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Submicronic MgAI204 powder synthesis in 
supercritical ethanol 

M. BAR J, J. F. BOCQUET, K. CHHOR, C. POMMIER 
Laboratoire d'lng6ni6rie des Mat~riaux et des Hautes Pressions (CNRS, LP 1311), Universit6 
Paris XIII, Avenue J. B. CI6ment, 93430 Villetaneuse, France 

Submicronic MgAI20 ~ powders have been synthesized by decomposition of the double 
alkoxide Mg[Al(O-secBu)4]z in supercritical ethanol. The influence was studied of various 
experimental parameters (reaction time and temperature, reactional medium concentration and 
density) on the main characteristics of the obtained materials. Particularly, sample crystallinity 
and chemical composition, particle size distribution and mean diameter were investigated by 
X-ray diffraction, IR spectroscopy, laser scattering and electronic microscopy. 

1. Introduction 
In much ceramic processing, the most basic step is 
generally recognized to be the powder elaboration. 
The quality of the final material depends essentially on 
some basic properties of the powders to be sintered, 
such as high purity and chemical homogeneity, small 
particle size and narrow size distribution. Besides 
traditional mixing and grinding operations followed 
by solid-state reactions, non-conventional powder 
elaboration methods have recently been reviewed 
[1, 2]. Among these; new techniques using supercri- 
tical fluids have been proposed [3-5]. These tech- 
niques take advantage of the diffusion properties and 
the high solvent power of these phases, allowing rapid 
nucleation and precipitation of solid solute particles 
after expansion of supercritical solutions. The high 
density and low viscosity of supercritical fluids are 
also of interest, for the use of these fluids as reactive 
media [6]. 

The spinel MgA120 4 is of technological interest 
particularly for refractory applications. However, 
solid-state reaction and sintering from single oxides 
require temperatures as high as 1400-1500~ [7, 8]. 
Hydrothermal synthesis does not appear to avoid 
phase separation and decrease the sintering temper- 
ature [9]. Among other routes proposed recently are 
plasma spray deposition of oxides [10]; low temper- 
ature (500-800~ spray, and higher-temperature 
(3000~ decomposition of aqueous salt solutions 
[11]; combustion of metal nitrates and urea 
in carbohydrazide [12]; freeze-drying of sulphate 
solutions [13]; and controlled hydrolysis of 
metal alkoxides [14]. 

We have recently shown that the decomposition of 
organometallic compounds in a supercritical fluid can 
be a new route for submicrometre oxide powder elab- 
oration [15]. We describe the conditions of the alkox- 
ide Mg[Al(O-secBu)4]2 reaction in supercritical eth- 
anol, and the influence of various experimental para- 
meters on the obtained MgA120 4 characteristics. 

2. Experimental procedure 
The double sec-butoxide Mg[AI(OR)4]2 used as start- 
ing material was prepared in the laboratory by a 
previously reported reaction [14] between sec-butanol 
and a stoichiometric mixture of aluminium and mag- 
nesium metals, in the presence of HgzC12 as a catalyst. 
The single alkoxides Mg(OCzHs) 2 and AI(OCzHs) 3 
are commercial Alfa products. The ethanol (Tc 
= 243 ~ Pc = 6.13 MPa) used as reactional medium 

has a purity better than 99.8%. 
The laboratory-made high-pressure reactor was a 

blind stainless steel cylindrical tube (internal volume 
about 130 cm 3) with removable caps at each end. One 
was fitted out with devices allowing temperature and 
pressure measurements [15]. The observation of the 
powder formation was realized from a separate experi- 
ment in a high-pressure cylindrical optical cell (in- 
ternal volume about 1 cm 3) closed by sapphire win- 
dows. The radiation coming from a He-Ne laser 
source were sent through the cell and scattered light at 
90 ~ was collected on a photomultiplier [16]. 

The obtained powders have been characterized by 
various techniques : chemical analysis, X-ray diffrac- 
tion (XRD; Siemens diffractometer using MoK~ radi- 
ation), IR spectroscopy (IRS; Perkin Elmer 580), light 
scattering granulometry (Microtrac 7995-30, Leeds & 
Northrup), and electronic microscopy (Cambridge 
5360). 

3. Results 
3.1. Metal alkoxide reaction in 

supercritical ethanol 
Metal alkoxides are known to be highly reactive 
towards water, and thus must be handled with care. 
The magnesium and aluminium ethoxides are solid 
materials and poorly soluble in ethanol at room tem- 
perature. When heated in supercritical ethanol at 
about 350 ~ the magnesium derivative leads to the 
formation of a white crystallized MgO powder. In the 

0022-2461 �9 1992 Chapman & Hall 2 1 8 7  



same conditions, Al(OC2Hs)3 transforms into an 
amorphous solid which, after thermal treatment 
around 1100 ~ crystallizes as ~-A1203 .  Differential 
thermal analysis (DTA) and thermogravimetric stud- 
ies on these ethoxides have shown decomposition in 
two main steps, one of them occurring below 200 ~ It 
is then likely that in our reactor, some partial reaction 
occurred before the reactional medium was in a super- 
critical state. 

The mixture of the two alkoxides in the stoichio- 
metric ratio A1/Mg = 2, when heated at 360~ in 
supercritical ethanol, leads to the formation of a white 
partly crystallized MgAI20 a powder. In the reactional 
medium it is likely that a reaction between the two 
starting single alkoxides and ethanol first occurs, lead- 
ing to the double complex Mg[AI(OC2Hs)4]2, which 
further decomposes. 

However, because of.the solid ethoxides' low solu- 
bility at room temperature, and possible deviation 
with stoichiometry or chemical heterogeneity in the 
resulting powders, the available double alkoxide 
Mg[Al(O-secBu)4]2 was preferred as starting material. 
This compound is liquid at room temperature and 
highly soluble in ethanol, in which some ligand ex- 
change has been demonstrated 1-17]. We have shown 
[15] that it decomposes in supercritical ethanol into a 
more or less crystallized powder according to the 
experimental conditions. This solid leads to the spinel 
MgAlzO 4 after thermal treatment around 1100 ~ 

The thermal stability of the double alkoxide in 
ethanol was studied using the 1 cm 3 high-pressure 
optical cell. The introduced volume (0.3 cm 3) of a 
solution at 10% corresponded roughly to the critical 
density of pure ethanol. The scattered light intensity 
was measured during heating the cell from room 
temperature up to 350 ~ at about 0.5 ~ min-1 and 
on cooling (about 0.1~ -1 between 350 and 
240~ Fig. 1 shows that during heating, a first 
maximum on the signal intensity is observed around 

250 ~ corresponding to the supercritical phase trans- 
ition. At 283 ~ a sudden very large increase in scat- 
tered light occurs, associated with the formation of 
solid particles in the supercritical medium. Above 
about 290 ~ a decrease in the signal intensity indic- 
ates that the major phenomenon is now some settling 
of the powder on the reactor walls. This settling 
continues during cooling and the only anomaly ob- 
served is the reversed supercritical-subcritical phase 
transition. This experiment shows that the decomposi- 
tion of the double alkoxide occurs effectively in the 
supercritical fluid, and that the formation of the solid 
particles takes place in a short time. 

3.2. Elaboration of MgAI204 powder 
from Mg [Al(O-secBu)4] 2 

The influence of various experimental factors on the 
main characteristics of the obtained powders was 
studied. All the experiments were performed in the 
130cm 3 high-pressure stainless-steel reactor. The 
powders formed in the reactor were sedimented and 
then oven dried for 12 h at 95~ before crystallo- 
graphic, spectrometric and granulometric studies. Ex- 
perimental conditions of some representative syn- 
theses are summarized in Table I. 

3.2. 1. Influence o f  reaction time 
Fig. 2 shows the XRD patterns of powders obtained at 
360 ~ for various residence times and a given filling in 
the reactor (runs 1-3, Table I). It is clearly seen that 
the just-formed solid particles are completely amorph- 
ous and that a rather limited structural organization 
of the spinel type is observed after about 1 h. No extra 
diffraction lines associated with the presence of single 
metal oxides are evinced. Chemical analyses show 
A1/Mg and O/A1 ratios equal to 2.03 and 2.10, respect- 
ively, i.e. very close to that in MgA120 4. It should be 
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Figure 1 Decomposition of Mg[Al(O-secBu)4]2 and powder formation in ethanol from scattered light measurements. 

2188 

350 

300 
A 

0 
v 

250 

200  



T A B L E  I Experimental conditions of some representative syntheses in supercritical ethanol 

Run Time Temperature Pressure Volume of 
ethanol 

Nb (h) (~ (MPa) (cm 3) 

Composition of 
solute 
(vol %) 

1 0.5 360 16.2 36 
2 1 360 16.2 36 
3 3 360 16.2 36 
4 7 295 9.8 32 
5 4.5 360 15.3 32 
6 6 407 22.5 32 
7 4 395 20.1 32 
8 4 360 15.8 32 
9 4 365 21.3 50 
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Figure2 XRD patterns of powders obtained at 360~ from 
Mg[Al(O-secBu)4]2 for (a) 0.5; (b) 1 and (c) 3 h; (d) from a stoichio- 
metric mixture of AI(OEt)3 and Mg(OEt)2 for 3.5 h; (e) expected 
lines for spinel MgAI20 4 [18]. 

noted that the diagrams Fig. 2b and c are very similar 
to that of a powder obtained in similar conditions 
from a stoichiometric mixture of the two single alk- 
oxides (Fig. 2d). 

All diffraction patterns of partly crystallized 
samples show low intensity of the [3 1 11 line, al- 
though it is the major line in the spinel spectrum [181. 
On the contrary, the [4 0 0] and [44 01 lines are the 
first to appear with significant intensity from the 
amorphous material. As shown below, it can be noti- 
ced that the elementary particle size is very low (some 
tens of nanometres). The above phenomenon could 
be explained either by a textural effect along the 
[4 0 01 and [-4 4 01 directions during crystallization or 
by a long-range ordering first occurring preferentially 
for cations Mg z + and A13 +. Further structural studies 
are necessary to confirm this point. 

The IR spectra show that the structural organiza- 
tion increasing with time is associated with a decrease 
in the intensities of O-H and C-H bands, and a 
narrowing in the 400-800 cm-1 frequency range cor- 
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Figure 3 IR spectra of powders obtained from Mg[Al(O-secBu)4]2 
at 360 ~ during (a) 0.5; (b) 1; (c) 3 h. 

responding to metal-oxygen vibrations (Fig. 3). It can 
then be attributed to a progressive departure of or- 
ganic radicals from the surface of the solid particles, 
and a short-range oxygen organization around metal 
atoms. 

Granulometric studies by laser light scattering show 
that both the mean diameter and size dispersion of the 
observed granules decrease slightly when reaction 
time increases. They vary from about 1.3-25 gm 
(mean value around 9.8 gm) to 0.5-9 gm (mean value 
around 4.3 gm) when going from 0.5-3.0 h. However, 
SEM shows that these spherical granules are in fact 
agglomerates of much finer elementary particles, and 
that their internal structure appears more clearly 
when crystallization increases (Fig. 4). These micro- 
graphs (Fig. 4a and b) are similar to that reported 
recently by Vollath [11] on powder obtained at an 
unspecified temperature, by a spray-drying and calcin- 
ation process, from mixtures of aluminium and mag- 
nesium nitrates. However, chemical homogeneity is 
better in the process presented here. We never ob- 
served phase separation or signs of MgO crystalliza- 
tion, because the skeleton of the metal-oxygen bonds, 
further organized in the spinel structure, is already 
present in the first-formed amorphous solid (Fig. 2). 

3.2.2. Influence of reaction temperature 
As seen above, the solid particle formation starts at 
283 ~ in the supercritical fluid. Fig. 5 compares the 
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Figure 4 SEM micrographs of powders obtained at (a) 295 ~ 7 h; 
(b) 330 ~ 1 h; (c) 360 ~ 5 h. 

crystallographic behaviour of powders obtained at 
295, 360 and 407 ~ for reaction times longer than 4 h 
and similar fillings in the reactor (runs 4 6 in Table I). 
The solid formed at 295 ~ is completely amorphous, 
and the structural organization increases with temper- 
ature. 

The IR spectra (Fig. 6), as well as the electron 
micrographs (Fig. 4), exhibit the same trends as noted 
above : the increase in solid crystallinity is associated 
with the loss of organic and OH groups, a better 
short-range organization of metal-oxygen bonds, and 
a better definition of the submicrometre elementary 
particles in the agglomerates. 

3.2.3. Influence of reactional medium 
Powders obtained around 400 ~ with the same eth- 
anol filling in the reactor but two different alkoxide 
concentrations (runs 6 and 7 in Table I) do not show 
significant differences in their structural organization. 

Around 360 ~ for similar reaction times and solute 
concentrations, the ethanol content in the reactor was 
increased from 32 to 50 cm 3 (runs 5, 3, 8 and 9 in Table 
I), leading to a reaction-pressure variation from 
about 15 to 21 MPa. The increase in fluid density 
seems to lead to better crystallinity in the solid, and to 
a slight decrease in the agglomerate size distribution 
and mean diameter. However, these phenomena need 
to be confirmed by further experiments. 

3.2.4. Influence of thermal treatment 
When the above partly-crystallized powders are sub- 
mitted to a thermal treatment for 1 h at around 
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1100 ~ formation of the spinel structure is reached, 
as shown in Fig. 5d. Particularly, the relative in- 
tensities of XRD lines [18] are now observed. This is 
associated with a complete loss of the residual organic 
and OH groups as seen in Fig. 6d. In the IR spectral 
range corresponding to metal-oxygen vibrations, the 
expected bands are now well-defined, especially that at 
309 cm = 1 associated with the AI-O bond in the spinel 
structure [19]. 

All the treated samples, whatever the experimental 
conditions of the previous powder formation, show a 
mean agglomerate size around 3 lam (0.5-7 gin). These 
agglomerates (Fig. 7a) are easily destroyed when the 
sample is submitted to an ultrasonic sound treatment. 
Individual particles of 0.02 gm are then observed by 
transmission electronic microscopy (TEM) (Fig. 7b). 
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Figure 5 XRD patterns of powders obtained at (a) 295 ~ 7 h; 
(b) 360 ~ 4.5 h; (c) 407 ~ 6 h; (d) after thermal treatment 1 h at 
1100 ~ (e) expected lines for spinel MgAI20 4 powders [18]. 



g 

g 
# 

I 

&000 2000 

(d) 

I I 

1000 200 
Wave number (cm -1) 

Figure6 IR spectra of powders obtained at (a) 295~ 7h;  
(b) 360 ~ 4.5 h; (c) 407 ~ 6 h; (d) after thermal treatment 1 h at 
1100 ~ 
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Figure 8 Ethanol decomposition in the stainless steel reactor ( - - )  
with and ( - - - )  without MgAI20 4 powders. 

time and temperature. IRS and gas chromatographic 
investigations on the solvent then demonstrated the 
presence of aldehyde and about 10% water. 

It is well-known that metal oxides, particularly 
alumina, play a catalytic role in alcohol dehydration 
[20]. Fig. 8 shows a faster decomposition of ethanol 
when solid oxide particles are present. A linear varia- 
tion of In 1/T dp/dT against 1/T is observed, and the 
activation energy of ethanol decomposition can then 
be estimated at about 8.6 kJ tool-1. When this reac- 
tion is realized with pure ethanol, the activation en- 
ergy is found around 34 kJ mol-1.  

Figure 7 (a) SEM micrograph of powder obtained at 360 ~ 4.5 h 
and treated 1 h at 1100 ~ (b) TEM micrograph of the same powder 
after ultrasonic sound treatment. 

3.3. E thanol  d e c o m p o s i t i o n  
At temperatures above about 300 ~ we observed a 
continuous pressure drift in the reactor, even after 
long isothermal residence time (6, 12 or 18 h). The 
importance of this phenomenon is constant against 
time and increases rapidly above 360 ~ (Fig. 8). This 
can be attributed to some decomposition of the super- 
critical solvent. Effectively, pure ethanol heated in the 
same conditions exhibits the same behaviour and, 
when coming back to room temperature, a residual 
pressure was observed, which increased with reaction 

4. C o n c l u s i o n s  
We have shown that metal alkoxides can be decom- 
posed in supercritical ethanol and transformed into 
submicrometre oxide powders. For  the studied double 
alkoxide Mg[Al(O-secBu)4]2, the precise nature of 
this reaction is not wellknown. A progressive 
hydrolysis-polycondensation reaction induced by a 
small amount of water produced in alcohol decom- 
position is conceivable. However, similar formation of 
MgAI20 4 powder was observed with hexane as a 
solvent, so thermolysing in the supercritical fluid ap- 
pears likely. 

The sintering behaviour of the powders obtained by 
the new route has been tested: from dilatometric 
measurements, the sintering phenomenon appears to 
start at low temperature, around 1000 ~ close to that 
observed for MgAI20 4 obtained either by classical 
sol-gel process from the double alkoxide [15] or by a 
freeze-drying technique from aqueous solutions of 
magnesium and aluminium sulphates [13]. 

The method proposed here would allow the forma- 
tion of films or thin layers by decomposition of the 
alkoxide dissolved in a supercritical fluid (below 
283 ~ on a substrate placed in this medium and 
heated at higher temperature. 
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