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Sintering behavior of Pt metal particles supported on silica-coated
alumina surface
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The sintering behavior of Pt metal particles was studied by supporting them on silica-coated alumina. Silica coating was found to be
effective for the retention of alarge surface area of alumina even after calcination at elevated temperatures. Before sintering, the size of Pt
metal particles on all the silica-coated aluminas, including the uncoated alumina, was identical, while the particle size was larger on silica
than on alumina. After sintering the Pt catalyst at 1073 K, the particle size increased on uncoated alumina as well as on alumina coated
with thicker silica layers, especialy on the supports previously calcined at >1473 K. On the other hand, the size of Pt metal particles did
not increase much on alumina coated with monolayer silica. The observed suppression of sintering of Pt metal particles resulted from the
retention of alarge surface area of alumina with athinner silicalayer. In the case of athicker silica layer, athough alarge surface area was
maintained after calcination at elevated temperatures, the existence of abulk silica-like property of the support did not favor the suppression

of sintering of Pt metal particles.
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1. Introduction

Sintering is a serious mode of deactivation in ametal cat-
alyst. In order to suppress the sintering of metal particles,
ametal catalyst is usually used in away of supporting it on
a refractory material. A large surface area is an important
requirement for a support material, on which metal particles
are highly dispersed for the purpose of suppressing their sin-
tering. Owing to their large surface area, transition alumi-
nas are most widely used as a catalyst support. However,
they readily transform to «a-phase alumina upon heating at
temperatures > 1423 K, accompanying a drastic decrease in
surface areato <10 m?g~1. Although silicais also alarge
surface area material, it has the disadvantage that metal par-
ticles grow more easily on it than on alumina[1,2].

It was found that coating an alumina surface with a thin
film of silicawas effectivefor the retention of alarge surface
area upon heating at elevated temperatures[3,4]. This find-
ing leads usto expect that the sintering of metal particleswill
be suppressed by supporting them on silica-coated alumina,
because its large surface area is maintained even after heat-
ing at elevated temperatures. However, silica coating would
not be effective if particle growth readily occurs on silica-
coated aluminajust as on silica. The purpose of the present
study is, therefore, to clarify in which fashion silica-coated
alumina behaves toward the sintering of supported Pt metal
particles, like silica or like alumina.
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2. Experimental

Theauminaused wasacommercially obtainable-phase
aumina (TM-100, Taimei Chemicals Co.), which was syn-
thesized by decomposing AI(NH4)CO3(OH)». Thisalumina
was coated with a thin film of silica in a manner such that
Si(OC2Hs)4 (TEOS; Kanto Chemical Co., Ltd.), previously
hydrolyzed with 1 N HNO3 (Wako Pure Chemical Indus-
tries, Ltd.), was added to an aqueous suspension of the alu-
mina powders, followed by the evaporation of water. There-
sultant mixture was calcined at 1073 K for 1 h. The amount
of TEOS added was varied so that the alumina surface was
covered with a single, double, and triple layer of silica. All
the samples were further calcined at 1373, 1473, 1573, and
1673 K for 1 h. Uncoated TM-100 and fumed silica (SIGMA
Chemical Co.) were also used as a reference catalyst sup-
port.

Pt metal catalysts were prepared by impregnating a sup-
port material with an aqueous solution of HyPtClg (Wako
Pure Chemical Industries), followed by the evaporation of
water and subsequent heating at 723 K for 3 hin flowing he-
lium. Metal loading was 1 wt%. The catalyst was sintered
by further heating at 1073 K for 6 h in flowing helium. In
this paper, in order to avoid any confusion, the heating of
catalyst supports and the Pt metal catalysts were referred to
as calcination/calcine and sintering/sinter, respectively.

XRD spectra were taken by using an MXP powder dif-
fractometer with a Cu Ko radiation (MAC Science Inc.),
which was operated at 40 kV and 20 mA. BET surface
area was measured with a Flowsorp Il adsorption appara-
tus (Simadzu Inc.). The coverage of the alumina surface
with a thin film of silicawas estimated by a benzal dehyde—
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Figure 1. Extent of the alumina surface covered with athin layer of silica
Amount of silica coating: 11.6 (o), 20.8 (¢), and 29.2 wt% (V).

ammonia titration method: NH3 was pulsed onto a cat-
alyst, on which benzaldehyde was previousy adsorbed,
followed by determining the amount of benzonitrile pro-
duced [5]. For the determination of the average size of
Pt metal particles, the amount of CO adsorbed on the cat-
ayst was measured by using a flow-type pulse adsorp-
tion apparatus. For the direct measurement of the parti-
cle size, TEM observation was carried out using a Joel
JEM-3010 electron microscope at an accel eration voltage of
300 V.

3. Reaultsand discussion

Since benzaldehyde is irreversibly adsorbed only on the
aluminasurface, not on the silicasurface, the extent of cover-
age with silica coating can be estimated from the amount of
benzonitrile produced from reaction of adsorbed benzalde-
hyde with pulsed NH3 [5]. Figure 1 illustrates the result.
Regardless of the amount of added silica, about 80% of the
alumina surface was covered with silica. This observation
leads us to conclude that as designed, most of the alumina
surface was covered with a single, double, and triple silica
monolayer by adding 11.6, 20.8, and 29.2 wt% silica, re-
spectively.

Figure 2 shows XRD patterns for uncoated alumina after
calcination at 1073, 1373, and 1473 K. While the starting
0-phase alumina was observed at a temperature <1373 K,
transformation to «-phase alumina was completed after cal-
cination at 1473 K. Figure 3 shows XRD patternsfor silica-
coated alumina after calcination at various temperatures. In
this case, the amount of silica coating was 11.6 wt%. As
shown, no «a-phase alumina was observed even after calci-
nation at 1473 K. The phase transformation was still incom-
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Figure 2. XRD patterns of uncoated alumina after calcination at various
temperatures: (¥) 6-Al,03 and (V) a-Al>03.

plete and mullite (3A1203-2Si0,) was formed after calci-
nation at >1573 K. It is described that irrespective of the
calcination temperature, no Si-containing crystalline phases
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Figure 3. XRD patterns of silica-coated alumina after calcination at various
temperatures. Amount of silica coating: 11.6 (¥) 6-Al»03, (V) a-Al»03,
and () mullite.
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Figure 4. BET surface area of samples after calcination at elevated tem-

peratures. Closed symbols are for uncoated alumina (e) and for fumed sil-

ica (H). Open symbols are for alumina coated with 11.6 (o), 20.8 (¢), and
29.2 wt% silica (V).

other than mullite were detected in the silica-coated alu-
mina. Very similar results were also obtained for the larger
amount of silica coating. It was, therefore, confirmed again
that silica coating considerably suppresses phase transfor-
mation to e-alumina. These findings support the validity of
the conclusion derived from benzaldehyde—ammonia titra-
tion that the alumina surface is covered with a thin layer of
silica.

For uncoated and silica-coated aluminas, BET surface
area is plotted in figure 4 as a function of the calcination
temperature. As a result of the suppression of phase trans-
formation, silica-coated aluminas exhibited quitealarge sur-
faceareaeven after calcination at elevated temperatures. The
surface areawas 60-97 m? g~1 at 1473 K and it remains 24—
37 m?g~1 at 1573 K. Without coating, on the other hand,
the surface area was as small as 9 m?g~1 at 1473 K and
6m?g1at1573K.

The size of supported Pt metal particles was determined
from CO chemisorption. Figure 5 illustrates the results be-
fore sintering. The mean diameter increased for all the sup-
ports with the elevation of their calcination temperature, re-
sulting from the decrease in their surface area. In agreement
with the literature [1], the diameter was always much larger
on silica than on uncoated alumina. It was also seen that
silica coating hardly affected the size of deposited Pt metal
particles. Figure 6 shows the particle size after sintering the
Pt catalyst at 1073 K for 6 h. A considerable increase in
the diameter of Pt metal particles was observed on al the
supports. Such an increase was marked on silica and on un-
coated alumina, especialy on those previoudy calcined at
>1473 K. The observed increase in the diameter was due to
the decrease in the surface area of these supports. As on un-
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Figure 5. Mean diameter of supported Pt metal particles before sintering.

Closed symbols are for uncoated alumina (e) and for fumed silica (H).

Open symbols are for alumina coated with 11.6 (o), 20.8 (), and 29.2 wt%
silica(v).

coated alumina, the diameter of Pt metal particles increased
with increasing calcination temperature on aumina coated
with 29.2 wt% silica. It isinteresting to note that the particle
size on this support is very similar to that on uncoated alu-
minaexcept for the sample calcined at 1073 K, although sur-
face area markedly differs from each other after calcination
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Figure 6. Mean diameter of supported Pt metal particles after sintering.

Closed symbols are for uncoated alumina (e) and for fumed silica (H).

Open symbols are for alumina coated with 11.6 (o), 20.8 (), and 29.2 wt%
silica(v).
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Figure 7. TEM images for Pt metal particles on uncoated alumina (a) and
on fumed silica (b) after sintering at 1073 K for 6 h. The dark spot in the
circle indicates a Pt metal particle.

at >1473 K. Since silica films with the thickness of atriple
monolayer are formed on alumina containing 29.2 wt% sil-
ica, high-temperature heating is expected to produce a bulk
silica-like character in this support, and as a result the diam-
eter of Pt metal particlesincreases.

For coating with 11.6 wt% silica, with which amonolayer
silica covered the aluminasurface, theincreasein the diame-
ter of supported Pt metal particles was markedly suppressed
to amost the same level irrespective of the calcination tem-
perature of the support. It can, therefore, be concluded that
bulk silica-like character does not appear for such athin sil-
icalayer, and this provides a favorable condition in the sup-
port for the suppression of the sintering of Pt metal parti-
clesonit. It is mentioned that mullite plays no role in sin-
tering of Pt metal particles, because mullite was formed in
all the silica-coated aluminas examined after calcination at
>1573 K.

The sintering behavior was confirmed by TEM observa-
tion for supported Pt metal catalysts. Fine particles with a
relatively uniform distribution are observed on uncoated alu-

Figure 8. TEM images for Pt metal particles on alumina with different

amounts of silica after sintering at 1073 K for 6 h. The amounts of silica

coats are 11.6 (a), 20.8 (b), and 29.2 wt% (c). The dark spot in the circle
indicates a Pt metal particle.

mina previously calcined at 1073 K: the size being 24 nm
(figure 7(a)). Compared with this, Pt metal particles with
inhomogeneous distribution, the size of which varies from
3 to 18 nm, are observed on silica for the same calcination
temperature (figure 7(b)). Figure 8 isfor sintered Pt catalyst
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supported on silica-coated aluminas previously calcined at
1473 K. In the case of 11.6 wt% silica coating, fine Pt metal
particles of 3-5 nm are distributed (figure 8(a)), while well-
grown particles of 7-20 nm are observed on alumina coated
with 29.2 wt% silica (figure 8(c)). On alumina coated with
20.8 wt% silica, Pt metal particleswith an intermediate size,
namely 3-13 nm, are observed (figure 8(b)). These observa-
tions are in line with the result from CO chemisorption.

It was reported that the direct contact between platinum
and alumina produced the Pt-Al,O3_, surface compound
or Pt—Al alloy, both of which did not chemisorb hydro-
gen [6-8]. One of the authors also reported the possible re-
duction of alumina deposited on Pt clusters to AIO, moi-
eties[9]. Sinceit is considered that the Pt-Al,O3_, surface
compound or Pt—Al alloy does not chemisorb CO, the pre-
cise size of Pt metal particles may not be determined from
the amount of CO chemisorption. However, it is expected
that no such compounds are produced in our supported Pt
catalyst system, because silica coating excludes direct con-
tact between platinum and alumina. Such an expectation was
supported by the fact that theresult of CO chemisorptionwas
in line with TEM observations.

4. Conclusions

Sintering of Pt metal particles was studied by supporting
them on silica-coated alumina. At the same calcination tem-
perature of the support, the particle sizewas much smaller on
uncoated aluminathan on silicabeforeand after sintering the
catalyst at 1073 K. The increase in the size of Pt metal par-
ticleswas highly suppressed by supporting them on alumina

coated with monolayer silica because of the retention of a
large surface area of the support even after high-temperature
calcination. Although a large surface area was also main-
tained by coating with athicker layer of silica, namely triple
monolayer, the sintering of Pt metal particles was not sup-
pressed, and this was attributed to the existence of a bulk
silica-like character of the support.

Acknowledgment

The authors are grateful to Mr. Yasutaka Fujimoto of the
Nagoya Ingtitute of Technology for TEM observation and
also to Dr. Velu Subramani, aresearch fellow of the National
Institute of Advanced Industrial Science and Technology, for
correcting the English.

References

[1] C.H. Bartholomew, in: Catalysis — Specialist Periodical Report,
Vol. 10 (Roya Soc. Chem., Thomas Graham House, Cambridge, 1992)
pp. 41-82, and references therein.

[2] C.H. Bartholomew, in: Catalyst Deactivation, Stud. Surf. Sci. Catal.,
Vol. 111, eds., C.H. Bartholomew and G.A. Fuentes (Elsevier, Amster-
dam, 1997) pp. 585-592, and references therein.

[3] T.Mori, T. Horiuchi, T. Igaand Y. Murase, J. Mater. Chem. 2 (1992)
577.

[4] T.Horiuchi, T. Sugiyamaand T. Mori, J. Mater. Chem. 3 (1993) 861.

[5] M. Niwa, S. Inagaki and Y. Murakami, J. Phys. Chem. 89 (1987) 2550.

[6] F.M. Dautzenberg and H.B.M. Wolters, J. Catal. 51 (1978) 26.

[7] G.J. Den Otter and F.M. Dautzenberg, J. Catal. 53 (1978) 116.

[8] K. Kumimori, T. Okouchi and T. Uchijima, Chem. Lett. (1989) 1513.

[9] S. Taniguchi, Y. Mori, T. Hattori, Y. Murakami and T. Mori, J. Chem.
Soc. Faraday Trans. | 85 (1989) 3135.



