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Supported gold catalysts were prepared by a deposition–
precipitation method and characterized to understand the different
activities for CO oxidation with different pretreatment conditions.
Gold catalysts supported on Fe2O3, TiO2, and Al2O3 showed de-
creasing activity with increasing calcination temperatures, with the
Al2O3-supported catalyst showing activity substantially lower than
that of the other two catalysts. X-ray photoelectron spectroscopy
(XPS) and X-ray absorption fine structure (XAFS) studies showed
the phase transition of gold from Au(OH)3 through Au2O3 to metal-
lic gold with increasing calcination temperatures for all catalysts.
In addition to the particle size of metallic gold, the oxidation states
of gold were proven to be important for CO oxidation. The oxi-
dized gold species were more active than metallic gold. Further-
more, facile formation of the interface between gold and support
appears to be critical for high CO oxidation activity of supported
gold catalysts. c© 1999 Academic Press

Key Words: CO oxidation; Au/Fe2O3; Au/TiO2; Au/Al2O3; XAFS;
XPS; oxidation state of gold.
INTRODUCTION

Gold has been regarded as a far less active catalyst than
the platinum-group metals because of its chemically inert
character and its low dispersion on common support mate-
rials (1). Therefore its use in catalysis has been restricted to
a limited number of hydrogenation and oxidation reactions
(1, 2). In general, these Au catalysts, commonly prepared
by conventional impregnation techniques, are active only
at elevated temperatures.

Recently, Haruta et al. (3–7) reported that gold particles
smaller than 10 nm could be formed on Co3O4, α-Fe2O3,
NiO, and Be(OH)2 through coprecipitation and that these
Au catalysts were active in the oxidation of CO at a tem-
perature as low as 200 K. For gold catalysts supported on
TiO2, α-Fe2O3, and Co3O4, turnover rates for CO oxidation
per surface gold atom were reported to be almost inde-
pendent of the kind of support oxides used, yet they in-
1 To whom all correspondence should be addressed.
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creased sharply with a decrease in the diameter of gold par-
ticles below 4 nm. Small gold particles not only provided
sites for the reversible adsorption of CO but also appre-
ciably increased the amount of oxygen adsorbed on the
support oxides. These novel supported Au catalysts were
reported to show increasing activity in the presence of wa-
ter, unlike traditional metal oxide catalysts such as Hop-
calite catalysts (mixed oxides composed mainly of Mn and
Cu), but in agreement with more recently reported catalysts
for low-temperature CO oxidation such as Pt or Pd/SnO2

(8) and supported PdCl2–CuCl2 catalysts (9–11). Haruta
and co-workers (12, 13) studied the relation between the
particle size of Au and the calcination conditions for TiO2-
supported Au catalysts prepared by deposition–precipita-
tion. They also observed that physically mixed Au and TiO2

samples showed a low catalytic activity, yet exhibited grad-
ual improvement with increasing calcination temperatures.
It was concluded that the catalytic activity of Au/TiO2 was
sensitive to the structure of the perimeter interface between
Au and TiO2. Bollinger et al. (14, 15) reported that even im-
pregnated Au/TiO2 could become active catalysts after se-
quential pretreatments consisting of high-temperature re-
duction at 773 K, calcination at 673 K, and low-temperature
reduction at 473 K but that deactivation was observed over
a long period of time under reaction conditions. They also
found that deposition of TiOx overlayers onto an inactive
Au powder produced high activity (15). From these findings
they argued that an electronic effect of small Au particles
was not the major factor contributing to the unusual activity
of Au/TiO2 catalysts but more important was the formation
of active sites at the Au/TiO2 interface produced by the mo-
bility of TiO2 species.

Pantelouris et al. (16) conducted the X-ray absorption
spectroscopy for various Au compounds and reported that
the absorption edge shift was not directly observable in
the Au LIII X-ray absorption near edge structure (XANES)
spectra for the Au0, Au+, and Au3+ compounds. In X-ray
absorption fine structure (XAFS) studies of impregnated
Au/γ -Al2O3 and Au/MgO catalysts (17, 18), two distinct
phases of gold were found. A part of gold was structurally
0021-9517/99 $30.00
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similar to metallic Au; the rest was present in the form
of either two-dimensional or atomically dispersed clusters,
carrying a formal charge of +1. A study of Au LIII XAFS
was made on ultrafine gold particles supported on beryl-
lium hydroxide (Au/Be(OH)2) and magnesium hydroxide
(Au/Mg(OH)2) (19). It was proposed that the catalytic ac-
tivity for CO oxidation arose from the presence of Au–Au
coordination in Au/Be(OH)2 and Au/Mg(OH)2, although
in the latter Au–Au and Au–O coordination coexisted in
the most active catalysts. Surface characterization of sup-
ported Au catalysts with X-ray photoelectron spectroscopy
(XPS) has been conducted. Gardner et al. (20) examined
Au/MnOx before and after pretreatment in He at 328 K
and reported that the pretreatment enriched the gold part
of the surface of this catalyst and decreased the surface
oxygen concentration on MnOx. Epling et al. (21) reported
that the near-surface region of the Au/α-Fe2O3 catalyst con-
tained more Au than that of the Au/Co3O4 catalyst and that
Au was present as gold crystallites with small amounts of
Au(OH)3. Haruta et al. (7) observed gold clusters lying elec-
tronically between metal Au0 and cations Au+ or Au3+ in
Au–Fe coprecipitates that were calcined at 573 K. However,
these materials were not catalytically more active than the
samples without gold clusters. From this result, they con-
cluded that metallic Au particles were responsible for CO
oxidation.

Until now, the active phase of gold has been studied with
catalysts prepared mostly by coprecipitation whose surface
area and exposed gold concentration changed with pre-
treatment conditions. Even for TiO2-supported Au catalysts
prepared by deposition–precipitation, the catalytic activ-
ity has been compared after fully reducing gold compound
into metallic Au (12, 13). This might have made the con-
clusions regarding the active phase of gold equivocal. In
this study, similar surface areas and exposed gold con-
centrations are established by preparing catalysts with the
deposition–precipitation method where gold particles de-
posit onto a preformed oxide from a Au-containing so-
lution. In addition to known active supports of TiO2 and
Fe2O3, gold supported on γ -Al2O3 is also studied for com-
parison. The effects of the oxidation state of gold on the
catalytic activity for CO oxidation in dry and wet condi-
tions are studied.

EXPERIMENTAL

Preparation of Catalysts

The deposition–precipitation method was used to pre-
pare the supported Au catalysts. Support materials were
Al2O3 (Alfa, surface area= 170 m2/g), TiO2 (JRC-TIO4,

surface area= 50 m2/g), and Fe2O3 (calcined at 873 K after
precipitation from Fe(NO3)2 · 6H2O with 1 N NaOH, sur-
face area= 16 m2/g). Gold precursor was HAuCl4 · 3H2O
D LEE

(Aldrich, 99.9%). Each of these supports was dispersed in
an aqueous solution of HAuCl4 at 343 K. The pH of the sup-
port dispersion was adjusted to 8 with the addition of 0.1 N
NaOH. This aqueous dispersion was stirred for 2 h at the
adjusted pH, filtered, and then washed with hot distilled wa-
ter several times to remove residual Cl− species. The cake
was dried at 373 K in a dry oven and calcined for 5 h at
different temperatures and under different conditions.

The gold contents were determined with Perkin–Elmer
AAS 5100PC. TiO2- and Fe2O3-supported Au catalysts
containing Au contents high enough for spectroscopic char-
acterizations showed such high activities that it was impossi-
ble to carry out rate measurements over the desired temper-
ature range. Therefore, two kinds of catalysts were prepared
with different gold contents for each support. The catalyst
with the lower Au loading was prepared for the activity test
in dry and wet conditions and the catalyst with the higher Au
loading was prepared for spectroscopic characterizations.
Gold loadings were 0.15 and 0.21 wt% for TiO2-supported
Au catalysts and 0.26 and 1.16 wt% for Fe2O3-supported Au
catalysts. The 1.85 wt% gold loading was used for Al2O3-
supported catalysts for both purposes.

CO Oxidation

The rates of CO oxidation were measured in a small
fixed-bed reactor packed with catalyst powders of 100/120
mesh. A standard feed gas of 1.0 vol% CO and 10 vol% (or
5 vol%) O2 balanced with nitrogen was passed through the
catalyst bed at atmospheric pressure. All the experiments in
the dry condition were performed after pretreatment of the
sample with air at 373 K for 1 h to remove adsorbed H2O.
For activity tests under the wet condition, the reaction gases
were directed through a water vapor saturator immersed in
a constant temperature bath and fed to a reactor through
a glass line warmed by a heating tape. The conversion of
CO was determined through gas chromatographic analy-
sis (HP5890A, molecular sieve 13X column) of the effluent
from the reactor. The reaction rates were measured under
the conditions of an integral condition in the presence of
an excess of oxygen. It has been reported that the reaction
rate is slightly dependent on the concentration of O2 over
this type of catalyst (7).

Characterization of Catalysts

X-ray photoelectron spectroscopy (XPS) measurements
were conducted with a Perkin–Elmer PHI 5400 ESCA
spectrophotometer with monochromatic Mg Kα radiation
(1253.6 eV). After fresh catalysts were treated under dif-
ferent gas flows and at different temperatures, they were
pressed into a pellet and transferred to a test chamber.

Spectra were collected with an analyzer pass energy of
89.45 eV and an electron takeoff angle of 70◦. The vac-
uum in the test chamber during the collection of spectra



            

R
CO OXIDATION OVE

was maintained below 5× 10−9 Torr. Sun Sparc Station 4
was utilized for data acquisition and curve fitting. Binding
energies were corrected for surface charging by referencing
them to the energy of C1s peak of contaminant carbon at
285.0 eV. The XPS Au 4 f binding energies of bulk metallic
Au, Au2O3, and Au(OH)3 are 83.9, 86.3, and 87.7 eV for
4 f7/2 and 87.7, 89.6, and 91.4 eV for 4f5/2, respectively. The
4 f5/2 and 4 f7/2 doublet corresponds to final states with total
angular momentum J−=L− S= 5/2 and J+=L+ S= 7/2,
respectively. The intensity ratio of these lines is given by the
ratio (2J−+ 1)/(2J++ 1). Thus, the value is 3 : 4 for f5/2 to
f7/2. We made an attempt to decompose the two envelopes
of multiplet peaks by fixing components at 83.9, 86.3, 87.7,
89.6, and 91.4 eV using a curve fitting procedure based on a
nonlinear least-square algorithm (22). Because the compo-
nent at 87.7 eV reflects both metallic Au and Au(OH)3, the
intensity ratio described above was taken into account when
this peak was deconvoluted. The homogeneous assumption
was adopted for sensitivity factors of Au compounds.

The XAFS spectra were taken in a transmission mode for
the LIII-edge of Au at beamline 10B of the Photon Factory
in the National Laboratory for High Energy Physics (KEK)
operating at 2.5 GeV with ca. 250–350 mA of stored current.
The detector gases were Ar (15%)+N2 (85%) for the in-
cident beam and Ar (50%)+N2 (50%) for the transmitted
beam. The samples were pressed into thin self-supporting
wafers and mounted in a Pyrex controlled atmosphere spec-
troscopic cell with Kapton windows where the sample could
be treated under different gas flows and temperatures. Spec-
tra of the Au LIII edge were recorded at room temperature
after pretreatment in air and during CO oxidation reac-
tion for the samples still under the atmosphere of treating
gases in the cell. In addition to catalysts samples, XAFS data
were also obtained for Au foil, Au2O3, and Au(OH)3 sam-
ples as references. They were analyzed by the UWXAFS
3.0 package licensed from University of Washington. The
standard analysis procedure is described elsewhere in detail
(23).

Bright-field images of transmission electron microscopy
(TEM) were obtained using a Philips CM 200 TEM oper-
ated at 200 kV. Samples were finely ground in a mortar to
fine particles and then dispersed ultrasonically in methanol.
The sample was deposited on a Cu grid covered by a holely
carbon film for measurements. The mean diameter of the
Au particles was determined by observation of more than
100 particles.

RESULTS

Au/TiO2 Catalysts

The rates of CO oxidation over Au/TiO2 shown in Fig. 1

indicate that with increasing calcination temperatures the
catalytic activity decreases in both the presence (the wet
condition) and the absence (the dry condition) of water
SUPPORTED GOLD 3

FIG. 1. The rate of CO oxidation at 323 K over Au/TiO2 catalyst con-
taining 0.15 wt% Au prepared at different calcination temperatures. The
reactants, 1 vol% CO and 5 vol% O2 in N2, were fed directly to the catalyst
in the dry condition (open points) and the reactants were directed through
a water vapor saturator maintained at 273 K to obtain the wet condition
(filled points).

vapor. In all cases, the wet condition gave higher reaction
rates. Figure 2 shows that the rates of CO oxidation are
lower upon pretreatment in the reducing condition than in
the inert condition, and the oxidizing pretreatment of the
catalyst gave the highest activity. Each curve in Figs. 1 and 2
was acquired successively without intermittent air exposure
between dry and wet conditions for the same catalyst. The
reaction rates in the wet condition were the same as those

FIG. 2. The rate of CO oxidation at 303 K over Au/TiO2 catalyst
containing 0.15 wt% Au prepared at different calcination atmospheres

at a fixed calcination temperature of 373 K. The reactants, 1 vol% CO
and 5 vol% O2 in N2, were fed to the catalyst in the dry condition (open
points) and the reactants were directed through a water vapor saturator
maintained at 273 K to obtain the wet condition (filled points).
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FIG. 3. Au LIII XANES of Au/TiO2 catalysts containing 0.21 wt%
Au prepared with increasing calcination temperatures and Au reference
samples.

obtained when the previous 5 h of dry reactions were
omitted. To obtain information on the state of gold in
Au/TiO2 catalysts, the technique of X-ray absorption near
edge structure (XANES) was employed. Figure 3 compares
Au LIII XANES of this catalyst prepared at increasing cal-
cination temperatures with those of some reference com-
pounds, Au foil, Au2O3, and Au(OH)3. The gold phase was
changed from an oxidized gold phase to metallic Au as
the calcination temperature increased. The presence of the
metallic Au phase was evident after calcination at 573 K or
above.

Au/Fe2O3 Catalysts

The rates of CO oxidation over Au/Fe2O3 shown in Fig. 4
indicated that with increasing calcination temperatures the
catalytic activity decreased in both the presence and the ab-
sence of water vapor. Again, the wet condition gave higher
rates of CO oxidation. For this catalyst, any meaningful
XANES spectra could not be obtained because of the low
gold content and an excessive X-ray absorption by Fe2O3.
Therefore, the technique of XPS was employed to obtain
information on the state of gold in Au/Fe2O3 catalysts.
Figure 5 compares XPS of Au 4 f for these catalysts pre-
pared at increasing calcination temperatures. The Au/Fe2O3

catalyst calcined at 373 K shows the peaks at 86.5 and

90.1 eV for Au 4 f7/2 and Au 4 f5/2 lines, respectively. These
binding energies are close to Au 4 f binding energies of
Au2O3. After pretreatment with air at 473 K, three broad
D LEE

peaks appeared near Au 4 f binding energies of Au2O3 and
metallic Au. This can be interpreted as Au2O3 and metal-
lic Au coexisting. For Au/Fe2O3 catalysts calcined above
573 K, two distinct peaks appeared at 84.3 and 87.9 eV,
which were close to Au 4 f binding energies of metallic Au.
Therefore the gold phase was found to be changed from
Au2O3 to metallic Au as the calcination temperature for
Au/Fe2O3 catalysts increased. Pure metallic Au phase was
formed upon calcination above 573 K. XPS spectra were
also obtained to determine the oxidation states of Au af-
ter CO oxidation at 363 K for Au/Fe2O3 catalysts that had
been calcined at 373 K. As shown in Fig. 5, the results de-
pended on whether the reaction took place in the dry or
the wet condition. In the dry condition, two distinct peaks
appeared at 84.1 and 87.8 eV, which were close to Au 4 f
binding energies of metallic Au. Thus, the oxidized gold
phase was reduced almost completely to metallic Au dur-
ing the reaction. However, about 40% of the gold remained
as Au2O3 after the reaction in the wet condition. Hence, an
important role of water appears to suppress the reduction of
gold during the reaction. To determine the relative portion

FIG. 4. The rate of CO oxidation at 363 K over Au/Fe2O3 catalyst

containing 0.26 wt% Au prepared at different calcination temperatures.
The reactants, 1 vol% CO and 10 vol% O2 in N2, were fed to the catalyst
in the dry condition (A) and the reactants were directed through a water
vapor saturator maintained at 278 K to obtain the wet condition (B).
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FIG. 5. XPS of Au 4 f obtained for 1.16 wt% Au/Fe2O3 catalysts pre-
pared at increasing calcination temperatures. The catalyst calcined at 373 K
was used for CO oxidation at 313 K for 10 h in dry and wet conditions.

of Au2O3 and metallic Au quantitatively, deconvolution of
Au 4 f peaks was conducted, and the results are listed in
Table 1. It also showed that the gold phase was transformed
progressively from Au2O3 to metallic Au as the calcination
temperature increased. Pure metallic Au phase was formed
after calcination above 573 K.

Figure 6 shows bright-field images of Au/Fe2O3 catalysts
prepared at increasing calcination temperatures in air. At
the calcination temperature 373 K, the particle size of Au
was too small to be observed. However, it appeared to in-
crease with increasing calcination temperatures and Au par-
ticles were seen for catalysts calcined above 573 K. The
mean diameters of Au particles in catalysts calcined at 573
and 773 K were estimated by averaging diameters of more
than 100 individual particles and they were about 4 and
6 nm, respectively.

TABLE 1

Surface Composition of Au/Fe2O3 Catalysts Prepared with Dif-
ferent Calcination Temperatures Obtained by Deconvolution of
Au 4 f Peaks

Calcination temperature (K) Au2O3 Au metal

373 0.86 0.14

473 0.59 0.41
573 0.0 1.0
673 0.0 1.0
SUPPORTED GOLD 5

Au/Al2O3 Catalysts

The rate of CO oxidation over Au/Al2O3 in the dry condi-
tion exhibited the same trend as TiO2- and Fe2O3-support-
ed gold catalysts with calcination temperatures when
FIG. 6. TEM images of Au/Fe2O3 prepared at increasing calcination
temperatures.
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FIG. 7. The rate of CO oxidation at 318 K in the dry condition over
Au/Al2O3 catalyst containing 1.85 wt% Au prepared at different calcina-
tion temperatures. Reactants: 1 vol% CO and 10 vol% O2 in N2.

pretreatment temperatures were higher than 573 K as
shown in Fig. 7. For catalysts calcined below 473 K, how-
ever, the catalytic activity increased with time on stream
and reached maximum values and decreased to the steady-
state activities in dry conditions. In general, Au/Al2O3

catalysts showed catalytic activity at least an order of mag-
nitude lower than that of Au/TiO2 and Au/Fe2O3. To obtain
information on the state and structure of gold in Au/Al2O3

catalysts, the technique of XAFS was employed. Figure 8
compares Au LIII XANES of these catalysts prepared at
different calcination temperatures with those of some refer-
ence compounds, Au foil, Au2O3, and Au(OH)3. The results
indicated that the gold phase was changed from Au(OH)3

or Au2O3 to metallic Au. Again the presence of the metallic
gold phase was evident after calcination above 673 K.

Small oscillations above the absorption edge were iso-
lated from the background absorption. This extended X-
ray absorption fine structure (EXAFS) was weighted with
k3 (k/Å−1=wave factor) and Fourier-transformed to ob-
tain a radial structure function (RSF). Major peaks in the
RSF correspond to important interatomic distances shifted
from their true positions by phase shifts. The RSFs of refer-
ence compounds Au foil, Au2O3, and Au(OH)3 are shown
in Fig. 9. The main peaks correspond to distances of Au–
Au (0.270 nm) and Au–O (0.160 nm). Phase shifts for those
atomic pairs could be calculated from the differences be-
tween these distances and the known true distances for
these compounds. The RSFs of Au/Al2O3 prepared at in-
creasing calcination temperatures are shown in Fig. 10. In
Au/Al2O3 calcined below 473 K, the major peak was ob-

served at 0.157 nm. In comparison with the RSFs of the ref-
erence compounds in Fig. 9, gold is believed to be present
as Au2O3 or Au(OH)3 in these samples. However, as the
D LEE

FIG. 8. Au LIII XANES of Au/Al2O3 catalysts prepared at increasing
calcination temperatures and Au reference samples.
FIG. 9. k3-weighted EXAFS functions and their Fourier transforma-
tion about the Au LIII-edge of Au reference samples. The imaginary part
of Fourier transform is plotted with dashed lines.
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FIG. 10. k3-weighted EXAFS functions and their Fourier transforma-
tion about the Au LIII-edge of Au/Al2O3 prepared at increasing calcina-
tion temperatures. The imaginary part of Fourier transform is plotted with
dashed lines.

calcination temperature increased above 573 K, intensi-
ties of peaks representing oxidized gold decreased and new
peaks appeared around 0.270 nm, which could be assigned
to Au–Au distances in gold metal. This indicated that the
Au phase was changed from Au(OH)3 or Au2O3 to metallic
Au as the calcination temperature increased. In agreement
with XANES results, the presence of metallic Au was ob-
served after calcination above 673 K.

To obtain information on the surface state of gold in
Au/Al2O3 catalysts, XPS study was carried out. Figure 11
compares XPS spectra of Au 4 f for these catalysts prepared
at increasing calcination temperatures. For Au/Al2O3 cata-
lysts calcined below 573 K, three broad peaks appeared over
the Au 4 f region which could be deconvoluted to compo-
nents due to Au(OH)3, Au2O3, and metallic Au. These three
components coexisted in these catalysts. For the Au/Al2O3

catalyst calcined at 673 K, two distinct peaks appeared at
84.0 and 87.8 eV, which were close to the Au 4 f binding en-
ergies of metallic Au. Therefore the gold phase was found
to be changed from Au(OH)3 through Au2O3 to metallic
Au as the calcination temperature for Au/Al2O3 catalysts
increased. The relative fractions of Au(OH)3, Au2O3, and
metallic Au obtained by deconvolution of Au 4 f peaks are
listed in Table 2. It also shows quantitatively that the gold
phase is transformed from Au(OH)3 into Au2O3 and then
to metallic Au as the calcination temperature increases. A
difference from the result obtained for Au/Fe2O3 was that
a significant fraction of metallic gold was present already
in the Au/Al2O3 catalyst calcined at 373 K. The complete
conversion to metallic gold took place upon calcination at

673 K.

The Au/Al2O3 catalyst showed an unusual temperature
dependence in the wet condition as shown in Fig. 12. The
SUPPORTED GOLD 7

FIG. 11. XPS of Au 4 f obtained for Au/Al2O3 catalysts prepared at
increasing calcination temperatures.

catalyst initially showed a complicated activity pattern with
calcination temperatures showing the highest rate of CO
oxidation at 283 K for the catalyst calcined at 573 K, al-
though the difference in rates was small. After the reac-
tion at 283 K, the reaction temperature of CO oxidation
increased to 328 K. After 2 h of the reaction at 328 K, the
reaction temperature was brought down to 283 K again.
After the intervening high-temperature reaction, the ac-
tivity of the catalysts calcined below 573 K containing
Au2O3 and Au(OH)3 increased dramatically. Now the ac-
tivity of Au/Al2O3 became comparable to that of Au/TiO2

and Au/Fe2O3. However, the catalysts calcined at 673 K
in which gold was present in metallic state showed no dif-
ference in activity before and after the high-temperature
reaction. Hence, the activity pattern with calcination tem-
perature for Au/Al2O3 became the same as the patterns for

TABLE 2

Surface Composition of Au/Al2O3 Catalysts Prepared with Dif-
ferent Calcination Temperatures Obtained by Deconvolution of
Au 4 f Peaks

Calcination temperature (K) Au(OH)3 Au2O3 Au metal

373 0.23 0.43 0.34

473 0.32 0.19 0.49
573 0.06 0.25 0.69
673 0.0 0.0 1.0
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FIG. 12. The rate of CO oxidation in the wet condition at different
tempratures of 283 K (filled points) and 328 K (open points) over Au/Al2O3

catalyst containing 1.85 wt% Au prepared at different calcination temper-
atures. The reactants, 1 vol% CO and 10 vol% O2 in N2, were fed to the
catalyst through a water vapor saturator maintained at 278 K.

Au/TiO2 and Au/Fe2O3, i.e., a lower activity for catalyst cal-
cined at a higher temperature. The RSFs of Au/Al2O3 cal-
cined at 373 K before and after CO oxidation reaction in dry
and wet conditions at 318 and 328 K, respectively, are shown
in Fig. 13. Note that these reaction conditions are the same
as those employed for the intervening activation treatment
in Fig. 12 and for the dry condition in Fig. 7. After the treat-
ment, the intensity of the main peak at 0.157 nm was weak-
ened, whereas peaks around 0.270 nm appeared, which are

believed to have formed due to reduction of the oxidized

gold species into metallic gold. To observe the change in the
surface state of gold with CO oxidation, XPS was employed.

Au/TiO2 and Au/Fe2O3 catalysts showed similar ten-
dencies in catalytic activity with calcination tempertures.
FIG. 13. k3-weighted EXAFS functions and their Fourier transformation
after CO oxidation in the dry condition at 318 K, and after CO oxidation in
with dashed lines.
D LEE

TABLE 3

Surface Composition of Au/Al2O3 Catalysts Calcined at 373 K
Obtained by Deconvolution of Au 4 f Peaks

Samples Au(OH)3 Au2O3 Au metal

Before reaction 0.23 0.43 0.34
At maximum activity in the dry conditiona 0.20 0.31 0.49
At steady state in the dry conditiona 0.0 0.0 1.0
At steady state in the wet conditionb 0.24 0.35 0.41

a CO oxidation at 318 K as in Fig. 7.
b CO oxidation at 328 K as in Fig. 12.

Figure 14 compares the Au 4f peaks after the reaction in
the absence and the presence of water vapor. As described
above, Au(OH)3, Au2O3, and metallic Au were coexisting
before the reaction for Au/Al2O3 catalyst calcined at 373 K
as shown in Fig. 14a. The XPS spectrum of Au/Al2O3 cata-
lyst has three broad peaks as shown in Fig. 14b, where it
showed the maximum activity in the dry condition, but only
two peaks of metallic Au were observed when Au/Al2O3

catalyst showed steady-state activity (Fig. 7). In the wet con-
dition, however, three broad peaks were maintained even
after reaction. To determine the relative surface fraction of
Au(OH)3, Au2O3, and metallic Au quantitatively, deconvo-
lution of Au 4f peaks was conducted, and the results are
listed in Table 3. It also showed that the gold phase was
transformed from Au(OH)3 and Au2O3 to metallic Au as
CO oxidation went on in the dry condition, yet this phase
transformation of Au was suppressed in the wet condition.

DISCUSSION
about the Au LIII-edge of Au/Al2O3 calcined at 373 K before CO oxidation,
wet condition at 328 K. The imaginary part of Fourier transform is plotted
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FIG. 14. XPS of Au 4 f obtained for Au/Al2O3 catalysts calcined at
373 K before and after CO oxidation: (a) before reaction, (b) at maximum
activity in the dry condition at 318 K (Fig. 7), (c) at steady state in the dry
condition at 318 K, (d) at steady state in the wet condition at 328 K.

These catalysts employ supports most favored by Haruta
and co-workers who discovered the activity of these cata-
lysts. As calcination temperatures increased, the CO oxi-
dation activity decreased and the gold phase was changed
from Au(OH)3 and Au2O3 to metallic Au, which was deter-
mined by XANES and XPS. For Au/TiO2, Haruta et al. (12)
reported that the particle size of Au was increased with in-
creasing temperature for calcination in air and that the cal-
cination in reducing gas atmospheres, such as H2 and CO,
led to smaller gold particles than in air and that the cata-
lytic activity of Au/TiO2 was sensitive to the structure of the
perimeter interface between Au particles and TiO2. Unfor-
tunately they did not report reaction rate data in relation
to calcination temperatures. There was no attempt to relate
the catalytic activity with the gold phase. Following their
view point, the decreasing catalytic activity of Au/TiO2 in
the present work with increasing calcination temperatures
above 573 K could be understood by the increasing particle
size of metallic Au resulting in a decrease in the number
of exposed surface metallic gold atoms. However, the un-
usually high activity of the catalysts calcined below 473 K
cannot be explained that way. We found that dorminant
phases of gold in these active catalysts were Au(OH)3 and
Au2O3. Therefore, in Au/TiO2, small oxidized gold species
such as Au(OH)3 and Au2O3 are active in CO oxidation.
Most previous studies for Au/Fe2O3 employed catalysts
prepared by the coprecipitation method. Haruta et al. (7)
showed how gold species in the Au–Fe coprecipitated pre-
SUPPORTED GOLD 9

cursors changed after drying and calcination in air at dif-
ferent temperatures with XAFS. At 473 K and below, gold
existed as an oxidized species similar to hydrous gold ox-
ide and Au2O3. At 573 K the oxidized gold species were
mostly decomposed into metallic species. However, at this
temperature, the coexistence of oxidized species was also
seen in XANES. At 673 K, almost all oxidized gold species
was decomposed into metallic species. The change in gold
species from oxidic to metallic phase was accompanied by
the transformation of amorphous ferric hydroxide into crys-
talline hematite (α-Fe2O3). They observed that Au–Fe co-
precipitate calcined at 573 K showed the maximum activity
and concluded that the presence of metallic Au was indis-
pensable for the low-temperature CO oxidation. However,
they did not consider the change in the surface gold con-
centration and surface area with calcination temperatures
that should have been accompanied by the change in the
phase and surface area of the support itself.

To relate the catalytic activity in CO oxidation directly to
the gold phase, Fe2O3 calcined at 873 K was chosen here as
a support and the deposition–precipitation method was se-
lected instead of the coprecipitation method. At least, there
will be no significant change in support during calcination
after the deposition of gold. As the calcination temper-
ature increased, the catalytic activity decreased and the
decreasing activity over Au/Fe2O3 catalyst calcined at 373 K
accompanied the phase transition of gold from the oxidized
gold to the metallic gold. Unfortunately, the particle size of
Au also increased with increasing calcination temperatures
as shown by TEM in Fig. 6 and could also account for the ob-
served change in CO oxidation rates with calcination tem-
peratures. Thus, we can safely state that the effect of the gold
phase is at least as important as that of the particle size of the
metallic gold. Furthermore, it appears that oxidized gold is
more active than metallic gold in CO oxidation. There are
several observations that support this proposition. First,
catalysts calcined below 573 K showed decreasing catalytic
activity at the initial stage and reached a steady-state activ-
ity at the reaction temperature of 363 K. This suggests that
the active oxidized gold transforms into less active metallic
Au during the reaction at this temperature. This was con-
firmed by the fact that Au 4f XPS peaks of Au/Fe2O3 cata-
lyst at steady state for CO oxidation in dry conditions were
the same as those of metallic Au (Fig. 5). Still, the activities
of these catalysts were always higher than those catalysts
calcined at higher temperatures. Second, the rates of CO
oxidation are substantially higher in the wet condition
than in the dry condition for all catalysts. It was found by
XPS for both Au/Fe2O3 (Fig. 5) and Au/Al2O3 (Fig. 14, and
Table 3) catalysts that the role of water was to suppress
the reduction of oxidized gold to less active metallic gold.

Finally, as mentioned earlier, Haruta and co-workers (12)
reported that calcination of Au/TiO2 in air gave Au particles
larger than those obtained by calcination in the reducing
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atmosphere. However, Fig. 2 shows that Au/TiO2 calcined
in air is more active than that calcined in H2. Clearly, in
this case, the oxidation state of Au is more important for
catalytic activity than the particle sizes of Au. There were
also some studies that proposed the oxidized gold species as
the active sites of Au for CO oxidation. Kang and Wan (24)
studied Au/Y-type zeolite prepared by an ion-exchange
method and found that the catalyst possessed high catalytic
activities for low-temperature CO oxidation without
any pretreatment but deactivation was observed. They
attributed the deactivation to the transformation of active
gold(III) species into gold metal of poor activity. They also
assigned the active sites on Au/Fe/Y-zeolite catalysts to
gold hydroxide species surrounded by iron oxides (25).
Minico et al. (26) studied coprecipitated Au/Fe2O3 catalysts
by FT-IR spectroscopy of adsorbed CO and found that in
the CO oxidation cationic gold was more active but less
stable than the metallic gold. The particle size of Au should
also be important when only metallic Au is present. The
decreasing catalytic activity with increasing calcination
temperatures above 673 K could be understood as due
to reduced gold surface areas by enhanced sintering of
metallic gold particles.

The Au/Al2O3 catalyst showed catalytic activity substan-
tially lower than that of the other two catalysts described
above. However, the trend of activity change with calcina-
tion temperature was similar to that of more active cata-
lysts. An advantage of Au/Al2O3 is that XAFS analysis is
easier on this catalyst due to lower X-ray absorption of
Al2O3 compared to Fe2O3 and TiO2. Interesting observa-
tions were made during CO oxidation over Au/Al2O3. The
catalysts calcined below 473 K showed dramatic increase
in activity after a brief treatment at 328 K with the re-
action mixture of CO/O2/H2O/N2 (Fig. 12). Furthermore,
as shown in Fig. 7, Au/Al2O3 catalysts calcined at 373 and
473 K exhibit increasing activities of CO oxidation with time
on stream at 318 K and a maximum followed by decreasing
activities. During the activation treatments, XAFS (Fig. 13)
and XPS (Table 3) studies revealed that part of the oxidized
gold had transformed to the metallic phase. We attribute the
apparent activation of initially less active Au/Al2O3 catalyst
to the formation of the so-called well-defined perimeter be-
tween gold and alumina that was claimed by Haruta and
co-workers (12, 13) to be responsible for the improved ac-
tivity over Au/TiO2. Thus, physically mixed Au/TiO2 sam-
ples (12) and deposition of TiOx overlayers onto an inactive
Au power (15) showed the high catalytic activity after the
interface between gold and TiO2 was formed. Kageyama
et al. (27) observed the presence of Fe atom as the sec-
ond neighbor at a distance between Au–O and Au–Au dis-
tance in RSF. Bonds between gold and support metals in

Au/Mg(OH)2, Au/TiO2, and Au/Al2O3 were also reported
in XAFS studies (19, 28). They observed that pH value in
the preparation of Au/TiO2 catalyst affected the height of
D LEE

Au–M (M=Au, Ti) peaks at 0.18–0.22 nm in RSF, which
caused the difference in the catalytic activity (28). We also
attempted to observe the Au–Al bond formation by XAFS
in Figs. 10 and 13 with little success. The small intensity and
complicated multiple peaks in RSF around distance where
the peak is expected to appear would have made its obser-
vation difficult even if it were indeed present. Instead, both
XPS and XAFS indicate that Au/Al2O3 is partially reduced
during the activation processes. This apparent activation of
Au/Al2O3 catalyst was observed only when Au/Al2O3 cata-
lyst contained oxidized gold. This behavior is not observed
for catalysts calcined above 573 K that do not contain ox-
idized gold in their initial fresh state. During reaction at
328 K, CO is believed to contribute to the reduction of the
oxidized gold species. This suggestion is supported by the
observation that the activation occurs also after treatment
with 1% CO/N2 without O2 at 473 K. Although the mecha-
nism by which CO contributes to the activation is not clear,
it may be related to the oxidation–reduction treatments em-
ployed by Bollinger et al. (14, 15) in order to activate an inac-
tive Au/TiO2 catalyst prepared by an impregnation method.

In CO oxidation over supported gold catalysts, it thus ap-
pears that a strong interaction between gold and the support
and the formation of the well-defined interface between
the two phases are critical for high activity. The preferred
supports such as TiO2 and Fe2O3 form this interface easily
during the preparation step, whereas alumina, an inactive
support, needs a special treatment for the formation of the
interface after preparation.

CONCLUSIONS

In oxidation of CO at a low temperature, gold cata-
lysts supported on Fe2O3, TiO2, and Al2O3 showed the de-
creasing activity with increasing calcination temperatures
with Al2O3-supported catalyst showing activity substan-
tially lower than that of the other two catalysts. XPS and
XAFS studies showed the phase transition of gold from
Au(OH)3 through Au2O3 to metallic Au with increasing
calcination temperatures for all catalysts. In addition to the
particle size of metallic Au, the oxidation state of gold was
proven to be important for CO oxidation. Oxidized gold is
more active than metallic gold. Furthermore, facile forma-
tion of the interface between gold and support appears to
be critical for high CO oxidation activity of supported gold
catalysts. TiO2 and Fe2O3 are favored supports for gold be-
cause they form this interface easily while Al2O3 is ineffec-
tive due to its inability to do so.
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