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Abstract

Nano-sized spinel cobalt chromite oxide CoCr204 and its substituted forms CoCrz2-xAlxOa
(0<x<2) have been successfully synthesised by wet chemical route. The prepared powders
were characterised by means of thermal analysis (DTA/TGA), X-ray diffraction (XRD), Field
emission scanning electron microscopy (FE-SEM), Brunauer—Emmett—Teller analysis (BET),
UV-visible techniques (UV-Vis) and colorimetric analyses (L* a* b*). The results show that
the CoCr2xAlxO4 (0<x<2) samples are in the crystalline phase at 900°C with a particle size
range of 20-200 nm. The colouration of the synthesised pigments is sensitive to the
distribution of doping trivalent ions in the spinel lattice. The Al-enrichment leads to a colour
shift from green to blue and the grains become more and more spherical and less
agglomerated. Green cobalt chromite powders were substituted with 50% aluminium
(CoCrAlQs), allowing the specific surface area of green nanometric powders to be increased

from 7.4 to 12.4 m?/g.
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1. Introduction

In the ceramics industry, the choice of pigments used for colouring or surface treating has
become vital to improving the quality of products. In order to have a wide variety of colours,
the manufacturer in this area is always looking for new stable colours while optimising
manufacturing costs. Mixtures of certain oxides, such as CoO, ZnO, Al>03 and Cr.0O3, are
traditionally the most used pigments. Various shades of colours can be obtained, in
stoichiometric quantities, from these reagents calcined at high temperatures [1-6]. Quite
recently, considerable attention has been paid to inorganic pigments of oxides with the
formula AB.Oa, in which A%* are accommodated in tetrahedral positions, whereas B** are in
octahedral positions. This material is a double oxide of a spinel-type structure with cubic
symmetry and a space group of Fd-3m, and it has very important mechanical and optical
properties. The substitution of chromophore ions (mainly transition metals) within these
oxides makes it possible to obtain a wide variety of colours [7-15]. Zhang et al. [16] prepared
the spinel solutions Mgi1-xZnxAl18Cro204 and studied the relationship between cation
distribution and optical absorption performance in order to explain the difference in colours.

In this paper, we focused on the green ceramic pigments based on CoCr,04 doped with
aluminium. Previous studies have presented certain materials with shades of green colours
obtained by Cr-doped Al20s, ZnAl;0s, MgAl;04 or MgAI2SizO12 oxides [2,17,18]. The
conventional method of synthesis of these types of oxides is via solid-state reaction of
mechanical mixtures of metal oxides at a high temperature. Although this process is relatively
inexpensive, it generally results in inhomogeneity of the powders and poor control of the
stoichiometry. Furthermore, the sintering caused by calcination at a high temperature leads to
materials with a low specific surface [19]. The focus of recent research has been on chemical
synthesis, in which the powders are synthesised in liquid systems. Thus, several authors have

proposed different synthesis routes, such as hydrothermal processes [20], coprecipitation [21],



microemulsion [22], combustion [23-25] and sol-gel [26-28]. Amongst these methods is the
polymerisable complex process using the polymeric precursor, in which the metal cations are
homogeneously distributed within the polymer chain. This process has the major advantage of
preparing nano-sized oxide powders with high chemical and morphological homogeneities
[29,30].

In this work, cobalt chromites (CoCr,- AlxOs, 0<x<2) nanoparticles were prepared by
polymerisable complex process. The calcination of the precursors obtained leads to the
formation of the mixed oxides at a relatively low temperature. Therefore, the Al-substituted
cobalt chromites obtained yield shades of green and blue. This can be related to the electronic
transitions of cobalt and chromium [31,32]. The structural, morphological and optical

properties are presented and discussed.

2. Experimental
2.1. Preparation of CoCr2-xAlxOs, 0<x<2 nanoparticles

Nanocrystalline cobalt chromite-doped aluminium (CoCr.—xAlxOs, where 0<x<2)
nanoparticles were prepared using analytical grade cobalt nitrate (Co(NO3)2:6H20; 99.0%,
Sigma Aldrich), aluminium nitrate (Al(NOz)3-9H20; 99.0%, Sigma Aldrich) and chromium
nitrate (Cr(NO3)3-9H20; 99.0%, Sigma Aldrich) as the starting materials. The total metal ion
concentration was 0.2 M, and the stoichiometric molar ratio was fixed (Co/(Cr.—xAlx)= 1/2).
Polyacrylic acid was used in excess as the chelating agent. The pH of the mixture was
maintained at 7.0 by adding a small amount of pure ammonia. Then, evaporation of the
aqueous solution at 80°C led to the formation of a viscous gel. After drying at 120°C over
24h, the obtained xerogel was pre-calcined at 300°C over 12h (pyrolysis) under air to remove

the organic matter. The formed precursors (Pro(x)) were heat-treated at 900°C for 5h. The



produced powders (PR(x)) were of different shades indicating that they were strongly affected

by the substituted amount x.

2.2. Characterization

The precursors Pro(x) were characterised by thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) using a simultaneous DTA-TG apparatus (DTG-60H,
Shimadzu).The heating rate was set at 2.5°C/min. The x-ray diffraction patterns were
recorded with a Bruker D8 Advance x-ray diffractometer equipped with a LynxEye detector.
The X-ray generator (40 kV, 40 mA) is a copper anticathode tube that uses the CuKa line. A
graphite monochromator eliminates the Kf lines. The wavelength of the Kai/Kay lines of
copper is 0.15406/0.15443 nm. The phases obtained are analyzed using Eva PLUS software
by comparing the positions and intensities of the different diffraction lines observed with
those available in the PDF-4-2010 Database established by the ICDD (International Center for
Diffraction Data). The FullProf software was used for Rietveld refinement of diagram
patterns. Diffuse reflectance spectra were measured using an ultraviolet-visible
spectrophotometer (Lambda 35, Perkin Elmer). The specific surface area (SSA) of the powder
was measured using the Brunauer—Emmett—Teller (BET) method (Micrometrics Flowsorb 11
2300 instrument). The surface morphology was examined by field emission scanning electron
microscopy (JEOL JSM 6700F). The colourimetric parameters (L*a* b*) were measured in
the system Commission International de L'Eclairage (CIE) using a colourimeter (Chroma

Meter CR-400/410, Konica Minolta).

3. Results and Discussion

3.1. Thermal analysis



The thermal decomposition of the precursors (Pro (x being the aluminium amount)) was
followed by thermogravimetric (TGA) and differential thermal (DTA) analyses. The
temperature was gradually increased from room temperature to 1000 °C. Figs. 1 (a—c)
represent TGA and DTA curves corresponding to the samples Pro (x=0), Pro (x=1) and Pro
(x=2), respectively. The TGA thermograms show similar thermal behaviours, with total
weight losses of around 16% for the three samples analysed. These weight losses were
accompanied by two DTA effects. The first (endothermic) effect is due to the elimination of
water adsorbed on the surface of the powder, whereas the second (exothermic) effect is
attributable to the removal of the organic residues and further crystallisation. Beyond 900°C,
no discernible weight loss was observed by the TGA curves. DTA curves showed slight
endothermic inflections at around 925 °C, which can be attributed to the reduction of Co®* to
Co?*. This transformation can be explained by the reaction of the mixed valence spinel
structure with the amorphous alumina. According to the previous work, the equation (1) can
be proposed for the composition x=0 [32]:

Co*'[ AP*y(1y) C0%2]0s+ 3y Al,O3 = (1+2y) Co*'[ AIF*]0s + % O, @

3.2. Structural analysis

In previous report based on the same spinel-type composition synthesis protocol performed
on the composition x=0, it was shown that blue powder which represents the direct spinel was
obtained from T>900°C [32]. Therefore, in the present work, the calcination temperature was
taken at 900 ° C for the synthesis of the substituted compositions. Fig.2 presents the XRD
patterns of the samples heat-treated at a temperature of 900°C (PR(x)). The diffraction peaks
of the samples with x=0 and x=2 followed the standard JCPDS card No. 080-1668 and JCPDS
card No. 070-0753 for CoCr204 and CoAl2O4 spinels, respectively. In addition, the peaks of

the Al-enriched spinels shifted towards the high angles. Therefore, the experimental values of



lattice parameter (a), determined from the XRD patterns, decreased linearly with the
enrichment of Al from 8.32A (for x=0) to 8.09 A (for x=2), which follows Vegard’s law
(Fig.3). Thus, the results were compatible with the ionic radii of Cr¥*(re.coord=0.615A) and
AP* (reco0rd=0.535A) in octahedral coordination, in accordance with the classification by
Shannon and Prewitt [33]. It was also noted that the intensity of the (222) reflection decreased
and the intensity of the (331) reflection increased with the amount of aluminium inserted (x).
This finding shows that these peaks were sensitive to the nature of the atoms at the octahedral
sites of the spinel structure, which can be explained by the difference in the diffusion factors
of Al and Cr [34].

The Rietveld method was used to carry out structural refinements on the CoCr2—xAlxO4
(x=0, 1.0, 2.0) samples. The corresponding data given in Table 1 show that the refined cation
occupancies at the 8a sites and 16d sites confirms the spinel-type structure of the samples with
a very low degree of inversion. Fig. 4a depicts the graphical illustration of the experimental,
calculated and difference signals for the CoCrAlO4 (x=1) sample. The Fig.4b shows the ball
and stick representation of the crystal structure in which the Co?" and Cr¥*/AIP* ions are
located at the center of tetrahedral and octahedral O% cages, respectively. The average
crystallite sizes of the samples were determined from the most intense peak (311) using
Scherrer's formula [35]. As can be seen in Fig.3, the crystallite size (D) decreased with Al-
enrichment from 48 nm (for x=0) to 22 nm (for x=2). This decrease almost stabilised at

around 22 nm for the samples with greater than 50% Al-enrichment (x>1).

3.3. Morphological properties

The morphologies of the powders PR (x) (CoCr2-xAlxOs where x=0, 1.0 and 2.0) were
examined via FE-SEM analysis. The obtained micrographs are given in Fig. 5(a—c). As shown
in Fig. 5a, powder PR (x=0) is composed of grains of variable shapes exhibiting a high state

of agglomeration and an average particle size of approximately 75-200 nm. For powder PR
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(x=1), the SEM micrograph shows grains that are quasi-spherical in shape, more or less
agglomerated and sized between 35 and 100 nm (Fig. 5b). Fig. 5¢ shows that powder PR
(x=2) is constituted of ultrafine grains 20—40 nm in size and quasi-spherical in shape. The
SSAs of the synthesised powders measured by the BET method are provided in Fig. 6. The
experimental values gradually increase with aluminium substitution, from 7.4 to 12.4 m?/g for
the green powders PR (x=0) and PR (x=1), respectively. For the aluminium-enriched powders
(x> 1), the SSA continues to increase and is accompanied by a change in colour from green to
blue. The particle sizes were determined from the SSAs, considering the hypothesis that the
grains are spherical and mono-dispersed. These calculations were carried out using the

following formula [36]:

6
d = pTS 103 (2)

d: particle sizes (nm).
p: theoretical density (cm®/g) obtained by Rietveld refinement.

S: specific surface area (m?/g).

Table 2 summarizes the results; notably, these values have the same orders of magnitude as

those observed in the SEM analysis.

3.4. The colour evolution and UV-Vis analysis

The powders prepared at 900°C (CoCr2-xAlxO4, 0<x<2) showed varying shades of blue and
green colours. As shown in Fig.7, this colour shift was related to the content of the inserted
AlI** cations. CIE Lab colorimetric measurements and UV-Vis spectroscopy analysis were
used to perform the optical characterisation of the synthesised powders.

Tristimulus colourimetry (CIELAB system) was used to measure the colour of the PR(x)
powders. The ratios (—b*/—a*) and (—a*/—b*) were studied as the function of the amount (x)

of aluminium inserted in order to provide a better representation of the evolution of the colour



shades. These ratios can aid in determining the dominance of blue or green colours on

powders. Fig. 8 illustrates this evolution using the following three domains of the shades:

= The powders with predominantly green shades had the composition x<1, where in the
parameter —a*, which was responsible for the green colour, increased and the parameter
—b*, which was responsible for the blue colour, was stable.

= The powders with blue-green shades had compositions corresponding to 1<x<1.4.

= The powders with a dominant blue shade had the composition x >1.4.

The UV-Vis absorption properties of the CoCr.—xAlxOs (x=0, 1.0, 2.0) samples were
measured by diffuse reflection spectroscopy. Fig.9 shows that the spectra presented large
bands in the visible region 400-950 nm. These absorptions are attributed to the spin-allowed
*A, (F) — *T1(P) transition of the Co?" ions in the tetrahedral sites and the spin-forbidden
electronic transitions ascribed to the *Axg— 2T1g and *Axg—2Eq transitions caused by the
chromium (Cr®") in the octahedral site [30,37]. Using the spectra, it is possible to deduce the
optical band gap energies (Eg) of the compounds. The Eg was calculated using Tauc relation
[7,38]. The Kubelka-Munk (K-M) reemission function was generally applied to convert the
diffused reflectance into equivalent absorption coefficient. The function K-M was given by
the following equation [1]:

F(R) = a = &R 3

2R

where F(R) is Kubulka-Munk function, o is the absorption coefficient, R is the reflectance of
samples. Thus the Tauc relation becomes,

F(R)hv = ahv = A(hv — E;)"/? (4)
hv: energy of the incident photons (eV).

A: constant.

n: factor associated with the type of transition (n = 1 for a direct transition, and n = 4 for an

indirect transition).



The energies of the forbidden bands were evaluated by considering the transition is to be
direct (n = 1). Fig. 10 shows the variation in the plot of (ahv)? versus ho. The band gap
energies (Eg) of the analysed compounds were estimated by extrapolating the linear part of
the curve (hva)? as a function of huo((hva)?=0). The estimated values of band gap of
CoCr2—xAlxO4 (x=0, 1.0, 2.0) are 3.5, 2.68 and 2.42 eV respectively (Fig.10). These results
were consistent with the results found in the literature [39-41]. The change in the band gap
values would explain the colour variation of metal aluminates. Furthermore, this shift may be
attributed to the difference in particle size and size distribution which can cause a variation of

the optical spectra [25].

4. Conclusion

In this study, aluminium-substituted cobalt chromite nanoparticles were obtained by
chemical route synthesis. The powders obtained at 900°C over 5h exhibited shades of green
and blue colours. X-ray diffraction analysis showed pure phases of spinel-type structures of
the CoCro—xAlxO4 (0<x<2) samples. The colorimetric measurements revealed that these solid
solutions possessed three colour domains:
= x<1, where in the green shade was dominant,
= 1<x<1.4, where in a blue-green shade was observed,
= x>1.4, wherein the compositions rich in aluminium a blue shade was dominant.
The CoCrAlOs (x=1) powder was green in colour, had quasi-spherical grains, and was more
or less agglomerated. The grain size ranged between 35 and 100 nm, and the SSA was
approximately 12.4 m?/g. This composition exhibited a better morphology than the green

powders rich in chromium CoCr-xAlxOs (x<1).
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Fig.1 Thermal analysis (TGA-DTA) curves of dried gel precalcined at 300°C for 12h
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Fig.3 Lattice parameter and crystallite size of CoCr,-xAlxO4 compounds as a function of the Al
amount (x).
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Fig.4 Rietveld refinement profiles XRD for CoCrAlO4 sample (a), The schematic crystal
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Fig.5 SEM micrographs of CoCr2.xAlxO4 (PR(X)) powders as a function of the Al amount (x)

(@): x=0, (b): x=1 and (c): x=2.
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Table 1

Rietveld refinement for PR (x=0), PR (x=1) and PR (x=2) samples

Wyckoff Refinement
Sample Atom Positions Occupancy  Biso quality
X=y=z parameters
Co 0.125 0.97 0.727 (4) _
PR(x=0) Cr  0.25 0.03  0.727 (4) E\E’V‘lz'iﬁgg’%
CoCr0s ~ Co 0500 003 0.122(3) 2 100
Cr 0.500 0.97 0.122 (3) L=
0] 0.261(4) 1.00 0.270 (6)
Co 0.125 0.96 0.785 (5)
CrAl  0.125 002 0.785(5) RP=0.70%
PR(x=1) — A 0500 046  0.353(7) Rwp=0.87%
: : : 2 Ao
CoCrAlOs o o500 0.44  0353(7) X-105%
Co 0.500 0.04 0.353 (7)
@) 0.262 (3) 1.00 0.818 (5)
Co 0.125 0.88 0.899 (3) Rp=0.87%
PR (x=2 Al 0.125 0.02 0.899 (3) Rwp=1.08%
Co A(\)I(Z_Oi Co 0.500 0.10 0.642 (7) ¥*=1.05%
Al 0.500 0.84 0.642 (7)
@) 0.263(3) 1.00 0.744 (5)
Table 2
Particle sizes and the specific surface areas of the CoCr,-xAlxOs (x=0, 1.0, 2.0) samples
Specific Average
Samples Particle size range  surface area particle size
SEM (nm) BET (m?/g) BET (nm)
PR (x=0) (Green powder) 75-200 7.4 145.04
PR (x=1) (Green powder) 35-100 124 91.25
PR (x=2) (Blue powder) 20-40 34.26 35.72




