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Abstract 

The versatility of the laser synthesis method has been 
improved during the last ftw years. In this paper we 
present the synthesis of amorphous, nanosized SK,/0 
powders obtained via ultrasonic injection of aerosol 
droplets into the beam of a high-power tunable CO, 
laser, using (CH,)$i( OC12HJ4_, (0 I x I 3) and 
hexamethyldisiloxane as alkoxysilane precursors. 
All these precursors strongly absorb the CO, laser 
emission between 9 and 11 km. The addition of precur- 
sors containing Al or Ti in tetraethoxysilane (X = 0) 
leads to Si,Al or Si,Ti oxide composite powders. The 
evolution of the powders (chemical composition, crys- 
tallization, morphology) during heat treatment under 
air, argon or nitrogen is studied by infra-red absorption, 
thermogravimetric analysis, transmission electron 
microscopy and X-ray d#raction. Silica powders with 
specific surface area up to 500 m2 g-t are obtained 
when heating in air. 0 1996 Elsevier Science Limited. 

1 Introduction 

Since the first experiments by Haggerty et al,’ a wide 
variety of ultrafine powders has been obtained by 
the laser synthesis method. An important application 
of these powders is struct-ural ceramic technology. 
The synthesis method is based on the resonance 
between the emission of a CO2 laser (106 pm) and 
the absorption of a gaseous precursor. It offers 
several advantages: due to the coherent laser beam, 
the chemical reaction zone is very well defined and 
there is no interaction with the reactor walls. This 
ensures extreme purity and very fine sized particles. 
However, the process has not been scaled up due to 
several limitations: the resonance condition clearly 
limits the precursor choice. To obtain Si-based 
powders the most common precursor is silane, 
which is an expensive and hazardous gas. 

Recently, taking advantage of new technical devel- 
opments, the versatility of the method has been 

improved. The ultrasonic injection of liquid precur- 
sors into the beam of the laser greatly extends the 
choice for the reactants. Moreover, it allows the use 
of cheaper and safer products. An example is given 
by the synthesis of %/C/N powders.24 Also, high 
power CO2 lasers tunable between 9 and 11 pm are 
now available.5 

To our knowledge, only two oxide powders Ti026,7 
and Ai2O38 have been obtained by laser driven reac- 
tions in gaseous phases. The possibility to synthe- 
size Si02 from an aerosol of tetraethoxysilane has 
already been reported.’ In this paper we present the 
synthesis results obtained with ditIerent organosilicon 
precursors. Some nanosized silicon-based oxide pow- 
ders have been synthesized using tetraethoxysilane 
and/or appropriate organometallic liquid precursors. 
Such powders may find applications in various fields. 
The organosilicon precursors are inexpensive, 
compared with silane, and after annealing treatments 
it is possible to obtain nanosized SIC powder as 
shown by Li et al. lo for dimethyldiethoxysilane. The 
incorporation of fine carbon particles in silicon 
oxycarbide glasses (black glasses) has improved 
mechanical properties and chemical stability com- 
pared with silica. ” In the field of catalysis there is 
an interest in incorporating tine metallic particles with 
good dispersion in high specific surface area silica. 

In this paper, we report some preliminary charac- 
terization results and the evolution of these powders 
to silica, oxycarbide glasses or oxide composites after 
firing in air, argon or nitrogen between 600 and 
1600°C. 

2 Experimental 

2.1 Procedure 
The experimental device with aerosol generator, reac- 
tion chamber and powder collector has already been 
described?,9 A PRC-Oerliion 1500-W, fast axial flow 
CO2 laser has been modified to accept a grating 
which makes it tunable between 9 and 11 pm.’ 
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The liquid organosilicon precursors with a variable 
O/Si atomic ratio and general formula R,Si(OR’)4, 
where 0 I x I 3, R = CH,, R’ = C2H, and hexa- 
methyldisiloxane [(CH&SiOSi(CH,),] were supplied 
by Fluka Chemie A.G. or Sigma-Aldrich Chimie and 
used without further purification. Table 1 presents 
the different precursors with their chemical formulae: 
x = 0 corresponds to tetraethoxysilane Si(OC2HJ4, 

= 1 corresponds to triethoxymethylsilane 
;CH,)Si(OC 2 5 3, x = 2 corresponds to diethoxy- H ) 
dimethylsilane (CH,),Si(OC,H,), and x = 3 corre- 
sponds to ethoxytrimethylsilane (CH,),Si(OC, H,),. 

Some of these precursors have been used in the 
preparation of SE/O oxycarbide glasses, carbon- 
Si02 glass composites or Sic by the sol-gel pro- 
cess.‘2-‘6 Recently, vaporized diethoxydimethylsilane 
has been irradiated with the focused beam of a 
high-power fixed-frequency CO2 laser for Sic for- 
mation.” These precursors have been chosen because 
they absorb infra-red radiation in the 9-l 1 pm region 
corresponding to SiC or Si-CMi bonds. Weaker 
absorption bands appear near 10.6 ,um for 01 x I 3 
(see Table 1). Figure 1 presents the absorption lines 
of the different liquid precursors and the emission 
lines of the tunable CO, laser, showing that the reso- 
nance condition is easily achieved for this family of 
precursors. 

Composite precursors were obtained by mixing 
liquid titanium propoxide - Ti(OC3H& - or solid 
aluminium isopropoxide - Al(OCH(CH,),), - with 
tetraethoxysilane. The Ti/Si and Al/S1 atomic ratios 
are equal to 0.1 in the liquid phase. 

The aerosols were produced by an ultrasonic 
spraying technique (Pyrosol process) which has been 
widely used in thin layer deposition.17 The aerosol 
characteristics (such as droplet size and flow rate) 
depend on the liquid properties (viscosity, surface 
tension, volatility). The size of the aerosol droplets 
is given by: 

d= =” ‘I3 

( 1 4Pf2 

where u and p are the surface tension and density 
of the liquid respectively, and f is the frequency of 
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Fig. 1. Absorption spectra of the different precursors and emis- 
sion lines of the laser at half discharge current (i = 30 mA). 

the transducer (800 kHz). Using measured or cal- 
culated (T values,18-20 the size of the droplets can 
be calculated for the different precursors: they are 
in the range 2.8-3.0 pm_ 

Table 1 summarizes some properties of the pre- 
cursors used and laser irradiation conditions. The 
aerosol droplets are carried out in an argon flow 
through a 13 mm diameter nozzle into the reaction 
chamber. In order to keep the residence time in the 
laser beam (i.e. the reaction time) constant, the argon 
flow was fixed to 1280 cm3 min’. The droplets inter- 
sect the laser beam (12 mm diameter) orthogonally 
with an incident power in the 35&400 W range 
(discharge current = 30 mA). Powders are collected 
in a glass chamber located between the reaction cell 

Table 1. List of precursors and irradiation conditions 

Precursor Molecular Density of Boiling point Sample Laser Absorbed Wavelength 
weight precursor (“C) 

(g cmA3) 
designation power power (run) 

fg) (W) (W) 

Tetraethoxysilane Si(WHs), 208.3 0.934 165.8 TEOS 400 22&250 9.293 
Triethoxymethylsilane (CH,)Si(OC,H,), 178.3 0.896 143 TEMS 430 22&250 9.293 
Diethoxydimethylsilane (CH&WGH& 148.3 0.840 114-115 EOMS 420 28&290 9.260 
Ethoxytrimethylsilane (CH,),Si(OC,H,) 118.3 0.757 75-76 ETMS 420 330-350 9.293 
Hexamethyldisiloxane (CH,),SiOSi(CH,), 162.4 0.759 99-101 MDSO 345 266280 9.488 
Tetraethoxysilane+ 0.9 Si(OC,H,), 204.25 1.035 solid AlTEOS 440 290-310 9.293 
aluminium isopropoxide + 0.1 Al(OC,H,), 
Tetraethoxysilane + 0.9 Si(OC,H,), 284.26 0.965 170/400 Pa TiTEOS 430 280-300 9.293 
tetrapropylorthotitanate + 0.1 Ti(OC,H,), 
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and the vacuum pump. The typical duration of an following sections for the samples synthesized from 
experiment is 40 min. the different precursors. 

2.2 Characterizations 3.1. I As-produced powders 
Chemical analyses were achieved by conventional 
methods (CNRS analysis laboratory) as previously 
presented.2 The relative uncertainty is equal to f 2% 
for C and 0, f 3% for Si, Ti and Al. The heat 
treatments were carried out either dynamically by 
thermo- gravimetric analysis (TGA) in flowing air, 
argon or nitrogen, or statically in a Nabetherm 
HTOW1750 oven for oxidation in air or in a Pyrox 
GE80 graphite furnace for annealing in argon and 
nitrogen. The heating rate was 10°C min’ and the 
dwell time 1 h. 

X-ray diffraction (XR.D) patterns of the crys- 
talline phases were obtained with an automated 
powder diffractometer (Philips, APD 1700) using 
CL&, radiation. Information on chemical bonding 
was obtained by infra-reel (IR) spectrophotometry 
(Perkin-Elmer 580 spectrophotometer) in the 4000- 
400 cm-’ range using thle KBr pellet technique. 
The specific surface areas were measured by the BET 
method using a Microrneretics Flowsorb 2300. 
The morphology was studied by transmission elec- 
tron microscopy (TEM) (CM20 Philips). 

In all cases the as-produced powders are black and 
amorphous as confirmed by XRD. Table 2 gives the 
chemical elemental analysis (wt%) of the produced 
powders together with the chemical composition of 
the reactive phase. An empirical chemical compo- 
sition of the powders is also presented. The chemical 
composition of the powders is a function of the chem- 
ical composition of the reactive phase. The 0 and Si 
content is higher in the powder than in the precursor. 
The relative evolution is similar for all the chemical 
elements: for example, 0 content in the powders 
decreases when it decreases in the precursor. A more 
precise comment taking into account the nature of 
the chemical bond is presented in the following. 

3 Results and Discussion 

3.1 Si/C/O powders 
During laser pyrolysis a wide yellow flame is observed 
in the reaction zone. The production rate is rather 
low, from 8 to 27 g h-‘, but no effort has been made 
to optimize this. It is correlated with the weight of 
displaced precursor and is very close to our first 
results obtained in WC/N composite powder synthe- 
sis from laser pyrolysis of a hexamethyldisilazane 
aerosol.2 As shown in Table 1, the absorbed laser 
power - in the range 50 to 80% of the incident 
power - is high compared with the absorption in 
gaseous laser-driven reactions, e.g. 10% for SIC 
synthesis. 2’ A partial explanation is given by the 
power excess necessary to vaporize the liquid droplets. 
Table 1 also presents the abbreviations used in the 

The TEM micrographs show that all the powders 
consist of round particles with low size dispersion. 
The particles stick together in a chain-like manner. 
Figure 2 presents micrographs of EOMS and TEOS 
samples, with a smaller grain size (~20 nm) for 
the EOMS sample compared with all other samples 
(>30 nm). These observations are in agreement with 
BET measurements (Table 2). TEM micrographs at 
higher magnification show that most of the particles 
are slightly agglomerated and can be dispersed, but 
in some cases there is a strong connection between 
the particles. Also, some ribbons (similar to car- 
bon ribbons) are present in all the samples. As an 
example, Fig. 2(a) presents the ribbons observed 
in a TEOS sample. 

Table 2 shows no clear correlation between the 
BET surface of as-formed powders and the experi- 
mental synthesis conditions (such as size of the 
droplets, laser power and argon flow). One can see 
that for R,SiR’,, x = 1 to 3, the specific surface area 
decreases with increasing x. 

Figure 3 presents the IR spectra of as-formed 
powders. The TEOS sample corresponds to pure 
amorphous silica (opaline type).22,23 The peaks at 
1100 and 810 cm-’ correspond to antisymmetric 
Si-0-Si stretching and the peak at 470 cm-’ corre- 
sponds to the Si-O-Si bending mode.24 This 

Table 2. Chemical analysis of precursors and as-formed produced powders 

Precursor wt% wt% Equivalent S BET 

C 0 Al Ti Si Samples C 0 Al Ti Si chemical formula (m2 g-l) 

SWGH44 46.1 30.7 13.4 TEOS 21.1 41.8 35.1 SiO,.,C,., 133 
(CH,)Si(OC,H,), 47.1 216.9 15.7 MTOS 27.0 36.6 32.4 SiO,.,,C,.,, 228 
(CH~)NOGH~)~ 48.5 ill.6 18.9 EOMS 28.3 34.0 35.3 Si0,.68C,.87 210 
(CH,)$i(OC,H,) 50.7 13.5 23.7 ETMS 29.4 28.3 42.4 Si01.17CI.62 133 
(CH&SiOSi(CH& 44.3 9.8 34.5 MDSO 29.9 16.7 50.7 SiOO.&, 38 70 
Si(OC2H5)4+ 46.7 30.0 1.2 12.2 AlTEOS 19.2 43.8 3.6 33.8 84 

Al(OCH(CH,)& 
Si(OC,H,),+ 46.6 219.7 2.0 11.8 TiTEOS 23.2 40.6 5.9 31.1 70 

Ti(OGH& 
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observation is in good agreement with the chemical 
composition of the powder: the O&i atomic ratio is 
equal to 2.09, very close to the ratio of pure silica. 
The absorption lines of amorphous silica powders 
are observed in all spectra. In the MTOS sample, a 
new feature at 1260 cm-’ appears. This corresponds 
to a Si-CH, bond and is correlated with the 
presence of Si-CH3 in the precursor. It is attributed 
to partially dissociated precursor remaining trapped 
in the powder. The peak is very weak, indicating that 
a very small part of the precursor remains in the 

powders. In TEOS and EOMS samples C atoms do 
not seem bonded to Si or 0, suggesting the presence 
of an abundant phase composed of free carbon in 
good agreement with the presence of carbon ribbons 
observed by TEM. The samples MTOS, EOMS, 
ETMS and MDSO are produced from precursors 
containing an increasing number of Si-C bonds com- 
pared with Si-0 bonds. The infra-red spectra show 
an increasing contribution of the feature located at 
870 cm-‘, which is attributed to the Si-C bond. 

From the TEM micrographs, the IR spectra and 
using the empirical chemical composition, it can be 
assumed that the samples are mainly composed of 
silica, silicon carbide and free carbon with different 
ratio (Table 3). These compositions are in good 
agreement with the relative intensities of Sic and Si02 
observed in IR spectra. Also, this composition 
(Sic bonds) is related to the number of Sic bonds 
in the liquid precursor (Fig. 4). However, IR spectra 
alone do not enable any conclusions to be drawn 
about the local environment. As already observed 
for WC/O samples obtained by other methods 
(see, for example, Ref. 1 l), we think that in all our 
samples we have a distribution of SiO,C,, tetrahedra. 
The local environment around Si and C atoms will 
be investigated more closely by nuclear magnetic 
resonance spectroscopy. The nature of the C excess, 
designated here as free carbon, should be clarified 
using (for example) Raman spectroscopy. 

The powders obtained by irradiation of vaporized 
diethoxydimethylsilane with the focused beam of a 

Fig. 2. TEM micrographs of as-formed TEOS (a,b) and 
EOMS (c) samples. 

-!-- 

1400 1200 1000 600 600 400 

Wavenumber (cm-l) 
Fig. 3. IR spectra of as-formed SW/O powders. 
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Table 3. Assumed chemical composition of powders, calculated and measured weight evolution with oxidation 
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Sample Composition Am/m (‘%) [calculated] Am/m (%) /measured] 

TEOS SiOz +1.4 C -22 -21.8 
MTOS SiO, +1.94 C -28 -28.4 
EOMS SiOz + 0.19 Sic + 2.03 C -22 -21.8 
ETMS SiOz + 0.71 Sic + 2.05 C -1 -7.8 
MDSO SiOz + 2.45 Sic + 2-30 C +11 +12.2 

high-power fixed-frequency CO, laser” can be com- 
pared with the EOMS sample. The grain size in each 
sample is of the same order of magnitude. The pow- 
ders are amorphous. The chemical analysis shows 
that the EOMS sample is rnore oxidized (34125 wt%). 
This result can be related to the different experi- 
mental conditions, in particular the laser power 

3,5 1 

1 MTOS . EOMS 

n MDSO 

’ ETMS 

o’“e-rT-7 * 4 ’ 4 ’ 6 * 
SIC in the precursor 

Fig. 4. Number of SIC bonds in the produced powders as a 
function of Sic bonds in the precursor. 

density is much lower in the present work: 100 W 
cmm2 compared with 5100 W cmm2 in Ref. 10. 

3. I .2 Annealed powders 

3.1.2. I Annealing in air. Figure 5 presents TGA 
curves of Si/C/O samples after heating to 1600°C in 
air. The weight evolution shows a very different 
behaviour, correlated with the chemical composition 
of the sample. Assuming that annealing under air 
leads to complete oxidation of the different com- 
pounds of the powders and using the chemical com- 
position of Table 3, two mechanisms are involved: 

SiO, + free C + 0, + SiOz + CO, (1) 

Si02 + Sic + O2 + Si02 + CO2 (2) 

It is easy to calculate the weight changes due to 
oxidation for the different samples. The result is 
presented in Table 3. The calculations are compared 
with the experimental results (Fig. 5). For TEOS and 
MTOS samples, the loss is attributed to oxidation of 
free carbon. The weight loss is of the same order 
of magnitude as the C content in the as-formed 
powders (Table 2). For other samples, there is a 
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Fig. 5. TGA curves of B/C/O powders fired under air up to 1600°C (heating rate 10°C min-‘, dwell time: 1 h). 
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competition between weight loss due to reaction (1) 
and gain due to reaction (2). For all samples the 
qualitative agreement is good between calculations 
and experimental measurements, which is a confir- 
mation that the assumed mechanisms are dominant. 

After heating for 3 h at 600°C under air, the chem- 
ical analysis shows that the C content is very weak 
(~0.5%) for all samples except MDSO, and the pow- 
ders turn white. The chemical composition is already 
very similar to that of silica. For sample MDSO, 
after 3 h of heating at 600°C under air, the weight 
increases by 12% and the C content is still 14% 
because it is not so easy to oxidize C bonded to Si as 
compared with free C, as already shown in laser syn- 
thesized SIC powders. 25 IR spectra of annealed pow- 
der show the presence of Sic and SiO bonds, with a 
decreasing contribution of Sic compared with the as- 
formed powder. At higher temperature the 870 cm-’ 
absorption band of SIC disappears and the C content 
becomes negligible. All these observations are in 
good agreement with reactions (1) and (2). 

Figure 6 shows that the specific surface area 
increases markedly after annealing at 600°C for sam- 
ples with x = 0 to 3 and then decreases at higher 
temperatures. A value near 500 m2 g-r is measured 
for the MTOS sample. At 600°C TEM observations 
show no change in the morphology or size of the 
powders, grain growth begins around 900°C corre- 
lated with the decreasing specific surface area. The 
increase in specific surface area is thus attributed to 
an increased porosity due to the departure of C 
atoms. Porosity and density measurements are neces- 
sary to confirm this hypothesis. For the MDSO 
sample, the specific surface area is not as significantly 
modified at 600°C as it is in the other compounds. 
In this latter case, oxidation leads to a less porous 
material. MTOS sample is of special interest because 
the surface area is still very high at 900°C (273 m2 
g-l). At 13OO”C, the specific surface area is below 1 m2 
g-’ for all samples, indicating high densification. 
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Fig. 6. Evolution of the specific surface area of WC/O powders 
with oxidation temperature. 

Figure 7 presents the evolution of IR spectra of the 
TEOS sample after heat treatments under air at diff- 
erent temperatures, the general trend is identical for 
all the samples. After 1 h of heating at 6OO”C, the 
feature attributed to Si-CH, disappears from the IR 
spectra. The IR spectra still exhibit the characteristic 
features of opaline up to 1200°C. At this temperature, 
TEOS and EOMS samples are still amorphous as 
confirmed by XRD. The O/Si (wt) ratio is very close 
to 1.14 (pure silica) and the C content is about 
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h \ /\ - 

1400 1200 1000 800 600 400 

Wavenumber (cm-l) 
Fig. 7. Evolution of IR spectra of TEOS after annealing 

under air. 

Angle (28) 
Fig. 8. Evolution of XRD patterns of TEOS. 
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G 100 ppm. After heat treatment in air at 13OO”C, 
TEOS sample crystallizes as shown in Fig. 8. EOMS 
sample is also crystallized. at this temperature. The 
cristobalite structure is identified through IR and 
XRD (JCPDS no. 39-14:!5) (Figs 7 and 8), which 
corresponds to the chemical analysis. A new peak at 
620 cm-’ appears in the IR spectra (Fig. 7) charac- 
teristic of the cristobalite structure.22y23 The broad 
structure between 1000 and 1300 cm’ splits into two 
bands at 1100 and 1200 cm-‘, which correspond to 
the longitudinal and transverse mode of the Si02 
lattice. This indicates a long-range crystalline order.26 

Above 13OO”C, the XRD patterns of TEOS sample 
show an increasing crystallite size with increasing 
temperature. 

At 13OO”C, MDSO sample is still amorphous 
under XRD. The cristobalite structure is identified 
after heat treatment at 14OO”C, and the chemical anal- 
ysis gives the composition of silica O/Si = 1.15 (wt). 

3.1.2.2 Annealing under argon and nitrogen. Heat 
treatment in argon was pe:rformed at 13OO”C, which 
is before the thermal reaction of silica (carboreduc- 
tion), and at 1500°C after the carboreduction. 
Annealing under nitrogen was performed at 1500°C. 
At this temperature, nitrogen becomes active for 
nitridation. IR spectra of annealed powders are 
shown in Figs 9 and 10. 

Under argon at 1300°C [Fig. 9(a)] the IR spectrum 
of the TEOS sample is very similar to that of silica. 
In the other spectra mixtures of silica and silicon 
carbide appear, the silicon (carbide content increasing 
from MTOS to MDSO sample as shown by the 
change in relative intensities of IR bands at 1100 cm’ 

3 
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Wavenumber (cm-‘) 

for SiO, and at 870 cm-’ for SIC. At 1500°C 
[Fig. 9(b)] only IR bands of Si02 appear for the 
TEOS sample. In the other samples Sic is the dom- 
inant compound, with the IR band at 870 cm-‘. 
The pronounced dip near 1000 cm-’ was observed 
previously2,27,28 and is generally related to the size 
increase obtained by the coalescence of particles 
following the carboreduction of silica. 
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1 
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Fig. 10. IR spectra of Si/C/O powders after annealing under 
nitrogen at 1500°C. 
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Fig. 9. IR spectra of Si/C/O powders after annealing under argon at 1300°C (left) and 1500°C (right). 
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IR spectra of the nitrided powders (Fig. 10) show 
differences relating to the initial sample. The IR 
spectrum of the TEOS sample is quite similar to the 
SiOZ spectrum. In the other spectra, IR bands due to 
crystallized S&N, appear in the 500-400 cm-’ region. 

Tables 4 and 5 present the characterizations and 
the chemical compositions of these powders. They 
show a good agreement with the IR results. 

At 15OO”C, under argon or nitrogen, coalescence of 
TEOS sample particles occurs promptly when the 
spe- cific surface area is decreased below 1 m* g-’ 
(Table 4). The remaining C content is low (about 2.5 
wt%) and the nitridation under nitrogen is negligible 
(0.9 wt% N). The calculated chemical composi-tion 
(Table 5) shows silica as the predominant phase. The 
weight loss can be explained by Si02 + C + SiO? 
+ COT with SiO and CO volatilizations. The carbo- 
reduction reaction of the silica can be neglected for 
annealing under N,. The non-nitridation of the TEOS 
sample appears to be different from result relating 
to the preparation of S&N, from alkoxide-derived 
oxides by carbothermal reduction and nitridation.*’ 

In the other samples the C content after annealing 
at 1500°C under argon remains high (25-30 wt%) 
and the 0 content decreases below 10 wt%, relating 
to the carboreduction of the silica and the formation 
of silicon carbide. Similar high weight losses (Table 4) 
- up to 80 wt% - have been observed in the 
preparation of silicon carbide from organosilicon 
gels.16,30*3’ At 13OO”C, XRD patterns show that the 
MDSO sample is slightly crystallized and the P-Sic 
structure is identified (JCPDS no. 29-1129). At 
higher temperature the crystallite size increases. The 

evolution of specific surface area shows that the nano- 
metric structure is conserved up to 1300°C. As in 
the previous case, the specific surface area of the 
MTOS sample is quite high: 242 m* g-‘. 

Annealing under nitrogen at 1500°C leads to a 
very efficient nitridation for these samples. The N 
content seems related to the initial specific surface 
area of the samples and decreases from 24.1 to 
11 .O wt% when the specific surface area decreases 
from 230 to 70 m* g-’ (Table 2). The corresponding 
Si,N, content in the remaining powder is high, up to 
60 wt% for MTOS sample (Table 5). The nitri- 
dation of the EOMS sample appears as different 
from results of Ref. 10, where the heat treatment 
under nitrogen at 1600°C leads to crystalline SIC 
containing 6 wt% of oxygen. 

3.2 Titanium- and aluminiumdoped silica powders 

3.2.1 As-formed powders 
Table 2 shows that the AVSi and TiiSi ratios are 
equal in the reactive phase and in the powders, 
which is interesting when it is intended to produce 
composites with controlled chemical composition. 
Figure 11 presents the IR spectra of as-formed pow- 
ders compared with the spectrum of the pure TEOS 
sample. In TiTEOS, the absorption at 950 cm-’ is 
attributed to SiaTi modes of vibration. No feature 
that could be attributed to a pure TiOz phase can 
be observed. In the AlTEOS sample, there is 
no specific feature that could be related to the 
presence of Al. In both cases, pure amorphous sil- 
ica is identified.22*23 It seems that the incorporation 

Table 4. Characterizations of SiICIO powders after annealing under argon and nitrogen 

Ar, 1300°C, I h Ar, 1500°C, I h N,, ISOO’C, I h 

Am Am 
(& (WY%, (X) (zy) (&, (&, (N) ,9;q (WL, (&, (WL, ;zJ (rz$r) 

TEOS 16.0 39.7 nm. 85 2.5 53.6 -22.9 0.1 2.4 49.3 0.9 -19.5 0.2 
MTOS 26.5 34.7 -24.1 242 26.6 8.6 -74.1 88 10.3 n.m. 24.1 -62.0 101 
EOMS 25.5 32.7 -30.0 173 28.8 n.m. -75.0 20 11.7 n.m. 23.5 -60.4 70 
ETMS 26.9 21.5 -24.8 102 29.3 4.8 49.3 25.5 20.1 6.7 13.4 -38.2 86 
MDSO 28.8 15.5 -38.0 70 27.5 5.3 -33.7 36.5 20.4 5.9 11.0 -2.4 58 

n.m.: not measured 

_ 

Table 5. Chemical composition (in wt%) of SK/O powders after annealing under argon and nitrogen 

Ar, 13OO”C, I h Ar, lSOO’C, 1 h NJ, ISOO’C, I h 

Si02 Sic C SiO, Sic C SiO, S&N, Sic 

TEOS 74.4 13.7 11.9 97.5 0 2.5 92.6 2.3 3.9 
MTOS 65.2 11.9 22.9 16.2 69.4 5.8 n.c. 60.5 n.c. 
EOMS 61.5 18.7 19.9 n.c. n.c. nc. n.c. 58.9 
ETMS 40.3 46.8 12.9 9.0 88.1 2.9 12.6 33.6 ;;c; 
MDSO 29.1 59.0 11.1 10.0 89.1 0.8 11.1 27.4 58.7 

n.c.: not calculated 

C 

1.2 
nc. 
nc. 
6.1 
2.8 
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of a second phase is related to a decrease of the 
specific surface: 133, 84 and 70 m2 g-’ for TEOS, 
AlTEOS and TiTEOS samples, respectively. 

3.2.2 Annealed powders (under air) 

3.2.2. I Titania-silica composite. After heat treatment 
at 600°C the weight loss of the TiTEOS sample is 
25%, which corresponds to the C content in the as- 
formed powder (Table 2). As in the case of TEOS, the 
weight loss is attributed to the oxidation of free C 
[reaction (l)]. The Si/Ti ratio is not modified by 
oxidation up to 1300°C. Figure 12 presents the XRD 
patterns of TiTEOS samples as a function of heat 
treatment. It shows that crystallization begins between 
600 and 900°C. At 9OO”C, two different Ti02 phases 
[anatase (JCPDS no. 21-1272) and r-utile (JCPDS 
no. 21- 1276)] are present s:imultaneously. At 12OO”C, 
the dominant features are attributed to rutile. A 
beginning of silica crystallization into the cristobalite 
phase is observed, also seen on IR spectra (Fig. 13). 
At this temperature, pure s.ilica obtained from TEOS 
is still amorphous. At 14.OO”C anatase has disap- 
peared, cristobalite and r-utile appear well crystallized. 

In the IR spectra of TiTEOS (Fig. 13) only the 
peak at 950 cm-‘, already attributed to Si-0-Ti, is 
added to the pure silica spectra and there is no 
modification of this band with temperature. No band 
of pure Ti02 can be observed. 

The specific surface area evolution is similar to 
the specific surface area evolution of the TEOS 
sample, with a maximum value of 137 m2 g-l. 

rEos 

i 
‘0 1000’ 800 600 400 

Wavenumber (cm- 1) 
Fig. 11. IR spectra of as-formed Al and Ti (composite) powders. 

20 25 30 35 40 45 50 55 60 

angle (28) 
Fig. 12. Evolution of XRD patterns of TiTEOS sample as a 

function of oxidation temperature. 

-!- 

: ; 

1400 1200 1000 800 600 400 

Wavenumber (cm- 1) 

Fig. 13. Evolution of IR spectra of TiTEOS sample as a 
function of oxidation temperature. 
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3.2.2.2 Alumina-silica composite. After heat treatment 
at 600°C the weight loss of the AlTEOS sample is 
17%, comparable with the C content in the as-formed 
powder (Table 2). As in the former case, weight loss 
is explained by reaction (1). Figure 14 presents the 
evolution of IR spectra as a function of annealing 
temperature. It is not possible to identify any line 
of pure alumina A&O, in these spectra. Only a line 
at 880 cm-’ is different from the silica spectra, it 
becomes a clear structure in the spectra at 1600°C 
and is usually attributed to Si-@Al bonds.35 XRD pat- 
terns presented in Fig. 15 show that the crystal- 
lization begins at 1200°C and cristobalite is identified, 
in good agreement with IR spectra. Another crystal- 
lized phase containing Al is present; it is not clear 
whether it is sillimanite or mullite, both of them 
being mixed phases composed of SiO, and A1,03.36 

4 Conclusion 

In this paper we have shown that it is possible to 
produce amorphous, nano-sized, silicon-based oxide 
powders by laser-aerosol interaction. Silica powders 
with high specific surface area have been obtained. 
The incorporation of metallic elements (A1,Ti) in the 
powder is quite easy. In a first step, the evolution 
of the structure of the as-formed amorphous powders 
has been studied as a function of heat treatments 
using conventional characterization methods. The 
results concern long-range order and mainly the bulk. 

\ 
/ 
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;/ 
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: : 

: : 
: : 
: : 
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: : 
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: : : : : : l-L 
1400 1200 1000 800 800 400 

Wavenumber (cm- 1) 
Fig. 14. Evolution of IR spectra of AlTEOS sample as a 

function of oxidation temperature. 

Al 

%I 
11oo”c 

I 
cristohalite 

I I L I I I II #II #II. 

silimanite 

mullite 

I 

$5 
I ,I I I! (1 b ,I I,111 I ,lI, !L 

io i5 40 45 5kl 55 1 

angle (28) 
I 

Fig. 15. Evolution of XRD patterns of AlTEOS sample as a 
function of oxidation temperature. 

In the future, it seems important to characterize 
the microstructure and the short-range order to cor- 
relate these with the properties of the material (sinter- 
ing behaviour). In particular, it would be interesting 
to clarify the C bonding and the role of free carbon 
in the evolution of specific surface area and reactivity. 

New experiments are in progress to synthesize silica 
containing different amounts of C, Al, Ti or other 
metallic elements by adjusting the process parameters. 
The possibility of synthesizing a mixture of different 
phases with controlled chemical composition and 
good dispersion seems very promising, in particular 
for the production of heterogeneous catalysts. Work 
is in progress to compare the properties of such 
powders with properties of powders obtained by 
other methods. 
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