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ABSTRACT

In recent years, photocatalytic oxidation using semiconductor nanoparticles (NPs) has gained global attention as a method for
wastewater treatment. In view of this, the present work reports the results of the investigations on the use of cobalt oxide (CoO)
NPs on the photocatalytic degradation of methyl violet (MV). The CoO NPs were synthesized by a hydrothermal route and were
then characterized using Fourier-transform infrared, ultraviolet diffuse reflectance spectroscopy, ultraviolet—visible, Raman,
X-ray diffraction, vibrating-sample magnetometer, transmission electron microscopy, scanning electron microscope, and Energy
dispersive X-ray spectroscopy (EDAX) techniques. The NPs were found to be spherical and in size range of 3—5 nm. The NPs
were also subject to calcination in the temperature range of 150-350°C. The temperature of calcination seemed to influence the
surface composition of CoO. Both calcined and uncalcined CoO NPs were then subject to studies on the degradation of MV. The

Co0 350 NPs exhibited the best photocatalytic degradation efficiency of 73% for the degradation of MV.
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1. INTRODUCTION

The textile industry generates large amount of industrial effluents and is
a major source of water pollution which is not only harmful for aquatic
life but also mutagenic to human. Textile wastewater includes a large
variety of dyes and chemical additions that make the environmental
challenge [1-3] for textile industry not only as liquid waste but also
in its chemical composition. Main pollution in textile wastewater
comes from dyeing and finishing processes. These processes require
the input of a wide range of chemicals and dyestuffs. Water is used as
the principal medium to apply dyes and various chemicals for finishes.
Because all of them are not contained in the final product, they become
waste and caused disposal problems. Major pollutants in textile
wastewaters are high suspended solids, chemical oxygen demand
(COD), heat, color, acidity, and other soluble substances. Substances
that need to be removed from textile wastewater are mainly COD,
biochemical oxygen demand, nitrogen, heavy metals, and dyestuffs.

There are more than 10,000 dyes used in textile manufacturing alone
nearly 70% being azo dyes. A major source of color release into the
environment is associated with the incomplete exhaustion of dyes onto
the textile fiber from an aqueous dyeing process and the need to reduce
the amount of residual dye in the textile effluent has become a major
concern in recent years. Azo dyes have -N=N- as the chromophore
and are highly carcinogenic to flora and fauna and are not easily
degradable [4].

The environmental threats posed by these chemicals could be solved by
the use of high-performance visible light active photocatalysts [5-7].
As an ultimate solution for clean water, the synthesis of photocatalyst
which could harvest sunlight has been regarded as the “holy grail” in
material synthesis [8,9]. Recently, metal oxide semiconductors seem to
find wide spread applications in the fields, including optics, electronics,
catalysis, sensors, magnetic materials, and so on due to their large
surface to volume ratio, high charge separation, morphology, size, and
structure.
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Various metal oxide semiconductor materials including TiO, [10-12],
ZnO [13-16], CdS [17,18], ZnSe, WO; [19,20], Ga,0 [21], Fe,0s,
and Fe;0,4 have been thoroughly studied for photo catalysis and water
splitting. Furthermore, MoO materials with specific properties suitable
for photocatalytic applications could be prepared by controlling the
synthetic strategies [22,23].

Among the metal oxides, cobalt oxide (CoO) is a novel, environment-
friendly, magnetic, single component, highly abundant low-cost
photocatalyst with a narrow band gap (2.4 ¢V) for the absorption of
visible light and with very high solar to hydrogen efficiency [24]. It
is a p-type semiconductor with interesting magnetic and electronic
properties which are essential for photodegradation of organic
contaminants in water bodies [25]. Further, CoO has its absorption
edge in the visible region, which also proves its potential application
in photocatalysis [26]. Cobalt monoxide exists in two phases: Stable
rock salt phase and less stable Wurtzite phase in which Co (II) is
tetrahedral and octahedral coordinated. The face-centered cubic (fcc)
CoO holds a thermodynamically stable state, but the hexagonal close-
packed structure is relatively unstable and can be converted into a
cubic structure by the application of heat and pressure [27-31]. The fcc
CoO also can be oxidized to spinel Co3;0, at a suitable temperature and
also the spinel Co3;0, can be easily reconverted to CoO by annealing
under high vacuum [32]. The CoO nanoparticles (NPs) with <10 nm
size have been reported to be effective in water splitting.
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Special requirements are necessary to keep cobalt in a low valence
state. The CoO NPs have less stability and become deactivated after
an hour of reaction due to their aggregation. Furthermore, the CoO
NPs are too small to be recycled. This may shoot up their costs. For
practical applications, it is highly imperative to improve their stability
and lower the cost. This is a challenge and so only very few studies
have focused on their synthesis [33].

Yin and Wang have synthesized 5 nm sized tetrahedral CoO
nanocrystals through the oxidation of Co,(CO)g in toluene in the
presence of sodium bis(2-ethylhexyl) sulfosuccinate [N(AOT)] at
130°C. By the decomposition of Co (II) Cupferronate in decalin, pure
CoO NPs in the size range of 4.5-18 nm were synthesized through
solvothermal route [28c]. Jana et al. have prepared Co;0, nanocrystals
by the pyrolysis of cobalt carboxylate salts in a hydrocarbon solvent.
An et al. have reported the synthesis of pencil-shaped CoO by thermal
decomposition of cobalt oleate complex [29c].

The present work reports the fabrication of CoO nanoflowers as
photocatalyst for the degradation of methyl violet (MV). Due to the
complicated aromatic moiety, azo dyes are thermally stable and thus
difficult to be degraded.

The CoO nanoflowers were prepared through a facile two-step
process — first, the formation of cobaltous hydroxide through a
hydrothermal method and second, the transformation to CoO
nanoflowers by an annealing process. Different annealing temperatures
significantly alter the morphologies, structure, and size of the CoO
nanoflowers.

2. EXPERIMENTAL SECTION

2.1. Materials

Cobaltous chloride (98%), ammonium hydroxide (97%), and ethanol
were purchased from Aldrich and used as received. MV (Analytical
Reagent grade) was purchased from Eastman Company and was used
as such. Double distilled water was used in all the experiments.

2.2. Preparation of CoO NPs

In a typical hydrothermal synthesis, 2.7 g of cobaltous chloride
(CoCl,.6H,0) was dissolved in 100 ml water followed by the addition
of 30 ml ethanol under vigorous stirring at 45°C for 0.5 h. Ammonia
was then added dropwise (0.2 M, 2.5 ml) to the clear solution under
stirring at 80°C. The precipitation of CoO takes place slowly. The
final suspension was transferred into a 100 ml Teflon-lined autoclave
and maintained at 150°C for 3 h. After cooling to room temperature,
the CoO precipitate was centrifuged and washed with acetone thrice
and then dried at 60°C for 6 h [7-10,34-37]. The as-synthesized CoO
NPs were subjected to an annealing process at temperatures 150, 250,
and 350°C for 3 h with a constant heating rate of £2°C min ' and the
samples labeled as CoO 150, CoO 250, and CoO 350 accordingly.

2.3. Characterization

The crystallite structures of the as-synthesized samples were
characterized by powder X-ray diffraction (XRD) using Philips X’
pert Pro X-ray diffractometer using Cu Ka radiation with a scan rate
of 20/min"" in the range of 10-80°. Infrared (IR) spectra of the KBr
pellets of CoO NPs were recorded with a PerkinElmer 4000 cm '—
400 cm ' Fourier-transform-IR (FT-IR) spectrophotometer. The
ultraviolet—visible (UV-vis) absorption spectra were recorded
out on PerkinElmer Lambda 35 Spectrophotometer from 190 nm
to 1100 nm with 1 cm path length. The microstructures and
morphologies of the samples were observed by a scanning electron
microscopy (SEM) measurements were performed on ZEISS JEOL
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JSM-T220A operating at 10-3 kV in high vacuum. UV-vis diffuse
reflectance spectra (DRS) were conducted on a Cary 100 UV-vis
spectrophotometer, and BaSO, was used as a reflectance standard.
Raman STR 500 mm focal length laser Raman Spectrometer was
employed for Raman spectral studies.

2.4. Photocatalytic Studies

The photocatalytic activity of the as-synthesized CoO NPs was
evaluated by the degradation of MV in aqueous solution under direct
sunlight irradiation. Around 20—40 mg of catalyst was added into a
50 ml dye solution (2x10~> M). The suspension containing the dye and
the catalyst was stirred for 15-20 min in the dark to reach adsorption-
desorption equilibrium of the dye on the surface of the material.
Then, the suspension was exposed to direct solar light irradiation
with constant stirring at specified time intervals. About 3 ml of the
solution was taken, centrifuged to remove the catalysts (2500 rpm,
5 min) and the supernatant clear solution was analyzed using a UV—
vis spectrophotometer (absorbance at Amax=580 nm for the dye).
An aquarium air pump was used to provide an unstinted air supply.
The percent degradation (%D) was calculated using the relation

Ay—A
%D =20 5100 ; where Ay=Initial concentration of MV before

irradiation and At is the concentration of MV at illumination time
“t[5,6,21,22].

3. RESULTS AND DISCUSSION

3.1. Characterization

The powder XRD patterns of the CoO annealed at different temperatures
are displayed in Figure 1. From the figure, the positions and relative
intensities of the five characteristic peaks could be indexed with the
standard pattern of the typical fcc with lattice constants of a=2.4300 A,
b=1.2429 A, and c¢=1.5418 A [13,20,23]. These diffraction peaks seen
at 36.2°,42.3°,61.9°,74.0°, and 78.0°, respectively, are of cubic phase
which corresponds to (111), (200), (220), (311), and (222) planes and
match well with the JCPDS file No. 78-0431. The crystalline nature
CoO is evident due to strong and sharp diffraction peaks. The sample
was phase pure. The CoO NPs, even after being calcined at different
temperatures (150°, 250°, and 350°C), still retain the fcc phase.
However, the intensity of these peaks was slightly altered, which might
be due to the discrepancy in the degree of crystallinity. The diffraction
peaks recorded for CoO 350 were much narrower than those observed
for the other samples, indicating that CoO 350 has higher crystallinity.
When the calcination temperature was increased above 350°C, the
crystalline nature was reduced.

3.2. SEM Analysis

The SEM images of the CoO NPs annealed at different temperatures
are displayed in Figure 2. The CoO NPs appear to be spherical. After
annealing, the prepared CoO samples are a collection of small NPs, with
the porous structure and spherical shape. The flake-like morphology
of the CoO NPs is well maintained at the calcination temperature of
350°C while the NPs on the surface become larger with an increase in
annealing temperature at 350°C.

3.3. EDAX Analysis

The EDAX images of CoO 350 and CoO are shown in Figure 3. The
atomic % of Co and O is found to be 52 and 47, respectively.

3.4. FTIR

The FTIR spectra of as-synthesized CoO NPs are presented in
Figure 4. The Co-O stretch appears as a sharp peak at 420 cm'. The
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Figure 1: Powder X-ray diffraction patterns of as-synthesized cobalt oxide nanoparticles at different annealing temperatures (a)

CoO NA, (b) CoO 150, (¢) CoO 250, (d) CoO 350.
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Figure 2: Scanning electron microscope images as prepared and annealed samples of cobalt oxide (Co0O), (a) CoO, (b) CoO 150,

(¢) CoO 250, (d) CoO 350.

Figure 3: EDAX image of cobalt oxide (CoO 350) and CoO.

broadband at around 3450 cm " is due to -OH stretching deformation.
The presence of -OH group could be due to the adsorbed water. The
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characteristic peaks observed in the IR spectrum are also found to be
in good agreement with the fce structure of CoO [33].
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3.5. UV—-vis Spectra

The UV-vis absorption spectrum of CoO NPs calcined at different
temperatures is shown in Figure 5. The size-dependent features of the
CoO NPs could be confirmed from these results. The absorption bands
positioned around 385 and 750 nm correspond to 0% Co*".

Due to quantum confinement, the nanostructures possess larger band
gaps than the corresponding bulk materials. Due to this, the absolute
potentials of conduction and valance band edges have to be adjusted.

To differentiate the catalytic activity between the nanostructure and
the bulk material and also to investigate the quantum size effect on the
catalytic activity of CoO NPs, their band gaps were measured using
UV-DRS. Figure 6 shows the UV-DRS spectra of both the samples.
The corresponding band gaps (eV) were calculated from the modified
Kubelka-Munk function, and the corresponding plots are shown in
Figure 7.

The reflectance spectra show a strong absorption in the visible region
of 400-800 nm. This suggests that the as-synthesized sample exhibits

(O]

Trensmitance (@.u)

2000 1500

Wavenumber Cm™

Figure 4: Fourier-transform infrared spectra of (a) cobalt oxide
(Co0), (b) CoO 150, (c) CoO 250, (CoO 350).
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a stronger visible light absorption indicating enhancement of visible
light harvesting.

The photocatalytic activity is controlled by two key factors: The light
absorption capability of the materials and the position of conduction
used. To determine the light absorption capacity of CoO NPs annealed
at different temperatures, UV—vis DRS spectra of each sample were
measured.

As shown in Figure 7, all three samples show similar absorption range
and the band gaps of the three calcined samples are almost similar and
close to 2.6 eV.

The band gaps (Eg) of CoO NPs annealed at various temperatures
can be obtained according to the formula (ahv)=(C hv—Eg)“/2
where o, v, h, and C are the absorption coefficient, the incident
light frequency, Planck’s constant, and a constant, respectively. The
variable “n” depends on the characteristics of the optical transition
of the semiconductor. For direct semiconductors, “n” equals four
and for indirect semiconductors “n” equals one [38]. Thus, the band
gap energy of the as-synthesized CoO NPs was estimated from
a plot of ahv® versus hv. The intercept of the tangent in the X-axis
approximately equals the Eg values of the CoO NPs. The calculated
Eg values are 1.5 eV (CoO 150), 1.5 eV (CoO 250), and 1.5 eV (CoO
350). It confirms that the CoO 350 sample has a slightly lower band
gap than the other samples of CoO which is in good agreement with
their lower reflectance value. The other absorption of band gap energy
around 2 eV may be due to the transition of electrons from the “d”
band of Co’" to the conduction band (CB) of CoO [39].

The lower band gap of CoO 350 compared to other samples indicates
higher solar energy harvesting ability, which in turn is responsible
for the production of ¢ —h+ pairs resulting in higher photocatalytic
activity.

3.6. Transmission Electron Microscopy (TEM) Analysis

The field-emission TEM images of the CoO NPs are shown in Figure 8.
The CoO 350 NPs appear as needle-shaped. The fcc CoO NPs imaged
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Figure 5: Ultraviolet—visible spectra for (a) cobalt oxide (CoO
150), (b) CoO 250, (c) CoO 350.
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Figure 6: Ultraviolet diffuse reflectance spectra of (a) cobalt
oxide (CoO 150), (b) CoO 250, (c) CoO 350.
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Figure 7: Kubelka-Munk function plots of ahv” versus photo energy (hv) of cobalt oxide (CoO 150) (a), CoO 250 (b), and CoO

350 (c).

Figure 8: Ficld-emission transmission electron microscopy
images of (a) cobalt oxide (CoO), (b) CoO 350 nanocrystals.
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Figure 9: Raman spectra of (a) cobalt oxide (CoO) 150, (b)
Co0 250, and (c¢) CoO 350.

along (001) and (111) zone [40]. The size of the CoO 350 NPs was in
the range of 15-20 nm.

3.7. Raman Spectral Studies

The Raman spectra of the nanocrystals of CoO 150, CoO 250, and
CoO 350 NPs are shown in Figure 9. The Co*" ions are octahedral
coordinated. At least three Raman active modes (Alg, Eg, and T2g)
are seen at room temperature [40]. Hence, the Raman spectra of non-
calcined and calcined samples were recorded with the lowest possible
laser excitation intensity. The particle size of all CoO NPs calculated
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from the Id/IG value showed the size around 1.9 nm in agreement with
the XRD results.

3.8. Photocatalytic Activity of CoO NPs

The photocatalytic activities of the as-synthesized CoO samples
calcined at different temperatures were tested by the degradation of
the azo dye, MV in aqueous solution under direct sunlight irradiation.

Figure 10a-d shows the UV—vis absorption spectra of (2% 10° M) MV
aqueous solution with different photocatalysts, namely, CoO, CoO 150,
Co0 250, and CoO 350 followed by the irradiation with direct sunlight
for 2 h. The characteristic absorption band of MV dye at 583 nm is
monitored as a function of sunlight exposure time. It is evident from
Figure 10a-d that annealed samples show higher photocatalytic
efficiency compared to the non-annealed CoO sample.

After 120 min of irradiation, the percentage of degradation of MV is
only 30% for non- annealed CoO samples (Figure 11). However, the
degradation percentage reached up to 35, 47, and 73% using the samples
annealed at 150°, 250°, and 350°C, respectively. The sample annealed
at 350° C exhibits higher photocatalytic activity. This indicates that the
annealing process could enhance the photocatalytic activity of CoO NPs.

The reason may be due to the better crystallinity and lower band gap
due to the calcination process. The disappearance of the violet color of
MYV almost completely with the exposure time of 120 min using CoO
350 samples clearly favors its photocatalytic degradation.

To investigate the photodegradation kinetics Langmuir-Hinshelwood
model was used

1n9=kt
Ct (1)

where “k” is the reaction rate constant and Co is the concentration of
MV after adsorption-desorption equilibrium and Ct is the concentration
of MV at time “t.”

The plot of In (Co/Ct) versus irradiation time (t) is shown in Figure 12.
The straight lines seen in all the plots of In (Co/Ct) versus t, confirms
that the degradation of MV follows pseudo-first-order kinetics. The
regression coefficient R? is around 0.998+0.001. The rate constants
“k” are found to be 0.9837 (CoO), 0.9848 (CoO 150), 0.9897
(Co0 250), and 0.9968 (CoO 350). The result proves that CoO 350
exhibited a higher rate constant for MV degradation, and it is 2% times
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Table 1: Average particle size, band gap energy, adsorption in dark, and percentage degradation of calcined and non-calcined CoO
samples.

Photocatalyst Average particle size from XRD UV DRS band gap energy (eV) Adsorption in dark % Degradation

CoO 2.1 1.9 2.0 30
CoO 150 2.2 1.8 2.2 35
Co0 250 32 1.8 2.6 47
Co0 350 3.3 1.7 3.0 73

CoO: Cobalt oxide, XRD: X-ray diffraction, UV-DRS: Ultraviolet diffuse reflectance spectroscopy
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Figure 10: Ultraviolet—visible spectral changes depicting the temporal evolution of the degradation of methyl violet on sunlight
irradiation using cobalt oxide (CoO), CoO 150, CoO 250, and CoO 350 for 120 min.
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Figure 11: The percentage of dye degradation using cobaltoxide =~ Figure 12: Langmuir-Hinshelwood kinetic plot for the
(Co0), CoO 150, CoO 250, and CoO 350 on sunlight irradiation =~ degradation of methyl violet using the as-synthesized cobalt
for 120 min. (Dye)=1x10" M. Catalyst dosage=20 mg/50 ml. oxide samples.

higher than that for the non-annealed of CoO sample under sunlight The average particle size, band gap energy, adsorption in dark, and the
irradiation. percentage of degradation of various synthesized samples are listed in
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Table 1. From the results, it is seen that CoO 350 has a lower Eg value
than other samples, suggesting that more light energy can be harvested
to excite electrons and holes thereby enhancing the photocatalytic
degradation. Therefore, the greater photocatalytic activity of CoO 350
may be attributed to the good crystallinity, lower band gap energy, and
lesser average particle size.

3.9. Mechanism of Enhancement of Photocatalytic Activity

During the photocatalytic process, the absorption of photons by CoO
leads to the promotion of an electron from the valence band (VB) to
CB, thus producing e —h" pairs. The electron in the CB is removed
by the reaction with O, in water and the hole in VB can react with
hydroxyl ions which are adsorbed on the surface of CoO to produce
hydroxyl radical. This hydroxyl (OH.) radical initiates other oxidation
reactions. The reactions taking place during the oxidation process of
CoO are summarized in Egs. 2-7.

CoO+hv—h"VB+e—cp 2)
ccn 02 =02 3)
05+2H" — ecp+H,0, @
H,0, — 20H )
h*yp+H,0 — H" +OH ©)
OHg+dye — degradationt+pdts )

4. CONCLUSION

The CoO photocatalysts in the present work were prepared through
a hydrothermal method. The structural and optical properties of the
resultant materials were characterized by EDAX, SEM, XRD, FTIR,
UV-Vis, and UV-DRS spectroscopic techniques. The synthesized
materials were highly crystalline. The CoO NPs modification was
effective in the temperature range of 150-350°C and results in the
reduction of the crystallite size of the NPs. Photocatalytic activity of
all samples was determined by analyzing the degradation of MV in the
presence of sunlight. CoO 350 caused the material to show significant
improvement in the photocatalytic activity. It shows 4 times higher rate
of degradation of dye than that by non-calcined CoO. The mechanism
of photocatalytic activity was studied by analyzing the emission
properties and it was found that the presence of CoO facilitates the
interfacial charge—transfer processes in such a way as to utilize the
CB electron for enhancing the photocatalytic activity. This trapping
of electrons in these materials and as such these material applications
could be extended to the developmental purification and energy
production processes.
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