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The adsorption kinetics and dynamics of CO on silica supported Au clusters have been studied by ther-
mal desorption spectroscopy (TDS) and molecular beam scattering. Physical vapor deposition (PVD) and
electron beam lithography (EBL) have been used to fabricate the samples. According to our prior study
(Kadossov et al., in press [49]), a maximum in the initial adsorption probability, S0, occurs for 3 nm Au
clusters. Therefore, in the present study, we have focused on this cluster size for PVD samples. In addi-
tion, 12 nm EBL Au clusters have been studied. This is presently one of the smallest achievable cluster
urface science
xperimental
eterogeneous catalysis
olecular beam scattering

inetics

sizes using EBL for macroscopic samples. Auger electron spectroscopy and scanning electron microscopy
have been used to further characterize the samples. TDS revealed well-known features for PVD samples;
i.e., two peaks assigned to CO adsorption on different defect sites were present. Interestingly, TDS data
of EBL samples were dominated solely by one CO desorption peak. The initial adsorption probability of
CO, S0, decreased as a function of impact energy, Ei , and adsorption temperature, Ts, for both samples,
which is consistent with non-activated molecular adsorption. The coverage dependence of the adsorption

cusse
probability and S0 are dis

. Introduction

The adsorption of CO on gold clusters has been studied exten-
ively in the gas phase [1] and for Au clusters supported on metal
xide single crystals/thin films (model catalysts) [2–4], metal single
rystals (pristine [2], defected [3], stepped [4]), HOPG [5], zeolites
6], and TiO2 powders [7–10] as well as by theoretical techniques
3,11–15]. However, most experimental studies about the nanogold
ystem apply kinetics and spectroscopic techniques (see, e.g., the
eviews in Refs. [16–25]). For studies on Au single crystals see, e.g.,
efs. [26–31]. Molecular beam scattering projects have focused on
he CO oxidation reaction [32–35], rather than on the CO adsorp-
ion dynamics (gas-surface energy transfer processes) [36]. We are
ot aware of detailed molecular beam scattering data with CO on
nanogold system. In addition to the goal to reveal mechanistic
etails [16,18] of the reactivity of the nanogold system, the continu-
ng interest in Au cluster systems is motivated by the importance of
he low temperature CO oxidation reaction [22,23,37]. The adsorp-
ion of CO is the first elementary step in this bimolecular surface
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URL: http://www.chem.ndsu.nodak.edu (U. Burghaus).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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d in the framework of the capture zone model.
© 2010 Elsevier B.V. All rights reserved.

reaction. Therefore, a characterization of the kinetics and dynam-
ics of CO adsorption onto Au clusters is pertinent for obtaining a
mechanistic understanding of the CO oxidation and related surface
reactions. In the majority of studies, the Au clusters are formed
by different versions of the physical vapor deposition (PVD) tech-
nique. In this study, in addition to PVD, electron beam lithography
(EBL) is utilized. Kinetics (TDS – thermal desorption spectroscopy)
and dynamics data (molecular beam scattering) characterizing CO
adsorption are discussed below. The samples have further been
characterized using electron microscopy (SEM) and Auger electron
spectroscopy (AES).

2. Experimental procedures

The measurements have been conducted by a home-built,
triply-differentially pumped molecular beam system [38]. The
supersonic beam is attached to a UHV (ultra-high vacuum) scat-
tering chamber, which includes an Auger electron spectroscopy
system (AES), a sputter gun, an electron beam metal evaporator,

and a commercial atomic hydrogen doser. The impact energy, Ei,
of the CO molecules could be varied within 0.1–0.98 eV by seeding
3% CO in He, combined with a variation of the nozzle temperature
between 300 and 750 K. The adsorption probabilities for CO have
been precisely (±0.02) determined by collecting adsorption tran-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:uwe.burghaus@ndsu.edu
dx.doi.org/10.1016/j.molcata.2010.02.009
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ients (CO pressure vs. exposure time curves) applying the King and
ells [39] method.
The TDS (thermal desorption spectroscopy) set-up, which uses

mass spectrometer in the scattering chamber that is equipped
ith an aperture, is detailed in Ref. [40]. A combination of liquid N2

ooling and He gas bubbled through the liquid N2 allows the sample
emperature, Ts, to be dropped down to ∼93 K. The reading of the
hermocouple has been calibrated in situ by TDS measurements of
lkanes. A heating rate of 2 K/s has been used for TDS. All exposures
or the TDS experiments are given in Langmuir units (1 L = 1 s at
× 10−6 mbar).

Scanning electron microscopy images have been collected with
Zeiss Ultra 60 (equipped with a Field Emission Gun) at the

anofabrication lab at Molecular Foundry (Lawrence Berkeley
ational Laboratory). The FESEM has a nominal resolution of
1.2 nm with 20 keV for the electron beam acceleration voltage.

The noise level of the mass spectrometer reading and the noise
f the AES spectra were used to determine the uncertainties of
ndividual measurements.

. Presentation of the results and discussion

.1. Further experimental details, sample fabrication, and
haracterization

Gold has been vapor deposited on silica (SiO2/Si(1 1 1)) at
s = 300 K by means of the e-beam metal evaporator; i.e., physical
apor deposition (PVD) has been used. In addition, electron beam
ithography (EBL) has been utilized (at Molecular Foundry, Berke-
ey) to fabricate model nano-array catalysts (MNAC) [41–43]. The
etails of the sample fabrication and cleaning are described in the
ollowing.

.1.1. Support cleaning for PVD samples
Fig. 1 summarizes AES data detailing the cleaning procedure

or the silica support used for the PVD of Au clusters. Shown are
he C, O, and Si regions of the AES spectra. Panel A depicts the
ffect of sputtering and panels B/C the effect of oxygen anneal-
ng. (The AES curves for �O2 = 0 min in Fig. 1B/C correspond to
he sputtered but not annealed surface.) Briefly, sputtering the sil-
ca support (2 keV, 5 × 10−5 mbar Ar, 2 �A sample current, �Ar = 4 h
otal) not only removes carbon contaminants, but also reduces sil-
ca (SiO2) to silicon. While sputtering the surface, the C AES line
ntensity decreases (Fig. 1A) as well as the O-AES and Si4+ TDS peak
ntensities are very small (see �O2 = 0 min curves in Fig. 1B and C).
he appearance of the Si0 AES line indicates formation of silicon.
herefore, the support has been annealed in oxygen (1 × 10−5 mbar
2, 1000–1200 K, �O2 = 50 min total), which restores the oxidic

urface of the wafer. After oxygen annealing, the Si4+ AES peaks are
vident (Fig. 1C), the Si0 AES peak intensity drops close to the detec-
ion limit (Fig. 1C), and the O-AES intensity increases (Fig. 1B). The
ES curves finally obtained are consistent with data given in Ref.

44]. Please note that the modulation voltage of the lock-in ampli-
er has been reduced from a typical 10 V to 2 V when recording the
i AES features, which were otherwise buried under the secondary
lectron background, using a standard retarding field AES system.
he smaller modulation voltage certainly also improves the energy
esolution.

.1.2. PVD samples – estimate of Au coverage and determining
he growth mode of Au on silica
The inset of Fig. 2 depicts the gold region of the AES spectra for
ifferent deposition times, �Au, of Au (PVD sample). The main panel
epicts the Au(69 eV) AES peak intensity as a function of �Au. These
ata provide indications for the growth mode of Au on silica and
llow for an Au coverage estimate for the PVD sample.
Fig. 1. AES characterization of the cleaning of the silica support. (A) Effect of sput-
tering (Ar+, p(Ar+) = 5 × 10−5 mbar, U = 2 keV) on the AES carbon region; (B) AES
oxygen and (C) silicon regions while annealing the surface in molecular oxygen
at 1000–1200 K (1 × 10−5 mbar).

According to prior STM (scanning tunneling microscopy) stud-

ies, the Au growth on silica [45,46] also can be described
by the standard model commonly obeyed by model catalysts
(metals-on-metal oxides) [47,48]. At small Au coverages, �Au, a
quasi-two-dimensional (2D) growth of Au clusters is present, while
very large exposures lead to three-dimensional (3D) Au cluster
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ig. 2. Au AES intensity as a function of Au deposition time on the silica support.
he inset shows the AES Au region.

rowth. Furthermore, the 2D growth phase consists of two regions.
t very small deposition times (�Au ≤ 10 s), the cluster density

ncreases rapidly with �Au, while keeping the cluster size relatively
nchanged (nucleation stage). Depositing more Au after the nucle-
tion stage leads to an increase in the cluster size, while keeping
he particle density essentially constant.

The AES results are consistent with this cluster growth model.
he slope of the Au AES peak intensity vs. �Au curve decreases
Fig. 2) due to screening of the 1st layer of Au atoms (forming the 2D
lusters) by the 2nd layer, as the 3D clusters start to form. Therefore,
he slope change at �Au = 60 s corresponds to the 2D → 3D transition
nd may be used to calibrate �Au in equivalent MLs. Here one equiv-
lent ML corresponds to the start of the 3D growth regime, which
orresponds, according to the STM data [45,46], to a nominal Au
overage of 18%. (A nominal Au coverage of 1 ML would correspond
o a closed, and one atom thick, Au layer on the support.) For all of
he CO adsorption data discussed below, which were obtained for
u exposure by PVD, �Au has been set to 10 s. Experiments where
Au has been varied are presented elsewhere [49]. According to a
tatistical analysis of scanning electron microscopy images of this
ample (see Fig. 3A and B), �Au = 10 s corresponds to ∼3 nm Au clus-
ers, a cluster density of 5 × 10−11 cm−2, and a nominal Au coverage
f 4%. The cluster size distribution is narrow (3 ± 2 nm). This cover-
ge corresponds to the final stage of the nucleation regime, using
n Au deposition time just before the Au clusters start to grow in
ize. Here, the largest dispersion (density) of small Au clusters is
btained. Importantly, the legendary reactivity enhancement for
he CO oxidation reaction has been reported for 2–3 nm Au clus-
ers [22] and the initial adsorption probability for CO, S0, reached
maximum for this Au cluster size as determined earlier (see Ref.

49] for details). Therefore, this particular Au cluster morphology
as been studied here in detail.

.1.3. EBL samples – fabrication of model nano-array catalysts
In addition to using PVD, model nano-array catalysts have

een studied [41–43] utilizing electron beam lithography (EBL).
hese systems consist of a predetermined pattern of metal clus-
ers (see SEM images in Fig. 3C and E). Here 12 nm Au clusters,

ith an aspect ratio of 0.4 have been fabricated. The lattice con-

tant (more commonly called “pitch” in lithography) amounts to
00 nm. A nano-size pattern with an overall macroscopic dimen-
ion, 5 mm × 5 mm, has been written on a (10 mm × 10 mm) silica
upport. Although this corresponds to a calculated Au coverage of
lysis A: Chemical 321 (2010) 101–109 103

only 1.4% ML (12 nm2/100 nm2), it was sufficient to collect kinetics
and dynamics data, as described below. Fig. 3D shows the statisti-
cal analysis of the image in Fig. 3C. The particle size distribution is
extremely narrow, i.e., (12 ± 1) nm (±8%). Please note that the SEM
images have been collected after the UHV kinetics/dynamics exper-
iments where the EBL samples have never been annealed in UHV
above 400 K. Sintering is absent; however, displacement of some Au
clusters is evident in some of the SEM images (not explicitly shown).
Similar displacements of clusters have been seen in fresh samples
and these appear to originate from the lift-off process used to fab-
ricate the samples. At greater spatial resolution, the Au clusters are
imaged as circular structures with a smooth rim (Fig. 3E). A num-
ber of studies have revealed that EBL samples are crystalline upon
annealing [50,51]. However, the exact shape and crystal structure
of the EBL samples used here has not been determined. The same
holds true for most metal cluster systems obtained by PVD tech-
niques. As far as we know, the model nano-array catalyst samples
used here consist of the smallest EBL structures reported to date
in a surface science/(catalysis) study. Much smaller structures can
be made by EBL, but hardly over macroscopic distances, which is
required for traditional surface chemistry experiments.

Since the concept of using EBL in surface science (/catalysis) is
still rather novel [52–54], the fabrication procedure used here is
briefly outlined as follows. The Vistec VB300 e-beam nanowriter
(using an 100 keV electron beam) at LBNL (Lawrence Berkeley
National Laboratory) allows for control of the pattern with an accu-
racy better than 1 nm and a resolution better than 10 nm; the
theoretical spot size limit amounts to ∼4 nm. A high resolution pat-
tern can be written on a large area (5 mm × 5 mm) within 5–8 h. A
50 nm layer of an electron beam resist (ZEP 520A) was deposited
on the silica substrate prior to electron beam exposure. After the
exposure, the sample was developed (in amyl acetate). With a metal
evaporator, a thin 3 nm layer of Au was then deposited on the pat-
terned and 20◦ tilted substrate. Tilting the metal evaporator reduces
the spot size further. The metal deposited on the surface forms ini-
tially small dots of variable size. Annealing the sample at 500 K
sinters all of the small dots into a single cluster. The result is an
extremely narrow particle size distribution and a patterned surface
(Fig. 3C).

Considering the silica system, the reactivity of the Au clusters
is determined to a large extent by two parameters: the cluster
size (determining the number of catalytically active sites) and
the dispersion (cluster density) [49]. In principle, both parameters
can be varied and controlled independently in the nm size range,
using EBL. Unfortunately, the number of model nano-array cata-
lysts available for this study was very limited; i.e., data solely for
12 nm Au clusters (pitch 100 nm) are described below. Experiments
with other metal clusters, where the smallest cluster size may not
be too critical, are underway in our lab. However, nanogold can
be considered as one of the most important prototype systems for
model catalysts.

3.1.4. EBL samples – cleaning of model nano-array catalysts
Cleaning of EBL metal cluster systems is not a trivial matter, as

discussed by other groups before [55,56], since standard techniques
such as sputtering can easily destroy the sample’s morphology.
Chemical procedures may change the composition of the system
and are typically rather inefficient at UHV conditions. However, the
inertness of Au allows carbon contaminants to be cleaned off within
a reasonable time by annealing the sample in a flux of atomic hydro-

gen, �H. AES data illustrating the progress of the cleaning procedure
are shown in Fig. 4. As is evident, the Au clusters are atomically
cleaned and their morphology is preserved, as already described
above (see Fig. 3C/E). Annealing the sample in molecular oxygen
or NO2 was inefficient and atomic oxygen dosers are much more
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Fig. 3. (A, C, and E) Scanning electron microscopy images of PVD an

omplex (i.e., expensive) than an atomic hydrogen doser. A simple
home-built) W-filament doser can lead to W-contamination of the
ample, particularly when using oxygen.

.2. Adsorption kinetics of CO

CO TDS data are summarized in Fig. 5. Following a traditional
utline, the data are described first, followed by a detailed discus-
ion of the results in context with what is known from the literature
ncluding data on Au single crystals.

.2.1. Results
Fig. 5A depicts CO TDS runs for a clean silica support as a function
f CO exposure, �co. Consistent with the literature data [57], a weak
DS feature at about 110 K is seen, which originates from the silica
upport (Si peak). However, at 93 K, the uptake of CO on the support
s very small. The integrated intensity of the CO TDS silica feature
mounts to less than 10% of the CO TDS signal detected for the
samples (as indicated) as well as (B and D) their statistical analysis.

Au cluster system (for 8 L CO exposure). Additionally, CO adsorp-
tion transients recorded using the molecular beam system show
(at 93 K) an almost perfect square shaped (beam) profile; i.e., the
CO coverage on the silica support is very small. Although the mass
spectrometer has a cone shaped aperture and is placed one mm in
front of the surface, the spike in the TDS data at 93 K appears to
originate from the sample heating filament (labeled as the F peak).

Fig. 5B shows CO TDS data for �Au = 10 s Au deposition (3 nm Au
clusters, PVD sample) as a function of CO exposure, �co. The TDS
curves consist of two main features at 150–170 K and 250 K, which
are labeled as � and � peaks. While increasing the CO exposure,
these peaks appear in the order of their desorption temperature
(� → �), as expected. A minor low temperature shoulder at ∼110 K

is also evident and originates from the silica support.

Interestingly, for the EBL samples, the TDS curves are dominated
by a single feature at about 175 K (see Fig. 5C), which appears to
coincide approximately with the position of the � TDS peak of the
PVD samples. This conclusion becomes more evident after subtract-
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Table 1
Kinetics parameters for CO adsorption on supported Au clusters, silica, and Au single crystals. The binding energies, Ed, were calculated using a Redhead analysis and assuming
a 1st order pre-exponential factor of 1 × 1013/s.

System CO TDS peak positions in K Ed in kJ/mol Ref.

Clean supports
SiO2/Si(1 1 1) 100–115 24-29 This work
SiO2/Si(1 0 0) 105 26 [57]
Ar+ sputtered Au(1 1 1) 145, 185 44, 54 [3]
Au(1 1 1) No adsorption at 110 K <27 [3]
Au(1 1 0)–(1 × 2) Multiple peaks below 70 K, wide feature up to 150 K 8.3, 9.2, 13, 16, 35 [2]
Au(3 1 0), Au(3 2 1) 100, 120, 180 24–46 [75]

Supported Au nanoclusters
SiO2/Si(1 1 1)-PVD 150–170 250 44 65 This work
SiO2/Si(1 1 1)-EBL 175 – 42 – This work
SiO2/Si (1 0 0) 113 240 28 60 [57]
FeO (1 1 1) 130 200 32 50 [16]
Fe3O4 (1 1 1) 120 180–250 29 45–63 [73]
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Al2O3/NiAl(1 1 0) 120 160–200
105 143

TiO2(1 1 0) 200–230 280
HOPG 130–145 170–185

ng the silica support TDS features (Fig. 5A) from the EBL sample
ata (see Fig. 5C). Fig. 5D depicts the background-corrected CO TDS
urves for the EBL sample. Only one TDS structure is evident, which
s labeled as the � peak. Table 1 summarizes all of the TDS peak
emperatures and binding energies, with comparisons to literature
ata.

The CO TDS signal was obviously rather small for both the PVD
nd the EBL sample (Fig. 5). More precisely, the integrated CO
DS intensity for the PVD samples was larger by a factor of three
ompared to the EBL samples. Based on the SEM analysis, taking
he cluster density and size into account, �Au (nominal coverage)
mounts to 4.5% and 1.4% for the PVD and EBL samples, respec-
ively. In addition, large CO clusters are less reactive than small
lusters. Thus, the intensity variations seen in the TDS data are con-
istent with differences in �Au and with variations in cluster size
ependent reactivity.

.2.2. Discussion

Despite the variations in the peak positions (see Table 1) in

rior studies on supported Au catalysts, two CO TDS peaks were
onsistently detected, similar to our data obtained for the PVD
ample (Fig. 5A). IR (infrared spectroscopy) and TDS data indicated
epulsive CO–CO interactions that were consistent with the TDS

ig. 4. AES characterization of the cleaning of the EBL samples. The carbon AES
egion is depicted as recorded for different annealing times in atomic hydrogen.
29 40–50 [73]
31 42 [74]
51–58 72 [36]
34–38 44–48 [3,5]

peaks shift to lower temperatures with increasing CO exposure also
present in our data sets. Due to the small total CO coverage, the
peak shifts are certainly small. The high temperature � TDS peak is
preferentially occupied at low CO exposures (Fig. 5B), as thermody-
namically expected. On defect “free” and flat gold surfaces, no CO
desorption is seen (for adsorption temperatures of 110 K), whereas
on Au surfaces with strong defects, both � and � TDS peaks are
present [3] (see Table 1). The � TDS peak is most distinct for a sys-
tem characterized by a large defect density. In most cases, these
results have been assigned to CO adsorption on low-coordinated
sites of Au clusters [3,11,16,58]. DFT (density functional theory)
calculations indicate CO adsorption on sevenfold and sixfold coor-
dinated sites as the energetically most favorable adsorption sites,
which may be associated with CO adsorption on Au step edges
and kink sites of Au clusters [3]. Adsorption on terrace sites, flat
adsorbed CO, and CO bonded to bridge sites along steps has been
ruled out.

Therefore, our TDS data for PVD samples (Fig. 5B) are consistent
with prior work by other groups (see also Table 1). PVD techniques
also have been used in all prior studies. Accordingly, we assign the �
and � TDS peaks (Fig. 5B) to adsorption of CO onto different types of
defect sites (e.g., kink and step sites). However, the cluster size and
most likely the shape of the Au clusters of the PVD and EBL samples
differ significantly. In addition, it is known from calculations (using
the so-called Wulf construction) that the relative number of defect
sites decreases with increasing cluster size [59]. Therefore, it is not
unexpected that the shape of the TDS curves for the PVD (3 nm Au
clusters) and EBL (12 nm Au clusters) samples differ. The relative
fraction of defect sites should decrease with increasing cluster size
[59]. Adapting the assignment of the peak positions proposed in the
literature for PVD samples, the small intensity of the � TDS peak for
the EBL samples would be consistent with a smaller concentration
of, for example, kink sites, as compared to PVD samples.

3.3. Adsorption dynamics of CO

Figs. 6–8 summarize the molecular beam scattering results,
which map the gas-to-surface energy transfer processes (adsorp-
tion dynamics) for CO adsorption onto silica supported gold
nanoparticles. Again, samples fabricated using PVD and EBL have

been studied. To the best of our knowledge, no detailed UHV sur-
face science data concerning the adsorption dynamics of CO are yet
available for the nanogold system or gold single crystals. However,
adsorption probabilities certainly affect surface reactions, since the
concentration of reactants on the surface is related to adsorption
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Fig. 5. TDS spectra of CO for (A) the silica support, (B) Au/SiO2 obtained by physi-
cal vapor deposition, (C) Au/SiO2 obtained by electron beam lithography (EBL), (D)
background-corrected data for EBL sample.
Fig. 6. Initial adsorption probability of CO for PVD and EBL Au/SiO2 samples as a
function of impact energy. Surface temperature Ts = 93 K.

probabilities. In addition, the potential energy surface of the system
is mapped, providing mechanistic information.

3.3.1. Initial reactivity towards CO adsorption, S0
3.3.1.1. Effect of impact energy. The initial adsorption probability,
S0, as a function of the impact energy of CO, is depicted in Fig. 6.
Surface reactions often run most efficiently at rather great surface
temperatures (e.g., surmounting activation barriers), where surface
concentrations are small. In this case, the adsorption probability in
the limit of zero coverage, S0, can be an important and realistic
parameter.

S0 decreases with increasing impact energy, Ei, (Fig. 6) which
indicates molecular and non-activated adsorption, as commonly
seen for CO adsorption on metal single crystals (see, e.g., Refs.
[60,61]), and which is consistent with the TDS data described

above. In this case, the efficiency of the gas-surface energy transfer
decreases with increasing Ei; i.e., S0 decreases with Ei. Large values
of Ei correspond to a large velocity of the gas-phase species and a
small interaction time with the surface, which makes the energy
transfer increasingly more inefficient as Ei increases. In contrast,

Fig. 7. Initial adsorption probability of CO for PVD and EBL Au/SiO2 samples as a
function of surface temperature. CO beam impact energy 0.39 eV.
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ig. 8. Coverage dependence of adsorption probability S(�) of CO on vapor-
eposited Au clusters at different (A) CO beam impact energies, (B) surface
emperatures. Au deposition time 10 s.

or an activated adsorption, S0 would be expected to increase with
i above a given threshold energy [62]. S0 can be parameterized
s S0(PVD) = 0.64–0.38 Ei and S0(EBL) = 0.52–0.53Ei (with Ei in eV).
xtrapolating S0 to thermal impact energies (Ei = 0.04 eV), for exam-
le, obtained in a backfilling experiment, results in S0 = 0.62 and
.50 for PVD and EBL samples.

Although the slopes of the S0 vs. Ei curves are approximately
dentical for both samples, S0 for the PVD sample is larger than for
he EBL sample. According to our prior work, this simply reflects
he effect of the Au cluster size [49]. S0 reached a maximum for
nm Au clusters [49] and decreased for smaller and larger parti-
les. The EBL sample size amounts to 12 nm and the PVD sample
lso has a rather narrow Au cluster size distribution, with a maxi-
um at 3 nm for �Au = 10 s. Therefore, S0(PVD) > S0(EBL). In a prior

tudy [49], we attributed this effect to a maximum of active sites
or CO adsorption present for 3 nm clusters. A deposition time of
Au = 10 s corresponds to the end of the Au nucleation phase on

he silica support. For larger deposition times, the clusters start to
row. Large Au clusters are less reactive than 3 nm clusters. For
u deposition times smaller than 10 s, not all nucleation sites are
ecorated with Au clusters. Therefore, �Au = 10 (or 3 nm Au clus-
ers) appears to be the optimum, resulting in the largest number

f small and catalytically active Au clusters on the silica support.
hus, SPVD

0 (3 nm) > SEBL
0 (12 nm).

.3.1.2. Effect of surface temperature. As evident from Fig. 7, the
0(Ts) curves consist of three segments, as indicated. S0 is initially
lysis A: Chemical 321 (2010) 101–109 107

constant and then decreases with increasing adsorption tempera-
ture, until S0 levels out at large Ts. For molecular and non-activated
adsorption, S0 would be independent of surface temperature, Ts, up
to the temperature where the thermal desorption of the molecules
becomes significant (see, e.g., Ref. [63]). At that temperature, S0
would also decrease for molecular adsorption; however, this is a
simple kinetic effect (desorption rate competes with adsorption
rate) and does not reflect the adsorption dynamics (see, e.g., Ref.
[64]). However, according to the TDS data shown in Fig. 5, the
decrease in S0 seen here for Ts > 150 K (Section 2) cannot be related
to the thermal desorption of CO, which starts only above 250–300 K.

However, S0(Ts) curves similar to those depicted in Fig. 7 are
commonly observed for supported cluster systems (see, e.g., Ref.
[48]). The decrease in S0 with Ts is again a kinetic effect, rather
than a dynamic effect, and is typically explained in the framework
of the so-called capture zone model (see, e.g., Refs. [48,65–70]).
Accordingly, CO molecules are trapped in a precursor state before
they adsorb/desorb. Thus, the molecules diffuse along the support,
then either revert to the gas phase or adsorb onto the metal clus-
ters, as the high binding energy sites. The probability for the CO
molecules to be captured by the Au clusters depends on the life-
time of this precursor state and on the hopping (diffusion) time.
These characteristic time intervals are determined by the bind-
ing energy, Ed, and the activation energy for diffusion, Ediff. Thus,
the decrease seen in S0 with Ts (Section 2) is a kinetic effect and
reflects the interplay of the surface residence time and diffusion
(hopping) time. Both the desorption rate and diffusion rate increase
with temperature; i.e., the surface residence time and hopping
time decrease with Ts. However, since Ed � Ediff, the capture zone
decreases with increasing Ts. Hence, the efficiency with which a
CO molecule is captured by the Au clusters decreases with Ts, as
is observed: S0 decreases with Ts (see Fig. 7, Section 2). At low
temperatures, the capture zones around the Au clusters are large
and eventually overlap. Therefore, S0 is independent of Ts at low
adsorption temperatures (Section 1) and here, S0 reflects the prob-
ability for molecular adsorption. At large Ts (Section 3), the capture
zones are negligibly small (very short surface residence time) and
the adsorption scenario may be dominated by direct adsorption
events (without a precursor) on the Au clusters, an explanation also
invoked in Ref. [71]. However, regarding the small Au coverage, S0
is still fairly large, even at large temperatures. Although at high
temperatures the CO coverage is negligibly small (which rules out
the effect of extrinsic precursor states), an influence of an intrin-
sic precursor cannot be ruled out (see also next section). The latter
would lead to an enhancement of S0.

Considering the differences in S0 seen for PVD and EBL samples,
it is evident from Fig. 7 that SPVD

0 (Ts) > SEBL
0 (Ts). The capture zone is

certainly larger for larger clusters, which appears to contrast with
the experimental results. One may note again, however, that the
variations in the absolute value of S0, for the two different samples,
is also caused by variations in the number of active adsorption sites
on the Au clusters (see discussion above). SPVD

0 (Ts) > SEBL
0 (Ts) since

the 3 nm PVD cluster consists of many more active adsorption sites
than 12 nm EBL gold clusters.

3.3.2. Coverage dependent adsorption dynamics
In Fig. 8, the CO coverage, �, dependence of the adsorption prob-

ability, S(�), is shown for the PVD sample. The CO coverage for the
EBL samples was too small to properly determine S(�). The top
panel depicts the effect of the impact energy on S(�) and the bot-
tom panel summarizes S(�) data parametric in Ts. In the latter case,

the saturation coverage of CO, i.e., � at S(�) → 0, has been obtained
by integrating the adsorption transients and by normalizing the
saturation coverage for CO to 1 ML for the lowest adsorption tem-
perature: a common procedure [63]. This is an apparent coverage,
since the CO molecules adsorb solely on the Au clusters.
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For a direct adsorption, hit-and-stick mechanism S would sim-
ly decrease with 1 − �, as the number of available adsorption sites
Langmuirian adsorption dynamics). A decrease of S with � slower
han predicted by S0(1 − �) indicates the presence of precursor
tates, which would be expected in the framework of the capture
one model described above. The molecules diffuse along the sup-
ort until they adsorb onto the Au clusters or desorb. However, the
(�) curves for the nanogold system are fairly steep, with a slope
lose to what would be predicted by the Langmuirian model (see
he dashed line in Fig. 8B). However, we propose that this is sim-
ly the result of the small overall CO coverage, which suppresses
n extrinsic (CO trapped above sites occupied by CO molecules)
recursor state. The binding energies for CO on nanogold are con-
istent with a chemisorption (Table 1). Thus, an intrinsic precursor
tate (CO trapped in the physisorption well before chemisorbing
nto the Au clusters) should exist, which could result in the slower
ecrease of S with � than the one expected for a direct adsorption
rocess. Another possibility that may lead to S(�) curve shapes
lose to Langmuirian dynamics would be the effect of an Au cluster
nsemble consisting of different Au cluster sizes. Smaller Au clus-
ers saturate before large Au clusters, which could lead to a more
inear decrease in S with �. However, the Au cluster size distribu-
ion is very narrow (see Fig. 3), which rules this effect out. Similar
urve shapes have been seen for other cluster systems, such as Cu-
n-ZnO (Ref. [68]) or Rh-on-saphire (Ref. [72]). The explanations
roposed for these other systems, such as non-thermal precur-
or states or defects on the support (well-known for ZnO), which
ay lead to uncommon diffusion kinetics, appear unlikely for silica

upports and gold nanoclusters. Therefore, we attribute the nearly
angmuirian shape of S(�) to the small CO coverage and possibly
o an intrinsic precursor state.

. Summary

Two different Au nanocluster systems (based on PVD – physical
apor deposition, and EBL – electron beam lithography) have been
tudied thoroughly, utilizing kinetic (TDS – thermal desorption
pectroscopy), spectroscopic (AES – Auger electron spectroscopy),
patially resolved (SEM – scanning electron microscopy), and
ynamic (molecular beam scattering) measuring techniques.
ydrogen “plasma etching” emerged as the most efficient tech-
ique in cleaning Au EBL samples, conserving their morphology.
oth systems are characterized by fairly narrow Au particle size dis-
ribution, Au clusters of (3 ± 2) nm (PVD) and (12 ± 1) nm (EBL) have
een studied. The 3 nm cluster corresponds to a morphology with
he largest initial adsorption probability, S0, for CO [49]. CO TDS
or PVD samples reveals the two well-known defect peaks, com-

only assigned to adsorption on kink and step sites. Interestingly,
BL TDS data consist only of one defect structure. Temperature
nd impact energy effects on S0 are consistent with molecular and
on-activated adsorption and were discussed in the framework of
he capture zone model. S0 as well as the coverage dependence of
he adsorption probability may indicate the effect of an intrinsic
recursor state.
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