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ABSTRACT 

 

Introduction of  transition metal ( M = Co, Fe, Ni, V, Cr, Mn, Ca, Ba, Sr ) in MgAl2O4 spinel have attracted 

a lot of interest of researchers as well as technologists due to its excellent absorption, emission and 

luminescence properties potential use. Among various transition metals, Co: MgAl2O4 can be regarded as a 

good candidate for such applications to the high mechanical resistance, high thermal and chemical stability, 

and low temperature sinterability of spinel type oxide materials. The physical properties of Co:MgAl2O4 like 

chemical strength, catalytic ability, and high temperature resistivity have been further enhanced. Cobalt-

magnesium aluminate crystallizes at relatively higher temperature, i.e. above 850°C as compared to un-

doped magnesium aluminate that crystallizes around 800°C. A single phase Co:MgAl2O4 face centred cubic 

ordered-spinel nanopowder (grain size ~ 20 nm) with a good, chemical homogeneity, is obtained by using 

co-precipitation method followed by thermal treatment at temperature 1000°C for 4h, in air.  

Keywords : Magnesium Aluminate, Cobalt, Nanoparticle, Coprecipitation, Structure Characterization. 

 

I. INTRODUCTION 

 

The effects of heat treatment on structural evolution, 

lattice constant micro-strain and grain size of 

magnesium aluminate spinel powders prepared by 

coprecipitation have been discussed. Introduction of 

transition metal (M = Co, Fe, Ni, V, Cr, Mn, Ca, Ba, 

Sr ) in MgAl2O4 spinel have attracted a lot of interest 

of researchers as well as technologists due to its 

excellent absorption, emission and luminescence 

properties [1-6]. The traditional source of blue 

colour in inorganic pigments depends on cobalt ion 

[7]. A cobalt doped CoxMg1−xAl2O4 (0 < x < 1) has 

been used in reduction of the production costs and 

environmental problems [8]. Moreover owing to the 

high mechanical resistance, high thermal and 

chemical stability, and low temperature sinterability 

of spinel type oxide materials, CoxMg1-xAl2O4 is in 

great demand for qualified nano inorganic blue 

pigment [9]. Inorganic blue pigments are widely 

used in industry to bring colour to plastics, paints, 

fibers, papers, rubbers, glass, cement, glazes, 

ceramics, and porcelain enamels [10]. Among 

various transition metals, Co:MgAl2O4 can be 

regarded as a good candidate for such applications. 

 

Studies concerning the effect of Co:MgAl2O4 have 

been carried out by several workers. Luan et. al. [11] 

prepared Co2+:MgAl2O4 nanocrystalline powders at 

low temperature 710°C by the solgel method much 

lower than the conventional solid phase reaction 

method. Using coprecipitation method and 

ammonium hydrogen carbonate as precipitating 

agent, pure and highly dispersed nanoscale powders 
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of Co-doped MgAl2O4 were synthesized by 

coprecipitation method at 800°C with particle size in 

the range of 10-30 nm [12]. Iqbal et. al. [13] prepared 

cobalt doped MgAl2O4 by using coprecipitation 

method, urea as precipitating agent and studied their 

physical properties of the product. These workers 

[14], also synthesized Mg1-2xCoxAl2O4 

nanocrystallites with large surface area by the urea 

combustion method in the microwave oven. Javed et. 

al. [15] prepared cobalt doped nanocrystalline 

MgAl2-xCoxO4 (where x = 0, 0.5, 1.0, 1.5, 2.0) spinels 

by chemical coprecipitation method by substituting 

Al3+ ions by Co2+ ions thereby yielding an electron 

rich terminal compound with particle size 7-19 nm. 

Nanocrystalline CoxMg1-xAl2O4 spinel pigment has 

been synthesized via low-temperature combustion 

route by employing 𝛽-alanine as a novel 

environmentally benign fuel by Torkian et. al. [16]. 

In nanoscale, the physical properties of Co:MgAl2O4; 

like chemical strength, catalytic ability, and high 

temperature resistivity have been further enhanced 

[15]. This is due to the fact that nanocrystalline 

materials have, high surface to volume ratio of the 

grains, have quantum confinement of charge carriers, 

enhanced contribution towards the electrical 

properties from grains and grain boundary regions, 

creation of holes and defects in grains, and 

possibility of band structure modification [17]. 

 

Authors have reported in the previous studies that 

the mixed metal oxide spinel MgAl2O4 belongs to 

cubic space group Fd3m. A unit cell comprises 8 

tetrahedrons and 16 octahedrons. The Mg2+ ions are 

located at the centre of the tetrahedron and 

coordinated by O2- ions with full Td symmetry (A site) 

while the Al3+ ions are located at the centre of the 

octahedron coordinated by O2- ions with T3d 

symmetry (B site). The doped metal ions can 

substitute either A site or B site or both depending 

upon its valency and site type [18-22]. The location 

of the substituted ions is crucial in determining the 

overall properties of the doped MgAl2O4. In recent 

years, a variety of techniques, such as coprecipitation 

[23], solid state reaction [24], hydrothermal 

synthesis [25], sol-gel [1] and combustion syntheses 

[26], have been successfully developed for the 

preparation of pure spinel powders. The synthesis 

route is very important for determining the final 

properties of inorganic pigment such as color, 

particle size, and chemical & thermal stability. The 

liquid combustion method has the advantage of 

preparing crystalline powders with nano size and 

high purity at low temperatures [27]. Single crystal 

of MgAl2O4 doped with tetrahedral Co2+ ions is 

attractive for laser modulation [28], however, the 

homogeneous and bulk crystals can hardly be 

obtained because of the high growth temperature 

and all kinds of defects embedded in the crystals.  

 

In the present work, we report synthesis of 

nanocrystalline CoxMg1−xAl2O4 spinel pigment via 

coprecipitation technique followed by heat 

treatment and characterized by applying different 

complementary techniques. Doped with some active 

ions, the spinel behaves as multifunctional material, 

especially doped with Co2+ which can offer a wide 

choice of solid-state saturable absorbers such as 

opaque ceramics of Co2+:MgAl2O4 and Co2+:ZnAl2O4 

[29]. In this work, Co (2.88 wt%) has been 

introduced in MgAl2O4 spinels by chemical 

coprecipitation technique followed by thermal 

treatment. 

 

II. EXPERIMENTAL  

 

The coprecipitation method was used to synthesize 

cobalt-magnesium aluminate spinel nanopowders. 

The high purity reagents Mg(NO3)2·6H2O (99.99% 

purity Sigma Aldrich ACS grade), Al(NO3)3·9H2O 

(99.99% purity Sigma Aldrich ACS grade), 

Co(NO3)2·6H2O (99.99% purity Sigma Aldrich ACS 

grade) and ammonia solution (28%, Sigma Aldrich,  

ACS grade) were used to prepare cobalt magnesium 

aluminate cubic spinel nanopowders. A solution of 
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0.2 M nitrates was prepared in double distilled water, 

with Co:Mg:Al (molar ratio) = 0.1:0.9:2.0. The 

solutions of nitrates were mixed together for 

homogenization. The precursor was prepared by 

slowly adding the mixed salt solution into the 

ammonia solution under rigours stirring, pH was 

maintained around 8-9 and reaction temperature 

was maintained at 60°C. The precursor was washed 

with an excess of double distilled water, many time. 

The washed precipitates of precursor were dried for 

24 hrs at 100°C in an oven in the presence of air. The 

solid so-obtained was grinded in agate mortar pestle 

to obtain fine powder. Furthermore, powdered 

samples were calcined at different temperatures 

550°C, 700°C, 850°C and 1000°C for 4 hours in 

presence of air, with heating rate 10°C min−1.  

 

TGA-DTG-DTA was carried out by model SII 6300 

EXSTAR. X-ray diffraction experiments were 

performed at room temperature in a Rigaku 

Miniflex-II instrument using CuKα radiation (λ = 

1.5406 Å), generated at 30 kV and a current of 15 mA. 

FTIR Spectrum was taken on Perkin-Elmer 

Spectrum RX1 Spectrophotometer. The morphology 

and microstructure of the powders was studied by 

SEM, with a Nova NanoLab 200 FEG-SEM/FIB, 

equipped with EDS. 

 

III. RESULTS AND DISCUSSION 

 

3.1 Thermogravametric Analysis (TGA-DTG-DTA) 

 

Figure 1 displays TGA-DTG curves of the powdered 

sample Co:MgAl2O4. The TG curve, as expected, 

shows major weight loss at four different 

temperatures range 35-170°C, 171-270°C, 271-500°C 

and 501-800°C. Between temperatures 35-170°C 

(first stage), the weight loss is 12.0% corresponding 

to loss of free water molecules. Over a temperature 

range 171-270°C (second stage), the weight loss is 

nearly 19% and this weight loss could be due to 

decomposition of precursors. As compare to 

MgAl2O4, weight loss is faster in Co:MgAl2O4.  

 
Figure 1 : TGA-DTG curves of the Co:MgAl2O4  

powder. 

The temperatures range 271-500°C (third stage); the 

rate of weight loss is almost constant (36%), 

indicating an intermediate structure is formed. Due 

to decomposition of precursor, a strong peak around 

temperature 325°C is evident in DTG curve. A 

shifting in peak position in DTG curve is due to Co2+ 

(ionic radii 0.58-0.90 Å). Above 501°C no more 

detective weight loss was observed implying no 

change in phase of the structure. Finally, between 

temperature 801 and 1000°C TGA-DTG curves 

exhibit negligible weight loss in the sample, 

indicating a stable structure of the Co:MgAl2O4.  

 

Figure 2 shows DTA-TGA results of the dried sample. 

The DTA curve shows an endothermic reaction 

below 100°C (typically 30°C and 74°C) which is 

attributed to the loss of the remaining adsorbed 

water. At calcination temperature 340°C, 

endothermic peak suggests formation of Co:MgAl2O4. 

A broad exothermic peak is observed in the range 

350-500°C this could be attributed to the 

crystallization of Co:MgAl2O4. This temperature is 

significantly lower than that required by the 

conventional solid-state reaction process where 

calcination temperature is usually above 1300°C [30]. 

It is noticed that Co2+ doped samples crystallize at 
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relatively higher temperature, i.e. above 850°C as 

compared to undoped magnesium aluminate that 

crystallize around 800°C. 

 
Figure 2: TGA-DTA curves of the Co:MgAl2O4 

powder. 

No exothermic peak on the DTA curve is observed 

up to temperature 1000°C, indicating that there is no 

recrystallization of Co:MgAl2O4 spinel. This result 

shows a good thermal stability of the spinel structure 

of Co:MgAl2O4 phase at high temperature; a 

fundamental property for use as catalyst support in 

reactions at high temperatures. This result is well in 

agreement with the XRD results as discussed. 

 

3.2 X-ray Diffraction (XRD) 

 

Figure 3 depicts the XRD patterns of the samples as-

prepared (a) and calcined at temperature 550°C (b), 

700°C (c), 850°C (d) and 1000°C (e) for 4h in air. It is 

observed that the heat treated Co:MgAl2O4 powder 

shows similar structural evaluation trend as that of 

MgAl2O4 spinel.  

 
Figure 3: XRD patterns of as-prepared and 

thermally treated samples of Co:MgAl2O4  at 

different temperatures for 4h. 

 

Diffraction peaks of  the sample calcined at 850°C  are 

compared with the standard data of face centred 

cubic MgAl2O4 [JCPDS 21-1152] and found in 

accordance with the diffraction peaks of the  

standard data. The diffraction peaks are indexed by 

Miller indices (111), (220), (311), (400), (511), (400), 

respectively with the help of JCPDS data.  

 

Effects of heat treatment on structure parameter of 

Co:MgAl2O4 like lattice constant, spinel phase, 

crystallites size and microstrain and dislocation 

density have also been estimated. Figure 4 displays 

lattice constant versus Nelson-Riley function.  
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Figure 4 : Lattice constant versus Nelson-Riley 

function 

 

Generally, tendency of divalent and trivalent cations 

is to occupy tetrahedral and octahedral interstitial 

sites of spinel but they also enter into the interstitials 

sites as anti-sites due to many factors, to name a few; 

ionic radii, electronic configuration and 

temperature/pressure etc. Let us recall that in 

MgAl2O4, Al ions (average ionic radius ~ 0.45 Å) are 

smaller than the Mg ions (average ionic radius ~ 0.72 

Å) and therefore Al ions disperse comparatively 

faster than the Mg ions. An inequity distribution of 

cations among interstitials sites are responsible 

mechanisms for disordering in MgAl2O4 spinel 

nanopowder. The relocation of anti-sites cations 

between the interstitial sites continues unless its free 

energy attains a minimum value. Figure 5 illustrates 

the lattice constant increases with increasing 

calcination temperature. The increase in lattice 

constant is due to the fact that the ionic radius of Co2+ 

( 0.74 Å) is larger than that of Al3+ (0.45 Å) [15] and 

demonstrates that the Co2+ ions actually enter the 

crystal lattice and retain the cubic spinel structure 

[31]. 

 
Figure 5 : Lattice constant versus calcination 

temperatures for 4 h. 

 

The effect of temperature on degree of order in 

Co:MgAl2O4 spinel nanopowder is studied and 

estimated value of degree of order is given in Table 

1. The data clearly reveal that the degree of order in 

Co:MgAl2O4 spinel nanopowder increases with 

increasing calcination temperature (Figure 5). 

 

Table-1 

 
 

Crystallite size of Co:MgAl2O4 spinel nanopowder is 

estimated by Debye-Scherrer equation and 

Williamson-Hall plot (W-H plot) and presented in 

Table 1. The graph is plotted between Sin(θhkl) and 

βhklCos(θhkl) as shown in Figure 6. The grain size and 

micro-strain of Co:MgAl2O4 do not change 

significantly in the calcination temperature range 

550°C to 850°C (4h). In contrast, an increase in 

crystallite size and a decrease in micro-strain are 

noticed in a sample heated at 1000°C (4h).  The 

increase in grain size may be attributed to the fact 
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that the ionic radius (0.74 Å) and atomic mass of Co2+ 

(59 a.m.u.) is larger than that of ionic radius (0.45 Å) 

and atomic mass (27 a.m.u.) of Al3+, respectively. 

 

 
Figure 6 : Williamson-Hall plot of calcined of 

Co:MgAl2O4 spinel nanopowders 

 

The activation energy for the formation of 

Co:MgAl2O4 is estimated by plotting the graph 

between crystallite size and calcination temperature 

(Figure 7).  

 

The plot shows a linear relationship between 

crystallite size and calcination temperature; and the 

activation energy is found to be 36 kJ/mol. In case of 

Co:MgAl2O4 there were two different activation 

energies (i) for formation of intermediate phase of 

MgAl2O4 (1.2 kJ/mol) and (ii) for complete formation 

of MgAl2O4 (53 kJ/mol) because relationship 

between crystallite size and calcination temperature 

is nonlinear.  

 

 
Figure 7 : Crystallite size versus calcination 

temperatures. 

 

Further, by knowledge of average crystallite size and 

an empirical relation
2

1

HWD −

 , dislocation density 

of Co:MgAl2O4 cubic spinel nanocrystallites is 

obtained and given in Table 1. As calcination 

temperature is increased, the density of dislocation 

decreased as a result of less nucleation sites being 

available during crystallization upon heating, which 

in turn lead to the comparatively larger crystallite 

size.  

 

3.3 Fourier Transform Infrared (FTIR) Spectroscopy 

 

FTIR Spectroscopy provides valuable information 

about the phase composition and bonding in the 

samples. The FTIR of samples as-prepared (a) and 

calcined at temperature 550°C (b), 700°C (c), 850°C 

(d) and 1000°C (e) for 4h, in the spectral range of 

4000-400 cm-1, is shown in Figure 8. FTIR spectrum 

of as-prepared sample (a) shows three distinct strong 

absorption bands centered around 1357, 1633 and 

3523 cm-1. The absorption band centred around 1357 

cm-1 could be ascribed presence of nitrate groups [32]. 

The bands around 3523 cm-1 and 1633 cm-1 could be 

assigned as the stretching vibration of H-O-H 

molecule and the bending modes of H-O-H absorbed 
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at surface of the product, respectively [33]. The 

stretching vibration of H-O-H molecules overlaps 

with surface hydroxyl group vibrations and as a 

result the stretching band broadens [34]. In FTIR 

spectroscopy, the bands over range of 1000-400 cm-1 

are assigned by metal oxygen bonds (M-O-M) [35]. 

Narrow band noted around 549 cm-1 may be assigned 

as mixed hydroxide of magnesium and aluminium 

[36]. FTIR of Sample (b) shows two distinct 

signatures : (i) an evaporation of nitrate group which 

is manifested by elimination of the absorption band 

centred around 1357 cm-1 and this signature  

confirms  decomposition of nitrates; (ii) broadening 

in the double hydroxide band.  

 

 
Figure 8 : FTIR spectra of as-prepared and 

thermally treated samples of Cobalt:Magnesium 

Aluminate at different temperatures for 4h 

 

When calcination temperature was increased up to 

700°C and hold for 4h, bands of mixed hydroxides 

almost disappeared. New weak bands appeared 

around ν1=690 and ν2=513 cm-1, which could be 

assigned AlO4 group [37], AlO6 group and MgO 

stretching vibrations, respectively [38, 39]. As the 

calcination temperature was increased up to 850°C, 

the absorption band of AlO6 and MgO become 

stronger and evaporation surface water molecules 

increases as well but absorption band of AlO4 

diminishes. One may notice that the absorption peak 

of octahedral site become sharper and stronger in 

compare to the sample calcined at 700°C. However, 

thermal treatment at calcination temperature of 

1000°C (4h), the appearance of the tetrahedral and 

octahedral sites band becomes sharp due to the 

minimization of lattice distortion and enhancement 

of crystallinity (reduction of surface effect). At 

calcination temperature 1000°C, the increase in 

frequency of ν1 band occurs due to size effect and the 

decrease in frequency of ν2 arises due to the repulsive 

dipolar interactions [40]. A significant increase in 

absorption band at 500 cm-1 (characteristic band of 

octahedral site) is evident and this could be due to 

Co2+ ions actually enter the crystal lattice and retain 

in the tetrahedral site of cubic spinel structure [31].  

 

The FTIR results are in close agreement with XRD 

studies. Here, it is worthwhile to point out that even 

at higher calcination temperature 1000°C for 4h, 

some OH groups (3429 cm-1) remains in the structure. 

This small amount of water molecules could be due 

to the inter absorption during the compaction of 

powder specimen with KBr. The as-prepared 

powders were light pink, which is attributed to the 

Co2+ ions coordinated to six water molecules existing 

in the coprecipitate. When heated to 700°C, the 

color of the powders changed to greenish color. At 

temperature 850°C, the color of the powders 

changed to blue color which is due to the Co2+ ions 

coordinated to four oxygen atom during the 

formation of Co:MgAl2O4 nanocrystallites. These 

results confirm the visual observations (Figure 9) 

which indicate that the appearance of intense blue 

color in pigment powder [41].  
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Figure 9 : Apparent Color of as-prepared and heat treated Co:MgAl2O4 samples 

 

3.4 Scanning Electron Microscopy (SEM) 

The surface morphology of the as-prepared and calcined samples was investigated by SEM equipped with 

EDS and shown in Figure 10.  
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Figure 10a: SEM micrographs of as-prepared precursor of Co:MgAl2O4. 

 
Figure 10b: SEM micrographs of Co:MgAl2O4 spinel calcined at 850°C 

             
Figure 10c: SEM micrographs of Co:MgAl2O4 spinel calcined at 1000°C. 

 

The surface morphology of as-prepared Co:MgAl2O4, 

prepared by coprecipitation method, is similar to 

flower and lamellar structure (Figure 10a), while a 

structure similar to network is evident when the 

sample was calcined at 700°C (Figure 10b). 

Micrograph shows agglomeration in the powder 

calcined at 1000°C (Figure 10c). This micrograph 
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supports increase in size of crystallites of 

nanoparticles due to coalescence of nanoparticles. 

Figure 11 illustrates the EDS spectrum of the samples 

and confirms the presence of cobalt, magnesium, 

aluminium and oxygen. There is an excess of both Al 

and O ions relative to Mg ions, in Co:MgAl2O4 

ceramic spinel nanopowder. EDS of sample (c) 

reveals increase cobalt content in the sample and it 

supports the visual observations of Figure 11.  

 

 
Figure 11 : EDS of samples as preapred: (a), heat 

treated at 700°C: (c) 

 

IV. SUMMARY  

 

In summary, using precursors: Mg(NO3)2·6H2O, 

Al(NO3)3·9H2O, Co(NO3)2·6H2O and ammonia 

solution, as a catalyst, Co:MgAl2O4 cubic spinel 

nanopowder were prepared by coprecipitation 

method and subsequently thermal heating was 

carried out at temperatures 550°C, 700°C, 850°C and 

1000°C  for 4h, in air. The structural properties of 

Co:MgAl2O4 nanopowder were investigated by 

complementary techniques TGA-DTG-DTA, XRD, 

FTIR and SEM. XRD investigations revealed that at 

calcination temperature 550°C, an intermediate 

phase (γ-Al2O4, a rock salt type structure) of 

precursor was formed. TGA curve shows that the 

weight loss is faster in Co:MgAl2O4 compare to the 

MgAl2O4. A shifting in peak position is observed in 

DTG curve, which is due to Co2+ (ionic radii 0.58-

0.90 Å). At calcination temperature 340°C, 

endothermic peak in DTA curve suggests the 

formation of Co:MgAl2O4. Cobalt-magnesium 

aluminate crystallizes at relatively higher 

temperature, i.e. above 850°C as compared to 

undoped magnesium aluminate that crystallizes 

around 800°C. An increase in lattice constant is 

observed, which is due to the fact that the ionic 

radius of Co2+ (i.e., 0.745 Å) is larger than that of Al3+ 

(0.45 Å). The degree of order in Co:MgAl2O4 spinel 

nanopowder increases with increasing calcination 

temperature. The activation energy for the 

formation of Co:MgAl2O4 is 36 kJ/mol. Nelson-Riely 

function is a good tool for estimation of lattice 

parameter for a single phase structure. Results of 

FTIR and SEM support XRD studies.  

Finally, it is concluded that a single phase 

Co:MgAl2O4 face centred cubic ordered-spinel 

nanopowder (grain size ~ 20 nm) with a good, 

chemical homogeneity, is obtained by using 

coprecipitation method followed by thermal 

treatment at temperature 1000°C for 4h, in air; and 

may be used for applications: refractory in heavy 

industry nano ceramic powders in particular as 

catalyst support and catalysts by itself, inorganic 

blue pigments in industry to bring colour to plastics, 

paints, fibers, papers, rubbers, glass, cement, glazes, 

ceramics, and porcelain enamels. 
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