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Abstract

Transient studies on the oxidation of CO over Au/TiO2 have been performed at 243–363 K using a time-resolved fast-scanning Fourier tra
infrared (FTIR) spectrometer coupled with a quadrupole mass spectrometer. Different CO–O2 interactions were performed by stepping CO in
a steady-state He flow, O2 into a steady-state CO flow, CO into a steady-state O2 flow, and CO/O2 into an He flow. The CO oxidation reactio
occurs at all temperature ranges investigated whether CO is preadsorbed or O2 is preadsorbed, indicating that there is no competition between
and O2 for adsorption at a temperature range of 243–363 K (noncompetitive adsorption). It suggests that CO and O2 adsorption occurs on tw
different types of sites. When there is no O2 present in step feed (i.e., step CO into He), CO immediately builds up on the surface (rapid ads
of CO) and desorbs slowly after cutting off CO flow. However, when O2 is present in the step feed (i.e., step CO/O2 into He), adsorbed CO reac
with adsorbed oxygen immediately (fast surface reaction), whereas CO2 product desorption monitored by mass spectroscopy appears to b
slow. Slow desorption of CO2 product is claimed to be the rate-limiting step of CO oxidation over Au/TiO2 at a temperature range of 243–273
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Since the discovery of the remarkably high activity of su
ported gold catalysts for CO oxidation at low temperatures[1],
supported gold catalysts have been a subject of great int
[2–4]. The ability of such catalysts to oxidize CO at room te
perature could be utilized in a number of practical applicatio
including CO detection devices, CO reduction in industrial
automotive emissions, air purification in homes and offic
and CO and O2 recombination in orbiting, closed-cycle CO2

lasers used for weather monitoring or other remote sensing
plications[5–9]. The remarkable catalytic behavior shown
gold depends on forming it into very small particles, appare
because large particles cannot chemisorb typical reactant m
cules to any useful extent[2]. The rate of CO oxidation for gold
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catalysts is more than one order of magnitude higher than t
for similarly prepared Pt catalysts[10].

But the origin of the high catalytic activity in supported go
nanoparticles is still not well understood, with many questi
remaining about the site of the reaction and the nature o
gold nanoparticle–support interaction. It has been reported
Au particles of approximately 2–3 nm diameter exhibit optim
activity [11,12]; however, it has been also reported that eq
size Au particles supported on silica are far less catalytic
active than those supported on titania, suggesting that ac
of Au particles is not determined by particle size alone,
that support interactions must be considered[13]. The Au–TiO2

system is particularly interesting, because the catalysts ma
hibit CO oxidation activity at temperatures as low as 90 K[14],
but the preparation and pretreatment of these catalysts can
foundly affect their catalytic behavior and their deactivat
rates[15–18]. The oxidation state of the active Au also has be
much discussed[19–23]. X-Ray absorption studies of active A
catalysts on titania supports, some of the type used in this s
suggest that the active phase is primarily reduced Au[23], al-
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though recent SIMS measurements suggest that some am
of cationic Au also may be present[19].

There also appears to be uncertainty about how CO ox
tion occurs on supported Au catalysts, in terms of the kine
the rate-determining step, competition between reactants
products for adsorption sites. In addition, multiple pathw
may occur, and the mechanism may differ from one sup
to another or in different temperature regimes[2,3,24]. Kinetic
studies of the oxidation of CO on TiO2-supported Au catalyst
have been reported; for instance, Haruta reported zero-ord
netics for CO oxidation over Au/TiO2 catalysts at concentratio
of CO and O2 above 0.1 vol% and low apparent activation e
ergies[3,25]. Zero-order kinetics suggest that both CO and2
are adsorbed to saturation and that reaction of adsorbed CO
oxygen (O(a) or O2(a)) is the rate-determining step[3]. Other
kinetic studies have shown partial pressure dependency o
varying from 0.05 to 0.6, whereas the O2 reaction order ha
been reported to be from 0.03 to 0.4 for reactions carried
in the 273–313 K range[9,11,16]. Vannice et al. have use
kinetic modeling and diffuse reflectance infrared Fourier tra
form spectroscopy (DRIFTS) to elucidate the reaction mec
nism [9,16]. A two-site model, with CO adsorbing on Au an
O2 adsorbing on TiO2, that is consistent with Langmuir–Hin
selwood kinetics for noncompetitive adsorption was found t
the partial pressure data well and showed consistent entha
and entropies of adsorption[9,16]. On the other hand, it has als
been reported that CO and molecular oxygen are competit
adsorbed on the gold particles at 91 K[14]. Bollinger and Van-
nice postulated that the reaction between adsorbed CO an2
is the rate-determining step. Although apparently not con
ered in their mechanism, they found that reversible adsorp
of CO2 may compete with CO for adsorption sites.

In an attempt to clarify such mechanistic details, CO oxi
tion catalyzed by Au/TiO2 was examined at a temperature ran
of 243–363 K using a rapid-scanning time-resolved Fou
transform infrared (FTIR) spectroscopy coupled with dyna
analysis of gas products. By examining the time depende
of the surface species and the reaction products simultane
under transient flow conditions, we obtained a modified v
of the reaction process. In agreement with previous studies
found noncompetitive adsorption of CO and O2 and, surpris-
ingly, a limiting role of CO2 desorption in the low-temperatu
reaction.

2. Experimental

2.1. Catalysts

The calcined Au/TiO2 catalyst was provided by the Wor
Gold Council (lot no. 02-5), as was the following detail
information on the catalyst. The catalyst was prepared
deposition–precipitation onto a P25-TiO2 support, followed by
calcination at 300◦C. Elemental analysis by inductively co
pled plasma spectroscopy indicated 1.5 wt% Au, and the
erage diameter of Au particles was 3.7 nm as measure
transmission electron microscopy. This catalyst was use
provided without further treatment. Experiments were also
unt
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formed on P25-TiO2 obtained from Alfa-Aesar along with th
Au catalysts.

2.2. Time-resolved in situ infrared spectroscopy and product
analysis

Infrared (IR) spectroscopy was conducted in a home-m
brass IR cell fitted with CaF2 windows in a Nicolet Nexus 67
FTIR spectrometer using an MCT/A detector with a KBr bea
splitter. All results described here were obtained using 5-s in
vals and summing 16 scans in each spectrum with a spectra
olution of 16 cm−1. Before initiation of a gas-switching proto
col, a background FTIR spectrum was run (256 scans summ
at otherwise identical conditions. The background spect
was subtracted automatically from subsequent spectra, s
difference spectra reported below are with respect to the sta
(t = 0) conditions. The temperature of the IR cell was co
trolled by circulating an ethylene glycol (EG)–water mixtu
(1:1 by volume) controlled by a ThermoNESLAB RTE refrige
ated bath/circulator. A controlling thermocouple was embed
in the body of the cell at a position near the sample to detec
temperature. In this way, the temperature of the catalyst c
be controlled in the 243–363 K range.

Approximately 55 mg of catalyst was pressed to make a s
supporting pellet for IR measurements. Two opposing C2
rods were inserted through sliding O-ring seals and pushe
rectly against the sample pellet. By design, the dead vol
of the IR cell reactor was negligible (theoretically<0.1 cm3).
Thus the gas in the cell could be changed abruptly usin
gas flow of 25 mL/min. In addition, the path length of the I
beam was determined only by the pellet thickness, essen
eliminating gas-phase contribution. Premixed gases used in
study were 2% CO/2% Ar/He, 2% O2/He, and 1% CO 1% O2/
He, in addition to pure He (Air Liquide). The effluent of th
IR cell was analyzed by quadrupole mass spectrometry (Q
using an OmniStar Pfeiffer vacuum instrument with a gas s
pling system based on a heated 1-m stainless steel capillary
a tip positioned in the effluent stream.

2.3. Transient reaction studies

The step transient technique was used to examine the
namic behavior of adsorbates. Gas-switching protocols w
performed by switching from a background gas to a reac
gas (switch on) and holding for 60 s and then back again (sw
off). For example, switching to CO (2% CO/He, 25 mL/min)
from a steady-state He flow (25 mL/min) and back again is re
ferred to as “switching CO into He.” Similarly O2 (2% O2/He,
25 mL/min) was switched into CO (2% CO/He, 25 mL/min),
CO (2% CO/He, 25 mL/min) was switched into O2 (2%
O2/He, 25 mL/min), a mixture CO/O2 (1% CO/1% O2/He,
25 mL/min) was switched into He flow (25 mL/min), and CO2
(1% CO2/He, 25 mL/min) was switched into He (25 mL/min).
On activation of the switching valve, there was a delay of
proximately 15 s while the altered flow reached the catalysts
cell) and another 15 s while it reached the QMS system. B
experiments demonstrated that switching through the em
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).
(a) (b)

(c) (d)

Fig. 1. IR spectra obtained from a TiO2 support (no Au) atT = 283 K are shown as a function of time,t , upon (a) switching-on CO/O2 into a steady-state He flow
at t = 0 and (b) switching off CO/O2 and returning to He flow att = 60 s. Results of identical experiments performed on Au/TiO2 catalyst are shown in (c) and (d
A 15 s delay is required for the flow to reach the IR cell. Note: IR spectra offset vertically for viewing purposes.
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reactor (i.e., no catalyst) resulted in abrupt changes in do
stream gas compositions.

3. Results and discussion

3.1. Transient studies of the formation of carbonate species

Switching mixed CO/O2 into He was conducted at tempe
atures of 243–363 K to investigate CO adsorption and su
quent formation of carbonate species on TiO2 (P25) support
in the absence of Au. FTIR spectra obtained throughout
switch at 283 K are shown inFigs. 1a and 1b. Only weak IR
features grew during the switch at 1600–1700 cm−1, indicating
that very little CO adsorption or formation of carbonate spe
was detected by IR on the TiO2 support. Although not show
in Figs. 1a and 1b, no features were observed in the range
2000 to 2400 cm−1 that could be indicative of adsorbed CO
CO2, demonstrating that no reaction occurs on the bare T2

(i.e., no gold). The results demonstrate that CO does not re
interact directly with the TiO2 support. Carbonate species we
not detected at other temperatures investigated between 27
363 K (data not shown) or on switching CO (i.e., without O2)
into He.
-

e-

s

s

f
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Corresponding IR spectra from the Au/TiO2 catalysts ob-
tained on switching CO/O2 into He are shown inFigs. 1c and
1d. Strong IR absorption bands were observed on Au/Ti2,
compared with undetectable IR bands on the TiO2 support
in the absence of Au. These results suggest that Au is
essary for facile adsorption of CO and subsequent forma
of carbonate species on either Au or TiO2 support. Similar
bands were obtained by switching CO alone into He, sugge
that the presence of O2 is not necessary for carbonate form
tion.

It has been reported that the bands observed in the 1
1000 cm−1 range can be assigned to carbonate-like spe
adsorbed on the TiO2 support [26]. Peaks near 1620 cm−1

have been previously assigned to bidentate carbonate sp
on anatase[9,27] and to carbonate-like species in Au/TiO2

samples[28]. The peak near 1500 cm−1 could be due to a car
boxylate species or a bidentate carbonate species bound
single Ti atom[29]. Monodentate carbonate species may a
be present, because they have peak positions typically ar
1530–1470 and 1370–1300 cm−1 [29]. The major contribu-
tions are tentatively assigned to bidentate carbonate and
boxylate ions, with monodentate carbonate and free carbo
species possibly present as well[9]. Published isotopic subst
tution studies of12CO–16O2 and12CO–18O2 interactions have
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ote: IR

Fig. 2. IR spectra obtained at 273 K by switching CO2 into He through an empty IR cell (curve a), through the TiO2 support (curve b), through Au/TiO2 catalyst
(curve c), and also by switching CO/O2 through Au/TiO2 sample (curve d). Spectra are obtained at time part-way between switch on and switch off. N
spectra offset vertically for viewing purposes.
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suggested that gas-phase oxygen does not participate in th
mation of carbonate-like species, and thus the oxygen invo
in the formation of carbonate-like species is from the ox
support, not from gas-phase oxygen (16O2 or 18O2) [26]. Com-
paring IR spectra obtained from TiO2 support without Au and
those from Au/TiO2 samples leads us to propose that Au
hances CO adsorption and subsequent formation of carbo
species on either the Au–TiO2 interface or TiO2. CO adsorbs
on Au and may be transferred to TiO2, where it forms carbonat
on TiO2 support. A model has been proposed in which a bid
tate carbonate species is a reaction intermediate reacting
CO adsorbed on Au near the TiO2 interface to form CO2 [9,
11,30]. IR intensities of all species (bidentate, carboxylate,
monocarbonate) observed in the present study grew tog
immediately after “switch on” and evolved little except for
slow uniform decrease in all peaks after switch off. This s
gests that these species are spectators and are not involv
the surface reaction.

3.2. Gas-phase CO2 versus surface-adsorbed CO2

Fig. 2compares the IR spectra obtained at 273 K by swi
ing CO2 into He through (a) an empty IR cell, (b) the TiO2
support, and (c) Au/TiO2 catalyst and (d) by switching CO/O2
through the Au/TiO2 sample. Switching through either th
empty cell (curve a) or the TiO2 alone (curve b) leads onl
to the broad P and R bands typical of gas-phase CO2. These
bands appear abruptly during switch on and disappear abr
after switch off, consistent with gas-phase species. In cont
a singlet IR peak (2345 cm−1) was observed on identical ste
ping of CO2 over a Au/TiO2 sample (curve c) assigned to
adsorbate form, CO2(a). Broadening the wings of the peak m
or-
d
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-
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indicate a trace of gas-phase CO2. Gas-phase CO2 was absen
or only barely visible because of the very short gas-phase
length for the IR beam coupled with the adsorption of CO2 onto
the Au/TiO2 sample. A similar singlet peak was obtained
switching CO/O2 over Au/TiO2 (curve d), indicating formation
of the adsorbate CO2(a) by reaction. Unreacted, linearly a
sorbed CO was also observed in this spectrum (at 2100 cm−1).
The failure to form adsorbate CO2(a) on the TiO2 sample (curve
b) indicates that CO2 does not interact directly with the TiO2
support without Au.

3.3. Noncompetitive adsorption of CO and O2

Fig. 3 shows typical time evolution of the IR spectrum du
ing switching of CO into O2 at 243 K. The difference spectr
(referenced tot = 0) exhibit a rapid increase in the linear CO(a)
feature after switch on and a subsequent decrease in inte
after switch off. As mentioned in the discussion of the sp
tra in Fig. 2, the gas-phase species (CO) is not seen, prim
because of the short gas-phase path length. Collecting pea
tensities from such spectra,Fig. 4shows the intensity of linearl
adsorbed CO on Au/TiO2 during four different switching proto
cols extracted from such spectra at 243 K. On switching of
into He (curve a), the IR peak intensity at 2100 cm−1 builds
up immediately, indicating rapid adsorption of CO to form l
ear CO(a). Actually, the curve suggests a two-stage adsorpt
with an initial fast adsorption followed by a slower approach
saturation. Desorption of CO(a) is slow, as indicated by gradu
decrease after switch off (after 75 s). However, on switching
of CO into O2 (curve b, starting at 75 s), the amount of CO(a) de-
creased more rapidly, indicating that incoming O2 adsorbs and
reacts with preadsorbed CO(a). The decrease was rapid com
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t

(a)

(b)

Fig. 3. IR spectra obtained from Au/TiO2 at T = 243 K are shown as a function of time,t , upon (a) switching CO into O2 at t = 0 and (b) switching off CO a
t = 60 s and flowing O2 only. Note: IR spectra offset vertically for viewing purposes.
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pared with the desorption of CO after switching off of CO in
He (curve a). These two results suggest that adsorbed C(a)
does not hinder O2 adsorption and subsequent rapid reactio
this temperature. Further evidence that CO does not hinde2
adsorption is also apparent in the switching on of O2 into CO.
A rapid decrease in CO(a)osis observed (curve c, after 15 s) re
ative to the sample saturated in CO before the switch. In
case, surface CO(a) also decreased rapidly due to reaction w
oxygen.

The above experiments indicate that preadsorbed CO
not inhibit rapid adsorption and reaction with O2. Similarly, the
results inFigs. 3 and 4also indicate that preadsorbed oxyg
(whether atomic or molecular) does not inhibit rapid CO
sorption. This is evident in both the switching on of CO in
O2 (curve b, after 15 s) and the switching off of O2 into CO
t

s

es

(curve c, after 75 s). Neither the preadsorbed nor the tran
O2 exposure inhibited subsequent rapid CO adsorption.
though adsorbed oxygen is not detected by FTIR, its pres
is inferred by the observed, transient CO2 reaction product de
tected by the QMS (data not shown) after switching from O2 to
CO (or from CO to O2).

Fig. 3shows another feature besides CO(a), due to adsorbed
CO2(a). It exhibits a rapid increase after switching on of CO in
O2 due to the rapid surface reaction of CO(a) with preadsorbed
oxygen, but then slowly decreases due to CO2 desorption and
depletion of surface oxygen, which prevents further CO2(a) pro-
duction. After switching off of CO and flowing O2, the CO2(a)
band rapidly increases through surface reactions of oxygen
preadsorbed CO(a), but then slowly decreases due to CO2 de-
sorption and depletion of surface CO(a). Therefore, the behavio
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of the CO2(a) feature is also consistent with rapid formation
CO2 and noncompetitive adsorption of CO and O2.

Similar experiments were performed at 273, 303, 333,
363 K (supplemental data Figs. S-1 to S-4). The overall IR
tensity decreases with increasing temperature mainly du
enhanced desorption. However, the same general tendenc
observed, that is, neither pre-adsorbed CO(a) nor O(a) blocks
reaction by impeding subsequent O2 or CO adsorption, respec

Fig. 4. Intensity of CO(a) IR species (2100 cm−1) on Au/TiO2 at 243 K for
different switching protocols. Reactant gas is switched on att = 0 and off again
at t = 60 s. It takes 15 s for the flow to reach the IR cell after switch.
d
-
to
as

tively. Therefore, it can be concluded that there is no com
tition between CO and O2 for adsorption suggesting that C
and O2 adsorb on different surface sites leading to rapid sur
reaction.

In previous work, an FTIR study of CO adsorption and o
dation on Au/TiO2 catalysts showed that at 90 K, CO and O2 are
molecularly and competitively adsorbed on Au step sites[31].
Boccuzzi et al. used IR spectroscopy and isotopic scramblin
study the nature of Au/ZnO and Au/TiO2 catalysts for CO ox-
idation and concluded that Au metal particles adsorb both
and O2 simultaneously, leading to rapid reaction[28]. Metallic
Au has been proposed to be the active site, with some pr
nents advocating the view that the greatest activity occu
when two layers of Au atoms were deposited on a TiO2 surface
[32–34]. It was also proposed that special Au–TiO2 interfacial
sites are the most likely explanation for the high activity in A
TiO2 systems[9]. A Langmuir–Hinshelwood model invokin
CO adsorbed on Au that reacts with oxygen activated at
Au–TiOx interface was proposed, and it was assumed that
and O2 adsorption occurs on two different types of sites[9].

3.4. CO2 desorption as rate-limiting step

The effect of CO2 was examined in an attempt to better u
derstand the kinetics of CO oxidation on Au/TiO2. On switch-
ing of CO/O2 into He at 243 K (Fig. 4, curve d; FTIR spectra in
supplemental Fig. S-5), surface-adsorbed CO(a) does not build
up appreciably. This is in marked contrast to switching on
alone into He, in which case CO(a) builds up rapidly to more
than 50 times higher intensity (cf. curves a and d inFig. 4).
However, rapid buildup of CO2(a) product was clearly observe
at 2345 cm−1. Together these observations demonstrate
surface CO oxidation with high conversion on adsorption. A
switch off, CO2(a) desorption is very slow, and CO2(a) remains
Fig. 5. Normalized exit QMS response after switching off gas-phase CO2 flowing through TiO2 support (open symbols) and after switching off CO/O2 flowing
through Au/TiO2 (filled symbols) are shown at three different temperatures (P andQ at 263 K,1 and2 at 273 K, and! and" at 283 K).
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(a)

(b)

Fig. 6. IR spectra obtained at 243 K by (a) switching CO/O2 into CO2 at t = 0 and (b) switching off CO/O2 at t = 60 s and flowing CO2 only over Au/TiO2. Note:
IR spectra offset vertically for viewing purposes.
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on the surface even 60 s after switching off of CO/O2 (sup-
plemental Fig. S-5). Slow CO2 desorption was also seen aft
switching off of CO into O2 (Fig. 3b). These observations su
gest that slow desorption of CO2(a) is the rate-limiting step.

More experimental results supporting this conclusion
given inFig. 5, which shows the downstream CO2 pressure re
sponse in the effluent stream as measured by QMS. The no
ized gas-phase CO2 effluent pressure is compared for switchi
off gas-phase CO2 across nonreactive TiO2 versus switching
off CO/O2 across reactive Au/TiO2. In the latter case, most o
the signal must originate from production of CO2 over the Au
catalysts, because measurements of the CO+O2 stream bypass
ing the reactor show CO2 levels (from impurity or production
at QMS filaments) of less than about 5% of catalytically p
duced CO2. The comparison indicates a much slower evolut
al-

of CO2 from the Au/TiO2 catalyst compared with gas-pha
CO2 diffusion through the support alone. The sluggish evo
tion of CO2 produced over the Au catalyst must be due to eit
slow surface reaction or slow desorption. Because the for
ing IR data indicate that CO2(a) formation is rapid, the evolution
thus must be limited by desorption of product CO2(a).

Further evidence supporting our conclusion that CO2 de-
sorption is the rate-limiting step can be found inFig. 6, which
demonstrates that the presence of CO2(a) inhibits the CO oxi-
dation rate.Fig. 6 shows IR spectra obtained on switching
CO/O2 into CO2 over Au/TiO2 at 243 K. During switch on
preadsorbed CO2(a) decreases while adsorbed CO(a) increases
Apparently CO is capable of displacing CO2(a)or else it adsorbs
at sites vacated by slowly desorbing CO2(a). It was shown ear
lier that without preadsorbed CO2(a) (i.e., switching of CO/O2
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100
into He, shown inFig. 4, curve d), very little surface CO(a) was
detected by IR due to immediate oxidation of CO(a) after non-
competitive rapid adsorption. Therefore, both the buildup
CO(a) and the decrease of CO2(a) observed inFig. 6 suggest
an inhibition of CO oxidation compared with the case of
CO2 preadsorption on the surface. Such an inhibition wo
be consistent with the reaction kinetics of negative orde
CO2. As temperature increases above 273 K, however, di
entiating the rate-limiting step by only IR and QMS becom
difficult.

Surprisingly, the literature does not contain many a
cles discussing the effect of CO2 on the CO oxidation reac
tion on supported Au nanoparticles. An adsorption band n
2350 cm−1 has been reported for CO2 on TiO2 [9,27,35]. Our
results suggest, however, that the adsorption band at 2345−1

(Fig. 2) would be more appropriate to assign to CO2 on Au or
at the interface of Au and the TiO2 support. The evidence i
that the IR feature of surface CO2(a) was observed only in th
presence of Au and competes with CO(a), which is generally
accepted to be on the Au. Bollinger and Vannice[9] found a de-
creased amount of chemisorbed CO during reaction comp
with the amount present when only CO is flowing, a finding
agreement with the present observations. They concluded
the most likely explanation for this is competitive adsorpt
between CO and CO2, which decreases the surface covera
of CO. That interpretation differs slightly from our conclusi
that decreased CO(a) is observed during reaction because
its rapid consumption. It has also been reported that add
of CO2 to the feed in kinetic experiments causes a revers
inhibition of CO oxidation rate[36], in agreement with ou
conclusions.

4. Conclusion

Transient studies on the oxidation of CO over Au/TiO2 have
demonstrated the following:

• Au catalyzes the formation of several carbon oxide spe
(i.e., bidentate and monodentate carbonate, carboxylat
the surface of Au/TiO2 catalysts, but these appear to
only spectators of the fast CO oxidation reaction.

• CO oxidation reaction occurs under the switching con
tions at all temperatures investigated if either CO or O2 is
preadsorbed.

• CO and O2 are noncompetitively adsorbed during react
conditions at all temperatures studied, suggesting diffe
adsorption sites for the two reactants.

• Under reaction conditions, CO adsorption is rapid and
desorption is slow, but rapid oxidation prevents buildup
CO(a) under reaction conditions.

• Adsorbed CO2 species, CO2(a), is rapidly formed and is the
reaction intermediate leading to CO2 evolution, but its des
orption from the catalyst bed appears to be rate-limit
step at 243 K and 273 K, suggesting negative-order r
tion kinetics for the product CO2.
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