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Abstract

In this article, we report a facile precursor pysis by sol-gel method to prepare spinel-type
Cobalt-substituted zinc aluminate nanoparticles; (&oAl,04, 0<x<1). The relationship
between the degree of crystallinity and the optipabperties under the effect of the
calcination temperature was investigated. The ®gitled powders were characterized by
means of X-ray diffraction (XRD), Thermogravimetigd Differential thermal analysis (TG—
DTA), field emission scanning electron microscol3E{SEM), Brunauer—Emmett—Teller
analysis (BET), UV-Vis absorption spectroscopy wsial and colorimetric analysis
(CIELab). A single-phase ZnCoAl;0s (0<x<1) spinel was formed at an annealing
temperature of 700°C. Structural refinement viaRietveld method shows that an annealing
temperature in excess of 700°C leads to a decieabe amorphous phase rate. At 800 °C,
the enrichment in 50% of cobalt leads to blue powdeith a degree of crystallinity of

approximately 92% and a quasi-spherical morphotdigyanometric size less than 100 nm.

Keywords: Zinc-cobalt aluminate; Amorphous phase; Ceraniiegsjocrystals; Colorimetric

analysis.



1. Introduction

Inorganic pigments have wide industrial applicasiolm fact, they are used to colour and
decorate plastics, rubber, glasses, cement, glaeesmics, porcelain enamels, etc. Among
these materials, the transition metal oxides wigeherally have different colours. Their
absorption properties are governed by the degrexidation of the transition metal and by
its environment in the crystal lattice [1-4]. Udwdahe main source of the blue colour is the
cobalt that can be introduced in different struesursuch as G8iO, (olivine) [5], (Co,
Zn),SiO, (willemite) [6,7] and CoAIO, (cobalt spinel) [8]. Admittedly, the use of cobalt
based blue pigments in the ceramic industries leadsmore intense shade, after treatment at
high temperature, but this metal is expensive wicheases the manufacturing cost. This
suggests reducing the amount of cobalt via otherbooations of oxides or looking for other
materials that would have almost similar opticalogarties [9-12]. Quite recently,
considerable attention has been paid to prepafereiit compounds doped with other metal
cations which allow to have a shades of blue catyureducing the amount of cobalt [13—-15].
Furthermore, the particle size and morphology ef powders have been shown to have an
effect on the amount of pigment used in ceramicufauturing. In fact, mixing the pigments
with other compositions, such as transparent glanesolour objects requires a finer powder
to ensure better reactivity and then better coloawerage. This can lead to reducing the
amount of pigment used [16-18]. In order to meist thquirement, it is essential to choose an
appropriate synthesis method. Previous works hheevis that the conventional method of
synthesis by solid reaction of these oxides reguiesat treatment at a high temperature, for a
long period of time, as well as prolonged grindifigis generally leads to powders of poor
homogeneity [19-21]. In the last few years thers l@en a growing interest in the
optimization of synthesis parameters developeddftychemistry such as combustion route

[22], hydrothermal synthesis [23], co-precipitati@d] and sol-gel [25]. These methods have



been shown to produce materials of greater homatyeared purity at temperatures lower

than those required for conventional methods.

The present paper deals with blue pigments basdtleonobalt-doped ZnAD, spinel. This
type of oxide has the general formula &R in which the tetrahedral sites are occupied by the
A% cations and the octahedral sites are occupiethdBt cations. It exhibits high thermal
stability and high mechanical resistance [26,27]this study, Zn,CoAl,0O, (0<x<1) solid
solutions were developed using the sol-gel routth witric acid as the complexing and
gelling agent. The obtained polymeric precursorgeweonverted to metal oxides by
appropriate thermal treatment. The calcination tnmaoire was optimised to produce
homogeneous single-phase powders with small partides. The synthesis conditions, as

well as the structural, optical and morphologidamacterisation, were discussed.

2. Experimental procedure

The preparation of Z2n,CoAl,O4 (0<x<1) nano-ceramic pigments consists in dissolvindp wit
stoichiometric proportions the following metalligtrates: Co(NQ)2*6H.O (99.0%, Sigma
Aldrich), Zn(NQG;)2#6H,0O (99.0%, Sigma Aldrich) and AI(N§x*9H,O (99.0%, Sigma
Aldrich). Citric acid (CA) was added to the mixtuas a complexing agent with a molar ratio
(CA/Cations) equal to 3. The pH was adjusted tati an ammonia solution. The viscous gel
obtained after evaporation of the mixture solutias dried at 120°C/24h then pre-calcined in
air at 300°C/12h for removal organic matter (pystdy. The precursor obtained was ground
and calcined in air at different temperatures. Takeination temperature was determined by
thermogravimetry and differential thermal analydi&A-DTA). The heating rate was fixed
at 10°C/min.

The thermal decomposition behaviors of the precarsabtained after pyrolysis were

monitored by DTA-TGA analyzer (DTA-TG-60H Shimadz&}tructural phase analysis of the



synthesised powders were performed by X-ray difioacusing a diffractometer equipped
with a detector Lynx Eye (Bruker D8 Advanée,x,=1.5406 A). The optical properties were
investigated by UV-Vis spectrophotometry analydterkin Elmer Lambda 35) and by
colourimetric measurement using the CIE Lab systeforimeter (CR-400/410, KONICA

MINOLTA). The morphology was examined by field emagsscanning electron microscopy
(JEOL JSM 6700F) and the specific surface area uneasents were determined by the BET

method (Micrometrics Flowsorb 11 2300).

3. Results and Discussion

3.1.Thermal analysis

The thermal behaviour of the ZrCoAl,O, precursors obtained at 300°C for 12 hours was
followed by DTA-TGA analysis in air with a heatimgte of 10°C/min. As shown in Fig.1 (a,

b and c), the thermograms (TGA) for each of the paumds withx=0, x=0.5 andx=1 reveal a
total weight loss about 80%. The elimination of evatvas manifested by a weight loss
occurring between room temperature and 200°C acanie@ by an endothermic effect on the
DTA curves. The removal of residual organic maittethe samples was manifested by rapid
weight loss on the TGA curves in the temperaturggeaof 400-600 °C. This weight loss
accompanied by strong effect on the DTA curvesus tb the removal of the carbon and
nitrogen oxides and it can also indicates the fdiomaof spinel oxide. A small weight loss
accompanied by a weak exothermic effect was obdeaw@und 720°C. This is probably due

to the elimination of the residual organic fromanplete combustion as carbon dioxide.

3.2. X- Ray diffraction

The XRD patterns of the ZpC0oAl,O, (0<x<1) samples obtained at 500°C, 600°C and

700°C were presented in Fig.2 (a,b and c). Atihgatemperature of 500°C, the XRD
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diagrams obtained show an amorphous phase forotheaunds withk<0.5 while crystalline
phases were appeared #60.6 (Fig.2 (a)). The Fig. 2 (b) shows that the hesdtment at 600

° C leads to crystalline phases, except for thepmsition withx=0, which is still amorphous.
At 700 ° C (Fig.2 (c)), all the obtained compour@sre crystallized phases which can be
indicate that solid solutions of the spinel struetdn_«CoAl,O, (0<x<1) were obtained. In
order to verify this result, the powder x-ray daiftion patterns of the fractioms= 0, 0.5 and

1 obtained at 700°C were investigated by Rietvefthement to provide more information on
the compositions and the structural parameters. drgstal structure of (Zn,Co)[AID,
corresponds to a normal spinel in which thé'Gmd Zr¥* cations only occupy the tetrahedral
sites and the Al cations occupy the octahedral sites. Howevers ipdssible to have an
inverse structure (Zi,Co** AI*H[Co*, AI*]O,in which the cobalt and aluminum ions are
distributed over the octahedral and tetradric §&8s29]. The following data was considered
in the refinement process:

= The phase symmetry was cubic with the space grde@ni.

* The cations (Zf, C&") and (AP*, Co®™) were distributed, respectively, between the
tetrahedral sites 8a and octahedral 16d.

= The refinements were carried out with isotropiane agitation factors Biso=1.

= The oxygen sites (32e (u, u, u)) were considerdzkttully occupied.

The Rietveld refinement was carried out by using HullProf package. The scale factor,
lattice parameter, fractional coordinates of atomsthe structure model, background
coefficients and isotropic displacement parameterse varied during the fitting procedure.
The quality of the Rietveld fit is assessed withumber of statistical descriptors (reliability
factors). Some of the commonly used residuals lead to be minimized are: Rp (profile
residual), Rwp (weighted profile residual) ayftl(goodness of fit). As shown in Table 1, the

refined structural parameters (lattice paramet®me position, occupancy rate and thermal



agitation coefficient) lead to low reliability fams. In the compounds witk=0.5 andx=1,
cobalt occupies the tetrahedral sites and the edtahsites, which shows partial oxidation of
Cd®* to Co™. It was probably enhanced by the oxidising envitent during thermal
decomposition of the nitrates [30]. The latticegmaeters of the compoundsth x=0 andx=1
were compatible, respectively, with the JCPDS fdéZnAl,O, (JCPDS Card No. 05-0669)
and CoA}O, (JCPDS Card No. 38-0814). Figure 3 presents thphgeal illustration of the
observed, calculated and difference signals forctmapositionx=0.5 prepared at 700°C. The
representation of the coordination polyhedra is@néed in Figure 4.

The average crystallite size (D) for the componitiv = 0.5 obtained at different
temperatures was deduced from the profiles of thrayXdiffraction lines and calculated via
Scherrer’s formula [31]. As Table 3 shows, it igaveorthy that the crystallite size increases
from 20 nm at 700°C to 26 nm at 1000°C; this mahasthe crystallinity increases with the
annealing temperature. This agrees with the ewwolutif the peaks as shown in fig.5. The
guantification of the crystalline phases in the gemwith x = 0.5—aobtained at each of 700°C,
800°C, 900°C and 1000°C—was determined by the natestandard method. This process
consists of mixing an exact quantity of well-crytitad a-Alumina powder as internal
standard (50% by weight) with the sample to beyam®al. The percentage of the crystalline
phase found in the sample is calculated by undegaRietveld refinement of the XRD
diagrams of the mixtures produced (sample andnatestandard); this is facilitated by the use
of FullProf software (Fig.6). The phase percentegees thus obtained were corrected with
those of the prepared mixture; this makes it pdsdil deduce the degree of the crystalline
and amount of amorphous phases in the sample (Babldne sample obtained at 700 ° C has
been a degree of crystallinity of about 88%; thatue increases as the annealing temperature
increases, and this phenomenon can be explaingoebntroduction of amorphous alumina,

under the effect of temperature, into the spineicstire [32].



3.3. Optical properties

The colour of the synthesised powders was invdstilghy colorimetric measurements and
UV-Vis spectroscopy analysis. Table 3 presentstiodution of the values of the colorimetric
parameters (L*, a* and b*) of Z5C0oAl, O, (x =0, 0.5, and 1) powders obtained at different
temperatures. It was observed that the enrichnmenblbalt (x=0.5 and 1) and the annealing
temperature have effects on the powders’ colorimgiarameters. In fact, the brightness of
the powders increases with annealing temperatuledanreases for the Co-doped Zy@y
compositions. The parameter (-b*), which is resgaasfor the bluing, increases with
temperature; meanwhile, the parameter (-a*), whghresponsible for green colouring,
remains weak. This change in colour can likely kel@ned by a reduction of Gbto Cd”*
and a change in the coordination of cobalt [30]rthkermore, Table 3 shows that the
compositionx = 0.5 obtained at annealing temperatures greaten br equal to 800°C
exhibits higher values of the parameter b *. Thidigates that these powders exhibit intense
shades of the blue colour. The CIE (X,y) chromitidoordinates of the samples were
obtained by using OSRAM colour calculator softwdteg.7 illustrates the CIE chromaticity
diagram obtained for the powders with the compositk=0.5 prepared at different
temperatures. It can be observed that the powddcined at T>800°C are found in the
domain characteristic of the blue colour. Fig.8gemts the UV-Vis absorbance spectra of the
Zn;xCoAl,O4 (x =0, 0.5, and 1) powders obtained at 800°C. Invibible region, the spectra
of the cobalt-enriched powders=0.5 and x=1) show a triplet of bands at 550, 59@ @30
nm. These absorptions are ascribed to tAg(F)> “Ti(P) transition of C® ions in

tetrahedral symmetry which gives a blue hue tcsdraples [33].



3.4.Morphological properties

Powders with high specific surface areas and fiadigle sizes allow for high colouring
strength as they provide more reactivity duringctiea mixing. Hence, the surface areas of
the blue powders with the compositiaxs) andx=0.5 obtained at 800 °C, 900°C and 1000
°C were determined using the BET method. Tablehdws that the annealing temperature
leads to a low specific surface area and thgs€oysAl,04 (Xx=0.5) powders have a large
specific surface area compared to Ga®l(x=1) powders. The maximum value was observed
of 76 nf/g for the composition x=0.5 obtained at 800 °Ce Brface morphological analysis
of this last composition was executed by FESEM napke, as shown in Fig. 9 (a). The
powder comprises compact agglomerates of parttblaisfeature quasi-spherical shapes and
nanometric sizes of less than 100 nm. The quanBtatemental composition is resolved with
energy dispersive spectroscopy (EDS) analysis.HD® spectrum of ZgyCaop sAl 04 (x=0.5)
nanoparticles manifests the presence of the caestds Zn, Co, Al and O solely; see Fig.
9(b). The stoichiometric ratios used for syntheefs this compositionclosely match
corresponding EDS result. The observed slight tiananay be due to the presence of the

amorphous phase (Table 2).

4. Conclusion

Cobalt-substituted ZnAD, powders were successfully synthesised by theeladlegite. Citric
acid was used as a complexing and gelling agentcddeluded that a 5-hour heat treatment
of the precursors at 700°C derives; Z80Al,0, (0<x<1) aluminates that feature a spinel
structure; this occurs regardless of Co contené Blneness of the cobalt-enriched powders
increases with the degree of crystallinity. For Zimg sCqy 5Al 04 composition, the calcination
temperature at 800 °C was sufficient to producerometric blue powder with a degree of

crystallinity of 92% and exhibits a large specifiurface area of about 762 In
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consequence, this powder could be used with a eelddgaantity in the ceramic pigmentation

with good colour coverage.
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Fig.1. Thermal analysis (TGA-DTA) curves of ZxCoAl,O,4 precursors
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Fig. 2. X-ray powder diffraction patterns of the samplesamed at 500°C (a), 600°C (b)

and 700°C (c).
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Fig.7. CIE Chromaticity diagram of the £6Cay sAl04 powders obtained at different
temperature.
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Table 1
Rietveld refinement for Zn,CoAl,O, (x=0; 0.5 and 1) obtained at 700°C

Wyckoff Refinement
Sample Atom  Positions Occupancy Biso quality
X=y=z parameters
Zn 0.125 1.00 0,435 (5) 8.0856 (3)
-0 Al 0.500 1.00 0,536 (2) Rp=0.87%
Rwp=1.09%
O 0.262(4) 1.00 0,712 (4) 4%=1.03
Co 0.125 0.43 0.899 (3) 8.0833 (3)
Zn 0.125 0.49 0.899 (3) Rp=1.39%
3 Al 0.125 0.04 0.899 (3) Rwp=1.17%
x=05 ¢ 0.500 0.06  0.642(7) 52=1.62%
Al 0.500 0.90 0.642 (7)
O 0.263(3) 1.00 0.744 (5)
Co 0.125 0.85 0.468 (4) 8.0881 (4)
Al 0.125 0.07 0.468 (4) Rp=0.93%
x=1 Co 0.500 0.14 0.314 (3) Rwp=1.16%
Al 0.500 0.80 0.314 (3) % *=1.07%
O 0.263(6) 1.00 0.268 (5)
Table 2

Crystallite sizes (D) and percentage of crystalphases in ZggCoy 5Al .0, sample obtained
at different annealing temperatures

Peaks position®(deg.) FWHM (deg.) D Crystalline
T°C  (311) (511) (440) (311) (511) (440) (nm) phases (%

700 36.74 59.24 65.13 0.35 045 051 20 87.92
800 36.74 59.24 65.13 0.33 0.39 049 23 91.73
900 36.75 59.25 65.14 0.29 036 0.44 25 94.83
1000 36.76 59.26 65.14 0.26 0.34 0.36 26 96.75

Table 3
Evolution of chromatic coordinates (L* a* and b*¥)£n; «CoAl O, (x=0; 0.5 and 1)
powders as a function of the calcination tempeeatur

L* ax b*
TCC) x=0 x=05 x=1 x=0 x=0.5 x=1 x=0 x=0.5 x=1

700°C 89.67 30.70 30.20 -2.70-225 -2 1297 061 -05

800°C 919 31.83 33.78 -1.78 -2.2 -1.23 2.75 -20.63 -15.76

900°C 93.25 35.31 34.11 -1.77 4.7 -1.21 0.67 -30.12 -22.3

1000°C 93.55 36.01 34.75 -1.55 6.52 2.62 0.27 -38.89 -33.63
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Table 4

Specific surface area measurements far,Z80,Al 04 (x=0.5; 1) at different temperature.

Specific surface area (m2/g)

T(°C) x=0.5 =1
800°C 76 45
900°C 35 31
1000°C 23 16
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Table 4
Specific surface area measurements far,Z0,Al 04 (x=0.5; 1) at different temperature.

Specific surface area (m2/g)

T(°C) %=05 =1
800°C 76 75
900°C 35 31

1000°C 23 16
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Fig.1l. Thermal analysis (TGA-DTA) curves of ZxCoAl,O,4 precursors
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Fig. 2. X-ray powder diffraction patterns of the samplesamed at 500°C (a), 600°C (b)

and 700°C (c).
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