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Abstract

Binary TiO,/SiO, and SnO,/SiO, nanoparticles have been synthesized by feeding evaporated precursor
mixtures into an atmospheric pressure diffusion flame. Particles with controlled Si:Ti and Si:Sn ratios were
produced at various flow rates of oxygen and the resulting powders were characterized by BET (Brunauer—
Emmett-Teller) surface area analysis, XRD, TEM and Raman spectroscopy. In the Si—O-Ti system, mixed
oxide composite particles exhibiting anatase segregation formed when the Si:Ti ratio exceeded 9.8:1, while
at lower concentrations only mixed oxide single phase particles were found. Arrangement of the species and
phases within the particles correspond to an intermediate equilibrium state at elevated temperature. This
can be explained by rapid quenching of the particles in the flame and is in accordance with liquid phase
solubility data of Ti in SiO,. In contrast, only composite particles formed in the Sn—O-Si system, with SnO,
nanoparticles predominantly found adhering to the surface of SiO, substrate nanoparticles. Differences in
the arrangement of phases and constituents within the particles were observed at constant precursor
mixture concentration and the size of the resultant segregated phase was influenced by varying the flow rate
of the oxidant. The above effect is due to the variation of the residence time and quenching rate experienced
by the binary oxide nanoparticles when varying the oxygen flow rate and shows the flexibility of diffusion
flame aerosol reactors.

Introduction

Nanoparticles have attracted the attention of an
increasing number of researchers from several
disciplines in the last decade. Their extremely small
size is responsible for the different properties
(electronic, optical, electrical, magnetic, chemical
and mechanical) compared to their bulk and

micrometer-scale counterparts, and makes them
suitable for novel applications. Various kinds of
pure oxide nanoparticles are already being pro-
duced on an industrial scale and silica (SiO,) is one
of the major products (Wegner & Pratsinis,
2003a). Silica-based nanocomposites and multi-
component nanoparticles have generated much
interest as they have the potential for improved
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performance when compared to the single-com-
ponent nanoparticles.

The combination of SiO, with titania (TiO»)
represents a novel class of material that has
attracted much attention in recent years and has
been extensively investigated for a wide range of
applications: catalysts (Stark et al., 2001) and
supports for a wide variety of chemical reactions
that possess enhanced thermal and mechanical
stability due to SiO, while preserving the catalytic
performance of TiO, (Srinivasan et al., 1994;
Dagan et al., 1995), protective coatings on stainless
steel against oxidation and chemical attack (Atik &
Zarzycki, 1994), antireflective coatings for optical
glasses (Yu-Zhang et al., 1994), glass materials
with low thermal expansion coefficients (Zhu &
Kosugi, 1996) and high refraction indices (Song
et al., 1998) and fillers in polymer composites for
photonic crystals (Miyamoto et al., 2004).
Depending on the desired application of the final
product, the Si-O-Ti system offers the opportunity
to control the arrangement of the components, that
means to form either TiO,/SiO, composites or
mixed oxide Si—O-Ti phases. In other words, there
arises a unique opportunity to derive structures
and compositions with individually tailored phys-
ico-chemical reactivity and properties. For exam-
ple, for low thermal expansion glasses containing
less than 12 wt% TiO, in SiO,, complete mixing
(i.e., the formation of Si—O-Ti linkages) is desired
(Schultz, 1976). However, in optical wave guide
applications, phase-segregated regions enriched in
TiO, improve the fatigue resistance of the optical
fiber by preventing the propagation of cracks
(Backer et al., 1991).

Tin dioxide (SnO,, stannic oxide, cassiterite) is
a semiconducting material of considerable tech-
nological importance with many applications such
as solar cells (Niles et al., 1993), gas sensors (Cox
et al., 1998; Kennedy et al., 2000) and conductive
substrates (Ishida et al., 1993). Owing to the large
surface of SnO, nanoparticles, they have the ten-
dency to aggregate and reveal a weak thermal
stability, which strongly affects their application.
Binary oxides of SnO,/SiO, have been shown to
overcome this disadvantage (Feng et al., 2003).
Materials combining SiO, with tin dioxide shows
improved sensor performance (Popova et al.,
2004) and bases for immobilization of electroac-
tive species for use as electrochemical sensors
(Carturan et al., 1995). Addition of tin oxide to

SiO, increases the surface area of resulting com-
posite oxides and enhances the catalytic activity
for dehydration reactions (Salas et al., 1997).
Special interest in studying the SnO,/SiO, system
arises from the high UV photosensitivity of the
material (Canevali et al., 2001) which allows the
realization of several optical devices, mainly based
on the principle of fiber Bragg gratings (Brambilla
et al., 2000; Chiodini et al., 2001, 2002).

Common methods applied to prepare TiO,/
SiO, mixed oxides and composites are sol-gel
hydrolysis (Anderson & Bard, 1995), co-precipi-
tation (Stakheev et al., 1993) and flame hydrolysis
(Hung & Katz, 1992). Of these, sol-gel hydrolysis
is the most widely used method. In sol-gel pro-
cesses, domain formation due to the differences in
the hydrolysis and the condensation rates of
Ti- and Si-alkoxides was identified to be a major
problem in the preparation of mixed oxides
(Aizawa et al., 1991). Though the two-stage
hydrolysis, which is performed under acidic con-
ditions seems to have overcome this problem and
results in the best Si—-O-Ti connectivity and the
highest homogeneity (Miller et al., 1994), the low
crystallinity of the product powder and impurities
associated with the wet-chemical process still
remain an open issue.

Powder synthesis in the gas phase is carried
out either by reaction of precursor gases (gas-to-
particle conversion), or by evaporation and/or
reaction of suspended precursor particles or
droplets (particle-to-particle conversion) in a gas
stream (Pratsinis & Vemury, 1996). Gas-to-par-
ticle conversion routes, such as atmospheric
pressure flame aerosol processes, permit particles
to be built from molecules all the way up to the
desired size and allow to create complex chemical
structures combined with good crystallinity,
which is useful in producing multicomponent
materials at relatively low cost compared to
vacuum synthesis routes and enable continuous
production, while wet chemical or milling pro-
cesses are often performed in a batch form
(Kodas et al., 1989).

Hung and Katz (1992) studied the formation of
Si0,/Ti0, particles in a counter flow diffusion
flame burner with in-situ characterization of the
particle size. The effects of temperature and the
Si:Ti concentration ratios on particle morphology
were investigated. Depending on the precursor
concentration, titania particles with varying



surface concentrations of silica particles could be
prepared: discrete silica particles were observed at
low Si:Ti ratios, while a thick layer of silica formed
at high Si:Ti ratios. Vemury and Pratsinis (1995)
investigated the effect of SiO, dopant on the phase
transformation and particle size of TiO, and
reported that addition of SiO, inhibits the forma-
tion of rutile and decreases the primary particle
size. Ehrmann et al. (1998) synthesized TiO,/SiO,
particles in a premixed flat flame using three dif-
ferent precursor sources for silica (SiBry, SiCly,
HMDSO) and TiCly as the titania precursor. They
showed that nucleation of silica particles, occur-
ring either prior to or after titania, is affected by
the precursor source. They also systematically
investigated the dependence of precursor volume
loading and particle size (prevailing before the
reaction of the second species) on the morphology
of the resultant binary oxide nanoparticles, where
either a scavenging of one component on the other
or formation of two chemically-distinct phases was
observed. In a subsequent study, Ehrmann et al.
(1999) synthesized TiO,/SiO, nanoparticles in a
similar reactor at various Si:Ti ratios. Phase seg-
regation in qualitative agreement with the binary
phase diagram and thermodynamic considerations
was observed to varying degrees as a function of
the Si:Ti ratio. Stark et al. (2001) prepared SiO,/
TiO, nanoparticles in a single diffusion flame,
where TiO, formed as discrete particles on SiO»
and mixed oxide (Ti substitution in the lattice of
Si0,) formation is not reported. Apart from the
flame reactors, synthesis of coated and core-shell
particles of SiO,/TiO, has also been studied in hot
wall reactors (Powell et al., 1997; Lee et al., 2002).

The synthesis of SnO,/SiO, nanoparticles using
the flame aerosol method has not been acquainted
yet. Salas et al. (1997), Chiodini et al. (2001) and
Cardoso et al. (2004) reported on the synthesis of
Sn0,/Si0, binary oxides via sol-gel processes. In
all the above references, the product powders had
a very high specific surface area and consisted of
segregated  SnO,/SiO, nanoparticles. Mixed
Si—-O-Sn phases were only observed with SnO,
concentrations up to 1 wt%.

In the present study, single-step formation of
TiO,/SiO, and Sn0O,/Si0O, composite and mixed-
oxide nanoparticles has been investigated in an
atmospheric pressure diffusion flame. Silica was
chosen as main component because of its inertness.
Titania as a dopant was investigated due to its
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photocatalytic properties and tin oxide was chosen
for its gas sensing properties. With TiO,/SiO,, by
varying the concentration of Si:Ti, formation of
mixed oxides (at low concentrations of TiO,) and
chemically distinct phases are observed. On the
other hand, by varying the concentration of Si:Sn,
size of the SnO, particles condensed on SiO, par-
ticles is controlled. Furthermore, at a given con-
centration of Si:Sn, particle size is controlled by
varying the flow rate of the oxidant. Homogeneous
distribution of ultrafine, non-aggregated SnO,
particles on SiO, substrate particles is achieved
which is not reported till now.

Experimental
Apparatus

Figure 1 shows the experimental set-up with the
aerosol flame reactor, the reactant dosing and
delivery system and the particle collection unit. A
co-flow diffusion burner consisting of three con-
centric tubes was used. The central tube is 4.8 mm
in diameter and the spacing from the centre to the
middle tube and the middle to the outer tube is
0.3 mm and 0.85 mm, respectively.

Methane (CHy4, purity >99.95%, Carbagas,
Switzerland) was employed as fuel, and oxygen
(O,, purity >99.95%, Carbagas, Switzerland) as
oxidant. Titanium—tetraisopropoxide (TTIP, Ti
(C53H,0)4, purity >99%, VWR International,
Switzerland), Tetramethyltin (TMT, Sn(CHs)y,
purity  >99%, Fluka, Switzerland) and
hexamethyldisiloxane (HMDSO, O(SiC3;Hy),,
purity >99%, VWR International, Switzerland)
were used as precursors for TiO,, SnO, and SiO»,
respectively. Controlled amounts of precursors
were fed to the evaporator (Hovacal, TAS, Ger-
many) through independent mass flow controllers
(Bronkhorst HI-TEC, Netherlands) and 86 1/h of
nitrogen (N,, purity >99.995%, Carbagas, Swit-
zerland) was used as carrier gas to transport the
vaporized precursor mixture to the central tube of
the burner. The flow rates of the single precursors
were varied to produce defined precursor concen-
trations in the flame as given in Table 1, while the
total precursor flow was always 23 g/h in each
experiment. Oxygen was fed through the outer
annulus, nitrogen (33 1/h) as a lift gas (to lift the
flame from the burner face) through the inner
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Figure 1. Experimental set-up for the synthesis of TiO,/SiO, and SnO,/SiO, nano-powders by atmospheric pressure flame

aerosol process.

annulus and methane (44 1/h) through the center
tube, resulting in a single diffusion flame. Experi-
ments were performed with oxygen flow rates of
1501340 1/h while keeping nitrogen and methane
flow rates constant. All gas flow rates were con-
trolled by mass flow controllers (Bronkhorst
HI-TEC, Netherlands). The evaporator, the gas
delivery tubes to the burner and the burner itself
were kept at 175°C for TTIP/HMDSO and at
120°C for TMT/HMDSO, respectively, to prevent
condensation of precursor vapors. The product
particles were collected on borosilicate glass fiber
filters (Type GF50, Schleicher and Schuell, Ger-
many) placed inside an open-faced, stainless steel
filter holder connected to a vacuum pump (Trivac
A - DI6A, Leybold, Switzerland). The filter
(150 mm diameter) was fixed 55 cm vertically
above the tip of the burner in all experiments.

Characterization

The specific surface area (SSA) of the product
powder was determined from a five-point N,
adsorption isotherm obtained from BET
(Brunauer—-Emmett-Teller) measurements using a
Beckman-Coulter SA3100 (Beckman-Coulter,
Switzerland). Prior to BET analysis, the powder
samples were degassed at 200°C for 180 min under
flowing N, atmosphere to remove adsorbed H,O
from the surface. Assuming monodisperse, spheri-
cal primary particles, the BET-equivalent parti-
cle diameter (dggr) was calculated by dpgr =
6/(p*SSA), where p is the particle density.

The primary particle size, shape and morphol-
ogy of the particles was investigated by transmis-
sion electron microscopy (TEM). Powder samples
were dispersed in isopropanol (purity >99.5%,

Table 1. Vapor flow rates and resulting mole ratios of precursor species

Flow rate at STP (I/min) HMDSO TTIP TMT

23.3:1  9.8:1 3.2:1 0981 17.2:1  6.1:1 1.8:1

Si:Ti Si:Ti Si:Ti Si:Sn Si:Sn Si:Sn

HMDSO 0.0528
TTIP 0.0302
TMT 0.0480

0.0459 0.0390 0.0252 0.0114 0.0469 0.0388 0.0241
0.0039  0.0078 0.0157 0.0236

0.0054 0.0127  0.0260




Fluka, Switzerland) and a few drops of the dis-
persion were dried on carbon-coated copper grids
(Plano GmbH, Germany). The TEM analysis was
performed on a Philips CM30 electron microscope
operating at 200 kV.

X-ray diffraction (XRD) was used for identifi-
cation of the crystal phases. Diffraction measure-
ments were performed with a Siemens D500
instrument using Ni-filtered Cu-Ko of wavelength
1.5418 A. A 20 scan range from 10 to 80°, a
scanning step size of 0.025° and a scintillation
counter detector were used. Curve fitting and
integration was carried out using proprietary
software from Siemens (DiffracAT. V3.2).

Raman spectra were obtained in backscattering
geometry using a Renishaw Ramascope 2000
(Renishaw plc, Gloucestershire, UK) with a spec-
tral resolution of 1 cm™'. The 633 nm line of the
HeNe-laser was focused on the samples through
50x objective of the microscope, the laser beam
power on the sample being 0.5 mW. The samples
were investigated at room temperature.

Chemical analysis of the product powders was
performed on a Philips (PW 2400) wavelength-
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(WD-XRF). This instrument is a sequential spec-
trometer with an end-window Rh X-ray tube and
3000 W maximum power. The software UniQuant
Version 5.44 (Omega Data Systems) was used for
calculation of the element concentration.

Results and discussion
Pure oxides — BET, XRD and TEM

Figures 2 and 3 show the specific surface area and
BET-equivalent particle size (dggt) of the pure
oxide species as a function of oxygen flow rate.
Irrespective of the material, increasing the oxygen
flow rate increases the specific surface area and
decreases dggpr. Increasing the oxygen flow rate
reduces the flame temperature (Zhu & Kosugi,
1996) as additional O, flow dissipates the gener-
ated heat very quickly and shortens the flame
length (Mueller et al., 2004) as the combustion
rate is enhanced. Consequently, particle residence
time at high temperatures is reduced, thereby
producing the particles with high specific surface

dispersive  X-ray fluorescence  spectrometer area and low dggt. As the materials with different
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Figure 2. Specific surface area of pure TiO,, SiO, and mixed TiO,/SiO, powders synthesized as a function of oxygen flow rate
and Si:Ti ratio at 44 1/h CHy, 86 1/h N, and a constant total precursor mass flow (HMDSO plus TTIP) of 23 g/h.
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Figure 3. Specific surface area of pure SnO,, SiO, and composite SnO,/SiO, powders synthesized as a function of oxygen flow
rate at 44 1/h CH4, 86 1/h N, and a constant total precursor mass flow (HMDSO plus TMT) of 23 g/h.

densities are synthesized in the present study, it is
reasonable to compare them basing on the BET
equivalent particle size dggt in preference to the
specific surface area. The differences in the dggr
between these oxides synthesized under similar
conditions stem from their different sintering rates
and material properties.

The decrease of the dggt with increasing oxygen
flow rate is greater for TiO, and SiO, when

compared to SnO,. TiO, sinters by grain boundary
diffusion (Astier & Vergnon, 1976), which is mod-
erately sensitive to flame temperature (Vemury et al.,
1997) and hence sintering rate is much faster than
SiO, (Hung & Katz, 1992). Due to this, particles
coalesce much faster, leading to the large, spherical
(Figure 4a) and single TiO, particles with less
specific surface area (large BET equivalent particle
size) when compared to SiO,.

Figure 4. TEM images of pure oxide particles synthesized at flow rates of 250 1/h O,, 44 1/h CHy4, 86 1/h N, and 23 g/h

precursor flow rate: (a) TiO,, (b) SiO; and (c¢) SnO,.



Sintering of silica proceeds by viscous flow
(Kingery et al., 1976) and is therefore very sensi-
tive to temperature. A reduction of the flame
temperature and residence time with increasing
oxygen flow rate hinders complete particle coales-
cence resulting in aggregates of small primary par-
ticles (Zhu & Pratsinis, 1997) which are responsible
for the small dgrt (Confirmed with TEM pictures,
not shown). At low oxygen flow rate flame
temperature and particle residence time is suffi-
ciently high for complete coalescence to occur,
resulting in non-aggregated large primary particles
with low specific surface area (Figure 4b).

The particle formation sequence and the sinter-
ing mechanism of SnO, are completely different
from SiO, and TiO,. Tin dioxide has a melting
point of 1625°C and sinters by evaporation-con-
densation (Harrison & Willett, 1989). In the initial
hottest part of the flame, TMT precursor oxidizes
to SnO vapor (Ty,, sno=1080°C) (Lindackers
et al., 1998). When traversing through the flame,
which is having a high oxidizing potential as the
experiments are conducted at oxygen rich condi-
tions, SnO vapor oxidizes and condenses to the
more stable SnO; phase (Figure 5). The size of the
SnO, particles depends on the precursor concen-
tration and particle residence time (Vemury et al.,
1997). These parameters influence coagulation of
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SnO vapor as well as its oxidation to SnO, parti-
cles, both of which are formed in the early stages
of the flame. As the particle formation mechanism
is not strongly dependent on temperature, varia-
tion in the resulting particle sizes with changing
oxygen flow rate is only due to the changes in the
precursor concentration, such as the dilution
induced by excess oxygen, resulting in the small
dggt values compared to TiO, and SiO,. Variation
of specific surface area follows the similar trend
with the variation of oxygen flow rate as reported
by Pratsinis and Vemury (1996), Zhu and Kosugi
(1996) and Zhu and Pratsinis (1997) for SnO,,
TiO; and SiO,, respectively. But the results cannot
be compared quantitatively as the flow rates of the
reactants in the present study vary considerably
with the above references.

TEM analysis revealed that the silica aerosol
synthesized at 250 1/h O, flow rate contains very
fine aggregates and large spherical single particles
(Figure 4b) and X-ray diffraction shows that the
SiO» produced is amorphous for all oxygen flow
rates. The TiO, particles are spherical and non-
aggregated, ranging in diameter from 10 to 80 nm
(Figure 4a) and consist of pure anatase. The SnO,
particles have a faceted morphology (Figure 4c)
and exhibit the cassiterite phase. The particle
size distributions are rather broad for all the
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Figure 5. Scheme of the particle growth processes for (a) SiO,, (b) SnO, and (c) SnO,/SiO, mixtures.



386

Figure 6. TEM images of mixed TiO,/SiO, powders produced at various mole concentrations of HMDSO/TTIP precursors
and at 44 1/h CHy, 86 1/h N, and 250 1/h O,: (a) Si:Ti ratio 23.3:1, (b) Si:Ti ratio 9.8:1, (c) Si:Ti ratio 3.2:1 and (d) Si:Ti ratio

0.98:1.

nanoparticles, a factor attributed to the steep axial
and radial temperature gradients which usually
exist in diffusion flames (Johannessen et al., 2001).

Binary oxide — BET, TEM, XRD and Raman
spectroscopy

Figure 2 shows the SSA of the mixed SiO,/TiO,
particles at various concentrations of TiO, and as
a function of oxygen flow rate. For all concen-
trations of TiO»,, the specific surface area increases
with increasing oxygen flow rate. This correlates
with the general trend shown above for the pure
oxide particles. It is worth noting that the SSA’s of
the binary oxides lie in between the values of pure
SiO, and TiO, and at a given oxygen flow rate,
and that the SSA decreases with increasing TiO,
concentration.

Representative TEM images of the mixed SiO,/
TiO, oxides synthesized at 250 1/h O, are shown in
Figure 6. Complete mixing of titania in the silica is
seen for the 23.3:1 Si:Ti sample where no crystal-
line domains of TiO, are present (Figure 6a).
Minor segregation of TiO,, which is evident from
the image contrast arising from the difference in
atomic number and crystallinity of SiO, and TiO,
particles, is observed at 9.8:1 Si:Ti (Figure 6b).
Nucleated clusters of TiO, tend to grow by coa-
lescence to form crystalline domains within the
SiO». Several authors (Pratsinis & Vemury, 1996;
Jang & Kim, 2001) reported the increase of par-
ticle size with increasing concentration of precur-
sor flow, which can be attributed to faster particle
growth by higher particle concentrations in the
flame. Consequently increased segregation of TiO,
becomes apparent with increasing TiO, content, as
can be seen in the 3.2:1 and 0.98:1 Si:Ti samples
(Figure 6c, d).

Segregation behavior can be explained in con-
junction with the equilibrium phase diagram of the
TiO,/SiO, system (DeVries et al., 1954). The
maximum temperature’ in the flames is higher
than the melting point of SiO, and TiO, and,
therefore, it is very likely that particles will be in
the liquid state in the initial stages of nucleation
and growth. Under these conditions, diffusional
processes are rapid and phase compositions will be
close to those predicted by the equilibrium dia-
gram (Ehrmann et al., 1999). Particles grow as
they traverse through the flame and are quenched
from approximately 2000°C (Mueller et al., 2004)
to ambient temperature when they are collected on
the filter at a short distance from the flame. Due to
this rapid cooling, diffusion processes are inhibited
and high-temperature equilibrium phase compo-
sition (mixed oxide) seems to hold, however not
the equilibrium phases, rutile and cristobalite, as
predicted by the phase diagram. This is confirmed
by the presence of anatase and amorphous silica in
the XRD patterns (Figure 7).

In the 23.3:1 Si:Ti sample, where complete sol-
ubility of TiO, in SiO, is expected from the phase
diagram, a homogenous single phase mixed oxide
liquid is formed at temperatures above 1650°C.
Due to the rapid quenching, this single phase is
retained at room temperature without segregation
of TiO, (Figure 6a). For the 9.8:1 Si:Ti sample,

! The flame temperatures for the parameter set applied in
this study for pure SiO, production have been measured by
Mueller et al. (2004) using similar flow rate of the fuel and
oxidant. The maximum increase of enthalpy of the flame
associated with the feeding of TTIP and TMT precursors is
only 3 and 11%, respectively. As the variation in the flame
enthalpy is less, temperature profiles are assumed to follow
the same trend with negligible affect on the resultant par-
ticle characteristics of TiO,/SiO, and SnO,/SiO,.
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Figure 7. XRD patterns of mixed TiO,/SiO, powders pro-
duced at various concentrations of HMDSO/TTIP and at
44 1/h CH4, 86 1/h N, and 250 I/h Oy; ° indicates amor-
phous silica, * indicates peaks corresponding to anatase
phase of TiO,.

slight anatase segregation was observed along with
an amorphous mixed oxide phase. This is in
agreement with the phase diagram, which indicates
a homogenous single phase liquid at high tem-
perature and the segregation of TiO, during
cooling. As the particles synthesized in diffusion
flames usually experience different temperature
histories, segregation is not uniform. Two immis-
cible liquids are in equilibrium at temperatures
above 1780°C for the 3.2:1 and 0.98:1 Si:Ti
samples. Crystalline domains of anatase within a
silica-rich mixed-oxide matrix were found in both
samples, and in addition, the 0.98:1 Si:Ti sample
contained particles consisting of two distinct
phases. Ehrmann et al. (1999) reported the
formation of mixed oxides and segregated
nanoparticles of similar morphology for 8:1 and
1:1 Si:Ti samples, respectively, and this supports
our observations. Hung and Katz (1992) also
studied the formation of SiO,/TiO, binary oxide
particles and reported that TiO, nanoparticles can
be coated with a silica layer whose thickness
depends on the ratio of silica to titania precursor
(at 3:1 Si to Ti ratio a 1540 nm thick non-uniform
silica coating and at 1:1 Si to Ti ratio a 14 nm
thick, uniform silica coating was obtained). How-
ever, such particle morphologies are not observed
at 3.2:1 Si to Ti and 0.98:1 Si to Ti ratios investi-
gated in the present study. Instead, difference
between the Ti-rich and Si-rich areas became more
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apparent with increasing concentrations of TiO, as
observed by Ehrmann et al. (1999). The ionic
radius of Ti** is 0.61 A, while that of Si*" is
0.40 A, small enough to enter the titania lattice
interstitially which supports the observed mixed
oxide formation with SiO, and TiO, (Vemury &
Pratsinis, 1995). The substitution of Si in the
titania lattice also inhibits the transformation of
anatase to rutile which is also observed and dis-
cussed in the following section.

Figure 7 shows the X-ray diffraction patterns
for the samples with various TiO,/SiO, concen-
trations. Reflections from the segregated anatase
phase are observed for 3.2:1 and 0.98:1 Si:Ti
samples. The intensity of the anatase peaks
increase and peak widths narrow with the
increasing concentration of Ti, suggesting the
formation of coarse segregated regions. These
conclusions correlate well with the TEM pictures
(Figure 6). At all the concentrations of the TiO,
investigated in the present study (23.3:1 Si:Ti to
0.98:1 Si:Ti), no rutile form of TiO, is observed
supporting the effect of Si substitution in stabiliz-
ing the anatase phase (Vemury & Pratsinis, 1995).
An increase in the size of the segregated anatase
regions is expected with increasing Ti-precursor
concentration since the initial particle number
concentration increases and this augments the
coagulation and coalescence rates, which results in
larger primary particle sizes (Wegner & Pratsinis,
2003b).

Figure 8 shows the TEM images of the 9.8:1
Si:Ti samples produced at various flow rates of
oxygen. Segregation of TiO, anatase is evident in
the sample which was produced at a low oxygen
flow rate of 250 I/h (Figure 8a). Increasing the
oxygen flow rate reduces the flame length and thus
the particle residence time at high temperature is
decreased. This, in turn, increases the quenching
rate of particles and, consequently, phase segrega-
tion disappears and single phase mixed oxide par-
ticles are formed (Figure 8b, ¢). For the same
precursor concentration, particles with different
chemical homogeneity are formed depending on
the process parameters. X-ray diffraction patterns
of 3.2:1 Si:Ti samples produced at various oxygen
flow rates are shown in Figure 9. With increasing
oxygen flow rate, crystallite size of the anatase
decreases as is evident from the observed increase
in FWHM (full width at half maximum) of the
anatase peaks. As discussed in the previous section,
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Figure 8. TEM images of mixed TiO,/SiO, powders with 9.8:1 Si:Ti produced at various O, flow rates: (a) 250 1/h, (b) 500 1/h

and (c) 950 1/h.
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Figure 9. XRD patterns of mixed TiO,/SiO, powders with
3.2:1 Si:Ti produced at various flow rates of O,; © indicates
amorphous silica, * indicates peaks corresponding to ana-
tase phase of TiO,.

increasing oxygen flow rate reduces the flame
temperature (Zhu & Kosugi, 1996) as additional O,
flow dissipates the generated heat very quickly and
shortens the flame length (Mueller et al., 2004) due
to the enhanced combustion rate. Moreover,
quenching rate of the flame increases with the
increase of oxygen flow rate leading to the reduced
crystallite size of anatase. This shows the flexibility
of diffusion flame reactors to vary the size of the
segregated phase at a given concentration of the
reactants. Variation of the size of segregated phase
will influence the mechanical properties of the
resultant material and can be used as optical wave
guides (Backer et al., 1991). Ehrmann et al. (1999)
observed a similar effect by collecting the particles
at various distances from the tip of the flame.

To probe the interactions of TiO, with SiO,,
Raman spectroscopy was performed and the cor-
responding spectrum for TiO,/SiO, is shown in
Figure 10. Silica alone shows Raman features at
440, 488, 616, 791, 994-976, and 1030-1040 cm™".
The last band is assigned to the asymmetric
stretching of the Si-O group and the band at
976 cm™' is associated with the Si-OH stretching
mode of surface hydroxyls. The band at 791 cm ™
has been assigned to the symmetrical Si—O-Si
stretching mode and the 440 cm™' band to the Si—
O-Si bending mode, while the bands at 488 and
616 cm™' have been assigned to the D1 and D2
symmetric stretching modes of vibrationally-iso-
lated four-fold and three-fold rings of SiO, tetra-
hedra (Brinker et al., 1988; Morrow & Mcfarlan,
1990).

Considering first the 23.3:1 Si:Ti sample, addi-
tional bands appear at 950 cm™' and 1080 cm™'
are associated with vibrational modes involving
Ti—O-Si bonding (Gao et al., 1998). The intensi-
ties of these bands increase with increasing TiO,
content up to 9.8:1 Si:Ti and decrease thereafter
due to increased segregation of TiO,. At 9.8:1
Si:Ti, minute segregation of TiO,; is indicated by
the presence of a weak anatase peak at 144 cm™!
and phase contrast in the TEM pictures. Thus,
while X-ray diffraction measurements did not
show any characteristic peaks from the segregated
anatase, the high sensitivity of the Raman tech-
nique (minimum detectable amount of 0.05 wt%:;
Bordiga et al., 1994) proves that segregation is
occurring at this precursor concentration from a
mixed oxide. Segregation of TiO, as a distinctly
separate phase is not seen in the 9.8:1 Si:Ti samples
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Figure 10. Raman spectra of SiO,, TiO, and mixed TiO,/SiO, powders synthesized at various mole concentrations of
HMDSO/TTIP precursors and at 44 1/h CHy, 86 1/h N, and 250 1/h O,. Corresponding peak wavenumber shifts for the pure

oxides are indicated. The wavenumber shifts for the mixed oxide Si—O-Ti bonds are located at 950 and 1080 cm

produced at higher flow rates of oxygen and it
appears that the system tends to form as a mixed
oxide due to enhanced quenching by the supplied
oxygen.

Figure 3 shows the specific surface area of the
composite SnO,/Si0, aerosols at various concen-
trations of SnO; as a function of oxygen flow rate.
In contrast to the mixed TiO,/SiO, aecrosols, the
surface area of the composite SnO,/SiO, powders
do not show much variation compared to the pure
Si0,. Tin dioxide forms discrete particles on the

-1

surface of SiO», as shown in the TEM images of
the composite SnO,/SiO, aerosol in (Figure 11).
The most notable difference between the two sys-
tems (i.e., TiO,/SiO, and SnO,/Si0,) is that phase
segregation is obvious for every combination of
SiO, and SnO,. Reason for this segregation
behavior is mainly due to very low solubility of
SnO, in SiO, (Canevali et al.,, 2001) and is
discussed in the later section.

In Figure 5, the differences in growth mecha-
nism between SiO, and SnO, are summarized in
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the form of a schematic of particle morphology as
a function of residence time and temperature.
Unlike SnO,, SiO, particles nucleate in the flame
where the temperature is close to its melting point
(step II) (Hung & Katz, 1992). Particles continue
to grow by surface growth/aggregation (step III)
and subsequently coalesce to form large primary
particles. Hung and Katz (1992) used counter flow
diffusion flames where the oxidant and the fuel
have to diffuse and mix for combustion, similar to
the co-flow diffusion flames used in the present
study. So it is reasonable to predict that particle
formation mechanism of SiO, follows the same
path in the co-flow diffusion flame used in the
present study.

The processes occurring during multicompo-
nent aerosol formation from the gas-phase pre-
cursors are the same as for the single component
aerosol formation: chemical reaction, nucleation
and aerosol growth. It is possible that differences
in the chemical reaction kinetics of the precursors
affect the arrangement of species for multicom-
ponent aerosols. Ehrmann et al. (1998) reported
that particles of uniform composition are formed
if the interval between the half life (or charac-
teristic times) of the reactions is negligible com-
pared to the time required for particle formation
and on the other hand chemical segregation is
expected if the interval between the reactions is
on the order of, or greater than the particle for-
mation time. The particle formation mechanism
of Sn0O,/SiO; system is shown in Figure Sc. Ini-
tially, TMT precursor is oxidized to form SnO
vapor at temperatures which are too low for the

Figure 11. TEM images of composite SnO,/SiO, powders produced at various concentrations of HMDSO/TMT precursors
and at 44 1/h CH4, 86 1/h N, and 250 1/h Oy: (a) Si:Sn ratio 17.2:1, (b) Si:Sn ratio 6.1:1 and (c) Si:Sn ratio 1.8:1.

SiO, particles to nucleate. When SiO, particles
start to nucleate in step II, they form within the
precursor vapor concentration of SnO which
subsequently oxidizes and condenses onto the
existing SiO, particles (step III) whose particle
number concentration is expected to be high due
to the sluggish sintering behavior of SiO,. Ehr-
mann et al. (1998) showed that the scavenging of
second species by pre-existing particles of the first
species is favored for high aerosol volume load-
ings and large number concentration of small
preexisting particles. In the final step, aggregated/
coagulated SiO, particles sinter to form large
primary particles while SnO, particles still
remains on the surface due to the very low solid
solubility of SnO, in SiO,. Chiodini et al. (1999)
showed that the solid solubility of SnO, in SiO, is
only 1 wt%, while in the present work experi-
ments were conducted with a minimum of
13 wt% SnO, (Si:Sn is 17.2:1).

The size of the condensed SnO, particles is
very small. This is because the number concen-
tration of particles formed from SnO precursor
vapor, which subsequently oxidizes to SnO,
particles, is reduced by dilution with the SiO,
aerosol and due to the fact that size of
the SnO, particles is primarily dependent on the
precursor concentration and residence time
rather than the flame temperature (Zhu & Prat-
sinis, 1997). In general, the morphology of the
crystalline SnO, particles is faceted, as shown
previously (Figure 4c). Zhu and Pratsinis (1997)
also reported the same morphology for the tin
dioxide particles in their research. In contrast



very fine SnO, particles of spherical shape con-
densed on silica particles. Such morphology of
SnO, particles (fine and non-aggregated) can
have improved sensor performance (Feng et al.,
2003). Probable reasons for the condensation of
SnO, on SiO, particles are due to the greater
difference in the surface energies between the two
oxides (SiO,: 0.3 J m™2, SnOy: ~2 J m™?) (Slater
et al.,, 1999) and limited solubility of SnO, in
SiO, (Chiodini et al., 1999).

The grain size of the condensed SnO, increases
from 4 to 15 nm (Figure 1la—c) as the precursor
concentration Si:Sn is increased from 17.2:1 to
1.8:1, respectively. This supports the statement
made earlier that the growth of SnO, particles
primarily depends on the precursor concentration
and residence time rather than flame temperature
and proceeds via direct vapor phase condensation
and oxidation of SnO.

Figure 12 shows X-ray diffraction patterns of
the composite Sn0,/Si0, aerosols at various con-
centrations. Reflections corresponding to cassiter-
ite confirm the phase segregation of SnO, at all
concentrations investigated in the present work.
The intensity of the SnO, reflections increases and
width decreases with increasing Sn concentration
in the precursor, suggesting an increase in the size
of the resultant stannic oxide (SnO,) particles.

Intensity

i i " A 1 N L N 2
10 20 30 40 50 60 70 80
2 O [Degree]

Figure 12. XRD patterns of composite SnO,/SiO, powder
produced at various concentrations of HMDSO/TMT and
at 44 1/h CHy4, 86 1/h N, and 250 1/h O,; ° indicates amor-
phous silica and all other peaks correspond to cassiterite
phase of SnO,.
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Figure 13. XRD patterns of composite SnO,/SiO, powder
with 6.1:1 Si:Sn produced at various flow rates of O,; °
indicates amorphous silica and all other peaks correspond
to cassiterite phase of SnO,.

This conclusion is in agreement with the TEM
observations.

It can be expected that the size of the condensed
SnO, particles should decrease with increasing
oxygen flow rate. Increasing the oxygen flow rates
induces two effects: (1) reduction of the flame
height, which makes the residence time of the
particles shorter and (2) dilution of the precursor
concentration so that the rate of particles growth
by coagulation/coalescence is reduced. These two
factors hamper the particle growth and result in
smaller particle sizes. These conclusions are sup-
ported by X-ray diffraction patterns of 6.1:1 Si:Sn
samples produced at various oxygen flow rates
shown in Figure 13 where the width of the SnO,
reflections increase, and hence the particle sizes
decrease, with increasing oxygen flow rates. The
size and size distribution of particles, large acces-
sible surface associated with good crystallinity are
very important requirements for SnO, based gas
sensors (Sahm et al., 2004). Weak thermal stability
of the nanosized SnO, particles could be overcome
by the combination of SnO,/SiO,. This makes the
particles produced in the present study as a good
choice for the above mentioned application.

No mixed oxide formation is observed with
Sn0,/Si0, particles as only the reflections corre-
sponding to the pure SiO, and SnO, are observed
with Raman spectroscopy. Results of XRF anal-
ysis on the powder samples confirmed the mole
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ratios of Si to Ti and Sn were approximately equal
to that in the feed.

Conclusions

Formation of binary TiO,/SiO, and SnO,/SiO,
nanoparticles in atmospheric pressure diffusion
flames has been investigated. It has been shown by
XRD, TEM and Raman spectroscopy that the
arrangement of chemical species in the multicom-
ponent aerosols follows the phase segregation
expected from the equilibrium phase diagrams of
the respective system. The phase composition in
equilibrium at elevated temperatures is retained at
room temperature in all cases. Furthermore, the
data show that the distribution of the chemical
species can be shifted considerably away from
equilibrium by changing the process parameters to
give various modes of interactions between two
species at the same concentration. Differences
between the segregation behavior of TiO,/SiO,
and Sn0O,/Si0, have been explained by considering
the differences in the equilibrium phase distribu-
tion of the systems at high temperatures and liquid
phase solubility of TiO, and SnO, in SiO». It has
also been demonstrated that the size of the segre-
gated second phase regions can be controlled by
changing the oxygen flow rate.
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