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Synthesis and Characterization of a
Flower-Structured Ferromagnetic Nickel
Oxide Nanoparticle: Investigation of
Photocatalytic Activity

Abstract

Flower-structured nickel oxide nanoparticle (NiONP) with flower size ~ 400-700
nm and petel size (individual nanoparticle) ~ 100 diameter have been successfully
fabricated via an optimized thermo-decomposition technique using a dinuclear
nickel(11)-Schiff base precursor. The template-free method is facile and effective
in preparing flower-shaped NiO superstructures in high yield. The NiONP is
characterized by scanning electron microscopy (SEM), powder X-ray diffraction
(PXRD), Fourier transform IR (FTIR), and optical absorption spectroscopy (UV-
Vis). Magnetic study reveals that the existence of super-paramagnetic (weak
ferromagnetic) phenomenon in the synthesized NiO nanoparticle. NIONP has been
employed as photocatalytic agent to degrade the organic dye, viz., Rhodamin-B
(RhB) under visible light and by exposing to visible light for 1 h, NIONP degraded
RhB dye nearly 100%.
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Introduction

Nanoscale materials have been pursued extensively for their
unique physical and chemical properties and promising
applications in nano-devices compared to those of their bulk
counterparts [1]. The morphology, crystallography and size of
the nano-structured materials can greatly influence their optical,
electronic, magnetic, and catalytic properties[2]. Amongtransition
metal oxides, nickel oxide (NiO) bulk and nano size have received
considerable attention due to their wide range of applications
in different fields, such as: catalysis [3], fuel cell electrodes and
gas sensors [4], electrochromic films [5], battery cathodes [6],
magnetic materials [7], and photovoltaic devices [8]. Because of
the quantum size and surface effects, NiO nanoparticles exhibit
catalytic, optical, electronic, and magnetic properties that are
significantly different than those of bulk-sized NiO particles [9].
In addition, nanostructured NiO, because of its large chemical
and thermal stability, also shows great promise for the use in
energy conversion applications. Further, combustion synthesis is
a particularly simple, safe and rapid fabrication process wherein
the main advantages are energy and time saving. This quick,
straightforward process can be used for synthesis homogenous,
high purity, crystalline oxide ceramic powders including ultra-fine
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nickel powders with a broad range of particle sizes. Excess apply
of various dyes in the textile industry has led to the severe
surface water and groundwater contamination by releasing
the toxic and coloured effluents, which are usually disposed by
various physical and chemical methods, such as coagulation/
flocculation [10], electrocoagulation [11], coagulation/
carbon adsorption process [12] and so on. However, these
methods barely transfer the pollutants from one phase to
another without destruction or have the other limitations.
In this present work, we have synthesized and structurally
characterized a dinuclear Ni(ll)-Schiff base complex which
has been used to synthesize NiONP of ~ 100 nm by pyrolytic
technique. The nanoparticle has been characterized by
different spectroscopic tools including powder X-ray diffraction
study and scanning electron microscope imaging. Magnetic
measurement reflects the existence of weak ferromagnetism
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in NiONP. The visible light driven photocatalytic activity of
synthesized NiO nanoparticle has been demonstrated using
rhodamin B (RhB) as a representative dye and the catalytic
efficiency is optimized with respect to pH of the solution.

Experimental

Preparation of the precursor

Chemicals, solvents and starting materials: High purity
2-aminophenol (E. Merck, India), O-vanilin (Lancaster, UK),
rhodamin B (Aldrich, USA), nickel(ll) acetate tetrahydrate (E.
Merck, India) were purchased from respective concerns and used
as received. All the other reagents and solvents are of Analytical
grade (A.R. grade) and were purchased from commercial sources
and used as received.

General synthesis of the Schiff base ligand (H,L) and its nickel
compound (1): The Schiff base ligand, H,L, and its nickel(ll)
complex were synthesized using a previously reported
literature by our group [13]. To prepare the Schiff base ligand,
O-aminophenol (0.1092 g, 1 mmol) was refluxed with O-vanilin
(0.1523 g, 1 mmol) in 20 ml dehydrated alcohol and red coloured
crystalline compound was isolated from solution, which was dried
and stored in vaccuo over CaCl, for subsequent use. Yield 0.213
g (87.2%). Anal cal. for C H,.NO, (H,L): C, 69.12; H, 5.39; N, 5.76;
Found: C, 69.03; H, 5.30; N, 5.68 IR (KBr pellet, cm™?): 3365 (s)
(v,), 1618 (s), 1595 (s) (v._,), 1509 (s), 1462 (s), 1333 (s), 1245 (s)
(Voo )i UV-Vis (A__, nm): 233, 275, 347, 461; *H NMR (6 ppm, 300
Mz, DMSO-d®) 6=13.55 (s, 1H), 9.92 (s, 1H), 8.48 (s, 1H), 7.26-6.81
(Ar-H, 7H), 4.27 (t, 1H), 3.92 (s, 3H) ppm. A methanolic solution (5
cm?®) of H,L (0.244 g, 1 mmol) was added dropwise to a solution
of Ni(OAc),.4H,0 (0.496 g, 2 mmol) in the same solvent (10 cm?).
The red solution of the ligand turned into brown and after filter
the supernatant liquid was kept in air for slow evaporation.

Yield: 0.342 g (69% based on metal salt). Anal. Calc. for
C,H,;,NO, Ni, (1): C, 41.89; H, 4.63; N, 2.57. Found: C, 41.80; H,

4.57; N, 2.64%. IR (KBr, cm™): 3398 (v,,), 1621, 1605 (v__,), 1475,
1434 (v UV-Vis (A__, nm): 236, 310, 376, 424.

OAc)sym;
Physical measurements

Infrared spectrum (KBr) was recorded with a FTIR-8400S
SHIMADZU spectrophotometer in the range 400-3600 cm™. H
NMR spectrum in DMSO-d, was obtained on a Bruker Avance
300 MHz spectrometer at 25°C and was recorded at 299.948
MHz. Chemical shifts are reported with reference to SiMe,.
Ground state absorption was measured with a JASCO V-730
UV-vis spectrophotometer. Thermal analysis was carried out
on a PerkinElmer Diamond TG/DTA system up to 800°C in a
static nitrogen atmosphere with a heating rate of 10°C/min.
Elemental analyses were performed on a Perkin EImer 2400 CHN
microanalyser. The pH value of the solutions was measured by
Systronics pH meter at room temperature.

Physicochemical characterization of NiOnanopartcle

Size and morphology of the 100 nm NiO nanoparticle was
characterized by powder X-ray diffraction (PXRD) pattern and
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Scanning Electron Microscopy (SEM) to examine their structure,
shape and surface morphology. The XRD pattern was measured
by X-ray diffractometer (Bruker D8 advance) in the range from
30°-80° using CuK_ radiation. The SEM image has been obtained
using a microscope (FESEM, JEOL, and JSM-6700F).

Photocatalytic experiments

The photocatalytic activity of NiO nanoparticle was evaluated by
degradation of rhodamin-B (RhB) dye solution (Scheme 2). All the
experiments were carried out in presence of visible light using a
previously reported procedure by our group [14]. A 250 ml Borosil
beaker with outside water circulation was placed on a magnetic
stirrer, above which a high pressure mercury vapour lamp (125
W, Philips) emitting visible light was placed. NiO nanoparticle at
a dose of 100 mg (solid) was added to 100 ml RhB dye solution
(1.2 x 10* M) in the beaker at an ambient condition. The distance
of the light source from the upper level of dye solution is 18 cm
for maximum utilization of light. The solution was stirred in dark
for 10 minutes to establish the adsorption equilibrium. The zero
time reading was taken and the solution was then irradiated with
visible light. Aliquots of 5 ml samples were taken at regular time
interval (10 minutes) and centrifuged to analyse the percent
degradation of the RhB dye. The percentage dye degradation was
calculated using formula:

Degradation=[(A_- A )/A | x 100%,

Where, A_is the initial dye absorbance; A, is the dye absorbance
at time (t).

To study the effect of pH on degradation efficiency, the pH of the
RhB dye solution was systematically adjusted by adding 0.1 M HCI
or NaOH.

Results and Discussion

Synthesis of the NiO nanoparticle and its
mechanistic aspects

The Schiff base ligand, H,L, and its acetate-bridged dinuclear
nickel(ll) complex was prepared by mixing nickel(ll) acetate
and the ligand in methanol-water (95/5; v/v) medium. The
coordination geometry of this nickel precursor and its structural
formulation was determined by different spectroscopic and
analytical techniques. The schematic presentation of syntheses
is given below (Scheme 1). Thermal decomposition study of this
dinuclear nickel(ll) complex precursor is reported earlier [13].
Thermogram of the dinickel(ll)-Schiff base complex show well
distinct stepwise decomposition (Figure S1). On heating at 450°C
for 4 h in a furnace, the precursor generates NiONP as thermally
stable end product (expt. wt loss=77.90% at 399°C, theo. wt.
loss=81.73%). The synthetic procedure to obtain the nanoparticle
was optimized in varying the thermal decomposition temperature
at 450 and 500°C. From the thermogram of the dinuclear nickel
precursor (Figure S2), it was seen that below 400°C there was
substantial existence of thedinuclear precursor. It was also
observed that at 500°C the surface energy is not in a minimized
state to form flower-structured NiO nano particle and as a result
flower shaped.

This article is available in: http://organic-inorganic.imedpub.com/archive.php
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Scheme 1 Preparative procedure of the NiO nanoparticle.
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K Scheme 2 Structure of rhodamin B dye. j

Infrared spectroscopy analysis of metal oxide
nano particles

FT-IR spectra of the thermally stable end product NiO is
represented in (Figure S3). The spectrum show a strong band at
486 cm™ which assigned to the Ni—O stretching of the octahedral
NiO, groups in the face center cubic NiO structure [15]. At this
temperature, no bands appeared at about 3550 and 1650 cm™
which suggested that no water molecules absorbed by the
sample or KBr during FTIR experiment.

XRD patterns of NiO nanoparticle

XRD patterns of NiO compound reflect that all the diffraction
peaks of NiO match the standard data for a NiO nanoparticle. All
the diffraction peaks (Figure 1) can be well indexed with the Fm3m
space group (JCPDS file No. 07-0230). The sharp and intense

© Under License of Creative Commons Attribution 3.0 License

peaks in Figure 1 indicate that the samples are highly crystalline.
The cubic lattice parameters obtained by CELSIZ programme of
the nanoparticle is =4.17249.

Scanning electron microscopy image (SEM)

To obtain detailed information about the microstructure and
morphology of the synthesized NiO nanoparticle, scanning
electron microscopy (SEM) was carried out. Figure 2 represents
the image of pure NiO nanoparticle powders. It can be seen
clearly that the powders are in flower shape of diameter ~ 400-
700 nm. The individual grain size of the nanoparticle is ~ 100 nm.

V-Vis spectrum of NiONp

It is well known that the optical absorption behaviour of photo-
catalyst could significantly affect the photocatalytic activity. For
the characterization of the fabricated NiONPs, in the present
study, an UV-Vis spectrophotometer was employed to record the
absorbance spectrum in the wavelength range of 200 to 900 nm
for dispersed NiONP in distilled water. The absorbance spectrum
of NiONP is shown in Figure S4. A strong absorption band ranging
from 200 to 450 nm was observed for NiONPs due to the metal
ion [16]. The n>c* absorption bands appeared at approximately
269 nm and the n->m* absorption band was observed at 324 nm.
This UV-Vis spectrum is consisted with previously reported data
[16]. The band gap energy of NiO nanoparticles was calculated
based on the absorption spectrum of the NiONp according to the
equation, Ebg=1240//\ (eV),

where, Eye 1S the band gap energy of the photocatalyst, A is the
wavelength in nm. The calculated band gap of the NiONp is
3.4 eV (Figure S4). This band gap value as 3.4 eV indicates that
synthesized NiO has a suitable band gap for photocatalytic
degradation of dyes.

Magnetic properties of NiONp

The magnetization versus magnetic field (M—-H) curve of the
flower structured NiO nanocrystalline sample is shown in Figure

3
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Figure 1 Structure of rhodamin B dye.
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3. The NiO nanoparticles exhibit typical M—H behaviour at room
temperature. Figure 3 shows the isothermal magnetization for
the NiOnps sample. The M-H curve reveals that at higher fields
the magnetization increases with increasing magnetic field and
shows no sign of saturation in the field range investigated up
to 50 kOe. The obtained value of coercivity is 220 Oe for this
sample. These behaviors indicate that the NiO nanocrystalline
samples exhibit a ferromagnetic character in contrast to
antiferromagnetic bulk material [17]. The appearance of weak
ferromagnetic-like behaviour may probably due to the presence
of superparamagnetic metallic Ni clusters or the Ni** ions within
the NiO lattice [18,19]. However, no traces of metallic Ni cluster
and Ni** ions and other ferromagnetic impurities are detected by
XRPD. Therefore, the weak ferromagnetism observed originates
from the NiO nanocrystallite system. The weak ferromagnetic-like
behavior in our sample may be attributed to the broken bonds
and lattice distortion [19-21]. It is well known that the lattice
distortion usually occurs in the nano-scaled particles. However,
further work is needed to achieve a thorough understanding
of the origin of weak ferromagnetism for the nano-scaled
antiferromagnetic particles.

Photocatalytic activity of NiONp under
visible light

Rhodamin B is a heterocyclic aromatic chemical compound with
the molecular formula CH, N,O.Cl. The spectrum of the RhB
solution (Figure S5) in aqueous medium shows characteristics

4

peaks at 267, 352, 406 and 540 nm. The decrease in absorbance
of the aqueous solution at 540 nm with visible light illumination
in the NiONP suspension is due to the breakdown of the
chromophore (Figure 4). The photodegradation of rhodamin
B was employed to evaluate the photocatalytic activities of the
NiO nanoparticles. The photocatalytic properties of NiONP are
known to depend on several factors like size, morphology, surface
area and electronic state. The self-degradation of RhB in visible
light was negligible in the absence of photocatalyst. It is proved
that when the particle sizes of nanostructures increase beyond
the optimum size, the photocatalytic activity decreases due to
decrease in surface area [22]. The NiONP synthesized by pyrolytic
method took 60 min, for maximum RhB degradation.

Mechanistic pathway for photocatalytic
degradation by nanoparticle

The photocatalytic degradation of a dye in the presence of
metal oxide nanoparticle is initiated by photoexcitation of the
nanoparticle which leads to the formation of electron-hole pair
[16]. Part of these photogenerated carriers recombines RhB in
the bulk of the nanoparticle, while the rest migrate to the surface
of the catalyst, where the holes act as powerful oxidants and
electrons as powerful reluctant. The high oxidative potential
of the hole causes the direct oxidation of the dye to reactive
intermediates [16]. In the other hand hydroxyl radicals are formed
by the decomposition of water or by the reaction of hole with
OH-, behave as reactive intermediate for degradation. Probably,

This article is available in: http://organic-inorganic.imedpub.com/archive.php
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Figure 2 Series of SEM images in varying magnification range from 5.77 K X to 96.58 K, showing gradual formation of
K flower shaped NiO nanoparticles at 450°.
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Figure 4 Adsorption changes of RhB aqueous solution
at room temperature in the presence of NiO
nanoparticles obtained under visible light
radiation.
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the hydroxyl radical is an extremely non-selective oxidant which
leads to partial or complete mineralization of the dye.

i) NiO +h, e +h%ii)O,+e = 0,7 iii) h*+ H,0 > OH" + H*; iv) h*
+ OH - OH"; v) Dye + OH* - RCOO" -CO, + H,0

Alternatively, the electron in the conduction band can be picked
up by the adsorbed dye molecules, leading to the formation of
the dye radical anion which is subsequently degraded.

In such photocatalytic process, the separation and recombination
of photogenerated charge carriers are competitive pathways and
photocatalytic activity is effective when recombination between
them is prevented.
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Figure 5 Changes of percentage degradation of RhB in
aqueous solution at different pH in the presence
of NiO nanoparticles under visible light irradiation

K at room temperature. J

Effect of pH

The effect of pH on the photocatalytic activity was studied by
varying the pH of the dye solution for 1 h. It can be seen from
Figure 5 that pH has a significant effect on the photodegradation
rate. From the Figure it is seen that the rate of degradation is
directly proportional to solution pH. At normal condition NiONp
degraded 82.6% RhB dye at pH ~ 7.4 under visible light. When
we increased the pH upto 12 for RhB in aqueous solution, the
% degradation increases up to 99.9%, but with decrease in pH
~4.6 of the RhB, degradation percentage decreased in a greater
extent (~60%). It can be rationalized with the fact that there
exists an electrostatic interaction between the catalyst surface
and the dye molecules which consequently enhances or inhibits
the photodegradation rate [23]. The effect of pH value on
photocatalysis is generally due to surface charge of the catalyst
and the charge on dye molecules [24]. The change in pH shifts
the redox potentials of the valence and conduction bands, which
might affect the interfacial charge transfer [25]. The surface of
NiO is positively charged at low pH whereas with rise in pH the
surface becomes negatively charged. As RhB is a cationic dye, high
pH favours the adsorption of dye molecule on the catalyst surface
which results in high degradation efficiency. The degradation rate
was found to be enhanced in alkaline conditions and maximum
activity was obtained at pH 12. At pH 12, 99.9% dye degradation
is observed for NiONP (Figure 5).

Conclusions

Herein we report the synthesis and structural characterization
of a highly ordered flower-shaped NiONP super structure in
high yield using a template-free facile and effective method.
Magnetic study reveals the existence of super-paramagnetic
(weak ferromagnetic) phenomenon in the synthesized NiO

This article is available in: http://organic-inorganic.imedpub.com/archive.php
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nanoparticle. NIONP has been employed as photocatalytic agent
to degrade the organic dye, viz. Rhodamin-B (RhB) under visible
light and by exposing to visible light for 1 h, NiONP degraded
RhB dye nearly 100%. In the presence of visible light, NIONP can
efficiently catalyze the decolorization and degradation of RhB in
the aqueous suspension. Photodegradation of RhB is accelerated
by the increase of pH of its solution in the range of 4.6 to 12. The
prepared NiONP has been found to be quite stable under visible

© Under License of Creative Commons Attribution 3.0 License
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light illumination at a pH of approximately 7.4, and there is some
activation of the surfaces of NiO particles by this light.
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