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Supported Au nanocatalysts have very high activities in some
important industrial reactions, including oxidation of CO and
hydrocarbons, water-gas-shift (WGS) reactionOF production
from H, and Q, removal of CO from hydrogen steams, and
selective epoxidatiol:’® Most of these reactions are currently
catalyzed by platinum-group metals. Because of the relatively lower
cost and greater availability of gold compared to those of the
platinum-group metals, supported Au nanocatalysts could potentially
replace expensive platinum-group metal catalysts in such reactions.
However, the direct applications of the supported Au nanocatalysts
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to the above industrial processes have been hampered by severatigyre 1. Light-off curves of as-synthesized (a) and calcined (b) Ay

problematic issues. One of the key issues is the stability of the
gold nanocatalysts against sintering under reaction conditions.
Accordingly, ultrastable supported Au nanocatalysts that are
particularly impervious to high temperature treatments in an
oxidizing atmosphere are extremely desirable to industrial applica-
tions because most of the above-mentioned reactions invojve O
and proceed at high temperature.

One of the strategies in developing ultrastable supported Au
nanocatalysts is to find a suitable substrate capable of efficiently
stabilizing supported Au nanoparticles. For example, we have
recently developed highly stable Au nanocatalysts supported on
brookite nanoparticlest Goodman and co-workers have reported
the stabilization of highly active Au nanopatrticles by surface defects
via the substitution of Si with Ti in a silica thin film networR.

P25 and Au/P25.

as-synthesized catalysts were highly active for CO oxidation.
Catalyst Au/P25 exhibited a higher activity with B, the
temperature at which 50% conversion of CO to @@s achieved,

as low as—55 °C. The Ty value for the Au/AbOs/P25 was—40

°C. Even though both catalysts displayed a decreased activity after
calcination, Au/AyO3/P25 was still highly active and reached 50%
CO conversion at a relatively low temperature-df7 °C. However,
catalyst Au/P25 was considerably deactivated by calcination and
reached 50% conversion at a much higher temperature of@25
Clearly, the surface modification of the Ti(anocrystals with
aluminum oxide significantly improved the stability of the supported
Au nanopatrticles and had little effect on the gold loadings of the

Herein, we present another strategy for the preparation of ultrastableresulting catalyst supports through DP (see Supporting Information).

supported Au nanocatalysts by deposition of Au nanoparticles on
a surface-modified nanocrystalline TiOThe external surface of
the nanocrystalline Ti@was modified by aluminum oxide via a
surface sotgel process (SSP¥.1” The essence of this surface-
modification technique is to allow the control of interfacial thickness
and composition with molecular precision based on self-limiting
surface reaction:17

The Au nanoparticles were deposited by a depositfmecipita-
tion (DP) processon the nanocrystalline TiQvhose surface was
modified with AlL,O3 surface layers through SSP. The stabilization
of Au nanoparticles was achieved through their interfacial interac-
tion with the amorphous AD; surface layers. Such interaction was
the key factor in giving rise to the ultrastable Au nanocatalysts

The TEM images of the as-synthesized and calcined AQ#AI
P25 and Au/P25 catalysts and high-resolution TEM (HRTEM)
images of the as-synthesized and calcined AuDAIP25 catalyst
are shown in Figure 2. The Z-contrast STEM images recorded at
an identical magnification show that the as-synthesized Au/P25
[Figure 2a] and Au/AIOs/P25 [Figure 2c] catalysts have a similar
Au nanoparticle population and particle-size distribution. (For Au
particle size distribution calculated from their TEM images, see
Figure s3, Supporting Information.) The tiny, highly uniform bright
spots (0.8-4.0 nm diameter) in Figure 2a,c correspond to the
deposited gold precursor species. After calcination, Au hanopatrticles
supported by the surface-unmodified P25 showed significant
sintering to form large Au particles presented in Figure 2b. The

that resisted sintering under high-temperature treatments. In sharpsize of Au particles is generally greater than 5 nm and up 36

contrast, the Au nanoparticles supported on the corresponding
unmodified-surface nanocrystalline Ti€howed very poor stability
under identical treatments, as observed previotisly.

The detailed information for the synthesis and characterization
of the Au nanocatalysts as well as gold loadings is included in the
Supporting Information. The calcination was carried out at 800
for 2.5 h in premixed 8% ©-He with a heating rate of 10C/
min. Figure 1la compares the light-off curves of the as-synthesized
gold catalyst supported on Degussa P25;Tih that for Al,Os-
modified external surfaces (Au/&Ds/P25). Figure 1b compares
the same catalysts after calcination. Before calcination, these two
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nm. (For additional TEM images taken at lower magnification, see
Supporting Information.) However, the size of the Au nanoparticles
supported on the surface-modifiecb@®/P25 support increased only
slightly after the calcinations (generally in the-& nm size range,
see Figure 2d). The HRTEM images and EDX measurements of
the as-synthesized Au/fD4/P25 catalyst [Figure 2e] revealed that
the surface of TiQwas covered by amorphous aluminum-oxide
layers and the Au nanoparticles were deposited g@£dmorphous
layers (see the Supporting Information for additional HRTEM
images). After calcination, the Au nanoparticles remained attached
on the amorphous aluminum oxide layers with clearly visible lattice

10.1021/ja053191k CCC: $30.25 © 2005 American Chemical Society
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the surface-unmodified Au/anatase catalyst, further supporting the
importance of surface modification (see Supporting Information,
Figure s1) for controlling catalyst stability. The light-off curves
for the as-received and calcined reference gold catalysts supplied
by the World Gold Council are included in Supporting Information
for comparison purposes. For the latter catalyst, significant deac-
tivation was also observed following calcination (Supporting
Information Figure s2).

In summary, the surfaces of Tithanoparticles of P25 and
anatase were modified with amorphous aluminum oxide using a
surface sotgel process. Ultrastable Au nanocatalysts were prepared
by the deposition of Au nanoparticles on the surface-modified TiO
using a DP method. The TEM analysis showed that Au nanopar-
ticles on the surface-modified supports were less susceptible to
sintering during high-temperature calcination. The HRTEM analysis
revealed that the surface of the Ti@anoparticles was covered by
an amorphous aluminum-oxide layer and the Au nanoparticles were
primarily anchored to this amorphous layer. This amorphous
aluminum-oxide layer played an extremely important role in the
stabilization of the supported Au nanoparticles without affecting
catalytic activities. The surface modification of nanocrystal supports
can be a viable route to tailor the stability and activity of supported
catalysis systems. The detailed structural mechanism for the
enhanced stability is currently under investigation.
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