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The kinetics of CO oxidation by adsorbed oxygen on well-defined
gold particles on TiO»(110)
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Very tiny Au particles on TiO, show excellent activity and selectivity in a number of oxidation reactions. We have studied the vapor
deposition of Au onto a TiO»(110) surface using XPS, LEIS, LEED and TPD and found that we can prepare Au islands with controlled
thicknesses from one to several monolayers. In order to understand at the atomic level the unusual catalytic activity in oxidation reactions
of this system, we have studied oxygen adsorption on Au/TiO»(110) as a function of Au island thickness, and have measured the titration
of this adsorbed oxygen with CO gas to yield CO», as function of Au island thickness, CO pressure and temperature. A hot filament
was used to dose gaseous oxygen atoms. TPD results show higher O, desorption temperatures (741 K) from ultrathin gold particles on
TiO2(110) than from thicker particles (545 K). This implies that O bonds much more strongly to ultrathin islands of Au. Thus from
Brensted relations, ultrathin gold particles should be able to dissociatively adsorb O, more readily than thick gold particles. Our studies
of the titration reaction of oxygen adatoms with CO (to produce CO5) show that this reaction is extremely rapid at room temperature,
but its rate is dlightly slower for the thinnest Au islands. Thus the association reaction (COg 4+ Oa — CO24) gets faster as the oxygen
adsorption strength decreases, again as expected from Bransted relations. For islands of about two atomic layers thickness, the rate
increases slowly with temperature, with an apparent activation energy of 11.4 + 2.8 kJ/mol, and shows a first-order rate in CO pressure
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and oxygen coverage, similar to bulk Au(110).
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1. Introduction

As compared to more traditiona catalysts (Pt, Pd, Rh),
bulk gold istypically regarded as catalytically inert. Thisis
because pure gold is known to be unreactive to most gases
including CO and O,. However, it has been found most re-
cently that when gold is deposited on reducible metal oxides
such as TiO,, Fe; 03, Coz04 as ultrafine particles, there is
a remarkable change in its catalytic activity [1-3]. For ex-
ample, highly dispersed gold particles supported on metal
oxides such as TiO, have been reported to be extremely
active for reactions including partial oxidation of hydro-
carbons, reduction of nitrogen oxides, low-temperature CO
oxidation and propene epoxidation [1-4]. This ability of
supported gold on TiO, to act as a catalyst for the room-
temperature oxidation of CO shows exciting potentia in
automoative applications, CO detection devices and purifi-
cation of air in homes and offices.

The activity of Au catalysts in these oxidation reactions
is somewhat surprising, since dissociatively adsorbed oxy-
gen is generally thought to be the active oxidant in related
reactions on other noble metals. Thisis in spite of the fact
that molecular O, is known not to dissociatively adsorb on
bulk gold at pressures as high as 1400 Torr and tempera-
tures between 300 and 500 K [5,6]. Various mechanisms
have been proposed for CO oxidation on supported Au cat-
alysts [7-9]. The mechanism for the catalytic CO oxidation
on the Au/TiO, catalyst is still not well understood, with
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many questions remaining on the site of the reaction and the
nature of interaction between the gold particles and the TiO,
metal substrate. One mechanism suggested for CO oxida-
tion on the Au/TiO, catalyst is a Langmuir—Hinshelwood
model invoking CO weakly adsorbed on Au which reacts
with oxygen activated at the Au/TiO, interface [2-4]. This
model suggests that the presence of gold clusters on the
TiO, leads to the dissociative adsorption of oxygen at the
AU/TiO; interface, which has led to other studies that have
attempted to clarify whether new adsorption sites are really
created on the Au/TiO, catalyst that interact with molecu-
lar oxygen [9-11]. No such sites were identified spectro-
scopically [9-11]. In the proposed mechanism for room-
temperature CO oxidation on Au/ZnO, oxidic gold sites
have been identified as the active species, and the ZnO
substrate was proposed to mainly stabilize the gold parti-
clesin ahighly dispersed form capable of adsorbing oxygen
and CO [8].

The role of the metal oxide supports in the catalytic ac-
tivity of gold in CO oxidation has also been investigated
by Okumura et al. [12]. They found the catalytic activities
of Au/SIO,, Au/Al,O5 and Au/TiO, to be similar particu-
larly for small clusters of Au [12], i.e., independent of the
support. This indicates that the catalytic activity for these
nanoparticles of Au on TiO; is essentially determined by
theintrinsic electronic structure of the gold clusters. Further
investigation by Goodman’s group [13,14] has unambigu-
oudly shown that the reaction kinetics for the catalytic CO
oxidation on Au/TiO; is strongly dependent on the Au clus-
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ter size. They have demonstrated from scanning tunnelling
microscopy/spectroscopy (STM/STS) and reaction kinetic
measurements that the reactivities of the Au/TiO, system
for CO oxidation are defined by changes of the electronic
properties of the Au clusters which vary with the size of
the Au clusters, optimizing at clusters with thicknesses of
two atomic layers [13,14].

In order to further understand the mechanism of the cat-
alytic oxidation on gold supported on TiO; at the molecular
level, we have studied the vapor deposition of gold onto a
TiO,(110) surface, using XPS and LEIS [15]. The Au was
found to grow first in islands of single-atom thickness (i.e.,
two-dimensional or 2D islands). These 2D islands spread
to cover ~10% of the surface as Au deposition proceeds.
Abovethiscritical coverage of ~0.10 ML, the growth mode
switches, and further Au adds mainly on top of the ex-
isting islands, to make thicker and thicker 3D islands as
coverage increases. Thus, the island thickness could be
controlled from one atomic layer upwards by increasing
the Au coverage from ~0.10 ML. Upon annealing, the Au
islands irreversibly thicken, uncovering part of the TiO..
This proves that the Au thermodynamically prefers 3D is-
lands (Volmer—Weber growth), and the 2D islands are aless
stable structure. Qualitatively similar growth behavior has
been reported previously [10,16].

We also studied the adsorption and desorption of oxy-
gen from these well-defined Au particles [17]. A hot fil-
ament was used to generate gaseous oxygen atoms, which
adsorbed to produce oxygen adatoms. This technique has
been used previoudy to produce oxygen overlayers on bulk
Au(110) surfaces [5,6]. An increasing desorption tempera-
ture for 20, — Oy 4 showed that the O-Au chemisorption
bond strength on thin gold islands is greater than on thick
gold idands [17]. Brgnsted relations [18] predict that the
activation barrier for dissociative adsorption of O, should
be lower for gold particles with a higher adsorption energy
for oxygen adatoms. Thus, ultrathin gold particles should
be able to dissociatively adsorb O, more readily than large
gold particles. Since dissociative adsorption of O, isimpos-
sible on pure, bulk gold surfaces, we have postulated that
the unusual low-temperature catalytic activity in CO oxida
tion demonstrated by thin (small) Au particles on TiO, is
related to the positive influence that this stronger bonding
to oxygen will no doubt have on the dissociative adsorption
rate of O,. So far, we have been unable to experimentally
demonstrate this, since the rate of O, adsorption is very
slow in any case (and probably rate limiting in the catalytic
process). Under conditions where we should have observed
it, the adsorbed oxygen would have been rapidly cleaned
off by reactions with low-level background impurities, so
we are striving to make the measurement in a cleaner en-
vironment.

In this paper, we further study oxygen adsorption on
2D and 3D gold idands as a function of thickness, and
also measure the titration of this adsorbed oxygen with CO
gasto yield CO,, as a function of Au island thickness, CO
pressure and temperature. Thistitration reactionisfound to
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be extremely rapid at room temperature. This provesthat, if
O, onthe Au particlesis an intermediate in low-temperature
CO oxidation, its production must be rate limiting, since its
consumption by CO is so fast. The titration rate increases
as island thickness increases from 2D to 3D Au islands.
Thus, the association reaction (COy + Oy — COy4) gets
faster as the oxygen adsorption energy decreases.

2. Experimental

The experiments were conducted in an ultrahigh vacuum
(UHV) system described previously [19,20]. Briefly, the
system consists of three sections: a microreactor for high-
pressure adsorption experiments and two adjacent UHV
chambers| and Il with a base pressure of ~4 x 1019 mbar.
Chamber | is equipped with LEED while chamber 1l is
equipped with facilities for XPS, LEIS, LEED and TPD.
The TiO, sample could rapidly be transferred between the
various sections of the UHV system. The polished and ori-
ented TiO,(110) single crystal was obtained from Commer-
cial Crystal Laboratories, Inc. A chromel—alumel thermo-
couple was directly glued (using Aremco high-temperature
cement) to the TiO, crystal which was mounted on a tan-
talum sample holder. The sample was heated resistively
and, for TPD, a heating rate of 4.5 K/s was used. Prepa-
ration and cleaning of the TiO,(110) single crystal which
produces a stoichiometric surface has been described else-
where ([21] and referencestherein). All XPS measurements
were performed with Al Ko X-rays and detection normal to
the surface, and all LEIS measurements were recorded with
1.25keV Het ions, with an ion current of 0.2 pA/cm?. lon
exposure times were ~270 s for atypical LEIS spectrum.

The well-defined Au clusters were obtained by vapor
deposition at room temperature via a resistively heated
doser containing high-purity (99.95%) gold fails, as de-
scribed in [15,17]. The TiO, sampl€'s temperature rose
by ~20-80 K during the period of gold deposition due to
radiation from the source. The XPS intensity ratio of the
Au 4f7/5 (Iay) to the initial or clean Ti 2ps/, peaks (I3)
was used to determine Au coverages and calibrated, as de-
scribed in [15,17], based on combined measurements of
XPS and LEIS versus coverage and known escape depths
for photoelectrons. LEIS measurements were mainly used
to calculate the fractional area (fay) of the TiO»(110) sur-
face covered with Au islands, from the attenuation of the Ti
LEIS peak intensity and from the Au LEIS intensity (rela
tiveto pure multilayer Au), also asdescribed in [15,17]. By
combining the XPS and LEIS measurements, the average
thickness of the gold clusters could be determined. This
will be reported in units of atomic layers, with each atomic
layer corresponding to 2.35 A (the interlayer spacing be-
tween Au(111) planesin bulk Au, and thus 1.39 x 10'® Au
atoms per cm? of island area).

Research grade purity CO and O, obtained from AirCo
was used. The gas purity was further checked by mass
spectroscopy. As mentioned earlier, atomic oxygen gas was
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dosed by facing the Au/TiO, sample towards the mass spec-
trometer ion source, and introducing O, gas with the mass
spectrometer filament on. Details are the same asin [6,17].
To obtain coverages of oxygen adatoms (O,) of ~0.35 ML,
we used an O, pressure of ~2 x 10~° mbar and an exposure
time of 120 min. LEIS measurements of the attenuation of
the Au signal by O, were further used to estimate the cover-
ages of the O, overlayer on the Au particles. The accuracy
of this method was confirmed by comparison to the O,
TPD peak areas [17]. We define 1.0 ML of O, on the Au
islands as that oxygen coverage which would lead to 100%
attenuation of the Au LEIS signal. The saturation coverage
of O, obtained on Au(110)-(1 x 2) in this same way also
using He LEIS to measure coverage was 0.95 ML, and it
corresponds to ~1.5 x 10™ oxygen adatoms per cm? [22].
Controlled LEIS experiments showed that these L EIS meas-
urements resulted in little or no ion beam damage to the
sample and negligible removal of O, or Au. Subsequent to
these measurements the sample was heated to desorb the
adsorbed atomic oxygen species, and the O, TPD peak ar-
eas were not diminished due to ion doses exceeding those
used here.

Similar to the TPD experiments, the CO titration exper-
iments involved initially dosing the Au/TiO»(110) surface
with oxygen (Po, ~ 2 x 10~° mbar for 120 min) at room
temperature using the hot filament technique to yield rea-
sonable coverages of O adatoms characterized by LEIS.
The reaction kinetics were then followed by two meth-
ods. The first method involved immediately introducing
the initially O-covered Au/TiO, surfaceto CO at a constant
leak rate. The transient responses of m/e 28 (CO) and 44
(CO,) were then followed with a mass spectrometer. The
CO, production rate Rco,(t) was determined throughout
the titration from the increase in the CO, pressure above
the background. However, because of a large and difficult
to estimate background correction needed with this method,
reaction kinetics in this report will be quantified mainly by
a second method. This consisted of periodic interruptions
of the CO flow (by closing the CO leak valve) and meas-
urements by LEIS of the O-covered Au/TiO, surface, again
using the attenuation of the Au peak to quantify O, cover-
ages. Again, control experiments using O, TPD peak areas
to assess the residual O, coverage confirmed the accuracy
of this LEIS method. Finally, the dope of the oxygen cover-
age (Ao) versus exposure time to CO was used to determine
the CO;, production rate (dCO,/dt = —dflo/dt) or the net
reaction (COg + O; — CO,) rate.

3. Results
3.1. TPD results of O adatoms on Au/TiO(110)

Figure 1 shows associative desorption of oxygen adatoms
as O, as a function of Au idand thickness. Though this

experiment is largely a repetition of our earlier published
work [17], it contains new results in that the temperature
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Figure 1. O, TPD curves for 0.35 ML of oxygen adatoms on Au islands

of different average thicknesses in atomic layers. These islands covered

the following fractions of the TiO»(110) surface: 14% (1.3 layers), 28%
(2.0 layers), 43% (2.9 layers) and 60% (>6 layers).

ramp extends up to 880 K. This allows one to see oxy-
gen desorption from 2D idands (~1.3-atomic layers thick)
not seen in an early TPD which extended only to 710 K.
Here, the O, exposure was 2.4 x 10~3 mbarmin, in front
of the hot filament. The effect of the Au idand thickness
on the oxygen TPD spectra following such exposures to
atomic oxygen gas is similar and consistent with what we
have reported in [17]. All the essential features including
Au island thickness and desorption temperature maximaare
reproduced in these results. The island thicknesses reported
here refer to the metal film as dosed at 310 K, prior to the
deposition or desorption of the oxygen adatoms. We ob-
served that the Au clusters thicken further upon heating
above 500 K in the absence of O,, as aso seen by other
groups [10,16]. Therefore, as stated earlier in [17], the
island thickness shown here should be viewed as a quali-
tative initial average thickness at the specified initial tem-
peratures. Since oxygen adsorbs strongly to the gold but
not to the TiO,, its presence is expected to inhibit island
thickening [26]. From the attenuation of the Au LEIS in-
tensity, this oxygen exposure used here produces about the
same coverage of oxygen adatoms (~0.35 ML) on the var-
iousiglands of Au on TiO,(110), irrespective of their thick-
ness. Note that the TPD peak areas increase as the parti-
cle thickness increases. This is only because the fraction
of the surface covered by the Au islands (reported in the
caption to figure 1) is correspondingly increasing. Clearly
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we observe the highest TPD peak temperature (741 K) for
the thinnest Au islands (~1.3 layers thick). It gradually
shifts to lower temperatures as the particle thickness in-
creases, up to islands of thickness of at least ~6-atomic
layers.

A single, sharp O, desorption peak, with a maximum
at 545 K, is observed from the multilayer gold cluster (>6
layers). Thisisin contrast to the broadened peak with two
major maxima (one occurring at 545 K and the other at
520 K) observed in our earlier findings for the same Au
coverage which had been pre-annedled to ~670 K [17].
This broadened peak was ascribed to heterogeneous Au
sites offered by the pre-annealed Au adlayer [17]: a less
strongly bound state for O, (at 520 K) and strongly bound
state (at 545 K). The strongly bound state is shown here to
dominate for Au particles not pre-annealed, which appear
more homogeneous in such sites. The 520 K desorption
peak for the annealed film suggests the presence of some
Au islands that are thicker (larger), likely arising from the
thermal thickening or sintering of the Au particles. A blank
experiment (bottom trace) from the bare TiO(110) surface
(with no deposited Au particles) showed a broad peak fea-
ture between 430 and 570 K, which represents background
O, desorption from the sample holder and/or the TiO»(110)
surface.

2.2 Jayer thick Au islands
Initial 65 = 0.42 ML Au

T=290K < 1) clean Au/TiO2
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Figure 2. Evolution of the Au LEIS signa during the course of a typica

titration experiment at doses at room temperature (290 K). The top (1) and

bottom (2) traces are the clean and initially O-covered Au LEIS signdls,

respectively. The reaction: COg + Oa — COgg, causes the increase in
Au LEIS signal going from curves (2) — (6).
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3.2. Titration experiments. COy + O, — COy4

We have used the attenuation of the Au LEIS inten-
sity here to probe the removal of adsorbed oxygen on the
AU/TiO,(110) surface by CO gas. We have shown else-
where [6] that the O coverage (as probed by the O, TPD
peak areq) is proportional to the attenuation of the Au LEIS
intensity. Figure 2 shows the LEIS signal of O-covered Au
on TiO(110) as afunction of CO dose at room temperature.
The top and bottom spectra represent the Au LEIS intensi-
ties of the clean 3D Auislands on TiO»(110) and these same
islands after preadsorbing ~0.40 ML O, on them, respec-
tively. Note that this O, attenuates the Au LEIS signa by
~40%. Upon exposures to CO, the Au LEIS intensity in-
creases correspondingly back toward its oxygen-free value,
indicating the removal of the O, with CO according to the
titration reaction: COy + O; — CO,4. From our controlled
experiments the disappearance of the atomic oxygen is not
attributable to the presence of any background hydrogen in
the UHV chamber since the reaction between H, and oxy-
gen adatoms on gold has aso been shown to be negligible
under UHV conditions [6].

Figure 3 shows the mass spectrometer signal of the evo-
[ution of CO, gas due to this titration reaction of O, with
CO gas a room temperature. The trace of the CO, curve

240 -1 CO + O/Au/TiO,(110)
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Figure 3. CO; evolution upon exposing the Au/TiO»(110) surface with

0.35 ML pre-adsorbed oxygen to 3.4 x 10~% mbar of CO at a constant

leak rate to initiate the reaction: COg + Oa — COz4. The time at which

the CO was introduced is indicated by an arrow. The CO signa is also
shown.
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Figure 4. Titration curves of the oxygen coverage versus time in CO gas
from figure 2. The half-life of O4 on the ~1-atom-thick (2D) idands is
approximately twice that on the 2-atom-thick (3D) islands.

is similar to what has been observed with similar experi-
ments on bulk Au(110) surfaces at room temperature [23].
Initially, the CO, evolved at a high rate and decayed expo-
nentially as oxygen adatoms were consumed. At equivalent
doses of CO the LEIS Au signal indicated a small fraction
of O, remaining at the end of the experiment (i.e., after
following the transient responses of CO and CO, with a
mass spectrometer), which agreed well with the results of
following the titration reaction only with LEIS after the
same CO exposure.

Figure 4 shows the room temperature titration curves,
or plots of the adsorbed oxygen coverage (on Au particles
only) versus time of CO exposure, for 2D and 3D Au par-
ticles on TiO,. The oxygen coverage was derived from
Au LEIS measurements such as in figure 2. The full and
dotted lines show the exponentia fit to the data. The good
fit indicates a reaction which is first order in oxygen cov-
erage (0o). The first-order rate constant, k, for the decay
in the oxygen coverage, as defined by dfp/dt = —kfo,
was found from the exponential fits to be 0.0010 s~* for
2D islands and 0.0023 s~ for 3D islands of figure 4. We
observed generally a slower reaction rate on the O-covered
2D idands than on the 3D particles. The half-life of the
oxygen decay on the 2D Au islands was 2.3 times that
on 3D idands. The half-life remained nearly constant for
thickness of 3D Au islands from 2.2 layers up to ~4 lay-
ers. Therefore, only the result for 2.2 layersis shown here.
This suggests that the titration rate over these Au/TiO, cata-
lysts is dependent on the film morphology, but only changes
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Figure 5. Dependence of the titration rate constant at room temperature
on CO pressure. The Au islands used here were ~2-atomic layers thick.

when the thickness of the Au island decreases below 2 lay-
ers.

Figure 5 shows the effect of CO pressure on the titra-
tion rate at room temperature for 2-layer-thick Au idands.
The CO pressures were varied between 2.3 x 10~/ and
3.4 x 107% mbar. From the measured variation of oxy-
gen coverage, Ao, as a function of time (), the first-order
rate constant, &, was determined at each CO pressure. Fig-
ure 5 shows a plot of Ink versus In Pco, which should give
a straight line the slope of which is the reaction order in
Pco. The observed slope of 1.1+ 0.1 shows the rate of CO
production to be nearly first order in CO pressure, similar
to that found in CO titration of O, on bulk Cu(110) [23].
This CO reaction order is much higher than the values of
0.05 and 0.4 reported by Haruta et al. [1] and Bollinger et
al. [4], respectively, for quasi-steady-state catalysis. This
would suggest that oxygen adsorption is probably the rate-
determining step in quasi-steady-state catalysis (so the rate
is high order in O, and low order in CO), whereas in our
transient titration, oxygen adsorption does not play a role,
and the rate is proportional to the CO coverage (and thus
CO pressure, see below).

Figure 6 shows the first-order reaction rate constant, k,
asafunction of Auisland thickness, at afixed Pco, asdeter-
mined from data such as shown in figure 4. The reactivity
of oxygen on the Au/TiO, catalyst increases as the islands
thicken from 2D to 3D islands, but saturates already at av-
erage Au idand thickness of ~2-atomic layers. For a Au
island thickness of ~2-atomic layers, we calculate an initial
rate and reaction probabilty per CO collision with the Au
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CO, molecules per site per second, where one site is taken as the Au area

required for one oxygen adatom at 1.0 ML coverage (~1.0 Au surface
atoms).

surface area of ~0.001 molecules per site per second and
~0.013, respectively. These initial rates reported here were
obtained from the initial slope of the best-fit exponential de-
cays. These values are similar to the estimated values from
the results by Outka et al. [24] for CO titration experiments
on O-covered bulk Au(110). However, at an equivalent Au
island thickness on TiO,, Valden et a. [13] reported a TOF
of 4 molecules per site per second, from which we estimate
a reaction probability per CO collision of ~2.4 x 1075,
This large difference proves that the coverage of O, under
the quasi-steady-state reaction conditions (COg + O,g) of
Valden et al. must be very low (~0.4 ML x 2.4 x 10~°—
1.3 x 1072 ~ 7.4 x 10~° ML, assuming a rate that is first
order in 0o, as shown above). This again suggests that O,
adsorption is the rate-determining step in quasi-steady-state
catalytic CO oxidation from CO + O,.

Figure 7 shows the kinetic plots of the normalized oxy-
gen coverage versus time of CO exposure at various sub-
strate temperatures for Au particles which are ~2 layers
thick. After the initial Au deposition the catalyst was pre-
annealed before adsorbing O adatoms or titrating with CO.
This was to eliminate any effects of thermal thickening
of the Au particles during the subsequent temperature-
dependent titrations with CO. Figure 8 shows the corre-
sponding Arrhenius plot of the Ink versus 1/temperature
from the data of figure 7. From this plot we measure a low
apparent activation energy of 11.44-2.8 kJ/mol for 2-atom-
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Figure 7. Kinetic plots of the oxygen coverage versus time of CO ex-
posures (Pco = 4 x 107 mbar) at three different temperatures. The
AUITIO, catalyst was briefly pre-annealed at 423 K before depositing the
O adatoms and the subsequent CO titration experiments to minimize the
effects of particle sintering. The dashed curves show the exponentia de-
cay fits used to determine the first-order rate constant, k. (A baseline
offset was included to compensate for the effects of particle sintering.)

thick Au particles, which is very close to the bulk value
(8.4 + 4.2 kJymol) reported by Outka and Madix [24] on
Au(110). It is dightly less than the apparent activation en-
ergy of ~16.7 kJmol reported by Valden et a. [13] for the
quasi-steady-state CO + O, catalytic reaction on Au/TiOs.
Note that 6o in the high-temperature curves does not de-
cay to zero at long time. Thisis an artifact due to particle
sintering during the course of the titration: the loss of Au
island area leads to an overestimate of 6o based on the Au
LEIS intensity.

4. Discussion
4.1. TPD results of O adatoms on Au/TiO(110)

By exposing bulk Au(111) to ozone at room tempera-
ture, Saliba et al. [22] reported an oxygen TPD peak tem-
perature of 550 K for O, coverages of ~0.5 ML. Sault
et a. [6], also using a hot filament to generate atomic
oxygen on Au(110)-(1 x 2), reported an O, TPD pesak
a ~590 K. Certainly differences in the way thermocou-
ples are mounted could lead to variations in the desorp-
tion temperature measurements. Nevertheless, the lowest
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Arrhenius plot for CO oxidation
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Figure 8. Arrhenius plot of the Ink from the curves in figure 7 versus
1/temperature to yield the apparent activation energy for the reaction:
COg + Oa g COgyg.

peak temperature we observe at ~545 K for gold isands
that are 6 atoms thick is more in agreement with [22] for
Au(111), which indicates that the chemisorption behavior
of these Au particles (6 atoms thick) approach that of bulk
Au(111). The observation of decreasing temperatures for
TPD peaks with increasing island thickness is reminiscent
of the behavior of CO desorption from metal islands in
several metal on oxide systems [25-27]. We attribute the
higher O, desorption peak observed for thin Au particles
as due to the effect of the underlying TiO, substrate on
the stability of the oxygen adatoms. Using simple Redhead
analysis [28] and assuming first-order desorption kinetics
and a pre-exponential factor for desorption of 5.5x 101? s~1
from a closely related O/Au system [22], we estimate de-
sorption activation energies ranging from 124.7 kJmol (for
the ~1-atom-thick islands) to 90.4 kJ/mol (for the 6-atom-
thick islands). Since the activation energy for desorption
generally follows the same trend as the adsorption energy
(and they are equal for non-activated adsorption), we con-
clude that the ~34.3 kJ/mol higher activation energy on the
thinnest particles corresponds to a larger adsorption energy
(i.e., considerably more stable O,) on the thinnest particles
of Au.

Based on prior studies with 2D metal islands on oxide
surfaces, it is easy to understand that oxygen bonds more
strongly to the 2D Auislandsthan to 3D islands. In general,
2D idlands of late transition metals on oxides chemisorb
species more strongly than annealed 3D idands [26,27].
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Figure 9. Potential energy diagram for the interaction of oxygen with thin
(2D, ---) and thick (3D, —) Auislands on TiO,: EJNn < gThick,

This is attributed to the weaker bonding of the metal to
the oxide below (compared to the 3D case where another
layer of metal isbelow). Theweaker bonding of Auto TiO,
compared to Au bonding to Au was confirmed in the present
case by theirreversible thickening theislands undergo upon
annealing in vacuum: 2D idands convert irreversibly into
3D idands that cover less of the surface [15]. The weaker
bonding of Au in 2D idands to the layer below (TiO,)
leaves the Au atoms more aggressive in their bonding to
adsorbates from above, according to the priniciple of bond
energy—bond order conservation [26,27].

Figure 9 helps demonstrate how Bransted (or linear free
energy) relationships [18] predict that the activation bar-
rier for dissociative adsorption of O, should be lower for
gold particles with a higher adsorption energy for oxy-
gen adatoms. First, we observed an activation energy for
desorption of 20, on 2D Au idands (E}"), which is
~34.3 kImol larger than that for thick Au islands (E 1),
as shown. Thisimplies that 20, on 2D Au islands must be
more than 34.3 kJ/mol more stable than 20, on thick is-
lands, since part of this stability difference must also appear
at the activation barrier for O, adsorption: EIN" < EThick,
This is obvious in the energy diagram, and also argued by
the principles of linear free energy relationships[18]. Thus,
ultrathin gold particles should be able to dissociatively ad-
sorb O, more readily than large gold particles. Since dis-
sociative adsorption of O, isimmeasurably slow or impos-
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sible on pure, bulk gold surfaces [5,6], we postulate that
the unusual low-temperature catalytic activity in CO oxi-
dation demonstrated by thin (small) Au particles on TiO,
is related to the positive influence this stronger bonding to
oxygen will no doubt have on the dissociative adsorption
rate of O,.

We have tried but been unable to experimentally demon-
strate this by dosing O in the high pressure cell, since the
rate of O, adsorption is very slow in any case (and possi-
bly rate limiting in the catalytic process). Under high O,
pressure (250 mbar) exposure conditions where we should
have observed it, the adsorbed oxygen would have been
rapidly cleaned off by reactions with low-level background
impurities. We have shown, for example from CO titra-
tion experiments, that CO gas at a partial pressure of only
~10~7 mbar is sufficient to clean off the O, as CO, in
less than ~5 min, so a few ppm of CO in the O, in the
high-pressure cell would disallow build-up of significant O,
coverage. We are now gtriving to make the measurement
in a cleaner environment.

4.2. Titration experiments: COg + O3 — COy4

This reaction is extremely rapid at room temperature,
and its rate increases as island thickness increases. Thus,
the association reaction (COy + O; — CO,g) gets faster as
the oxygen adsorption energy decreases, again as expected
based on Bronsted relations.

The kinetics of CO titration of O, from thin (2D) and
thick (3D) Au idands is understandable with the poten-
tial energy diagram shown in figure 10. Assuming the
Langmuir-Hinshelwood (LH) mechanism proposed for this
reaction [2,4], the overall titration rate, R y, can be written
as [23]

vexp{ —(ELn + AHSP)} )
RTpcoeo '

where F|y is the activation energy for the Langmuir—
Hinshelwood step: CO,+ O, — COqg, AHSP is the ad-
sorption enthalpy associated with the step: COy = CO4
(hereit is assumed that the CO coverageis low and this step
isin rapid equilibrium) and v is the pre-exponential factor
for the overdl net reaction rate. Note that this expression
gives properly the observed first-order dependencieson Peo
and 6o. In figure 10 we show the effects on the energies
of the adsorbed species due to the stronger chemisorption
of O, on thinner Au isands. As noted above, 20, on 2D
idands is >34.3 kJ/mol more stable than on thick islands.
Thus, Oy is >17.2 kIJmol more stable on 2D idands. This
energy difference is reflected in the first two states on the
left side of figure 10: “CO4 4+ O5” and “CO, + Oy". Of
course, since CO; is also dightly more stable on thin Au is-
lands than on thick idands [9], the second state (CO,+ Oy)
should have even a larger difference in stability. Again,
linear free energy relationships predict that a fraction of
this stability difference will remain at the transition state
aong the reaction coordinate to the product CO,g4. Thus,

Ry =
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Figure 10. Potential energy diagram illustrating the course of the reaction:

COqg + Oa — CO,4 on thin (2D, ---) and thick (3D, —) Au islands on

TiO,. The effect of the island thickness on the overal rate is dominated

by the activation energy of the Langmuir—Hinshelwood (LH) step, which
in turn is dominated by the O stability, such that: EZHn > ERhick.

Ey should be larger for thin Au idands than for thick
Au idands, as shown. This effect alone would result in a
slower rate on thin Au islands according to equation (1), as
observed. Let us consider also the effect of AHSP on the
apparent activation energy, Eap = Ein + AHSP, and the
overal rate R 4. The AHSP islessthan —33.5 kd/mol [24]
but it becomes more negative on thinner Au idands [9],
thus making the overall rate faster on thinner (2D) Au is-
lands than on thicker (3D) islands according to equation (1).
Since the opposite effect is observed, it implies that the
effect of island thickness on the overall rate is rather dom-
inated by the effect of idand thickness on the activation
energy of the LH step, such that EI%" > EZf, as shown
in figure 10. This is reasonable, since the effect of AHSP
should be smaller than that of AHQ, since the latter is much
larger in magnitude. Therefore on thinner Au islands where
O adatoms adsorb more strongly, the rate of CO, produc-
tion should proceed less rapidly, as observed. Since the ob-
served rate difference is only a factor of ~2 at 293 K, this
requires a difference, Egp'g” - E;;gc'(, of only ~1.7 k¥mol.

For idands of ~2-atomic layers thickness the titration
reaction is found to be extremely fast at room temperature
and show a first-order dependence on CO pressure. This
indicates that, if the production of oxygen adatoms on the
Au particles is one of the elementary steps in the mecha
nism of low-temperature CO oxidation on this system, then
the dissociative adsorption of O, must be the rate-limiting
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step in this reaction during quasi-steady-state catalysis such
asin[1,2,13]. Again for islands of ~2-atomic layers thick-
ness the titration rate increases slowly with temperature,
with an apparent activation energy of 11.4 4+ 2.8 kJ/mol
as aso found on bulk Au(110) [24] which indicates that
the catalytic activity of these 2-atom-thick Au particles ap-
proaches that of bulk Au in every aspect, except for the
differences expected in the rate of dissociative oxygen ad-
sorption discussed above.

Whereas Pt, Rh and Pd catalysts bind CO too strongly,
so that at room temperature their surfaces are poisoned by
CO against oxygen adsorption, ultrathin islands of Au on
TiO, have a much, much weaker bond to CO, so that Au
sites are still free at room temperature. We postulate that
these sites can dissociatively adsorb oxygen, since they bind
O, so much more strongly than bulk Au, thereby allowing
room-temperature catalytic oxidation to proceed at steady
state. Thus, if the rate at which ultrathin Au islands disso-
ciatively adsorb O, can be proven to be as fast as the net
rate of low-temperature CO oxidation, then the mechanism
for the net reaction must obviously be the same Langmuir—
Hinshelwood process followed at higher temperatures by
more traditional catalysts (Pt, Pd, Rh).

5. Conclusions

TPD results of oxygen adsorption on Au/TiO,(110)
show substantially higher desorption temperatures and ac-
tivation energies for ultrathin gold particles on TiO»(110)
than for thick particles. Thisimplieslarger heats of oxygen
adsorption and faster dissociative O, adsorption for ultra-
thin gold particles.

The rate of titration of oxygen adatoms with CO (to
produce COy) is first order in CO pressure and oxygen
coverage, and is extremely rapid at room temperature. Its
rate is dightly lower for the thinnest Au (2D) islands, as
expected from Brgnsted relations. For islands of ~2-atom
thickness, the rate increases slowly with temperature, with
an apparent activation energy of 11.4 + 2.8 kJmol similar
to bulk Au(110).
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