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Abstract: For the first time to the best of our knowledge, cobalt-chromium spinels CoCr;_,GaxOy
with different amounts of gallium (x = 0-2 with a step of 0.5) were synthesized via the aqueous sol-gel
route as ceramic pigments. The phase composition, crystallite size, morphological features, and color
parameters of new compositions and their corresponding ceramic glazes were investigated using
XRD, CIELab, SEM, and optical microscopy. It was demonstrated that the formation of single-phase
CoCr,_,GaxOy4 samples was problematic. Full substitution of Cr>* by Ga3* ion in the spinel resulted
in the formation of light blue powders, which yielded violetish blue color for the corresponding
ceramic glaze.

Keywords: sol-gel processing; cobalt chromite; mixed-metal oxides; gallium substitution;
ceramic pigments

1. Introduction

Different metal oxides and mixed metal oxides are known to serve as ceramic pigments. For various
applications, pigments have specific requirements such as chemical and thermal stability, particle size,
hiding and tinting power, etc. Spinels which are mixed-metal oxides with a general formula of
AByOy are very attractive in the pigmentary field due to their characteristics of high mechanical
resistance, and high thermal and chemical stability [1,2]. The nature of tetrahedral or octahedral
cations in spinel structure and the potential of different types of doping give diversity in colors
and properties. Cobalt chromite (CoCr,0O,) pigments are well known and have been synthesized
using sol-gel [3-5], combustion [6-8], combined sol-gel combustion [9], solid-state reaction [10],
microwave-assisted [11], and spray pyrolysis [12] methods. In our previous studies, cobalt chromite
based compounds Co;_yMxCry,O4 (M = Ni, Cu, and Zn) with different transition metal concentrations
(0 £ x <1 with a step of 0.25) [13] and CoCr;_4LnyO4 (Ln = Tm3* and Yb3*) pigments with different
substitutional levels of lanthanide (x = 0-0.5) [14] have been synthesized using an aqueous sol-gel
synthetic approach and characterized by various techniques.

Gallium-containing spinels attracted the interest of scientists for many decades. Such compounds
were synthesized and investigated mainly for conducting luminescence and other properties.
CdGayOy spinel was found to be a promising compound as a transparent electronic conductor [15],
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whereas ZnGayO, is a great UV-transparent electronic conductor [16]. MgGap,O4 doped by
Cr3* ion [17] and Si** ion co-doped MgGauO;;:Cr‘gJr [18] were prepared and investigated as
phosphors. CuGayO4 nanocrystalline powders were synthesized and investigated as sensors for
H,, liquefied petroleum gas, and NHj [19]. Moreover, NiGayO; thin films doped with different
levels of Eu®* ion were prepared and their luminescent properties were characterized [20]. However,
there are no records of the research preparing gallium-containing spinels as ceramic pigments, to the
best of our knowledge. In general, the number of reports of the research of any gallium-containing
structures as ceramic pigments is relatively low. Lutetium gallium garnets co-doped with chromium
and calcium (CaxCrxLuz_»,GasOq up to x = 0.2) were obtained by solid-state reaction as pink ceramic
pigments [21,22]. In another study, the investigated gallium gadolinium garnet (GdzGasO1;) doped
with Cr** resulted in green shades of ceramic glazes due to reduction of Cr** to Cr>* that dissolved in
the glaze [23]. Perovskite-like purple inorganic pigments YGa;_,Mn,O3 (0 < x < 0.10) were prepared
by a sol-gel technique [24].

In this study, Ga®* was chosen as a substitutional ion for the modification of cobalt chromite
by replacing Cr>* ion. Therefore, cobalt-chromium spinels as ceramic pigments CoCry_GaxOy4 with
different substitutional levels of gallium (x = 0-2 with a step of 0.5) were synthesized using the
aqueous sol-gel method. The phase purity, morphological properties, and color parameters of new
CoCry_xGaxO4 ceramic pigments were investigated in this study.

2. Materials and Methods

2.1. Materials

All purchased reagents were used as received without further purification. Aqueous sol-gel
synthesis [16] was carried out using Cr(NO3)3-9H,0 (99.0%, Sigma-Aldrich, Darmstadt, Germany),
Co(NO3),-6H0 (97.7%, Alfa Aesar, Kandel, Germany), Gap;O3 (99.99%, Alfa Aesar, Kandel, Germany),
HNOs (67%, Eurochemicals, Vilnius, Lithuania) and 1,2-ethanediol C,H¢O, (99.5%, Sigma-Aldrich,
Darmstadt, Germany) as starting materials for the preparation of precursor gels. For the formation of
ceramic glazes, the Czech transparent colorless base glaze (Ferro, Frankfurt/Main, Germany) was used.

2.2. Aqueous Sol-Gel Synthesis

For the synthesis of Co-Cr-O precursor gel, stoichiometric amounts of Co(NO3),-6H,0O and
Cr(NO3)3-9H;0 were dissolved in deionized water and mixed together [4]. For the synthesis of
Co-Cr-Ga-O precursor gel, the appropriate amount of Ga;O3; was dissolved in diluted hot nitric acid
first and then mixed with aqueous solutions of Co(NOj3),-6H,O and Cr(NOs3)3-9H,O. After mixing,
the solutions were stirred at 40-50 °C for 20 min and then 2 mL of 1,2-ethanediol was added with
continuous stirring at the same temperature for 1 h. The solutions were concentrated by continuous
stirring and evaporation at 60-70 °C. Prepared gels were dried in a furnace at 105-110 °C in air, carefully
ground in an agate mortar, and annealed at 700 °C in the air for 3 h with a heating rate of 5 °C/min.
The obtained powders were ground once again and additionally heated at 1000 °C in the air for 5 h
with a heating rate of 10 °C/min.

2.3. Preparation of Ceramic Glazes

The obtained pigments were used for the preparation of ceramic glazes. For that purpose, 0.05 g
(5 wt%) of each pigment was mixed with 0.95 g of the Czech base glaze powders and a little bit of
water and carefully plastered onto terracotta tiles (0.03 x 0.04 m). After drying in air, the prepared
terracotta samples were fired in an oxidizing atmosphere in an electric furnace at 1000 °C for 1 h with a
heating rate of 5 °C/min.
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2.4. Characterization

For the identification of the phase composition of the resulted products, the powder X-ray
diffraction (XRD) analysis was used. The measurements were performed using a Rigaku MiniFlex II
diffractometer (The Woodlands, TX, USA), operated at 30 kV and 10 mA with a scanning speed of
10 °/min, in a scanning range of 20 = 10-80°, using Cu K« radiation (A = 1.540562 A). The obtained
diffraction data were refined by the Rietveld method using the FullProf suite. The tentative crystallite
sizes were determined by the Scherrer equation:

T = 0.9A/Bcosf )

where 7 is the mean crystallite size, A is the X-ray wavelength, B is the line broadening at half maximum
intensity (FWHM) (in radians) and 0 is the Bragg angle. The color of the pigments and the ceramic
glazes was evaluated by the CIELab colorimetric method, which is recommended by the Commission
Internationale de I'Eclairage. The L*, a*, and b* parameters were measured on a Perkin Elmer Lambda
950 spectrophotometer (Waltham, MA, USA) in the 780-380 nm range, employing an illuminant D65
and a 10° standard observer. In the CIELab system, the coordinate L* represents the lightness of the
color (L* = 0 and L* = 100 represents black and white, respectively). The negative/positive values of
coordinate a* represent green/red hue, respectively, and the parameter b* corresponds to blue/yellow
hue, where negative values are for blue and positive for yellow. The morphological features of obtained
samples were investigated using a scanning electron microscope (SEM) (Hitach SU70, Tokyo, Japan).
Quantification of Co, Cr, and Ga in synthesized specimens was performed by inductively coupled
plasma optical emission spectrometry (ICP-OES) using Perkin-Elmer Optima 7000 DV spectrometer
(Waltham, MA, USA). Sample decomposition procedure was carried out in concentrated nitric acid
(HNO3, Rotipuran® Supra 69%, Roth) using microwave reaction system Anton Paar Multiwave
3000 (Graz, Austria) equipped with XF100 rotor and PTFE liners. The following program was used
for the dissolution of powders: during the first step, microwave power was linearly increased to
800 W in 15 min and held at this point for the next 20 min. Once the vessels have been fully cooled
and depressurized the obtained clear solutions were quantitatively transferred into volumetric flasks
of a certain volume and diluted with deionized water. Calibration solutions were prepared by an
appropriate dilution of the stock standard solutions (single-element ICP standards 1000 mg/L, Roth).

3. Results and Discussion

The XRD patterns of Ga-doped CoCr;_4GaxO4 (x = 0-2 with a step of 0.5) samples, depending on
the substitution ratio and heating temperature, are given in Figure 1. The main crystalline phase of
the synthesis products obtained at 700 °C was a solid solution of cubic CoCr,O4 (PDF 22-1084) and
CoGayOy spinels (PDF 11-0698). However, an additional Cr,O3 phase (PDF 38-1479) was observed
for the sample with x = 0.5. Phase composition analysis revealed that chromium substitution by
gallium was not successful at a higher temperature. Additional Ga,O3 phase was formed almost at all
substitutional levels. Interestingly, the XRD patterns of the samples with x = 1-2 annealed at 1000 °C
showed a minor amount of Ga;Oj crystalline phase (PDF 41-1103) (see Figure 1b), which was not
observed in the samples heated at 700 °C.

The cubic cell parameters were calculated for all Ga-doped CoCr,_,GaxO4 samples. It is interesting
to note that the cell parameter a = 8.4582(3) A determined for the CoCr,O, was very similar to the
cell parameter of the gallium-substituted samples. Thus, with increasing Ga*>* amount in the spinel
structure, no monotonical shift of the diffraction peaks to higher or lower 26 values were observed.
This is not surprising, since the ionic radii of Cr?* and Ga®* ions in VI-fold coordination are almost
identical (0.615 A for Cr®* and 0.620 A for Ga®*) [25]. The estimated crystallite size of the spinel phase
for all compositions ranged from 11.4 to 32.6 nm and from 46.6 to 54.4 nm for the samples obtained at
700 and 1000 °C, respectively. The crystallite size decreased linearly with the increase of substitution
level (see Table 1).
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Figure 1. XRD patterns of CoCr;_,GaxO4 powders (x = 0-2) calcined at 700 °C (a) and annealed at

1000 °C (b).

Table 1. The estimated crystallite size of the CoCrpy_4GaxOs4 powders synthesized at
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To confirm the chemical composition of the synthesized samples, the elemental analysis using
ICP-OES was performed. The results of the analysis are summarized in Table 2. Since Co was not
changed in the synthesized series, the molar ratio of the elements was normalized by the concentration
of Co. It is seen that the determined ratio is very close to the nominal values for all samples,
which indicates that the suggested synthesis approach is suitable for the preparation of CoCr;_,GayxOy
powders with the controllable chemical composition of the final products.

Table 2. The results of the elemental analysis of CoCr,_,GaxO, powders by ICP-OES.

CoCr,_,GaxO4 Sample n (Co) n (Cr) n (Ga)
x=0 1 2.01 -
x=0.5 1 1.48 0.510
x=1.0 1 1.02 1.03
x=15 1 0.491 1.52
x=20 1 - 2.03

The SEM micrographs of selected pigment samples (x = 0.5 and 2) obtained at different heating
temperatures are given in Figure 2. At the low heating temperature, the surface of synthesized
pigments is composed of irregularly shaped particles which are highly agglomerated independently of
the substitution level. The powders with the lowest substitution ratio (Figure 2a) are composed of
particles with an irregular shape. The particles of the sample annealed at 1000 °C with the highest
substitution ratio (Figure 2d) are needle-like plates. Nevertheless, the agglomeration of the particles is
very high and no separate particles could be clearly distinguished.

1000.°C LN 2= 1000 °G

Figure 2. SEM micrographs of sol-gel derived CoCr;_,GaxO4 pigments, when x = 0.5 (a,c) and
x =2 (b,d), obtained at 700 °C (a,b) and 1000 °C (c,d).

The representative SEM micrograph and a digital picture of optical microscopy of the ceramic
glaze obtained using sol-gel derived fully substituted CoGa,O4 pigment are presented in Figure 3.
SEM investigation revealed good dispersion of the pigments over ceramic tiles. However, the separate
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particles are visible in the CoGa,Oy4 glaze (Figure 3a). Optical microscopy confirmed the presence of
pigment particles on the surface and negligible formation of gas bubbles. No cracks, caves, or other
physical defects could be observed on the surface of ceramic glazes, notwithstanding the mentioned
bubbles and separate particles.

Figure 3. Images of the glaze prepared using CoGa,O, obtained by SEM (X 100) (a) and optical
microscopy (X 60) (b).

The colorimetric parameters of the pigments obtained at 1000 °C and corresponding glazes are
summarised in Table 3. As it was presumed, the most divergent results of the CIELab measurements
are of the pigment and glaze samples when x = 0.5. The impurity of Cr,O; gives a greener hue to the
mentioned specimens, reasoning the most negative values of parameter a*, comparing to the results
of other samples with x = 1-2. The general tendency of increase of lightness parameter L* for the
pigments and decrease for the glazes with an increase of substitution ratio is well observed. Moreover,
for the pigments the values of parameter b* are increasingly negative with the increase of gallium
concentration, implying the enhancement of blue hue. On the contrary, for the glazes the values of
parameter a* convert into positive values, meaning the enhancement of red hue. Corresponding to the
CIELab results, the pigments give diversity in colors from bluish-green to light blue (Figure 4).

Table 3. CIELab colorimetric parameters of the CoCr,_,GaxO, pigments, obtained at 1000 °C,
and corresponding glazes.

Pigment Glaze
Amount of Ga (x)
L* a* b* L* a* b*
0 47.69 -8.31 -3.89 33.47 -1092  -10.36
0.5 50.25 -12.39 -7.56 30.86 -7.59 —441
1 48.48 —8.49 -5.60 31.53 -4.01 —4.16
1.5 52.48 -11.83 -8.36 30.74 -4.32 -6.84

2 54.44 —-9.48 -14.07 27.69 3.67 -9.35
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Figure 4. Digital photographs of Ga-doped cobalt chromite pigments obtained at different
heating temperatures.

The pigments annealed at 1000 °C possess brighter colors. The confirmation of the CIELab results
of ceramic glazes is given in Figure 5. The outstanding glazes are obtained with different substitutional
levels of gallium. As was expected, the glaze with CoCr; 5Gag 50,4 pigment possesses a green hue due
to the additional chromium(IIl) oxide phase. However, the most unexpected results, concerning the
colors of the pigments, were with the fully substituted pigmented glaze, which turned out to be
violetish blue.

x=0.5 x=1.5 x=2

Figure 5. Digital photographs of the ceramic glazes prepared with Ga-doped pigments.

4. Conclusions

The attempts to synthesize the single-phase CoCr,_,GaxO4 samples using sol-gel method were
done in this study. The main crystalline phase of the synthesis products obtained at 700 °C was a solid
solution of cubic CoCr,O4 and CoGayO4 spinels. However, an additional Cr,O3 phase was observed
for the sample with x = 0.5. Phase composition analysis revealed that chromium substitution by gallium
was not successful at a higher temperature either. A minor amount of Ga,O3 crystalline phase was
detected in XRD patterns of the samples with x = 1-2 annealed at 1000 °C. SEM analysis revealed that
the agglomeration of the particles is very high and no separate particles could be clearly distinguished.
SEM micrographs and optical microscopy investigation revealed well dispersion of the pigments
within ceramic glazes prepared using CoCr;_,GaxO4 pigments. The formation of high-quality glazes
was confirmed. However, the colors of obtained CoCr;_,GaxO4 pigments and their corresponding
ceramic glazes were unexpected. The substitution of Cr3* by Ga®* ion led to the gradual light blueness
of the pigment. The impurity of Cr,O3 in the sample with the lowest substitution ratio gave the green
hue to both the pigment and the corresponding ceramic glaze. Surprisingly, the ceramic glaze prepared
using fully substituted CoGayOy4 pigment turned out to possess violetish blue color.
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