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Gold catalysts for low-temperature CO oxidation were prepared
by immobilizing gold colloids of about 2 nm size on TiO, and ZrO,
in aqueous solution. The gold particles nearly retained their size af-
ter immobilization on both supports. Slight sintering was observed
by X-ray diffraction and high-resolution transmission electron mi-
croscopy after calcination at 673 K. Some of the gold particles on
ZrO; showed hexagonal symmetry with close-packed Au(111) sur-
faces. X-ray photoelectron spectroscopy investigations indicated
that the gold was in a metallic state. Whereas gold particles on
TiO, showed CO conversion directly after preparation and drying,
significant activity of gold on ZrO, was only observed after calcina-
tion in air. CO adsorption was reversible on all catalysts and weaker
on the most active catalysts, as shown by diffuse reflectance Fourier
transform infrared spectroscopy (DRIFTS) and pulse thermal anal-
ysis. Probing of the gold sites by CO adsorption revealed the exis-
tence of different gold sites in these catalysts. Step/kink sites (2111—
2123 cm™1) and positively polarized gold sites (2128-2135 cm™1)
were identified on uncalcined and in situ calcined gold catalysts.
The number of low-coordinated gold sites was much higher on TiOo,
whereas on ZrO, more positively polarized gold atoms were found.
This behaviour was traced to the shape of the gold particles, which
affects the number of low-coordinated gold atoms and is depen-
dent on support and treatment. In situ treatment in oxygen led to a
temporarily inactive catalyst with additional bands in the DRIFTS
spectrum in the 20002400 cm~! region, stemming from CO ad-
sorbed on positively polarized gold sites (2130-2150 cm~) and on
the support (2180-2200 cm 1), and from molecularly adsorbed CO;
(2353 cm™1). No bands arising from CO on low-coordinated, metal-
lic gold sites were identified in that case.  © 1999 Academic Press

1. INTRODUCTION

In contrast to the bulk metal, which is known to be rather
inert in CO oxidation (e.g., (1, 2)), gold nanoparticles de-
posited on selected metal oxides often exhibit high and
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unusual activity. In particular, recent research has demon-
strated that highly dispersed gold supported on reducible
oxides such as TiO; (2-5), Fe,O3 (3, 4, 6), Co304 (3, 6), and
NiO (6) is very active in low-temperature CO oxidation.

The reason for higher activity of the more dispersed clus-
ters is still under discussion. Valden et al. (7, 8) recently
concluded from a model catalyst study that CO oxidation
on gold is related to a quantum size effect. Haruta and co-
workers (9, 10), however, showed that the interface and the
support play asignificant role. Bollinger and Vannice (2) re-
ported furthermore that the deposition of TiOy overlayers
onto inactive gold particles produced highly active catalyst,
which argues against a quantum size effect.

To gain a more detailed insight into the different factors
controlling the activity of gold catalysts, the development of
flat and powdered model systems was started in our group
(5, 11-13), indicating that particle size and support play a
significant role. Moreover, we concluded that oxygen ad-
sorption and activation is the crucial step in CO oxidation
and showed that colloids of about 2 nm in size supported
on zirconia and titania are active for CO oxidation. The
colloidal route has the advantage that the gold particle size
is virtually established before deposition (5, 14) and thus
less dependent on the support than with other methods.
The gold particles prepared by deposition—precipitation
or coprecipitation are formed by heating to higher tem-
peratures (2, 3, 6). Also the use of [Au(PPh3)](NO3) as
precursor requires higher temperatures (4, 15). Strong sin-
tering is observed in the case of oxides and can only be pre-
vented if as-precipitated hydroxides are used. Visco et al.
used as precipitated hydroxides for the preparation of ac-
tive Au/Fe, O3 catalysts (16). Recently chemical vapour de-
position of dimethylgold(l11)8-diketone was also used by
Okumara (17). However, temperatures higher than 573 K
are required for burning off the ligand residues and form
small gold particles (17).

Therefore, the preparation of gold catalysts with small
gold colloids (around 2 nm in size) is a useful strategy to
gain more detailed understanding of the influence of par-
ticle size, support, and calcination temperature on CO ox-
idation activity. Gold catalysts with titania as support are
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reported to be superior to those with zirconia as support
(e.g., (3, 18)). The present study aims at elucidating the dif-
ferences of these catalysts. In order to gain deeper insight
into the properties of gold sites exposed on the surface of
AU/TiO; and Au/ZrO, catalysts, we carried out DRIFTS
studies using CO as probe molecule at different stages of
the catalytic investigations.

2. EXPERIMENTAL

2.1. Catalyst Preparation

AU/TIO; (1.7 wt% Au) and Au/ZrO; (1.7 wt% Au) were
prepared by reduction of HAuUCI, with tetrakis (hydroxy-
methyl) phosphonium chloride (THPC), adsorption of the
as-formed colloids at pH 2 on the corresponding oxides,
TiO, (P25, Degussa, Sget = 60 m?/g) and ZrO, (Degussa,
SgeT =40 m?/g), and subsequent drying for 15 h at 323 K
under vacuum as described in Ref. (5). For ex situ calci-
nation the raw catalysts were heated in air with 4 K/min to
673 Kand cooled after 1 hin Ar. The samples used are listed
in Table 1. For some experiments (XRD, thermal analysis)
similarly prepared higher loaded catalysts (16.6 wt% Au)
were used.

2.2. Catalyst Characterization

Catalytic tests. Steady-state catalytic tests were carried
out in a continuous flow fixed-bed microreactor as de-
scribed in detail in Ref. (5). The powder was fixed between
glass wool plugs in a 6 mm i.d. quartz glass reactor tube.
Experiments in the temperature range 250-450 K and
at atmospheric pressure were performed using 200 mg
catalyst. Standard experiments were performed using a
CO feed rate of 2.5 x 10" mols~tgcat~. The gas hourly
space velocity amounted to ca. 12000 h~! (flow rate per
total bed volume). Kinetic data were taken after 20 min on
stream at specified conditions. Products were analysed by
either gas chromatography or an FTIR spectrometer with
heatable gas cell.

High resolution transmission electron microscopy
(HRTEM). HRTEM investigations were carried out
using a Phillips CM 30 ST electron microscope with CeB6-

TABLE 1

Overview of Catalysts Investigated

Catalyst Treatment

Dried at 323 K in vacuum

Dried at 323 K in vacuum

Calcined ex situ at 673 K in air
Calcined ex situ at 673 K in air
Reference sample, Degussa TiO, P25
Reference sample, Degussa ZrO;

Dried Au/TiO; (1.7 wt% Au)
Dried Au/ZrO; (1.7 wt% Au)
Activated Au/TiO; (1.7 wt% Au)
Activated Au/ZrO, (1.7 wt% Au)
TiO;

ZI'OZ
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cathode and a Jeol 2010 electron microscope with LaB6-
cathode at accelerating voltages of 300 and 200 kV,
respectively.

X-ray diffraction (XRD). XRD of the supported gold
particles was performed on a Siemens D 5000 powder X-ray
diffractometer using Ni-filtered Cu Ka radiation at 45 kV
and 35 mA.

X-ray photoelectron spectroscopy (XPS). The surface
composition and oxidation state of the surface atoms was
examined by XPS using a Leybold Heraeus LHS 11 MCD
instrument. Mg Ko radiation was used to excite photoelec-
trons, which were analysed with the analyser, operated at
150 eV pass energy at an energy scale calibrated versus Au
4f7/, at 84.0 eV. The surface composition of the samples was
determined from the peak areas of the corresponding lines
using a Shirley type background and empirical cross section
factors for XPS (19, 20).

Thermoanalytical investigations. Differential scanning
calorimetry (DSC) and thermogravimetry (TG) were car-
ried out using a Netzsch STA 409 thermoanalyser which was
connected to a valve device enabling pulse thermal analysis
(PTA) (21, 22). This setup allowed the injection of small
volumes (0.25-1.0 ml) of required gas into an Ar carrier flow
during the thermoanalytical experiments. Evolving gases
were monitored using a Balzers QMG 420 quadrupole mass
spectrometer, which was connected to the thermoanalyser
by a heated capillary.

Nitrogen adsorption. BET surface areas (Sget), mean
cylindrical pore diameters ((dp)), and specific adsorption
pore volumes (Vp) were obtained by physisorption of N, at
77 K using a Micromeritics ASAP 2000 instrument. Prior
to measurement, the samples were degassed to 0.1 Pa at
363 K. The Sget areas were calculated in a relative pressure
range 0.05 < p/po < 0.2 assuming a cross-sectional area of
0.162 nm? for the N, molecule (23).

Diffuse reflectance infrared Fourier transform spectro-
scopy (DRIFTS). The CO adsorption and the CO ox-
idation reaction were monitored in situ by DRIFTS un-
der defined reaction conditions. Spectra were recorded on
an FTIR instrument (Perkin EImer, Model 2000) contain-
ing a diffuse reflection unit and a controlled environmen-
tal chamber (both Spectra-Tech) equipped with two CaF;
windows (permeable >1000 cm~1). The powdered sample
was mounted on a ceramic frit (Al,O3) which could be
heated to elevated temperature (here 573 K) via a PID
controller (Tecon 501). Prior to measurements, the cata-
lyst samples were outgassed in an Ar gas stream (Pangas,
99.999%; 50 ml/min) for more than 2 h at 298 K, as in
the case of activity measurements. In situ calcination was
performed with O, in Ar (40% O,, Pangas, 99.999%, flow
rate 50 ml/min). All further experiments were performed
with a gas stream of 6 ml/min using the following gas
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mixtures: CO adsorption was carried out with CO in He
(5260 ppm CO, Pangas, 99.997%), followed by desorp-
tion in pure Ar (Pangas) or desorption/reaction under ox-
idative conditions in O, in He (5000 ppm O, Pangas,
99.999%), and finally reaction conditions were mimicked
using a 1:1 mixture of CO in He (5260 ppm CO) and O,
in He (5000 ppm). The gases were dried in a cooling trap
(COylisopropanol cooling mixture), and the gas flow was
adjusted by mass flow controllers (Brooks, Model 5850
TR).

FIG. 1.

GRUNWALDT ET AL.

3. RESULTS
3.1. Structural Characterization

The untreated catalysts (dried at 323 K in vacuumfor 15 h,
compare Ref. (5, 12)) were characterized with HRTEM,
XPS, and XRD. HRTEM images of the Au/TiO; (1.7%
loading) and Au/ZrO; (1.7% loading) catalysts, used for
this study, were very similar to those used in a previous
study (5); therefore, only two enlargements are depicted in
Figs. 1la and 1b. The mean particle size for gold dispersed

HRTEM investigations of Au/TiO, and Au/ZrO, catalysts (1.7 wt% Au) after drying at 323 K under vacuum, (a) Au/TiO,, (b) Au/ZrO,,

and after activation at 673 K in oxygen, (c) Au/TiO,, (d) Au/ZrO,. Parts (e) and (f) show selected regions of Au/ZrO, after activation at 673 K in oxygen.
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FIG. 2. XP-spectra of the O 1s, Ti 2p, and Au 4f region of Au/TiO,
(1.7 wt% Au) (a) before (surface composition, 4.0 at% C, 71.0 at% O, 24.3
at% Ti, 0.7 at% Au) and (b) after activation at 673 K in oxygen (surface
composition, 5.3 at% C, 67.8 at% O, 26.3 at% Ti, 0.7 at% Au).

on zirconia is about 2 nm, and it is slightly less (1.5-2 nm)
on titiania. The shape of the particles depends on the sup-
port (near spherical on TiO,, more flat on ZrO,). Typical
Au(111) fringes could be resolved only on very few parti-
cles, probably because the particle size was too small and the
contrast not as good as with gold colloids from the solution
directly supported on the carbon grid. In this case distinct
Au(111) fringes were found, especially for large gold aggre-
gates aged for several days or weeks. XRD revealed that
due to small particle size no distinct reflexes of gold could
be identified.

XPS-analysis showed that the gold dispersion was sim-
ilar on both catalysts (5) and that the samples contained
traces of phosphorous, whereas no sodium was detectable.
More detailed analysis with deposition of gold colloids on
MeO,/Au(111)/mica plates (MeO,=TiO,, ZrO,) uncov-
ered that in acidic solution, as used in this study, the amount
of adsorbed phosphorous species and sodium is lowered
compared to solutions with higher pH (11). Figure 2a de-
picts the XP spectra of the Au/TiO, sample before calci-
nation. The detected Au 4f peaks did not show any ap-
preciable shift in the binding energies from those of bulk
gold, indicating that the gold particles were in metallic state
under high-vacuum conditions. Also on Au/ZrO; the gold
particles were in metallic state. The surface composition of
Au/ZrO, determined by XPS has been reported in Ref. (5).

TA-MS indicated that carbon impurities evolved from
the catalysts around 500 K (m/z =41, 43, 56) and some wa-
teraround 373 K. At 650-750 K a strong mass spectrometric
signal due to carbon dioxide evolution (shown for Au/TiO,
in Fig. 3) was observed. No indication for sintering of the
gold was noticeable up to 700 K. According to calculations,
sintering is expected to occur around 570 K for isolated
clusters of about 2 nm in size (24).
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HRTEM images of the Au/TiO, (1.7 wt% Au) and
Au/ZrO, (1.7 wt% Au) catalysts, after calcination at 673 K
and use for room temperature CO oxidation, are shown in
Figs. 1c and 1d. TiO,-supported particles remained spher-
ical and some of the images indicate that they were well
attached to the support. In contrast, on Au/ZrO, some of
the particles grew (to 4-6 nm) or changed their shape (in-
dicating hexagonal symmetry, as shown in Figs. 1e and 1f).
Furthermore, the contrast of the images was significantly
lower than in the uncalcined samples.

XRD with highly loaded Au/TiO, and Au/ZrO,
(16.6 wt% Au) showed no significant increase of the crys-
tallite size during heating to 673 K. Only samples heated in
air to temperatures higher than 873 K (ramp rate 10 K/min)
resulted in significant particle size increase. The drastic in-
crease in crystallite size compared to the uncalcined sample
is shown in Fig. 4 for the Au/TiO, catalyst. Distinct reflec-
tions are resolved at 26 = 38.2° (111), 44.4° (200), and 64.6°
(220) (Fig. 4c). The calculated crystallite size is 7-8 nm.

Catalytic tests with highly loaded gold catalysts, calcined
at different temperatures, showed that CO oxidation in-
creased with increasing calcination temperatures and de-
creased again upon sintering. This is illustrated in Fig. 5,
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FIG. 3. Masslossand evolution of CO, (m/z = 44) from highly loaded

AU/TiO;, catalyst (16.6 wt%) during heating under oxygen to 743 K.
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FIG. 4. XRD patterns of (a) support, (b) highly loaded uncalcined
AU/TiO; (16.6 wt%o), and (c) calcined sample heated to 900 K (ramp rate
10 K/min). Plus signs denote reflections of rutile; asterisks denote anatase.

which shows the evolution of CO; as a result of CO pulsing
over AuU/TiO; calcined at different temperatures. A simi-
lar behaviour was found for the corresponding Au/ZrO,
catalyst, however, at lower activity (compare Section 3.2.).

XP-spectra of Au/TiO; (Fig. 2) and Au/ZrO, (not shown)
of the Au 4f, Ti 2p, and O 1s regions revealed that before
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FIG.5. Evolution of CO; (m/z=44) resulting from CO pulses over

AU/TIO, (16.6 wt%) at 330 and 359 K. Sample activated in O; at (a) 408,
(b) 743, and (c) 800 K. Duration of measurement is about 40 min.
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and after (ex situ) calcination the location of the peaks is
rather similar. However, it should be noted that the Au 4f7 >
peaks were broader in the calcined catalyst. This could be
due to either partial oxidation or charging of the gold par-
ticles. Charging is unlikely because Ti 2p and O 1s peaks
did not show broadening. For gold oxides a shift of 2.0-
2.5 eV is expected (25). Stronger oxidized gold sites, as
reported by Epling et al. (26) on Au/Fe,O3, were not ob-
served. BET areas of the catalysts after calcination were
42 m?/g for Au/TiO,, and 32 m? g~ for Au/ZrOs.

3.2. Catalytic Behaviour in CO Oxidation

The catalytic activities at room temperature of the Au/-
TiO, and Au/ZrO; catalysts, used throughout this work,
are listed in Table 2. Note that a 1: 1 mixture of CO and O,
was used as, e.g., in Refs. (5, 18). Interestingly, the uncal-
cined Au/TiO; catalyst exhibited high activity at room tem-
perature, whereas the Au/ZrO, catalyst did not show any
activity under these conditions. DRIFTS (see Section 3.3)
independently supports this observation. The Au/TiO; cata-
lyst could be activated by heating in the reaction mixture.
Figure 6 shows this behaviour of the uncalcined Au/TiO,
catalyst in more detail.

After calcination Au/ZrO; catalysts were more active, al-
though some of the gold particles sintered. However, the
activity was significantly lower compared to the calcined
AU/TIO, catalyst. The temperature for 50% CO conver-
sion was about 373 K for Au/ZrO, and 285 K for Au/TiOs.
As stated in a previous publication (5) the activity of
the Au/ZrO, catalyst resembled that of a coprecipitated
Au/ZrO, catalyst under the same reaction conditions (18).
Itis noteworthy to mention that the Au/TiO; catalyst seems
to be more active than a catalyst recently prepared via gold
colloids by Harutaetal. (27). Table 2 shows that the catalytic
activity directly after activation (heating in air to 673 K,
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FIG. 6. Influence of temperature on CO conversion over uncalcined

AU/TIO, (1.7 wt% Au): (a) heating cycle, (b) cooling cycle (value at 304 K
taken after 1 day). Conditions: 200 mg catalyst, total flow rate 30 cm® min1,

2500 ppm O, 2500 ppm CO, balance nitrogen.
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TABLE 2

Activity of Au/TiO; and Au/ZrO, Catalysts under the Conditions Specified in the Text after Different Treatments

Sample History of the sample Temperature Conversion
AU/TiO; (1.7 wt%) Uncalcined, dried for 15 h at 323 K 304 K 21%
AU/ZrO; (1.7 wt%) Uncalcined, dried for 15 h at 323 K 300 K <1%
AU/TiO; (1.7 wt%) Uncalcined, heated in reaction mixture to 423 K 304 K 68%
AU/TiO; (1.7 wt%) Freshly calcined at 673 K 300 K 100%
AU/TiO; (1.7 wt%) Calcined at 673 K, steady state 300 K 70%
Au/ZrO; (1.7 wt%) Freshly calcined at 673 K 300 K 15%
AU/ZrO; (1.7 wt%) Calcined at 673 K, steady state 300 K 10%

cooling in Ar) wasslightly higher than when reaching steady
state.

3.3. DRIFTS Experiments

DRIFTS was used to study the adsorption of CO on un-
calcined, ex situ, and in situ calcined catalysts under differ-
ent conditions (CO atmosphere, CO/O, mixture, desorp-
tion in Ar and O,) to gain further insight into the exposed
Au-sites. For this purpose the vibrational bands were as-
signed on the basis of adsorption on pure ZrO; and TiO,
supports and with the help of bands reported in the litera-
ture (28-32).

3.3.1. Spectra of catalysts during in situ calcination.
Typical in situ spectra during calcination in an oxygen
stream (40% O, in Ar) are shown in Figs. 7a (Au/TiO,)
and 7b (Au/ZrO;). Bands are located between 1000 and
1650 cm~1, aswell as in the 3600-3700 cm~* region. Accord-
ing to previous results (18), the band around 3674 cm~1 is
assigned to bridging OH-groups, the terminal OH-groups
probably being blocked by the formation of a surface car-
bonate. Hence, in the carbonyl stretching region, mon-

odentate carbonate (1350-1400 cm™%, 1400-1450 cm~*) and
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FIG. 7.
temperature, and at (2) 373, (3) 473, and (4) 573 K.

bidentate carbonate (1220-1300 cm™*, Fig. 7b) were found.
The band around 1623 cm~! (Fig. 7b) is due to a §(OH)-
vibration of adsorbed water and decreased during heating
in the cell. Both monodentate and bidentate carbonate de-
composed at higher temperatures (decrease of some bands
in the carbonyl stretching region), which is also supported
by thermal analysis (Fig. 3).

3.3.2. CO adsorption and desorption in argon. In or-
der to discriminate between the adsorption properties of
the surface Au atoms and the support materials, CO ad-
sorption was first studied on pure TiO; and ZrO,. The un-
calcined support materials did not show any pronounced
IR bands in the region 2000-2100 cm~?, when exposed to
a CO flow. Only the doublet of free CO, located around
2149 cm~* was found (not shown). After in situ calcination
of the sample in oxygen at 673 K, a new band at 2187 cm™!
developed, when the gas flow was switched to 5200 ppm CO
in He at room temperature (not shown). This band disap-
peared within 2—4 min if the flow was changed to Ar. The
corresponding zirconia sample behaved similarly, showing
a band around 2190 cm™? only after in situ heating. These
bands correspond to CO adsorbed on Ti** and Zr** centres,
respectively (cf. Table 3).

reflectance / a.u.

2500 2000 1500
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DRIFT spectra of gold catalysts at different temperatures in an oxygen stream (40% O,/Ar), (a) Au/TiO, and (b) Au/ZrO,, at (1) room
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TABLE 3

CO- and CO»-species Detected on Au/TiO; and Au/ZrO; in the
Region 2000 cm~-2400 cm™!

Gold sites on which CO/CO,
species are adsorbed

Observed vibration

bands (in cm™?) Reference

2064 Bridged CO on gold sites 2)

2111-2123 CO on gold sites (28, 30)

2128-2135 CO on positively polarized (29, 30)
gold sites

2149, doublet Free CO

2187-2189 COon Ti** (31)

2180-2197 COon zr*t (31)

2353 Adsorbed CO; (30, 32)

Figures 8-10 show the carbonyl stretching region (2000—
2400 cm™?) of the desorption of CO in an argon stream
on uncalcined Au/TiO; (Fig. 8a) and Au/ZrO; (Fig. 8b), on
ex situ calcined and catalytically active Au/TiO, (Fig. 9a)
and Au/ZrO, (Fig. 9b), and in situ calcined Au/TiO;
(Fig. 10a) and Au/ZrO; (Fig. 10b). Upon adsorption of CO
on Au/TiO; and Au/ZrO; catalysts, strong bands developed
between 2110 and 2140 cm~L. In all these and further IR
spectra, no correction has been made for free CO and CO..
The adsorption of CO on the gold catalysts was reversible,
and faster for the active catalysts.

The adsorption of CO on uncalcined Au/TiO, (Fig. 8a)
led to a strong band at 2112 cm~! with a small shoulder
at 2128 cm~L. The shoulder was more pronounced in the
beginning of the CO adsorption process. At that stage also
some CO; desorbed. During desorption of CO, which lasted
longer than on the pure supports, the bands shifted to higher
wavenumbers. This “blue shift” could also be observed dur-
ing the adsorption and if different partial pressures of CO
were used, similar to reports on other catalysts (2, 30).

retiectance / a.u.
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FIG. 8.
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The uncalcined Au/ZrO; catalyst (Fig. 8a) showed simi-
lar features: Bands at about 2119 and 2129 cm~* appeared
upon CO adsorption, and the band at higher frequencies
was more pronounced compared to Au/TiO,. The desorp-
tion from the catalyst proceeded more slowly compared
to the corresponding titania supported material. Similarly
to Au/TiO; a blue shift for the lower frequency band was
observed.

The investigation of CO adsorption on ex situ calcined
and used catalysts (Fig. 9) revealed again a typical band of
CO which developed around 2111 (Au/TiO,) and 2119 cm ™
(Au/ZrO,). The bands shifted to 2118 and 2123 cm™! dur-
ing desorption, which proceeded more quickly in both cases
compared to the uncalcined catalysts. When CO concentra-
tion was lowered from 5200 to 1700 ppm the band shifted
from 2111 to 2114 cm~! for Au/TiO,, and from 2119 to
2122 cm™* for Au/ZrO, (not shown). Again, the samples
showed a shoulder around 2128 cm~* which was more pro-
nounced during desorption (Fig. 9) or in the beginning of
the adsorption process. For Au/ZrO; the shoulder shifted
to about 2134 cm~! during desorption and was more pro-
nounced than for the Au/TiO, catalyst.

After in situ calcination of the catalyst at 573 K, the
DRIFT spectra of CO desorption showed some additional
features, as seen in Figs. 10a and 10b. In the CO region
only one signal was detected at 2135 (Au/ZrO,, small shoul-
der) and 2139 cm~! (Au/TiO;). No band developed bet-
ween 2110 and 2120 cm™?, as found for the catalysts which
had been calcined ex situ in air at 673 K (Fig. 9). How-
ever, additional features arose at 2196 (Au/ZrO,) and
2189 cm~! (AU/TiO,), respectively, due to CO adsorption
on the support materials (compare results on pure supports
at the beginning of this section). For both catalysts a strong
band developed at 2353 cm~!. The band was strongest af-
ter 4 min exposure to the argon flux and subsequently

reflectance / a.u.

2200 2180 2160 2140 2120 2100 2080 2060
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DRIFT spectra of CO desorbed in an argon stream at room temperature from uncalcined catalysts (5200 ppm CO/He, steady state).

(a) Au/TiO; after (1) 0, (2) 2, (3) 4, (4) 6, (5) 10, (6) 16, (7) 28, and (8) 40 min. (b) Au/ZrO; after (1) 0, (2) 2, (3) 4, (4) 6, (5) 10, and (6) 20 min.
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DRIFT spectra of CO desorption at room temperature from calcined catalysts after their use in CO oxidation (switch from 5200 ppm

CO/He to Ar). (a) AulTiO; after (1) 2, (2) 4, (3) 6, (4) 8, (5) 10, (6) 12, (7) 14, (8) 18, and (9) 24 min. (b) Au/ZrO; after (1) 2, (2) 4, (3) 6, (4) 8, (5) 10,

(6) 14, (7) 18, (8) 22, (9) 28, and (10) 34 min.

decreased steadily. It was much more pronounced for
AU/TIO, than for Au/ZrO,. Note that these catalysts did
not have a significant initial catalytic activity at room tem-
perature in the DRIFTS cell.

3.3.3. CO desorption into O, stream (reaction of pre-
adsorbed CO with O;). CO was adsorbed on uncalcined
and ex situ calcined Au/TiO, and Au/ZrO; catalysts and
thereafter exposed to flowing O, instead of Ar in order
to draw conclusions concerning their activity at room tem-
perature and to gain further insight into the properties of
the reactive centres. DRIFTS spectra are shown in Figs. 11
(uncalcined catalysts) and 12 (calcined catalysts).

With an uncalcined Au/TiO; catalyst, a small band due
to free CO, appeared (Fig. 11a), the band of adsorbed CO
shifted from 2112 to 2115 cm~, and the CO disappeared
much more quickly thanin Ar due to reaction. Applying the
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same procedure on the uncalcined zirconia-based catalyst,
negligible amounts of CO, were formed (Fig. 11b) and the
decrease of the adsorbed CO band intensities was similar
to that observed in Ar (Fig. 8b).

The “used catalysts,” however, showed a much quicker
desorption (Figs. 12a and 12b) by reaction with O,. Bands of
free CO, were discernible and more intense with Au/TiO,
than with Au/ZrO,. Location of the carbonyl stretching
bands at 2111-2115 cm™! (Au/TiO,) and 2118-2123 cm™!
(Au/ZrO,) were similar to those observed for desorption
in Ar and showed a similar frequency shift.

3.3.4. Measurements under  reaction conditions.
DRIFTS spectra of calcined catalysts were recorded af-
ter exposure to 2500 ppm CO in He until steady state was
reached; then the gas stream was changed to 2500 ppm CO
and 2500 ppm O, in He (Fig. 13). These conditions were
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FIG. 10. DRIFT spectra of CO desorption after in situ oxidation at 573 K and subsequent CO adsorption at 298 K. (a) Au/TiO; after (1) 2, (2) 4,
(3) 6, (4) 10, (5) 14, (6) 18, (7) 36, and (8) 90 min. (b) Au/ZrO, after in situ oxidation at 573 K and subsequent CO adsorption at 298 K after (1) 2, (2) 4,

(3) 6, (4) 8, and (5) 10 min.
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DRIFT spectra of CO pre-adsorbed on uncalcined catalysts during exposure to an O, stream (5000 ppm O,/He) at room temperature.

(2) AUITIO, after (1) 0, (2) 2, (3) 4, (4) 6, (5) 8, (6) 10, and (7) 14 min. (b) Au/ZrO; after (1) 0, (2) 2, (3) 4, (4) 6, (5) 8, (6) 10, (7) 14, and (8) 18 min.

very similar to those used during catalytic measurements.
During the switch from CO to CO + O, the band shifted
slightly from 2112 to 2117 cm~* with titania supported gold,
and from 2118 to 2120 cm~* with zirconia supported gold.
The bands of free CO, were more intense for Au/TiO,,
indicating again higher activity of the titania-supported
catalyst. With Au/ZrO, no significant CO, formation was
detected even at 393 K.

4. DISCUSSION

It is well known that Au clusters of 2.0-3.0 nm show
high activity in CO oxidation (3, 8). Using gold colloids
instead of previously reported methods like impregnation,
deposition—precipitation (2, 3, 6), CVD-methods (17), or
fixation of phosphines (4, 15), small gold nanoparticles on
metal oxides were produced on TiO; and ZrO,. Since the
particle size is nearly preserved during fixation of the gold
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colloids, the particle size of gold on titania and zirconia
is similar. Moreover, surface analysis with XPS revealed
that the gold particles are in metallic state. No significant
amounts of oxidized species due to insufficient reduction
of the precursor HAuUCI,4 or due to reoxidation in air were
found, since there is no shoulder at the Au 4f; > and Au 4fs,
peaks, as reported for Au on Fe,O3 by Epling etal. (26). The
content of phosphorous and sodium impurities on the sur-
face, when anchoring at pH 2, was low, as determined by
XPS. Additional investigations revealed that the concentra-
tion of contaminants was particularly low if the gold depo-
sition was performed in acidic solution, probably because
under basic conditions the surface is negatively charged and
sodium can be adsorbed by electrostatic interaction.
Catalytic measurements in the microreactor, DRIFTS
spectra during CO desorption into oxygen stream or un-
der reaction conditions (band of free CO;), and thermo-
gravimetric analysis (formation of CO; during CO pulse)
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DRIFT spectra of CO pre-adsorbed on calcined catalysts during exposure to an O, stream at room temperature (switch from 5200 ppm

CO/He to 5000 ppm O,/He). (a) Au/TiO; after (1) 0, (2) 2, (3) 4, and (4) 6 min. (b) Au/ZrO; after (1) 2, (2) 4, (3) 6, (4) 8, (5) 10, (6) 14, and (7) 18 min.
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FIG. 13. DRIFT spectra of calcined gold catalysts during change
from 2500 ppm CO in He to reaction mixture (2500 ppm CO and
2500 ppm O, in He) at room temperature. (a) Au/TiO; after (1) 2, (2)
4, (3) 8, (4) 10, and (5) 20 min and at (6) steady state. (b) Au/ZrO, at
steady state.

showed that the titania-supported gold catalyst is active,
even though it was not calcined. This is in contrast to re-
cent results by Tsubota et al. (27), who reported that gold
particles supported on metal oxides do not display catalytic
activity unless heated to very high temperatures.

In contrast to uncalcined Au/TiO,, the uncalcined Au/
ZrO; showed no significant activity. Heating Au/ZrO, to
moderate temperatures did notincrease its activity, whereas
the activity of Au/TiO; increased significantly upon heating
the sample in the reaction atmosphere to 420 K (Fig. 6). Fol-
lowing calcination of the gold catalysts at 673 K, the catalytic
activity increased significantly, particularly with Au/ZrO..
The activity of Au/TiO, was superior to that of Au/ZrO,
also after calcination. This behaviour is in line with pre-
vious results obtained with corresponding catalyst systems
prepared by other methods (compare, e.g., (18) and (3)).
According to XPS results the metallic character of gold was
maintained. The existence of some broader Au 4f peaks in-
dicated (Fig. 2) that some of the particles might have been
slightly oxidized, however, to a much lower extent than re-
ported in Ref. (26).

The data gathered in this work indicate that another fac-
tor, apart from particle size, may be crucial for catalytic
activity. Evidence for this emerges from the fact that the
particle size distribution of gold in both systems is similar,
whereas catalytic properties are vastly different. In previ-
ous publications (33, 34), it was reported that the shape of
the particles also plays a significant role. Whereas the par-
ticles seem to be spherical directly after anchoring onto the
support, there are more significant differences after activa-
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tion in air. On Au/ZrO, some of the gold particles appear
with hexagonal shape in the TEM image. As known from
earlier studies (35), such particles mainly contain Au(111)
faces. With Au/TiO, the particles are more spherical, and
consequently the contrast in the microscope is much poorer
compared to the uncalcined catalyst. There are no fringes
evident. In a few cases they were found for Au/ZrO,. This
indicates that the particles are less crystalline, and probably
expose more step/kink sites as well as point defects on the
surface. The different particle shape after calcination could
be due to different interfacial energy of the supports with
gold (36) and/or restructuring during heat treatment. Note
that only little sintering of gold occurred in both systems
upon heat treatment in air, in contrast to results obtained
by Valdenetal. (7,8). Thisis probably due to the fact that the
surfaces of polycrystalline titania exhibit significantly more
defects than a single crystal TiO,(110) surface. In addition,
we did not observe strong particle aggregation of gold par-
ticles supported on rough TiO, films on Au(111)/mica (sys-
tems described in Ref. (12)).

DRIFTS studies were performed in order to further char-
acterize the gold sites existing on the different catalysts and
to elucidate the nature of the reversible CO adsorption.
In general, the investigation of the gold sites on calcined
and uncalcined Au/TiO, and Au/ZrO, catalysts with CO
adsorption in FTIR showed that there are significant dif-
ferences dependent on the support and the heat treatment
of the catalyst. Characteristic bands used for the compara-
tive study are listed in Table 3.

On uncalcined catalysts, two different bands, located at
2110-2120cm~tand around 2130 cm ™!, were found. A band
around 2110 cm~! has also been reported on Au(332) (28),
and recently on gold particles supported on TiO,/Mo(100)
(37); it is due to adsorption on low-coordinated step/kink
defect sites. Adsorption on terrace sites is difficult and nor-
mally results in CO vibrations located at lower frequencies.
They were not observed in our studies, probably due to the
low CO partial pressure.

Desorption from the step/edge sites occurred rather
rapidly from both catalysts. This can be attributed to the
low adsorption energy of CO on these sites. The initial heat
of adsorption on Au(332) and polycrystalline gold is 55—
58 kJ/mol (on step sites), whereas it is only 34 kJ/mol on
the Au(110) surface (38). Boccuzzi et al. (30) and Bollinger
and Vannice (2) observed a typical CO band on gold
catalysts with small particle size around 2105 cm~2. In our
study, the bands are shifted to higher wavenumbers (2110-
2120 cm™1), because of the lower CO partial pressure. Such
a “blue shift” of the CO band at lower coverages was pre-
viously described in Ref. (39). In line with this we also ob-
served a shift in energy during desorption of CO or when
using different CO partial pressures.

Comparing Au on titania and zirconia, it emerges that
the CO absorption bands are shifted to higher frequencies
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for the step/edge gold sites for Au/ZrO,. The desorption of
CO proceeds more slowly, indicating stronger adsorption
of CO on zirconia than on titania-supported gold particles.
Additionally, the shoulder around 2130 cm~t is much more
pronounced for Au/ZrO, compared to Au/TiO,. This band
is probably due to CO adsorption on positively polarized
gold species, as also observed by Chang et al. (40) on gold
electrodes, and Boccuzzi et al. (41) on gold catalysts.

Desorption into an oxygen stream supported that CO is
bonded more strongly on gold particles deposited on zir-
conia (Figs. 11 and 12) and does not react so quickly with
oxygen from the ambient atmosphere. This all indicates that
there are different gold sites in Au/TiO,and Au/ZrO;,which
cannot be traced alone to a particle size effect.

The fact that on Au/TiO; the CO bands for step/edge sites
(2110-2120 cm™Y) are more prominent than on Au/ZrO,
suggests that those sites could be responsible for CO oxida-
tion. It can be speculated that the positively polarized gold
sites (around 2130 cm~1) do not play a crucial role in CO
oxidation. This can be inferred from the fact that the less ac-
tive catalyst Au/ZrO; shows considerably higher intensity
of this band.

Interestingly, an in situ treatment of the catalyst in air
(with cooling in air) led to a temporarily inactive catalyst,
where CO was bound more strongly on positively polar-
ized gold sites on both catalysts (2130-2140 cm™1). There is
no contribution from step or kink sites (no adsorption be-
low 2120 cm™1), supporting the hypothesis that those low-
coordinated gold sites are responsible for the oxidation of
CO. Instead there is a band around 2354 cm~?, which can be
assigned to adsorbed CO,. This band has also been reported
in previous studies on gold electrodes (32). The Au/TiO,
catalyst regained its activity more rapidly, showing that a
possible restructuring caused by the treatment in oxygen is
more stable for Au/ZrO,. From recent surface science stud-
ies it emerges that Au(111) can undergo a stable restructur-
ing in air (42). Such restructuring could temporarily inhibit
the reaction after calcination in air.

To sum up, the comparative electronmicroscopy and
DRIFTS studies of Au/ZrO; and Au/TiO, show that the
gold particle size is similar on both catalysts, whereas the
exposed gold sites are different, depending on support and
activation treatment. Valden et al. (7, 8) found in a model
catalyst study that the optimum size for gold particles is
around 2.5 nm, and they explained it by a quantum size ef-
fect. A similar optimum for the particle size has previously
been found by Haruta et al. (43).

The number of kink/step sites is expected to change with
the gold particle size: the smaller the particle size, the more
step/kink sites will be present on the surface. Only if two-
dimensional islands develop at very low coverage will their
number decrease again. Since CO is bound reversibly on
gold in all systems and weakly on the most active catalysts,
CO adsorption is unlikely to be the crucial step for CO

GRUNWALDT ET AL.

oxidation, as already concluded in a previous model cata-
lyst study (12). The better activity could be explained by the
fact that oxygen is activated on the support or interface and
has to migrate to active centres on the gold particles (10,
12). However, there have to be centres on the gold surface
that are able to adsorb oxygen. Oxygen adsorption does
not occur on gold single-crystal surfaces, and an activation
barrier exists for dissociative O, adsorption (44, 45). Hence,
terrace sites are probably not able to adsorb CO and oxygen
at the same time. This role could be fulfilled by kink or
step sites, because adsorption energies are higher on these
than on terrace sites, as theoretically calculated for several
examples by the Ngrskov group (46).

5. CONCLUSIONS

Structural and catalytic properties in CO oxidation have
been compared for gold particles deposited on titania and
zirconia. The gold particles on both supports are in a
metallic state, as evidenced by XPS. The particles of about
2 nm in size, as indicated by HRTEM and XRD, are sta-
ble during calcination in air. The catalytic activity in low-
temperature CO oxidation was found to depend on sup-
portand calcination procedure, in line with previous results,
where Au/TiO, and Au/ZrO; catalysts were prepared with
different procedures (3, 18, 47). From the detailed investi-
gation with DRIFTS, in addition to structural analysis with
HRTEM, we conclude that the number of low-coordinated
gold sites is different on the two supports due to differ-
ent support interactions resulting in different shapes of
the gold particles. Calcination affects the number of low-
coordinated gold sites, which are suggested to be responsi-
ble for the adsorption of oxygen and carbon monoxide, be-
cause terrace sites are not able to adsorb oxygen according
to single-crystal studies and theoretical calculations. How-
ever, further model catalyst studies and calculations are
needed to substantiate this hypothesis.
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