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Abstract

Supported Au catalysts are very active for low temperature CO oxidation. However, the reported activity from different laboratories for
apparently similar catalysts can differ quite substantially. Recent progress in resolving this difficulty is summarized. Residual chloride in the
sample is a very effective poison of the active site. The effect of water vapor on the catalytic activity differs depending on the support and
the residual chloride content. A model of the active site, which consists of an ensemble of metallic Au atoms and Au cations with hydroxyl
ligands, the reaction mechanism for CO oxidation, and the mechanism for deactivation during reaction as well as regeneration are discussec
with respect to the available data.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction (e.g., [12-14)), large variations in observed catalytic activ-
ities can be found reported in the literature over catalysts

The interest in studying supported Au catalysts has of similar compositions. This is illustrated by the data in Ta-
increased substantially since Haruta et al. discovered thatPle 1. Among the various supported Au catalysts/AlyO3
these catalysts are exceptionally active for low temperatureiS Perhaps one that shows the widest variation, ranging from
CO oxidation [1]. Compared to a highly dispersed supported D€ing very inactive [15,16] to being comparable or better
Pt catalyst, Au catalysts can be an order of magnitude than AYTIO2 [12,17]. Itis important to understand the ori-
more active [2]. The attention arises not only from the 9in of the wide variations in order to eliminate them.
commercial implication of this discovery, but also from the  Ultimately, the variation in catalytic activity is due to the
desire to answer the question of why the normally inert lack of control in the generation of the active site, either in
Au material can catalyze chemical reactions so effectively. {€rms of its number or its properties. Therefore, identifying
A better understanding of the origin of the catalytic activity the nature of the active site and the corresponding reaction
could lead to the discovery of other novel reactions. Already, Mechanism would be of great value. _
supported Au catalysts have been shown to be active for Significant progress has been made recently in under-
selective reduction of NO by hydrocarbon in the presence standing the preparation chemistry and elucidating the active

of a high concentration of oxygen [3,4], selective oxidation site. Here, we 'br|efly summarize the more recent re;ults in
of CO in a hydrogen stream [5,6], selective oxidation of these areas, with an emphasis on those that provide informa-

hydrocarbons [7], epoxidation of propene [8], and selective tion on the underliymg chemlstry, and offer ourview of the

hydrogenation [9,10]. current state of th|§ par_tlcular area of catalysis. Earlier work
Most of the studies to date have focused on the unusualhas been summarized in other reviews [11,18].

low temperature CO oxidation activity. The results suggest

that the activity is highly sensitive to the details in the prepa-

ration procedure and the catalytic testing conditions. Indeed,

as summarized by Bond and Thompson [11] and others

2. Preparation of supported Au catalysts
by deposition—precipitation

Active Au catalysts can be prepared using different
* Corresponding author. methods. Coprecipitation, impregnation, and deposition—
E-mail address: hkung@northwestern.edu (H.H. Kung). precipitation are the most commonly used, and they of-
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Table 1

Comparison of CO oxidation activities without water in the feed stfeam

Catalyst Prep. Dpy (nm)° Po, (kPa) Pco (kPa) T (K) Ratef TOF (s e f Ref.

Au/TiO; cP 45 49 49 313 257E-02 0095 [19]
DP 17 20 1 273 A1E-02 006 [16]
CVD 3.8 20 1 273 27E-03 002 [16]
OMD 4.7 3.67 367 293 20E-02 027 [13]
DP 25 20 1 300 40E-02 015 [20]
DP 29 20 1 300 12E-01 062 [20]

Au/Ti(OH);  IAH 3 20 1 300 96E-03 005 [21]

Au/Fe03 CP 36 20 1 203 26E-03 0021 [22]

Au/Fe(OHy  IAH 26 20 1 203 G4E-03 0026 [23]

Au/Al,03 CP 35 20 1 273 E-04 0006 [16]
DP 24 20 1 273 57E-03 002 [16]
DP 35 25 1 295 31E-02 0.17-0.46 [12]
CVD 35 20 1 273 134E-03 001 [16]
DP,pH 7 4 05 1 298 4E-04 ®04 [14]

20 1 298 6E-04 006 [14]
DP, pH 9 <4 05 1 298 9E-04 <0.009 [14]
20 1 298 18E-03 <0.018 [14]

DP, pH 11 <4 05 1 298 12E-03 <0.012 [14]

Au/SiOy CVD 6.6 20 1 298 TBE-04 002 [16]

@ The data of Park and Lee [31] are not included because their reported rates are much higher than those of others, although the experimental conditior
are similar.

b |AH, impregnation of AuUPPANO3 onto as-precipitated hydroxides; CP, coprecipitation; DP, deposition—precipitation; CVD, chemical vapor deposition;
OMD, impregnation of AuP§NO3 onto the oxide.

¢ Average diameter of Au particles.

d Quasi-steady state (time-on-strean80 min) CO oxidation rate, in mol CO (mol Au-s}, except for [19], which was obtained during the first 30 min.

€ Turnover frequency based on surface Au atoms.

f These values are from the original reference if available. Otherwise, rates are calculated from the TOF reported, or vice versa, assumingahemispheri
Au particles.

ten result in quite different catalysts as shown in Ta- Au(OH),Cls_,~ complex decreases rapidly, resulting in a
ble 1. Typically, coprecipitation or deposition—precipitation lower gold loading. However, there will also be less chloride
methods are more desirable than impregnation, especiallyat the catalyst surface, so small gold particles can be formed.
when chloroauric acid is used as the precursor. Various Therefore, there is a narrow range of pH where sufficient
processing variables have been studied, which include pH,Au can be deposited onto the support with minimal chloride
temperature, and concentration of the preparation solu-in the Au complex. It is interesting to note that in order
tion, calcination temperature, reduction temperature, andto obtain a high dispersion of Au in the final catalyst,
reductioryoxidation cycling. Some of these studies have it is desirable that the precursor Au complex is adsorbed
helped elucidate the underlying chemistry that causes varia-as an anion. If the AuCI(OH) precursor is added to a
tion in the properties of the final solid. dilute suspension of the support while keeping the pH at 7,
One of the better understood variables is pH in the Au(OH)z would be the predominant species due to the low
deposition—precipitation procedure. In such a preparationinitial chloride concentration [24]. Its low solubility causes
method, HAuC] is used as the metal precursor. The chloro- precipitation, resulting in a poor catalyst.
auric anion hydrolyzes in solution to form Au(OFJls—, . Recently, another effect of the pH of the solution was
The extent of hydrolysis depends on the pH, Au, and Cl identified. In addition to Au(OH)Cl4_,, Cl ions are ad-
concentrations [24]. It has been found that preparation at sorbed onto the oxide. Fig. 1 shows the chloride uptake by
a pH ranging from 7 to 8 is preferable depending on the alumina. The amount of chloride adsorbed decreases rapidly
oxide support [17]. At this pH, the value of is close as the isoelectric point is approached, when the oxide surface
to 3. At lower pH’s there is less hydrolysis of the Au—Cl is no longer positively charged. The adsorbed Cl has two ef-
bond. Furthermore, at pH'’s below the isoelectric point of fects [25]. One effect is to cause agglomeration of Au parti-
the support, the surface is positively charged and is capablecles during calcination, such that the average Au particle size
of adsorbing more of the negatively charged gold species.is larger in samples with a higher residual chloride content.
This results in not only a larger gold loading, but also a high The adsorbed chloride can be displaced by other anions. In
concentration of chloride on the surface. The presence ofthe earlier preparations, Mg citrate was added to the prepa-
chloride increases the mobility of Au on the support, leading ration solution to obtain an active catalyst [26]. We believe
to large Au particles and some vaporization of Au from the that the primary function of the citrate is to displace chlo-
solid upon calcination [25]. At pH's above the isoelectric ride from the support and possibly from the Au(QB)4 —
point of the oxide, adsorption of the negatively charged complex [25]. Chloride can also be removed by reduction or
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8.00

chloride displaces the hydroxyl from the Au cation, render-
ing the site inactive. This is reversible, and water can hy-
drolyze the Au-chloride bond to reform the hydroxyl ligand.
In the quantum-size effect model [29], an adsorbed chloride
on a Au particle changes its electronic property.

More recently, the attention has turned to the effect of
calcination temperature. It was reported that for/AD;
[30,31], Au/iron oxide [31-33], and AEMnO, [34] cata-
lysts, calcination at a mild temperature (100-2@) re-
sulted in more active catalysts than calcination at higher tem-
peratures. There are also reports that uncalcingt®hO3
[17] or Au/Y [35] can be very active. The implication of
these observations on the nature of the active site will be
Fig. 1. Chloride uptake by alumina as a function of pH. discussed later.
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calcination [27,28]. However, high temperature calcination 3 Nature of the active site and reaction mechanism
or reduction causes agglomeration of Au particles.

Residual chloride also poisons the active site. Addition of  The nature of the active site for CO oxidation on sup-
chloride to an active catalyst lowers its activity significantly. ported Au catalysts and the reaction mechanism are also
The quantitative effect depends on the sample. In general,sypjects of great research interest. Although active catalysts
for a 1 wt% AWAI20s catalyst, chloride in the amount  commonly contain small, 2-5 nm Au crystallites, size
of Cl/Au atom ratio of 0.1 would decrease the activity by azlone does not seem to be a sufficient factor for high
approximately one half, even though most of the chloride is activity (e.g., [17,19,25]). There have been a number of
adsorbed on the alumina [25]. If the chloride adsorption site proposals of the active site, which include gold-support
on the alumina s first blocked by the presence of phosphate,interface [36,37], small Au clusters that possess nonmetallic
then a chloride content as low as 0.0006 (atomic ratio) electronic properties due to a quantum-size effect [29], and
Cl/Au exhibits a detectable inhibition effect. In the presence syrface step and strain defects [38]. A chemical model
of moisture in the gas phase, the adsorbed chloride isthat involves an ensemble of metallic Au atoms and Au
mobile. Thus, the activity decreases with time-on-stream if a cations with hydroxyl ligands has been suggested [11,12,39]
chloride-free catalyst is in contact with a chloride-containing (Fig. 3). The Au cation must be stable in a reducing
solid (Fig. 2), whereas a chloride-poisoned sample regainsenvironment and also in the neighborhood of metallic gold.
some of its activity due to displacement of the chloride from |t seems more likely that Au(l) would be able to satisfy these
the active site by water. requirements than Au(lll). Therefore, Au(l)-OH has been

How chloride poisons the catalyst depends on the modelproposed as the cationic Au component.
for the active site. In the chemical model described later,  There appears to be increasing support that the active

site involves the perimeter of the Au particles or the Au-

50 support interface [7,19,30,37,40] and for the presence of Au
45 a cations in the active catalysts [32,33,41,42] although their
LSS YN LYV VO S oe Tee 2L St 2 SO role in the reaction is not yet accepted unequivocally [40].
¢ In the study of AyMg(OH), catalyst with!®’Au Méssbauer
70000000, d spectroscopy, the most active catalyst was found to contain
$009%00000000,0 the highest concentration of Au(l) [43].

While there is spectroscopic evidence of the presence of
Au cations in an active catalyst, there is only inferential ev-
b idence of the presence, and particularly the participation,

CO conversion (%)
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Fig. 2. Time-one-stream behavior of CO conversion/AlpO3 prepared Au
from Au acetate (a) as calcined, (b) with 0.3 wt% chloride added, (c) sample .
a mixed with 0.02 g AJO3, (d) sample mixed with AlO3 that contained SuppOl‘t

0.15 wt% CI. Feed composition: 1% CO, 0.5%,@9.5% H in He; 100°C
(from [25]). Fig. 3. Model of active site for CO oxidation (from [12]).
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Fig. 4. Mechanism of CO oxidation on Au catalysts.
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of hydroxyl groups in the reaction. The effect of water in
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the perimeter interface between Au and Fikecause they

are covered with carbonate species produced by surface re-
actions between CO and T3OBetween 200 and 300K, the
reaction proceeds at the perimeter interface. As the temper-
ature increases, the amount of carbonate at the interface de-
creases, and at 300K, there is relatively little carbonate left.
The reaction continues to proceed at the perimeter interface
with an activation energy of nearly zero as the temperature is
increased further. The model of the active site presented here
is intended to represent the CO oxidation pathway at room
temperature in a wet reaction feed for AuAl203.

The reaction pathway may also depend on moisture
content. For example, the changes in activation energy
observed by Haruta could also be attributed to changes in
the amount of HHO adsorbed on the catalyst surface. The
activity of supported Au catalysts is extremely sensitive to
the presence of moisture, and it is important to take this into
account when the reaction data are analyzed.

It is additionally possible that there are several simultane-

the CO reaction and the fact that water regenerates a CO-0US pathways by which CO oxidation occurs. Our proposed
reaction deactivated catalyst are supporting evidence for theM&chanism is intended to apply to the dominant pathway

involvement of hydroxyl groups [12,39]. A reaction mech-

that is responsible for the high initial activity observed in

anism that is consistent with these observations is shown inCO oxidation over AUAI>Os and the high steady-state ac-

Fig. 4 [12]. In this mechanism, the reaction proceeds by in-
sertion of an adsorbed CO into an Au—OH bond to form
a hydroxycarbonyl. Stable hydroxycarbonyl complexes of

tivity in the presence of kD vapor (or H) in the feed.

many group VIII metals have been prepared [44], and their 4. Catalytic activity, deactivation, and effect

formation from the CO and OH ligands is enhanced by

lower electron density at the metal [45]. The hydroxycar-
bonyl is oxidized to a bicarbonate, which is then decarboxy-
lated to Au—OH and C& The decarboxylation step is likely

similar to a step in the water—gas shift reaction, which is
catalyzed effectively by supported Au catalysts [46]. This
proposed cycle does notinvolve participation by OH radical-
like species [47] or superoxide [36] or direct participation

of water vapor

As mentioned earlier, the activity of a catalyst depends
not only on its method of preparation, but also on the
manner that it is tested. The rate at which a catalyst attains
a steady—state activity during CO oxidation depends on
the catalyst. In a feed of 1% CO and 2.5% @ He
that was purified by passing through a silica trap at dry-

of the support [48], as suggested by others. While there isice temperature, we found that a ALIO, catalyst can

evidence for the superoxide species for/AiD, [49,50],
there is no indication that such species are present gDaAl
Therefore, we have suggested that i® dissociatively ad-

maintain relatively stable activity. On the other hand, a
Au/Al>O3 catalyst loses its activity rapidly. If the feed
stream is first passed through a water saturator &C2%hen

sorbed on Au, a process which has been found to be ther-the initial high activity could be maintained (Fig. 5) [12].

moneutral at Au step sites by DFT calculations [38]. Further- Therefore, when CO oxidation activities are compared,
more, these latter mechanisms are less likely because thegspecially among different research groups, it is necessary
should be quite dependent on the nature of the support. Yetto exercise caution because of the sensitivity to water partial
the observations suggest that when properly prepared, thepressure. Date and Haruta reported strong dependence of
catalytic activity does not have a strong dependence on thethe activity of AyTiO2 on water content over a wide
support. The relatively minor differences on different sup- range of concentrations commonly encountered but often
ports can be explained by other factors, especially the effectuncontrolled in laboratory experiments [52]. Depending on
of water as discussed later. the water partial pressure, its effect could be to enhance or
It should be noted that the dominant CO oxidation reac- suppress the activity. In the literature, the effect of water
tion pathway may be dependent on the reaction temperaturejncludes enhancement [31,53], suppression [19], and no
time-on-stream, and the moisture content. Based on a studyeffect [54].
of the activation energy for CO oxidation overATiOo, The apparently complex effect of water may be due to
Haruta [51] has suggested that there are three different pathits multiple roles in the reaction. As described earlier, water
ways for CO oxidation. At temperatures below 200 K, the can remove chloride poison by hydrolyzing the Au—Cl bond.
reaction takes place only at step, edge, and corner sites or'Water also prevents deactivation during CO oxidation as
the Au particles. The reaction cannot proceed onyTo®at shown in Fig. 5. Finally, in the chemical model of the active
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Fig. 5. Effect of water vapor in CO oxidation over Adil ,03.

site, the Au—OH groups participate in the reaction. These
hydroxyl groups can be removed thermally rather easily.
For example, an active Al O3 catalyst can be severely

deactivated by thermal treatment in a dry gas stream at

100 °C. The deactivated catalyst can be fully regenerated
by exposure to water vapor at room temperature [12,39].
The low temperature at which the catalyst is deactivated

and the regeneration by water suggest the involvement

of hydroxyl groups associated with Au. We propose that
thermal deactivation is due to condensation of Au—OH either
with a hydroxyl group of the support (Eq. (1)) or with
another Au—OH (Eg. (2)). Deactivation by Eqg. (1) would
suggest dependence on the nature of the support. Thi
needs to be investigated. Mixing the catalyst with SiC in

reaction tests also slows down deactivation. SiC removes

heat effectively and thus can minimize local heating. It also
may contain adsorbed water. Both of these factors would
help prevent OH group removal during reaction.

Au—-OH+ AI-OH = Au—O-Al+ H2O04g, 1)
Au—OH + Au—OH= Au—O-Au+ H2O4g. 2

The two ways to deactivate a ABl,03 catalyst, thermal
treatment or CO oxidation, involve different chemistries.

429

vation. The different reactivities and stabilities of the support
hydroxyl groups and the bridging carbonate may explain the
different sensitivity to water and different rates of deactiva-
tion for Au catalysts on different supports.

An alternative to Eq. (3) is reaction of carbonate with
another Au—-OH:

AU—(CO3H) + AU-OH = Au~(CO3)~AU + H20as.  (4)

This is less likely than Eq. (3) because it would imply a
weaker dependence of the rate of deactivation or sensitivity
to water vapor on the nature of the support than that observed
experimentally (e.g., compare the data on/AlbOs [12]

with those on AYTiO> [52]).

Regeneration of a CO oxidation-deactivated catalyst by
treatment with water vapor is achieved by reversing Eq. (3)
(or Eqg. (4)). The reverse reaction, hydrolysis of the carbon-
ate, involves a nucleophilic attack of water on the metal-
carbonate bond, a step that would not exhibit any significant
deuterium isotope effect. Indeed, whepis used instead
of H,O during the CO oxidation reaction, there is no ob-
servable deuterium isotope effect (Fig. 5). Similarly@
can regenerate a CO oxidation-deactivated catalyst as effec-
tively as HO [55].

A CO oxidation reaction-deactivated catalyst can also
be regenerated in a flow of hydrogen at room temperature.
Hydrogen regeneration proceeds by a different mechanism.
A possibility is that hydrogen hydrogenates the carbonate

%o a formate or hydroxycarbonyl, returning the site to the

catalytic cycle (Eq. (5))
Au—(CQOs)-Al + H, — Au—(COxH) + AI-OH. (5)

This reaction is expected to exhibit a noticeable deuterium
isotope effect because of the steps of activation of hydrogen
and/or hydrogenation of the carbonate. Indeed, regeneration
by deuterium is slower, about 70% of that by hydrogen.
The slower regeneration by deuterium also leads to a
lower steady-state CO oxidation rate under the selective
CO oxidation reaction conditions (using a feed containing

Therefore, methods to regenerate the catalyst also differ. Wa-1% CO, 0.5% G, and 40.5% K or D). In such a
ter is effective in regenerating catalysts deactivated by eitherfeed, the formation and hydrogenation of carbonate occur

method. However, treatment with hydrogen at room temper-
ature is effective only for catalysts deactivated by the CO
oxidation reaction. Exposing a CO oxidation-deactivated
catalyst to a mixture of CO, £ and K also regenerates

simultaneously, but its steady-state concentration would be
higher in deuterium than in hydrogen. A kinetic isotope
effect (kn/kp) of 1.4 is observed for the oxidation of CO
in such a mixture [56]. Interestingly, the selectivity for

the catalyst [12,39]. In this case, both the hydrogen presentCO oxidation in the presence of,Ds higher than in H.

in the feed and the water formed in the reaction participate
in the regeneration.

Based on the mechanism in Fig. 4, deactivation during
CO oxidation may occur by the transformation of the

This implies that the reaction of deuterium with oxygen
to form D,O has a larger kinetic isotope effect than the
CO oxidation reaction. This is expected, since the hydrogen
oxidation reaction involves activation of;Hand reaction of

bicarbonate intermediate into a relatively inactive carbonate hydrogen with oxygen. It should exhibit a larger deuterium

at the active site by dehydration, as shown in Eq. (3). This
reaction also involves a hydroxyl group of the support.

AU—(COsH) + Al—OH = Au—(CO3)—Al + H20xg. 3)

The ability of water to reverse the carbonate formation

explains why its presence can keep the catalyst from deacti-

isotope effect. On the other hand, the CO oxidation reaction
proceeds by a different mechanism, anglislinvolved only
in the regeneration of the active site by Eq. (5), which is a
minor part of the overall reaction.

Egs. (1)—(4) illustrate the importance of water on the cat-
alyst. This is consistent with Haruta’s observation that water
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on the catalyst is more important than water in the vapor to the samples calcined at higher temperatures, which were
phase [52]. However, an Au—OH group alone is insufficient purple. However, when this sample was kept in a glass re-
for catalytic activity. The active site is an ensemble of metal- actor for approximately 12 days, its activity increased con-
lic Au atoms and Au—OH [12,39]. Metallic Au atoms are re- siderably, then decreased but still remained higher than the
sponsible for activation of oxygen, perhaps at steps or cornerinitial activity and was more active than the catalysts cal-
sites. Therefore, one expects that there would be an optimalcined at higher temperatures. Additionally, its color gradu-
catalyst pretreatment for the most active catalyst. ally changed from gray to purple, which is indicative of the
decomposition of oxidic gold to metallic gold. No structural
changes in this catalyst could be observed by TEM, and the
5. Catalytic activity of uncalcined catalysts authors attribute the increase in activity to the increase in the
amount of metallic gold in the sample. However, it seems
The dependence of catalytic activity of supported gold that the presence of metallic gold cannot wholly explain the
catalysts on the calcination temperature is a surprisingly higher activity of the catalyst calcined at 260G and ex-
complex issue. There are several reports that uncalcinedposed to ambient conditions for several days because it had
samples or samples calcined at relatively mild tempera- a higher activity than the catalyst calcined at 3@) which
tures are more active than those calcined at higher tempershould have had a larger amount of metallic gold. This sug-
atures [17,30-35,55], but there is no explanation for these gests that there may be an optimal ratio of ionic to metallic
observations that has been accepted unequivocally. gold that corresponds to the highest activity for CO oxida-
For Au/TiOz and Ay Coz0O4, Wolf and Schuth [17]  tion. The sample calcined at 20 might have reached this
reported that the highest activity was obtained with catalysts ratio after storage at ambient conditions, but the sample cal-
calcined at 200°C compared to samples calcined at 300, cined at 300C had already too much metallic gold.
400, and 500°C. The activity decreased with increasing We have investigated an uncalcined /O3 in an
calcination temperature, and the authors attribute this to theattempt to better understand the observations reported in
corresponding increase in gold particle size. They note alsothe literature. When tested for CO oxidation at @B, it
that the reason for the decrease in catalytic activity could be showed no activity. High resolution electron microscopy did
the change of oxidic gold to metallic gold that occurs with not detect any Au particles larger than 1-2 nm, which is the
increasing calcination temperature. However, they argue thatlimit of our technique. This suggests that cationic species
after 400°C all the gold should be metallic, yet these alone do not possess activity for CO oxidation. However,
samples still exhibit activity for CO oxidation, implying that  when the sample was exposed to a flow of 1% CO, 0.5% O
metallic gold is the active species. and 40.5% H in He at 100°C, it was active for oxidation of
Similar results were obtained by Park and Lee [31], both CO and H. In fact, it was almost twice as active (per
who observed that for both ATiO2 and AyFeOs the weight of catalyst) as a sample calcined to 380(Costello
activity decreased with increasing calcination temperature. et al., submitted for publication). Further tests showed that
The highest activity was observed for catalysts calcined at a fresh uncalcined sample could be activated in this reaction
100 °C. Investigation by XPS showed that these samples mixture at about 75C and higher. Moreover, after treatment
contained the largest amount of oxidic gold and that the ratio in this reaction feed, the catalyst was active for CO oxidation
of oxidic to metallic Au decreased with increasing calcina- at room temperature.
tion temperature, indicating that oxidic gold is responsible  The need to activate the sample in a CG—B, mixture
for high CO oxidation activity. This agrees with the results at a moderate temperature suggests that, perhaps, reduction
of other research groups [32,33,35] who also found that the of Au or exposure to water is needed for activity. Thus, the
catalysts exhibiting the highest activity were those contain- effect of treatment with these gases was tested separately,
ing the largest ratio of oxidic to metallic gold. and the results are presented in Table 2. Interestingly, neither

Somewhat different results were obtained by Haruta et treating the Samp|e indbrin water vapor at 100C resulted
al. [30,55] for AW/ TiO2. After comparing the activity of cat-

alysts calcined at 200, 300, 400, and 6@) they found that
the samples calcined at 30Q were the most active. Again,
it was observed that the Au particle size increased with in-

Table 2
Catalytic activity for CO conversion over an uncalcined/AlpO3

creasing calcination temperature, and the higher activity of Pretreatmert CO conversiof
the sample calcined at 30C could be attributed to its small ~ None _ No

Au particle size, which offers the largest number of steps, HZa?tlég(jCC'z gom“i”r']”' then 1.5% O No
edges, and corners where the reaction can occur. The part|—HZ and 1.5% HO at 100°C, 30 min 35%

cle size of the sample calcined at 200 was nearly iden- 10, co+ 0.5% O, + 40.5% H at 100°C, 1 h 350
tical to that of the samples calcined at 38D, yet it stil @ The reactor was purged with He after each treatment for 30 min and

had lower activity, indicating' that small Au par_tid? size i_s before the reaction test. For treatment in® the sample was cooled to 25
not the only necessary requirement for CO oxidation activ- °c in the wet stream before purging with He.
ity. The authors noted that this sample was gray, as opposed ° No conversion means below 1%.
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