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Abstract

Cobalt oxide nanoparticles were prepared using a precipitation-oxidation method at mild reaction

conditions. The nanoparticles had spherical shapes and sizes that ranged from 4.6 nm to 19.4 nm as
determined by TEM and XRD. XRD indicated that the nanoparticles consisted only of the Co,O, phase.
The nanoparticles’ size was controlled using different amounts of the oxidant, hydrogen peroxide. The

size was controlled in the absence of capping molecules. The yield increased with an increase in the

amount of hydrogen peroxide used. The cobalt oxide nanoparticles were used as catalyst for the Fenton

reaction to degrade methylene blue dye by hydrogen peroxide oxidation. The catalytic activity increased

with a decrease in particle size. A percentage degradation of 99 % in 30 minutes was obtained when

the 4.6 nm sized nanoparticles was used as catalyst. No significant methylene blue degradation was

observed in the absence of the catalyst.
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Introduction

The pollution of the world’s limited water resources
is becoming an increasingly difficult challenge.
Therefore, it is important to develop processes to
remediate polluted water. Organic pollutants that are
aromatic in nature are resistant to natural biodegradation
mechanisms. These pollutants originate from chemical
industries, pharmaceutical companies and pesticides
used in agriculture. Advanced oxidation processes
(AOP) can be used to degrade these recalcitrant organic
pollutants through chemical oxidation. Examples
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of AOP are the Fenton reaction, ozonation, and
photocatalysis. In this study methylene blue dye was
used as a model aromatic organic pollutant.

The Fenton reaction is catalysed by transition metal
oxides such as iron oxide, copper oxide and cobalt oxide.
Heterogenous catalysts are preferred for commercial
application to the originally used homogenous iron ions,
due to the easier separation of heterogenous catalysts
from the water.

Espinoza et al. [1] showed that smaller iron oxide
nanoparticles supported on diamond are more active
than larger particles for photo-Fenton catalysis. Dong
et al. [2] tested unsupported cobalt oxide particles
with sizes of 3.5 nm, 19 nm and 70 nm and showed
that the rate of oxidation degradation of phenol by
ozone increases with a decrease in the unsupported
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cobalt oxide particle size. Wan et al. [3] showed that
the Fenton activity increased when unsupported iron
oxide particles decreased from 600 nm to 30 nm. This
increase in activity with a decrease in the particle size
may be explained by an increase in the surface area with
a corresponding decrease in the particle size. From a
catalysis point of view, the investigation of sizes smaller
than 20 nm is of more interest and deviations due to
the small size have been found for other reactions like
Fischer-Tropsch. For example, Bezemer et al. [4] found
that the Fischer-Tropsch catalytic activity increased
when the size was decreased from 27 nm to 6 nm but
the activity decreased on further reduction of the cobalt
particle size to 2.6 nm. This research indicated that
there may be an optimum size to achieve the highest
activity and that it thus is important to specifically test
in the size range below 20 nm. No research has been
found specifically on the size effect of cobalt oxide on
the Fenton reaction in this size range.

In this study, the effect of the size of unsupported
cobalt oxide nanoparticles were investigated.
Unsupported, non-agglomerated nanoparticles have
been chosen to study the effect of size in the absence
of mass transfer limitations and metal oxide support
interactions. Commercial catalysts are typically
supported since supported metal oxide nanoparticles are
easier to separate and supported catalysts are required
for fixed bed operation to minimise pressure drop over
the reactor. Commercial supports often have pore sizes
smaller than 20 nm to maximize the surface area of
the support. This leads to the formation of metal oxide
particle sizes smaller than 20 nm when the metal oxide
particle form inside the support pores [5]. Therefore,
this study focused on particles sizes smaller than
20 nm and to obtain more information specifically in
this region of interest from a commercial application
point of view.

The preparation of cobalt oxide with different sizes
is also of interest for non-catalytic applications such as
batteries, gas-sensing and data storage. Other properties,
apart from catalytic activity, like the current density,
capacitive performance [6] and magnetic properties [7]
are also influenced by the cobalt oxide particle size.
For example, small sized cobalt oxide nanoparticles
are ferromagnetic and when the size is increased, they
become superparamagnetic [7].

There are various bottom-up methods, such as
precipitation, hydrothermal, solvothermal, vapour
deposition, and thermal decomposition, to prepare
nanoparticles [8, 9]. Each preparation method has
unique advantages and disadvantages over the
alternative methods [8, 9]. The major disadvantage of
hydrothermal and solvothermal is that a high pressure
autoclave is required to heat the reaction mixture
above the solvent boiling point [8, 9]. The advantage
the simple precipitation oxidation method is that cobalt
oxide nanoparticles can be prepared at low temperatures
(<100°C) and atmospheric pressure thus simple
glassware can be used. Solvothermal, physical and

chemical vapor deposition and thermal decomposition
of metal complexes methods require solvents, capping
molecules, surfactants or metal complexes that can
be expensive, toxic and explosive [8, 9] which can be
avoided if a simple precipitation oxidation method is
used.

The cobalt oxide nanoparticles in this study have
been prepared using a precipitation oxidation method.
H,O, oxidation was used to form Co,0, at low
temperatures instead of the more usual calcination
in air, in order to prevent sintering [10]. This method
has been selected since large enough quantities of
nanoparticles can be prepared which is required for
catalytic testing. Capping molecules are often used
for size and shape control of nanoparticles. In this
study, the cobalt oxide nanoparticles were specifically
prepared in the absence of complex organic
capping molecules since capping molecules are
expected to be adsorbed on the surface, leading
to a decrease in the catalytic activity by blocking
the catalytic sites. Previously it has been reported
that the sizes of the nanoparticles can be controlled
by using different amounts of hydrogen peroxide
[10, 11]. An increase in the molar ratio of H,O, to
Co*" from 4:1 to 20:1 was reported to result in an
increase in the Co,O, nanoparticle size from about
18 nm to about 27 nm [10]. In contrast, the increase of
the H,O, to Co*" molar ratio from 1:1 to 3:1 resulted in a
decrease in the size of the obtained Co,0, nanoparticles
from ~300 nm to ~30 nm [11]. The effect of H,O, may
be related to the molar ratio of H,O, to Co*"as well as
the preparation method used. It can be argued that at
low H,0, to Co* molar ratio the size decreases and
at higher H O, to Co*" molar ratio the size increases.
No prior research has been found where the H,O,
amount has been used to control the cobalt oxide
nanoparticle size in the range 5 to 20 nm.

Theoretically, a molar ratio of H,0O, to Co* of 0.33:1
is required to form Co,0,. Research has shown that a
much higher amount than the theoretical amount is
required to form only Co,O,. Yang et al. [12] indicated
that experimentally an excess of hydrogen peroxide
is required (H,0, to Co** above 2.5:1.0), which they
attributed to the decomposition of H,O,. Amiri et al.
[10] utilized a much larger excess of hydrogen peroxide
with a molar ratio of H,0, to Co* of 20:1 (assuming a
H,O, concentration of 30%). An increase in the excess
of oxidant added to the synthesis mixture resulted in a
decrease in cobalt hydroxide and increasing the yield of
Co,0, nano-particles [12]. A high reaction temperature
of 150°C or higher is also required to minimize the
amount of cobalt hydroxide like species and to form
only Co,0, [13, 14]. In this study a low molar ratio of
H,0, to Co™ at a relatively low temperature was used
which is expected to result in a mixture of cobalt
hydroxide, cobalt hydroxide nitrate species and Co,O,.
A purification step is thus required to remove these
species. Pure Co,O, can be obtained from these solid
mixtures by suspending the solid in dilute hydrochloric
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acid solutions resulting in the selective dissolution of
these hydroxide species [15].

The objective of this study was to develop a simple
low temperature, atmospheric pressure, nanoparticles
preparation method without capping molecules using
H,O, to control the size between 5 and 20 nm and to
obtain a high yield of pure Co,O,. These nanoparticles
were subsequently used to study the influence of cobalt
oxide nanoparticle size on the Fenton catalytic activity.

Materials and Methods
Materials
Cobalt  nitrate  hexahydrate, (Co(NO,),.6H,O,

(98%), and sodium hydroxide, (NaOH, 98%) were
purchased from Sigma-Aldrich. Hydrogen peroxide
(H,0, in water, 30%), hydrochloric acid, (HCI 32%)
and methanol, (CH,OH, 99%) were purchased from
Glassworld. Butanol, (C,H O, 99.8%) was obtained
from Laboratory Consumables. All chemicals were
used as received, without further purification.

Preparation of Co,0, Nanoparticles

Cobalt nitrate hexahydrate (5.8178 g) was dissolved
in 10 mL of distilled water and a solution of hydrogen
peroxide (2.9 mmol) dissolved in 10 mL of distilled
water were mixed together at room temperature.
Sodium hydroxide (1.2743 g) was dissolved in
100 mL of distilled water. The mixture of cobalt
nitrate/hydrogen peroxide and n-butanol (20 mL) were
added to the solution of sodium hydroxide; the mixture
turned brown/black. The solution contained in a round
bottom flask was placed in an unheated heating mantle
and heated up to 85°C. The mixture was kept at 85°C for
16 hours while continuously bubbling air and stirring
with a magnetic stirrer at 300 rpm. The solution was
allowed to cool to room temperature and centrifuged at
5000 rpm for 5 minutes. The solid product was washed
three times with 50 mL 2M HCI aliquots to dissolve
the unreacted cobalt hydroxide, twice with 50 mL of
distilled water to remove the HCI and finally, once with
50 mL of methanol to remove water. The nanoparticles
produced were left to dry in an oven at 120°C overnight.
The same procedure was followed subsequently, by only
changing the amount of hydrogen peroxide used (2.9,
1.4, 0.74, 0.37, 0.14 mmol H,O,).

Characterization

XRD analyses were done using the Shimadzu-
XRD 700, X-Ray Diffractometer with Cu Ka radiation
(L = 1.154056 A). A scan speed of 1°%minute, current
of 30 mA and a voltage of 40 kV were used. The
FWHM (Full-Width Half-Maximum) was determined
by fitting a Gaussian peak using the Fityk™ peak fitting
programme. The FWHM was used to calculate the

average crystallite size using the Scherrer equation as
shown in Equation 1.

D = KMpcosO )

A value of 0.9 was used for the Scherrer constant
K, 1.154056 A for A, B is the line width FWHM as
26, 0 is the Bragg angle, and D is the crystallite size.
The strongest diffraction peak, (311), at ~36°20 were
used to calculate the average crystallite size. UV-VIS
spectroscopy analyses were performed with a double
beam spectrometer — a Perkin Elmer Lambda 25 UV-VIS
spectrometer, with a tungsten and deuterium lamp,
using a bandwidth of 1 nm with a fixed slit. A
baseline setting was conducted by using pure water as
a reference sample. A very small amount of the solid
sample/crystals was dispersed in water. A Gaussian
peak was fitted to the adsorption peak with the program
Fityk™ to obtain the peak maximum position. The
size and shape of the dried unsupported nanoparticles
were determined using a TEM, LEO TEM 912, with
an acceleration voltage of 120 kW and a tungsten wire
filament. The nanoparticles dispersed in the methanol
were pipetted onto carbon coated, copper grids and
allowed to dry. The nanoparticles’ sizes were measured
using the software programme; ImageJ™.

Fenton Degradation Tests

Reactions were carried out in a 250 mL beaker
covered with aluminium foil to avoid photo-degradation.
A volume of 10 mL of methylene blue stock solution
(1000 ppm) and 20 mL of distilled water were mixed.
A mass of 0.01 g of catalyst was dispersed in 50 mL
of distilled water and sonicated for 30 minutes using an
ultrasonic bath. The catalyst was added to the solution
of methylene blue. The mixture was stirred for 1 hour
in order reach adsorption equilibrium of the methylene
blue on the catalyst surface. The Fenton reaction is
initiated with the addition of 20 mL of 30% H,O,.
Small-sized samples (I mL) were taken periodically.
Isopropanol (1 mL) was added to the sample to stop
the reaction by quenching the OH radicals. Then the
solution was diluted to the mark with cold distilled
water in 100 mL volumetric flask. The sample solution
was centrifuged to remove the solid catalyst particles
from the liquid phase. The concentration of methylene
blue was determined with UV-VIS spectroscopy at a
wavelength of 660 nm.

Results and Discussion

Catalyst Characterization
X-ray Diffraction (XRD) results showed that
the cubic phase Co,0, (JCPDS data, PDF card

No0.00-04-1003) was obtained for all the samples. No
other diffraction peaks were observed in the XRD
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Fig. 1. X-ray Diffraction pattern of the Co,0, nanoparticles prepared at 85°C for 16 hrs.

spectra such as cobalt hydroxide indicating that the
purification technique with diluted hydrochloric acid
dissolved the cobalt hydroxide-like species. The
diffraction peaks became broader with an increase in
the H,O, to Co* mol ratio indicating that the cobalt
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Fig. 2. TEM analyses of Co,O, nanoparticles.

oxide crystallite size decreased with an increase in
the H O, to Co*" molar ratio (see Fig. 1). The size of
the cobalt oxide crystallites was calculated using the
Scherrer equation (see Fig. 3) which indicated that the
crystallite size decreased from 14 nm to about 5 nm
when the H O, to Co*" molar ratio increased from 0.01
to 0.34. TEM analyses indicated a similar trend to the
XRD analyses and showed that an increase in the H,0,
to Co?" molar ratio decreased the corresponding sizes of
the Co,0, nanoparticles (see Figs 2 and 3). This may be
explained by the formation of more Co,0, nuclei due to
faster oxidation by the higher concentrations of H,O,.
The particle size distribution (standard deviation) also
decreased with an increase in the H,O, to Co*" molar
ratio. The yield of the Co,0, nanoparticles increased
with an increase in the H,0O, amount (see Fig. 3) which is
in agreement with literature [12]. The higher yield may
be explained by a higher conversion of cobalt hydroxide
to Co,0, by oxolation which is a condensation type of
reaction resulting in the formation of oxo bridges as
shown in Equation 2 and 3 [12, 16, 17].

Co(OH), + H,0, —» Co,0,+4HO (2
particle-Co-O-H + H-O-Co-particle
— particle-Co-O-Co-particle + H,O 3

The size of the smaller particles calculated using
XRD results were found to be slightly larger than
those obtained from TEM (see Table 2 and Fig. 4) and
this slight difference might be due to the presence of
a few larger nanoparticles that were not seen in the
TEM images. The larger particles’ XRD sizes were
smaller than the size determined by TEM which may
be explained by the particles containing some faults and
cracks which is visible in some of the particles as seen
in the TEM photographs.

TEM analysis showed that Co,O, nanoparticles have
mostly spherical shapes (see Fig. 3) for a H,0, to Co*
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Fig. 3. Effect of the H,0,:Co*" molar ratio on the Co,0, yield and
nanoparticles sizes as determined by TEM and XRD.

molar ratio between 0.02 and 0.15. More particles with
sharp edges were observed when the H,0, to Co** molar
ratio was decreased. The shape may be changing from
spherical to hexagonal or cubic. The rate of conversion
of the cobalt hydroxide to the Co,0O, phase may have
been slower at the lower H,0,:Co*" molar ratio resulting
in thermodynamically controlled growth [18] rather
than kinetically controlled growth of the cobalt oxide
crystallites. Thermodynamically controlled growth
will lead to the formation of thermodynamically more
stable surfaces such as the {100} crystal facet which
has the lowest surface energy for the Co,O, phase [19].
The {100} crystal facets will lead to a cubic shaped
nanoparticle.

At a H,0, to Co?" molar ratios of 0.27 and 0.34,
the TEM analyses showed that the nanoparticles
were agglomerated and not well defined and the
XRD diffraction peaks were broad indicating that the
crystallites are small and amorphous. The reported
sizes in Fig. 3 for the nanoparticles prepared at H,O,
to Co? molar ratios of 0.27 and 0.34, are rough
estimates.

Absorption {a.u.)

400 500 600 700 800 900
Wavelength (nm)

Fig. 4. UV-VIS spectra of the cobalt oxide nanoparticles
suspended in water.

The optical properties were investigated by UV-VIS
spectroscopy as shown in Fig. 4. The two absorption
peaks observed at wavelength around 750 nm and
450 nm (see Fig. 4) are assigned to ligand to metal
charge transfers of O*—Co* and O*—Co? since the
Co,0, phase contains two cobalt ion oxidation states,
Co(II) and Co(IIl) [20]. The wavelength of the peak
maximum of the Co,0, nanoparticles increased when
the particle size increased from 4.6 nm to 11.6 nm
as shown in Fig. 5. This indicates that the band
gap increased with a decrease in the particle size
from 4.6 nm to 11.6 nm, which is in line with that
reported in literature [20-22] The band gap of the
19.4 nm particles was similar to the 4.6 nm particles
(see Fig. 5). Not only the nanoparticles’ size, but
also their shape has an influence on the optical
properties of metal oxides [21]. The TEM of the
19.4 nm particles shows that they are not spherical,
but with flat edges and cracks. This shape change may
explain the lower wavelength of the peak maxima
obtained for the 19.4 nm particles.

Co,0, can also be used as a photocatalyst for the
degradation of organic pollutants [23, 7]. The catalytic
activity of a photocatalyst is influence by the band gap
of photocatalyst and surface area which is related to
the particle size [23, 7]. The optical properties become
an imported characteristic when the catalyst is used
as a photocatalysis instead of Fenton catalysis since
photocatalysis requires the excitation of an electron
from the valance band to the conduction band by the
adsorption of light [7, 24, 25]. Adsoprtion in visible
light and a small band gap is preferred because solar
light consist mostly of visible light. The blue shift of
the adsorption peak due to a decrease in the cobalt
nanoparticles size as shown in Fig. 4, indicating an
increase in the band gap, may possibly decrease the
visible light photocatalytic activity even though the
catalytic surface area has increased.
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Fig. 5. Influence of the cobalt nanoparticle size on the peak
maximum wavelengths.
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Fig. 6. Degradation of methylene blue a) without and b) with Co,O, nanoparticles.

Catalytic Activity of Co,O, Nanoparticles on
the Degradation of Methylene Blue Dye

The ability of H,O, to degrade methylene blue in
the absence of a catalyst was evaluated as shown in
Fig. 6a). The intense absorption peak at 660 nm was
still observed even after 60 min reaction which means
that a negligible amount of degradation of methylene
blue took place which may be explained by the low
oxidation potential of H,O, compared with OH radicals.
The addition of the catalyst resulted in the degradation
of the methylene blue (Fig. 6b) which indicates that the
catalyst is thus required to produce OH radicals by the
Fenton reactions as shown in Equation 4.

Co* + H,0, — Co* + ¢OH +OH~  (4)

An induction time of about 10 minutes was
observed as shown in Fig. 7. Induction periods have
also been observed for other Fenton catalytic systems
[26, 27] and have been explained by a time-dependent
activation process by dissolution of the metal ions or the
protonation of the surface species since lowering the pH
decreases the induction period.

The rate of catalytical degradation of methylene
blue increase with a decrease in the Co,0, nanoparticle
sizes as depicted in Fig. 7a). The degradation reaction
was first order in methylene blue as shown in Fig. 7b).
This observation agrees with previous research for the
Fenton and ozonation oxidation degradation reactions
[1, 2, 3]. However, an optimum size was not observed
for the Fenton reaction as reported for the Fischer-
Tropsch reaction [4], which indicates that when
preparing a commercial supported catalyst one can
aim to make a catalyst with the smallest crystallite
size. The metal support interaction, which is typically
present for very small metal oxide nanoparticles, will
not influence the catalytic activity. Strong metal support
interaction may influence the reducibility of the metal
oxide and may decrease the rate of reduction of the
Co*" back to Co*" as shown in Equation 5. The influence

of the support needs to be considered when preparing
supported catalysts.

Co* +H,0, —» Co* + HOO- +H'  (5)

The advantage of using a support is that it prevents
the nanoparticles from agglomerating since not only
the size but also on the amount of agglomeration
affects the activity [28]. The use of mezoporous silica
as support increased the activity of Co,0, nanoparticles
which had a size of 23 nm [29].
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Fig. 7. Methylene blue degradation using cobalt oxide
nanoparticles with different sizes as catalysts.



Size Control of Cobalt Oxide Nanoparticles...

399

In would be interesting to test the effect of the
Co,0, crystallite size on the photocatalytic activity
since an increase in the rate constant was observed
for an increase in the crystallite size of CoFe O, from
13.4 nm to 29.1 nm [22] which is in contrast to the
finding is this study which may be explained by the
photocatalysis activity being influenced by both the
band gap and the surface area where as the Fenton
catalysis only depends on the surface area. Both the
band gap and the surface area are influenced by the size
of the nanoparticles.

Conclusions

A facile precipitation-oxidation method was
developed to prepare Co,0, nanoparticles of different
sizes at atmospheric pressure and low temperature,
without the use of complex organic capping agents. The
size of Co,0, nanoparticles was controlled by different
amounts of H,O, and a decrease in particle size was
observed with an increase in the amount of H,0, added.
An insignificant amount of degradation took place
in the absence of the Co,0, nanoparticles indication
the necessity of a catalyst in order for the Fenton
reaction to proceed. The catalytic activity of the Co,0,
nanoparticles increased with a decrease in size from
19.5 to 4.6 nm. A percentage degradation of 99 % in
30 minutes was obtained when the Co,O, nanoparticles
of 4.6 nm was used as catalyst. The enhanced catalytic
activity from the smallest nanoparticles may be
explained in that the nanoparticles with smaller sizes
have a higher surface area yielding more catalytically
active sites. The results suggest that when preparing
commercial catalysts, one should aim for the smallest
possible metal oxide particle sizes to optimize the
Fenton catalytic activity.
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