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ABSTRACT

In this work, we report on the development of single-phase ceramic powders with excellent
thermal and colorimetric stability using the sol-gel combustion method for the production of
zinc oxide doped with Co?* (Zn1xCoxO; x= 0.0, 0.04, 0.1, and 0.2 mol). The techniques of X-
ray diffraction (XRD), high-resolution scanning electron microscopy (SEM-FEG), X-ray
dispersive spectroscopy (EDS), and UV-Vis spectroscopy (UV-Vis) were used to characterize
the pigments produced. The XRD patterns of the samples heat-treated at 1000 °C/2h indicated
obtaining single-phase powders, confirmed by the Rietveld refinement. The pigments showed
agglomerated particles with an almost spherical shape. CIELab measurements showed that
pigments modified with 10 and 20% cobalt, subjected to heat treatment up to 1000 °C, showed
better values of the a* coordinate, thus indicating the formation of a green pigment with better
tonality.
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INTRODUCTION

Zinc oxide (ZnO) is an n-type semiconductor with a wide bandgap (3.4 eV), extensively studied
for applications in several areas [1]. Several strategies have been studied to improve the
properties of ZnO, such as modifying this matrix by adding transition metal ions [1]. The doping
of ZnO using cobalt (Zn1-xCoxO) presents itself as an exciting alternative for synthesizing green
pigments with excellent thermal stability to replace the use of chromium [2] because the valence



of the Zn?* ion can be assumed by metals with an incomplete 3d orbital, facilitating the
replacement of the Co?* ion in the Zn?" sites [3].

There are several ways in the literature by which Zn;.xCoxO can be obtained, such as the
synthesis by co-precipitation, solid-state reaction, and combustion synthesis [4,5]. Among
these, combustion synthesis (CS) stands out as a sustaining autonomous method where the
reactants quickly and efficiently heat the reaction medium, producing pure and homogeneous
materials for applications in several areas [6,7]. The main advantages of this technique are the
rapid processing of the synthesis and the possibility of obtaining a variety of metallic oxides
[8]. Thus, this work produced single-phase ceramic pigments based on zinc oxide doped with
different concentrations of cobalt (Zn1-xCoxO; x = 0, 0.04, 0.1 and 0.2 mol) by the CS method
without using mineralizers. The effects of cobalt doping on the pigments' structural, optical,
and morphological properties were also evaluated.

MATERIALS AND METHODS

2.1 Pigment synthesis

In the synthesis of Zni.xCoxO ceramic powders (x = 0, 4, 10, and 20% mol), zinc nitrate
(Zn(N0O3)2.6H20 — Synth — 98%) and cobalt nitrate were used (Co(NO3),.6H20 — Synth — 99%)
as metallic precursors, while the fuel chosen was urea (CO(NH2)2 — Synth — 98%). The
oxidant/fuel ratios were defined according to the total valence of the nitrates and the fuel that
act as oxidants and reductants in the reaction, respectively. The mass of zinc nitrate, cobalt
nitrate, and urea (g) needed to synthesize the pure samples was 3.12, 0.0, and 1.02, respectively.
For synthesizing the samples doped with 4%.mol Co, 3.06, 0.30, and 2.03 were used,
respectively. To synthesize the materials doped with 10 %.mol Co, 3.09, 0.75, and 20%.mol,
2.06, 3.05, 0.9, and 3.07 were used, respectively.

Initially, the nitrates were solubilized with distilled water (20 mL) in a beaker and kept under
constant stirring and heating (80 °C). The urea was added to the solution after the complete
homogenization of the nitrates. The temperature was kept constant until the evaporation of a
large part of the solvent occurred, resulting in the formation of a gel, as shown. Then, the beaker
was taken to a muffle furnace previously heated to 400 °C and kept for 30 min (rate 10 °C/min)
to initiate the auto-ignition process and subsequent combustion. The powder resulting from the
reaction was de-agglomerated in an agate mortar and heat-treated at 1000 °C for 2h (rate 10
°C/min). For ease of understanding, the samples have been labeled ZnO — 1 (400 °C/30 min),
ZnO — 2 (1000 °C/2 h), ZnO — 3 (4%.mol Co — 400 °C/30 min), ZnO — 4 (4%.mol Co — 1000
°C/2 h), ZnO -5 (10%.mol Co — 400 °C/30 min), ZnO — 6 (10%.mol Co — 1000 °C/2 h), ZnO
— 7 (20%.mol Co — 400 °C/30 min), and ZnO — 8 (20%.mol Co — 1000 °C/2 h).

2.2 Characterizations

The powders produced were characterized by X-ray diffraction (XRD) using a Shimadzu Lab
XRD 6100 diffractometer, 20 scan in the range of 10-80°, with CuKa radiation (A = 1.5418 A).
Crystallite sizes were obtained using Scherrer and Williamson-Hall equations [9]. The
structural refinement of the material phases was performed using the Rietveld Method with the
GSAS software (General Structure Analysis System program) with the EXPGUI interfaces
[10]. The morphology of the samples was analyzed using a Scanning Electron Microscope with
a field emission electron beam and coupled to an Energy Dispersive Spectrometer (SEM-FEG-
EDS) model FEG Quanta 450. The UV-Vis diffuse reflectance measurements were obtained
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using a model UV-2600 spectrophotometer (Shimadzu, Japan) with a wavelength of 200 to 800
nm. The color of the pigments and coatings produced was determined with the aid of a
GRETAGMACBETH COLOR-EYE 2180 spectrophotometer, equipped with a standard light
source type D65 (daylight) corresponding to CIELab (Commission Internationale de
I'Eclairage) standards [11]. Through this technique, one can accurately obtain the coordinates
referring to the color of the material in the three-dimensional space CIELab, where L represents
the luminosity (L* = 100 white and 0 black), the* axis the red-green colors (a* positive = red,
a* negative = green) and the b* axis associated with the yellow-blue colors (b* positive =
yellow, b* negative = blue).

RESULTS AND DISCUSSION

X-ray diffractograms of samples Zn;-xCoxO with x = 0, 4, 10, and 20% mol, obtained after
combustion at 400 °C/30 min and after heat treatment at 1000 °C/2h, are shown in Fig. 1. The
diffraction peaks of the samples correspond to the Wurtzite phase, which has a hexagonal
crystal system and P63mc space group (JCPDS 75-0576).
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Fig. 1: XRD of cobalt-modified ZnO pigments: (a) obtained after combustion at 400 °C/30 min, (b)
calcined at 1000 °C/2h, (C) and (D) increase in the region corresponding to the peak of diffraction with
greater intensity of each group of samples.

The diffractograms of the samples modified with 10 and 20% cobalt still show a small
diffraction peak around 44° (20) corresponding to the secondary phase Co (JCPDS 01-1255),
possibly related to the considerably fast synthesis time. Through the profiles of the diffraction
peaks of the samples treated at 1000 °C/2h, it is possible to observe an increase in crystallinity
and the disappearance of the secondary phase, both influenced by the rise in the thermal
treatment temperature of powders. Mandal et al. [12] observed that impurity peaks are strongly
associated with doping above 30%. Despite this, Pragna et al. and Hoang et al. [13,14] reported
the formation of secondary phases in powders produced in less than 10% contractions. Zhou et
al. [8] investigated the effect of different fuels on the combustion process (glycine and urea) of
ZnO powders doped with 4% cobalt. Other studies have shown the presence of secondary
Co304 phases even when using high heat treatment temperatures [15]. Regarding the most
intense diffraction peak (101), observed in the two groups of samples (400 and 1000 °C) and
represented in Fig. 1.c-d, it is possible to notice a variation in their positions for increasing
values concerning 26, mainly in samples treated at 1000 °C/2h. This behavior evidences the
replacement of Zn?* by Co?* due to the ionic radius values being very close to 0.058 nm and
0.060 nm, respectively [16].



The X-ray diffraction profiles fit the theoretical model (CIF 65119) and the experimental data.
Furthermore, this agreement is because we used a pseudo-Voigt profile function [17], which
solves the convolution of the peaks using an approximation between Gaussian and Lorentzian
functions. The data obtained through the Rietveld refinement of the heat-treated samples at
1000 °C/2h and the agreement factors of the fit between the observed and calculated profiles
(x?e WRp) are presented in Table 1. Upon analyzing the table, it has been confirmed that a
notable contrast exists between the pure sample's network parameters and the values of the
altered powders. It is also noted that parameters a and ¢ increase as higher concentrations of the
dopant are added to the network, indicating, once again, the replacement of Zn?* by Co?*. These
values range from 3.250 to 3.251 A (a) and 5.207 to 5.2519 A.

Table 1: Structural parameters (a and c), unit cell volume, the goodness of fit factors (X? e wRp) obtained
through Rietveld refinement and crystallite sizes calculated using the Williamson-Hall (W-H) and
Scherrer (S) equations.

Crystallite size
Co?* /nm (D)

0]

omo) Ay cA)  c/a(d) V‘Z}g)“e 2 WRp W-H S
000 3250 5207 1601 47657 294 013 2646 27.31
0.04 3249 5199 1599 47563  2.99 025 1524 23.13
010 3250 5201 1600 47609 193 017 2411 2653
020 3251 5251 1615 47659 222 019 19.37 2294

Lattice parameters

In comparison with the unit cell of the pure material, it is observed that the volumes presented
for the doped samples are larger. The unit cell expansion observed in the refinement may
indicate the presence of interstitial atoms generated with the increase of the percentage of
dopant that also increases the crystallite size, as verified through the calculations of D (Table
1). In addition, there is an increase in crystallite size values as a function of heat treatment.
Regarding the modification of the cell's lattice parameters by the addition of cobalt, there is a
decrease in crystallite size between the samples with 10 and 20% mol, which may be associated
with lower nucleation of Zn atoms with the addition of higher concentrations of the dopant [18].

Fig. 2: SEM images of (a) ZnO -1, (b) ZnO — 2 (c) ZnO - 3, (d) ZnO — 4, (e) ZnO -5, (f) ZnO -6, (g)
Zn0 -7, (h) ZnO - 8, and EDS spectrum of the samples (i) ZnO — 2, (j) ZnO — 4, (k) ZnO - 6, and (I)
ZnO - 8.

SEM-FEG analyzed the morphologies of the particles, and the results are shown in Fig. 2. The
pure ZnO sample (Fig. 2a), obtained after the combustion process, presents a morphology of
4



faceted pyramids with a hexagonal base. These particles tend to agglomerate from the edges,
forming flower-shaped micro-agglomerates, as can be seen in the magnification in Fig. 2a. On
the other hand, the powders that underwent heat treatment show the sintering of very
agglomerated semi-spherical particles (Fig. 2b). Co?* modified pigments (Fig. 2¢c-h) also exhibit
strongly agglomerated particles with a slightly spherical and non-uniform shape, mainly in
samples heat-treated at 1000 °C/2h. In addition to being strongly agglomerated, the sample
doped with 4% Co?* (400 °C) also exhibits a hexagonal base, similar to the morphology seen
in the pure sample obtained at the same temperature.

On the other hand, the doped samples subjected to heat treatment at 1000 °C/2h present larger
particles with faceted morphology with different shapes. Previous studies have also reported
the production of ZnO particles doped with Co by other methods and with almost spherical
morphologies [19]. Regarding the effect of heat treatment on non-doped pigments, there is a
slight decrease in the average particle size from 0.97 pum (400 °C/30min) to 0.95 um (1000
°C/2h). The particle sizes of samples doped with 4 and 10 %mol of Co (1000 °C/2h) showed a
particle size of 2.23 and 2.07 um. Energy dispersive X-ray (EDX) analysis of heat-treated
powders at 1000 °C/2h (Fig. 2i-I) demonstrates the purity of the ZnO sample without
incorporating Co?*, where only the elements of interest, Zn and O, are observed. The spectra of
the samples doped with cobalt and the atomic compositions presented in the tables show the
presence of Co?" in the produced pigments (Fig. 2.j-1).

Fig. 3 shows the reflectance spectra of pure and Co-modified ZnO samples. The samples
obtained after combustion (Fig. 3a) present absorption peaks at 537 nm, 565 nm, and 610 nm,
which increase their reflectance according to the content of Co?* inserted in the structure and
are close to the values reported by Sutka et al. [3] (569 - “Ax(F) > 2A1(G) e 612 - *A(F) >
4T1(P)). Xie et al. [20] and Ji et al. [21] observed similar peaks in the spectra obtained from the
doping of ZnO by Co. They associated them with the electronic transitions *Az(F) > 2A1(G)
(565 nm) e *A(F) > 2T1(P) (610 nm), respectively, considering the diagrams for Co?" in a
tetrahedral coordination environment (d’; Tq), according to the Tanabe-Sugano diagram. These
characteristic peaks indicate the substitution of Zn?* by Co?* in the ZnO lattice.
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Fig. 3: Reflectance spectra for pure and Co-doped samples treated at (a) 400 °C/ 30 min, (b) 1000 °C/2
h, and CIELab diagrams of the produced pigments showing the (c) parameter a* versus b*, (d)
luminosity parameter, L.

The colorimetric characteristics of the pigments were analyzed using the three-
dimensional CIELab color space coordinates using a light source (D65-10°) and standardized
by the International Commission on Illumination (CIE). The negative values of the parameter
of a*(Fig. 3c), which represents the green portion of the CIELab color chart, for samples
modified with 10 and 20% Co and heat-treated at 1000 °C, indicate that temperature plays a

5



[1]

[2]

[3]

[4]

[5]

vital role in increasing the tone of the pigments. Among the pigments produced, the one that
presented the highest value of the a* coordinate and, therefore, the best green hue was the
sample modified with 4% cobalt, obtained after the synthesis process (a* = -12.32).
Furthermore, it is observed that the pigments obtained after heat treatment at 1000 °C show an
increase in green color as higher concentrations of the dopant are added to the ZnO structure -
7.33 (4%), -10.49 (10%), and -10.95 (20%), respectively. The luminosity is also significantly
affected by the increase in temperature and the concentrations of dopant, as can be seen from
the darkening of the powders indicated by the decrease in the parameter L (Fig. 3d). Zhou et al.
[15] also observed similar behavior concerning reducing the luminosity of the Co-doped ZnO
powders produced by the combustion method. They associated this with the increase in the size
of the particles in the pigments.

CONCLUSIONS

This work used the sol-gel combustion method to produce cobalt-doped zinc oxide pigments
using different concentrations. The replacement of Zn?* by Co?" was evidenced by the increased
lattice parameters obtained by the Rietveld refinement and the transition bands observed in the
UV-Vis spectra. The morphology of the powders, analyzed by SEM-FEG, revealed the
formation of powders with a faceted pyramid geometry with a hexagonal base for the undoped
ZnO sample (400 °C). In contrast, the calcined models at 1000 °C/2h were strongly clustered
and almost spherical. The colorimetric analysis of the pigments heat-treated at 1000 °C/2h
showed a green color depending on the temperature and the dopant content. The luminosity of
the powders was strongly affected by the increase in temperature, as evidenced by the decrease
in L values.
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