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Synthesis of zinc oxide/silica composite
nanoparticles by flame spray pyrolysis
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Zinc oxide (ZnO)/silica (SiO,) composite nanoparticles were made by flame spray pyrolysis.
The effects of the Zn/Si ratio on particle properties were examined and compared with those
of the pure ZnO and SiO, particles made at the same conditions. Polyhedral aggregates of
nano-sized primary particles were obtained in all experiments. The mixed-oxide primary
particle size was smaller than that of pure oxides. The primary particles consisted of ZnO
nano-crystals and amorphous SiO,, as seen by high-resolution transmission electron
microscopy (HR-TEM) and X-ray diffraction (XRD) analysis using the fundamental
parameter approach. The XRD size of ZnO was controlled from 1.2 to 11.3 nm by the initial
precursor composition and it was consistent with HR-TEM. The composite particles
exhibited an excellent thermal stability and little crystalline growth of ZnO (e.g., from 1.9 to
2.2 nm) was observed even after calcination at 600°C. © 2002 Kluwer Academic Publishers

1. Introduction

Zinc oxide (ZnO) has excellent chemical, electrical and
optical properties that find applications as reinforcing
filler for elastomer [1], catalyst [2, 3], varistor [4—6],
electrode of solar cells [7], photocatalyst [8] and UV-
attenuating material [9].

The instability of ZnO nanoparticles is, however, a
problem in most specialized applications. For exam-
ple, sol-gel derived ZnO nanoparticles increased their
diameter by aging for a few days, resulting in a signif-
icant red shift in the absorption spectra [10]. The spe-
cific surface area (SSA) of the ZnO nanoparticles de-
creased from 130 to 70 m?/g after calcination at 400°C
[11], reducing the number of reactive sites and thus de-
grading their catalytic performance. To suppress ZnO
nanoparticle growth by aging, Mikrajuddin et al. [12]
made ZnO/SiO, composite particles, in which crys-
talline ZnO particles of ~3 nm in size were dispersed in
amorphous SiO;, by a combination of sol-gel synthesis
and spray drying. They observed no change in photo-
luminescence spectra for over 30 days. However, they
focused mainly on the optical properties and therefore
the particle SSA and thermal stability were not eval-
uated to better understand how ZnO was stabilized.
Cannas et al. [13] also produced ZnO/SiO, compos-
ite particles, in which amorphous ZnO particles were
dispersed in amorphous SiO,, by the sol-gel method.
They evaluated the reaction between ZnO and SiO, by
the 2°Si MAS NMR measurement without presenting
the corresponding particle characteristics.

Flame synthesis [14] is one of the established
commercial processes to make inexpensive ceramic
nanoparticles (SiO;, TiO;: less than $5/kg). Especially,

flame spray synthesis or pyrolysis (FSP) is a promis-
ing technique because a variety of liquid precursors are
available for powder synthesis, though FSP is not an
established industrial process yet [15, 16]. Synthesis of
ZnO [17, 18], MgAl,0O4 [19], B”-alumina [20], TiO;,
Ce0,, CaO, MgO and Ce0,/Zr0O,[21] by FSP have
been reported and effects of the oxidant/dispersant flow
rate and fuel species on the SSA of SiO, powder were
systematically examined by Médler et al. [22].

The goal of this study is to synthesize ZnO/SiO,
nano-composite particles in which crystalline ZnO
nanoparticles are dispersed using FSP. Especially, the
focus is on the size control and stabilization of ZnO
nanoparticles and the effect of precursor Zn/Si ratio on
the product particle properties.

2. Experimental

Zinc acrylate (ZA: Fluka, 98%) and hexamethyldis-
iloxane (HMDSO: Fluka 99%) were used as Zn and Si
sources, respectively. A mixture of 94 vol% methanol
(J.T. Baker, exceed ACS grade) and 6 vol% acetic acid
(Scharlau, reagent grade) was used as solvent. After
dissolving ZA in the solvent and adding HMDSO, the
liquid was mixed ultrasonically to obtain a transparent
solution. The amounts of ZA and HMDSO were varied
to obtain particles with the different compositions at Zn
molar ratios, X =0 — 1, where X is:

X = Zn/(Zn + Si). (1)

The concentration of the total metal atoms (Zn + Si) in
the precursor solutions was adjusted to be 0.5 mol/L for
all experiments.
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Figure 1 Schematic of the flame spray pyrolysis (FSP) process for syn-
thesis of ZnO/SiO; particles.

;

Powder synthesis was carried out using a spray
flame reactor with an oxygen-assisted nozzle [22]. A
schematic of the set-up is shown in Fig. 1. The glass
syringe supplied through the nozzle 1 mL/min of pre-
cursor solution that was dispersed by oxygen flow of
3.85 L/min, giving a powder production rate of 1.80
(pure Si0O,) to 2.44 (pure ZnO) g/h. The nozzle was
surrounded by eighteen smaller premixed (methane +
oxygen) supporting flames, through which the total flow
rate of methane and oxygen were 1.58 and 1.52 L/min,
respectively. In addition, 9.8 L/min of oxygen was sup-
plied from another ring surrounding the supporting
flames to stabilize the entire process. The product par-
ticles were collected on a glass fiber filter (Whatman,
GF/A) with the aid of a vacuum pump.

The particle morphology was observed by trans-
mission electron microscopy (TEM: Hitachi, H600,
100 kV) and high-resolution TEM (HR-TEM: Philips,
CM30ST, 300 kV). The powder crystallinity was mea-
sured by X-ray diffraction (XRD: Bruker, AXS D8
Advance, 40 kV, 40 mA) at 26(Cu K,)=20-70°,
step =0.02° and scan speed = 0.24°/min. The crystal-
lite size (dcg) of ZnO was calculated from the XRD
patterns using the software (Topas 2.0, Bruker AXS,
2000) based on the fundamental parameter approach
[23, 24], in which the effects of the equipment (e.g.
X-ray source, slits etc.) were incorporated. The analy-
sis was carried out by fitting the XRD pattern with the
crystalline data of zincite [25], assuming that (a) the
background was a linear function, (b) the contribution
of amorphous SiO, was described by a broad peak in the
range of 260 = 26-30° and (c) there is no micro-strain in
the particles. Only the background level, the position of
the amorphous peak, the crystallite size of ZnO and the
intensities of the peaks were varied to fit the measured
spectra. The ZnO crystallite size (dcs) was calculated
also from the full width at half maximum (FWHM) of
the (100) peak using Scherrer’s equation [26] as it is
typically done:

des = 0.9%)./(8 — B') cos 6, )

where A is a wave length of the X-ray (0.154186 nm)
and B, B’ and 0 represent the measured FWHM, the
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broadening of the peak caused by the equipment and a
diffraction angle, respectively. The B8’ was determined
to be 0.141° by measuring the FWHM of the (100) peak
using the ZnO particles of several microns in diameter.

The specific surface area (SSA) of the particles was
measured by S-point nitrogen adsorption (BET: Mi-
cromeritics, Gemini 2350) after degassing the powder
at 150°C for 2 hours in nitrogen. The equivalent average
primary particle diameter (dggr) was calculated from
the measured SSA and the density (p) of the particles
using: dggr = 6/(SSA*p), assuming that p is given by:

0 = X*pzm0(5.61 x 10 kg/m?)
+(1 = X)*psio, (2.2 x 103 kg/m?).  (3)

The product powder was calcined in an alumina cru-
cible at 600°C for 2 hours in air (Carbolite, CWF 13/23)
to evaluate the thermal stability of ZnO particles.

3. Results

Fig. 2 shows TEM micrographs of pure ZnO (X = 1),
2:1 ZnO:Si0; mixture (X =0.67) and pure SiO,
(X =0) made by FSP. All powders were polyhedral
aggregates of primary particles with average diameters
of 10, 8 and 20 nm for X =1, 0.67 and 0, respectively.
The growth of the primary particles was suppressed
clearly when mixed oxides were produced.

Fig. 3 shows a HR-TEM micrograph of X =0.67.
Each primary particle was a nano-composite, in which
very fine crystals of 1-3 nm in diameter were dispersed
in the amorphous phase. The observed lattice distance
(Fig. 3) was 0.163 nm, which was in agreement with
the distance (0.162 nm) of the (110) plane in hexagonal
7ZnO (zincite, #36-1451).

Fig. 4 shows XRD patterns of the FSP-made par-
ticles. The pure ZnO particles (X =1) were zincite
(#36-1451). The diffraction peaks were observed at the
same angles as those of the pure ZnO particles in the
mixed system, although the peaks were diffused with
increasing SiO; concentration. No zinc silicates (e.g.
willemite) were observed in any powders. Fig. 5 shows
how the fundamental parameter approach of the XRD
pattern is used to determine the phase composition for
X =0.67 as a typical example. The XRD pattern was
described well as the sum of the linear background,
the crystalline ZnO and the broad peak attributed to an
amorphous phase (e.g. SiO,).

Fig. 6 shows crystallite sizes (dcp or dcs) of ZnO
and BET-equivalent average primary particle diameter
(dggr) for various Zn/Si ratios. It was difficult, however,
to determine the dcr (fundamental parameter approach)
intherange of X < 0.4 because the peaks were too weak
to be determined. It was also difficult to measure the
FWHM for the calculation of the dcs (Scherrer’s equa-
tion) in the range of X < 0.9 because of an overlapping
of the diffraction peaks. The dcr and dcs were in good
agreement with each other for both X =1 and 0.9, al-
though the accuracy of dcs in X =0.9 is questionable
because it is difficult to determine FWHM in crystals
of less than 4 nm even in a simple system [27] and
the amorphous phase can affect the shape of the ZnO
peaks here. The dcp of the pure ZnO particles (X = 1)



Pure ZnO (X=1)

Figure 2 Transmission electron microscopic images of FSP-made powders of pure ZnO (X =1), 2:1 ZnO: SiO, mixture (X =0.67) and pure
SiO, (X =0). Mixed oxide particles appear to be smaller than either oxide made alone.

was in agreement with the TEM primary particle sizes,
indicating that the primary particles were single crys-
tallites. In the mixed oxides, the dcg of ZnO decreased
from 3.9 (at X =0.9) to 1.2 nm (at X = 0.4) as the con-
tent of Siincreased. At X =0.67, the dcgp = 2.2 nm was
also in agreement with the observed crystallite size in
the HR-TEM micrograph (Fig. 3).

In the mixed oxides, the dggr was smaller than those
of pure ZnO and SiO, and decreased from 8.6 (at
X =0.9) to 5.0 nm (at X =0.2) as the content of Si
increased. Especially, the remarkable decrease of dggr
(by factor of 3.7) was observed by substituting 20 mol%
of Si with Zn. The dggt of X =1, 0.67 and 0 were con-
sistent with the TEM primary particle sizes (Fig. 2).
The dpgr of X =1 was also in good agreement with

the XRD crystallite size. The dggt were larger by fac-
tor of 2—4 than dcp in the composite system, showing
that the primary particles were not ZnO single crystals
but the composite as seen in Fig. 3.

Fig. 7 shows intensities of the ZnO and amorphous
phases in the calculated XRD patterns, which corre-
sponds most likely to the amount of each phase. The
intensities of the ZnO and amorphous phases increased
and decreased, respectively, as the amount of Si de-
creased, suggesting that the amorphous phase in the
composite system corresponds to amorphous SiO5.

Fig. 8 shows XRD patterns of powders made at
X =1,0.8,0.67 and 0.4 before (dashed lines) and after
(solid lines) the calcination at 600°C for 2 hours. The
XRD peaks obviously became sharper in the calcined
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Figure 3 High-resolution transmission electron microscopic image of ZnO/SiO; powder with X =0.67.
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Figure 4 X-ray diffraction patterns of ZnO/SiO, powder with X =1,
0.9,0.8,0.67,0.4,0.2 and 0.

pure ZnO (X = 1) compared with that before calcina-
tion, resulting in the increase of the dcg from 10.7 to
25.6 nm. On the contrary, the XRD patterns were hardly
changed by calcination of the mixed system, which in-
dicates that only little crystalline growth of ZnO (e.g.
from 1.9 to 2.2 nm) occurred till 600°C, confirming the
stabilization role of SiO,.

4630

Measured um of Z, A and B

ZnO phase (Z)

Amorphous phase (A)

Intensity /a.u.

Background (B)

20 30 40 50 60 70
20/deg. (Cu-Ka)

Figure 5 Result of the fitting using the fundamental parameter approach
in ZnO/SiO; powder with X = 0.67. The black and gray lines correspond
to the measured and calculated XRD patterns, respectively.

4. Discussion

Polyhedral aggregates are observed typically with va-
por flame-made SiO, and TiO, [14]. Because of the
similarity in particle morphology of vapor flame and
spray flame-made particles, it can be inferred that par-
ticles here were formed in the gas phase. In the mixed
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Figure 6 Crystallite sizes of ZnO and BET equivalent mixed or pure
oxide average primary particle diameter as function of Zn/Si ratio. Solid
and open circles correspond to the crystallite sizes calculated using the
fundamental parameter approach (dcr) and Scherrer’s equation (dcs),
respectively. Open triangles represent the BET equivalent average
primary particle diameter (dpgr).
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Figure 7 Intensities of the ZnO and the amorphous phase in the calcu-
lated XRD patterns.
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Figure 8 XRD patterns of ZnO/SiO, powder with X =1, 0.8, 0.67 and
0.4 before (dashed lines) and after (solid lines) the calcination at 600°C.

system, ZnO nanoparticles were dispersed in amor-
phous SiO,, judging from the HR-TEM and XRD
results.

Vemury and Pratsinis [28] investigated the effects
of dopants on the particle properties of TiO; in flame
aerosol synthesis. They reported that the SSA increased
by the doping of Si because (a) the sintering rate of
TiO, was much faster than that of SiO,, (b) TiO, were
formed first and SiO, followed and (c) the presence

of SiO, suppressed the sintering of TiO,. They also
reported that the SSA decreased by the doping of Sn
and Al except for the 5 mol% of Sn doping (the lowest
amount of the doping in their experiments) by the sub-
stitution of Sn** and AI** to Ti** site because of the
similarity of the ionic radius, enhancing the sintering.
Jensen et al. [29] reported ZnO-Al,O3 particle synthe-
sis by flame aerosol synthesis, in which ZnO/ZnAl,O4
mixed powder was obtained when substituting 15 or
36 mol% of Zn with Al. The dggt in the mixed system
decreased by factor of 3 compared with pure ZnO. The
particle growth suppression was observed when Zn re-
acts with Al to form ZnAl,O4 which is different from
Zn0O/Si0; mixture. Although Jensen et al. [29] did not
propose a detailed mechanism of the particle growth
suppression, they considered that ZnAl,O4 was formed
first followed by nucleation of excess ZnO. In their
case, the particle growth suppression was attributed to
the presence of two different particles or nuclei in the
flame as it was reported in former studies [28]. In this
study, Zn?* and Si** cannot be substituted with each
other, because the ionic radius of Zn** (0.60 10\) is quite
different from that of Si** (0.26 fA) [30]. Furthermore,
the formation of Zn;SiO4 (willemite) may be difficult
at residence times in the order of milliseconds in the
spray flame as post-calcination at 1000°C was neces-
sary to obtain willemite from the spray pyrolysis-made
particles [31, 32], although Lenggoro et al. [33] directly
synthesized willemite by spray pyrolysis allowing for
long residence time (4 sec.) in the hot zone. Therefore,
it can be concluded that the ZnO and SiO, clusters co-
exist without substitution or reaction hindering each
other’s grain growth.

Molten SiO, clusters may be formed first here,
judging from the fact that the boiling point of SiO,
(2950°C) [30] is higher than the sublimation point of
ZnO (~2000°C) [34]. The melting point of SiO, is
1713°C [30], which means that the solidification of
molten SiO, occurs after nucleation of the solid ZnO.
Although these data refer to the bulk oxides that can be
different from those of nanoparticles, the order of the
phenomena during cooling is considered to be same be-
tween them in the nanoscale. Therefore, the composite
particle could be formed by condensation of SiO, clus-
ters from the gas phase followed by formation of solid
ZnO clusters from the gas phase on the molten SiO; fol-
lowed by subsequent solidification to form the primary
composite particle after smoothing the surface of the
particle by surface tension as observed by TEM (Fig. 2).
These considerations are in agreement with the discus-
sion of Vemury and Pratsinis [28] for the TiO,/SiO;
system.

The increase of Zn concentration in the precursor can
enhance the coagulation and/or the surface growth of
the ZnO clusters on the molten Si0O,, increasing the d¢
(Fig. 6). The agreement of the TEM diameter (Fig. 2)
and dpgr (Fig. 6) in the mixed system can be explained
by the formation of the smooth spherical particles. The
pure SiO, (X =0) primary particles were larger than
pure ZnO (X = 1) made at the same conditions, sug-
gesting that the sintering rate of SiO, is faster than that
of ZnO. This can indicate that suppression of particle
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growth by the presence of the other oxide is more ef-
fective for pure SiO; rather than ZnO, resulting in the
significant decrease of dggr when substituting Si with
Zn.

On the other hand, Vemury and Pratsinis [28] also
reported that the doping of Si in TiO, inhibited phase
transformation from anatase to rutile because the ionic
radius of Si** was small enough to enter the titania
lattice interstitially, locking the lattice to inhibit phase
transformation. Here, some of Si** ions can enter the
zinc oxide lattice interstitially at the surface because of
the large difference of the ionic radius between Zn>*
and Si**, which may suppress the crystalline growth of
ZnO.

The ZnO nanoparticles seem to exist independently
and to be surrounded by amorphous SiO,. In this con-
dition, the solid-state diffusion of the metal ions can
be suppressed because Zn”>* and Si** cannot be substi-
tuted with each other and the calcination temperature of
600°C is too low to form willemite, judging from the
fact that B-willemite was crystallized at 722°C from
sol-gel derived amorphous Zn;Si04 [35]. Therefore a
high thermal stability of the ZnO nanoparticles was
achieved in the mixed system. From these properties,
these composite particles can be quite attractive for cat-
alysts [11] and optical materials [10].

5. Conclusions

Zn0O/SiO; composite nanoparticles were made by FSP.
Polyhedral aggregates of nano-sized primary particles
were obtained in all experiments. The primary particles
consisted of ZnO nano-crystals and amorphous SiO,.
The XRD crystallite size of ZnO, dcg, was analyzed us-
ing the fundamental parameter approach and controlled
from 1.2 (at X =0.4)to 11.3 nm (at X = 1) by changing
the composition of the precursor. The BET equivalent
average primary particle diameter (dggr) decreased by
the mixing of Zn and Si. The dpgt decreased from 10.4
(at X =1) to 5.0 nm (at X =0.2) and then increased to
18.2 nm (at X =0). In the mixed system, the dggt Was
larger by factor of 2—4 than the dcg. The composite par-
ticles exhibited an excellent thermal stability and little
crystalline growth of ZnO was observed after calcina-
tion at 600°C for 2 hours, e.g. from 1.9 to 2.2 nm.
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