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ARTICLE INFO ABSTRACT

Keywords: This work summarizes the research about Co3z_yxNiyO4 x = 0.0 (0%), 0.01 (1%), and 0.04 (4%) conducted with
Co304 surfactant the addition of reduced graphene oxide, rGO, using two routes: with citric acid Ry (CsHsO7, CA) and cetyl-
M‘?rph"lOgy trimethylammonium Ry (C19H42BrN, CTAB) by sol-gel technique. The results show that the composite material
IS\IIi)g;ilO“ + GO —with rGO— enhanced the photocatalytic degradation of methylene blue (MB). According to the results,
Photocatalytic incorporating rGO into samples with low Ni concentrations of 1% and 4% and processed at 400 °C with R1,

significantly increased their specific surface area to 31.372 m?%.g™! and 84.743 m2.g~!, respectively. The XRD
technique shows the formation of pure cobalt spinel without associated secondary phases and with complete
insertion of Ni into the structure. The presence of CA allows the formation of the oxide at lower temperatures.
The results of the magnetic tests suggest that the samples obtained by the two synthesis routes present a para-
magnetic behavior. The use of CTAB permits the formation of nanoparticles with low agglomeration. TEM images
indicate that the sizes of the nanoparticles obtained in the synthesis are less than 20 nm. Thus, based on Raman
spectroscopy, the vibrational modes corresponding to the Cos 4NiyO4 structure were studied, identifying a
broadening and displacement of the peaks with the addition of Ni.

Moreover, the disappearance of the peaks corresponding to rGO and attributed to the coating of Cos_xNixO4
graphene nanoparticles was observed. The adsorption isotherms show the behavior of a mesoporous textured
material. The diffuse reflectance indicates that R, with a 1.72 eV value obtained the material with the smallest
gap. In addition, the process identified that the existence of reduced graphene oxide increases the material’s
specific surface area, which plays a crucial role in MB degradation, outperforming the 4% Ni sample that
degraded 39.65% in a two-hour treatment.

1. Introduction

The different cobalt and nickel precursors and additives have been
used for the controlled synthesis of high purity materials with different
shapes and sizes. Many nanostructures can be subjected to this process
using cetyltrimethylammonium bromide (Cj9H42BrN, CTAB) as a
cationic surfactant [1]. Transition metal oxide nanomaterials have been
synthesized using CTAB as a cationic surfactant to control their
morphology and microstructure [2]. Several researches have shown that
this surfactant also plays a substantial role in the growth and nucleation
of spinels, binary and ternary composites, among others [3,4], allowing

the formation of new mesoporous composites [5] and the synthesis of
Co304 nanoparticles [6].

On the one hand, according to Niu et al. [7], CTAB would play a
decisive role in structural support and pore formation in TiOy perfor-
mance with potential application in photocatalysis through specific
surface area enhancement. Properties such as improved electrochemical
performance and efficiency can be achieved using CTAB as a precursor
[8]. On the other hand, complexing agents, such as citric acid, are often
used to synthesize fuel compounds due to their ability to chelate metal
ions and facilitate the formation of highly pure and homogeneous ma-
terials [9]. Among them, citric acid (CsHsOs, CA) has attracted
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considerable interest due to its low cost, homogeneity of reaction,
applicability in inorganic materials [10], and that it can also serve as a
reducing agent [11]. This agent has shown effective results, such as good
electrochemical properties [10] and applications in environmental
treatment [12]. For example, porous Co304 structures have been
developed [13], and a mesoporous Co304/TiO5 structure with a large
surface area enables the functional removal of antibiotics in wastewater
[14]. In this respect, CTAB fuels and citric acid have been used for the
synthesis of Fe304, LiMn1’5N10)504 and NixCO3,xO4 [15-17].

Moreover, Co304-BioO3 nanocomposites achieved 92% catalytic
performance of rhodamine B [18], enhanced surface oxygen adsorption,
narrow band gap value, and high lattice distortion: critical aspects of
photocatalytic degradation [19]. Synthesized through the aforemen-
tioned processes, spinels play a crucial role in various contexts due to the
ordered structures formed by the combination of technologies required
for their synthesis. For example, FeV,04 and ZTO are used to improve
catalytic activity [20,21], CuFe;04 to obtain high infrared emissions at
low temperatures [22], and stoichiometric CdGayO4 spheres for gas
detection [23]. Regarding the cobalt-based spinels, significant progress
has been made in improving the dielectric properties of Mn-Co304 [24],
for example, in advanced photocatalytic performances, thanks to the
advancement of CuO/Co304 heterostructures [25], and in inverse spi-
nels used as active electrocatalysts in the oxygen evolution reaction with
MnCo204 [26]. The development of new photocatalysts has revolu-
tionized the field of environmental remediation, enabling the efficient
removal of a wide range of organic pollutants from wastewater and air
[27]. Furthermore, NiO/TiO, nanoparticles were synthesized and used
for the photodegradation of brilliant green (BG), resulting in the for-
mation of intermediate products such as phenol and Hj [28]. The pho-
tocatalyst showed higher efficiency after the addition of NiO due to the
p-n heterojunction formation [29].

Recently, rGO has been increasingly used in dye adsorption appli-
cations. rGO should have a large surface area and high porosity to
enhance this capability. Thus, several studies have reported the use of
rGO use in the removal of dye contaminants by photocatalysis, partic-
ularly the harmful dye MB from wastewater. And although it has
demonstrated excellent adsorption capacity of MB, there is no infor-
mation on the optimization of its photoactivity. Since rGO behaves as an
adsorbent, in addition to its economic and environmental benefits, there
is great potential to use it as a photocatalyst [30]. Moreover, reduced
graphene oxide added with nickel can achieve a synergistic effect,
improving the performance and conductivity in the Co3_xNixO4 com-
posite. Currently, the use of products such as synthetic dyes (methylene
blue, eriochrome black, methyl orange) causes environmental problems
due to their ultimate deposition in water sources. The rGO-Co304
nanocomposite exhibits a synergistic effect that makes it suitable for
various applications, including catalytic transformation and environ-
mental remediation. It has been proven efficient in reducing 4-nitrophe-
nol and has high adsorption capacity for Cr(VI) and organic dyes.
Additionally, it can be easily separated from liquid phase due to its
magnetic properties [31]. The Co304/rGO nanocomposite with oxygen
vacancy defects also shows potential for sustainable solar energy con-
version, particularly for the photothermal degradation of methanol due
to the thermal auxiliary effect of rGO and the oxygen vacancy defects on
the surface of Co304 [32].

This research presents the synthesis of Co304 doped with various
nickel (Ni) percentages using two routes.The first used CA and the sec-
ond CTAB, among other precursors, in order to establish the effect of
both agents in the synthesis of cobalt spinel via the sol-gel technique,
selecting the best condition to practice additional doping with reduced
graphene oxide (rGO) and evaluating its photocatalytic effect on
methylene blue (MB). The Co3_xNiyO4 + rGO composite has been
studied in other applications but, to our knowledge, not as a photo-
catalyst for MB.
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2. Materials and methods
2.1. Synthesis routes

Route 1: the synthesis of Co304 and Cos_xNiyO4 used as precursors
cobalt nitrate hexahydrate (Co(NOs)2-6 H20, Acros) with citric acid
monohydrate (CgHgO7, Scharlau) in distilled water as solvent. The
mixture was stirred for 4 h at 50 °C, and then nickel nitrate hexahydrate
(Ni(NO3)2-6 H50, Acros) was added at 1%, 4%, 10%, and 16%. The
obtained samples were dried for 10 h in an oven for dehydration. The
dried product was subjected to a sintering heat treatment in a muffle
furnace at 400 °C, 600 °C, and 800 °C for 3 h.

Route 2: the Co304 and Co3_xNiyO4 were synthesized using as pre-
cursors Co(NOs)2.6 H20, cetyltrimethylammonium bromide (C;9H42BrN
(CTAB), PanReac), urea (CH4N,0, PanReac), and distilled water as
solvent. The solution was homogenized by magnetic stirring for 2 h at
60 °C, followed by the addition of Ni(NOs)2.6 H20 at 1%, 4%, 10%, and
16%. To dehydrate the formed gel, the product was dried for 4 h at
80 °C. The dried derivative was subjected to sintering heat treatment in a
muffle furnace at 400 °C, 600 °C, and 800 °C for 3 h. The variation of the
molar concentration for the synthesis of Ni-doped Co304 is observed in
Table 1.

The hydrothermal technique synthesized the Cos_4NiyO4 + rGO
using CoCsHeOs.4 H20 hexahydrate cobalt acetate and NiSO4.6 Hz0
hexahydrate nickel sulfate, CHsN20 urea, rGO, and distilled water as
precursors. Stirring started at 350 rpm and 100 °C for 3 h, grinding the
reduced graphene oxide to ensure compound dispersion. The solution
was placed in a hermetically sealed autoclave and heated at 160 °C for
16 h. In the sample preparation for both the sol-gel method and the
hydrothermal method with the addition of reduced graphene oxide
(rGO), an amount of 0.056 g was added with a stirred mixture for 4 h at
50 °C. The solid powder of reduced graphene oxide rGO was purchased
and imported from Virginia, USA, from the supplier Geographene. The
description indicates that rGO was prepared by chemical reduction of
single-layer graphene oxide (GO) sheets. With specific surface area
(BET) measurements on the different samples, the best ones were
selected, attending to the synthesis route, nickel addition, and sintering
temperature.

2.2. Photocatalytic degradation parameters

RGO was added to the selected samples to study the degradation of
methylene blue (MB). The photocatalytic degradation of the MB
pollutant was carried out taking 20 mg of samples of Co3_xNixO4 + rGO
to 50 mL of 10 ppm methylene blue solution in a photocatalytic reaction
system equipped with a visible UV light lamp —G6 Wellness germicidal
UV with a power of 25 W in the reaction cell. The value of the pH= 6. All
experiments were run at room temperature, and samples with residues
were removed with a syringe-driven filter unit. For surface area, the best
results were observed in R; for 1% and 4% Ni at a sintering temperature
of 400 °C. For photocatalytic tests, the different R; samples did not
include rGO. However, a relevant response was obtained at room tem-
perature in the degradation of MB for 4% Ni.

The concentration of methylene blue in the solutions was analyzed in
a UV-Visible P Selecta V1100 D spectrophotometer, measuring at a
wavelength of 664.5 nm. For the surface, the test started stirring for 15

Table 1
Variation of molar concentration Cos_xNiyO4.

Variation of molar Molar concentration of Ni ~ Molar concentration of

concentration (mol) Co (mol)
Coz_xNixO4 — Ni 1% wt. 0.03 2.97
Coz_xNixO4 — Ni 4% wt. 0.12 2.88
Cos_xNiyO4 — Ni 10% wt. 2.72 0.28

Co3_xNixO4 — Ni 16% wt. 2.52 0.48
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min 20 mg of the Co3_4xNiyO4 and Cos_xNiyO4 + rGO photocatalyst
obtained by sol-gel and prepared in an aqueous solution of methylene
blue. At 15 min intervals, samples were taken from the reactor to
evaluate the efficiency of the photocatalyst. Finally, the indicated
spectrophotometer analyzed each sample absorption.

2.3. Characterization

Specific surface area (BET) and porosity were determined using
Micromeritics Tristar 3000 equipment, nitrogen adsorption at liquid Ny
temperature and carbon black batch: 180049,/180052 (21.3 m%g~! +
0.75) were used as reference material. The degassing process was carried
out between 22 and 24 °C for four hours. The pore diameter of the
samples was calculated from the Barrett-Joyner-Halenda (BJH)
desorption branch.

Crystallinity was determined through X-ray diffraction (XRD) and
measurements were performed on the PANalytical X'Pert PRO MPD
Bragg-Brentano powder diffractometer with Cuka radiation (A = 1.5418
R), an operating power of 45 kV- 40 mA, and a secondary graphite flat
crystal monochromator with X'Celerator Detector and 2.122° active
length. Diffraction patterns were measured over a 20 range between 10°
and 90°. Analyzes were performed using X'pert High Score Plus
software.

Thermogravimetric (TG) analyzes were performed on TA In-
struments Q-600 SD from 30 °C to 1100 °C at a heating rate of
10 °C-min ", sensitivity of the balance: 0.1 pg, calorimetric accuracy: +
2%, and using a platinum-rhodium thermocouple. The morphology of
the samples was characterized by field-emission scanning electron mi-
croscopy (FESEM, Nijmegen, The Netherlands) (FESEM-JEDL J-7100).
Raman analysis was performed using a Jobin-Yvon LabRam HR800
dispersion spectrometer, laser line 532 nm. Fourier transform infrared
spectroscopy (FT-IR) was performed on a Perkin-Elmer Spectrum Two
spectrometer equipped with a standard optical system with KBr win-
dows for data collection in the spectral range of 8300-350 cm™! with an
optimum resolution of 0.5 cm ™! and a standard, high performance, room
temperature LiTaO3 MIR detector with an SNR of 9300:1.

3. Results and discussion

The aim of the analysis was to thoroughly characterize the samples
and provide information on their suitability for the catalytic degradation
of methylene blue. By investigating the specific surface area, phase,
morphology, optical, vibrational and electrical properties, the aim was
to identify the most efficient catalysts and understand the underlying
mechanism of the degradation process. These findings will help to
optimize the conditions for methylene blue degradation and potentially
lead to more effective and sustainable catalytic processes.
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3.1. Specific surface area study

Table 2 shows the results of R1-CA and Ry-CTAB for the analysis of
the specific surface area of the samples. As the final calcination tem-
perature increases, the specific surface area decreases. According to Liu
et al. [33], the sample calcinated at lower temperatures obtained the
highest surface area, indicating that the BET-specific surface areas for
Co304 vary downwards with different calcination temperatures. In
terms of surface area, the Ni and rGO effect is best observed at 400 °C
since, at higher temperatures, the pores are destroyed as the oxides
sinter.

The samples at 600 °C for 10% and 16% Ni for the R; have a larger
pore volume. However, they do not have a large specific surface area,
but this volume should not be the deciding factor. If it is the main issue,
the photocatalytic efficiency of the samples at 10% and 16% Ni should
be higher in the photocatalysis experiment. Therefore, it can be stated
that the pore size, distribution, and number have a decisive impact on
the surface area for MB degradation. According to the literature, the
ideal photocatalyst for MB should have a mesoporous structure with a
good adsorption performance and a large specific surface area [34].

At 800 °C, the specific surface area values remain in an average range
of 1.8 mZ-g’1 for R1-CA and 1.6 mz-g’1 for Ro-CTAB, the lowest values
obtained for the rest of the sample, as the oxides have been sintered and
destroy the pores. At 600 °C, the specific surface area values of R show a
considerable (higher) variation for R;-CA, with a difference of 3 rnz-g’1
for 1% and 4% Ni doping. At 400 °C, the 4% Ni-doped samples have the
highest values with 21.2 m?g~! and 19.1 m?g~}, and pore sizes of
190.42 A and 554.41 A for R;-CA and Ry-CTAB, respectively. The pur-
pose of this section is to investigate the specific surface area of the
samples, R;-CA and Ry-CTAB, and to understand how it is affected by
different calcination temperatures. The results are compared with pre-
vious studies in the literature to validate the findings and to show the
effect of pore size, distribution and number on the specific surface area
and photocatalytic efficiency for methylene blue degradation. The aim is
to provide insight into the best conditions for the synthesis of photo-
catalysts with optimal properties for the degradation of methylene blue.

From these data, it can be hinted that the CA used in R; generates
nanostructures with higher specific surface area values compared to
CTAB employed in Ry for 4% Ni doping at 400 °C. Pudykydy et al. [33,
35] reported that the preparation of cobalt spinel with citric acid ob-
tained the highest specific surface area value (29 m2.g~!) compared to
other modifiers.

With this information, it can be inferred that the 1% and 4% Ni at a
temperature of 400 °C present the best surface area values in both
synthetic routes: the highest were 18.15 m2.g~! and 21.18 m%g™! for
1% and 4% Ni in Ry, respectively, and 18.1 and 19.13 m?.g ™ for 1% and
4% in Ry. This information is relevant because the surface area

R,-CTAB route

Table 2
Specific surface area and pore analysis.
R;-CA route
Temp. % Ni Surface area Average pore size
c) (m*g™) @& g h
400 1.0 18.158 195 0.08
4.0 21.184 190.0 0.10
600 C03040.0 3.817 552.70 0.05
1.0 3.948 538.97 0.05
4.0 4.343 491.41 0.05
10.0 3.294
16.0 4.194
800 Co03040.0 1.499 296.51 0.01
1.0 1.826 423.11 0.19
4.0 2.143 162.01 0.08
10.0 1.408
16.0 1.761
400 1 +rGO 31.372 530 0.12

84.743 630 0.18

Pore volume (cm®

Surface area Average pore size Pore volume (cm®

(m*g™) @& g h
18.967 281.97 0.13
19.132 554.41 0.26
6.509 329.12 0.05
7.302 310.10 0.05
7.341
6.974
6.803 309.69 0.05
1.276 227.77 0.07
1.438 105.76 0.05
1.632 199.13 0.08
1.835
1.655
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properties play an important role, especially for photocatalytic
applications.

Therefore, the following lines focus on these samples, analyzing their
characteristics and their synthesis through the two routes (R;-CA and Ry-
CTAB). For the sample with the addition of rGO at 1% and 4% Ni, a
much larger overcharge area is observed compared to the other samples
with values of 31.36 m?.g ™! and 84.7 m%.g !, respectively. However, the
combination of Co304 and rGO nanostructured material has been stud-
ied for high energy, power density, and long lifetime supercapacitors.
The authors found specific areas of ~87.8 m2.g~! with a higher specific
capacitance [36]. For this reason, the results obtained for the sample
with 4% Ni and rGO addition are comparable to those found in the
literature. The presence of rGO increases the specific surface area of the
material, and better performance in the photocatalytic activity of the MB
is expected. When observing the pore size in the samples, there are
significant differences, however, the surface area is not only defined by
the diameter but also by the number of pores.

The surface area is a decisive study parameter in the photocatalytic
efficiency of MB since a large surface area means more active sites for
catalysis. Decrease in surface area, partial loss of structural order, and
growth of crystallites due to sintering at high temperatures affect the
photocatalytic activity of the material. In this case, in the 1% and 4% Ni
in Co304 + rGO samples, the BET-specific surface area increased
considerably, as did the pore volume. Therefore, as expected, it was
improved by introducing rGO into the nanocomposite, giving higher
values for 4% Ni (surface area 84.7 m?g~! and pore volume 0.18
em3-g™Y). As Table 2 illustrates, the pore volume for R; at 400 °C and 4%
Ni, with and without rGO addition, was always greater than 1% Ni, as
was the specific surface area. The larger the specific surface area, the
greater the number of active sites for photodegradation of the MB.

According to Fan et al. [37] the in-situ deposition of electrosprayed
Co304 nanoparticles on a substrate resulted in good acetone sensitivity,
selectivity, and stability. The sensor showed excellent linearity over the
acetone concentration range of 1-50 ppm at an optimum working
temperature of 200 °C, and sub-ppm acetone could be detected. More-
over, the synthesis of Co304 nanoparticles was found to be highly
dependent on the type of solvent used in the synthesis, which suggests
that the solvent-dependent synthesis approach can be an effective
strategy for tuning the morphology and properties of cobalt tetraoxide
nanoparticles for gas sensing applications [38]. In this work Co304/rGO
nanocomposites with 1% and 4% Ni doping concentrations exhibited
high sensitivity to acetone at room temperature. The sensitivity to
acetone was higher for the Co304/rGO nanocomposite with 4% Ni
doping concentration, which had a higher specific surface area. The high
sensitivity to acetone could be due to the changes in the surface chem-
istry of the Co304/rGO nanocomposites caused by the presence of rGO.

3.2. Evaluation of phase composition

In order to determine the crystalline structure of the synthesized
samples based on the conditions applied, X-ray diffraction analysis was
carried out. The XRD patterns of the samples obtained undoped and
doped with 1% and 4% Ni are observed in Fig. 1a-f. The peaks corre-
spond to the unique spinel structure of cobalt oxide Co304 with a
preferred orientation at (311) and no secondary phases [39]. The
identified coincident planes are associated with standard XRD data
(ICSD-36256) [40] and space group Fd-3 m [41].

In the samples obtained by R;-CA, a higher intensity in the diffrac-
tion peaks is observed than in those obtained by R,-CTAB. Citric acid
provides the combustion to calcinate the cobalt tetraoxide, forming the
oxide phase at low calcination temperatures. In this case, 400 °C,
through the reaction between metal ions [42]. The crystallite size of the
obtained samples was calculated using the Scherrer equation for the
highest intensity peaks (311), (511) and (440).

The crystallite size analyses indicate that for R;-CA, the average
value is 23.05 nm for the (311) plane, while for R,-CTAB, it is 15.42 nm,
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Fig. 1. XRD diffraction patterns: R; with (a) Co304, (b) 1% Ni and (c) 4% Ni,
and Ry with (d) Co304, (€) 1% Ni and (f) 4% Ni.

as shown in Table 3 where a decrease in size is observed as nickel doping
increases, reaching 14.18 nm in 4% Ni. These results can be associated
with the effect of CTAB in the synthesis for Ry since the particle size is
related to the reduction of nanoparticle growth by disintegrating the
agglomerate. Consequently, when nano-powders are obtained, low
agglomeration and particle size distribution can be achieved through the
sol-gel method by adding a cationic surfactant, such as cetyl-
trimethylammonium bromide CTAB [43], which changes the thermal
behavior of the products [1].

Fig. 2 shows the XRD diffraction patterns of Co304 at 4% Ni + rGO.
Due to the reduced graphene oxide, the crystallographic peak intensities
decrease while maintaining the spinel phase of Co304. X-rays showed
characteristic peaks at 20 = 31.3°, 36.8°, 44.8°, 59.4°, and 65.2°, which
were assigned to (220), (311), (400), (511), and (440) of the spinel cubic
planes of Co304, respectively. The results indicate that crystalline Co304
has been formed after the thermal calcination process.

Only diffraction peaks of Cos_xNiyO4 are detected in the Cos_xNiyO4
+rGO composite, suggesting that the synthesized nanoparticles
completely cover the rGO, agreeing with the Raman analysis. Moreover,
compared with pure Co304, all the characteristic peaks of the
Co3_xNiyO4 + rGO composite are broader and of lower intensity. The
crystallite size of the Coz_xNixO4 + rGO nanocomposite is estimated to
be ~20 nm, as shown in Table 4, and agrees with the TEM image
(Fig. 3a). These nanometer-scale particles are beneficial because they
provide more accessible interfaces to favor ion diffusion.

3.3. Morphological characterization

In order to visualize the shape, size and texture of the Co3_xNixO4
samples, SEM analysis was performed. Fig. 3a-d presents the SEM mi-
crographs obtained by R;-CA and Fig. 3e-f by Ro-CTAB. The analyses
indicate a larger particle size in the samples where R;-CA was used
compared to the obtained by R,-CTAB. According to Ahmadi et al. [44],
the addition of CTAB generates a particle size distribution of lower value
and greater uniformity, which prevents agglomeration and overgrowth.
In turn, the addition of CTAB could have a relevant effect on the com-
posite morphology, especially inducing the formation of nanoplates due
to the growth of the crystalline face of the Co304 crystals by the ab-
sorption of the surfactant in the system [45].

The sample microstructure can change due to a complexing agent,
such as CA, which acts in the reaction and influences the particle size
[46]. In SEM micrographs, particles with irregular morphology,
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Table 3
Cristallite size of the Co304 samples obtained by routes R; and Ro.

Materials Today Communications 35 (2023) 106406

Sample FWHM (°) Cristallite size (nm)
Pos. (20) (311) Pos. (26) (511) Pos. (26) (440) (311) (511) (440)
R; — Co304 36,86 0324 59,36 0,42 65,24 0,40 25,83 21,81 23,57
Ry - 1% Ni 36,85 0,43 59,30 0,61 65,23 0,62 19,55 14,91 15,30
Ry — 4% Ni 36,86 0,35 59,35 0,48 65,23 0,48 23,78 19,12 19,60
Ry — Co304 36,85 0,53 59,33 0,75 65,22 0,75 15,68 12,18 12,57
Ry — 1% Ni 36,79 0,51 59,32 0,81 65,21 0,81 16,40 11,28 11,63
Ry — 4% Ni 36,87 0,59 59,27 0,88 65,16 0851 14,18 10,38 11,07
especially the power density, energy density, cycle stability, and elec-
trode rate performance. Co304 nanoparticles, with an average size of
= S = 8 8= % 52 53 ~15 nm, adhere to the surface of rGO films and serve not only as spacers
- N m < <t wn < N oo

™

Intensity (a.u)

10 20 30 40 50 60 70 80 90
20 (degree)

Fig. 2. XRD diffraction patterns of Co304 at 4% Ni + rGO.

hemispherical shape, and larger agglomerates for R;-CA are observed.
Du et al. [47] reported that Ni doping did not cause significant changes
in morphology. However, in the present study, morphological and par-
ticle size modifications were observed even without Ni addition. This
suggests that other factors, such as the synthesis method or the precursor
materials, may have played a role in the observed modifications.

Fig. 3a shows the material for R;-CA without Ni addition at 400 °C.
This micrograph reveals particle aggregation without forming distinct
particles. Fig. 3b shows 1% Ni for R;-CA. Fig. 3b shows 1% Ni for R;-CA
with non-uniformly shaped particles. Fig. 3c presents the SEM for 4% R;-
CA, and the addition of Ni decreases the particle size and globular
morphology, increasing the surface area, as observed in Table 2. Fig. 3d
reflects the sample at 4% Ni + rGO for R;-CA. In this case, the particle
size seems to decrease with the rGO addition. Still, the morphology and
shape of the particles are irregular. Fig. 3e-f represents the samples for
Ro-CTAB at 1% and 4% Ni, respectively, where the particles are less
agglomerated, and their size decreases with Ni addition.

The morphologies of Cos_xNiyO4 + rGO nanocomposites (1% and
4% Ni) were analyzed by TEM (Fig. 4a-b). TEM micrograph revealed the
spheroidal morphology of the nanoparticles (NPs). As it indicates, these
are less than 20 nm and much smaller for 4% Ni + rGO than for 4% Ni
+ rGO (Fig. 4a). The Co3_4xNiyO4 + rGO composite in Fig. 4b is observed
with a unique morphology, different from that of 4% without adding
rGO. rGO favored the consistent growth of Co3_xNixO4 nanoparticles on
it, preventing the re-stacking of graphene nanosheets and providing a
larger surface area [48].

According to the literature, carbon materials combination with
Co304 is an effective way to improve electrochemical performance,

Table 4
The cristallite size of the Cos_xNiyO4 + rGO sample, obtained by R;.

to suppress the stacking of rGO films effectively but also as a stabilizer to
prevent the decomposition of the Cos_xNiyO4 + rGO structure during
heat treatment [48]. It can be deduced that the rGO is being coated by
the Coz_xNiyO4 nanoparticles since an arrangement of the particles in a
chrysanthemum-like cluster is observed.

3.4. Diffuse reflectance analysis and band gap determination in
Cos_,Ni,O4 nanostructures

In order to gain a deeper understanding of the molecular level
transitions in the synthesized material, a diffuse reflectance ultraviolet-
visible spectroscopic characterization was carried out. Fig. 5 shows the
diffuse reflectance spectra obtained for Co304 samples without nickel
doping and with doping at 1% and 4% Ni by R; and Ry, respectively and
Tauc plot optical band gap. On the one hand, a variation in the bandgap
(Eg) of the samples obtained by R; is observed, with values of 1.81 eV for
the undoped sample and 1.72 eV for the 4% nickel-doped sample. On the
other hand, E; values remain constant between 1.71 and 1.72 eV for R.

These results can be associated with previous ones [49], where a
decrease in the band gap is observed for nickel doping of Co304, going
from Eg = 5.57-3.71 eV. According to Agilandeswari et al. [50], the
positive hole exchange between Co®" and Co?" transfers 0% between
the vacant oxygen side and the occupied side due to the presence of
cobalt ions in two different oxidation states. This smaller energy gap
between the 4% Ni of R;-CA and the surface is substantial for photo-
catalytic activity.

3.5. Effect of doping on vibrational modes and absorption bands by
Raman and FTIR spectroscopy for Cos_,Ni,O4 + rGO samples

Fourier transform infrared (FT-IR) and Raman spectroscopy char-
acterizations were conducted to analyze the molecular vibrations of the
synthesized samples. Fig. 6a-f points to the Raman spectra of the samples
synthesized by R;-CA and Ry-CTAB. The five active modes correspond-
ing to the spinel structure of cobalt oxide are indicated, with peaks at
190, 471, 513, 609, and 677 cm™’. In both routes, shifts in the vibra-
tional modes are observed, becoming more visible with higher nickel
doping. There is a considerable difference in the intensity of the peaks,
whose visibility is higher in the A; ¢ mode. Also, this can be attributed to
the insertion of Ni into the Co304 lattice with shifts and propagation of
the peaks related to electronic disorder in the octahedral sites of the
cobalt spinel [51].

Table 5 shows the mode position values for R; and Rz, where the Eg

Sample FWHM (°) Cristallite size (nm)
Pos. (20) (311) Pos. (511) Pos. (26) (440) (311) (511) (440)
(26)
Ri- 4% + rGO 36.84 0.32 59.35 0.48 65.23 0.58 27.3 19.9 16.9
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Fig. 4. R;-CA at 400 °C. (a) TEM image of Co304 of 4% Ni, (b) TEM of Co304 of 4% Ni + rGO.

mode presents a variation of 5.47 cm! (R1-CA) and 5.04 cm! (Ro-
CTAB). It is also true for the Fa g, F2 g(1), F2 g(2), and Ag; modes. For a Ni
concentration of 4%, the peaks decrease in intensity and shift towards
lower frequencies, indicating that the spinel structure changes, as seen
in Figs. 6¢ and 6f. Observing the vibrational modes of the samples, as the
nickel concentration increases, a shift for low frequencies and a mid-
height length in the Raman peaks due to the distortion of the lattice
studied in both routes is appreciated.

As it is noticed, for rGO (Fig. 7a), there are two broad peaks centered
at 1343 and 1596 cm ™, corresponding to the D and G bands, respec-
tively. Altogether, the D band is related to the defective/disordered

domain, and the G band is assigned to the E;; phonon. In the
Co3_xNiyO4 and Coz_4NiyO4 + rGO nanocomposites, the characteristic
peaks originating from the reduced graphene oxide disappear, and new
distinctive peaks of Co304 appear, located around 187, 479, 512, 671,
846 cm™!, corresponding to the vibrational modes of the Co304
structure.

The data agree with those reported for the standard microcrystalline
Co304 powder. The disappearance of the characteristic peaks corre-
sponding to reduced graphene oxide (rGO) in the Cos_xNiyO4 + rGO
nanocomposite can be attributed to the complete coverage of
Cos_xNiyO4 nanoparticles of rGO, further confirming the formation of
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Fig. 5. UV-Vis spectra (a,b) and Tauc plots (c,d) with optical band gap evaluation for Co304-R; and Ry, both without Ni doping and with 1% and 4% Ni doping.
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Table 5
Raman Shift displacement.

Raman Shift (cm™")

R, Sample Fag Eg Fag) Fa g2 Ag1
(@ 188.28 470.08 512.95 607.43 677.10
(b) 186.09 465.34 508.39 603.23 668.90
(© 185.63 464.61 508.01 602.14 666.34
Ro (d 188.82 470.93 513.31 607.25 675.46
(e) 187.36 468.62 511.49 604.51 672.36
[63)] 184.81 465.89 509.66 - 665.61

TEM measurements, where ordered nanoparticles forming almost a
chrysanthemum are observed [52]. With the increase in Ni concentra-
tion in the crystal lattice and the addition of rGO, the Raman modes lose
intensity and underGO a length in their half-height, indicating disorder
in the lattice.

Fig. 8a-c shows the FTIR spectra for the samples obtained by R; and
Fig. 8d-f for those obtained by Ry. The analyses indicate two absorption
bands located at 653 cm ™! and 537 cm ™! for R1-CA, and 652 cm ™! and
547 cm™! for Ry-CTAB, confirming the formation of Co304. In addition,
a considerable difference of 10 cm™! is evident in the synthesis with
CTAB (Rp). The Figure reveals no additional absorption peaks. More
spectroscopic bands are neither observed, which points to an optimal
decomposition of CA and CTAB used as precursors in the reactions
coming from the sol-gel method. In conformity with Chen et al. [53],
citric acid inhibits the segregation of metal ions through coordination
with metal ions, allowing homogeneity of the precursor.

3.6. Specific surface area and pore volume for Coz_xNi,O4 + rGO
samples

Considering that factors such as specific surface area, volume, and
pore distribution can affect various applications such as photocatalytic
degradation, sorptometric analysis was carried out to gain a compre-
hensive understanding of these characteristics. Fig. 9a-d includes the
adsorption-desorption isotherms of the 1% and 4% Ni-doped samples by
R;-CA and Ry-CTAB. As can be seen, both isotherms are of type IV, with
H3 hysteresis loop according to IUPAC, mesoporous distributions, and
ordered texture, which is characteristic of this type of nanostructures.

The adsorption isotherms show the formation of large hysteresis
loops varying between P/Pg from 0.62 to 0.96 and are attributed to the
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and (c) 4% Ni doping, and for Co304-Ry (d) without nickel doping and (e) with
1% and (f) 4% Ni doping.

mesoporosity of the particles. These results agree with those presented
by Liu et al. [33]. Slight differences in the isotherm shapes of the samples
are observed, possibly due to the pore structures formed using different
types of reagents to obtain nickel-doped Co304. Sintering and densifi-
cation associated with the temperature increase may influence the
behavior generated by the curves [54].

Fig. 9e indicates the N9 adsorption/desorption isotherms for the 4%
Ni + rGO sample, which exhibits a typical IV isotherm with a hysteresis
loop indicating the presence of mesopores. The specific surface area for
this Coz_4NiyO4 + rGO sample is calculated to be ~ 84.743 m? g~ *.
Moreover, the existence of rGO effectively increases the specific surface
area of the material, playing an important role in MB degradation.

3.7. Magnetic behavior of Cos_,Ni,O4 samples x = 0, 1, 4%

Plotting the magnetization (M) as a function of the magnetic field (H)
at a temperature of 300 K, it is observed that the material behaves
paramagnetic. However, for the samples obtained by R;, small changes,
more notable for 1% Ni, are visible, as reflected in Fig. 10. In the case of
the synthesis by Ry, no changes are noticed with nickel concentration,
however, the material displays paramagnetic behavior. According to
Takada et al. [55], at 5 K, the magnetization curves showed no hyster-
esis loops. Furthermore, the magnetic ratio rate improves as the field
approaches zero.

The samples have a paramagnetic behavior for the two synthesis
routes, possibly related to the magnetization value that increased with
the strength of the applied field, giving this result. Also, the use of citric
acid for the sol-gel synthesis of the samples influences the morphology
and the magnetization values, as does the double exchange interaction
through the magnetic nickel dopant ions present as ferrimagnetic im-
purities in coexistence with the main phase.

According to the analyzes undertaken and descriptions in the liter-
ature, the variations that occur in the magnetization with different
resistance states can be associated with the concentration of oxygen
vacancies and the conversion of the valence states of the cations (Co%t/
Co>*). For the cobalt spinel, Co>" ions show no net magnetic moment
due to the paired d-electrons, and the corresponding Co?" ions feature
magnetic moments from three unpaired p-electrons [56].
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3.8. Photocatalytic degradation of methylene blue

Fig. 11 demonstrates the degradation of methylene blue with
Co3_xNiyO4 4+ rGO and without catalyst (NC) under UV light. The results
indicate a photocatalytic degradation efficiency evidenced throughout
the test. With a catalyst (C), in the first 15 min, the degradation is
21.72%, in 30 min, it is 27.53%, after one hour, 33.62%, and in 2 h,
39.65%. Without catalyst (NC), it starts at 15 min with 1.35% and ends
at 120 min with 1.46%. In the case of organic-type dyes, the degradation
originates from the electron/hole pairs on the surface, providing a high
number of adsorption sites for methylene blue molecules [57].

It is possible to infer that the synergy of cobalt and nickel oxide
semiconductor-based compounds and the addition of reduced graphene

oxide have a high-performance effect on photocatalytic degradation.

The addition of rGO to the samples improves carrier transport. Be-
sides, the unique porous structure and large surface areas favor the
adsorption of molecules in photocatalytic degradation. As seen in
Fig. 11, the degradation of MB with 4% Ni Co304 offers lower degra-
dation compared to the 1% and 4% Ni samples with the addition of rGO
and is much better for the 4% Ni sample. These results match those
obtained for the specific surface area, resulting in better for this sample.
The MB in solution diffuses on the surface of the Coz_xNiyO4 + rGO
composite particles and adsorbs on the active sites in the adsorption
phase. According to the results, the Coz_xNixO4 + rGO samples for 1%
and 4% Ni for R; CA are mesoporous and favor absorption before
oxidation in the photocatalytic process.
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the absence of the nanocomposite (NC) at 120 min.

Therefore, the change in pore size and surface area constitutes a
pivotal aspect in the degradation of MB, which is a large molecule and
cannot diffuse into smaller pores even if the sample has a large surface
area. For this reason, it is also necessary to highlight the influence of
pore size on catalytic performance. The Co3_xNixO4 + rGO samples for
1% and 4% Ni for R; CA have larger pore volumes and higher photo-
catalytic degradation efficiency, as shown in Fig. 11 [34].

By analyzing the results obtained through the study of the properties
of Co3_xNixO4 and doped with rGO it is possible that the hemispherical
and irregular nanomorphology of the nanoparticles obtained in the
present investigation, as well as the chrysanthemum-like arrangement
revealed in the morphological characterization have given way to the
formation of active sites that facilitate the interaction in the photo-
catalytic degradation of methylene blue. The addition of nickel ions and
graphene oxide (rGO) influenced the particle size and morphology.

Several researchers report that the morphology of Co30y4 is related to
the catalytic performance, more Co®* cations in the (110) planes can
provide sufficient sites for ethylene and oxygen adsorption [58] since in
metal oxide nanoparticles, some properties strongly depend on the
shape and size of the crystallite, as the surface structure as well as
electronic and optical properties can change at different levels
depending on the nanometer size, crystallographic structure and syn-
thesis method [59].

Moreover, according to Yang et al. [60], the textural and structural
properties influence the adsorption-desorption of dyes on the surface of
the photocatalyst, which enhances the degradation of dye molecules,
and also a minimizes in the hole-electron recombination process [61].

According to the adsorption/desorption isotherms, the photo-
catalytic activity of the doped samples can be enhanced because the
mesopores of the rGO-doped compounds will act as passive channels
that facilitate the transport of methylene blue. The Co3_xNiyO4 + rGO
samples for 1% and 4% Ni for R; CA have larger pore volumes and
higher photocatalytic degradation efficiency, which is observed in the
degradation of MB. The results are consistent with the specific surface
area of the material, resulting in better performance for the 4% Ni
sample, corroborating that an easy transport of reactive molecules to the
active sites during the catalytic reaction can be favored by a high specific
surface area [62], suggesting that the addition of rGO enhances carrier
transport and the large surface areas of the material favor the adsorption
of molecules in photocatalytic degradation. The change in pore size and
surface area is a fundamental aspect in the degradation of methylene
blue (MB).

The results of magnetization measurements play a crucial role in
understanding the catalytic activity of the samples under study. The
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magnetic behavior of a catalyst is closely related to its activity, as it can
affect the reaction rate, selectivity, and stability of the catalyst [63].

Understanding the magnetic behavior of a catalyst can help to
identify the factors that influence its activity and make it possible to
optimize performance of the catalyst. The magnetization values changed
with different resistance states and these variations can be related to
with the concentration of oxygen vacancies and the conversion of the
valence states of the cations. The cobalt spinel shows a paramagnetic
behavior, which could be related to the magnetization value that
increased with the strength of the applied magnetic field. These
magnetization results provide insight into the magnetic behavior of the
catalysts, which is relevant to understanding their activity. Wang et al.
[64], suggest that the porosity of catalysts can play a crucial role in
enhancing their catalytic activity. When an external magnetic field is
applied, the magnetic force facilitates the transfer of oxygen molecules,
which can reach the electroactive sites within the catalysts through the
pores. Moreover, various parameters, including symmetry, structure,
charge, and external field, have been found to influence the magnetic
coupling between transition metal atoms, ultimately impacting catalytic
activity [65].

3.9. Photodegradation mechanism

The change in radicals involved in the degradation of dye molecules
occurs due to the electron (el) — hole (ho) pair and the presence of water
and oxygen in the catalytic solution. The constant movement of air helps
in the production of these radicals, especially hydroxyl radicals, which
carry out the oxidative photodegradation of MB molecules [66]. Because
the degradation of the dye involves an adsorption reaction, the adsorbed
dye molecules can easily bind to the oxidizing radical species generated
photocatalytically, in Fig. 12, the indicated mechanism is observed. The
photodegradation of MB occurs when the surface of the catalyst is illu-
minated with UV light, which generates electron-hole pairs. The holes
react with water molecules to form OH radicals, while the electrons are
captured by O; to form OH- through a series of intermediate reactions
involving HOO and H»05, as shown in equations 1-7.

Co0304(el” +h*)—>Co304(el” +¢e7)(ho™ + ho™) D
ho* + OH —OH (2)
el” +0;-0; 3
H,0+ 0,-00H + OH" 4
200H + 0, 4+ H,0, (5)
OH + O, + h{; + MB—degrade MB 6)
OH + 0, + h{;; + degrade MB—CO, + H,0O @)

4. Conclusions

The samples of Co3_xNixO4 x = 0%, 1%, and 4% with reduced gra-
phene oxide (rGO) were synthesized through the sol-gel method using
two different routes - citric acid (R;-CA) and cetyltrimethylammonium
bromide (R,-CTAB). The results of the analysis of the specific surface
area showed that the samples with 1% and 4% Ni doping presented a
larger surface area than the undoped sample, and the addition of rGO
further increased this value. In particular, the 4% Ni sample with rGO
had a surface area of 84.7 m2.g~!. The Raman studies confirmed the
complete coverage of graphene by the Coz_xNixO4 nanostructures.

The samples that showed the highest photocatalytic degradation of
methylene blue (MB) were the 4% Ni doped samples obtained by R;-CA
attributed to the porous nanostructure with high specific surface area
and rGO doping. The diffuse reflectance results also indicated that the
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Fig. 12. Schematic representation of photocatalytic degradation in Co304 nanostructure.

band gap values of the samples obtained by R2-CTAB were lower than
1.72 eV.
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