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INTRODUCTION

Transition metal oxides in the nano-size regime show 
many size-dependent optical, electronic, magnetic, and 
chemical properties. Cobalt spinel (II, III) or Co3O4 is one 
of the most studied oxides since its atoms have shown 
efficient activity and stability in different media [1]. Cobalt 
oxide (II, III) is the thermodynamically stable form of 
cobalt oxide at room temperature and partial pressure of 
oxygen, with ferrimagnetism and Néel temperature starting 
from approximately 40 K [2, 3]. Co3O4 nanostructures and 
their nanocomposites have been extensively used as an 
efficient electrode material with various electrochemical 
applications, such as detection of water contaminants, 
including phenol-based compounds, dyes, salts, pesticides, 
molecule detection, metals, toxins produced by bacteria, etc. 
[4]. Some of their advantages are the high response, simple 
electronic measurement, and compatibility with electronic 
devices. Recent studies analyze the behavior of Co3O4 with 
5-hydroxymethylfurfural (HMF) adsorption [5], Co3O4@
MOF-74 nanocomposites as an electrochemical sensor 
[6] such as lithium-ion battery (LIB) anodes [7] as well as 
doping with other elements like Sn [8] and Ni [9].

The Co3O4 has been synthesized by various methods 
including the sol-gel technique [10] that allowed obtaining 
other unique characteristics and advantages such as good 
electrochemical performance and stability of the structure 
such as mesoporous octahedra [11]. Assisted sol-gel by 

polymers is employed, for the production of materials with 
controlled nanostructure, using polypropylene, collagen, 
among others [12]. The core of most of these applications lies 
in the ability to adjust the shape and size of the morphology 
on which depends the electronic, magnetic, electrochemical, 
and catalytic properties of the cobalt oxide particles [13]. 
Non-spherical particles provide various morphologies and 
topographies, surface atom densities, surface steps, folds, 
and edges. Many of these morphologies allow a greater 
surface area feasible for different applications thanks to the 
nano-sized grains [14], including nano-sized geometries to 
control the behavior of their properties [15]. These factors 
lead to different physicochemical properties of the particles, 
even for the same chemical composition [16, 17]. The 
structural properties of compounds such as cobalt oxide (II, 
III) allow establishing the behavior of these systems, thanks 
to their morphology, chemical composition, and grain size. 
Therefore, this research analyzes the refinement parameters 
of the Co3O4 obtained by the calcined sol-gel technique at 
225 and 235 °C. The parameters analyzed were the main 
interatomic distances of the compound bonds, volumes 
of the polyhedra as well as Wyckoff positions, and the 
lattice parameter that was calculated through the analytical 
approach and the Rietveld refinement. In the literature, there 
are few previous works related to the analysis of structural 
parameters of the compound Co3O4 obtained by the sol-gel 
technique when there is a variation in temperature.

EXPERIMENTAL

The synthesis was carried out using the sol-gel 
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method with 21.82 g of cobalt nitrate tetrahydrate as 
reagent [Co(NO3)2.6H2O, ≥99%, Merck) and 13.12 cm3 
of ethanol (C2H5OH, 96%, Merck) as a solvent with a 1:3 
precursor:solvent ratio with constant stirring and then pre-
calcination to remove moisture. The powders were removed 
from the oven and ground for a short time with little force; 
these samples turned purple. Subsequently, they were 
brought to a final heat treatment at 225 and 235 °C.

The X-ray diffraction analysis (XRD) was performed in 
a diffractometer (X’pert Pro, PANalytical), with data taken 
at an angle of 2θ between 10° and 80°, using an RTMS 
(real time multiple strip) detector with CuKα radiation at a 
wavelength of 1.542 Å and a step size of 0.0263° in Bragg-
Brentano mode. The GSAS II code was used for Rietveld’s 
refinement of the experimental data. The UV-vis reflectance 
spectrum was measured with a spectrometer (Cary 5000 
UV-Vis-NIR, Agilent) in diffuse reflectance mode in 
the 200-2500 nm wavelength range. The morphological 
analysis was performed with a scanning electron microscope 
(SEM, Quanta 200, FEI) in secondary electron mode in a 
high vacuum with a voltage of 30 kV. The calculation of the 
particle size was carried out with the SEM images, with a 
count through the ImageJ software. The qualitative chemical 
composition analysis was done by means of energy-
dispersive spectroscopy (EDS).

RESULTS AND DISCUSSION

Stoichiometric and non-stoichiometric oxides have been 
developed from cobalt oxide, implying a mixed valence of 
cobalt and the presence of oxygen vacancies [18]. Cobalt 
forms three oxides: cobalt monoxide (CoO), cobalt oxide 
(Co2O3), and tricobalt tetroxide (Co3O4). Commercial oxides 
are usually mixtures of the above. Other techniques have 
been used to obtain cobalt oxides with higher valence such 
as CoO2 [19], and other composite structures for CoO3 [20]. 
Fig. 1 shows the crystallographic structures of some cobalt 
oxides: CoO [21], CoO2 [22], CoO3 [20], and Co3O4 [23]. 
This oxide has a complex electronic structure reflected in 
the cobalt photoemission at the cobalt nucleus level, as well 
as in its valence [19]. Spinel cobalt oxide or Co3O4 has a 
normal structure with octahedrally coordinated Co3+ and 
tetrahedrally coordinated Co2+. This oxide undergoes the 
antiferromagnetic phase transition.

Fig. 2 shows the XRD patterns of the samples obtained: 
a) Co(CO3)0.5(OH).0.11H2O (denoted as Co1); and CoCO3-
Co1 calcined at: b) 225 °C, and c) 235 °C. For (a), several 
peaks were observed corresponding to the precursors used in 
the sol-gel synthesis that include cobalt acetate and ethanol, 
as indicated in the experimental details indexed in JCPDS 
files 48-008 and 11-0692, respectively [24]. In (b) and (c), 
the peaks shown corresponded to the calcined samples that 
coincided with the Co3O4 spinel structure with code COD 
01-074-1656 in positions 2θ of 19.04°, 31.34°, 36.93°, 
38.64°, 44.92°, 49.20°, 55.79°, 59.51°, 65.40°, 68.81°, 
69.92°, 74.32°, 77.55°, and 78.62°. These peaks were 
associated with the planes (111), (220), (311), (222), (400), 

(331), (422), (511), and (440), with preferential orientation 
in the plane (311). These values agreed with the JCPDS file 
42-1467 [24]. According to Tian et al. [25], the intensity of 
the Co3O4 diffraction peak at around 44° increased slightly, 
identified as amorphous Co3O4, and the maximum intensity 
increased depending on the procedure used.

In order to establish the structural parameters of the 
cobalt (II, III) oxide samples at the described temperatures, 
Rietveld refinement was carried out using the GSAS II 
code [26, 27]. The refined experimental data for 225 °C 
are observed in Fig. 3a where the symbols indicate the 
data obtained experimentally and the continuous curve 

Figure 1: Crystallographic structures of cobalt oxide obtained by 
software Vesta.

Figure 2: X-ray diffractograms for the Co3O4 samples obtained via 
sol-gel technique: a) Co1 (prior to calcination); b) Co3O4 calcined 
at 225 °C; and c) Co3O4 calcined at 235 °C.
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corresponds to the pattern calculated by the code. In the 
lower part, the solid line represents the difference between 
the experimental values and the simulated data, while the 
vertical lines indicate the angular positions of the Bragg 
peaks associated with the structural phase of the Co3O4 
compound. According to the analysis process, the peak 
width parameters (u, v, w), the background function, scale 
factors, profile functions, and lattice parameters were 
refined. The XRD pattern shown in Fig. 3b corresponds 

to the refined experimental data for the samples obtained 
at 235 °C. The quality of the refinement can be verified by 
means of the good correspondence between the simulated 
and the experimental pattern and through the values of the 
main refinement parameters: Rwp= 1.47 and 1.17, and χ2= 
2.04 and 1.79 for Co3O4 at 225 and 235 °C, respectively.

Table I shows the structural parameters of Co3O4 
obtained by Rietveld’s refinement of the X-ray diffraction 
data for both temperatures. The Rietveld refinement allowed 
determining that Co3O4 crystallizes in a spinel structure with 
a space group Fd-3m, lattice parameters a=b=c=8.067 Å, 
and volume of 525.0 Å3 for 225 °C, and a=b=c=8.071 Å 
and volume 525.7 Å3 for 235 °C. The density was 6.093 and 
6.186 g/cm3, as observed in Table I. According to Ginell et al. 
[28], the unit cell parameters, as well as other characteristics 
of cobalt spinel (II, III), have some dependence on the 
method of sample preparation. Additional information about 
refinement is found in Table II. The synthesis of cobalt oxide 
compounds with adjustable physicochemical properties has 
become a recurrent research topic [29]. For the analysis 
of Co3O4, the description of the atomic positions in the 
spinel structure with the general formula AB2O4 depends 
on the choice of the adjustment for the origin in the space 
group Fd3m to which most of the spinel compounds belong 
[30]. Consequently, two different combinations with point 
symmetries 43m and 3m are possible options for the origin 
of the unit cell, as observed in Table II with the values 
obtained for the compound Co3O4, where the Wyckoff 
positions indicate the junctions for the various sites of the 
lattice.

The following equation was used to calculate the lattice 
parameter ‘a’ of the Co3O4 compound with a cubic structure 
centered in the faces, for 235 °C, through the analytical 
approach [31]:

sin2q = (h2 + k2 +l2)l2

4a2     (A)

where θ is the Bragg angle of reflection and λ=1.542 
Å corresponds to the wavelength for the detector with 
CuKα radiation. The value of a was calculated by finding 
the slope of the linear fit of Eq. A, using different values 
of h, k, l, and θ observed (Fig. 4). The slope of the linear 
fit obtained by regression and denoted as A was 0.00912, 
which in turn gave the value of the lattice parameter, 
a=8.073 Å.

In general, cobalt oxides have different stoichiometries 
and compositions based on the close thermodynamic 

Table I - Structural parameters and lattice parameters of the Co3O4 obtained by the Rietveld refinements of the X-ray diffraction 
data.

Temp.   
(°C) χ2 Resp RE R (BS) Rwp 

(BS) GoF a=b=c   
(Å) α=β=γ Vol.   

(Å3)
Dens.   

(g/cm3)
225 2.04 1.03 1.18 1.86 1.47 1.43 8.067 90° 525.0 6.093
235 1.79 0.88 0.85 1.94 1.17 1.34 8.070 90° 525.7 6.186

Figure 3: Refined XRD patterns for Co3O4 calcined at: a) 225 °C; 
and b) 235 °C.
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stability of the oxidation states Co2+ and Co3+. Based 
on its structure, cobalt monoxide is the simplest oxide, 
composed of a single Co2+ octahedrally coordinated by 
the oxygen lattice in symmetry Fm3m at 300 K [19]. Fig. 
5 shows the crystalline structure of the Co3O4 file CIF 
1526734 [23] in the space group F-43m. The interatomic 
distance was first observed between the Co1-Co2 bonds, 
which was 3.4931 Å (Fig. 6), and between Co1-O2, which 
was 1.956 Å. Table III shows the main bond length 
distances, which were in the range of 1.88 and 1.956 
Å. These results agreed with another study [32], where 
the distance of the octahedral bond was shorter than the 
distance of the tetrahedral bond at ambient pressure (A-
O¼ 1.935 nm, B-O¼ 1.920 nm). Results also agreed 
with the calculated and experimental data reported in 
[33]. Additionally, the interatomic distances Co3-Co3, 
Co2-Co2, and Co1-Co1 were 2.794, 8.067, and 5.704 Å, 
respectively.

The structures of both CoO and Co3O4 are face-

centered cubic (FCC) and are related in a simple way 
through their oxygen sublattices. The greatest complexity 
for spinel is generated from the cation distribution, which 
produces a decrease in the overall crystal symmetry and 
a larger unit cell [19]. In Table IV, the main parameters 
of the tetrahedra Co1 and Co2 and octahedron Co3 are 
observed with data obtained from the refinement for the 
sample of cobalt oxide (II, III) at 235 °C. It was possible 
to identify the significant differences between the angles 
of inclination of the tetrahedron and octahedron, as well 
as the average bond length, polyhedron volume, and 
the x, y, and z positions of oxygen. According to Lima 
[34], the polyhedral volume in a spinel structure can 
be derived from the lattice parameter a and the oxygen 
position u by:

Table II - Information and Wyckoff positions obtained from 
the Rietveld refinement for the Co3O4.

Element x=y=z Site system Wyckoff site
Co1 0.000 -43m 4a
Co2 0.250 -43m 16e
Co3 0.625 3m(111) 4c
O1 0.390 3m(111) 16e

O2 -0.140 3m(111) 16e

Atom 
weight Bond ratio Angle ratio

Co2+ 58.93 1.45 1.25
Co3+ 58.93 1.45 1.25
O2- 15.99 1.09 0.89

Table III - Main inter-atomic bond lengths.

Cation Anion Distance (Å)
Co1 O2 1.956
Co2 O1 1.956
Co3 O1 1.926
Co3 O2 1.880

Figure 5: Crystal structure of the Co3O4 obtained by software Vesta.

Figure 6: Interatomic distances of bonds in tetrahedra: a) Co1-Co2; 
and b) Co1-O2 (obtained by software Vesta).

Figure 4: Variation of sin2q versus (h2+k2+l2) for Co3O4 obtained by 
sol-gel method and calcined at 235 °C.
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Figs. 7a, 7b, and 7c show the SEM images of the products 
obtained from the sol-gel synthesis at 225 °C, 235 °C, and 
prior to calcination, respectively. It was observed that after 
calcination, agglomerated particles were formed by large 
and small particles with a dense stacking style, which was 
consistent with other researches [29, 35]. Multicomponent 
alloy systems, with different atomic concentrations, have 
complex microstructures [36]. The larger size of some 
particles formed was due to the excess of thermal energy 
absorbed by smaller particles and their interaction that 
generated greater agglomeration. The samples previous 

to calcination showed no formation of grains or particles; 
the formation of an agglomerate without form, without 
grains, was observed instead. This was consistent with the 
literature indicating that the formation of particles increased 
with calcination [37]. According to Cardenas et al. [38], 
the formation of some Co-oxide structures by annealing is 
associated with the fusion of a thin surface layer (formed by 
metallic Co or CoO) that allows the dissolution of oxygen 
in the liquid. Some differences were observed between 
the samples obtained at 225 and 235 °C. The particle size 
was greater for the last temperature and there was a less 
agglomerated morphology. According to Itteboina and Sal 
[17], characteristics that include the topographies of the 
particles obtained depend on the precursors, temperature, 
among other factors.

Fig. 8 shows the EDS spectra and Table V shows the 
chemical composition of the samples obtained. Results 
indicated the presence of cobalt in 60% to 70%, oxygen 

Figure 7: SEM analysis of Co3O4 particles obtained by sol-gel: a) calcined at 225 °C; b) calcined at 235 °C; and c) Co1 (prior to calcination).

(a)

Average bond length = 1.956 Å
Polyhedral volume = 3.842 Å3

(b)

Average bond length = 1.956 Å
Polyhedral volume = 3.842 Å3

(c)

Average bond length = 1.904 Å
Polyhedral volume = 8.978 Å3

x y z x y z O2 0.640 0.140 0.360
O2 0.860 -0.140 0.860 O1 0.610 0.610 0.390 O2 0.860 0.140 0.140
O2 0.860 0.140 1.140 O1 0.610 0.890 0.110 O2 0.860 0.360 0.360
O2 1.140 -0.140 1.140 O1 0.890 0.610 0.110 O1 0.890 -0.110 0.390
O2 1.140 0.140 0.860 O1 0.890 0.890 0.390 O1 0.890 0.110 0.610

O1 1.110 0.110 0.390
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Table IV - Main parameters of the tetrahedron Co1 and its distance (Å) to O2 (a), the tetrahedron Co2-O1 (b), and the octahedron 
O2-Co3-O1 (c).

a) b) c)
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in ~27%, and carbon in 4% to 10% for the samples after 
calcination at 225 and 235 °C. For Co1, the content of cobalt 
was 22.7% and the presence of nitrogen was observed at 
11.8%. 

In Fig. 9, the particle size distributions are shown for 
the calcined samples where the average particle sizes (APS) 
for samples calcined at 225 and 235 °C were 2.37 and                     
2.77 µm, respectively. A slight increase in APS was observed 

Table V - Chemical composition (wt%) of the samples.

Element 225 °C 235 °C Co1
Co 69.22 63.28 22.66
O 26.30 27.12 65.53
C 4.48 9.60 -
N - - 11.82

Figure 8: EDS spectra for the samples of Co3O4: a) 225 °C; b) 235 °C; and c) Co1.

    Figure 9: Particle size distribution curves of Co3O4 calcined at: a) 225 °C; and b) 235 °C.
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Figure 10: Reflectance spectra for samples of Co3O4 (a) and Tauc plots for samples calcined at 225 °C (b) and 235 °C (c).
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when raising the calcination temperature. This information is 
relevant since the particle size and morphology of cobalt (II, III) 
oxide have an influence on important changes in the properties 
of materials [37, 39].

Fig. 10 shows the reflectance obtained through UV-vis 
analysis for the Co3O4 samples obtained by the sol-gel technique 
at 225 and 235 °C. The peaks are associated with the transitions 
of the cobalt (II, III) oxide. For the calculation of the optical 
band gap (Eg), the Kubelka-Munk method was used through the 
following equation to calculate the value of F(R) [40]: 

F(R) =1-R2

2R
      (D)

where R is the reflectance and F(R) is the Kubelka-Munk 
function. The band gap calculation can be approximated by 
extrapolating the linear region from the graph F(R).h.ν vs. h.ν 
(photon energy), resulting in 1.6 eV for the first region and 
0.97 eV for the second one. This can be attributed to the charge 
transfer of O2--Co2+ and O2--Co3+ [10]. The intensity of the Co3O4 
peaks in UV-vis changed with the calcination temperature of the 
samples, increasing at higher temperatures [41].

CONCLUSIONS

The synthesis of cobalt oxide Co3O4 was carried out by 
means of the sol-gel technique with subsequent calcination at 
225 and 235 °C. Rietveld refinement of the XRD patterns of the 
samples obtained was carried out. It was determined that this 
compound crystallizes in the FCC structure, space group 
Fd-3m, with main values of GoF of 1.43 and 1.34, with 
lattice parameters of 8.06 and 8.07 Å, a volume of 525.0 
and 525.7 Å3, and a density of 6.093 and 6.186 g/cm3 for the 
225 and 235 °C samples, respectively. The lattice parameter 
calculation obtained through the analytical approach for 
the 235 °C sample was 8.073 Å, which coincided with that 
calculated by means of Rietveld. The interatomic distances 
were analyzed, as well as the main parameters of the Co1, Co2, 
and Co3 polyhedra and inclination angles with data obtained 
from the refinement. The average length of the Co1 and Co2 
tetrahedra was 1.956 Å and the volume was 3.842 Å3, while for 
the octahedron of Co3 the length was 1.904 Å and the volume 
was 8.978 Å3. These results allowed establishing the structural 
behavior of Co3O4 when the temperature was varied, and thus its 
effect was evaluated. Through scanning electron microscopy, the 
mean grain size was established in 2.37 and 2.77 µm for samples 
calcined at 225 and 235 °C, respectively; agglomerated particles 
and a dense stacking resulting from the effect of temperature 
were observed. UV-vis analysis allowed determining the value 
of the band gap (Eg) in the first and second region with values of 
1.6 and 0.97 eV, respectively.
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