical CuO−MnO2 Nanocatalyst
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4e). In this comparative study, we observed that our composite
nanomaterials serve as better catalyst than the individual and
neat Cu2O, CuO, and MnO2 nanoparticles, and the final order
of the catalytic efficiency is as follows: tiny spherical CuO−
MnO2 > octahedral CuO−MnO2 > cubic CuO−MnO2 >
spherical CuO−MnO2 > octahedral Cu2O > cubic Cu2O >
spherical Cu2O > CuO > MnO2 (Table S1 of the Supporting
Information). From this comparative analysis, it is clearly found
that only 65% reduction of nitroarene takes place with MnO2
nanomaterial (Figure 5e1), on the basis of which we consider
MnO2 almost as an inert component of the composite
material.53,54 Here, KMnO4 oxidizes Cu2O to facet-exposed
CuO with increasing surface area. Eventually, porosity is
inherited by the composites, and at the same time, KMnO4
reduces to MnO2. This study clearly points out that the
presence of a porous composite nanomaterial is most
complementary to make 4-NP reduction facile. The best
catalytic performance comes from the smallest spherical
particles with the highest surface area of the tiny spheres, the
sole product of the 48 h KMnO4 mediated redox reaction. But
recall that the facet-selective catalytic rate comparison excludes
tiny spheres.
To ensure the catalytic activity of the tiny composite toward

the reduction of nitro group in general, we have examined a
series of nitroarenes with structurally divergent groups, keeping
all other reaction conditions unaltered (Figures S6 and S7 of
the Supporting Information). As shown in Table 2, the catalyst
CuO−MnO2 (tiny sphere) was found to be very active toward
the reduction of nitro compounds, regardless of the types and
position of the substituent(s). Here, we observed that reduction
of unsubstituted nitrobenzene required much longer reaction
time (22 min) than the substituted nitrobenzene. Explicitly 2-,
3-, and 4-nitrophenols in a shorter time span (7−14 min)
produce corresponding anilines (Figure S6, panels 1−3, of the
Supporting Information and Table 2), and 3-nitrophenol shows
the highest reactivity among all the three nitrophenols. It is a
well-established fact that the reaction proceeds through the
formation of a nitrophenolate ion, and 4-nitrophenolate ion is
most stable because of resonance stabilization, whereas 2-
nitrophenolate ion is somewhat less stable than 4-nitro-
phenolate ion due to some degree of steric effect. Due to the
lack of resonance stabilization, 3-nitrophenol becomes least
stable and hence most reactive than the other two isomers.31 A
similar explanation holds for nitroanilines, and 3-nitroaniline is
found to be the most reactive among all the three nitroanilines
(Figure S6, panels 6−8, of the Supporting Information and
Table 2). Reduction of nitrotoluene generally takes a somewhat
longer time to produce the corresponding aniline than other
nitroarenes mainly due to the presence of an electron-donating
group such as −CH3 (Table 2). The reduction reaction of the
nitro group in the presence of other functionalities such as
−CHO, −COMe, −NHCOMe, and −COOH has also been
performed. In the case of 2-, 3-, and 4-nitrobenzaldehyde and 4-
nitroacetophenone, −CHO and −COMe groups are also
reduced along with the reduction of the nitro group (confirmed
by 1H NMR; Figures S8−S11 of the Supporting Information).
Under the same reaction conditions, the −NHCOMe and
−COOH groups remain totally unchanged.
The reduction of nitroarenes takes place presumably on the

catalyst surface. NaBH4 is the reductant, and it is pertinent to
consider the reduction of CuO to Cu(0). As a result of this
thermodynamically favorable reduction, the reduction reaction
possibly takes place on the Cu surface, and MnO2 extends its

support as an inert material. Cu(0) surface then houses the
BH4

− ion along with the respective nitroarene.30 Here, the
electron transfer takes place, and nitroarene is reduced.
However, at the end of the reduction, the Cu(0) surface is
oxidized to CuO in aqueous alkaline conditions (pH ∼ 14).55

Thus, we get back the composite catalyst material, which is
authenticated from the XRD analysis (Figure S12c of the
Supporting Information) of the recycled catalyst.
After the hydrogenation reaction was complete, the catalysts

were separated from the reaction mixture by centrifugation and
washed thoroughly with distilled water and ethanol. The dried
catalysts were examined by XRD (Figure S12c of the
Supporting Information), and morphologies were ascertained
again by FESEM (Figure S12a and S12b of the Supporting
Information) and TEM analysis (Figure S12d of the Supporting
Information). The above analysis demonstrates that the
composition and morphology of the catalysts remain unaltered.
The catalyst is found to be recyclable, even after four
consecutive cycles.

■ CONCLUSIONS
In summary, we demonstrate a simple, facile, and surfactant-
free redox transformation approach to fabricate crystallographic
surfaces of different CuO−MnO2 composite nanomaterials
with the retention of parental size and shape of Cu2O, the
notable starting material. Morphologically different CuO−
MnO2 nanocomposites are found to be ruptured into tiny
spherical nanocomposites with the increase of reaction time.
The synthetic process represents a new way to systematically
direct the size- and shape-controlled synthesis of porous
composite nanomaterials. All the composite nanomaterials
could achieve high efficiency toward nitroarene reduction due
to its porous nature. No additives or promoters are required for
the reaction. In addition, we have also demonstrated that the
as-prepared composite nanomaterials show size- and facet-
dependent catalytic activity. We reveal that the catalytic activity
of CuO−MnO2 exposing (111) planes performs better than
that of (100) plane. The catalytic efficiency of the CuO−MnO2
composite nanomaterials has been found to be related to the
experimentally determined surface area of the materials.
Furthermore, the large surface area, porous structure, and
small particle size of tiny spherical CuO−MnO2 make it a
promising material for shouldering the highest catalytic activity.
The reduction of the nitro functionality, as usual, has been
observed to be independent of the substituent(s). The easy
operation for the deliverable catalyst, a short reaction time, mild
reaction conditions, and aqueous medium at room temperature
make the catalytic system economical, green, and environ-
mentally friendly for the reduction of nitroarenes.
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