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In this paper Co3O4 nanoparticles were synthesized via two different synthesis procedures. In the first method, hydrothermally
synthesized β-Co(OH)2 particles were calcined at different temperatures. In the other method, H2O2 was used to eliminate the
production of cobalt hydroxide. The amount of H2O2 was the main variable investigated in this study. All samples synthesized
via these methods, were investigated for their structure, morphology, specific surface area and magnetization. The results
showed that an increase in the temperature of the post heat treatment substantially increased particle sizes and consequently
decreased the specific surface area of nanoparticles which influences magnetization. In the H2O2 assisted route, the minimum
amount of the oxidant necessary for the complete elimination of the β-Co(OH)2 phase and production of the pure Co3O4 phase
was determined to be 0.25 volume fraction. In the H2O2 assisted method, due to elimination of the post heat treatment, the
nanoparticles become smaller with a higher specific surface area in comparison with the calcination method. However, the
magnetic properties of the nanoparticles in the H2O2 assisted method are influenced by changing the amount of H2O2.
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Introduction

Spinel structured nano- Co3O4 has attracted many
researchers’ attentions due to its significant properties.
These properties make it as a promising candidate for
different applications, such as: gas sensors [1], high-tem-
perature solar selective absorbers [2], lithium batteries [3],
catalysts [4] and magnets [5]. The performance of tricobalt
tetraoxide particles in these applications strongly depends
on the nanoparticles size and their specific surface areas
[6, 7]. A high specific surface area with the smallest particle
size become much more important where reaction kinetics
is highly dependent on the active surface of the catalyst.
Thus, many attempts have been made to synthesis a Co3O4

with a high specific surface area and low dimension, such
as using sol-gel [8], chemical bath deposition (CBD) [9],
chemical vapor deposition (CVD) [10] and hydrothermal
methods [11]. Among these, the hydrothermal method
has been used due to produce fine and uniform structures
with high controllability in growth, and been used for the
preparation of fine and uniform nano Co3O4 particles.

A simple hydrothermal synthesis at low temperature and
low pressure, produces β-Co(OH)2 instead of Co3O4. To
produce cobalt oxide from the hydrothermal route, high
pressures and temperatures should be provided [12]. Thus,
when this simple synthesis method is used, always a post
heat treatment should be performed to transform the β-

Co(OH)2 into Co3O4. Also the size of the nanoparticles is
highly sensitive to temperature variations. In an alternative
route for synthesizing Co3O4 via a hydrothermal method,
appropriate amounts of oxidization agents such as H2O2

are added to produce Co3O4 at low temperatures and
pressures so that no further calcinations are needed [13].
As discussed before, specific surface areas and the magnetic
properties of the final product are highly dependant on the
synthesis route; thus, an investigation of the properties
of the nanoparticles obtained seems to be necessary.

In this paper, the influence of synthesis routes on the
magnetic properties and surface area of Co3O4 nanoparticles
has been studied. A simple hydrothermal method with
post heat treatment and H2O2 assisted synthesis routes
were investigated to obtain nano Co3O4 particles whose
structure, morphology, specific surface area and magneti-
zation were investigated using XRD, SEM, BET and VSM
analysis, respectively.

Experimental

Materials
NH4OH, H2O2 and Co(Ac)2 (purchased from Merck)

were used as the starting materials. They were of analytical
grade and were used without further purification.

Synthesis route
Aqueous solutions of Co(Ac)2 (0.1 M, 100 ml) and the

desired amounts of H2O2 were added drop by drop to a
NH4OH aqueous solution for 30 minutes while the pH
was adjusted to 10. The solution obtained was poured
into 90 ml Teflon lined autoclaves and filled up to 80%
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of their volume. Then the autoclaves were kept at 180 oC
for 24 hours. After that, the autoclaves were cooled to room
temperature naturally, and the precipitates were filtered
and washed with distilled water and ethanol several times.
Finally, the powders were dried at 50 oC for 24 hours.
The samples which was synthesized in the absence of
H2O2 was calcined at three different temperatures for 2
hours to obtain Co3O4. Table 1 lists process variables
used in the current study.

Characterization

The structure of materials was studied using a Siemens
D-5000 X-ray diffractometer (XRD) with Cu-Kα radiation
(λ = 0.154178 nm). An scanning electron microscope (S360
Cambridge) was used to study the morphologies of the
prepared samples. The specific surface area of the particles
obtained were determined by Brunauer-Emmet-Teller
method (BET-N2 adsorption, Micromeritics Gemini 2375).
The powder was degassed at 200 oC in a vacuum for
1.5 hours before the analysis. Simultaneous differential
thermal analysis (DTA) was performed for samples synthe-
sized in the absence of H2O2 with a thermal analyzer
(STA 1640). The magnetic properties of the samples were
characterized by vibrating sample magnetometer (VSM,
AGSM).

Results and Discussion

The XRD patterns of the synthesized samples are
shown in Fig. 1. The peaks are attributed to β-Co(OH)2
(JCPDF 30-0443) and Co3O4 (JCPDF 42-1467) and no
other peak was detected.

Mean crystallite sizes of the samples were estimated
using Debye-Scherrer formula [14]:

(1)

where D is the mean crystallite size; k is a grain shape
dependent constant (here assumed to be 0.89 for spherical
particles); λ is the wavelength of the incident beam; θ is
the Bragg angle; and β is the full width at half maximum
(FWHM). For peaks related to Co(OH)2, the (100) plane

was used for estimations; while for Co3O4, the (311) plane
was used to determine the mean crystallite sizes.

Fig. 2 shows the differences between the final particle
sizes for the two methods. As can be seen in this figure,
an increase in calcination temperature increases the crystallite
sizes drastically.

A calcination process is a common route for transforming
a metal hydroxide into its metal oxide. This phenomenon
can be explained via decomposition of hydroxide particles
due to the heat imposed:

Co(Ac)2 + 2(NK4OH)

Co(OH)2↓ + dissolved remaining salt (2)

Co3O4 + 3H2O↑ (3)

The transformation was investigated using simultaneous
thermal analysis. Fig. 3 illustrates the STA analysis of
sample Co-0.
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Table 1. Synthesis variables used in this research

Sample H2O2 (ml) Calcination temperature (°C)

Co-0 - -

Co-1 - 300

Co-2 - 600

Co-3 - 900

Co-4 5 -

Co-5 15 -

Co-6 25 -

Co-7 35 -

Co-8 45 -

Fig. 1. XRD patterns of the synthesized samples.

Fig. 2. Mean crystallite size of the Co3O4 samples. Co-0 (Co(OH)2) is
shown as a base to make the comparison more understandable.
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Based on the DTA analysis, two distinct peaks can be
observed for this sample. The first peak is endothermic
(at 153 oC) and is related to the decomposition of Co(OH)2
which results in the production of Co3O4. It is shown in
the literature that the second peak (at 940 oC) is related
to Co3O4 decomposition to CoO as follows [15]:

Co3O4 (4)

In the current study, we focused on the production of
Co3O4; therefore, the samples were not calcined above
this temperature.

In the second procedure, an oxidizing agent was used in
the hydrothermal process to change the degree of oxidation
of cobalt in the reaction. In the absence of H2O2, considerable
amounts of energy need to be provided to make the reaction
change and the Co(OH)2 transforms to Co3O4 or CoO from
a thermodynamics point of view. In other words, by con-
sidering the unit cell theory in the hydrothermal synthesis
process [16], there should be enough energy to make the
Co(OH)2 phase change into its complex form (Co(OH)4

2−)
and make a complex net of CoO or Co3O4.

When H2O2 was added to the reaction media, based on its
concentration in the media, some Co2+ ions would change
into Co3+ [17]. When Co3+ becomes available in the reaction
media, the thermodynamic energetic barriers of (Co(OH)4

2−)
and subsequent complexes would be eliminated. But when
the concentration of H2O2 is low, the oxidizing agent cannot
fully change the degree of oxidation of all the available

Co2+ and thus, just a portion of the starting material changes
into Co3O4 and the remaining ions precipitate in the form
of Co(OH)2. This phenomenon can be seen in the XRD
patterns (Fig. 1).

The SEM images for the calcination method are shown
in Fig. 4. As may be seen in this figure, the morphologies of
the particles and their agglomerated forms are different.
When the Co(OH)2 was calcined at 300 oC the particles
tend to agglomerate in flakes, while the flakes seems to
be faded by increasing the calcination temperature. at
850 oC, based on SEM images, further aggregation of
the particles occurs by sintering the particles surfaces. By
increasing the calcination temperature, the nanoparticles
grow and thus bigger nanoparticles are produced.

In Fig. 5, SEM images of Co3O4 obtained via the H2O2
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Fig. 3. STA analysis of sample Co-0.

Fig. 4. SEM images of calcined samples at a) 300 oC (Co-1), b)
600 oC (Co-2) and c) 900 oC (Co-3); Image (d) shows the fractional
surface sintered morphologies of Co3O4 nanoparticles.

Fig. 5. SEM images of H2O2 assisted synthesized Co3O4

nanoparticles of samples a) Co-4, b) Co-6 and c) Co-8.
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method are shown. As can be seen in this figure, by
increasing the amounts of H2O2, no considerable change
can be detected in the morphologies of Co3O4 nanoparticles
and their agglomerates.

By considering the morphologies, the specific surface
areas of the particles should be different. The specific surface
areas of the samples were calculated from the Brunauer-
Emmett-Teller (BET) equation. The BET results for the
samples are shown in Fig. 6.

As it can be seen in this figure, by decomposition of the
Co(OH)2 at 300 oC and its transformation to Co3O4, the
surface area increases dramatically; but with a higher

temperature heat treatment, due to the change in morphology
from flake type to condensed aggregates the surface area
decreases. By increasing the calcination temperature to
900 oC, due to an increase in crystallite and particle sizes
and the fraction of sintering of the particles, the specific
surface area shows a further decrease. When H2O2 is used
for to synthesize Co3O4, the particles have the highest surface
area. This could have arisen from the low temperature
synthesis and also lower agglomeration of Co3O4 nano-
particles by this method.

The magnetic properties of nanoparticles are shown in
Fig. 7. It demonstrates that all samples are antiferromagnetic
and calcination did not change the magnetic behavior of
the nanoparticles. The magnetization of cobalt hydroxide
and samples Co-1, Co-2 and Co-3 is 0.10, 0.13 and
0.22 emu/g, respectively. Saturation did not occur and the
coercivities of all the samples are about zero. It is seen
that increasing the crystallite size causes an increase in
magnetization.

The magnetic hysteresis loops of Co3O4 nanoparticles
synthesized in the presence of H2O2 are illustrated in
Fig. 7(b). The magnetization of samples Co-4, Co-6 and
Co-8 were found to be 0.09, 0.18 and 0.34 emu/g, res-
pectively. This shows that the behavior of the samples
has changed gradually from Co-4 to Co-8 when more
H2O2 is used in synthesizing the Co3O4 nanoparticles. With
higher amounts of H2O2, a weak ferromagnetic behavior
could be seen in the samples. This might be due to the
existence of oxygen in the spinel structure of Co3O4 which
avoids direct interaction of magnetic moments [18].

Conclusion

Using the different methods based on the hydrothermal
synthesis of Co3O4, revealed the dependence of the

Fig. 6. Specific surface area of the samples.

Fig. 7. Magnetic properties of the samples: a) Co-0, b) Calcination method and c) H2O2 assisted method.



A comparison between hydrothermally prepared Co3O4 via H2O2 assisted and calcination methods 331

nanoparticles to the synthesis route. The crystallite and
particle sizes are increased with an increase in the heat
treatment temperature. This phenomenon greatly decreases
the specific surface area from 134 m2/g to 13 m2/g by
changing the calcination temperature from 300 oC to 900 oC.
Also, the magnetic properties of calcined nanoparticles
depend on the post treatment temperature. In the H2O2

assisted method, the side effect of the post heat treatment
of hydrothermally synthesized Co3O4 which decreases the
specific surface area is eliminated. However, production
of Co3O4 in the H2O2 assisted method is highly dependant
on the amount of H2O2. If an inadequate amount of H2O2

is added to the synthesis media, the resulting structure
would be a composite of β-Co(OH)2 and Co3O4. With higher
amounts of H2O2 the structure was pure Co3O4, however,
the magnetic behavior of the particles becomes different
due to the influence of oxygen on the spinel structure
of the Co3O4.
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