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Abstract

The deuterium isotope effect in the steady state CO oxidation rate ovgrMu0Os in the presence of for H,O and the
effect of pretreatment on an uncalcined catalyst were studied. In a reaction feed containing 1% CO;,(a5#640.5% H
at room temperature, CO oxidation exhibited a deuterium isotope ekigtp() of 1.4 + 0.2. The rate of [ oxidation was
also slower than the oxidation ofHsuch that the selectivity for CO oxidation was 86% in the presence geBus 77% in
the presence of H In contrast, there was no deuterium isotope effect in a feed containing 1% CO, 0,5%dJ1.5% HO.
H> was also more effective in regenerating a CO oxidation reaction deactivated catalyst tidreizas HO and O were
equally effective. The difference was attributed to the different mechanisms with whichn H,O prevented deactivation
of the catalyst during CO oxidation. An uncalcined A#l»,O3 was rather inactive. It could be activated by treatment with
a mixture of B and HO at 100°C, although treatment by eitherntbr H,O alone was ineffective. The observations are
consistent with the model of the active site consisting of an ensemble of metallic Au atoms and a cationic Au with a hydroxyl
group.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction water gas-shift reactiof2], NO reduction by H, CO,
or propeneg[3,4], and propene epoxidatids], have
The discovery of the exceptionally high activity of subsequently been reported. The potential practical
supported Au catalysts for low temperature CO ox- applications of supported Au catalysts, along with the
idation [1] sparked tremendous interest in the study desire to understand why these small Au nanoparticles
of these catalysts, and their unusual activity and se- exhibit behavior radically different than that of bulk
lectivity for various other reactions, including the gold, continue to fuel growth in this area of research.
Despite the increasing efforts in the investigation of
supported Au catalysts for CO oxidation, the nature of
* Corresponding authors. Teh:1-847-491-7492; the active sites and the corresponding mechanism for
fax: +1-847-467-1018. this reaction remain unknown. Some of the difficulty
ELZ?&gi%rmsg}?ggj@(ﬁﬁhﬁiﬁgh'Edu (M.C. Kung), in thi_s_ glucidation may be attributegl to the extreme
1 0n leave from the department. sensitivity of these catalysts to details in the prepara-
2 Co-corresponding author. tion procedure and to the operating conditions. Such
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sensitivity may also account, in part, for the large vari- negative effect on Au/Ti@[15]. Careful study of the
ations in catalytic activities reported in the literature effect of water on CO oxidation over Au/Tidy Date
for catalysts of similar compositiori6—10]. Among and Harutg22] showed that, depending on the par-
the various supported Au catalysts, AuBg is per- tial pressure of HO in the system, its effect could be
haps one that has shown the widest variation, ranging to suppress or enhance the activity. The catalytic ac-
from being very inactivg11,12]to practically as ac- tivity increased with increasing 40 partial pressure
tive as Au/TiQ [9,13]. up to 200 ppm, then remained steady as the amount of
Recent publications have elucidated a number of HoO was increased to 6000 ppm. Further increase in
reasons that contribute to the wide variations in activ- the H,O partial pressure resulted in a suppression of
ities. These reasons include the residual chloride con- activity. In a separate study, it was found that sCH
tent in the catalysts, the pretreatment conditions, and partial pressure as low as 80 ppb could affect the activ-
the effect of water vapor in activity tests. ity of Au/Mg(OH)» [23]. This extreme sensitivity of
The detrimental effect of residual chloride in the CO oxidation activity of supported Au catalysts to
Au/Al O3 has been studied in some detail, and it was moisture may contribute to the differences in reported
shown to affect the catalyst in two ways: it causes catalytic activities.
agglomeration of Au particles upon heating, and it  While it is clear that HO plays an important role
poisons the active sitefl4]. The Au/ALOs could in generating active supported Au catalysts, the exact
be very sensitive to the presence of chloride, and a nature of this role is not yet understood. It is possi-
chloride content as low as Cl/Ag= 0.0006 (atom ble that HO has a direct effect on the catalytic active
ratio) showed detectable inhibition if the chloride ad- site. In addition to the quantum-size effect mof&&l],
sorption capacity of the alumina was first reduced by a model of the active site involving an ensemble of
adsorbed phosphate. The inhibitive effect of chloride metallic Au atoms and At—OH~ has been suggested
is somewhat reversible. A chloride-poisoned catalyst [6,8,26]. There appears to be increasing support that
slowly regains some of its activity when the reaction the active site involves the perimeter of the Au par-
mixture contains water vapor, probably due to removal ticles or the Au-support interfacg6,27,28,29]and
of chloride from the active site by hydrolydi$4]. for the presence of Au catiofi$8,19,30,31], although
The pretreatment temperature of the supported Au their role in the reaction is not accepted unequivocally
catalysts is also important. Earlier studies concentrated [29].
on the effect of reduction and oxidation temperatures  While there is spectroscopic evidence of the pres-
on the crystallite size of Au and the possibility of ence of Au cations in an active catalyst, there is only
strong metal-support interaction (e[$5]). Recently, inferential evidence of the presence, and particularly
it was reported that for Au/Ti®[16,17], Au/iron ox- the participation, of hydroxyl groups in the reaction.
ide [17-19], and Au/MnOX20] catalysts, calcination It has been found that an active Auf@ls catalyst
at a mild temperature (100-20GQ) resulted in more  could be deactivated by thermal treatment in a dry
active catalysts than calcination at higher tempera- atmosphere at a temperature as low as°@0The
tures. There are also reports that uncalcined Ax@Al activity of a catalyst deactivated in this manner could
[13] or Au/Y [21] can be very active. The reasons be restored by exposure to,@8 vapor at room tem-
for this are not yet understood. Catalysts calcined at peratureg8,26]. It is unlikely that such a mild thermal
low temperatures generally contain small, 2-5nm Au treatment can sufficiently dehydroxylate alumina, so
crystallites. However, size alone does not seem to be it seems plausible that Au-hydroxyls are involved in
a sufficient factor for high activity (e.413,14]). the CO oxidation reaction. A corresponding reaction
Discrepancies between reported activities may also mechanism was proposed involving the insertion of
arise from the effect of water on CO oxidation. It has CO into Aur—OH~ to form Au-hydroxycarbonyl,
been reported that the addition of@ vaportothe CO  which is oxidized to a bicarbonate. Decomposition of
oxidation feed has a positive effect on Augles [17], the bicarbonate would produce @@nd Au-hydroxyl,
Au/TiO, [17,22], Au/Al,O3 [17], and Au/Mg(OH)» completing the reaction cycle (Fig. 1). Activation of
[23], but has no effect on Au/Fe(Oklprepared by  oxygen could be at steps or defect sites of metallic Au
impregnation of as-precipitated hydroxidgsl] or a atoms.
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Fig. 1. Proposed model of the active site and corresponding reaction mechanism.

In additional to deactivation by thermal treat- by ICP, was between 0.8 and 1.1wt.%. Unless spec-
ment, an active Au/AlO3 catalyst also loses activity ified, the experiments were conducted using the cal-
rapidly initially with time-on-stream before attaining cined sample.

a pseudo-steady activit{8,26]. This initial loss of Details of the reaction tests have been described ear-
activity can be prevented if #D or H, is present in lier. Unless noted, the reaction tests were conducted
the reaction feed. Moreover, a reaction-deactivated at room temperature. Catalytic reactions were carried
catalyst can be regenerated by treatment wigOH  out in a flow system using fused silica microreactors
vapor or B at room temperaturgs,26]. with 20—40 mg of catalyst. For CO oxidation, the feed

In view of the important roles of water and hydro- was 1% CO, 2.5% & and the balance He. It was
gen in CO oxidation over Au/Alg, it appears that  purified by passing it through a silica trap at dry-ice
a study of the deuterium isotope effect of the effects temperature immediately upstream of the reactor. The
of water and hydrogen, along with an investigation of CO concentration in the product stream was analyzed
the relationship between the regeneration process andby FTIR using a gas phase cell and gas chromatogra-
the activation/pretreatment steps to generate an activephy [8]. Water vapor, when used, was introduced by
catalyst, may provide additional insight into the role passing the feed stream through a water saturator at
of water and hydroxyl groups in CO oxidation over room temperature. The estimated water content was
supported Au catalysts. Here we report the results of between 1-1.5%. For selective CO oxidation (SCO),
such a study. a feed of 1% CO, 0.5% £ 40.5% H, and the bal-

ance He was used. The products were analyzed by gas

chromatography. The catalyst was diluted with SiC
2. Experimental [14]. Selectivity for CO oxidation was defined as the

fraction of oxygen consumed that reacted with CO to

The Au/y-AbOs catalysts were prepared as de- form COp. In the isotope experiments, deuterium gas
scribed previously using a HAugkolution at pH 7 was used instead of hydrogen, ang®was used in-
and 70°C [8]. The samples were washed twice with stead of HO in the saturator.
room temperature water, then once with°8water, Transmission electron microscopic examination of
followed by suction filtering. The resulting sample is the catalysts was performed using a Hitachi HF-2000
the uncalcined sample. If the solid was then calcined TEM with field emission gun at 200keV. The chlo-
in air at 350°C for 4 h and then stored in a vial, it is  ride contents of the catalysts were not determined, but
the calcined sample. The Au content, as determined from previous experience, they should be below the
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detection limit of 0.01wt.% CI, or Cl/Au atomic ratio by a much slower decrease once most of the ini-

of <0.03. tial activity is gone[8]. For example, with a flow
rate of 200 ml/min over 40 mg of catalyst, the CO
conversion decreased from about 50% to about 20%

3. Results over 5min and then decreased more slowly until it
reached a pseudo steady-state of about 8% over the
3.1. D2/H; isotope effects in CO oxidation next 25min. This pseudo steady-state activity corre-

sponds to a turnover frequency of about 0.26 for

The activity of Au/AbO3 during CO oxidation de-  this catalyst, which contains Au particles about 4 nm
creases rapidly initially with time-on-stream, followed in diameter, assuming hemispherical Au particles and

Fig. 2. (A) Selective catalytic oxidation of CO intbr D, at 22°C over 0.04 g of 1.1wt.% Au/y-AlO3. Numbers indicate the sequence
of the reactions. (B) CO oxidation at 22 over 0.04g 1.1wt.% Au/y-AlO3 after regeneration by selective CO oxidation in bfr Dy.
The numbers indicate the sequence of reactions. 1, 3, 6, and 7 correspond to CO oxidation after SGO 2yith &hd 5 to CO oxidation
after SCO with B.
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that all surface Au atoms are active. The turnover cles 2, 4, and 5, deuterium was used in the SCO feed,

frequency (TOF) corresponding to the initial activity whereas in cycles 1, 3, 6, and 7, hydrogen was used.

was about 1.6 at 50% conversion. When Hvas The results showed that the deuterium-containing

present in the reaction mixture with CO and,@s SCO feed could regenerate the catalyst, but less ef-

in SCO, no deactivation was observed over hours of fectively than the feed containing,HON the average,

testing. For the data ifig. 2A, the TOF for CO at  a deuterium-SCO feed could only recover 65% of the

30 min time-on-stream was about 0.72 sReplacing activity that a hydrogen-SCO feed could. Interest-

H> with D, was also effective in preventing deacti- ingly, the deuterium effect was completely reversible.

vation (Fig. 2A). However, the rate of CO oxidation Subsequent exposure to a hydrogen-SCO feed re-

in the presence of Pwas only about 70% of that in  turned the catalyst close to the state at the beginning

H>, which corresponded to an isotope effeqi/io) of the experiment.

of 1.440.2. The rate of D oxidation was also much Treatment by flowing Hlover a CO reaction-deacti-

slower than the oxidation of # resulting in a selec-  vated catalyst at room temperature could also regen-

tivity for CO oxidation of 86% in the presence okD  erate the catalytic activit{8,26]. However, compared

versus 77% in the presence o$.H to regeneration by the SCO feed, regeneration with
It was shown previously8,26] that a Au/y-AbO3 H»> was much slower. An exposure to a ktream for

catalyst deactivated by CO oxidation can be regen- at least 2h at room temperature was needed to fully

erated by exposure to a SCO reaction feed. Con- regenerate the catalyst, while an exposure for 1 h re-

sequently, the effectiveness of regeneration using astored about 80% of the activity. Regeneration by D

deuterium-containing SCO feed was investigated. The was much less effective; the extent of recovery was, on

results are shown ifig 2B. In this figure, the curves the average, 70% of that achieved using(Hig. 3).

are labeled according to the order of the experiment.

The catalyst was first exposed to a flow of the SCO 3.2. D»,0O/H>0 isotope effect in CO oxidation

feed. Then the feed was stopped, and the system was

purged with He for 15 min. After purging, a premixed Similar to H, the presence of 1.5%J@ in a feed

CO oxidation feed was introduced, and the conversion stream of CO and @prevented deactivatida]. Inter-

of CO to CQ was monitored. The CO conversion de- estingly, the steady activity observed for CO oxidation

creased with time-on-stream, indicating deactivation was independent of whether,8 or D,O was used

of the catalyst. After 30 min, the system was purged (Fig. 4). The TOF corresponding to the data in the

with He, and then a SCO feed was introduced. In cy- figure was 1.63!. Treating a catalyst deactivated by

1.2
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Fig. 3. Fraction of catalytic activity for CO oxidation restored by treatment in a flow of 100 ml/mimtD, as a function of time of
treatment. The fraction regenerated is the ratio of the initial CO oxidation rate after the indicated treatment time to the initial CO oxidation
rate after 6 h treatment in 44 All CO oxidation reactions were carried out at 22 with 0.04g of 1.1 wt.% Au/y-AdOg3.
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was little difference in the subsequent CO oxidation
activity whether HO or D,O was used to regenerate

&

g‘ a thermally-deactivated catalyst.

[

g e ){( "5 CO Oxidation w/ H20 3.3. Catalytic activity of uncalcined Au/Al>O3

(&) 30 | % -o— CO Oxidation w/ D20 o i

8 GO Oxidation w/ D20 The above results mdmated the |m_port.ance of wa-
25 ter in the feed stream in the CO oxidation reaction
20 ' ‘ on Au/Al,Os. In view of this, investigation was con-

0 10 Timé?min 80 40 ducted to examine the effect of adsorbed water using

an uncalcined sample, which should have a higher wa-
Fig. 4. CO oxidation in the presence of 1.5%® or DO over ter content than a sample calcined at 360Table 1
0.04g 1.1wt.% Aul/y-AJO3 at 22°C. shows the various pretreatments investigated and the
corresponding activity of the sample. Catalytic activity
CO oxidation in a flow of water vapor in He at room could be obtained after treatment with Bind HO si-
temperature was highly effective in restoring catalyst multaneously at 100C, but not by treatment at 10C
activity. Complete regeneration could be achieved by in He, H,, or water vapor.
a stream of 1.5% D in 20—40 min. RO was equally The SCO activity of the uncalcined sample was
effective; there was little difference in the subsequent also tested. Starting at 2&, the reactor was heated
CO oxidation activity after regeneration using®i to 40, 75, and 100C in steps, maintaining at each
versus regeneration usingO (Fig. 5). step for 1 h. No CO conversion was observed at 25 or
It was shown previously8,26] that a Au/y-AbOs 40°C, but CO and H conversion were observed at
catalyst could be deactivated by thermal treatment at both 75 and 100C. At 100°C, the activity was about
100°C in a stream of dried He or at 35Q in a stream as high for this sample as a calcined sample (Table 2).
of dried & or He. A catalyst deactivated in this manner Interestingly, the selectivity for CO oxidation was
could be regenerated by exposure to water vapor atsimilar. After the 100C experiment, the reactor was
room temperature. Similar to the results obtained for cooled to 25C, and the catalyst had become more
regeneration of a reaction-deactivated catalyst, thereactive, showing about 4% conversion of CO. An

0.7
o D20, 30 min
& H20, 30 min
= D20, 1 hr
c
k-]
|4
2
c
o
5]
o
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=]
0.1 A s 0pRa . )
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Fig. 5. CO oxidation at 22C over 0.04 g of 1.1 wt.% Au/y-AlOs after regeneration with-1.5% HO or D,O in He. After the regeneration
procedure, the system was purged with He for 30 min.
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Table 1
Catalytic activity for CO conversion over an uncalcined Au@4
Pretreatmefit CcO
conversiof
None No
He at 25°C, 30 min No
Hy at 25°C, 1h No
H, at 100°C, 15min No
1% CO+ 2.5% @ + 1.5% H0 at 25°C, 1h No
H,O at 100°C, 30 min No
H, at 100°C, 25min, then 1.5% KD No
at 25°C, 20min
H> at 100°C, 20 min, then 1.5% kD No
at 100°C, 20 min
H> and 1.5% HO at 100°C, 30 min 35%
1% CO+ 0.5% @ + 40.5% H at 25°C, 1h No

1% CO+ 0.5% & + 40.5% H at 100°C, 1h 35%

2The reactor was purged with He after each treatment for
30 min and before reaction test. For treatment yOiHthe sample
was cooled to 25C in the wet stream before purging with He.

b No conversion means below 1%.

Table 2

Selective CO oxidation over an uncalcined Ay/@g at 100°C

Catalyst Flow rate Cat. CO conv. CO,
(ml/min) wt.(mg) (%) select. (%)

Uncalcined 200 6.5 29 55

Calcined 200 11.8 27 55

21

deactivating the catalyst by the CO oxidation reac-
tion and purging the system, a stream of 50%inl

He was passed over the catalyst. Pulses ofX&n?,

5% O in Hy) were injected into the pstream. Af-
terward, the system was purged with He, and the CO
oxidation activity was tested. It was found that even
after 20 pulses of @ which is equivalent to an £)Au
atomic ratio of 8, there was no detectable difference
between regeneration withyHilone and regeneration
with Ho combined with @ pulses. The amount of O
introduced in this experiment was substantially more
than the amount that would have leaked in, which
was determined separately by trapping the catalyst bed
at liquid nitrogen temperature. Therefore, it appears
that H, and HO regenerate the catalyst by differ-
ent mechanisms. It was suggested previo(i8|26]
that the rapid deactivation observed during CO oxi-
dation results from the formation of a relatively inac-
tive carbonate at the active site by dehydration of the
surface bicarbonate intermediate and an adjacent hy-
droxyl. A possible reaction for deactivation is shown
in Eq. (1), which also involves a hydroxyl group of the
support.

Au—(COzH) + AI-OH = Au—(CQO3)-Al + H,O (1)
This reaction removes an active site from the cat-

alytic cycle. Water vapor can reverse this reaction,
resulting in regeneration of the catalyst. The reverse

uncalcined catalyst activated by the SCO reaction at reaction, hydrolysis of Au-carbonate, involves nucle-

100°C was also active for CO oxidation (Table 1, last
entry), whereas exposure to the SCO mixture &t@5
did not result in an active catalyst.

4. Discussion

There is a deuterium isotope effect whep &f D,
is used either in the reaction mixture with CO and

ophilic attack of water on the Au-carbonate bond. One
would expect a weak deuterium isotope effect for this
reaction, that is, a weak isotope effect on the regener-
ation by water, as observed experimentally.

The ability of water to reverse carbonate formation
also explains why its presence in the reaction mixture
can prevent catalyst deactivation with time-on-stream.
It may also be the reason for the different sensitivity
to water and different rates of deactivation for Au on

0, as in SCO, or as a means of regenerating a CO different supports. These differences are a result of the
reaction-deactivated catalyst. However, there is no dis- different reactivities and stabilities of the support hy-

cernable deuterium isotope effect betweesOHand
D20 both in the CO oxidation reaction and in the

droxyl groups and the bridging carbonate, which con-
trol the rate of formation and removal of the carbonate

regeneration of deactivated samples. Furthermore, re-responsible for catalyst deactivation. An alternative to
generation of a CO reaction-deactivated catalyst by Eq. (1)is the formation of carbonate by reaction of

H> is much less effective than regeneration byCH

The possibility that H regeneration is actually a con-
sequence of b formed from air leak into the system
can be excluded by the following experiment. After

the bicarbonate with another Au—OH:

Au—(CQOsH) + Au—OH = Au—(CQO3)—-Au + H>O
(2)
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Although the data obtained cannot exclude this
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The catalysts used in this study were prepared from a

possibility, this pathway seems less likely because HAuUCI,4 precursor. At the preparation condition of pH
one would not expect as strong a dependence of the7, the predominant species would be Au(QH)XI, ~,

rate of deactivation or the sensitivity to water vapor

which was adsorbed on alumina. The value of x should

on the nature of the support as observed experimen-be close to unity. Further hydrolysis of the Au—Cl bond
tally. For example, compare the data presented herecould occur during washing. Upon drying at room

for Au/Al,03 with those on Au/TIQ in [22].
Hydrogen regeneration of a CO oxidation-deacti-

temperature, the Au cations are expected to remain
in the cationic form. The reaction results presented in

vated sample proceeds by a different mechanism. It is Table 1show that, in this form, the catalyst is inac-

plausible that it occurs by hydrogenolysis of the car-
bonate to a formate or hydroxycarbonyl and a hydr-
oxyl, returning the site to the catalytic cycle (Eq. (3)).

AU—(CO3)-Al + Hy = Au~(COH) + A—OH  (3)

This reaction involves activation of hydrogen and

tive. It is plausible that this is a consequence of the
complete absence of metallic Au atoms. Indeed, Au
particles could not be detected on a fresh, uncalcined
sample upon examination by high resolution electron
microscopy, even though this technique could detect
Au particles as small as 3nm on other Aw®Bg

hydrogenation of the carbonate, steps that are expectedsamples. Treating the catalyst in Bt 25°C is insuffi-
to exhibit deuterium isotope effects. This corresponds cient to reduce the Au cations, so the catalyst remains
with the obtained experimental results. Regeneration inactive. Likewise, treating the sample in® vapor

with D> is slower than regeneration withoHand

at 100°C could not activate the sample. In earlier

this slower regeneration leads to a lower steady state preparations, the Au catalysts were calcined toZ50

concentration of active sites during SCO in @nd
the observed kinetic isotope effecty(kp) of 1.4. In-
terestingly, the selectivity for CO oxidation during
SCO is higher in the presence of Ehan in K. This

before use[8,14,26]. At this high temperature, Au
hydroxide and Au oxide are unstable, and metallic Au
particles can be detected readily in the calcined sam-
ple. It is possible that the reduction to metallic Au is

implies that deuterium has a larger effect on the rate of incomplete, and a small amount of Au cations remain

reaction of hydrogen with oxygen to formyB than

at the Au particle-support interface. Recently, there

on the rate of the CO oxidation reaction. This can be is reported spectroscopic evidence of the presence

explained ifEgs. (1) and (3yletermine the kinetics of

of cationic Au in the active catalys{d8,19,31,32].

the regeneration reaction, whereas either the hydrogenin one report, the most active catalyst was found to
activation step or the reaction between hydrogen and contain the highest concentration of Au[B)].

oxygen determines the kinetics of hydrogen oxidation.
The importance of hydroxyl groups on the catalyst
is illustrated byEgs. (1) and (2). This is consistent
with Haruta’s observation that water on the catalyst
is more important than water in the vapor ph§za].
However, a Au—OH group alone is insufficient for cat-

The uncalcined catalyst could be activated only
in the simultaneous presence of ldnd HO at el-
evated temperatures. This was accomplished either
by subjecting the catalyst to the SCO feed at 75 or
100°C, wherein HO is generated by Hoxidation,
or by treating it with a flow of HO in H, at 100°C.

alytic activity. Consequently, it has been proposed that This suggests that at least some of the Au cations are
the active site consists of an ensemble of metallic Au reduced to metallic Au atoms at these temperatures.
atoms and Au—OHB,26], wherein metallic Au atoms  High resolution electron microscopy showed the pres-
are responsible for the activation of oxygen. This is ence of a few Au particles about 5nm in size on the
supported by density functional theory calculations, activated sample. However, the density of the particles
which indicated that @dissociation is thermoneutral is much lower than that on a 35CQ calcined sample.
on Au step site§30]. It is therefore expected that there  Once the metallic Au atoms are formed, the catalyst
exists a catalyst pretreatment condition that provides is active even at 25C. However, metallic Au atoms
optimal reduction of the Au precursor. alone are insufficient for activity, since treatment with
This requirement of intimate contact between H; at 100°C could not activate the sample.
metallic Au atoms and Au—OH may explain the re- It is interesting to note that Hand HO must
sults obtained for the uncalcined Auff; catalyst. be present simultaneously in order to activate the
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uncalcined catalysts. Supplying them sequentially Institute of Environmental Catalysis. J.-N. Lin was
is not sufficient to generate activity. The reason for supported by National Taiwan University during his
this is not yet understood. It is possible that their stay at Northwestern University.

simultaneous presence facilitates close contact be-

tween the metallic Au atoms and Au—-OH groups or

maintains an appropriate oxidation potential to avoid References
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