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ABSTRACT

The NiO nanoparticles, nanorods, and nanoworms were synthesized by a hydrothermal
reaction of NiCl, with NaC,O, as a precipitation agent, and H,O in the presence of
ethylene glycol at different temperatures (100, 140, 180, and 220°C) for 12 h. It was observed
that by changing the hydrothermal temperature, one can effectively control the size and
morphology of NiO nanostructures. The nanostructures were characterized by X-ray
diffraction, Fourier transform infrared, scanning electron microscopy, transmission electron
microscopy, and diffuse reflectance spectroscopy. Photocatalytic activity of nanostructures
against 4-nitrophenol was investigated under ultraviolet and visible light irradiation. The
results indicated that photocatalytic activity of NiO nanoworms synthesized at 220°C was
higher than that of the other prepared NiO nanostructures.

Keywords: Nickel oxide; Nanoworm; Photocatalyst; 4-NP

1. Introduction

Organic pollutants emitted from effluents of textile
and dyeing industries are emerging as an important
problem in the human food hygiene. Some of these
pollutants have a considerable degree of stability in
their natural cycle and they must be rapidly
decomposed to become harmless species. Among
them, phenol and its derivatives had been listed by
Environmental Protection Agency as priority pollu-
tants [1]. In this regard, various studies have been
carried out to remove phenol-based pollutants from
drinking water by chemical adsorption on porous
structures [2,3] as well as catalytic [4,5] and
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photocatalytic degradation methods [6-8]. It is known
that chemical chain reactions are generally costly and
hard to use in practical conditions. Thus, photocat-
alytic materials like ZnO [6], TiO, [7], Cu,O/TiO, [8]
which could be activated under sunlight irradiation is
preferred. On the other hand, it has been proved that
the photocatalytic performance is directly dependent
on active surface area of catalytic materials and there-
fore, nanopowders are desired. On the contrary, this
procedure suffers from the widespread residue of cat-
alytic nanopowders in processed water. In fact, the
release of catalytic nanopowders into environment has
raised a major concern about their potential applica-
tions [9]. The catalytic nanopowders should be either
mounted on a retentive panel or easily collected from
treated media.
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Recently, we proposed a method for direct growth
of CuO/Cu(OH); nanohierarchicals on Cu-foil for pho-
tocatalytic antibacterial [10] and antifungal [11] appli-
cations. Akhavan et al. [12] found an amazing
photocatalytic performance of ZnO nanorods grown
on glass substrate under ultraviolet (UV) irradiation.
Nevertheless, in spite of considerable surface area of
these nanostructures, one can use a restricted amount
of these photocatalytic active panels in practical appli-
cations (only on the walls of purification pool) but for
a flash treatment by an unlimited amount of nanopow-
der, photocatalysis is preferred. Therefore, it is neces-
sary to find a low-cost photocatalyst which can be
easily collected from purified water. Among various
metal oxides, NiO has recently received increasing
attention [13-17] for the reason that its photocatalytic
performance is tailored to superparamagnetic proper-
ties [13]. Therefore, it can be easily recycled in water
purification batches by using a magnetic field. Also, it
is worthy to note that NiO nanostructure provides two
other advantages in photocatalytic reactions. Firstly, it
can adsorb most of the pollutant molecules due to its
polar surface. The (111) surface of NiO is charged
and has a dipole moment in the repeat unit perpendic-
ular to the surface which is thought to influence
adsorption processes [14]. Secondly, the oxygen atoms
of NiO lattice can gradually release to surrounding
environment (due to relatively low binding energy)
and thereby, superoxide radicals would be formed
which can greatly enhance the degradation of phenol
[15]. Owing to the aforesaid advantages, many
researches have been carried out for evaluating the
NiO performance against UV and/or visible light
activity against Rhodamine B [14], EDTA [15], etc.

Although, various works have been focused on the
photocatalytic properties of NiO nanostructures, a defi-
nite understanding of the size and morphology effects
of NiO on its performance is still lacking. In this paper,
NiO nanostructures were synthesized and compared to
each other with UV and/or visible light photoactivity
against 4-nitrophenol (4-NP) pollutant. For synthesis of
the various morphologies (from nanoparticles to nanor-
ods), hydrothermal method was adopted; because, this
method can be readily concerned for large scale pro-
duction and offers the required flexibility [17]. After-
ward, the kinetic constants of 4-NP dye removal from
aqueous solutions were calculated and compared.

2. Experimental details
2.1. Materials and methods

All reagents used in this study were in analytical
grade without further purification. NiO nanostructures
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were prepared by hydrothermal method, in which
NiCl,-6H,0O, Nay,Cy04, and ethylene glycol (EG) were
used as reagents. In a typical procedure [18], 0.0603 g
of Na,C,0, was dissolved in a solution combined of
9.0 ml deionized water and 16.0 ml EG. Then, the
solution was added to 1 mmol of NiClg-H,O under
magnetic stirring at room temperature. Afterward, the
obtained clear solution was transferred into a 100 ml
Teflon-lined stainless steel autoclave and kept for 12 h
at different temperatures (100, 140, 180, and 220°C).
The hydrothermal products were collected and
washed thrice with distilled water and absolute etha-
nol. Finally, the obtained products were calcinated at
400°C for 2 h. The prepared NiO synthesized at the
autoclave temperatures of 100, 140, 180, and 220°C
were denoted as NiO-100, NiO-140, NiO-180, and
NiO-220, respectively.

2.2. Characterizations

Phase formation and crystalline properties of the
samples were examined by an X-ray diffraction (XRD)
method using an EQUINOX 3000, INEL diffractometer
with a Cu k, radiation source. The morphology of the
prepared NiO nanostructures was observed by a
VEGA TESCAN 1II scanning electron microscope
(SEM). The SEM samples had been coated by a thin
gold film by a desktop sputtering system (Nanostruc-
tured coating Co., Iran). The optical characteristics of
the samples were examined using an MPC-2200
UV-visible diffuse reflectance spectrophotometer
(DRS) in the UV and visible range (wavelengths of
200-800 nm). Fourier transform infrared (FT-IR) spec-
tra were recorded on a Shimadzu-8400S spectrometer
in the range of 400-4,000 cm ' with KBr pellets. To
have a better knowledge about the shape and surface
area of the powders, further characterization was per-
formed on NiO-180 by a Philips-CM120 transmission
electron microscope (TEM) and Brunauer, Emmett and
Teller technique (BET PHS1020). A double beam UV
spectrophotometer (Shimadzu UV-1700) was used for
determination of 4-NP concentration in solutions after
the various steps of the degradation.

2.3. Photocatalytic measurement

In a typical process, the photo-assisted reactions
were carried out in a 100 ml photoreactor, which con-
tains 50 ml of 4-NP (10 mg1™") solution and 50 mg of
photocatalyst. Before the irradiation, the solution was
stirred in dark (60 min), aiming to find an equilibrium
point between adsorption and desorption of 4-NP
molecules on the surface of each sample. The
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photocatalytic procedures were carried out under both
visible (400 W tungsten light using a 400 nm cut-off
filter) and UV (400 W) light sources, separately. The
distance between photoreactor and light sources was
adjusted to be 20 cm. For evaluating the dye decol-
orization during the various irradiation steps, 3 ml of
each beaker was taken, separated from the photocata-
lyst by centrifugation and monitored by measuring its
optical absorbance using a double beam UV-visible
spectrophotometer (Shimadzu UV-1700) at 405 nm
wavelength.

3. Results and discussion
3.1. Structural characterization of NiO samples

The XRD patterns of NiO nanostructures synthe-
sized at various temperatures are shown in Fig. 1. It
can be seen that crystallographic peaks of all prepared
NiO samples are well matched with that of the bulk
NiO (JCPDS card no. 04-0835) with a face-centered
cubic structure. Moreover, the lack of any peak
belonging to either other Ni-based compounds or
impurities indicates that all the metastable middle
compounds are completely converted to the cubic sin-
gle phase. The lattice parameters of the NiO samples
from (22 0) crystallographic plane grown at 100, 140,
180, and 220°C were calculated to be 0.4198, 0.4192,
0.4184, and 0.4178 nm, respectively. In this regard, it is
important to note that lattice parameters calculated
from high-angle diffraction peaks (in XRD) are more
accurate than those taken from low-angle peaks [19].
It can be seen that with increase in the hydrothermal
temperature, the calculated values are approaching to

—— (1) Ni0-100 °C
—— (2) Ni0-140 °C
—— (3) Ni0-180 °C
—— (4) Ni0-220 °C
(111)

(200)

(220)

Intensity (arb. units)

T

30 40 50 60 70
20 (degree)

Fig. 1. XRD patterns of NiO samples synthesized at differ-
ent hydrothermal temperatures of (a) 100, (b) 140, (c) 180,
and (d) 220°C.
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that of the bulk NiO (0.4175 nm) [19,20]. Also, the lat-
tice crystallite size measured by the Scherrer method
varies from 29 up to 36 nm for the samples grown at
100 and 220°C, respectively.

The effect of the hydrothermal temperature on the
size and morphology of NiO nanostructures is
depicted in Fig. 2(a)-(d). It can be seen that at low
temperatures (100 and 140°C), an aggregated structure
of NiO nanoparticles with an average size smaller
than 50 nm is formed. Thus, it can be expected that a
considerable fraction of these NiO nanostructures
should be blind for the photo-assisted applications.
With increasing the hydrothermal temperature to
180°C, nanorods with low aspect ratios are formed. It
is seen that most of the nanorods are laterally stacked
together and so, the thickness of the resulting rods are
almost >100 nm (sub-micron rods). Moreover, their
average aspect ratio is calculated to be ~6.5. Finally,
the SEM image shown in Fig. 2(d) reveals that an
inclined nanoworm-like structure of NiO with about
25 nm diameter is crystallized at 220°C. These nano-
worms are irregularly spread out and as a direct
result, a mostly porous structure is formed. The aver-
age aspect ratio estimated from inset of Fig. 1(d)
is >40, which is significantly bigger than that of
amples grown at 180°C.

Fig. 3(a) shows a typical TEM image of the sample
grown at 180°C. It can be discerned from the figure
that at higher magnifications, small-size nanoparticles
(with average particle size ~10 nm) are well dispersed
among smooth worm-like nanostructures. These
nanoparticles are hardly seen at higher magnified
SEM image (in the inset of Fig. 2(c)).

To validate the inner architectures of NiO nanos-
tructure grown at 180°C, nitrogen adsorption and des-
orption measurements at liquid nitrogen temperature
were performed. The nitrogen adsorption and desorp-
tion isotherm of the sample is shown in Fig. 3(b). The
isotherm of the NiO nanostructure sample exhibits a
very narrow hysteresis loop at P/P, range of 0.91-
0.96, which shows the facile filling up and emptying
of mesopore of NiO nanostructure by capillary con-
densation. In other words, NiO nanostructure grown
at 180°C gives a facile accession to its large textural
porosity. The average pore size of the NiO nanostruc-
ture was estimated to be ~2.35 nm. The BET surface
area of the sample was calculated to be ~74.6 m* g .
This relatively high value can be explained by the
presence of very small-size nanoparticles (as shown in
TEM image) among nanoworms.

The effective surface area of the synthesized pow-
ders was qualitatively compared through monitoring
the 4-NP adsorption in dark (60 min) resulting in par-
tial decolorization of the 4-NP solutions. It was found
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Fig. 3. (a) TEM image and (b) BET plot of the NiO
nanostructure grown at 180°C.

that the solution was decolorized to ~84, 81, 80 and
77% of the control sample for NiO-100, NiO-140, NiO-
180, and NiO-220, respectively. The highest surface
area of NiO-220 is consistent with its morphology
shown in Fig. 2.

The FT-IR spectra of NiO-220 sample before and
after calcinations are shown in Fig. 4(a) and (b). For
the non-calcinated sample (Fig. 4(a)), the bond at
3,450 cm ™' is assigned to the O-H stretching vibration.
The observed bands at 2,925 and 2,847 cm™!
corresponded to the asymmetrical and symmetrical
stretching vibrations of the —CH, surface groups,
respectively. The band at 1,635 cm™' is attributed to
the asymmetrical stretching vibration of the C=0, and
the bands at 1,317 and 831 cm™ ! are assigned to C-O
symmetrical stretching vibration and O-C=0O bending
vibration, respectively. The sharp band observed
around 500 cm™' corresponded to Ni-O stretching
vibration. Besides, the FI-IR spectrum of the calci-
nated sample shows that almost all of the surface
groups were removed by annealing at 400°C. This
spectrum contains Ni-O characteristic band at
490 cm ™! as well as the weak and broad bands around
1,540 and 3,450 cm™! assigned to the O-H stretching
of absorbed water and surface O-H, respectively [21].
Therefore, the calcination process leads to formation
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Fig. 4. FT-IR spectra of NiO-220 sample (a) before and (b) after the calcination process.

of pure NiO which is in good agreement with the
XRD results.

All these results assist to predict the plausible mech-
anism of NiO formation. In the hydrothermal bath, ther-
modynamically possible chemical reactions cause the
formation of NiC,042H,O as a metastable middle
phase as follows: First NiCl, reacts with Na,C,O, and
H,0O to form NiC,0,4-2H,0 phase (The observed bands
in FT-IR spectrum of bare sample can confirm the exis-
tence of NiC,O42H,0 phase). Afterward, the calcina-
tion of NiC,04-2H,0 at 400°C would decompose it into
NiO nanostructure by removing the organic groups. All
of these chemical reactions are formulated as follows:

NlClz + Na2C204 + 2H20 — NiCzO4 'ZHzo + 2NaCl

o))
NiC,04-2H,0 < NiC,04 + 2H,0 2
2NiC,04 + Oy = 2NiO +4CO;, 3

3.2. Optical properties of NiO samples

The DRS of the synthesized NiO samples are shown
in Fig. 5. The spectra reveal a characteristic absorption
peak of NiO at about 365 nm, which can be assigned to
the electron transitions from the valence band to the
conduction band. For the samples, the absorption coef-
ficient can be expressed by Tauc’s relation (ahv)" = A
(hv — Eg) where a is the absorption coefficient, Eg is the
optical band gap, A is a constant related to the effective
mass, hv is the photo energy, and n is the power
depending upon the type of optical transition between
the valence and conduction bands (1 = 2 for direct and
1/2 for indirect transitions). The magnitude of E is
determined through plotting the graph of (ahv)" against
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Fig. 5. DRS spectra of the NiO samples. The inset shows
the plot for band gap energy (E;) of the samples.

hv. This graph should be linear at the absorption edge.
We found that the best fitting at the absorption edge
can be obtained for n =2, confirming the direct transi-
tion for NiO which was reported by others, too [22,23].
The value of E,; is obtained from the interception of the
fitted line with the hv axis. By this method, the value of
E; was found to be 3.52, 3.52, 3.41, and 3.34 eV for the
NiO-100, NiO-140, NiO-180, and NiO-220 samples,
respectively. These values are in agreement with the
values reported for NiO band gap energy [23]. It is
known that the chemical composition is the most
important parameter on the band gap values [24]. Con-
cerning the similarity of the chemical composition and
crystal structure of the samples, the remarkable changes
in the UV-visible spectra and corresponding optical
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band gaps can be attributed to the morphological evo-
lution of NiO nanostructures (from nanoparticles to
nanoworms) because of the significant difference in the
crystal size and pore size [25]. In fact, the mostly porous
structure of nanoworms (with small pore size) allows
multiple reflections of incident light and as a direct
result, damping of light within the interior cavities [26].
Therefore, the decrement of optical band gap can be
explained by higher polydispersity of light within the
interior cavities of NiO nanoworms [27,28].

3.3. Photocatalytic performance

The photocatalytic activities of NiO catalysts were
evaluated by monitoring the decolorization of 4-NP
aqueous solution under UV and visible light irradia-
tion. The characteristic absorption of 4-NP at 405 nm
was chosen to monitor the photocatalytic degradation
process. Fig. 6 shows a typical photocatalytic degrada-
tion process of 4-NP (initial concentration: 10 mg 17,
50 ml) using 0.05 g of NiO-220 sample under UV and
visible light irradiation. The absorption peaks
corresponding to 4-NP diminished gradually as the
exposure time was extended. Nevertheless, one can
see that 180 min of exposure is not enough for full
degradation of 4-NP molecules by our photocatalyst
and we just performed a comparative study in this
period of time which seems to be appropriate in
practical applications.

The removal

efficiency of the samples was
calculated from the following expression:
n =100 x (Co — C)/Co 4)

Absorbance (arb. units)

Wavelenght (nm)

Fig. 6. The temporal evolution of the absorption spectra of
the PNP solution (initial concentration: 10 mg 1}, 50 ml) in
presence of NiO-220 catalyst (0.05 g) under visible light
irradiation.
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where 7 is the removal efficiency; Co is the initial con-
centration of reactant; C; is the concentration of reac-
tant after illumination time f. Fig. 7 shows the
photocatalytic removal efficiency of NiO-100, NiO-140,
NiO-180, and NiO-220 as compared to the control
sample (without catalyst) after 180 min irradiation.

The best photodegradation of 4-NP was carried
using NiO-220 under UV light irradiation (65%) and
also, under visible light irradiation (45%) which is sig-
nificantly greater than the results of the other samples.
The strongest UV and visible light photocatalytic
activity of NiO-220 can be explained by its appropriate
morphology and also, optical band gap. These param-
eters play an important role in the formation of high
amounts of electron/hole photoexcited pairs and
subsequently, high amounts of '‘OH radicals to be
used in degradation of 4-NP. As it is known, hydroxyl
radicals are reactive species in photocatalytic process.
Reaction of hydroxyl radicals with aromatic 4-NP
occurs via electrophilic addition. In the presence of
4-NP, hydroxyl radicals may enter in the ortho-posi-
tion to form 4-nitrocatechol (4-NC). 4-NC will react
further with hydroxyl radical to form 1,2,4-benzen-
etriol (1,2,4-BT). Further reaction of the primary inter-
mediates with hydroxyl radicals leads to ring opening
and formation of CO, and H,O products [29].

In the case of NiO nanoworms synthesized at
220°C, not only does the porous structure of sample
prepare a considerable amount of direct contacts
between 4-NP molecules with catalyst, but also, the
lowest optical band gap of 3.34 eV for NiO-220 affords
the best situation for the extended light (both UV and
visible light) gain in the photocatalytic procedures.
Also, it was interesting that although, all of the NiO

Under UV illumination

Under Visible light

45 60 75

30

Removal efficiency (%)
15

0

NiO-220 NiO-180 NiO-140 NiO-100 Control

Fig. 7. The photocatalytic efficiency of NiO-100, NiO-140,
NiO-180, and NiO-220 as compared to the control sample
(without catalyst) after 180 min visible and UV light
irradiation.
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samples have the optical band gap well over 3.2 eV,
4-NP solutions are considerably degraded under
visible light (with energy smaller than 3.2 eV). This
phenomenon can be explained through reverse mecha-
nism for photocatalytic removal of dye pollutants. In
this mechanism, Bessekhouad et al. [30] suggested that
the organic dye could be replaced by a narrow band
gap semiconductor as a sensitizer. It was seen that
such semiconductors in junction offer the following
advantages apart from shifting the absorption. In fact,
with coupling of the light-activated dye molecules and
the non-activated NiO, vectorial transfer of electrons
from the 4-NP to the NiO semiconductor supplies the
needed electrons for the formation of *OH radicals.

4. Conclusion

In this study, NiO nanostructures were synthesized
using a simple hydrothermal method at different tem-
peratures of 100, 140, 180, and 220°C. It is found that
the autoclave temperature effects on the size, morphol-
ogy and the absorption edge of NiO nanostructures.
Increasing the temperature led to the formation of
nanorods with low aspect ratio and higher surface
area. On the other hand, the absorption edge of NiO
synthesized at the highest temperature (NiO-220) shifts
to a lower energy (the entire visible region) as com-
pared to other NiO samples. The photocatalytic degra-
dation of 4-NP in water was studied using the
prepared NiO samples under visible and UV light irra-
diation. Obtained results indicated that photodegrada-
tion of 4-NP was affected by the type of photocatalyst
and light irradiation. In this study, NiO-220 nano-
worms were found to be more efficient than NiO-100,
NiO-140, and NiO-180 samples for 4-NP degradation
under visible light due to their proper size and mor-
phology as well as the lowest absorption edge.
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