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Deposition of Highly Dispersed Gold on Alumina Support
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Gold catalysts of Au/Al,O3, prepared by the methods of deposi-
tion precipitation (DP, AuCl; was the precursor of gold) and chem-
ical vapor deposition (CVD, an organic gold complex was the pre-
cursor), were tested in the reaction of CO oxidation at subambient
temperatures. The activity observed for prepared catalysts generally
increased with their gold dispersion characterized by transmission
electron microscopy. Finely dispersed Au/Al;O3 (with day < 5 nm)
catalysts may be easily prepared by the CVD method. Au/Al;O3
samples prepared by the traditional DP method contained many
large gold crystallites (day > 7 nm). They originated, during the
impregnation step, from the occlusion of gold complex solution in
pores of Al,O3. However, small gold particles (day ~ 3.5 nm) may be
deposited on Al,O3 by a modified DP method featuring prealkalin-
ization of the Al,O3 surface. Furthermore, a mild hydrogen reduc-
tion is effective in eliminating the incubation period required for
catalysts freshly prepared by the DP method. Characterization of
the temperature-programmed reduction revealed that the function
of reduction was to remove poisonous chloride ions from deposited
gold crystallites.  © 2001 Academic Press
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1. INTRODUCTION

The element gold has long been regarded as an inert
metal that is catalytically less active than most transition
metals (1, 2). Recently, Haruta et al. found that nanoparti-
cles of gold dispersed on porous oxides were active toward
the oxidation of carbon monoxide at subambient tempera-
tures (3-5):

2CO + O, — 2CO,. [1]

The catalytic performance of these catalysts depends
markedly on the particle size of gold, the nature of the
supports, and the interaction between gold particles and
support surface. Consequently, catalytic properties of gold
are influenced significantly by preparative parameters.
The catalytic activity of gold catalysts generally increases
with decreasing size of dispersed gold particles. Several

1 To whom correspondence should be addressed. E-mail: ctyeh@
mx.nthu.edu.tw. Fax: 886-3-5726047.

methods have been proposed for preparation of highly dis-
persed (d < 5 nm) gold catalysts (4, 6-12) that have good
CO oxidation activity at subambient temperatures. Among
the techniques proposed, deposition—precipitation (DP) is
the conventional method of prparing highly dispersed gold
on oxide supports such as TiO; and MgO. However, this
traditional method usually deposits large (d > 7 nm) gold
crystallites when dispersed on alumina, the support most
commonly used in industrial catalysts (13).

It is therefore the goal of this study to prepare highly
dispersed Au/Al,O3 catalysts. This goal has been success-
fully accomplished by a modified deposition—precipitation
method and the technique of chemical vapor deposition.

Pretreatment is generally required for activation of gold
catalysts prepared from the precursor of AuCl; (14, 15).
Usually, prereduction yields higher CO conversion at room
temperature than preoxidation (15). In this study, we found
that temperature-programmed reduction is useful in de-
termining the appropriate reduction conditions for remov-
ing chloride poison while preserving the dispersion of gold
crystallites.

2. METHODS

2.1. Catalyst Preparation

Two kinds of metal oxide, y-Al,O3 (Kaiser, SA. =
234 m?/g) and TiO,, were used as supports in this study.
TiO, powder was synthesized in the laboratory by hydrol-
ysis of Ti(i-OC3H5)4 (Acros Chem. Co., 98%).

The traditional method of DP of gold onto supports may
be foundin the literature (6). Inour laboratory,5ml of 0.1 M
AuCl; (Aldrich Chem. Co., 99%) aqueous solution was
added to 5 g oxide support suspended in deionized water to
prepare 2 wt% gold catalysts. The pH of the solution was
then adjusted to 7 with 0.1 M NaOH for depositing Au ions
onto the support surface (6). After 2 h of stirring at 343 K,
impregnated samples were filtered, washed with deionized
water (until no AgCl precipitate was noted on dropping
the filtrate into an AgNOs solution), and then dried for
12 h at 373 K in air. These dried powders were stored as
fresh samples for further physical characterization and cata-
lytic activity measurements.
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In a modified deposition—precipitation (referred to here-
after as modified DP) method, alumina powders were sus-
pended in deionized water and the pH of the suspension
was preadjusted to 7 with 0.1 M NaOH. An aqueous solu-
tion of 0.1 M AuCl; was subsequently added drop by drop
into the neutralized suspension, along with a 0.1 M NaOH
solution to maintain a pH of 7. After 2 h stirring at 343 K,
impregnated samples were filtered, washed, dried at 373 K,
and stored as fresh samples.

Chemical vapor deposition (CVD) was performed in
a vacuum system using an organic complex, dimethyl-
gold(l1D-acetyl acetonate [DMGAA, (CH3),Au(CH3;CO-
CH,COCHg3) from Strem Chem. Co.] as the gold precursor.
Support powders (around 2 g) were preevacuated at 473 K
for 4 h to remove adsorbed water and then calcined for
30minin 20 Torr O, at 473 K to remove organic contamina-
tion. The organic gold precursor was gradually evaporated,
at 343 K, from the precursor vessel and adsorbed onto the
surface of the support through the vacuum system. The de-
position generally lasted 24 h, and the resulting samples
were stored after calcination at 573 K in air to burn out
organic ligands in the gold precursor.

2.2. Physical Characterization

The thermal decomposition of organic ligands from CVD
samples was examined by thermogravimetric and differen-
tial thermal analysis (TG/DTA) (Seiko SSC 5000) at a heat-
ing rate of 10 K/minin a flow of air. The crystalline structure
of supports was examined by X-ray diffraction (XRD, Shi-
madzu XD-5 with 0.154-nm line of CuK). The gold load-
ing on each sample was analyzed, after digestion in aqua
regia, with a Perkin—Elmer 5500 atomic absorption spec-
trometer. The particle size of supported gold was examined
by transmission electron microscopy (TEM; JEOL JEM-
4000EX).

Temperature-programmed reduction (TPR) was per-
formed in a fixed-bed reactor. A fresh sample of 0.20 g
was inserted into quartz tubing of 6-mm i.d. After a 30-min
purge with nitrogen gas, the TPR trace was pursued in a
30 ml/min flow of 5% H, in nitrogen on raising the system
temperature from 300 K at the rate of 7 K/min. The rate of
hydrogen consumption during TPR characterization was
monitored with a thermal conductivity detector (TCD).

2.3. Catalytic Activities

The catalytic activity of prepared samples toward CO
oxidation was tested in a fixed-bed flow reactor. The re-
actant gas, a 33 ml/min flow of 1 vol% CO in air, was
catalyzed by a powder sample (0.10 g) packed in a quartz
tube (space velocity = 2 x 10*ml/g cat - h) of 4-mmi.d. The
reaction temperature was controlled by a thermal couple
(1.2-mmi.d.) in contact with the inlet of the catalyst bed. A
stabilization period of 1 h was allowed before the analysis
of product composition. The fraction of carbon monoxide

remaining in the product was analyzed by gas chromatog-
raphy (China Chrom. Co., 8700T) using a TCD and a 5-m
column of Molecular Sieve 13X.

3. RESULTS

3.1. Calcination of Titania Support

Ti(i-OC3Hy7)4 precursor was hydrolyzed in deionized wa-
ter to prepare Ti(OH), precipitate. Two endothermically
weight loss signals, at 333 and 473 K, respectively, were
noted in the TG/DTA spectrum of the precipitate dried at
333 K (Fig. 1). These signals indicated the dehydration of
Ti(OH)4 to TiO,.

Figure 2 shows that the initially dehydrated TiO, was
XRD amorphous, but became crystallized after calcination
at elevated temperatures (T¢) in air. Two diffraction peaks
with diffraction angles between 26 = 20° and 30° were
found from calcined samples. The peak at 20 = 25.3° be-
longs to the anatase TiO,(101), and the peak at 260 = 27.5°
comes from the rutile TiO,(110).

BET characterization revealed that the surface area of
TiO, decreased from 140 m2/g (M-TiO,, T, = 473 K) to
47 m?lg (N-TiO,, T, = 873 K) on raising T¢. Transmission
electron micrographs (Figs. 3a and 3b) show that calcined
samples were agglomerated from primary TiO, particles of
2-10 nm (M-TiOy) and 10-40 nm (N-TiOy), respectively.

3.2. Characterization of Gold Catalysts

Table 1 lists gold samples prepared in this study along
with their properties. The seven supported samples studied
are listed in the first column of this table with two cap-
ital letters. The first letter indicates the kind of support
(M, N, and A represent M-TiO, N-TiO2, and y-Al;Os3, re-
spectively) and the second letter indicates the method of
sample preparation (D, M, and C represent DP, modified
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FIG.1. TG/DTA results for 333 K dried Ti(OH),.
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FIG.2. XRD spectra obtained from titania calcined at different tem-
peratures in air.

DP, and CVD, respectively). The fourth column of Table 1
lists the loading of gold analyzed by atomic absorption
(AA) spectrometry. Only a portion of the gold from the pre-
cursor was found deposited on samples (to form intended
2.0 wt%) prepared by the DP method.

In Fig. 4 are histograms of the gold particles counted
in transmission electron micrographs of prepared sample
(Figs. 3c-3i). The fifth column of Table 1 lists the arithmeti-
cally averaged diameters obtained from the histograms. The
gold clusters on samples prepared by CVD are generally
smaller and the size distribution is more homogeneous than
for those prepared by the DP method. Surprisingly, sample
AM, the Au/Al,O3 prepared by the modified DP method,
displayed higher Au dispersion than sample AC.

Figure 5 compares TPR traces obtained from four fresh
samples prepared by the DP method. A hydrogen consump-
tion signal was noted in each trace. Gold complexes de-
posited on Au/TiO, and Au/Al,O3; were reduced around
373 and 473 K, respectively. Obviously, the temperature re-
quired for reduction of gold precursors varied with the kind
of support.

Figure 6 shows the TG/DTA results for NC sample
freshly prepared by the CVD method. An exothermic
weight loss process (due to combustion of DMGAA precur-
sor) was noted at 573 K. No reductive signal was observed
in a subsequent TPR experiments with all oxidized CVD
samples.

3.3. Catalytic Activity at 273 K

The initial activity of freshly prepared catalysts toward
CO oxidation at 273 K varied significantly with preparation
parameters. All of the CVD samples (MC, NC, and AC) dis-
played 100% initial conversion of CO after burnout of or-
ganic ligands (calcination at 573 K). Catalysts prepared by
the DP method (AD, AM, MD, and ND) were completely
inactive at the beginning (Fig. 7). However, Au/TiO; sam-

ples (MD and ND) were activated by the reactant flow and
reached 100% CO conversion after an incubation period
of about 2 h. This pretreatment was definitely too mild for
activation of Au/Al,O3; samples (AD and AM). No sign of
activation was observed by treating them in the reactant
flow.

Prereduction with a flow of hydrogen before the activity
test was then attempted on catalysts prepared by the DP
method. The temperatures of hydrogen consumption illus-
trated in Fig. 5 (373 and 473 K for Au/TiO; and Au/Al,O3,
respectively) were accepted as the temperatures of prere-
duction treatment. Figure 8 is the time profile of CO con-
version from prereduced samples. After the prereduction,
samples MD, ND (Au/TiOy), and AM (Au/Al,O3 prepared
by modified DP) showed excellent initial activity. The in-
cubation period required in Fig. 7 for Au/TiO, was success-
fully eliminated. Notably, although sample AM could be
activated by the prereduction, sample AD (Au/Al,O3 pre-
pared with the DP method) remained inactive at a reaction
temperature of 273 K.

3.4. Effect of Reaction Temperature

CO oxidation was subsequently tested at elevated tem-
peratures for the prereduced AD catalyst. Significant CO
conversion was observed for this catalyst on raising the
temperature over 300 K. Obviously, the catalytic activity
of this catalyst was too low at 273 K but increased with the
temperature of reaction. A small activation energy is re-
quired for the initiation of this exothermic reaction. Figure 9
compares the temperature profiles of CO conversion over
reduced samples prepared by the DP method. Similar pro-
files were also obtained for the oxidized samples prepared
by the CVD method (Fig. 10). Conversion of all of these
catalysts increased with reaction temperature. However,

TABLE 1

Preparation Conditions and Characterization Results for the Gold
Catalyst Samples Studied

Preparation  Au d? TP N,/ Tu°
Sample Support method Wwt%) (nm)  (K) 15Naf (K)
MD M-TiO, DP 1.01 43+10 355 038 247
ND N-TiO, DP 040 47+11 328 036 249
AD y-AlbLO; DP 132 72+26 465 046 296
AM y-Al,O;  Modified 173 34417 455 046 236

DP

MC M-TiO, CVD 437 28+10 —° — 209
NC N-TiO, CVD 336 38+11 — — 230
AC y-Al,O; CVD 458 41+17 — — 252

@ Detected by TEM.

b Reduction temperature of samples detected by TPR.

° N, and Na, denote the number of hydrogen molecules consumed in
TPR trace and the number of Au atoms in fresh samples, respectively.

dTemperature required for 50% CO conversion.

¢—, No TPR signal was observed.
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FIG. 3. Transmission electron micrographs of (a) amorphous TiO,, (b) anatase TiO; supports, and (c) MD, (d) ND, (e) AD, (f) AM, (g) MC,
(h) NC, (i) AC fresh samples. (j) The existence of fringe pattern from a good crystallite on sample ND dried at 373 K.
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FIG. 3.—Continued

the temperature required for the same conversion varied
with the nature of the prepared samples. The last column of
Table 1 compares the temperatures required by each cata-
lyst for 50% CO conversion (Ty52). Sample MC (Au/M-TiO,
prepared by the CVD) exhibited the lowest Ty, and could
catalyze CO oxidation even at 200 K.

4. DISCUSSION

4.1. The Phase Transfer of TiO, on Calcination

Two endothermic transitions (333 K and 473 K) were
observed in the TG/TDA spectra of Ti(OH), (Fig. 1). From
the total weight loss during these transitions (~8%), they
come from dehydration of Ti(OH)4 to TiOy, i.e.,

Ti(OH), 5 Tio, + 2H,0. 2]

Figure 2 indicates that Ti(OH), was dehydrated into
amorphous TiO; after calcination at T, = 473 K. The amor-
phous TiO; gradually converted to the anatase phase at
higher temperatures and finally transformed into the rutile
phase at T, > 973 K.

The width of diffraction peaks in Fig. 2 narrowed with
T, of the calcination treatment. Obviously, TiO; crystallites
gradually sintered into large particles on raising T, The
sintering isconfirmed by a decrease in BET surface areaand
an increase in the particle size of primary particles found in
TEM (Figs. 3a and 3b).

4.2. The Process of Deposition Precipitation

A dissolution of AuClz precursor in water may yield
six kinds of possible gold species, i.e., five dissolved
AuCly (OH),_, complexes (with x < 4) in the solution and
a AuCly(OH);_y precipitate (with y <1.0). The relative
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FIG.5. TPR traces observed for fresh samples prepared by DP
method.

contributions of these species varied with the pH value of
the AuClj;solution (13). At pH 7.0 (optimized pH value for
adecent gold deposition), theAuCl,(OH)3_y precipitate as
well as the complexes of AuClI(OH); and Au(OH), are
major gold species in the solution system under thermo-
dynamic equilibrium. Accordingly, on adjusting the sup-
port (alumina or titania) suspended solution of AuCl; to
this pH value, the pores of the support should be precipi-
tated with AuCl,(OH);_y (denoted as Aup) and occluded
with the complexes (denoted as Au,) of AuCI(OH); and
Au(OH), . Conceivably, a large fraction of Au, would re-
main in the pores, along with Auj, during the filtration and
washing steps and then deposit there on freshly prepared
samples.

A deposition of 2 wt% of gold was intended on prepara-
tion of samples. However, the amount of gold actually de-
posited on prepared samples varied with the surface area
of the support. Only 20% of the gold in the AuCl; solution
was deposited on anatase support (S.A. = 47 m?/g). The
deposited fraction increased to 50% on amorphous TiO;
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FIG.6. TG/DTA spectra of fresh NC sample.
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FIG. 7. Time profile of CO conversion in CO oxidation at 273 K over

fresh catalysts: O, AD and AM; A, ND; O, MD; &, MC, NC, and AC.

(S.A. =140 m?) and 66% on Al,O3 (S.A. = 234 m?/g). The
rest of the gold was either deposited on the surface of the
beaker and the stirrer or lost in the filtrate solution.

The fifth column of Table 1 compares the average particle
sizes (d) of gold on freshly prepared samples. Apparently,
DP is an excellent method for preparing highly dispersed
AU/TiO, samples (d < 5 nm for both MD and ND samples).
But Au/Al,O3 sample (AD) prepared by the traditional DP
method showed poor dispersion (d > 7 nm). The difference
in gold dispersion may be a result of the isoelectric point of
these two supports.

4.3. The Effect of Surface Acidity on Au Deposition

The surface of TiO; has an isoelectric point of pH 6.
The pore surface of this support was therefore negatively

100 @)O S S P

A O @
o O O

N
o

CO Conversion (%)

0 WV—V—V——V
0 10 20 30
Reaction time (h)

FIG.8. CO conversion over prereduced samples at 273 K: O, ND,
MD, and AM; V, AD.
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FIG.9. Temperature profile of catalytic activity of reduced samples
prepared by DP method: A, AM; V, AD; O, MD; [0, ND.

charged during suspension in the distilled water (pH 7) and
expelled the negatively charged ions. At least two kinds
advantages toward a high gold dispersion may be imag-
ined from the anion repulsion. First, fewer CI~ ions were
adsorbed on the surface during the DP process and, conse-
quently, a sintering of gold species would be less probable
in the subsequent treatment of drying and calcination. Sec-
ond, the concentration of Au, solution occluded in pores of
suspended TiO, should therefore be lower than that in the
filtrate. Consequently, Au, would be favored over Au, as
the major source of gold deposited on the freshly prepared
AU/TiO,. The aggregates of deposited Au, would finally
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FIG. 10. Temperature profile of catalytic activity of calcined samples
prepared by CVD method. A, MC; O, NC; (I, AC.
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convert, along with a minor fraction of Au,, to finely dis-
persed gold particles in fresh samples.

On the other hand, the surface of Al,O3 (with an isoelec-
tric point of pH 8) suspended in deionized water was pos-
itively charged and should attract negatively charged ions
into the pores during the precipitation deposition and result
in a low Au dispersion to AD sample. In the modified DP
method, the surface of the Al,O3 support was preadjusted
to pH 7.0 with diluted NaOH solution before adding AuCls
solution. The density of the positive charge on the pore sur-
face of Al,O3 should have been significantly reduced in the
precipitation step. Consequently, the average size of gold
particles dispersed on the fresh AM was reduced to 3.4 nm
(from 7.2 nm for sample AD).

4.4. The Reduction of Gold Species

Among the gold species on supported Au catalysts pre-
pared by the DP method, Au(OH); and Au(OH), of de-
posited gold species are thermally unstable at 373 K (16)
and tend to decompose into metallic gold during the drying
pretreatment:

3
2AU(OH)3 — 2AU + 3H,0 + ZO. [3]

The existence of reduced gold in the dried samples agrees
with the gold fringes occasionally found in the trans-
mission electron micrograph (Fig. 3j). Accordingly, the
dominant gold species remaining on the dried sample
should be the chloride-contaminated gold species (mainly
AUCly(OH);_y). It is therefore of interest to determine
the minimum temperature required for reduction of this
chloride-contaminated gold to metallic gold.

Figure 5 compares TPR traces obtained for four fresh
samples prepared by the DP method. Only a single re-
duction peak was noted in each trace. Conceivably, the
observed peak may be assigned to reduction of chloride-
contaminated gold species such as:

2AUCI(OH), + 3H, — 2Au + 4H,0 + 2HCL.  [4]

From the stoichiometric relation of this reaction, the frac-
tion of gold deposited as chloride-contaminated Au(OH);
in prepared samples could be estimated as Nu,/1.5Nay
(where Ny, denotes the number of hydrogen molecules
consumed in TPR). The seventh column of Table 1 com-
pares the Nu,/1.5Na, ratios obtained from TPR traces.
Around 40% of the gold was deposited with chloride ions
for all samples. The rest may be Au(OH); species which
decompose into metallic gold during the drying treatment.

The minimum temperature (T;) required for complete
reduction of reaction [4] varied significantly in Fig. 4 with
the catalyst support. Titania-supported samples (MD and
ND) displayed a T, of 373 K while alumina-supported sam-
ples (AD and AM) had a T, of 473 K. The discrepancy in

T, agrees with the knowledge that alumina is an insulator
and titania is an n-type support, and n-type oxides tend to
promote reduction of dispersed cations.

4.5. Activation of Fresh Catalysts

On heating at 343 K, the organic DMGAA complex of
gold was vaporized and adsorbed onto the surface of sup-
ports through the vacuum system. From TG/DTA spectra
of the fresh NC sample (Fig. 5), organic ligands of the ad-
sorbed complex were oxidized in air at 573 K. Accordingly,
calcination at T, = 573 K for gold catalysts prepared by the
CVD method (MC, AC, and NC) is chosen as the standard
procedure for their activation.

Although Au/TiO; catalysts (MD and ND) exhibited
100% conversion of CO at 273 K after a 2-h incuba-
tion period (Fig. 7), fresh Au/Al,O; (AD and AM) re-
mained inactive even after 30 h of reaction under the same
conditions. The observed difference in activation between
AU/TIO, and Au/Al,O3 may be related to their reducibil-
ity noted in TPR traces. Samples of Au/TiO, and Au/Al,O4
are seen in Fig. 5 to be reduced through reaction [4] at 373
and 473 K, respectively, by hydrogen in the TPR flow. CO
was found to be more active than H, for the oxidation re-
action on gold catalysts in literature reports (3, 17), and
activation of Au/TiO; by a reactant flow of CO + O, has
been reported (15). Conceivably, chloride-contaminated
Au(OH);on Au/TiO, may be reduced by CO in the reactant
flow at 273 K through

2AuCIl(OH),; 4+ 3CO — 2Au + 2HCI + H,O +3CO;,. [5]

It is therefore our proposal that chloride ions in deposited
gold salts inhibit reaction [1] and that the activation of these
catalysts involves mainly the reduction of gold salt into the
metallic state.

Since more severe conditions are required for the hy-
drogen reduction of Au/Al,O3 than for Au/TiO,, the re-
duction by the reactant flow at 273 K may be too mild
for substantial activation of Au/Al;Os. In Fig. 8, an AM
sample prereduced at 473 K indeed exhibited good activity
without any induction period. We may therefore be confi-
dent that decent reduction of reaction [4] can activate gold
catalyst prepared from AuCl; precursor and TPR is a good
technique to determine the conditions (T,) required by the
reduction.

4.6. The Effect of Gold Particle Size with Catalytic Activity

According to the TPR results in Fig. 5, Au/Al,O3 samples
can be completely reduced in the hydrogen flow at 473 K.
Surprisingly, the reduced AD remained inactive toward
CO oxidation at a reaction temperature of 273 K (Fig. 8).
On examination of the physical properties of the prepared
samples (Table 1), the diameter of gold on catalyst AD
(7.2 nm) is somewhat larger than those (<5.0 nm) of the
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other catalysts prepared. Evidently, the gold particles on
sample AD were too large to catalyze the CO oxidation
at 273 K. The temperature profile in Fig. 9 further demon-
strates that reasonable activity of the AD sample required
a reaction temperature of 280 K or higher.

Figure 11 correlates Ty, (the temperature at which 50%
CO conversion occurs under our reaction conditions) mea-
sured in the activity test with the particle size of samples
characterized in this study. The observed Ty, generally in-
creases with the average size of gold particles dispersed.
A dependence of catalytic activity on particle size is in-
deed confirmed. Evidently, the oxidation of CO over gold
catalyst is a structure-sensitive reaction.

The observed effect of particle size of gold on its activity
has been established in the literature for quite a long time
(3, 4). Although different explanations have been proposed
for this effect, the following Langmuir-Hinshelwood mech-
anism is generally accepted:

CO+*x — x—CO [6]
O+ — %0y [7]
CO-x + O—* — CO;, + O—% + * [8]
O-+ + CO—x — CO; + 2x. [9]

Since both reactants, i.e.,, O, and CO, are weakly ad-
sorbed on Au, the rate of reaction should be proportional
to the coverage of these reactants, 6co and 6o,, on gold
catalysts.

Haruta et al. found evidence (4, 7, 18) that active sites of
reactantadsorption are located at the interface between the
support and the dispersed gold. They attributed size effect
to an increase in the interface perimeter (or a density of
adsorbed reactant on catalysts). Baiker et al. reported that
the rate of CO conversion is higher for gold catalysts sup-

ported by n-type semiconductors than for those dispersed
on insulator (19). They suggested that O, molecules were
adsorbed mainly at the defect sites of the n-type semicon-
ductor and that a diffusion of adsorbed O, to CO adsorbed
at nearby gold particles is the rate-determining step of CO
oxidation (20). Goodman et al., in a recent scanning tun-
neling microscope study, found a gradual shift in electric
conductivity of gold particles dispersed on a single crystal
of TiO,. They regarded the size effect as a consequence of
the shift of the electronic conductivity of nanogold from
conductor to semiconductor (21).

4.7. The Effect of Support with Catalytic Activity

We cannot assess the relative contributions of these ex-
planations from the results of the present study. Neverthe-
less, Fig. 11 does illustrate that the activity of the Au/Al,O3
sample is indeed lower than that of the Au/TiO;, sample
with a similar size of gold. Column 4 in Table 1 further
demonstrated that the loading of Au does not significantly
affect Ty, of reaction [1]. Obviously, it is the size of gold
particles, rather than the nature of support or the density
of reactants adsorbed on catalysts, that plays a major role
in the variation of activity.

Vannice et al. found that the heat of adsorption (for
hydrogen and oxygen) on dispersed Pt and Pd increases
significantly on decreasing the particle size to less than
5nm (22, 23). Variation in the chemical and physical (color,
audio, etc.) properties has also been proposed for materials
in this nanoparticle range (24). The observed high activity
of gold particles with diameters less than 5 nm, in our opin-
ion, may be attributed to an increase in the affinity of these
particles to the weakly adsorbed reactants (CO and O;) or
an increase in Oco and 6o, on gold catalysts.

It is also noteworthy that Haruta et al. (17) have success-
fully prepared a highly dispersed Au/Al,Oj3 catalyst with
the traditional DP method. The reported Ty, (290 K) for
the catalytic CO oxidation for their catalyst is similar to
that (296 K) found in this study for catalyst AD. These two
catalysts were prepared by a common procedure of precip-
itating gold complexes to the Al,O3 surface at pH 7. In this
study, pretreatment of the Al,Oj3 surface with NaOH be-
fore the precipitation step led to a very active Au/Al,O3
catalyst (AM, T1,=236 K). The enhanced activity may
result from, besides the high Au dispersion mentioned in
Section 4.3, the prevention of CI~ deposition on the Al,O3
surface.

Sanchez et al. (25) studied the effects of defects in MgO
support on the catalytic properties of Au/MgO catalyst.
They suggest that defects may promote the activity of the
catalyst toward CO oxidation. In the present study, we
found a slightly lower Ty, for Au/TiO; in reaction [1] than
for Al,O3. The high activity observed for Au/TiO, may be
attributed partially to the n-type nature of the TiO, support.
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CONCLUSIONS

1. Small gold particles (day < 5 nm) have been suc-
cessfully deposited on Al,O3 support by the modified DP
method. The prepared catalyst displays good catalytic ac-
tivity toward CO oxidation at subambient temperatures.

2. Reduction of gold complex to metallic gold is required
for activating gold catalysts prepared by the DP method.
The support of gold catalysts profoundly affects the re-
ducibility of dispersed chloride-contaminated gold hydrox-
ides (AuCly(OH)3_y). The 2-h incubation time found in
Fig. 7 for CO oxidation at 273 K over fresh Au/TiO; is re-
quired for reduction of the contaminated hydroxides into
metallic gold. Similar activation of Au/Al,O3 cannot be
achieved under the same reaction conditions but may be
accomplished by a reduction with hydrogen at 473 K.
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