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CO oxidation over Au/TiO, prepared from metal-organic
gold complexes
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A series of Au/TiO, catalysts has been prepared from precursors of various metal-organic gold complexes (Au,,, n = 2-4) and
their catalytic activity for CO oxidation studied. The Au/TiO, catalyst synthesized from a tetranuclear gold complex shows the best
performance for CO oxidation with transmission electron microscopy of this catalyst indicating an average gold particle size of

3.1 nm.
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1. Introduction

Although the early publications by Bond et al. [1,2]
and Parravano et al. [3,4] reported that small gold par-
ticles exhibited catalytic activity for some reactions, such
as hydrogenation of olefins and oxygen transfer reac-
tions, gold was generally considered to be catalytically
inactive [5]. Over the past 20 years, the volume of lit-
erature on the application of gold catalysts has been
steadily increasing since Haruta reported that highly
dispersed gold particles supported on metal oxides are
extremely active for CO oxidation [6,7]. Studies on high-
surface-area catalysts have shown that the catalytic
performance of gold catalysts depends strongly on the
size of the Au particles, with a maximum activity found
for particles with an average diameter ~3 nm [8].
Valden et al. [9] found that the size dependence of CO
oxidation on model catalysts is similar to that on high-
surface-area catalysts, and explained this size depen-
dence as arising from quantum size effects.

For the preparation of highly dispersed gold cata-
lysts, specific methods have been used, such as co-pre-
cipitation, deposition-precipitation, and chemical vapor
deposition [10]. Conventional impregnation methods,
which are widely used to prepare supported metal cat-
alysts, were thought to be ineffective in producing active
gold catalysts. Haruta reported that gold catalysts pre-
pared by the impregnation method using HAuCly as a
precursor, had a particle size larger than 30 nm, and
were catalytically inactive for CO oxidation [10].

Metal-organic and organometallic complexes have
been widely used in the synthesis of catalysts, however,
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the use of metal-organic or organometallic gold com-
plexes has been limited. Gates and coworkers reported
that a supported mononuclear gold complex was active
for ethylene hydrogenation at 353 K [11]. Recently,
Iwasawa and coworkers [12—16] prepared highly active
CO oxidation catalysts by grafting Au-phosphine com-
plexes onto as-precipitated Ti(OH);. They found that
the as-precipitated Ti(OH), was essential for obtaining
highly dispersed gold catalysts and the use of a con-
ventional TiO, support resulted in a much less active
catalyst with a particle size greater than 15 nm. Previous
work from our laboratories used a [Aug(PPh3)s](BF,),
complex to prepare Au catalysts by the impregnation
method on a conventional TiO, support; the resulting
catalyst was highly dispersed (<5 nm) and active for
CO oxidation [17]. Here we report a series of Au/TiO,
catalysts prepared from Au, (n = 2-4, number of gold
atoms in the complex) metal-organic complexes together
with their catalytic activity for CO oxidation.

2. Experimental

The Au/TiO, catalysts were prepared from metal-
organic gold complexes using conventional impregnation
methods. Gold complexes with a varying number of gold

atoms were used, including [Au,(dppm),](PF),,
Au;3(Phopz);,  [Aug(dppm)a(3,5-Phopz)](NO2),  and
Auy(form),, dppm = bis(diphenylphosphino)methane,

form = (p-tolyl)NCN(p-tolyl). The synthesis and struc-
tures of these complexes are reported elsewhere [18,19].
The amount of the particular gold complex was dissolved
in CH,»Cl, and mixed with TiO, (Degussa P-25) to obtain
a nominal gold loading of 1 wt% with respect to the TiO,
support. The mixture was stirred at room temperature for
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ca. 1 h, heated on a hot plate to evaporate the solvent, and
then vacuum dried overnight at 343 K. The as-synthesized
catalyst was reduced in hydrogen and helium mixture at
773 K for 3 h, followed by calcination in oxygen and
helium at 673 K for 0.5 h. After pretreatment, the
sample was cooled to the desired reaction temperature
for activity measurements. The catalysts prepared
from [Auy(dppm),](PFs),, Aus(Phypz)s, [Aus(dppm)x(3,5-
Ph,pz),](NO,),, and Auy(form), are designated as Au,,
Aus, Auy #1, and Auy #2, respectively.

The TEM data were acquired on a high-resolution
JEOL 2010 microscope at the University of New
Mexico. The catalytic activity tests were carried out in a
conventional flow reactor system. The products were
analyzed by a Varian 3400 gas chromatograph equipped
with a thermal conductivity detector and a carbosphere
column. Fifty milligrams of Au/TiO, were used in each
activity test, and the gas compositions were CO/O,/
He = 1:2:25 with a GHSV of 54,000 cm®/g/h for the
oxidation of CO, and CO/O,/H, = 1:2:50 with a
GHSYV of 100,000 cm?/g/h for the preferential oxidation
(PROX) of CO.

3. Results and discussion

Figure 1 shows the CO conversion as a function of
temperature over 1 wt% Au/TiO, catalysts prepared
from various gold complexes. The two samples prepared
from tetranuclear gold complexes were found to be more
active than those prepared from di- and tri- nuclear
complexes. The Auy #1 and Auy #2 catalysts showed
apparent CO oxidation activities at temperatures below
273 K, with the lowest temperature of CO oxidation
observed at about 220 K over the Auy/TiO, #1 sample.
The room-temperature CO conversion over the Auy #1
sample was over 90%, while no reaction was observed
over the Au, sample at the same temperature. The cat-
alyst lifetime tests showed that the catalytic activities of
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Figure 1. CO conversion as a function of temperature over 1 wt%
Au/TiO, catalysts. The data were measured in a mixture of CO/O,/He
(1:2:25) with a GHSV of 54,000 cm®/g/h.

the two Auy/TiO, samples decreased slowly with time,
with approximately 20% of their activities being lost in
the first 4 h at room temperature. Figure 2 shows the
Arrhenius plots for CO oxidation over the Au/TiO,
catalysts. The activation energies for these catalysts were
between 18 kJ/mol and 37 kJ/mol, consistent with the
literature values for CO oxidation over supported Au
catalysts [20].

The TEM image and the particle size distribution of
Auy/TiO, #1 are shown in Figure 3. Most of the gold
particles are in the range of 2-6 nm; the average Au
particle diameter is 3.1 nm with a percent deviation of
40%. The average gold particle sizes of the Au,, Au;
and Auy #2 samples are 7.7 nm, 4.8 nm and 3.0 nm,
respectively.

The preferential oxidation (PROX) of CO in excess
hydrogen was measured over the Auy/TiO, #1 catalyst.
Figure 4 shows the CO conversion and CO, selectivity
as a function of reaction temperature. At room tem-
perature, CO conversion was approximately 54% and
the selectivity for CO, was over 60%. As the reaction
temperature increased, both CO conversion and CO,
selectivity decreased, however, the CO, selectivity
dropped more quickly. From room temperature to
325 K, CO conversion was almost constant, whereas
CO, selectivity decreased from 62% to 23%.

These data show that Au/TiO, catalysts prepared
from certain metal-organic gold complexes are highly
active for CO oxidation. Using a particular precursor
complex is critical to obtaining a highly active gold
catalyst. Contrary to the assumptions by Haruta [10]
and Iwasawa [12-16], these results indicate that a highly-
dispersed gold catalyst can be prepared utilizing the
impregnation method and a conventional TiO, support.

Specific CO oxidation activities of Au/TiO, prepared
by various methods are compared in Table 1. The Au/
TiO, catalysts prepared from Auy complexes in this
work show similar activities as the gold catalysts pre-
pared using the deposition—precipitation method, and
are superior to those prepared by other methods.
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Figure 2. Arrhenius plots for CO oxidation over Au/TiO, catalysts.
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Figure 3. TEM image and gold particle size distribution of Auy #1/
TiO, catalyst.

Several factors may contribute to the high activity of
our Au/TiO, catalysts. First, the use of metal-organic
complexes as precursors avoids chloride. HAuCly is
widely used as a gold precursor in catalytic studies,
invariably leaving a certain amount of chloride residue
in the catalysts after preparation. Recently, both
experimental and theoretical studies have shown that
chloride can poison the catalytic performance of gold
catalysts for CO oxidation. Oh et al. [24] have shown
that chloride residue on a catalyst can promote
agglomeration of Au particles during heat treatment,
and can inhibit the catalytic activity by poisoning the
active site. Density functional calculations show that
chloride can act as a poison by weakening the adsorp-
tion of O, and lowering the stability of the CO-O,
intermediate complex [25]. Clearly metal-organic or
organometallic precursors provide an attractive route
for the preparation of chloride-free gold catalysts.

Another explanation for the high activity of our Au/
TiO, catalysts also relates to the use of metal-organic
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Figure 4. Preferential oxidation of CO on Auy #1/TiO,. The data
were measured in a mixture of CO/O,/H, (1:2:50) with a GHSV of
100,000 cm?/g/h.

precursor complexes. Upon deposition onto the oxide
support, these complexes interact with the surface OH
groups and become less mobile compared to gold atoms
deposited using HAuCly. Several studies have shown
that metal-organic and organometallic complexes are
capable of reacting directly with surface OH groups on
inorganic oxide surfaces, such as SiO,, Al,O3, and TiO,,
to form well-defined covalent bonds [26,27]. The organic
groups in metal complexes could be retained partially or
completely following deposition onto oxide supports.
For example, Iwasawa et al. showed that the cluster
framework of [Aug(PPh;)g](NO3); was virtually the
same after attachment to TiO, [28]. The framework can
inhibit agglomeration of gold particles during calcina-
tion. Altogether these factors prevent the sintering of
gold, and the well-defined structures of the gold com-
plexes lead to a narrow particle size distribution com-
pared to the deposition-precipitation method.

Our results show that the use of a specific gold pre-
cursor complex correlates directly with the gold particle
size and the catalytic activity of the resulting catalysts.
Gold complexes with varying charges and numbers of
gold atoms yield Au/TiO, catalysts with varying particle
size distributions. The detailed relation between the gold
atom number in the precursor and the charges on the
complexes to the resulting catalyst is a subject of
ongoing investigation.

The Au/TiO, catalysts show a potential application
for the PROX reaction, which is used to remove trace
amounts of CO from hydrogen for fuel cell applications.
The most widely used PROX catalyst in industry is
alumina-supported platinum, which operates at 423-
473 K [29,30]. Recently, Behm and co-workers studied
the PROX reaction over Au/Fe,O; and found that the
gold catalyst had comparable activity and selectivity to
that of Pt/Al,O3 at considerable lower temperature [30].
Recent theoretical studies showed that gold is more
selective than Pt for the PROX reaction at low
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Table 1
Comparison of CO oxidation rates on Au/TiO, catalysts prepared by different methods

Gold precursor Catalyst Prep.? T (K) Rate (mmol/ga,/s) Ref.
HAuCly 1% Au/TiO, IMP 300 2% 107° [8]
HAuCl, 1% Au/TiO, FD 300 2% 107° [8]
AuPPh;NO; 3% Au/TiO, IMP 313 6x1073 [15]
HAuCly 1.7% Au/TiO, AuC 300 0.01 [21]
HAuCly 2.3% Au/TiO, IMP 313 0.05 [22]
Me,Au(acac) 4.6% Au/TiO, CVD 262 0.05 [23]
AuPPh;NO; 3% Au/Ti(OH),4 IOH 300 0.05 [15]
Me,Au(acac) 2.4% Au/TiO, CVD 293 0.06 [23]
HAuCly 2.3% Au/TiO, DP 300 0.2 [8]
Aug(PPh;)s(BF4), 1% Au/TiO, IMP 293 0.3 [17]
HAuCly 3.1% Au/TiO, DP 300 0.6 [8]
Auy(form), 1% Au/TiO, IMP 300 0.7 b
[Aus(dppm),(3,5-Phypz),],(NO3), 1% Au/TiO, IMP 300 3 b

4IMP, impregnation of oxides; FD, photodecomposition; DP, deposition—precipitation; CVD, chemical vapor deposition.

®Present work.

temperature [31]. Our Au/TiO, catalysts exhibited com-
parable reaction rates and selectivities to those found for
Au/Fe,O5 prepared by the co-precipitation method.
Although the CO conversion is insufficient for applica-
tion to fuel cells, the low-temperature activity of gold
catalysts has distinct advantages over Pt-based catalysts.

4. Conclusions

The present work shows that highly active Au/TiO,
catalysts can be prepared from specific metal-organic
gold complexes and a conventional TiO, support uti-
lizing the impregnation method. The catalytic activity
and the particle size of the gold catalysts strongly
depend on the gold complexes, and the Au/TiO, with
the maximum CO oxidation activity was prepared from
a Auy complex. The catalysts also showed promising
results for the PROX reaction.
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