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Magnesium oxide and magnesium aluminate (MgAl
2
O

4
) spinel (MAS) powders have been synthesized by a 

simple aqueous sol-gel process using citrate polymeric precursors derived from magnesium chloride, aluminium 
nitrate and citrate. The thermal decomposition of the precursors and subsequent formation of cubic MgO and 
MAS were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetry-
differential scanning calorimetry (TG-DSC) and Fourier transform infrared spectra (FTIR). The single phase cubic 
MgO powder and MAS powder form after heat treatment at 800 and 1200 °C, respectively. The particle size of 
the MgO and MAS powders is about 100 nm and several micrometers, respectively. Ball milling eliminates the 
size of MgO and MgAl

2
O

4
 spinel powders by decreasing the conglomeration of the powders.

Keywords: magnesium oxide, spinel, sol-gel, characterization

1. Introduction

Magnesium oxide is a traditional raw material for use in a wide 
range of products, e.g. refractory, paints, paper, plastics, rubber, oil, 
pharmaceutical, fertilizer, animal feed, additive in superconductor 
products, waste treatment agent for neutralizing acids or cleaning 
water and as a catalyst material1,2. Most commercial MgO powders 
are synthesized by the calcinations of forms of Mg(OH)

2
, such as 

brucite or precipitate from sea water, and thermal decomposition 
of MgCO

3
, such as magnesite3. In such powders, the primary 

particles remain aggregated, usually in a shape similar to that of the 
precursor compound. The calcination at higher temperature destroys 
the agglomeration due to the propagation of cracks resulting in the 
formation of finely dispersed powders. However, calcination at 
higher temperature also increases the crystal size of the powders 
and reduce the surface area. For more specific applications, an 
inexpensive method to synthesize finer and less aggregated powders 
with controllable structure and morphology is necessary. For instance, 
fine powders can facilitate component sintering at lower temperature 
for refractories while the ratio of high surface area to volume of the 
powder may provide a higher activity as catalyst and higher removal 
efficiency in waste water treatment2. Some groups have devoted to the 
synthesis of fine MgO powders4,5. However, theses methods take the 
disadvantages of complex process, expensive cost etc. One effective 
method to synthesize fine MgO powders is the sol-gel process6. 
Klabunde et al.7 prepared MgO powders with the average size of about 
5 nm and ultrahigh surface area via a sol-gel process followed by a 
hypercritical drying procedure. However, the need to synthesize and 
handle the costly and hazardous metal-organic precursors in the sol-
gel procedure seems inconvenient and is not economically acceptable.

Magnesium aluminate (MgAl
2
O

4
) spinel (MAS) has also received 

a great deal of attention as a technologically important material on 
account of its attractive properties such as high melting point, high 
mechanical strength at elevated temperature, high chemical inertness 
and good thermal shock resistance which has been extensively used 

for various purposes, such as refractory material and humidity sensor 
etc.8. However, it is very difficult to synthesize fine spinel powders 
with high purity from conventional solid-state reaction route since 
the technique requires repeated grinding and calcination steps to get 
the desired properties, which invariably contaminate the powders. 
Although some methods, such as hydrothermal synthesis, plasma 
spray decomposition of oxides could be used to prepare high-purity 
oxide powders. However, these techniques have not received much 
commercial importance because of the use of expensive raw materials 
and many processing steps9,10.

In this paper, a relatively simple, efficient, low-cost aqueous sol-
gel process based on the in situ generation of water soluble metal 
complexes with magnesium chloride, aluminum nitrate and citric acid 
as raw materials has been developed to synthesize fine magnesium 
oxide and spinel powders. Decomposition of the citrate precursor and 
morphology of the synthesized powders are investigated.

2. Experimental

Analytical grade MgCl
2
, Al(NO

3
)

3
·H

2
O and C

6
H

8
O

7
·H

2
O (Tianjin 

Benchmark Chemical Reagent Co., Ltd., Tianjin, China) were used 
as the raw materials to prepare magnesium oxide and MAS powders. 
The starting solution was prepared by dissolving magnesium 
chloride, aluminum nitrate and citric acid into deionized water. The 
concentration of nitrate was 0.5 M. The molar ratio of citric acid to 
metal ions ratio is 3:1 in the solution. The solution was continuously 
stirred for 2 hours and kept at a temperature of 60 °C until it turned 
to a yellowish sol. Then the stabilized nitrate-citrate sol was rapidly 
heated to 100 °C and stirred constantly. Viscosity and color changed 
as the sol turned into a transparent stick gel. The gel was heat treated 
at 150 °C for 2 hours and a fluffy, polymeric citrate precursor was 
gained. Finally, the synthesized precursor was ground to a fine powder 
and calcined at different temperature for 2 hours in muffle furnace.
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Figure 2. SEM images of the MgO and MAS powders. a) and b) MgO powder; and c) and d) MAS powder.

Phase identification was performed by a Siemens D5000 X-ray 
diffractometer (XRD) equipped with a graphite mono-chromatized 
Cu-Kα radiation (λ = 1.5406 Å). The samples were scanned at a 
scanning rate of 0.05 °/s in the 2θ range of 10°-90°. SEM observation 
was performed using JEOL JSM5410 SEM with a 15-KV accelerating 
voltage. Fourier transform infrared spectra (FTIR) spectroscopy 
(Perkin Elmer PE.One WQF-410 spectrometer) was used at room 
temperature in the range of 450-4000 cm−1 with a resolution of 4 cm−1. 
Thermal analysis of the precursor was done by thermogravimetry-
differential scanning calorimetry (TG-DSC) on a Netzsch STA 449C 
instrument. The mass spectra (MS) of the gaseous products evolving 
from the precursor in TG-DSC are simultaneously monitored with a 
Balzers termostarTM quadrupole mass spectrometer.

3. Results and Discussion

Figure 1 shows the XRD patterns of the as-synthesized 
magnesium oxide and MAS powders obtained by heat treatment of the 
precursors at 800 and 1200 °C for 2 hours, respectively. According to 
the JCPDS card (JCPDS card, No. 45-0946), the phase of the powders 
(Figure 1a) obtained from magnesium precursor can be indexed to 
be cubic MgO structure which is consistent with the results reported 
in the literatures3-6. The intense peaks show that the powders are 

Figure 1. X-ray diffraction patterns of the MgO and MAS powders. a) MgO 
powder after heat treatment at 800 °C; and b) MAS powder after heat treatment 
at 1200 °C.
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Figure 3. SEM images of the samples treated by ball milling for 12 hours. a) MgO powder; and b) MAS powder.

high crystalline. The powders obtained from the MAS precursor 
are composed of MAS cubic structure (JCPDS card, No. 21-1152) 
which is similar to those reported by Ganesh and Pati et al.9,10. No 
other diffraction peaks are detected showing the high pure phase.

The morphology and size of the powders are analyzed by SEM 
observation. The average diameter of the MgO powders with regular 
sphere particles (Figure 2a and b) is about 100 nm. However, some 
particles are in microns size. These results demonstrate that the fine 
MgO powders can be prepared by the simple sol-gel process using 
MgCl

2
. The MAS powders with irregular morphology obtained from 

MAS precursor (Figure 2c and d) exhibit definite distribution in the 
size range of microns. The size of the most particles is less than 2 mm. 
However, the size of a small amount of powders is larger than 10 mm 
(Figure 2c). Obviously, the aggregation phenomenon can be observed 
by the SEM images which may originate from the powder aggregation 
under high temperature sintering conditions. In order to further refine 
the powders, the ball milling (raw materials: balls: water = 1:2.5:1.5) 
experiment was conducted. Figure 3 shows the SEM images of the 
MgO powder (a) and MgAl spinel powder (b) treated by ball milling 
for 12 hours. The particle size of the powders decreases obviously. 
The average particle size of the MgO and MgAl spinel powders 
is about 70 nm and 2 μm, respectively. The strong agglomerated 
phenomenon of the powders is considered to be caused by the high 
sintering temperature. The kind of agglomeration is relatively loose 
and can be dispersed after ball milling. The results show that the ball 
milling can relieve the agglomeration phenomenon of the powders 
obviously refining the powders.

The FTIR spectra at 450-4000 cm−1 for the Mg precursor and MAS 
precursor calcined at different temperature are shown in Figure 4. This 
clearly shows a broad absorption at 3000-3800 cm−1 with the absorption 
peak of 3441, 3435, 3437, 3443 and 3438 cm−1, respectively, which is 
the characteristic stretching vibration of hydroxylate (−OH). Peaks 
localized at 1631-1637 cm−1 and 1383‑1385  cm−1, respectively in 
Figure 4a-e are assigned to asymmetrical and symmetrical stretching 
vibration of carboxylate (O-C=O). No characteristic band of nitrate 
ions at 1464 cm−1 is observed from the FTIR spectra indicating 
the complete decomposition of Mg precursor and MAS precursor 
during the heat treating process with different temperature. In the 
FTIR spectum (Figure 4c) of the MgO powder calcined at 800 °C, 

the absorption bands of NO
3
− group at 616 and 619 cm−1 disappear 

because of the complete decomposition of nitrate. Furthermore, the 
band of the carboxylate reduces obviously due to the decomposition 
of the citrate precursor. No characteristic bands with the asymmetrical 
and symmetrical stretching vibration at 1264 and 1068 cm−1 of the 
C-O-C group11 are observed from the FTIR spectra, indicating the 
thermal decomposition of polyester. However, the absorption peaks at 
1115-1121 cm−1 are also observed from the spectra showing the C-O 
absorption. With the calcination temperature increasing to 800 °C, 
the C-O absorption peak vanishes. The absorption bands at 859 and 
860  cm−1 (Figure  4a and b) are contributed to the characteristic 
absorption peaks of cubic MgO showing the initial formation of 
cubic MgO above 400 °C. With the increase of the calcination 

Figure 4. FTIR spectra of the Mg-citrate precursor and MAS precursor 
calcined at different temperature. a) Mg precursor calcined at 400 °C; b) Mg 
precursor calcined at 600 °C; c) Mg precursor calcined at 800 °C; d) MAS 
precursor calcined at 800 °C; and e) MAS precursor calcined at 1200 °C.
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Figure 5. TG-DSC curve of the as-synthesized Mg precursor.

Figure 6. TG-DSC curve of the as-synthesized MAS precursor.

temperature, the characteristic vibration of cubic MgO increases. It 
can be seen that the intense characteristic vibration of cubic MgO 
exists in the band ranging from 500-1000 cm−1 with the absorption 
peak at 860 cm−1 indicating the complete formation of cubic MgO. 
For the samples of the MAS spinel precursor calcined at 800 °C 
and 1200 °C (Figure 4d and e), significant spectroscopic bands at 
512, 547, 703 and 799 cm−1 appear which are identified to be the 
characteristic absorption bands of MAS structure. With the increase 
of the calcination temperature, the absorption peaks are intensified 
exhibiting the totally formation of MAS phase.

The thermal decomposition of the citrate precursors and the 
phase transition of MgO and MAS spinel have been analyzed. The 
TG-DSC curves of the Mg precursor and MAS precursor are shown 
in Figure 5 and 6, respectively. For the thermal decomposition of 
the Mg precursor shown in Figure 5, in the range of RT-250 °C, an 
endothermic peak at about 230 °C with a mass loss of about 8% 
appears which may be associated to the vaporization of physically 
bound absorbed water. In the temperature region 250-700 °C, 
a broadened and maximum exothermic peak at about 310 °C is 
relatively sharp and intense, accompanied by a drastic mass loss. It 
indicates the dehydration reaction of the citrate precursor and the 
decomposition of the precursor from Mg precursor to MgO. The mass 

loss associated with this sharp exothermal reaction is about 70%. The 
relatively broad endothermic peak at about 800 °C corresponds to 
the crystal growth of cubic MgO. So the transformation of the cubic 
MgO occurs directly in amorphous MgO when calcined at a proper 
temperature. Therefore, the proper calcination temperature for the 
Mg precursor is determined to be 800 °C for the formation of high 
crystallized cubic MgO. The TG-DSC curve of the as-synthesized 
MAS precursor is similar to that of the Mg precursor. However, in 
the RT-300 °C, an endothermic peak at about 250 °C with a mass 
loss of about 4% appears which is associated to the vaporization of 
physically bound absorbed water. The maximum mass loss of the 
MAS precursor is obviously far less than that of the Mg precursor 
with the value of about 38%. A relatively sharp endothermic peak 
at about 800 °C occurs which may be associated to the nucleation 
process of the MAS. The relatively broad endothermal bands with 
the peak at about 1130 °C in the temperature range of 1000-1200 °C 
may contribute to the crystal growth of the MAS structure.

4. Conclusions

In summary, fine MgO and MAS powders were synthesized using 
citrate precursors derived from magnesium chloride, aluminium 
nitrate and citrate. At about 400 °C citrate precursors decompose 
and MgO, MAS are initially formed. The pure cubic MgO and MAS 
phases form at the heat treatment of Mg precursor and MAS precursor 
at 800 and 1200 °C, respectively with the particle size in the range of 
nanometer and micrometer size. Further experimental results show 
that ball milling treatment can eliminate the conglomeration and size 
of the powders. From a practical point of view, the synthesis of fine 
MgO and MAS powders from less expensive precursors inorganic 
salts instead of alkoxide precursors following this reported could be 
of great interest.
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