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Abstract—Platinum (Pt) is commonly used as a heterogeneous catalyst to effectively convert carbon monoxide (CO)
from automobile exhaust gas into carbon dioxide (CO,). Platinum/silica (Pt/SiO,) hybrid catalyst powders with varying
Pt content were synthesized via a spray pyrolysis process. The average particle size and specific surface area of the
Pt nanoparticles on the Pt/SiO, hybrid catalyst powders were characterized as-prepared and after heat treatment. As
the Pt loading increased, the Pt nanoparticles grew on the surface of the SiO, as a result of sintering, and the catalytic
efficiency decreased. This work demonstrates that the Pt/SiO, (4 wt% Pt) hybrid catalyst powder is suitable as a high-
temperature automobile exhaust catalyst, compared with the Pt/SiO, hybrid catalyst powder with high Pt loading (14 wt%
Pt), indicating that metal nanoparticle loading is a key factor for determining catalytic activity.

Keywords: Spray Pyrolysis Process, Hybrid Catalyst Powder, Pt Nanoparticles, CO Oxidation

INTRODUCTION

Metal-supported oxide hybrid catalysts are promising heteroge-
neous catalysts because of possible synergistic effects on catalytic
activity due to metal-support interactions [1-4]. These catalysts are
used for practical applications, including purification of hydrogen
for proton exchange membrane fuel cells and reduction of toxic
carbon monoxide (CO) gas from automobile exhaust gases [5-11].
Noble metals have been studied for applications as heterogeneous
hybrid catalysts due to their excellent catalytic activities and stabili-
ties [11]. In particular, Pt nanoparticle-supported oxide catalysts
have been widely used for CO oxidation reactions for the past few
years [12-20]. Catalyst synthesis methods usually involve wet chemi-
cal processes (e.g., sol-gel, deposition precipitation, co-precipitation)
where the organic agent or surfactant may be used to control the
size, shape, and composition of the catalytic nanoparticles [21-24].
However, catalysts fabricated using wet chemical methods have
low thermal stability above 300 °C and it is difficult to maintain the
original structure because the organic agent or surfactant decom-
poses. Therefore, catalysts fabricated by a wet chemical method
exhibit limited performance under high-temperature reactions, such
as CO oxidation [25], hydrocarbon cracking [26], combustion [27],
partial oxidation [28], and ignition behavior studies [29]. Wet chem-
ical methods also require a long time to prepare the catalysts and
can only produce a small quantity of catalysts at a time. Hence, for
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large-scale fabrication, physical methods are used more often than
chemical methods. Physical methods (e.g., spray pyrolysis [30,31],
electrical wire explosion [32], vapor deposition [33], laser ablation
[34]) can easily fabricate catalysts. Considering the demand for rapid,
easy, and large-scale catalyst fabrication, the spray pyrolysis process
is a promising method for producing new conceptual hybrid catalysts.

Spray pyrolysis is a general process for synthesizing desired nano-
materials by decomposing a precursor solution at high temperature.
Spray pyrolysis has inherent advantages over other processes. Homo-
geneous mixing of the precursor and short residence times in the
reactor can produce uniform-phase, high-purity, and multicomponent
powders [31]. The spray pyrolysis process consists of a storage tank
for the precursor, a nebulizer to make droplets, a reactor, and a bag
filter unit. During synthesis, precursor droplets atomized by a nebu-
lizer continuously transfer in the high-temperature reactor using the
carrier gas. The droplets then form the desired particles through evap-
oration, thermal decomposition, and crystallization [30,31,35]. By
controlling process variables (e.g., reaction temperature, flow rate,
and concentration of the precursor solutions), various kinds of hybrid
catalysts can be designed using spray pyrolysis. Industry prefers
the spray pyrolysis process for its simplicity, low cost, variety, and
reproducibility [35]. In this study, we synthesized Pt/SiO, hybrid
catalyst powders with two Pt contents (4 and 14 wt% Pt) using the
spray pyrolysis process, and studied the effect of Pt loading on sinter-
ing and catalytic activity. To control the loading amount, we changed
the concentration of the Pt precursor solution. We used heat treat-
ment for 30 minutes at 600 °C in air to improve the thermal stability
of the fabricated Pt/SiO, hybrid catalyst powders. The catalytic activi-
ties of the Pt/SiO, hybrid catalyst powders were evaluated at 100%
CO conversion, where we looked for the optimal Pt content.
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EXPERIMENTAL

1. Preparation of Pt/SiO, Catalyst Powders

The Pt/SiO, hybrid catalyst powders were synthesized via spray
pyrolysis. Chloroplatinic acid hexahydrate (H,CI;Pt-6H,0, Aldrich)
and fumed silica (Si0,, Aldrich) were used as the Pt precursor and
support, respectively. The SiO, particles were about 0.2-0.3 um in
size. The spray solution was prepared thus: Two solutions were pre-
pared where 2.0 g SiO, was diluted in 100 mL water, and the in-
tended amounts of H,CI,Pt-6H,O were also dissolved in 100 mL
water (5 wt% and 20 wt%). The spray solution was prepared by
mixing the two solutions with a stirrer at room temperature and then
immediately sonicated for 10 minutes. In the spray pyrolysis pro-
cess, droplets formed through the nebulizer were transferred to a
quartz tube reactor (1,000 mm length and 100 mm internal diameter)
at 500 °C and a flow rate of 50 L/min using compressed air. The
Pt/SiO, hybrid catalyst powders were synthesized and then col-
lected from the bag filter. We heat-treated the Pt/SiO, hybrid catalyst
powders at 600 °C for 30 minutes in air to enhance fixation of the Pt
nanoparticles on the surface of the SiO, powder. A flow diagram
for the Pt/SiO, hybrid catalyst powder synthesis is shown in Fig. 1.
2. Characterization of Pt/SiO, Powders

The morphology and size of the Pt nanoparticles dispersed on
the surface of the SiO, powder were observed using a transmission
electron microscope (TEM, JEOL, JEM-2100F, 200 kV). An X-
ray diffractometer (XRD, Rigaku, D/Max 2200) was used to con-
firm the crystallinity of the Pt nanoparticles on the SiO, powder.
The amount of Pt in the PY/SiO, hybrid catalyst powder was meas-
ured via inductively coupled plasma optical emission spectrometry
(ICP-OES, PerkinElmer, Optima 8300). The flow reactor system
was used to measure the critical temperature of 100% CO conver-
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Fig. 1. Flow diagram for the synthesis of Pt/SiO, hybrid catalyst
powders using the spray pyrolysis process.

sion. About 100 mg of catalyst was loaded into a quartz tube. The
hybrid catalyst powder was reduced at 250 °C under H, flow (5%
H, in He at 45 mL/min) for 30 min and then cooled to room tem-
perature. The reactant gas composition was 4% CO, 10% O,, and
86% He (balance). The total gas flow rate was 50 mL/min, con-
trolled by mass flow controllers (BROOKS instrument). CO oxi-
dation was carried out until 100% CO conversion was reached in
the temperature range of 80-260 °C. There was no CO conversion
observed in the empty reactor. The gas mixture passing through the
catalyst powder was analyzed using gas chromatography (GC; DS
science).
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Fig. 2. (a), (b) TEM images and (c), (d) size distributions of 4 and 14 wt% Pt/SiO, hybrid catalyst powders synthesized via spray pyrolysis,

respectively.
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Table 1. Results of chemisorption measurement on Pt/SiO, hybrid catalyst powders

4 wt% 14 wt% 4 wt% 14 wt%
As-prepared As-prepared Heat-treated Heat-treated
Metal surface area per sample weight (m%/g) 2.6218 3.7383 0.6507 0.0145

RESULTS AND DISCUSSION

1. Catalyst Characterization

Fig. 2 shows TEM images and size distributions of the Pt nano-
particles on the Pt/SiO, hybrid catalyst powders fabricated via spray
pyrolysis. As the Pt content increased from 4 to 14 wt%, the Pt nano-
particles increased in size from 6.2 to 7.2 nm, the metal surface area
per sample weight increased from 2.62 to 3.74 m*/g (Table 1). The
droplets generated by the nebulizer in the spray pyrolysis process,
which involves the Pt precursor and SiO, powder, were passed through
a furnace. The Pt nanoparticles dispersed on the surface of the SiO,
were synthesized by Pt precursor decomposition, solvent evapora-
tion, and the nucleation and growth of the Pt nanoparticles. We as-
sumed that the average size, area density, and surface area of the Pt
nanoparticles increased with increasing Pt content because of the
increased amount of Pt precursor contained in a single droplet gener-
ated by the nebulizer.

Fig. 3 shows TEM images and size distributions of the Pt nano-
particles on the heat-treated Pt/SiO, hybrid catalyst powders. As
the Pt content increased from 4 to 14 wt%, the average size of the
Pt nanoparticles increased from 13 to 27 nm and the Pt surface area
per sample weight decreased from 0.6507 m*/g to 0.0145 m*/g. The
Pt surface area per sample weight decreased, compared with the
as-prepared Pt/SiO, hybrid catalyst powders, due to sintering effects
(nanoparticle collision, grain growth, agglomeration, fusion between
large interconnected nanoparticles, etc.) [36-38]. The average size
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of the Pt nanoparticles synthesized from 14 wt% Pt became bigger
after heat treatment than those synthesized from 4 wt% Pt due to
sintering effects and higher particle densities.

Fig. 4 shows the XRD patterns for each Pt/SiO, hybrid catalyst
powder prepared from 4 and 14 wt% Pt after heat treatment. The
X-ray diffraction patterns of the Pt/SiO, hybrid catalyst powders
have peaks observed with 26 values of 40.2°, 46.8°, 68.4°, 82.4°,
and 87.0°; the crystallinity of the Pt was confirmed by the lattice
structures of [111], [200], [220], [311], and [222]. As indicated above,
the presence of pure crystalline Pt was confirmed after heat treatment
regardless of the amount of Pt; meanwhile, the intensity of the Pt
peaks increased and became sharper as the amount of Pt increased.
2. Catalytic Activity of Hybrid Catalysts

Fig. 5 compares the CO conversion rates of the Pt/SiO, hybrid
catalyst powders with different Pt content before and after heat treat-
ment. The critical temperatures of 100% CO conversion (T,,,) for
the Pt/SiO, hybrid catalyst powders synthesized with 4 and 14 wt%
Pt were 180 and 150 °C, respectively. However, the T),, of the heat-
treated Pt/SiO, hybrid catalyst powders with 4 and 14 wt% Pt were
190 and 250 °C, respectively.

As shown in Table 1, the as-prepared P/SiO, hybrid catalyst pow-
ders have a higher Pt nanoparticle surface area than the heat-treated
Pt/SiO, hybrid catalyst powders. After heat treatment, however, the
specific surface area of the Pt nanoparticles decreased due to the
sintering effect on the Pt nanoparticles dispersed on the SiO, sur-
face. Therefore, the T, of the heat-treated Pt/SiO, hybrid catalyst
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Fig. 3. (a), (b) TEM images and (c), (d) size distributions of 4 and 14 wt% Pt/SiO, hybrid catalyst powders heat-treated at 600 °C in air,

respectively.

November, 2014



The effect of loading on sintering and catalytic activity of Pt/SiO, hybrid catalyst powders synthesized via spray pyrolysis 1983

(111)

(200)
| 14 wt% Pt

(220) (311)
S N W
oo

Intensity (a.u.)

4 wt% Pt

T N T T T N T

20 30 40 50 60 70 80 90
20 (Degree)

Fig. 4. XRD patterns of 4 and 14 wt% Pt/SiO, hybrid catalyst pow-
ders heat-treated at 600 °C in air.
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Fig. 5. CO conversion results for the Pt/SiO, hybrid catalyst pow-
ders as-prepared and after heat treatment.

powders was higher than the as-prepared Pt/SiO, hybrid catalyst
powders. Fig. 5 shows that the Pt/SiO, hybrid catalyst powders syn-
thesized with 14 wt% Pt lose catalytic activity after heat treatment
because of the severe sintering that occurred on the catalysts. At
high loading, agglomeration of the Pt nanoparticles during heating
led to the creation of larger particles, resulting in a loss of Pt surface
area and catalytic activity. On the other hand, the loss of catalytic
activity of the Pt/SiO, hybrid catalyst powders synthesized with 4
Wt% Pt is minimal. Consequently, the P/SiO, hybrid catalyst pow-
ders synthesized with 4 wt% Pt are more appropriate to use in auto-
mobile catalytic convertors at high temperature due to their excel-
lent thermal stability. The fumed silica used as the support was stable
after thermal treatment at high temperature. The TEM images do
not show any degradation of the silica during high-temperature treat-
ment. The drop in metal surface area for the 14 wt% Pt catalyst is
mainly associated with sintering of the Pt nanoparticles, as con-
firmed by the TEM images and size distributions of the Pt nano-
particles (Fig. 2 and Fig. 3).

The catalytic activity of the Pt/SiO, nanocatalysts synthesized

via spray pyrolysis exhibited high catalytic activity. For example, at
180 °C, we obtained a turnover frequency of 0.3 s™' for the 4 wt%
Pt catalyst sample calcined at 600 °C for 30 min, which is higher
than for a Pt/SiO, catalyst synthesized via wet chemical synthesis
(0.1 s™" at 200 °C) [39]. We attribute this to better dispersion of the
nanoparticles on the SiO, as well as good thermal stability of the
nanocatalyst. This study suggests that metal loading plays an im-
portant role in controlling the sintering effect, and thus determining
catalytic activity, indicating that optimized loading is a key factor
for the smart design of catalytic materials.

Spray pyrolysis is known as a continuous process to synthesize
metal or ceramic powders. Many metal materials (silver (Ag), cop-
per (Cu), Nickel (Ni), copper/nickel and copper silver alloys) have
been synthesized in a continuous-flow process using spray pyroly-
sis [40]. At laboratory scale, an ultrasonic nebulizer is usually used
with frequencies on the order of 2 MHz. To increase production
and spray of larger amounts from precursor solutions, industrial-
scale setups are commercially available that can generate small drop-
lets from precursor solutions using a high-intensity ultrasonic nebu-
lizer. Also, the yield and the quality of the products can be maximized
by adjusting several parameters including the flow rate of the carrier
gas through the reactor, temperature inside the reactor, ultrasonic
powder, solvents and chemical composition of the precursors. Due
to these advantages, the spray pyrolysis process has potential appli-
cations in the commercial production of large amounts of catalyst
material.

CONCLUSION

Pt/Si0O, hybrid catalyst powders with different Pt contents were
synthesized via spray pyrolysis. The morphology, Pt nanoparticle
size distribution, and crystallinity were measured using TEM and
XRD, respectively. The Pt nanoparticles produced via spray pyrol-
ysis were well dispersed on the SiO, powder. As the amount of Pt
loaded on the SiO, powder increased, the average size, particle area
density, and specific surface area of the Pt nanoparticles also in-
creased. For CO conversion, the as-prepared Pt/SiO, hybrid cata-
lyst powder with higher Pt content showed a lower T,; however,
after heat treatment, the T, showed the reverse phenomenon, indi-
cating a loss of catalytic activity. Considering the use of a Pt/SiO,
hybrid catalyst powder as a high-temperature automobile exhaust
gas catalyst, the Pt/SiO, hybrid catalyst powder with 4 wt% Pt was
more suitable than that with 14 wt% Pt, suggesting that metal load-
ing optimization is a key factor for maximized catalytic activity.
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