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Abstract

In this work, Co,O, nanorods were successfully prepared by microwave-assisted solid state decomposition
of rod-like CoC,0,.2H,0 precursor within a very short reaction time (6 min) without the use of a solvent/
surfactant and complicated equipment. The as-obtained Co,O, nanorods were fully characterized by X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), ultraviolet-visible spectroscopy (UV-Vis),
energy-dispersive X-ray spectroscopy (EDX), and magnetic measurements. TEM and SEM images showed
that the Co,0, nanorods have a length of 1-3 pm and diameter of 40-80 nm. FT-IR, XRD, EDX and selected-
area electron diffraction demonstrated that the nanorods are composed of pure cubic phase Co,O,. Magnetic
measurements at room temperature suggested the existence of a weak ferromagnetic behavior. The optical
spectrum indicated two direct band gaps at 2.20 and 3.60 eV with a blue shift compared with the bulk sample.
The photocatalytic activity of Co,0, nanorods was investigated for the degradation of methylene blue (MB)
as a model of dye pollutants in the presence of H,0, as a green oxidant. The Co,O, nanorods showed high
efficiency for the degradation of MB dye by using H,O, under visible light irradiation. Trapping experiments
indicated that hydroxyl ("OH) radicals were the main reactive species for dye degradation in the present
photocatalytic system. In addition, the possible photodegradation mechanism was also proposed based on
the trapping experiment results.

Keywords: Co,0, nanorods; Methylene blue dye; Microwave irradiation; Photocatalytic degradation;
Transition metal oxides.
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INTERODUCTION

In recent years, nanostructured transition metal
oxides with special shapes and morphologies
have received much attention owing to their
strong physical properties for optical, electrical,
and magnetic applications, which are very
important for the development and realization of
photoelectronic devices with high performance
[1-3]. It is well known that the structure, size, and
morphology significantly influence the properties
and application of the materials. Controlling the
morphology of inorganic nanomaterials through
appropriate synthetic methods plays a key role in
obtaining nanomaterials with novel properties.
* Corresponding Author Email: sfarhadi1348@yahoo.com

Among various transition metal oxides,
spinel-type cobalt oxide (Co,0,), either in bulk
or nanocrystalline form is known as a promising
p-type semiconducting material that exhibits
various potential applications in low temperature
CO oxidation, oxidation of volatile organic
compounds (VOCs) and ammonia, N,O and
H,O, decomposition, anode materials in Li-ion
rechargeable batteries, gas sensing, and magnetic
materials [4-13]. Owing to the influence of
particle size and morphology on the properties of
materials, research interesting has been focused
on controlling preparation of Co,0, particles with
different sizes and morphologies because the



S. Bazgir and S. Farhadi

morphologies and sizes of nanomaterial have a
significant effect on improving their performances.
So far, well-defined Co,0, nanostructures with
various morphologies including tube, cube, wire,
wall, sphere, sheet, nanocomposite film and
flower-like nanostructures have been synthesized
successfully by various strategies, such as thermal
decomposition of cobalt precursors, chemical
vapor deposition, pulsed laser deposition,
combustion method, biotemplating technique,
sonochemical method, co-precipitation method,
hydro/slovothermal method, and traditional
sol-gel method etc [14-41]. However, most of
these methods have some drawbacks including
long-time reaction, usage of toxic and expensive
solvents, complicated synthetic steps, low
production yields, high temperature preparation
and requirement of external additives during
the reaction which limits the purity of the
products. In addition, another limitation of
the traditional methods is the necessity of post
reaction thermal treatment of the materials to
increase the crystallinity, which is easy to result
in particle aggregation and uncontrolled crystal
growth. Hence, it is necessary to develop a simple,
inexpensive, and environmental-friendly approach
to the synthesis of Co,0, structures at a relatively
low temperature.

From a practical and environmental viewpoint,
it is of importance to develop a simple, rapid and
low-cost synthesis route to synthesize inorganic
nanomaterials. Therefore, it still has enough room
for exploiting a facile, convenient and additive
free method to synthesize Co,0, nanostructure
with a special shape. Microwave irradiation
(MWI1)-assisted preparation has emerged as an
appropriate and efficient route for the preparation
of metal oxides nanostructures due to its simplicity,
low-cost and multiplicate morphologies of
products [42]. In the last three decades, numerous
applications of MWI to prepare nanostructured
materials have been reported [43]. Compared to
conventional methods, the MWI-based method is
faster, cleaner, and more economical. Further, it
gives products with smaller particle size, narrow
size distribution, and high purity.

Within the last decades, the photocatalytic
degradation of organic pollutants in the presence
of semiconductors has attracted increasing
interest because it is a promising, environmental,
and cost-effective technology for the treatment
of contaminated groundwater and wastewater
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[44-47]. To better utilize visible light accounting
for about 43% of solar energy, great efforts
have been made to exploit visible-light-sensitive
photocatalysts. Titanium dioxide (TiO,) is the most
widely studied and promising photocatalyst owing
to its low cost, high chemical and photochemical
stability [48]. Nevertheless, the photocatalytic
efficiency of TiO, is limited under the visible
light because of its wide band gap and high
electron-hole recombination rate. Different
surface modification methods have been carried
out to shift the absorption edge of TiO, into the
visible region [49-54]. Among them, fabrication
of semiconductor metal oxides with special
shape and morphology is an effective method to
improve the stability, photocatalytic efficiency
and prevent the aggregation of nanoparticles
[55-58]. Although, enormous efforts have been
devoted to preparation and potential applications
of Co,0, nanostructures in catalysts, gas sensors,
and lithium-ion batteries, but there are only a few
reports on their photocatalytic properties of Co,0
nanostructures [59-62].

On the basis of the above discussions, in this
work, we present a facile and simple method to
fabricate rod-like Co,0, nanostructure with the
diameter of about 40-80 nm via MW!I-assisted solid
state decomposition of the rod-like CoC,0,.2H,0
precursor within 6 min. The method is fast, mild,
energy-efficient, and environmentally friendly
route to produce Co,O, nanorods in only one step.
The structure, morphology, and optical properties
of the obtained nanomaterial were characterized
in detail. The photocatalytic activity of the Co,0O,
nanomaterial for the degradation of MB under
visible light irradiation was also investigated.
In addition, the possible photodegradation
mechanism was proposed based on the trapping
experiment results.

4

EXPERIMENTAL
Preparation of Co,O,nanorods

Firstly, the CoC,0,2H,0 precursor was
prepared by adding an aqueous solution of K.C.0,
to an aqueous solution of Co(NO,).6H,0 under
continuous stirring, according to the method
described in the literature [63]. The resulting
pinkish precipitate was separated and washed
with water, ethanol, and diethyl ether and dried
at 70°C in an oven. To prepare Co,O, nanorods,
the CoC,0,.2H,0 precursor (1 g) was taken in a
small porcelain crucible and placed in the middle
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of another larger porcelain crucible filled with
CuO powder as a secondary MW!I absorber. This
assembly was then exposed to MWIin a microwave
oven (LG—intellowave, 900 W, 2.45 GHz) operated
at the power level of 360 W (40%) in the air. At
the same time, decomposition of the precursor
powder was initiated and completed after an
irradiation time of 6 min. The decomposition
product was cooled to room temperature and
collected for characterization.

Characterization techniques

Infrared spectra were recorded on a Schimadzu
system FT-IR 160 spectrophotometer using KBr
pellets. The composition and phase purity of the
as-prepared product was determined by a Rigaku
D/max C Ill X-ray diffractometer using Ni-filtered
Cu Ka radiation (A = 1.5406 A). XRD patterns were
recorded in the 20 range of 10°-80° with a scanning
step of 0.02°. Raman spectrum measurement was
carried out on a Spex 1403 Raman spectrometer.
The optical absorption spectrum was recorded at
room temperature on a Shimadzu 1650 PC UV-Vis
spectrophotometer. The Co,0, sample for UV-Vis
studies was well dispersed in distilled water by
sonicating for 25 min to form a homogeneous
suspension. The size and morphology of the as-
prepared product were observed by a transmission
electron microscope (TEM, Philips CM10) and
a scanning electron microscope (SEM, Philips
XL-30SEM) equipped with an energy dispersive
X-ray spectroscopy. For the TEM measurement,
the powders were ultrasonicated in ethanol and
a drop of the suspension was dried on a carbon-
coated micro grid. Magnetic measurements
were carried out at room temperature by using a
vibrating sample magnetometer (VSM, Meghnatis
Kavir Kashan Co., Kashan, Iran).

Photocatalytic tests

The visible light photocatalytic activity of the
Co,0, nanorods was evaluated by the degradation
of methylene blue (MB). A 300 W Xe lamp with
a cut-off filter was used as the light source to
provide visible light irradiation (A 2 420 nm). In
a typical photocatalytic reaction, 30 mg of the
Co,0, nanorods and 1 mL H,0, (30 %) were added
to 50 ml of 25 mg/L MB aqueous solution. Prior
to the light illumination, the mixture was stirred
with a magnetic stirrer in the dark for 30 min
to establish adsorption-desorption equilibrium
between the solution and catalyst. At a given
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time interval, 4 mL suspension was sampled
and centrifuged to remove the photocatalyst
particles. The degradation process and the
concentration changes of MB dye were monitored
by measuring the characteristic absorption of
MB at 663 nm on a UV-vis spectrophotometer.
All the aqueous samples were at natural pH (ca.
6.5) and all experiments were carried out at room
temperature. The effect of the catalyst dosage (10,
20, and 30 mg in 50 mL dye solutions) was studied
on the photocatalytic degradation of MB.

To test the recyclability, after the dye had been
completely degraded, the Co,0O, nanorods was
separated and washed with deionized water three
times before the next run.

Active species trapping experiments

In order to examine the active species during
the photocatalytic process, the free radical
trapping experiments were performed. Disodium
ethylenediamine tetra acetate (NaEDTA; 5 mmol
L), isopropyl alcohol (IPA; 5 mmol L), and AgNO,
(Ag*; 5 mmol L") were used as the scavengers of
hole (h*), hydroxyl radical (‘OH) and electron (e’),
respectively. The test methods were similar to the
above photocatalytic experiments.

RESULTS AND DISCUSSION
Characterization of Co,0,nanorods

The FT-IR spectra of CoC,0,.2H,0 complex and
its final decomposition product under MWI are
shown in Fig. 1. For the starting complex in Fig.
1(a), the characteristic stretching bands of C,0,*
groups are observed at about 1650,1350, 1315 and
800 cm™ [64]. The broad band at about 3400 cm™
is assigned to the water of hydration. As shown in
the Fig. 1(b), all bands of the complex disappeared
and only two characteristic bands of the spinel-
type Co,0, structure at 661.54 and 566.10 cm™
are observed for the sample decomposed under
MWI. The former band is characteristic of the
Co*-0 vibration in an octahedral site, and the
later band is attributable to the Co*—0 vibration
in a tetrahedral site of the spinel-type Co,O, lattice
[65-66].

Fig. 2 shows the XRD pattern of the CoC,0,.2H,0
complex and its final decomposition product
under MWI for 6 min. All the diffraction peaks in
Fig. 2(a) are in good agreement with JCPDS file of
the CoC,0,.2H,0 complex (JCPDS No. 25-0250). As
we can clearly see in Fig. 2(b), after MWI all peaks
related to the complex were removed and new

Int. J. Nano Dimens., 8 (4): 284-297, Autumn 2017



S. Bazgir and S. Farhadi

diffraction pattern appeared. The pattern reveals
diffraction peaks with 20 values at 19.50°, 31.37°,
37.02°, 39.10°, 44.97°, 55.84°, 59.58°, 65.46° and
77.62° that are assigned to the crystal planes of
(111), (220), (311), (222), (400), (422), (511), (440)
and (533) of crystalline Co,O, phase, respectively,
consistent with the literature values (JCPDS Card
No. 76-1802). No peaks due to the impurities
were detected, indicating that the Co,0, was
rather pure. This result confirms that the complex
was decomposed completely into the Co,O,
phase in consistent with the FT-IR data. Using
the Scherrer equation [67], the average sizes of
the nanoparticles composing the nanorods were
roughly estimated to be ~ 25 nm. According to
the above results, the formation of Co,0, from the
CoC,0,.2H,0 complex under MWI can be written
as follows:

3CoC,0,.2H,0 (s) + 20,(g) + MWI — Co,0,(s)
nanorods + 6CO,(g) + 6H,0(g)

The morphology of CoC,0,.2H,0 precursor
and its decomposition product under MWI were
investigated by SEM. Fig. 3(a) and (b) show the
SEM micrographs of the CoC,0,.2H,0 precursor at
two different scales. It is obvious that the starting
precursor was made of large and smooth nanorods
with different sizes. The precursor displays rod-like

morphology with an average diameter of 80 nm
and length of several micrometers. Fig. 3(c) and
(d) show the morphology of the product obtained
under MWI for 6 min. The SEM micrographs of
the product powder clearly show that the shape
and morphology of the product are quite similar
to those of the precursor complex. As shown in
the SEM images, the obtained Co,O, product has
rod-like shapes with weak agglomeration. It can
be seen that most of the Co,0, nanorods are in
the size with lengths of 1-3 pum. It can be seen
that the nanorods are straight and uniform along
its whole length. Further, SEM image with higher
magnification (Fig. 3(d)) shows that the nanorods
are composed of spherical Co,0, nanoparticles
with a diameter ranging from 20 to 30 nm, which
is consistent with the above-calculated value by
the Scherrer equation from the XRD data.

The size and structure of Co,O, nanorods have
been investigated in detail by using TEM and
selected-area electron diffraction (SAED) as shown
in Fig. 4. The TEM samples were prepared with
the dispersion of powder in ethanol by ultrasonic
vibration. Fig. 4(a) and (b) show TEM images of
individual and single Co,O, nanorods with the
diameter in the range of 40 to 80 nm and lengths
up to 3um. Further, TEM image with higher
magnification in Fig. 4(c) shows the nanorods are
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Fig. 1: FT-IR spectra of (a) the CoC,0,.2H,O complex and (b) its decomposition product under MWL
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Fig. 3: SEM images of (a) the CoC,0,.2H,0 complex and (b) its decomposition product under MWL
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composed of nanoparticles with sizes in the range
of 20-30 nm, which is consistent with the above-
calculated value by the Scherrer equation. The
SAED pattern in Fig. 4(d) shows crystalline nature
of Co,O, nanorods. The rings of the SAED pattern
can be indexed as (220), (311), (400), (422), (440),
(511), (533) and (622) reflections which match
well with the reported values of the spinel phase
of Co,0,.

Fig. 5 shows the EDX spectrum of Co,O,
nanorods. The spectrum shows that the nanorods
are mainly composed of cobalt and oxygen. The
presence of Au is due to SEM sample holder. The
atomic percentages of Co and O were found to
be 43.15% and 56.85%, respectively, which are
near to the theoretical values (Co: 42.85 and O:
57.15%) of the Co,O, phase. This observation
further confirms that the nanorods are highly pure
Co,0,.

The Raman spectrum of the Co,O, nanorods
is shown in Fig. 6. The Raman spectrum in the
range of 400-800 cm™ shows four obvious peaks
located at around 465, 590, 608 and 675 cm™,
corresponding to four Raman-active modes (Alg,
E, and 2F2g) of the Co,0, phase. The Raman shifts
are consistent with those of pure crystalline Co,0,
[68], indicating that the Co,0, nanorods have a
similar crystal structure of the bulk Co,O,. This
result further confirms the formation of highly
pure Co,0, nanorods.

The magnetic property of the Co,0,
nanorods was measured using a vibrating
sample magnetometer as shown in Fig. 7. The
magnetization curve in Fig. 7(a) presents a fine
hysteresis loop which is characteristic of weak
ferromagnetic behavior although the bulk Co,O,
is antiferromagnetic [69]. From Fig. 7(b), the
coercive field (H ) and the remanent magnetization

Fig. 4: TEM images of the Co,0, nanorods.
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Fig. 5: EDX analysis of the Co,0, nanorods.
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Fig. 6: Raman spectrum of the Co,O, nanorods.

800

(M) are estimated to be 15 Oe and 0.001 emu/g,
respectively. The low coercive field and remanent
magnetization confirm that Co,0, nanorods exhibit
a weak ferromagnetic order. The maximum field
applied, 8 kOe does not saturate the magnetization
and the magnetization at this applied field is 0.275
emu/g. The non-saturation of the magnetization is
characteristic of weak ferromagnetic ordering of
the spinsin the nanostructures. This ferromagnetic
behavior of the nanoparticles can be explained as
follows: Bulk Co,O, has a normal spinel structure
with an antiferromagnetic exchange between ions
occupying tetrahedral and octahedral sites [69]. It

290

has zero net magnetization due to the complete
compensation of sublattice magnetizations.
Co,0, nanostructures are made of small magnetic
domains.

Each magnetic domain is characterized by its
own magnetic moment oriented randomly. The
total magnetic moment of the nanoparticles is
the sum of these magnetic domains coupled by
dipolar interactions. Hence, the change from an
antiferromagnetic state for bulk Co,O, to a weakly
ferromagnetic state for Co,O, nanorods can be
ascribed to the uncompensated surface spins and/
or finite size effects [70].
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The optical properties of the Co,0O, nanorods
were investigated by UV-Vis spectroscopy. Fig. 8
shows the UV-vis optical spectrum of the Co,0,
nanorods with two absorption bands in the
wavelength ranges of 250-350 and 400-600 nm.
The first band can be assigned to the O*->Co*
charge transfer process while the second one
related to the 0*->Co*charge transfer [71]. Co,0,
is a p-type semiconductor and the absorption
band gap (Eg) can be determined by the following
equation [30]: (ahv)? = K(hv—Eg) where hv is the
photon energy (eV), ais the absorption coefficient,
K is a constant and E is the band gap. The band
gap can be estimated by extrapolating the linear
region of the plot of (ahv)? versus hv. As shown in
the inset of Fig. 8, two absorption bands give two
E, values at 2.20 and 3.60 eV for the product which
are blue-shifted relative to reported values for the
bulk sample data (1.77 and 3.37 eV, respectively)
[72]. The increase in the band gaps of the Co,0O,
nanorods can be related to the small size effects of
nanoparticles. Owing to the existence of a narrow
band gap (Eg = 2.20 eV), Co,0, nanorods are
expected to be a visible light photocatalyst with
high activity to degrade important pollutants such
as organic dyes in wastewater.

Photocatalytic activity of Co,0, nanorods

The photocatalytic activity of the as-prepard
Co,0, nanorods was evaluated by the degradation
of methylene blue (MB) in aqueous solution as a
model of pollutant under visible light irradiation.
The concentration changes of MB at 663 nm as
a function of irradiation time under different
conditions are shownin Fig. 9(a). The concentration
changes and percentage of degradation were
calculated by C/C, where the C represents the
concentration of remained dye in solution at the
certain irradiation time interval, while the C is
the initial concentration of dye solution before
irradiation. Curveiin Fig. 9(a) shows that negligible
amounts of MB were degraded in the absence of
visible-light irradiation and in dark. Curves ii and iii
in Fig. 9(a) show that the degradation percentages
of MB in the presence of Co,0, nanorods (without
H,0,) and with H,0, alone (without Co,0,
nanorods) after 160 min irradiation are about 10,
and 18%, respectively. Curves iv, v, and vi in Fig.
9(a) show that in the presence of both (Co,0,
nanorods and H,O, system), the degradation of
MB under visible light irradiation increases. Curves
iv and iii in Fig. 9(a) show the degradation of MB
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with different amounts of catalyst. As can be seen,
with increasing Co,O, dosages from 10 to 20 and
then to 30 mg, the photocatalytic efficiency of
MB degradation was found to be 54, 83 and 100%
respectively, in 160 min. The more Co,O, nanorods
in the solution provide more active reaction sites
for the generation of °*OH radicals, increasing
the degradation efficiency. The above results
confirmed that the visible light irradiation, H,O,,
and Co,O, nanorods are necessary to achieve fast
and complete degradation of the dyes.

The UV-vis spectral changes of MB aqueous
solution over Co,0O, nanorods (30 mg) photocatalyst
are plotted in Fig. 9(b) as a function of irradiation
time. It shows that the intensity of characteristic
absorption peak of MB at 663 nm decreases
gradually as time increases and nearly disappears
within 160 min, indicating the complete degradation
of MB molecules. Therefore, the photocatalytic
experiments show that the as-prepared Co,O,
nanorods have a high visible light photocatalytic
activity for the degradation of MB organic dye.

The trapping experiments were employed to
detect the active species during photocatalytic
process. Isopropanol (IPA), Na,EDTA, and Ag* were
added into the photocatalytic reaction system
as scavengers for ¢OH, e, and h*  respectively
[73, 74]. As it is illustrated in Fig. 10, we can see
that the slight or moderate inhibition of MB
degradation was observed in the presence of Ag*
and Na_EDTA, indicating that electrons and holes
are not the main reactive species in the Co,0,
nanorods/HZO2 system. However, it can be found
that the degradation of MB was greatly decreased
when IPA was introduced, indicating that *¢OH
radicals are the significant active species in the
photocatalytic reaction.

Based on the above experimental results, a
mechanism for the degradation of MB over Co,0,
nanorods under visible light irradiation is proposed
and illustrated in Fig. 11. Under irradiation with
visible light, Co,0, nanorods with E, =22 eV
can absorb the photon energy and produce the
electron-hole pairs (Eq. (1)).

The collective photoinduced electrons on
the CB of Co,0, nanorods could react with H,O,
molecules to generate “OH radicals (Eq. (2)).

Meanwhile, photoinduced holes from valence
band (VB) would be immigrated to the surface
of Co,0, nanorods and further reacted with the
absorbed H,O molecules or hydroxide ion (OH") to
form *OH radicals (Eq. (3)).
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The generated active *OH radicals effectively
react to degrade the dye molecules to CO,, H,0 or
other products (Eq. (4)).

The proposed mechanism of photocatalytic
dye degradation using Co,0, nanorods can be
described as follows (Fig. 11):

Co,0, + visible light > "+ h* (1)
€+ H,0,>°0H+ OH" (2)
h*,+H,0/OH - *OH +H* (3)

MB + *OH - Inorganic products "
(Co,,NO,,, SO, H,0, ...) (4)

To investigate the recyclability of the Co,O,
photocatalyst, the repeated photocatalytic
experiments have been done under the same
conditions. As shown in Fig. 12, after four
consecutive runs of MB degradation, the activity
of Co,0, nanorods only exhibited a slight
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Fig. 13: (a) XRD pattern, and (b) FT-IR spectrum of the recov-
ered Co,0, nanorods photocatalyst.

deactivation. Furthermore, the structural stability
of recovered Co,0, photocatalyst was confirmed
by XRD and FT-IR after four runs. As shown in Fig.
13(a and b), XRD pattern and FT-IR spectrum of the
recovered photocatalyst did not show a change in
comparison with those of the fresh catalyst (see
Figs. 1(b) and 2(b)). This observation confirms that
the structure of the Co,O, nanorods is stable under
the reaction conditions and was not affected by
the reactants.
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CONCLUSIONS

In conclusion, we have developed a simple and
green method to synthesize spinel-type Co,O,
nanorods with the diameter in the range of 40
to 80 nm via microwave-assisted decomposition
of the rod-like CoC,0,.2H,0 precursor. By this
method, Co,0, nanorods with weak ferromagnetic
behavior can be obtained rapidly without using a
solvent/surfactant and complicated equipment.
The optical absorption band gaps of the Co,O,
nanorods were estimated to be about 2.20 and
3.60 eV, which show some blue shift in comparison
with the bulk sample. This method is simple, low-
cost, safe and suitable for the synthesis of high
purity Co,0, nanorods for various applications.
Photocatalytic measurement demonstrated that
the as-synthesized Co,0, nanorods display good
degradation efficiency for MB dye.
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