Youssef El Jabbar 
email: ysf.eljabbar@gmail.com
  
Hind Lakhlifi 
  
Rachida El Ouatib 
  
Lahcen Er-Rakho 
  
Sophie Guillemet-Fritsch 
  
Bernard Durand 
  
Synthesis of cobalt aluminate spinel by sol-gel process: Investigation of starting reagents and precursors obtained after pyrolysis

Keywords: 

In this study, cobalt aluminate was prepared by a sol-gel method. XRD and FTIR analyses of the precursors obtained at 300 • C for 12 h revealed that the type of complexing agent used in the synthesis affects the pyrolysis step. An amorphous phase was obtained by using citric acid as the complexing agent. A beginning of crystallization was observed by using complexing agents such as polyacrylic acid and glycine. The structural investigation of the starting reagents revealed that the observed lines exhibit characteristics of Co 3 O 4 derived from cobalt nitrate. The crystallinity of the samples increased with the increase in the annealing temperature, with no effect observed by the change in the complexing agent. The appearance of the (331) reflection for the heat-treated powders was characteristic of the blue spinel compound.

Specifications table

Cobalt and aluminium nitrates were mixed with stoichiometric proportions and then poured in excess into the solution of the complexing agents. The pH of the obtained mixture was adjusted to neutral by using ammonia. Evaporation, drying, pyrolysis and calcination processes allowing to produce the CoAl 2 O 4 precursors Data accessibility Data is available with this article

Rationale

Cobalt aluminate spinel is an inorganic pigment that is typically represented by the chemical formula Co 2+ Co 3+

x Al 2x O 4 , where x = 0-2. This variation permits the possibility of obtaining different forms of the spinel structure, viz. a normal, an inverse or a mixed structure. The normal spinel structure of CoAl 2 O 4 is known for its blue colour. The inverse or mixed structure can exhibit different colours, and it changes from dark green and turquoise to blue depending on the replacement amount of Co 2+ , Al 3+ and Co 3+ in the tetrahedral and octahedral sites [START_REF] Franco | Cation distributions on CoAl 2 O 4 and Co 2 AlO 4 spinels: pressure and temperature effects[END_REF][START_REF] Serment | The versatile Co 2+ /Co 3+ oxidation states in cobalt alumina spinel: how to design strong blue nanometric pigments for color electrophoretic display[END_REF][START_REF] Jabbar | Structure, microstructure, optical and magnetic properties of cobalt aluminate nanopowders obtained by sol-gel process[END_REF][START_REF] Zhu | Engineered Co 2 AlO 4 /CoAl 2 O 4 @Al 2 O 3 monolithic catalysts for peroxymonosulfate activation: Co 3+ /Co 2+ and O Defect/OLattice ratios dependence and mechanism[END_REF]. The blue spinel of cobalt has attracted significant attention as a colouring agent in glaze and bulk tile compositions due to its superior properties, such as chemical and thermal stability as well as colour stability [START_REF] Tang | Effects of colouration mechanism and stability of CoAl 2 O 4 ceramic pigments sintered on substrates[END_REF][START_REF] Obata | Synthesis of nano CoAl 2 O 4 pigment for ink-jet printing to decorate porcelain[END_REF][START_REF] Song | Fabrication and stability of CoAl 2 O 4 ceramic pigment for 3D printing[END_REF][START_REF] Xiaojin | Environmental blue CoAl 2 O 4 pigment co-doped by Zn 2+ and Mg 2+ : synthesis, structure and optical properties[END_REF][START_REF] Abhishek | Structural and magnetic properties of Eu 3+ substituted Mg-Cd nanoferrites: a detailed study of influence of high energy γ-rays irradiation[END_REF]. Furthermore, CoAl 2 O 4 nanoparticles exhibit good photocatalytic activity for the degradation of textile dyes [START_REF] Jabbar | Photocatalytic degradation of navy blue textile dye by nanoscale cobalt aluminate prepared by polymeric precursor method[END_REF][START_REF] Boudiaf | Synthesis and characterization of semiconductor CoAl 2 O 4 for optical and dielectric studies: application to photodegradation of organic pollutants under visible light[END_REF].

Researchers have paid particular attention to the synthesis of cobalt aluminate systems via the investigation of preparation methods, processing control and firing temperatures [START_REF] Mindru | A new approach: Synthesis of cobalt aluminate nanoparticles using tamarind fruit extract[END_REF][START_REF] Liu | Synthesis of sodium polyacrylate copolymers as water-based dispersants for wet ultrafine grinding of cobalt aluminate particles[END_REF][START_REF] He | Preparation of porous cobalt aluminate and its chromogenic mechanism[END_REF][START_REF] Chueachot | Synthesis and optical properties of blue pigment CoAl 2 O 4 nanofibers by electrospinning[END_REF]. The solid-state reaction method is the most widely used synthesis for cobalt aluminate systems, which involves the reaction of cobalt-and aluminium-based precursors. For example, cobalt oxide, cobalt hydroxide or others as a source of cobalt and aluminium oxide as a source of aluminium are used. The precursors are mixed in a stoichiometric amount followed by heat treatment at a minimum temperature of >1200 • C, affording cobalt aluminate [START_REF] Yoneda | Solid-state synthesis and characterization of cobalt blue core-shell pigment particles[END_REF][START_REF] Salem | Effect of synthesis condition of cobalt-aluminate nano-sized powder on melting behaviour of transparent glaze[END_REF][START_REF] Peymannia | Production of a stable and homogeneous colloid dispersion of nano CoAl 2 O 4 pigment for ceramic ink-jet ink[END_REF]. This method can be easily implemented and does not require a considerable amount of reagents. However, it generally affords powders with a poor homogeneity and a low specific surface. Other synthesis methods, such as the sol-gel route, co-precipitation, combustion method and the hydrothermal route, have been developed to produce a powder of a good homogeneity and high purity at low temperature, with large specific surfaces [START_REF] Wang | High-performance spherical urchin-like CoAl 2 O 4 pigments prepared via microemulsionhydrothermal-precipitation method[END_REF][START_REF] Roniboss | Investigation of structural, optical and magnetic behavior of MAl 2 O 4 (M= Zn and Co) nanoparticles via microwave combustion technique[END_REF][START_REF] Han | Physical properties of MgAl 2 O 4 , CoAl 2 O 4 , NiAl 2 O 4 , CuAl 2 O 4 , and ZnAl 2 O 4 spinels synthesized by a solution combustion method[END_REF][START_REF] Jabbar | Green nanoceramic pigments based on cobalt chromite doped with Al: Synthesis, characterisation and colour performance[END_REF][START_REF] Mohammed | Preparation and investigation of the structural properties of α-Al 2 O 3 nanoparticles using the sol-gel method[END_REF].

Several factors have been considered to optimize the synthesis parameters. In previously reported studies, our group has reported the effect of the variation in pH for the synthesis and type of complexing agent on the texture of the powders obtained after heat treatment. These studies have reported that synthesis conducted in a neutral medium and using polyacrylic acid as the complexing agent leads to nanocrystalline CoAl 2 O 4 spinel powder [START_REF] Jabbar | Structure, microstructure, optical and magnetic properties of cobalt aluminate nanopowders obtained by sol-gel process[END_REF][START_REF] Jabbar | Influence of temperature and pH on the morphology and the color of the CoAl 2 O 4 prepared by sol gel method[END_REF]. In this study, particular attention was focused on the starting reagents and effect of chelating agents on the pyrolysis step during sol-gel synthesis.

Procedure

The synthesis of the cobalt aluminate powder starts by mixing metal nitrates in stoichiometric proportions and pouring them into a solution containing an excess amount of complexing and chelating agents. Three samples were prepared using polyacrylic acid, glycine and citric acid as the complexing agents. The pH of the obtained solution was adjusted to neutral by using ammonia and subsequently heating to 80 • C on a hotplate, affording a viscous gel. The gel was further dried in an oven at 120 • C for 24 h, affording a xerogel. This xerogel was subsequently ground using an agate mortar and then placed in a muffle furnace adjusted to 300 • C for 12 h. The precursors obtained after pyrolysis by using different complexing agents were analysed by X-ray diffraction (XRD) and Fourier infrared (FTIR) spectroscopy. By annealing, cobalt aluminate powder was obtained. Fig. 1 shows the schematic of the synthesis process. 

Data, value and validation

Table 1 summarizes the characteristics of the reagents used in the synthesis. The metal nitrates were analysed and investigated individually by thermal analysis (TGA-DTA), XRD and FTIR analyses to study the thermal behaviour of the reagents used to prepare CoAl 2 O 4 oxide.

Study of starting reagents: Co

(NO 3 ) 2 •nH 2 O
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of hydrated cobalt nitrate (Fig. 2) revealed a total weight loss of ~74.3% in two steps: ■ The first weight loss of ~72.5% is observed at temperatures of less than 300 • C accompanied by endothermic effects, corresponding to the dehydration and loss of nitrogen oxide. ■ The second weight loss of of ~1.8%, accompanied by an endothermic peak, is observed at ~925 • C, corresponding to the partial transformation of cobalt oxide Co 3 O 4 into cobalt monoxide CoO according to the following reaction [START_REF] Ehrhardt | Thermal decomposition of cobalt nitrato compounds: preparation of anhydrous cobalt(II)nitrate and its characterisation by Infrared and Raman spectra[END_REF]:

Co 3 O 4 ↔ 3CoO + 1 / 2O 2 (Eq. 1)
The XRD diffractograms of the hydrated cobalt nitrate samples subjected to calcination at 300 • C, 500 • C and 900 • C revealed the sole formation of the oxide Co 3 O 4 (JCPDS n • 76-1802), while the XRD spectrum of the sample subjected to calcination at 1100 • C revealed a mixture of Co 3 O 4 and CoO oxides (Fig. 3). Fig. 4 shows the FTIR spectra of the powders obtained after the calcination of The water content in hydrated cobalt nitrate sample used for synthesis is determined by its number of water molecules (n). TGA analysis (Fig. 2) revealed a weight loss of 72.5% in the temperature range of 40-200 • C. From the XRD spectra (Fig. 3), the lines observed for the sample subjected to calcination at 300 • C are characteristic of Co 3 O 4 . Therefore, the following decomposition reaction can be assumed [START_REF] Ehrhardt | Thermal decomposition of cobalt nitrato compounds: preparation of anhydrous cobalt(II)nitrate and its characterisation by Infrared and Raman spectra[END_REF]:

3(Co(NO 3 ) 2 , nH 2 O) ̅̅̅̅̅̅̅→ 30-300 ∘ c Co 3 O 4 +3nH 2 O + 6NO 2 + O 2 (Eq. 2)
From this equation, which is based on TGA and XRD analyses, the experimental number n is calculated to be 6.06.

Study of starting reagents: Al

(NO 3 ) 2 •nH 2 O
Thermal analysis (DTA-TGA) of hydrated aluminium nitrate used in the synthesis revealed a total weight loss of ~86% (Fig. 5). DTA The n values were calculated on the basic of TGA-DTA and XRD analyses. In fact, for a weight loss of 86% in the temperature range of 40-900 • C and from XRD diagrams (Fig. 6), the following decomposition reaction can occur [START_REF] Pacewska | Thermal transformations of aluminium nitrate hydrate[END_REF]:

2(Al(NO 3 ) 3 , nH 2 O) → Al 2 O 3 +2nH 2 O + 6NO 2 +3 / 2O 2 (Eq. 3)
The calculated n value from experiments is 9.15. Table 2 lists the numbers of molecules of water hydration (n) of the metal nitrates. The numbers calculated on the basis of TGA-DTA and XRD analyses are extremely similar to those provided by the suppliers.

Synthesis of CoAl 2 O 4 : Effect of the complexing agent on the precursors obtained after pyrolysis

The XRD diffractograms of the precursors obtained by using glycine and polyacrylic acid as the complexing agents revealed lines characteristic of a spinel phase (Fig. 7 (a)). FTIR spectra revealed two absorption bands at around 576 (υ 1 ) and 661(υ 2 ) cm -1 ; which originate from the stretching vibrations of the metal-oxygen bond and confirm the formation of Co 3 O 4 spinel oxide. The υ 1 band is characteristic of OB 3 (where B denotes the Co 3+ in the octahedral hole) vibration and the υ 2 band is attributable to the ABO 3 (where A denotes the Co 2+ in the tetrahedral hole) vibration in the spinel lattice [START_REF] Th | Direct fabrication of cobalt oxide nano-particles employing glycine as a combustion fuel[END_REF][START_REF] Abu-Zied | Nitrous oxide decomposition over MCO 3 -Co 3 O 4 (M = Ca, Sr, Ba) catalysts[END_REF]. In the case of citric acid, the XRD spectrum revealed an amorphous phase, and IR absorption bands are not observed in the range specific for oxides (Fig 7(b)). The IR absorption band observed at ~1610 cm -1 corresponds to the carboxylic groups resulting from citrates during pyrolysis. This result can be explained by incomplete decomposition. The bands observed between 1400 and 1500 cm -1 for the three precursors correspond to the nitrate ions (NO 3 -) [START_REF] Wahba | Flower-like morphology of blue and greenish-gray ZnCo x Al 2-x O 4 nanopigments[END_REF][START_REF] Castro | FTIR and Raman spectra and structure of Cu(NO 3 ) + in aqueous solution and acetone[END_REF].

Synthesis of CoAl 2 O 4 : heat-treatment

The powders obtained at 300 • C for 12 h (pyrolysis) were subjected to heat treatment at 500 and 900 • C. The obtained diffractograms revealed that the intensity of XRD patterns increases with the increase in temperature, indicative of the evolution of the crystallinity of the powders (Fig. 8). The pure cobalt aluminate phase is characterized by the appearance of the (331) reflection [START_REF] Peymannia | Production of a stable and homogeneous colloid dispersion of nano CoAl 2 O 4 pigment for ceramic ink-jet ink[END_REF][START_REF] Zha | Positive effects of Al 3+ partially substituted by Co 2+ cations on the catalytic performance of Co 1+x Al 2-x O 4 (x = 0-0.2) for methane combustion[END_REF][START_REF] Wang | Synthesis of cobalt-aluminate spinels via glycine chelated precursors[END_REF][START_REF] Visinescu | The environmentally benign synthesis of nanosized Co x Zn 1-x Al 2 O 4 blue pigments[END_REF]. The synthesis conditions (including type of complexing agent, calcination temperature, synthesis pH) were examined and applied in our recent study [START_REF] Jabbar | Structure, microstructure, optical and magnetic properties of cobalt aluminate nanopowders obtained by sol-gel process[END_REF][START_REF] Mohammed | Preparation and investigation of the structural properties of α-Al 2 O 3 nanoparticles using the sol-gel method[END_REF]. Results revealed that the cobalt aluminate oxide is obtained at 900 • C whatever the pH and the nature of the complexing agent used. The synthesis process of cobalt aluminate spinel can be represented as:

Co(NO 3 ) 2 (aq)+Al(NO 3 ) 3 (aq) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅→ complexingagent-AmmoniaDrying-Pyrolysis-Heattreatment CoAl 2 O 4 (s)+gaseousproducts (Eq. 4)

Conclusion

The characterization of the starting reagents responsible for the formation of CoAl 2 O 4 strengthens the investigation into the effect of the change of complexing agents at the pyrolysis stage. By the mixing of nitrates in the presence of citric acid as the complexing agent with the addition of ammonia for pH adjustment, followed by pyrolysis, an amorphous phase is obtained, which can be explained by the incomplete decomposition of the organic constituents. However, by using glycine and polyacrylic acid, the start of crystallization, with lines characteristic of cobalt oxide, is observed. Subsequent heat treatment affords cobalt aluminate (Eqs. ( 1)-( 4)). 

Fig. 1 .

 1 Fig. 1. The schematic illustration of synthesis of cobalt aluminate powder by sol-gel synthesis.
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 2 Fig. 2. DTA and TGA curves of hydrated cobalt nitrate (Co(NO 3 ) 2 •nH 2 O).
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 3 Fig. 3. X-ray diffraction patterns of cobalt nitrate calcined at 300 • C, 500 • C, 900 • C and 1100 • C.
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 4 Fig. 4. FTIR infrared spectra of cobalt nitrate calcined at 300 • C, 500 • C, 900 • C and 1100 • C.
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 5 Fig. 5. DTA and TGA curves of hydrated aluminium nitrate.
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 6 Fig. 6. XRD diffractograms of calcined aluminium nitrate at 300 • C, 500 • C, 900 • C and 1100 • C

Fig. 7 .

 7 Fig. 7. (a) XRD patterns and (b) FTIR analysis of the precursors obtained after pyrolysis

Fig. 8 .

 8 Fig. 8. XRD patterns of the samples obtained after pyrolysis and heat-treated at 500 • C and 900 • C.
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Table 1

 1 Characteristics of the reagents used for the synthesis.

	Chemical reagents	Molecular Weight (g/mol)	Assay (purity)	Manufacturer	Concentrations and molar ratios used in the synthesis
	Cobalt nitrate, Co(NO 3 ) 2 •6H 2 O	291.03	99.0 %		Sigma Aldrich	0.2M
	Aluminium nitrate, Al(NO 3 ) 3 •9H 2 O Glycine, H 2 NCH 2 CO 2 H (Gly)	375.13 75.07	99.0 % 99.0 %		Sigma Aldrich Aldrich	0.2M Gly/NO 3 ¡ =2/3
	Citric acid, C 6 H 8 O 7 H 2 O (CA)	210.14	99.5%		Panreac	CA/cations=3
	Polyacrylic acid, (C 3 H 4 O 2 ) n (PAA)	1800	99.0 %		Sigma Aldrich	10 wt%

Table 2

 2 Numbers of water molecules in the hydrated salts used in the synthesis.

	Hydrated salts	n experimental	n indicated on the bottle label
	Co(NO 3 ) 2 •nH 2 O	6.06	6
	Al(NO 3 ) 3 •nH 2 O	9.15	9
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