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Abstract

Agglomerates of Co;0, were obtained using the sol—gel method for the synthesis with subsequent calcination of the samples
up to 550 °C. Through X-rays it was observed that the samples presented the pure spinel phase with a crystallite size between
33.73 and 41.45 nm. In the thermogravimetric measurement from 262 °C high structural stability is presented with phase
change at 917 °C. As the temperature increases, the particles increase in size, observing agglomerated nanometer particles
that increase with temperature (3.5-3.8 um). The 683 cm~! Raman mode for 550 °C clearly presents an shifted compared
to the other samples. The band gap for the samples under study varied with the temperature change of 1.77-1.81 eV. The
FWHM decreases at a higher temperature, this confirms the larger crystallite size and the higher degree of sintering.
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1 Introduction

Co;0, is a type of metal oxide with a unique spinel struc-
ture. Within it, the Co(II) and Co(III) ions are located at
the tetrahedral sites and the octahedral sites, respectively
[1, 2]. This is an oxide of great interest due to its stable
chemical state and its obtaining by some low-cost synthesis
routes [3-5]. This material has excellent magnetic proper-
ties, transport, and optical properties. Some recent research
focuses on applications in catalysis, batteries, and gas sen-
sors [6, 7]. In nanometric size, it has been found to be effi-
cient in electronic and optoelectronic devices [8]. Co;0, has
been studied in different morphologies, such as nanorods,
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nanosheets, nanocubes, and microstructures [9-13]. In addi-
tion, there are several synthesis methods for obtaining the
Co;0, material such as the hydrothermal process and sol
gel, among others [14].

In recent decades, the development of nanostructures has
been of great interest due to their unique properties, such
as ratio of surface area, volume, increase in emissions, and
optical absorption due to the transfer of electrons from one
state to another [11]. A large variety of oxide compounds
can be formed from metallic elements by adopting a large
number of structural geometries and electronic properties
that can exhibit a metallic, semiconductor, or insulator char-
acter [15-18]. In recent years, there have been several efforts
to understand the optical properties of Co;0,. Several stud-
ies have shown that this material exhibits multiple direct
band gap energies (1.482.24 eV) [16, 17].

In the literature there are several works in which the
importance of Co;0, in the improvement of electrodes for
lithium ion batteries is observed [19-21]. These materials
have been obtained in different textures and structures, how-
ever some studies report a low cyclic capacity in the elimi-
nation and absorption of lithium. Nevertheless, according
to Liu et al. [21] found in their work that Co;0, agglomer-
ates favor the cycle and prolonged life of the electrodes for
lithium batteries. These agglomerates the authors called sec-
ondary particles formed by primary particles. Nanoparticles,
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with their increased surface free energy, can promote sinter-
ing; however, size reduction also promotes agglomeration. In
the literature applications of Co;0, agglomerated material
for lithium ion battery [21] possibly associated with grain
limit.

The lack of more detailed research on the formation of
agglomerated Co; O, particles in the literature led us to carry
out this work. We searched for a cheap synthesis method
and, based on the calcination temperature of the samples, it
was possible to control the size of the agglomerates with-
out undergoing drastic changes in the size of the particles
when calculating using X-rays (33.73-41.45 nm). The sam-
ples were calcined up to 550 °C. It was not subjected to
more temperature, because we wanted the spinel phase and
a certain homogeneity in composition of the material (EDS).
Significant changes in Raman mode were also observed at
550 °C around 683cm™". Through the SEM measurements it
was observed that the size of the agglomerate increased with
the calcination temperature. Similarly, the energy gap also
increases with temperature. With the X-rays measurements it
was observed that the samples were in the pure spinel phase.

2 Experimental Methods

The synthesis of Co;O, was carried out through the sol—gel
technique. Cobalt (II) nitrate hexahydrat (Co(NO5), - 6H,0))
>99%, ( Merck, Germany) was used as reactant or precursor
and Ethanol 96% (Merck Germany ) as solvent. As precur-
sor, 21.82 g of cobalt nitrate hexahydrate and 13.12 mL of
ethanol were used as solvent. This components were mixed
under continuous stirring during 23 h. A sample for thermo-
gravimetric analysis (TGA) was taken. The gel stabilization
process is started on a ramp of 0.73 °C/min up to 200 °C.
The final material had a mass of 7,675 gr, subsequently the
obtained resin was subjected to precalcination and calcina-
tion at different temperatures. Subsequently, the precalcin-
ing process began in an oven model Vulcan 3-1750 furnace
(120V50/60Hz), programmable in multiple stages, for two
hours at a temperature of 300 °C. Before calcination, the
material was macerated in an agate mortar. After this pro-
cess, the obtained powder was subjected to different calci-
nation temperatures for two hours (250 °C, 350 °C, 450 °C
and 550 °C).

The characterization of the samples was performed
through the techniques described below. The X-ray diffrac-
tion analysis (XRD) was conducted on Xpert Pro Panalytical
equipment with data taken at an angle of 26 between 10° and
80°, which uses an RTMS (real time multiple strip) detector
with CuKa radiation and a wavelength of 1 = 1.542 A and
a step of 0.0263° in Brentano Bragg mode. A Cary5000
UV-Vis-NIR diffractometer was used. The UV-Vis reflec-
tance spectrum was measured in diffuse reflectance mode in
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the 200-2500 nm wavelength range. With the aim of study-
ing the optical response of the Co;0, octahedron, the sam-
ples were measured with UV-visible electronic absorption
spectroscopy by dispersing the particles in water (350-800
nm). The morphological analysis was performed with a FEI
QUANTA 200 scanning electron microscope (SEM), in
secondary electron mode at high vacuum and a voltage of
30 KV. The qualitative chemical composition analysis was
performed via energy dispersion microscopy (EDS). For the
Raman spectroscopy measurements, the “Thermo Scientific
DXR Raman microscope” equipment was used, with a 532
nm excitation wavelength. For thermogravimetric measure-
ments, the TA Instruments DSC SDT Q600 Thermogravi-
metric Analyzer (TGA) and Differential Scanning Calorim-
eter (DSC), a second generation simultaneous was used.

3 Results and Discussion

The samples obtained from the sol—gel synthesis were stud-
ied by X-ray diffraction. Figure 1, shows the XRD analysis
of cobalt oxide powder obtained through calcination at tem-
peratures of (a) 250 °C (b) 350 °C (c) 450 °C (d) 550 °C.
The XRD (COD 01-074-1657) correspond to the crystal-
lographic planes (111), (220), (311), (222), (400), (422),
(511), and (440) of the spinel-like structure of Co;0, with
face-centered cubic (FCC), structure units of the cell, which
agreed with other studies [1, 6]. The diffraction peaks were
well defined, with no secondary phases for Co;0,. As the
calcination temperature increased, there was an increase in
the intensity of the XDR peaks, which indicates an increase
in the degree of crystallization due to a tendency of minimi-
zation of the interfacial surface energy [22]. These results
suggest a rapid synthesis in the formation of Co;0, particles
with highly pure spinel crystalline phase, using through the
sol-gel method at a low cost. The samples were not sub-
jected to higher temperatures because, according to Li et al.
[23], starting a mixed phase of CoO and Co;0, is obtained
by the oxygen vacancies with an initial temperature at 700 °
C.

The average sizes of the particles were calculated using
the Debye Scherrer equation (0.94/(fcos0)) to obtain the
average crystallite size, 4 is the wavelength, of the full width
at half maximum (FWHM) of the diffraction peak, and 6 is
the Bragg angle [24]. The average size of the particles was
calculated by using the most intense peak (hkl), (311). As
can be seen in Table 1, the crystal size varied from 33.73
nm to 41.45 nm and increased for higher temperatures. This
is comparable to data found in the literature, in which the
crystal size was of 90-110 nm [25]. It is noteworthy that in
this work we find particle size smaller than those reported.

The lattice parameters determined at various temperatures
are given in Table 2, using the GSAS II program. The lattice
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Table 1 The crystallite size calculated with the Debye-Scherrer equa-
tion

T (°C) Peak position =~ FWHM (degree) Size (nm)
(20)
250 36.97 0.2482 33.73
350 36.95 0.2309 36.39
450 37.15 0.2210 37.90
550 36.96 0.2020 41.45
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Fig. 1 X-ray spectra (XRD) for the Co;0, samples obtained through
the sol-gel method and calcined at different temperatures. (a) 250 °C,
(b) 350 °C, (c) 450 °C and (d) 550 °C

Table 2 Lattice parameter and unit cell volume for Co;0, samples at
different calcination temperatures

T (°C) a=b=c(A) Vol. (A)
250 8.0535 522.341
350 8.0681 525.194
450 8.0765 526.837
550 8.0799 527.510

parameter of the cubic unit cell increases as the calcination
temperature of the samples increases. Similarly, the increase
in cell volume is controlled by the lattice expansion, being
greater for the temperature of 550 °C (527.510 10\) and lower
for 250 °C (522.341 A).

TGA-DSC thermogravimetric measurements were carried
out in a nitrogen 5% in air atmosphere with a heating rate
of 10 °C/min. Figure 2 performed a TGA-DSC analysis in
order to obtain information on the thermodynamic behavior
of the solution precursor. In the Thermogravimetric Analysis
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Fig.2 TGA-DSC of the Co;0, solution precursor, from room tem-
perature to 1000 °C. The red line represents the weight change in
percentage, while the blue shows the heat flow, in an atmosphere of
nitrogen and air (Color figure online)

(TGA) measurement of Fig. 2, the change in weight of the
sample from room temperature to 1000 °C was measured.
In the TGA graph it can be seen that 45% of the weight is
lost below 100 °C. This weight loss is related to the solvent.
From 137 °C to 262 °C there is a 33% weight loss related
to the evaporation of water molecules. In other words, a
loss of up to 262 °C of solvents and nitrogen was observed.
The peak at 254 °C is due to nitrogen loss due to nitrate
decomposition. However, between 917 °C and 925 °C there
is a weight loss of 1%, related to the phase transition of the
material. From 262 °C, the samples have a high stability of
the speel structure without weight loss up to 917 °C, where
there is a degradation of the structure [26, 27].

In the differential scanning calorimetry (DSC) curve, the
area of the peak is proportional to the enthalpy, here the
endothermic peak increases when the enthalpy increases and
the exothermic peak occurs in the opposite direction. The
presence of a sharp endothermic peak at 99 °C also indicates
an evaporation process [28, 29]. In the endothermic curve
at 254 °C it is related to the reduction of CoO(OH) for the
spinel phase of Co;0, [30] and the other endothermic curve
at 921 °C s attributed to the reduction of Co;0, to CoO.

The morphology and structure of the material they were
characterized by means of scanning electron microscopy
(SEM). Figure 3 shows SEM images of agglomerates of
Co;0, nanoparticles with various sizes between 3.4 and
4 pm, increasing with the calcination temperature of the
samples from 250 to 550 °C. The growth of nanoparticles
is closely related to the calcination temperature of the cal-
cination. Figure 3 shows crowds with blackberry morphol-
ogy with ruffled threads. Non-agglomerated nanoparticles
have very high surface area to volume ratio. On the other
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- SEM HV: 20.0 kV.

Fig.3 SEM image of a 250 °C, b 350 °C, ¢ 450 °C and d 550 °C of
cobalt oxide

hand, the surface area in the agglomerates is small, but
shows high capacity and excellent cyclical stability. Elec-
trodes with an agglomerated Co;0, structure have been
shown to be advantageous compared to non-agglomerated
nanoparticles [21, 31-33]. In addition, nanoparticles are
said to agglomerate mainly due to the high surface energy,
so due to this they tend to agglomerate to decrease this
energy. By agglomerating the particles, the contact area
between the particles is lost and when a material is sin-
tered by heating, pores are closed or destroyed, in both
cases, surface area is lost. Thus, there are few studies in
the literature on the properties with the surface area and
the specific surface area of the agglomerates of nanopar-
ticles. In the SEM measurements of Fig. 3a—f, it is clearly
revealed that the observed microstructures are in fact
Co;0, agglomerates with a micron order size.

In nanoparticles, the magnetic properties that are influ-
enced by particle size and surface effects become more
important as particle size decreases, due to the increase in
the surface to volume ratio. Particles can be polycrystalline,
single crystal, or amorphous. For example a nanoparticle
with 80 nm particle size can be made of a single crystal,
many subparticles with grain sizes of about 10 nm, or amor-
phous material [34]. In SEM measurements, the higher the
calcination temperature, very small agglomerated nanomet-
ric particles are observed on the surface of a large particle,
whose agglomerate also increases. Furthermore, when com-
paring with the values in Table 1, the FWHM decreases at a
higher temperature, this confirms the larger crystallite size
and the greater degree of sintering.
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The chemical composition of the annealed oxide samples
was determined through EDS microanalysis in the SEM. The
results of the energy dispersive spectroscopy (EDS) analy-
sis are observed in Fig. 4 for the sample at 350 °C. The
results revealed the presence of Co, O, and C, being the most
intense peak for O, followed by Co, the presence of carbon is
possibly from the sample carrier tape. Similar spectra were
obtained for the other samples subjected to temperature pro-
cesses. For this reason this is only an example.

Table 3 shows the chemical composition of the calcined
Co;0, samples at different temperatures. Unlike the results
in the literature after the annealing (700 °C) of the Co;0,
powder samples according to Li et al. [23], the material
loses oxygen and changes from Co;0, to CoO. According
to the Table 3 on the chemical composition of the samples
annealed in this research, at a temperature of 550 °C the
material begins to lose oxygen.This result indicates that
oxygen vacancies are being generated in the material in the
spinel structure. For the sample at a temperature of 250 °C,
the oxygen content is ~ 60.08% and at 550 °C it is ~ 41.44%.
These results show a loss of oxygen with an increase in the
calcination temperature.
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Fig.4 Spectrum of the chemical composition for sample
350 °C—Co;0, determined through EDS
Table 3 Chemical composition of the calcined Co;0, samples
Temp. (°C) % Atomic composition
Co (0] C
250 23.40 60.08 16.52
350 28.30 58.09 13.01
450 26.43 60.31 13.23
550 40.68 41.46 17.86
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In order to observe changes in the size of the agglom-
erates with increasing calcination temperature ImagelJ pro-
gram was used for this purpose. Figure 5, shows the size
of the diameter of the agglomerated particles for 250 °C,
350 °C and 450 °C; highly pure cobalt oxide powders were
used. As can be seen, the agglomerated particles diameter
size increases as the calcination temperature of the sam-
ples increases. In Fig. 5a, the particle size at 250 °C was
(3.4 + 05) um, (b) at 350 °C (3.6 + 0.1) um, and at 450 °C
(c) (3.8 £ 0.5) um. If the size of crystallite (see Table 1) is
compared with the diameter of the agglomerated particles
size, see Fig. 5, it can be noted that the size is larger for
higher temperatures in both cases. However, a considerable
difference can be seen between the two particles and the
crystallite sizes. For the agglomerated particles, the value in
the diameter is higher; this indicates that the particle is com-
posed of several Co;0, crystallites, therefore, the particles
(agglomerates / aggregates) are made up of many nanopar-
ticles of the material. On the right side of Fig. 5 we have the
magnification of the only agglomerate of each of the samples
in which it was found in primary particle size (agglomerate).

.

N

3
Agglomerated Size (um)

Fig.5 Histogram of the diameter of agglomerated size: a 250 °C
(3.5 um, b 350 °C (3.6 um), and ¢ 450 °C (3.8 um. On the right side
of the figure, there is a magnification of the particle agglomerations,
with a 5 um scale bar

To observe the changes in the vibrational modes of the
material under study with temperature, Raman spectroscopy
was used. Figure 6 shows the typical Raman spectrum of
the cobalt oxide particles annealed at 350 °C, 450 °C and
550 °C; respectively. Six active Raman modes can be noted
in figure 6¢, however, only five active Raman modes can
be observed in Fig. 6a and b. The Raman modes for these
last two, Fig. 6a and b, undergo a shift of the Raman peaks
for longer wavelengths. However, for the sample calcined at
550 °C another Raman mode appears and the Raman peaks
are displaced at lower wavelengths. The separation of this
new peak at a temperature of 550 °C might be caused due to
the oxygen defects in the crystal lattice. In the literature, for
most of the Raman spectra of cobalt oxide only five active
Raman modes are report [25, 35]. However, Diallo et al.
[36] reported active Raman modes located at approximately
~ 185.5,~ 465.3,~ 506.6,~ 601,~ 670,and~ 755.5cm™!
[36]. In the literature, it has also been found that in meas-
urements of Raman spectroscopy CoO nanocrystals can be
subjected to heating above a critical threshold of laser power
and exposure time. Due to this local overheating induced
by the laser itself, the Co;0, phase is obtained [18]. In the
samples analyzed herein, the Raman spectra were obtained
with a 532 nm excitation laser, keeping the laser power.

The most intense Raman peak varies from 683.7cm™!
red-shifting and also broadening due to temperature effects
and possibly due to agglomerated. Figure 6¢ for mode A,
shows a clearly redshifted spectrum with an enlargement
in the vibrational modes of its spectrum. It can be thought
that the red shift is due to the increase in temperature as
well as the full width half maximum (FWHM). However, in
the literature it is reported that the redshift is influenced by
the agglomerates of the nanoparticles [35]. Then actually

Intensity (a.u.)

100 200 300 400 500 600 700 800 900
Raman Shift (cm™)

Fig.6 Raman spectra of Co;0, samples: (a) 350 °C, (b) 450 °C, and
(c) 550 °C
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the displacement can be a combination of the temperature
and the agglomerates, which generate a phonon-phonon
interaction easily transmitted between the agglomerated
nanoparticles. Indicating that the agglomerations of nano-
particles alter both the production and the transmission of
the phonons.

The Uv-Vis diffuse reflectance spectrum of the Co;0,
study samples at different annealing temperatures is
shown in Fig. 7a and b. The optical properties of Co;0,
were studied by using of diffuse reflectance spectroscopy
in the range of 250-2500 nm and are shown in Fig. 7a.
In the UV- Vis spectrum, the peaks corresponding to the
Co;0, transitions can be observed. These transitions are
crystal field 4A2(F ) >4 T,(F) at 1460 nm, a charge transfer
Co?* — Co’", or oxidation-reduction process at 1220 nm,
as well as O*~ — Co>* at 657 nm and 0>~ — Co”> nm [37].
The intensity of the peaks in UV-Vis changes with the cal-
cination temperature of the samples, increasing for higher
temperatures.

The UV-Vis spectrum of Co;0, for more than one region
of the spectrum permits linear extrapolation. For this reason,
as far as is known in the literature, there is no agreement
to date on the electronic structure of the optical absorp-
tion spectrum of Co;0,. Using density functional theory,
Singh et al. [38] studied the optical and magnetic electronic
properties of the Co;O, compound. The result found for the
electrical and magnetic properties of Co;0,, is that they are
very sensitive to any change in the simulation parameters.
They conclude that the fundamental band gap in Co;0,
is direct with a value of ca. 0.8 eV. Another article shows
a fudamental band gap of 0.76 eV [23]. Furthermore, in
functional PBE, [38] obtained a direct band gap of 0.34 eV
at the X point of the Brillouin zone (BZ). The computed
band gap is indirect (I" — X) with values of 0.82 eV, 0.94
eV, and 0.98 eV (indirect I' — X), 0.79 eV (direct at the X
point of the BZ), respectively, according to this study. These
apparent discrepancies in the band gap of cobalt oxide in the
literature make it difficult to identify this material in some
industrial applications. According to Drasovean et al. [39],
Co;0, films showed an allowed direct interband transition of
1.4-1.5 eV and 2.18-2.23 eV, respectively, while CoO films
had an optical band gap energy of 2.2-2.8 eV.

Since the UV—Vis spectrum of cobalt oxide permits
several extrapolations, this extrapolation is applied in two
different regions (see Fig. 7b and c). Figure 7b shows the
extrapolation of the spectrum in the 1.6-3.0 eV regions for
the Co;0, samples at the different annealing temperatures.
The band gap energy of the samples varies from 1.77 to
1.81eV. However, in Fig. 7c the band gap energy varies from
0.97 to 1.02eV. The band gap is lower for lower calcination
temperatures. These last results coincide with the compu-
tational results obtained by Singh et al. [38] of 0.98 eV for
indirect band.
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Fig.7 a Reflectance (%) wavelength (nm), for the samples of Co;0,
at different temperatures. b Determination of the band gap of (a—f) for
the Co;0, at different temperatures for the first region of 1.6-3.0 eV.
¢ Determination of the band gap of (a—f) for the Co;0, at different
temperatures for the second region of 0.9-1.4 eV
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Fig.8 UV-vis absorption spectra of synthesized particles dispersed
in water

The absorption spectrum of nanoparticles Co;0, in
aqueous suspension is observed in figure 8. As can be
seen in Fig. 8, the product shows two absorption bands in
the wavelength range of 350-590 and 650-800 nm. The
measurements were made for the samples at 225, 350,
and 450 °C, respectively. In the first region the position
of the peak changes with the calcination temperature, it
is lower for lower temperatures. The peak at 480 nm can
be assigned to the transition reported in the literature [40],
0*~(2p) - C03+(eg) and 772 nm assigned to the transition
0>~ — Co*" [41]. The change in the position of the peak
changes with the particle size. Absorption was not per-
formed for longer wavelengths and lowered energy in order
to observe the peak of 0.93 eV. Due to these transitions, the
compounds showed another band edge located around 730
nm in addition to the common edge at 380 nm [42]. When
the exciting light of a certain wavelength is irradiated on
the compounds, the intensity of the individual luminescence
peak between 400 and 550 nm decreases further. It could
be said that quantum-sized Co;0, in heterojunction with
other compounds can induce a synergistic effect for separa-
tion and inhibit recombination of direct luminescent charge
[43].The absorption band near 770 nm is also related to the
0>~ — Co** charge transfer in this p-type semiconductor.
As can be seen in Fig. 8 as the calcination temperature and
the size of agglomerated particles increases, the absorption
is greater.

4 Conclusions

With the sol-gel synthesis route, we obtained agglomer-
ated Co;0, nano-sized particles with diameters of around
3.8um. The samples with increasing temperature did not

present secondary phases, only the spinel phase. Through
thermogravimetric measurements we observe that the
material presents a structural phase change at 917 °C.
The band gap is lower for lower calcination temperatures.
The maximum calcination temperature for the samples was
550 °C. In the EDS and Raman measurements, significant
changes in oxygen content and changes in the spectrum
were observed for the temperature of 550 °C. By agglom-
erating the particles due to high surface energy, the sur-
face area is lost. However, controlling the agglomerated
structure with various primary particle sizes can use some
applications. Agglomeration or sintering of the material
eliminates grain boundary defects and we believe that it
improves the processes associated with conductivity.
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