
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
0:

25
:0

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Flower-like 3-dim
aCenter for Nanobers and Nanotechnology

National University of Singapore, Singapor

seeram@nus.edu.sg
bDepartment of Polymer Engineering and C

Technology, Tehran, Iran
cTHDC Institute of Hydropower Engineeri

Technical University, Dehradun, Uttarakhan
dDepartment of Chemistry, Amirkabir Unive

Cite this: Nanoscale Adv., 2019, 1, 305

Received 11th June 2018
Accepted 25th August 2018

DOI: 10.1039/c8na00029h

rsc.li/nanoscale-advances

This journal is © The Royal Society of C
ensional hierarchical Co3O4/NiO
microspheres for 4-nitrophenol reduction reaction

Amutha Chinnappan, *a Saeideh Kholghi Eshkalak, ab Chinnappan Baskar, c

Marziyeh Khatibzadeh, b Elaheh Kowsarid and Seeram Ramakrishna *a

Aromatic nitro compounds are toxic and not biodegradable. Therefore, the elimination of nitro groups is

very important. Metal catalysts play an important role in the catalytic transformation. We present here

flower-like 3D hierarchical Co3O4/NiO microspheres, which are prepared by a chemical precipitation

method. The as-prepared catalyst is characterized by FTIR, SEM, TEM, EDS, XRD, XPS and N2 sorption

isotherms. They have shown different morphologies such as flower, nanocubes, and hexagonal structure

at different calcined temperatures. The synthesized catalyst is tested and used for the reduction of 4-

nitrophenol to 4-aminophenol in the presence of sodium borohydride as a reducing agent. The reaction

takes place in an aqueous medium at room temperature. The bimetallic catalyst Co3O4/NiO showed

good performance and reusability.
1. Introduction

Aromatic nitro compounds are utilized in the production of
drugs, pesticides, and industrial solvents. Nevertheless, these
chemicals are not environmentally benign. Among them, 4-
nitrophenol (4-NP) is considered as a pollutant by the US
Environmental Protection Agency (EPA). It has high stability
and solubility in water. Aromatic nitro compounds are highly
toxic and not biodegradable. The elimination of nitro groups
can be achieved by reduction to amines, which are less toxic and
can undergo biodegradation easily. To dispose of this pollutant,
many methods have been developed such as chemical oxida-
tion, physical adsorption, physical absorption and microbial
treatment. Chemical transformations of starting materials into
desired nal products usually require a number of chemical
operations in which additional reagents, catalysts, solvents, etc.
are used. Thus, in the course of the transformation, besides the
desired products, many waste materials (chemical toxins) are
produced. The waste should be regenerated, destroyed, or
disposed of, but it consumes much energy and creates a heavy
burden on the environment and causes ecological problems. It
is of great importance to develop and use synthetic methodol-
ogies that minimize such problems. Therefore, one of the ways
to achieve this target is to explore alternative expeditious
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reaction conditions and eco-friendly reaction media to accom-
plish the desired chemical transformations with minimized by-
products or waste as well as eliminating the use of conventional
organic solvents wherever possible. Reduction is a fundamental
transformation in organic synthesis and commercially is quite
signicant, as it can be used in the large scale preparation of
pharmaceuticals and ne chemicals. A variety of reducing
systems and methodologies are available to carry out reduc-
tions. All these methods have their own drawbacks which
include the use of high-pressure reactors, high pressure/
temperature or both, strong acid medium, hazardous molec-
ular hydrogen, long reaction times, low yields, toxic solvents,
and nonselective stoichiometric amounts of reagents. On the
other side, 4-aminophenol (4-AP) is a strong intermediate in the
synthesis of many drugs for example: paracetamol, phenacetin.
Reduction of 4-nitrophenol to 4-aminophenol by sodium
borohydride in an aqueous system is a well-known method.
However, this reduction reaction would not take place without
the presence of a metal catalyst.1–6

For many years, precious and non-precious transition metals
have been used as efficient catalysts in catalytic reactions.
Nevertheless, highly expensive metals such as platinum and
palladium on carbon utilized for this kind of reaction are am-
mable when exposed to air and require an inert atmosphere.
Moreover, it’s expensive and difficult to separate these homoge-
neous catalysts from the reaction products and as a consequence,
their commercial application is limited. Nanostructured transi-
tion metal oxides have had good performance in the catalytic
reaction due to their extremely good physical and chemical
properties compared to conventional and bulk materials.7–11

In recent years, many reports have been published on the 4-
NP reduction reaction catalysts which include AuCu@Pt
Nanoscale Adv., 2019, 1, 305–313 | 305
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View Article Online
nanoalloys,3 Au nanoparticles,12 nickel(0) nanoparticles (Ni-NP)
decorated on electrospun polymeric (polycaprolactone (PCL)/
chitosan) nanobers (Ni-NP/ENF),13 Ag2S nanoparticles on
reduced graphene oxide (Ag2S NPs/RGO) nanocomposites,14

Fe2O3/3DOM BiVO4,15 SiO2@CuxO@TiO2 heterostructures,16

silver nanoparticles17 and Ni nanoparticles.18–20 Remarkably,
with noble metal NPs, the catalytic reaction mostly occurs on
the surface of the NPs but inside the NPs the majority of atoms
are catalytically inactive. In order to avoid those problems, non-
noble metals should be used. The presence of two different
metal atoms can bring good catalytic activity and stability due to
synergistic effects resulting from metal interactions.21,22

In our previous studies, we reported hypercross-linked
porous polystyrene/IL networks with easy accessibility and
excellent catalytic activity for the reduction of 4-nitrophenol to
4-aminophenol using NaBH4 in an aqueous system at room
temperature.23 In continuation of our interest in exploring
nanostructured catalysts for organic chemical transformations,
we report here 3D hierarchical Co3O4/NiO microspheres as an
efficient catalyst for the reduction of 4NP under environmen-
tally friendly conditions. The bimetallic counterparts Co3O4/
NiO reduced the requirement for high catalyst loading. They
showed an excellent performance and make the catalyst reus-
able. To the best of our knowledge, this bimetallic 3D hierar-
chical Co3O4/NiO microspheres catalyst is the sole example for
the reduction of 4NP to 4AP. The synthetic scheme is repre-
sented in Fig. 1.
2. Experimental section
2.1 Materials

All chemicals used were reagent-grade and used as received
without further purication. CoCl2$6H2O, NiCl2$6H2O, urea, 4-
nitrophenol and sodium borohydride were purchased from
Sigma-Aldrich.
2.2 Characterization

Field Emission Scanning Electron Microscopy (FE-SEM, JEOL-
6700F) and Field Emission Transmission Electron Microscopy
Fig. 1 Synthesis of flower-like 3D hierarchical Co3O4/NiO microsphere

306 | Nanoscale Adv., 2019, 1, 305–313
(FE-TEM, JEOL JEM-2010F) were used to analyze the
morphology of Co3O4/NiO microspheres. The elemental anal-
yses of nanostructures were determined by Field Emission
Scanning Electron Microscope Energy Dispersive X-ray spec-
troscopy (FESEM-EDS) and X-ray photoelectron spectroscopy
[(XPS), model: Kratos Axis UltraDLD, it has done neutralization
for insulating samples]. X-ray powder diffraction (XRD) was
performed to know the crystal structure of the as-prepared
catalysts. The surface area of the as-prepared catalysts was
studied by nitrogen sorption isotherms on a NOVA 4200e
Surface Area & Pore Size Analyzer.
2.3 Synthesis of 3D hierarchical Co3O4/NiO microspheres

The typical synthetic procedure for the 3D hierarchical Co3O4/
NiO microspheres is as follows: an equivalent mixture of
CoCl2$6H2O (0.021 mol), and NiCl2$6H2O (0.021 mol) is dis-
solved in water at room temperature. Urea (0.105 mol) was then
added to the above solution and the reaction mixture was stir-
red vigorously with a magnetic stirrer at room temperature for
30 min. Then the reaction mixture was kept in the oil bath and
the reaction temperature was raised to 100 �C for 10 h with
constant stirring. Aer the completion of the reaction, the ob-
tained precipitate was washed several times with distilled water.
Then centrifuged at 5000 rpm for 10 min and dried at 80 �C
overnight. The resulting powders [Co/Ni](OH)2 were calcined at
400 �C, and 600 �C in the air for 2 h to obtain Co3O4/NiO
microspheres.
2.4 Typical procedure for reduction of 4-nitrophenol

4-Nitrophenol (0.0014 mol) and Co3O4/NiO microspheres (30
mg) were taken in 10 mL of water in a round-bottomed ask.
NaBH4 (0.005 mol) was added to the above mixture slowly at
room temperature with constant stirring. The progress of the
reaction was monitored by TLC. Aer the completion of the
reaction, the catalyst was separated by centrifuging and washed
with distilled water and dried in a vacuum oven and subse-
quently reused for the next run. The product in the reaction
mixture was extracted with ethyl acetate (4 � 20 mL). The
s.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM images: (a and b) [Co/Ni][OH]2, (c and d) Co3O4/NiO-400 �C, (e and f) Co3O4/NiO-600 �Cmicrosphere composites at low and high
magnifications. Scale bars: 1 mm in a, c, e; 100 nm in b, d, f.
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organic layer was washed with brine, dried over Na2SO4 and
evaporated using reduced pressure.
3. Results and discussion

The synthesis of the 3D hierarchical Co3O4/NiO microspheres
was studied with the optimized concentrations of the cobalt/
nickel salts and urea in the aqueous system. The schematic
representation is shown in Fig. 1. The completion of the reac-
tion was indicated by the formation of precipitate. During the
reaction, urea was hydrolyzed to release ammonia and OH� ion,
which further reacted with Co2+/Ni2+ to form [Co/Ni][OH]2. The
obtained precipitate was washed several times with water, and
dried in a vacuum oven at 80 �C overnight. The resulting powder
was further calcined at different temperatures: 400 �C and
600 �C. The following reaction scheme illustrates the synthesis
process of [Co/Ni][OH]2 and the Co3O4/NiO catalyst.

CO(NH2)2 + H2O / 2NH3 + CO2[

NH3 + H2O / NH4
+ + OH�
This journal is © The Royal Society of Chemistry 2019
Co2+ + Ni2+ + 2OH� / [Co/Ni](OH)2Y

½Co=Ni�ðOHÞ2 !
D
Co3O4=NiOþH2O[

Fig. 2 shows the typical SEM images of (a and b) [Co/Ni]
[OH]2, (c and d) Co3O4/NiO-400 �C, (e and f) Co3O4/NiO-600 �C
microsphere composites at low and high magnications. The
overall Co3O4/NiO samples exhibited microsphere structures,
which are composed of a number of ultra-thin nanoakes. They
are porous in nature and formed from several interconnected
nanoparticles (such as nanocubes and hexagonal structures).
The interconnected nanoakes form ower-like structures
within the microspheres changing to nanocubes and hexagonal
structures by changing with annealing temperature. Fig. 2b
shows the ower-like structure of the [Co/Ni][OH]2 catalyst and
Fig. 2c–f exhibit Co3O4/NiO different morphologies at the
different calcination temperatures of 400 �C and 600 �C. The
mean particle size is also varied such as 55 nm for [Co/Ni][OH]2
and the calcined samples got 23 nm and 16 nm for Co3O4/NiO-
400 �C and Co3O4/NiO-600 �C respectively. Fig. 3a and b show
Nanoscale Adv., 2019, 1, 305–313 | 307
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Fig. 3 TEM images of Co3O4/NiO-600 �C microspheres: (a and b) at high and low magnifications; (c) lattice plane; (d) SAED pattern.
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the TEM image of Co3O4/NiO microspheres in high and low
magnications. TEM images showed that Co3O4/NiO micro-
sphere have nanocubes and hexagonal structures. Fig. 3c shows
the interplanar d spacings of 0.2 nm and 0.28 nm, which
correspond to the crystal planes (400, 220) of Co3O4 at interfa-
cial angles of 2q 44.8� and 31.2�. NiO was also conrmed by the
lattice spacing measurement (0.24 nm) at the interfacial angle
of 2q 37.2�, which corresponds to the crystal plane of 111. The
SAED pattern is shown in Fig. 3d. The scanning electron
microscope and energy dispersive X-ray spectrometer (SEM-
EDS) spectrum is given in Fig. 4a. The as-prepared, all Co3O4/
NiO microspheres catalyst was analyzed by EDS and it showed
the presence of Co, Ni and O. We present here the EDS spectra
of Co3O4/NiO-600 �C. The elemental composition of Co (25.7%),
Ni (16.1%) and O (58.1%) was predicted from the EDS analysis
(atomic% is presented).

Fig. 4b illustrates the XRD patterns for different annealing
temperatures of the 3D hierarchical Co3O4/NiO microspheres
composite. All compounds showed a typical cubic crystal
structure. Increasing heat treatment resulted in patterns with
sharper diffraction lines. The characteristic peaks located at 2q
31.28�, 37.23�, 38.78�, 43.48�, 44.8�, 55.67�, 59.49�, 63.04�,
65.1�, 74.73�, 78.4� were ascribed to the Co3O4/NiO composites
with cubic structure. The crystalline phases and the crystallite
sizes of the powders were conrmed by XRD measurements.
The reection peaks of Co3O4/NiO microspheres, indexed to
111, 200, 220, 311, 222, 400, can be assigned to the cubic phase
308 | Nanoscale Adv., 2019, 1, 305–313
of Co3O4/NiO.24,25 The 3D microspheres were further charac-
terized by X-ray photoelectron spectroscopy. The survey wide
scan of the Co3O4/NiO microspheres is shown in Fig. 5a. The
high-resolution XPS spectroscopy of Co 2p is shown in Fig. 5b;
two important peaks at 791.9 eV and 776.9 eV are observed,
corresponding to Co 2p1/2 and Co 2p3/2, respectively. At the
same time, two small satellite peaks are obtained at 786.8 and
801.8 eV. These could be attributed to Co3+.25 Similarly the 2p
spectral region of Ni (Fig. 5c) shows two peaks at 867.3 eV and
850 eV corresponding to Ni 2p1/2 and Ni 2p3/2 respectively.
These binding energies could be attributed to Ni2+.24 The O 1s
spectrum (Fig. 5d) has two distinct components. The strong
peak at 529.5 eV could be assigned to oxygen atoms in the
oxides of Co3O4 and NiO.24 This is obtained aer correcting the
charging effect using the C 1s binding energy of adventitious
carbon at about 284.6 eV.

The as-prepared catalysts were further analyzed by nitrogen
sorption isotherms on a NOVA 4200e Surface Area & Pore Size
Analyzer. Samples were degassed at 60 �C overnight under
conditions of dynamic vacuum before analysis. The specic
surface areas for N2 were calculated using the BET model over
a relative pressure (P/P0). Total pore volumes were calculated
from the uptake at a relative pressure of 0.990. The BET analysis
was performed to scrutinize the textural properties of the as-
prepared catalysts. Fig. 6a shows the N2 sorption isotherms of
Co3O4/NiO catalysts at the different calcined temperatures of
400 �C and 600 �C. Fig. 6b depicts the sizes of the micro- and
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Co3O4/NiO-600 �C microspheres: (a) EDS mapping; (b) XRD.

Fig. 5 XPS spectra of Co3O4/NiO-600 �C microspheres.

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 305–313 | 309
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Fig. 6 Co3O4/NiO microspheres: (a) N2 sorption isotherms; (b) micro- and mesopores distributions.
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mesopores with an observed range of 1 nm to 55 nm. The N2

sorption isotherm of each catalyst exhibited a type IV or V,
indicating the large mesopores. It may be due to the pores
becoming lled with increased adsorbate. The BET surface area
for Co3O4/NiO-600 �C was found to be 6.244 m2 g�1, which was
higher than the other calcined temperature Co3O4/NiO-400 �C
(3.616 m2 g�1). The corresponding pore volumes are 0.03 cm3,
0.025 cm3 respectively. The average pore diameters of the as-
prepared 3D catalysts are 3.05 nm and 3.06 nm respectively.
These materials have low surface areas and pore volumes. A
similar decrease in surface area for mesoporous cobalt oxides
was observed by Mogudi et al.,26 and Song et al.27

Bimetallic nanoparticles are particularly useful due to the
versatile composition and structural variations that may be
Fig. 7 Possible mechanism of 4-nitrophenol reduction by 3D hierarchic

310 | Nanoscale Adv., 2019, 1, 305–313
adjusted in order to improve catalytic behavior. Bimetallic
catalysts frequently display catalytic activity that is higher than
the constituent materials for reduction of 4-nitrophenol.
Initially, the reduction of 4-nitrophenol to 4-aminophenol was
carried out with as-prepared [Co/Ni][OH]2 and Co3O4/NiO
microspheres catalyst in NaBH4 aqueous system at room
temperature (Fig. 7). The reduction reaction completed in
60 min with [Co/Ni][OH]2 catalyst and gave 67% yield. The
product yield is increased to 75% with Co3O4/NiO-400 �C and
80% with Co3O4/NiO-600 �C and the reaction time is reduced to
30 min and 20 min respectively. Therefore, Co3O4/NiO-600 �C is
the best catalyst when compared to the other two catalysts, [Co/
Ni][OH]2 and Co3O4/NiO-400 �C. The results are summarized in
Table 1. To nd out the importance of the above catalysts, we
al Co3O4/NiO microspheres.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Effect of different catalytic parameters on 4-nitrophenol reductiona

Amount (mg) Time (min) Yieldb (%)

Effect of different catalyst [Co/Ni][OH]2 30 60 67
Co3O4/NiO-400 �C 30 30 75
Co3O4/NiO-600 �C 30 20 80

Effect of NaBH4 on Co3O4/NiO-600 �C (molar ratio) 1 : 4 30 30 80
1 : 8 30 30 86
1 : 10 30 10 88

Effect of catalyst loadingc Co3O4/NiO-600 �C 20 30 77
30 10 88
50 10 88

a Reaction conditions: molar ratio: 1 : 8; 4-NP : NaBH4, H2O-10 mL, RT. b Isolated yield. c Molar ratio: 1 : 10; 4-NP : NaBH4.
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have carried out the same reduction reaction under the same
experimental conditions in the absence of the catalyst, it has
been observed that no product was formed. It is well known that
sodium borohydride is the source of hydrogen production for
the reduction reaction but it needs the addition of a suitable
amount of catalyst to progress the reduction reaction. To nd
out the effect of NaBH4 on the as-prepared catalyst, we have
chosen Co3O4/NiO-600 �C catalyst due to the best yield and
economical reaction time. To optimize the minimum require-
ment of NaBH4, we have investigated the reduction reaction
with different molar ratios (4-NP : NaBH4) such as 1 : 4; 1 : 8;
and 1 : 10 with the catalytic amount of 30 mg Co3O4/NiO-600 �C
at room temperature. It has been observed that 1 : 10 molar
ratio was found to give the maximum yield (88%) of product
with minimum reaction time (10 min). We have obtained 86%
yield with 30 min reaction time for 1 : 8 molar ratio, and 80%
yield for 1 : 4 molar ratio with 30 min reaction time. The results
are summarized in Table 1. In order to nd out the minimum
requirement of catalyst Co3O4/NiO-600 �C for the reduction
reaction, we have performed the reaction with different
amounts which include 20 mg, 30 mg and 50 mg and the
product yields were 77%, 88% and 88% respectively. The results
are given in Table 1. Further increasing the amount of catalyst
(50 mg) for the reduction transformation did not give any
impact on the product yield and it remains the same as for
30 mg but we have observed that the reaction was completed
within 10 min for 30 mg and 50 mg while 30 min was required
for the reaction with 20 mg. The effect of catalytic performance
gave a way to nd out the mechanism of the catalyst. The
possible mechanism of 4NP reduction with NaBH4 in the
aqueous system is shown in Fig. 7. It could catalyze this reaction
by facilitating electron transfer from BH4

� to 4NP. Borohydride
Table 2 Comparison of various catalysts in 4-nitrophenol reduction

Catalyst Reaction

Pt–Pd nanobers EtOAc/H2

Ni nanoparticles H2O/NaB
Copper phthalocyanine complex N2H4$H2

Nano copper THF/H2O
Nanocrystalline magnesium oxide-stabilized palladium (0) THF/H2/R
Cu6/7Co1/7Fe2O4/graphene NaBH4/E
3D Co3O4/NiO-600 �C microspheres (30 mg) H2O/NaB

This journal is © The Royal Society of Chemistry 2019
ions are adsorbed onto the surface of the microspheres to react
and transfer electrons to the Co3O4/NiO surface. The 4-NP anion
reactant can be easily adsorbed onto the positively charged
Co3O4/NiO catalyst. The existence of the excessive electrons
added to the Co3O4/NiO microspheres facilitates the uptake of
electrons by the adsorbed 4-NP molecule, which leads to the
reduction of 4-NP to 4-AP. The cycle can start again with the
product 4-AP leaving to make a free surface and this process
repeating. A comparison of various catalysts used for the
reduction of 4-nitrophenol is summarized in Table 2. It has
been observed that all the other catalysts either took a longer
reaction time to complete the reduction reaction or are highly
expensive catalysts and all the reactions are carried out in
organic solvents. Even though Pt/Pd catalysts showed a very
good yield, the reaction time is longer and organic solvents are
used in the reaction. Our reduction reaction conditions are very
simple, convenient, fast, have a good yield and it is an envi-
ronmentally benign methodology. The bimetallic Co3O4/NiO
catalyst plays an important role in the reduction of 4-nitro-
phenol to 4-aminophenol.

The recovery and recyclability of the 3D Co3O4/NiO-600 �C
microspheres catalyst has been studied in 4-NP with 10 mol of
NaBH4 in 10 mL distilled H2O and 30 mg of the as-prepared
catalyst (Fig. 8b). The rst run was carried out using freshly
activated Co3O4/NiO-600 �C catalyst and >90% conversion and
88% yield was obtained. Upon completion of the reaction, the
catalyst was ltered, washed with distilled H2O, and dried at
80 �C in a vacuum oven. Under these experimental conditions,
similar results were obtained for the second cycle (86% yield).
There was not much loss in the catalytic activity. However, in
the third cycle, it was reduced a bit. This could be due to the
recovery of the catalyst during work up. In order to conrm this,
conditions Time (min) Yield (%) Reference

/RT 240 99 28
H4/RT 2 98 29
O ethylene glycol 70 �C 240 78 30
-50 �C 120 66 31
T 90 98 3
tOH/H2O 12 99 32
H4/RT 10 88 This work

Nanoscale Adv., 2019, 1, 305–313 | 311
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Fig. 8 (a) SEM-EDS spectrum of recycled catalyst; (b) number of run and % yield using recycled Co3O4/NiO-600 �C microspheres.
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we have weighed the recycled catalyst; the amount was reduced
from the initial weight 30 mg to 20 mg. The results of recycling
experiments showed that the catalyst could be recycled at least 3
times without much loss in the catalytic activity. The recycled
catalyst was analyzed using SEM and SEM-EDS as shown in
Fig. 8a and it showed the same morphology as with the original
one. It is very important to highlight here that the structure was
not spoiled even aer three cycles.
4. Conclusion

In conclusion, we have synthesized 3D hierarchical Co3O4/NiO
microspheres and investigated the potential of [Co/Ni][OH]2,
Co3O4/NiO-400 �C and Co3O4/NiO-600 �C for chemical trans-
formation of 4-nitrophenol to 4-aminophenol. The 3D hierar-
chical Co3O4/NiO was prepared by a chemical co-precipitation
method. The as-prepared catalyst showed different morphol-
ogies at different temperatures such as ower, nanocubes, and
hexagonal structure and has been used for the reduction of 4-
nitrophenol in the presence of NaBH4 with aqueous media at
room temperature. The optimized reduction reaction is
a simple, convenient procedure, with solvent-free conditions,
easy work-up of the reaction mixture, good yield and an envi-
ronmentally benign process to make this system as an attractive
method and a synthetically useful addition to the present
methodologies. Further efforts to extend the application of the
catalyst Co3O4/NiO are underway in our laboratory.
312 | Nanoscale Adv., 2019, 1, 305–313
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