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Gold was neglected as a catalytic metal in the history of
heterogeneous catalysis for more than 100 years. However,
when gold is deposited as nanoparticles (NPs) on basic
transition-metal oxides, it exhibits unique catalytic perfor-
mance, for example, the catalysis of the oxidation of carbon
monoxide at a temperature as low as —70°C.1!

As conventional impregnation does not lead to the high
dispersion of small gold NPs, several methods for catalyst
preparation have been developed.! One of the most fre-
quently used techniques is the deposition—precipitation (DP)
method, in which Au(OH); embryos generated from HAuCl,
by treatment with NaOH are precipitated and deposited
exclusively on the surfaces of basic metal oxides; these
deposits are then transformed into gold NPs with diameters
smaller than 5nm by calcination.? Modified catalyst-
preparation methods, such as DP urea, in which urea is used
instead of NaOH as the precipitating agent,®! and the
incipient wetness method™ have also been used. However,
these methods are not applicable to supports that have a low
point of zero charge, such as acidic metal oxides (e.g. SiO,-
Al O;), carbon materials, and organic polymers. Accordingly,
gold colloids prepared beforehand were immobilized by
mixing with carbon to produce carbon-supported gold
catalysts.’! Therefore, other new versatile methods are
required for the direct deposition of Au clusters from Au
precursor compounds onto various kinds of support materials.
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The catalytic transformation of biomass-derived natural
resources into valuable compounds is of great importance for
sustainable developments.! In particular, the aerobic oxida-
tion of glucose to gluconic acid over transition-metal catalysts,
including Pd, Pt, and Au, has been studied during the last two
decades.*™'? Gold catalysts for this transformation have
been studied extensively,*’'? as Rossi and co-workers
reported that gold NPs supported on activated carbon (AC)
showed high catalytic activity and high selectivity in the
oxidation of glucose to gluconic acid in 2002.) The reaction
conditions, the reaction mechanism on AuW/AC’ and Au
colloids,"”! the effect of the size of the gold particles,"™
reproducibility and the durability of Au catalysts,'!l and the
preparation of the catalyst’! have been investigated inten-
sively. However, these approaches are limited to unsupported
Au colloids and Au NPs supported on AC, TiO,, and AL O;.

Recently, we developed a new preparation method, solid
grinding (SG), by using a volatile organogold complex,
[Me,Au(acac)] (acac =acetylacetonate), and succeeded in
depositing Au clusters smaller than 2 nm in diameter onto
porous coordination polymers."*) We deposited Au clusters
onto several kinds of metal oxides and carbon supports by this
SG method. Herein we report on the effects of the support
and the size of the particles on glucose oxidation over various
supported Au catalysts, which were prepared by two methods,
DP and SG.

The size of Au particles depended strongly on the
preparation method. The deposition—precipitation method
could stabilize Au NPs on ZrO, (with a mean diameter of
3.7 nm), TiO, (2.9 nm), and CeO, (4.0 nm). However, large
Au NPs were formed simultaneously with small Au NPs on
Al,O;, so that a mean diameter of 4.3 nm was observed.

In the SG method, [Me,Au(acac)] and the carbon
supports AC, which is microporous, and nanoporous carbon
(NPC), which has 2 nm mesopores and hollow cores, were
ground in an agate mortar and in a ball mill (300 rpm),
respectively, in air at room temperature for 20 to 30 min and
then subjected to calcination at 300°C for 4 h. Solid grinding
gave Au clusters and small NPs deposited on the carbon
supports, especially on NPC. The mean diameters of the Au
particles on NPC were calculated by HAADF STEM (high-
angle annular dark-field scanning transmission electron
microscopy) and TEM to be 1.9 and 2.6 nm, respectively
(Figure 1a,b).

During the optimization of the grinding conditions, we
found that ball milling (350 rpm for 1 h) was favorable for
metal oxides in contrast to organic polymers and carbon
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Figure 1. HAADF STEM images of a) Au/NPC (SG) and c) Au/Al,O;
(SG), and the size distribution of Au particles on b) NPC and d) Al,O;.
Orange and green bars indicate data obtained from HAADF STEM and
TEM images," respectively.

materials. It is likely that harder metal-oxide

ure 2a). Some fractions of the Au™ precursors adsorbed on
TiO, and CeO,, however, might be reduced by the support at
the M*" cation radical or oxygen radical sites on the surfaces
during ball milling in air (steps2 and 3 in Figure 2b). This
hypothesis would explain the observed color change from
white to mauve. Once Au’ seed crystals had formed on the
supports, they enhanced the reduction of Au™ on the surface
of the gold seed crystals and thus caused the growth of large
Au NPs. Although the size of the Au particles formed by SG
and DP was similar for CeO,, a smaller amount of Au
precursors could be adsorbed onto CeO, by SG than the DP.
The catalytic performance of the supported gold nano-
particles was first tested for the oxidation of CO in the gas
phase (Figure 3). Solid grinding was advantageous over DP
for the preparation of Au/Al,O; and Au/ZrO, owing to the
smaller size of the Au particles. However, the nature of the
support affected the catalytic activity more strongly. Lower
catalytic activity was observed with nonreducible Al,O; than
with reducible metal oxides, such as ZrO,, TiO,, and CeQO,,
which can form oxygen-vacancy sites at the perimeter
interfaces of Au particles. Gold NPs exhibited no catalytic
activity at all at temperatures up to 120°C when they were
deposited on carbon materials and polymers. Similarly, no
catalytic activity was observed for gold NPs on carbon
supports and polymers in the gas-phase oxidation of H,.
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tive supports, in particular, TiO,. Guzman and
Gates also investigated the mechanism of the “lHeating, 0,
ligand exchange of [Me,Au(acac)] with the sur- e

face hydroxy groups of ALO; (step1 in Fig-
ure 2a)."" In our experiments, the Au™ precursors
adsorbed on Al,O; as a result of ball milling were
stable in air for 1 h. They were then reduced to

form Au’ clusters by calcination (step 2 in Fig-

www.angewandte.de

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

OH H OH OH
O\l AN _/o\l LI /0\ | P
] (TR Ti* Qi

Figure 2. Probable pathways for the reaction of [Me,Au(acac)] with a) Al,O; and
b) TiO, to form Au particles.
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Figure 3. Comparison of the catalytic activities of metal-oxide-sup-
ported Au NPs prepared by SG and DP. T, is the temperature for
50% conversion in the gas-phase oxidation of CO. Reaction condi-
tions: CO (1 vol %) in air, Au catalyst (150 mg), space velocity:
20000 mLg.,.'h™".

Next, the oxidation of glucose was studied by bubbling
oxygen through a 5 wt % aqueous solution of glucose at a flow
rate of 120 mLmin~" at 50°C and pH 9.0 in the presence of Au
catalysts under ambient pressure. In contrast to CO oxidation,
the catalytic activity observed for glucose oxidation over Au
catalysts was influenced more significantly by the size of the
Au particles than by the nature of the support, as indicated by
the turnover frequency (TOF) per surface Au atom
(Figure 4). The selectivity for the formation of gluconic acid
was always very high at above 98%.
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Figure 4. Turnover frequencies for glucose oxidation (glucose reacted
(mol) per number of surface Au atoms (mol) per second) versus the
diameter of the Au particles. Filled and open symbols indicate samples
prepared by SG and DP, respectively. Reaction conditions: 5 wt%
glucose solution (175 mL), Au catalyst (30 mg), O, (120 mLmin™"),
50°C, pH 9.0.

The highest catalytic activity was observed for
Auw/ZrO, (SG), with a turnover frequency of
45 MOlyyeose MOLgyrpace xS~ at 50°C and pH 9.0. The highest
TOF per surface Au atom reported to date was 42 s~' at 50°C
and pH 9.5.° As the reaction rate of glucose oxidation
increases with an increase in pH,®! the TOF of Au/ZrO, (SG)
reached 56s™' at 50°C and pH9.5. To the best of our
knowledge, this value is the highest reported to date for
glucose oxidation catalyzed by gold NPs.
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Comotti et al. reported that the catalytic activity of Au
NPs for glucose oxidation was detectable only when Au was
smaller than 10 nm and that it was inversely proportional to
the diameter of the Au particles in the range of 3-6 nm.*”
This result indicates that the catalytic activity per surface Au
atom is independent of the diameter of the Au particles. In
contrast, metal-oxide-supported Au catalysts in this study
showed an increase in TOF with a decrease in the diameter of
the Au particles. Although the size dependencies of the TOF
values in our study and that of Commoti et al. were different,
the size of the Au particles appears to be the most important
parameter. Glucose oxidation in the liquid phase may occur at
the Au surfaces rather than at the perimeter interfaces
between Au particles and the supports, in contrast to the gas-
phase CO oxidation.!"

The rate of glucose oxidation is expressed by Equa-
tion (1):.

r = k[glucose]* [O,]° = k'[glucose] (k' = k[O,]") 1)

The reaction was estimated to be 0.4 order with respect to
glucose for Au/Al,O; and 1.0 order for Au/NPC in the
presence of excess oxygen.' Beltrame et al. reported zero-
and first-order dependence on glucose and oxygen, respec-
tively, for unsupported Au colloids.'”? However, at lower
glucose concentrations, when oxygen was present in excess
relative to glucose, the reaction order with respect to glucose
became close to 0.4, the value estimated for the reaction
with our Au/Al,O; catalyst.

We derived Arrhenius plots for the temperature range
from 40 to 70°C."! The catalytic activity of Au/ALO; was
comparable to that of Au/ZrO, (DP) and slightly higher than
that of Au/carbon at 70°C. However, Au/Al,O; maintained a
higher catalytic activity than that of Au/ZrO, (DP) at lower
temperature. The apparent activation energies were calcu-
lated to be 27, 53, 72, and 96 kJmol ™' for Au supported on
Al,O; (SG), ZrO, (DP), NPC (SG), and AC (SG), respec-
tively. The apparent activation energy for glucose oxidation
over unsupported Au colloids was reported to be
47 kIJmol "' The activation energies differed according to
the nature of the support and tended to be lower for Au on
metal oxides. The catalytic activity of Au/carbon was
depressed appreciably at temperatures below 50°C. It can
be assumed that carbon materials participate in only weak or
no metal-support interactions®™ and adsorb glucose to a
certain extent owing to the large specific surface area. These
features may explain the stronger dependence of the reaction
rate on glucose concentration and the reaction temperature
with carbon supports than with metal-oxide supports. In
contrast, metal-oxide supports might affect Au clusters
electronically; such effects may lead to the weaker rate
dependencies than those observed with Au/carbon and
unsupported Au colloids.

In summary, we have explored simple but efficient
methods for the preparation of small Au NPs on a variety
of support materials. In particular, the solid grinding (SG) of a
volatile organogold complex with a nonreducible support can
lead to the formation of Au clusters that exhibit excellent
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catalytic performance in the oxidation of glucose. We have

reached the following conclusions:

1) The catalytic mechanism of Au seems to be completely
different for gas-phase and liquid-phase oxidation reac-
tions. As far as the gas-phase oxidation of H, and CO and
the liquid-phase oxidation of glucose are concerned, the
appropriate selection of the support material is more
important for the gas-phase reactions, whereas the control
of the size of Au particles is more critical in the liquid
phase.

2) For glucose oxidation, the influence of the support and the
size of Au NPs was discussed comprehensively for a
variety of support materials. Gold on ZrO, (SG) exhibited
extremely high catalytic activity with TOF values per
surface Au atom of 45s™" at 50°C, pH 9.0 and 56" at
50°C, pH9.5.

3) The most suitable method for Au deposition depends on
the support.

Experimental Section

Solid grinding: A metal oxide (3.0 ¢g), [Me,Au(acac)] (50 mg for
1 wt % loading of Au), and acetone (10 g for AL,O;) were ground by
ball milling (350 rpm) at room temperature for 1 h. The product was
reduced by calcination in air at 300°C for 4 h. Grinding of carbon
materials was performed without solvents. The grinding conditions
were 300 rpm for 300 min in a ball mill (NPC) and for 30 min in an
agate mortar (AC), respectively.
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