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ARTICLE INFO ABSTRACT

Keywords: Undoped and Ni-doped cobalt oxide (Ni=4%) powders were prepared by hydrothermal synthesis and subse-
Co30,4 quently examined. The powders obtained were subjected to thermal annealing at temperatures ranging between
Nickel 600 °C and 1000 °C. The experimental results indicate that the annealing affects the structural properties with
?Z:;::;T:I the phase change Co,;0, to CoO. X-Ray diffraction (XRD) analysis reveals the presence of pure spinel phase up to

800 °C in powders obtained with and without the addition of nickel. From 900 °C, the CoO phase was observed.
Rietveld refinement was conducted with main GOF values  between 1.09 and 1.26 and also x, values  between
1.28 and 1.57, indicating a good correspondence between the simulated and the experimental pattern. In addi-
tion, SEM measurements evidenced that particle size increased with temperature; however, samples doped with
Ni exhibited a slightly smaller size compared to pure samples. The synthesized powders showed shifted and broad
bands Raman, with increasing temperature, mainly for doped samples. These changes in the position of Raman
vibrational modes are related to defects and distortions in the crystal lattice of the material as a result of the
increase in temperature and the addition of Ni. Furthermore, such changes may also indicate loss of crystallinity

Structural phase transformation

in the material, or the beginning of the phase change.

1. Introduction

In recent decades, several efforts have been made to improve the
electrical, catalytic, among other characteristics of different materials.
Among the main studies on the subject, many have studied the variation
and changes in the methods of sample preparation in order to change the
morphology and doping of the samples to improve the physical, chemi-
cal and structural properties of such materials [1]. Cobalt oxide (Co30,4)
has a spinel structure with remarkable electrical and chemical proper-
ties. This explains why several studies have been carried out to study its
composition as well as different one to prepare it, since its atoms have
shown efficient and stable activity in different alkaline media [1, 2-4].
Some of the properties of cobalt tetroxide include high detection re-
sponse, simple electronic measurement and compatibility, supercapac-
itor, water division, excellent catalytic and electrochemical properties,
as well as interesting magnetic and optical properties with applicability
in electronic devices [5-7]. Methods for obtaining Co30,4 and its com-
pounds include the deposition-precipitation method [8], sonochemical
synthesis [9], electrophoretic deposition - thermal and hydrothermal
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reduction [10], complete green process [11], solid state reaction [12],
and microwaving assistance. Some of these methods allow for efficient
electron transmission and high structural stability of the material.

According to Zhou et al., [13] the general strategy of isovalent re-
placement is a new opportunity to improve the catalytic activity of tran-
sition metal oxides, such as cobalt oxide. At the same time, several dop-
ing preparations use metal ions like Li, Fe and Cu to dope cobalt oxide,
improving its properties [14]. Replacing cobalt with a high concentra-
tion of iron in the perovskite structure improves electrocatalytic activity
[15]. Polycrystalline nanowires substituted with Cu- Co304- Cu exhibit
much greater catalytic activity than those with pure Co;0,4 polycrys-
talline nanowires [13]. Co30,4 doped with graphene showed an increase
in power, energy, and specific area [16]. Most applications are focused
on the use of particles with high specific surface areas and nano-sized
particles [17].

The analysis of Ni-Co30, synthesis can be decisive for catalytic ac-
tivities, since factors such as chemical composition, elemental valence,
crystal structure and surface state can directly influence catalysis [18].
Li et al., [1] performed the synthesis of porous Co;0,4 nanoplates doped
with different percentages of nickel to determine the improvement of
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reaction activity in the evolution of oxygen and hydrogen. Gao et al.,
[19] synthesized Co30, in nickel foam with promising results for non-
metallic catalysts in reducing nitrate. Kozlovskiy et al., [20] performed
FeCo-Fe,Co0, / Co30,4 annealing in some samples where they found
that the ordering and formation of oxide phases with predominance of
Fe,Co0, phase generates a minimization in the distortions of the crystal
structure. In turn, Zdorovets et al., [21] analyzed changes in the phase
composition of Co nanowires where a change in magnetic properties
and an increase in conductivity were observed up to a temperature of
600 °C.

Nickel doping on Co30, is a viable alternative since Ni is in the same
period as cobalt and its ionic radius is similar, therefore Ni ions can serve
as electron donors for Co;0,4. [22], Additionally, the transition metal Ni
possesses a stable chemical bonding force with intermediates due to its
unique 3D electronic structures [23], in addition to improved electri-
cal conductivity. Ni-doped porous Co;04 nanostructures also provide a
high number of active sites exposed to surface reactions [24]. Doping
can influence the crystal structure, grain size, and oxygen distribution
of a compound that can be beneficial in different types of applications
[25]. Through phase transition analysis and mechanisms, it is possible
to understand structural properties under different conditions including
temperature, pressure, doping in order to find new structural models
[26]. Thus, it is necessary to continue investigating on the electrical,
magnetic and morphological properties of this material, as well as its
specific characteristics involved in structural phase transitions.

In this work, pure Co;0,4 and Ni-Co;04 were synthesized by hy-
drothermal technique and subsequently calcined at 600, 700,750,800,
900, and 1000 °C to examine the structural phase transition in the sam-
ples with increasing calcination temperature. To the best of our knowl-
edge, there is no detailed study in the literature on the phase transi-
tion of nickel cobalt oxide with increasing calcination temperatures.
The samples obtained were characterized by different techniques, such
as X-ray diffraction (XRD), energy dispersion spectroscopy (EDS), Ra-
man spectroscopy, and scanning electron microscopy (SEM). This study
evidenced that the studied samples do not have secondary phases up
to 800 °C, as well as showing that the Ni ions were incorporated into
the Co30, lattice. Therefore, the spinel structural phase transition was
observed in the samples of pure Co30,, while with the addition of 4%
Ni and the increase in temperatur, the CoO phase was only evident at
900 °C.

2. Material and methods
2.1. Preparation of Co30,

A sample of 1.926 g of cobalt acetate (Co(C,H30,),+4H,0, Synth,
PM = 249.08 g/mol) was dissolved in 80 ml distilled water (concentra-
tion = 0.1 M). When the cobalt precursor was completely solubilized,
0.96 g of urea (CH4N,O, Vetec, PM= 60.06 g / mol) was added and
2 ml of ammonia (NH4OH, LS Chemicals, PM = 35.05 g / mol) were
added dropwise to adjust the pH to 9.2 and then stirred at room tem-
perature for 1 h. The homogeneous solution was transferred to a Teflon
lined autoclave (120 ml), which was hermetically sealed and heated at
180 °C for 20 h (3 °C/ min). After cooling the sample to room temper-
ature, the precipitates were collected and washed twice with distilled
water (pH = 7), rinsed with ethanol and dried in an oven at 60 °C for
7 h. Finally, the powders obtained were calcined in air at 300 °C for 3 h
(10 °C/min).

2.2. Preparation of Co30, / Ni (4%)

A sample of 1.9129 g of cobalt acetate (Co(C,H30,), * 4H,0, Synth,
PM = 249.08 g / mol) was dissolved in 80 ml of distilled water (concen-
tration = 0.1 M). When the cobalt precursor was completely solubilized,
0.0841 g of nickel sulfate (NiSO, « 6H,0, synthesizer, PM = 262.85 g
/ mol) was added. With dissolved metal precursors, 0.96 g of urea
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(CH4N,,0, Vetec, PM = 60.06 g / mol) was added and 2 ml of ammo-
nia (NH4OH, LS Chemicals, PM = 35.05 g / mol) were added dropwise
to adjust the pH to 9.2, and then stirred at room temperature for 1 h.
The homogeneous solution was transferred to a Teflon-coated autoclave
(120 ml), which was hermetically sealed and heated at 180 °C for 20 h
(3 °C/min). After cooling the sample to room temperature, the precipi-
tates were collected and washed four times with distilled water (pH = 7),
rinsed with ethanol and dried in an oven at 60 °C for 7 h. Finally, the
powders obtained were calcined in air at 300 °C for 3 h (10 °C/ min).
Fig. 1 shows the process of obtaining the samples.

3. Results and discussion

Fig. 2 shows the XRD powder patterns of (a) Co304 and (b)
Co34Ni,O4 (x = 0.04) synthesized by the hydrothermal method and
subsequently calcined at 600, 700, 750 and 800 °C for a time interval of
2 h. In Fig. 2(a), the diffractograms of cobalt oxide in the spinel phase
and the formation of the crystalline phase of Co;0, with variation in
peak intensity are observed. In Fig. 2(b) the cobalt oxide Co;04 was
modified with the addition of 4% Nickel and subsequently calcined at
the temperatures mentioned above. The XRD peaks in the Ni samples
were also allocated to the cubic spinel phase of Co30,4. No secondary
phase of nickel oxide was observed.

All powders obtained (up to 800 °C) exhibited diffraction peaks com-
patible with the cubic spinel structure of the Co30, space group F-
43 mas provided in Cod.00-001-1152 file simultaneously in accordance
with other researches [27,28]. The X-ray diffraction pattern with re-
flection peaks is associated with the planes (220), (311), (222), (400),
(422), (511) and (440) at 20 = 31.26°, 36.85°, 38.63°, 44.81°, 55.79°,
59.42° and 65.36°, respectively. The preferential direction and orienta-
tion (311) were also considered. With the increase in temperature, an
improvement in the peak intensity was observed. Such a change can
be attributed to the increased crystallinity in the samples [29, 30]. Ac-
cording to other investigations [31], there is a great similarity between
the crystalline phase of Ni-doped Co30,4 and the cubic spinel phase of
Co30,4 when there is no phase transition, which is a consequence of
nickel atoms being housed in the matrix of the cobalt oxide lattice by
means of a "substitution". This work reports that the modification of
nickel at 4% does not cause significant effects on the structural modifi-
cation of the samples calcined at different temperatures when compared
with pure counterpart samples.

Fig. 3 shows the regular Co;0, crystal spinel structure where the
Co>* ions are in the octahedral interstices and the Co?* ions are in the
tetrahedron of the cubic lattice of cobalt oxide (II. III) [32]. In the ideal
cobalt tetraoxide structure, there is a single unit cell and 8 elementary
units where half of the octahedral sites are occupied by trivalent cations
and an eighth of the available tetrahedral sites are occupied by divalent
cations. Co30, is an oxide with an AB,O, spinel structure where the
tetrahedral sites A with Co2* (d7) cations and the middle octahedral sites
B fit to the Co®* (d®) cations. This ideal occupation is affected by high
calcination temperatures leading to oxygen vacancies. The formation of
oxygen vacancies involves the reduction of octahedral trivalent cobalt
and is accompanied by the migration of divalent tetrahedral cobalt to
empty interstitial octahedral positions [32-34]. The division of 3d levels
causes Co%* ions located in the octahedron to have a diamagnetic be-
havior, as well as the total filling of the ty, levels that do not favor the
net magnetization resulting from vacancies in the octahedral sites [35].

Table 1 shows the EDS analysis with percentages of atomic concen-
tration of the chemical elements in the study samples. The samples of
pure Co30,4 and 4% Ni- Co30,4 that were heat treated from 600 °C to
800 °C with elements such as Co, C and Ni are listed in Table 1. A varia-
tion in the atomic percentage is observed as a function of the calcination
temperature, as well as the addition of the nickel percentage. For Co;0,
at 600 °C, the percentage of cobalt is evident at 65.44% increasing 4.92%
when exposed to 700 °C; finally, the atomic percentage reached 72.32%
at 800 °C. The addition of nickel percentage is = 4% which is evident in
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Fig. 1.. Schematic illustration of the Co;0, — Cos,Ni, O, preparation process.
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Fig. 2. X-ray spectra (XRD) for Co;0, samples obtained via hydrothermal technique: (a) Co30, (b) Co4,Ni, O, calcined at 600,700, 750, 800 °C respectively from

bottom to top.

Fig. 3. Structural Co;0, arrangement in the spatial group F —43 m.

the results of the Co;,Ni, O, samples with a very low percentage that
increases from 1.15% at 600 °C to 1.54% at 800 °C. The presence of a
carbon peak is attributed to the carbon tape used as the sample support
in the analysis. These results can be associated with those obtained by
Koli et al., [36] where cobalt oxide and doped nanoparticles are associ-
ated with the composition of particular components of the synthesis.

Table 1
Chemical composition of Co30, - Co3Ni,O, x = 4% nickel-doped samples.
600 °C 700 °C 800 °C
Elem. % at Elem. % at Elem. % at
Co30, CoK 65.44 CoK 70.36 CoK 72.32
CK 9.64 CK 7.91 CK 5.65
Co, . Ni O, Co K 67.72  CoK 69.51 Co K 71.25
x=4% CK 4.81 CK 8.18 CK 7.25
Ni K 1.15 Ni K 1.16 Ni K 1.54

Fig. 4(b) shows the nickel substitution at Co;04 2* and 3*sites. The
characteristics of Co30,4 can be improved in several ways, including re-
placing the 2+ sites in other divalent cations [14]. Ni%* is a good candi-
date to replace Co®* and Co%* in the cobalt spinel lattice (I, III), since it
has a similar ionic radius, especially with the 2* cation charge. In addi-
tion, the change in the surrounding Co-binding environment can affect
the intrinsic activity of Co3* and the replacement of Co®* by Ni%*. In
relation to previous studies, the replacement of Ni%* in the spinel struc-
ture of Co30, causes the material to have higher electrical conductivity,
which may be associated with the interaction between the effective mass
and the band gap of the given material [37]. Impurity band type con-
duction is induced due to lower quantity of divalent nickel. Therefore,
electrons can move from an occupied (Ni%*) to an empty (Ni3*) site.
In Fig. 4(b), modifications are observed in the structure of the cobalt
spinel with Sb [38], Fe [39], Si [40], V and Ge. Synthetic spinel phase
of Co,Si0, was studied to determine the effect of pressure on the lat-
tice parameters with values of 8.139 A at 23 °C [41]. In addition,
a correlation was established between stability of the structural phase
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Fig. 4. (a) Co30, structure at the F-43 m spa-
tial group with nickel substitution at 2+ (right)
and 3+ (left) sites. (b) Other cobalt-based ele-
ments found in the literature (Table 2).

Co25i04

Table 2

Some cobalt-based spinel compounds and their characteristics.
Compound  Obtention method Characteristics Refs
Co,Si0, Floating zone method Crystal culture of cobalt silicate [44, 45]

Displacement densities in the order of 10°~10° cm~—2
Crystals of 30-60 mm long and 6-10 mm in diameter.
Co,VO, Cation exchange method Marrying metallic vanadium atomic chains with electroactive cobalt cations. [43]
Superior performance attributed to its unique electronic configuration, where the
octahedrally coordinated Co®* cations take the LS state with an ideal electron occupation

(Eg).

Co,FeO, Mechanical alloy and annealed Co,FeO, has a ferrimagnetic character independent of the stability of the structural phase. [42] [46]
A coexistence of two ferromagnetic phases was found, except at 900 °C.
At iron lattice positions under different temperatures, cobalt atoms diffuse unevenly.

Co,GeO, Hydrothermal flow synthesis Specific capacity of 240 mAh g ~ 1. [47]
Average particle size of 17 + 5 nm.
Variety of especially spherical or cubic morphologies.
The compound exhibits poor performance based on scanning speed tests.

Co,Cu0, Solvothermal method Increased catalytic activity towards peroxymonosulfate (PMS) activation due to the presence [48]
of "Co?*" on the catalyst surface and the combined catalytic reactivity of copper and cobalt.
Co,Zn0, Low temperature aqueous processing route Depending on the calorimetric behavior, the compound indicates changes in the pin state [49]

with temperature and composition.
Enthalpy values of the mixture that exceed previously recorded values.

Co,LiO, Sol-gel method assisted with poly-acrylic acid (PAA)  Paramagnetic behavior without indication of magnetic ordering up to 5 K. [50]
Formation of a metastable spinel phase in the lattice.
Co,MnO, Deposition / precipitation in situ The inclusion of palladium in the spinel structure visibly improves the reducibility of the [51]

catalysts, in addition to achieving better stability of the catalytic cycle performance in the
oxidation of methane for Co,MnO,.

Co,NiO, Physical vapor deposition A high conductivity of up to 204S/cm was observed in thin films of Co,NiO,, as well as [52]
potential applications in optoelectronic devices.

and the magnetic properties of Co,FeO, exhibiting a particle size of 25
to 45 nm [42]. In Co,VO,, electroactive cobalt cations were bound to
atomic chains of vanadium, where the Co2* cations in the octahedral
sites assumed the low spin state [43]. Table 2 shows some additional
cobalt-based spinel compounds, production methods, and their respec-
tive characteristics mentioned in the available literature.

The Rietveld refinement was performed with the data obtained ex-
perimentally using the General Structure Analysis System-II (GSAS-II)
as shown in Fig. 5. Fig. 5(a) presents the experimental and calculated
pattern of Co30, calcined at 600 °C. Fig. 5(b) presents XRD Co3_Ni, O,
(= 4%) patterns calcined at the same temperature. Fig. 5(c) and 5(d),
respectively, show the experimental and calculated XRD patterns for
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Fig. 5. XRD refined pattern for (a) Co;0, 600 °C (b) Co;,Ni,O4 x = 4%, 600 °C (c) Co;0,4 800 °C (d) Cos,Ni,O, x = 4%, 800 °C. The blue symbols represent the
experimental diffraction data. Calculated patterns are represented by the base line. The vertical line is Bragg’s. The lower trace depicts the difference between the

experimental and calculated intensity values.

Table 3

Lattice parameters Co30,.
Temperature (°C) a=b=c(A) a=f=y VoI(A3)
Co30,
600 8.08194 90 °C 527.895
700 8.08420 90 °C 528.336
750 8.08448 90 °C 528.392
800 8.08551 90 °C 528.593
Co3,Ni,0, X = 4%
600 8.08576 90 °C 528.643
700 8.08762 90 °C 529.008
750 8.08827 90 °C 529.136
800 8.09176 90 °C 529.820

Table 4
Positions Co30,.

Co30, Positions

X y Z
Co, 0.0000  0.0000 0.0000
Co, 0.2500  0.2500 0.2500
Cogy 0.6250  0.6250 0.6250
0O, 0.3900  0.3900 0.3900
0, 0.1400  0.1400 0.1400

Co30,4 and Coz,Ni,O4 = 4% for samples calcined up to 800 °C. The
refinement contributed to determine that Co;0, crystallizes in a spinel
structure in an F-43 m space group.

The lattice parameters and the volume of the unit cell are shown in
Table 3, where the addition of nickel results in a higher lattice parameter
compared to the undoped samples. In addition, it exhibits an increase in
the volume of the unit cell in the crystal lattice. For this study, the cubic
spinel structure remains stable in the 600 to 800 °C temperature range.
The parameters a = b = ¢ show an increase as the temperature increases
for Co,0, in 8.08551 A, and Co, ,Ni, O, in 8.09276 A at a temperature
of 800 °C. An increase in volume and unit cell was also observed with

an average value of 528,304 A for Co;0, and 529.15 A for the nickel-
doped sample. According to the data obtained in the refinement, the
Co;0, positions on the x, y, z of Co;, Co,, Coz, O; and O, are shown
in Table 4. These results may be associated with cationic disorder at the
tetrahedral and octahedral sites of the Co;0, rotation structure.

As the calcination temperature increases in the samples, for both
the pure Co;0, and for the Ni-added sample, there is a distortion in
the crystal lattice. Samples at lower temperatures evidence high crys-
tallinity, where there is an improvement in the free energy state of the
crystals, causing an increase in the constant lattice, an expansion of the
lattice, as well as a change in the lattice parameter [53]. However, as
the calcination temperature increases, a structural phase change occurs.
According to Du et al., 2020 the effect of nickel doping in the Co30,
arrays produces a better activity in the oxygen evolution reaction asso-
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Fig. 6. X-ray spectra (XRD) for the Co;0, samples obtained via hydrothermal technique. (a) Co;0,. (b) Co;,Ni, O,. From bottom to top, respectively calcined at

750, 800, 900, and 1000 °C.

Table 5
Refinement parameters.

Refinement parameters Co;0,

Temperature (°C)  X? Resp Rg R(BS) Rwp (BS)  GOF
600 1.18 1.08% 0.91% 1.41% 1.17% 1.09
700 1.30  1.20% 1.05% 1.78%  1.36% 1.14
750 1.27 1.22% 1.06% 1.78%  1.37% 1.13
800 1.16 1.20% 1.22% 1.92% 1.92% 1.08
Refinement parameters Co;,Ni, O, x = 4% — 600 °C

X2 Resp Rg R(BS) Rwp (BS)  GOF
600 1.58 1.06%  0.99%  1.92%  1.33% 1.26
700 1.25 1.10% 0.96%  1.63%  1.22% 1.12
750 116  1.30% 1.09% 1.66%  1.39% 1.08
800 130 1.35% 1.17% 1.97%  1.53% 1.14

ciated with the synergistic effects that are generated between cobalt and
nickel as well as the modification of its atomic structure. [54].

High performance Co-based microwave absorbers with a unique
structure and characteristics can be designed apart from the evolution
of morphology and the phase of CoO/Co304 [55]

Details on the high-temperature crystal structure of Co;0, are still
poorly understood and remain an area of active  research. Specifically,
in relation to the sudden non-linear increase in the lattice parameter
that indicates a structural abnormality at high temperature. Depending
on the temperature ranges used, the insertion of a dopant plays an im-
portant role in increasing conductivity, as well as in the evolution of
activation energy [56]. The values of the main Rietveld refinement
parameters are presented in Table 5. The results indicate a high qual-
ity of refinement for the temperature range between 600 and 800 °C:
x2:1.16 and 1.32 Rwp: 1.18 and 1.20 on average, for Co30, and doped
samples, respectively, where there is a good correspondence between
the simulated and the experimental patterns.

Fig. 6 shows the diffractograms for (a) Co;0,4 and (b) Co;Ni,O,
of the XRD pattern obtained at 750, 800, 900 and 1000 °C. At 900 °C,
peaks located at 36.4° are observed. Likewise, peaks at 42.3°, 61.4° and
73.6° are observed for the CoO-FCC characteristics that correspond to
the planes (111) (200) (220) and (311) indexed in the crystal chart
JCPDS No. 43-1004. These results indicate that the transformation of
the Co;0, phase generated by calcination temperature occurs at 900 °C-
1000 °C. At temperatures above 850 °C, there is a change in Gibbs free
energy.

This value is negative and is associated with the formation of the
CoO phase at high temperature [57,58]. According to Shobaky et al.,
[59] reticular expansion, as well as increasing particle size, is a trend

in the synthesis of Co30, nanoparticles by different methods. Doping,
in turn, generates changes in the order of the phases of Co30, at dif-
ferent temperatures [60]. As seen in Fig. 6(b) for cobalt oxide doped
with 4% Ni, the structural phase transition at 900 °C also occurs. How-
ever, at 800 °C, a small shoulder at approximately 43 (26) can be seen
in Fig. 6(b). This may be indicative of the effect of nickel on the crys-
tal lattice of the cobalt oxide spinel phase. In this sense, the increase in
energy in the structural lattice of the samples, both for the pure and for
doped with Ni, makes them move to a more stable and simple phase like
that of CoO.

Co304 and CozxNixO4= 4% Ni crystallite size from 600 °C to
1000 °C is shown in Table 6. The peak indexed as (311) was used to
establish the value by means of the Scherrer equation. All samples indi-
cated a crystallite size of approximately 25-80 nm. In addition, with the
increase in the calcination temperature, an increase was observed where
the highest temperature reached 800 °C. However, from 900 °C onwards,
the crystallite size decreased to 26.86 for the Ni-added sample exposed
to 1000 °C. This decrease in the size of the crystallite indicates loss of
crystallinity caused by vacancies of oxygen and cobalt, which explains
the peaks in the CoO phase. The increase in the size of the crystallite
in metal oxides can be achieved with a progressive increase in temper-
ature in the calcination process. It should be noted, however, that the
final heat treatment affects the morphology of metal oxides, increasing
size of the particle [61]. Thus, some characteristics of the samples may
vary considering the agglomerations generated by the crystallites. These
can be seen in terms of the size and shape of the nanoparticles in the
SEM measurements. The results presented in Table 6 showed notably
that the addition of nickel favors the decrease in crystallite growth by
increasing the temperature in relation to the crystallite growth in pure
samples.

Fig. 7(a) shows the Raman spectra of the Co;0, samples and (b)
of the Co;,Ni,O4 with = 4% at the following calcination tempera-
tures: 600 °C, 700°, 750° and 800 °C, with the five active Raman modes
(Aqg + Eg + 3Fy,) corresponding to the Co3O4 phase in the spinel struc-
ture [62]. The five bands are found at approximately 196, 482, 521,
618, 687cm™!, shown in Fig. 7. The A, mode located at 687 em~! is
associated with the symmetric stretching vibration of Co%*- O (CoOg
octahedral sites). The bands located at 196, 520, 617 cm™! correspond
to the F,; mode, while the band located at 196 cm™! is attributed to the
characteristic vibrations of the tetrahedral sites (CoO,4). Depending on
the calcination temperature, slight displacements are observed, as well
as variation in the shape of the peaks. These variations are probably as-
sociated with structural defects or vacancies of cobalt and oxygen in the
samples. This variation is probably associated with structural defects or
vacancies of cobalt and oxygen in the samples. Nevertheless, as they are
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Crystallite size calculation using the Debye Scherrer equation.

Sample Peak position (20)  FWHM (degree) Crystallite size (nm)
Co;0, — 600 °C 36.877 0.234 35.773
Co30, —700 °C 36.899 0.192 43.601
Co;04 — 800 °C 36.914 0.105 79.732
Co30, — 900 °C 36.843 0.265 31.585
Co;0, — 1000 °C 36.877 0.280 29.896
Coy4Ni, O, x = 4% - 600 °C 36.845 0.267 31.349
CoyNi,O, x = 4% 700 °C  36.849 0.200 41.851
Co34Ni O, x = 4%- 800 °C 36.890 0.109 76.800
Co3,Ni, O, x = 4%- 900 °C 36.811 0.300 27.898
Co5,Ni, O, x = 4%- 1000 °C 36.816 0.2948 26,860
&
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Fig. 8. Raman spectra zoom (a) (b).

very dark samples, it is possible that the laser light absorption process
was not negligible and that the local overheating was caused in the sam-
ples. Once again, through active Raman modes, it was observed that at
800 °C, there is a change in symmetry for the Ni sample. The peak at
617 cm~! almost disappeared and the spectrum presented broad bands.

The insertion of nickel in the spinel network significantly altered
the Raman peaks, by shifting them to higher frequencies as is evident in
Fig. 8(a) Co30,, and (b) Co34Ni,O4 [63]. One of the prominent changes
can be seen with the mode assigned as A, ¢, which is induced at the octa-
hedral cation sites by replacing cobalt cations with Ni2*; in this case the
band greatly increases its line width. The existence of defects can cause
distortion in the crystal lattice as indicated in Fig. 8. Defects or distor-
tion of the network can be better evidenced with Ni-doped samples by
Raman shift for low frequencies of the mode around 485 cm™1, as seen

in Fig. 8(b). The defects, in fact, are best seen in Raman by increasing
the line width of the bands, which is what happens with the A1g mode
in the sample with Ni, Fig. 7(b).

The intensity in the Raman peaks is directly associated with increase
or decrease of Co®* ions at octahedral sites and the formation of Co®* at
the tetrahedral sites [64]. As shown in Table 7, similar values are ob-
served for the active Raman modes of the spinel structure in the Co30,4
samples; however, Raman shifts are observed in almost all the vibra-
tional modes in the Coz 4Ni,O, samples. For example, mode (A,;) has a
14 cm™! shift, this information can be indicative of the inclusion of the
Ni atom in the Co30,4 crystal lattice creating defects. The shifting and
lengthening of the vibrational modes at 800 °C indicate the start of the
CoO phase change. These results confirm the changes evidenced in the
x-ray diffractograms of Fig. 6.
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Fig. 9. SEM Images for Co;0, samples at (a) 700 °C, (c) 800 °C, (e) 900 °C, (g) 1000 °C; and Co4 4xNiyO, = 4% at (b) 700 °C, (d) 800 °C, (f) 900 °C, (h) 1000 °C.

Table 7
Raman Shift Co;O,4 and Co; Ni,O,.

Samples Raman Shift (cm™)

Co,0, Fyq E, Fog) Foga) Agi
600 °C 195.66 481.67 521.21 619.18 690.26
700 °C 195.75 481.82 521.58 618.90 689.69
750 °C 195.54 481.10 520.87 619.78 689.24
800 °C 195.57 481.19 521.35 619.20 689.48
Co; xNi; Oy Fag Eg Fagny Foge Ag
600 °C 192.17 471.45 520.63 616.99 676.33
700 °C 194.48 479.85 521.99 617.15 686.78
750 °C 194.61 481.34 522.06 618.98 685.92
800 °C 195.32 482.50 523.02 619.06 689.72

Fig. 9 shows the images of the Co;0, samples exposed to (a) 700 °C,
(c) 800 °C, (e) 900 °C and (g) 1000 °C; as well as the Cos 4Ni, O, = 4%
samples exposed at (b) 700 °C, (d) 800 °C (f) 900 °C and (h)1000 °C.
The morphology observed at 700 °C indicates granular formations trans-
formed into nanoplates when the temperature rises to 900 °C and
1000 °C. It is noticed that the insertion of nickel does not substantially
change the morphology, but only affects nanoparticle size: it is smaller
in the presence of nickel. Li et al., [1] evidenced small pores in the
nanoplates which, in turn, provided a large number of edge sites. These
SEM results serve as an example, since measurements were collected
for all samples, indicating a behavior of increasing particle size with in-
creasing temperature [64]. Regarding the morphology of the samples,
they showed a uniform spherical shape and no virtual difference was
observed for the material added of Ni in the samples of Co304. This
spherical morphology changes completely at 1000 °C to the plate-like
morphology when the structural phase changes.

The nanoparticles obtained at the last calcination temperature (g)
and (h) are larger. This is probably due to the excess of thermal energy
that was absorbed by the smaller spheres and the interaction between
them, generating larger particles with greater agglomeration [65]. As
the calcination time and temperature increase, the synthesized particles
tend to become larger and more agglomerated, contributing to a change
in their plate morphology. According to Jin et al., [66] in hydrothermal
synthesis, the morphology of the Co30, crystal largely depends on the
coordination and the pH value of the medium.

4. Conclusions

The compounds Co;04 and Cos,Ni,O4 were synthesized by hy-
drothermal method with heat treatment ranging from 600 to 1000 °C.
The results indicated high crystallinity of pure Co30,4, as well as with
the addition of Ni in the absence of residual phases or phases associ-
ated with the addition of nickel when exposed to a temperature equal
to or higher than 800 °C. From 900 °C, the transition phase to CoO is
observed for both types of samples as a result of the calcination temper-
atures. SEM analyzes indicate good homogeneity of the nanoparticle.
No significant change in morphology is evident in the presence of Ni.
However, as the spinel phase change from Co;0,4 to CoO, its morphol-
ogy changes from spherical to agglomerated plates at high temperatures.
The structural analysis of both types of samples by Rietveld refinement
of the experimental XRD showed an increase in the lattice parameter
of the centered cubic structure that belongs to the space group F-43 m
with a = b = ¢ of Co30, of 8.08551 A and for Co;,Ni, O, - 8.09276 A at
800 °C. There is also an increase in the volume of the unit cell with an
average value of 528.304 A for Co,0, and 529.15 A for nickel-doped
Co30,4. These variations are associated with cationic defects at tetra-
hedral and octahedral sites in the Co30, spinel structure. Through the
Scheerr equation, it was observed that the crystallite size reached max-
imum values of 79.73 nm and 76.8 nm when the samples of Co30,
and Co, ,Ni, O, were exposed to 800 °C, respectively, presenting slightly
smaller sizes for those nickel-doped samples. This indicates that the ad-
dition of nickel to the material not only improves its physical and chem-
ical properties, but also favors the decrease in the size of the crystallite.
Likewise, Raman spectroscopy measurements contributed to determine
that, given the crystal lattice defects and distortions, the active Raman
modes shift and widen their Raman bands, especially for nickel-doped
samples. These changes in the calcination temperature spectra of the
samples are also attributed to the grain size of the Co;0, structure, for-
mation of oxygen and cobalt vacancies, and the onset of the structural
phase change to CoO.
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