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CO adsorption on oxide supported gold: from small clusters
to monolayer islands and three-dimensional nanoparticles
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Abstract
CO adsorption on gold vapor-deposited on a thin FeO(1 1 1) ﬁlm grown on a Pt(1 1 1) has been studied with
temperature programmed desorption (TPD) and infrared reﬂection absorption spectroscopy (IRAS). Structural
characterization has been performed with scanning tunneling microscopy. Both TPD and IRAS results clearly show a
particle size eﬀect such that small Au deposits adsorb CO more strongly. This eﬀect is only observed at low temperature
deposition and vanishes after annealing to 500 K. However, the interaction of CO with Au monolayer islands, formed
at a low Au coverage, and relatively large three-dimensional particles, formed at higher coverages, is found to be
essentially similar. It is proposed that the adsorption of CO only involves low coordinated atoms and is consequently
independent of the particles dimensions. The particle size eﬀects are therefore attributed not to quantum size eﬀects but
rather to the presence of highly uncoordinated gold atoms in very small particles.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction
In recent years, highly dispersed gold has been
shown to be an active catalyst for the low temperature CO oxidation reaction [1–3]. However, a
still open question remains as to why gold, which
is considered to be the most inert amongst metals,
catalyses the CO oxidation reaction when its
dimension goes to a nanometer scale.
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In order to study the eﬀect of size on the reactivity of metal particles, well-deﬁned model systems have been developed where the particle size
and structure of the support can be controlled
under vacuum conditions [4–6]. GoodmanÕs group
demonstrated that gold particles of 3 nm supported on TiO2 (1 1 0) showed a maximum in CO
oxidation activity [7,8]. Using scanning tunneling
spectroscopy, this size eﬀect was related to the
observation of the onset of a band gap. The authors suggested that supported metal clusters may
have unusual catalytic properties as one dimension
of the cluster becomes smaller than three atomic
spacings due to the quantum size eﬀect. However,
in recent work on the Au/FeO(1 1 1) system we
have shown that monolayer islands do not in fact
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adsorb CO diﬀerently from large particles, implying that quantum size eﬀects do not control the
low temperature CO oxidation reaction [9].
Meanwhile, theoretical investigations have found
that the undercoordinated gold atoms have a
remarkable eﬀect on CO adsorption: kinks and
steps on gold surfaces provide favorable adsorption sites for CO and oxygen alike [10,11]. Nørskov and co-workers [12] have calculated that the
adsorption strength of CO is very sensitive to the
coordination number (N ) of the gold atoms. Gold
nanowires, with N ¼ 2, possess a CO binding energy of nearly 4 times greater than that of CO
adsorbed on Au(1 1 1) terraces (N ¼ 9), which
adsorb CO only weakly.
In a recent paper [13], we have reported temperature programmed desorption (TPD) results
showing that gold particles supported on alumina
and iron oxide ﬁlms exhibit a size eﬀect such that
very small gold particles adsorb CO more strongly.
In this work, combining TPD, infrared reﬂection
absorption spectroscopy (IRAS), and scanning
tunneling microscopy (STM), we examine the
relationship between structure and the adsorption
behavior of gold deposits on an FeO(1 1 1) thin
ﬁlm support.

2. Experimental
The experiments were performed in two separate UHV chambers (base pressure below
2 · 1010 mbar). Both chambers were equipped
with Auger electron spectroscopy, low energy
electron diﬀraction (AES, LEED, Omicron), and
also with standard facilities for sample cleaning
and heating. One chamber was equipped with IRspectrometer (Mattson RS-1 FTIR, spectral resolution 2 cm1 ). The second was used for structural
characterization by STM (Omicron). Additionally,
both chambers were equipped with diﬀerentially
pumped mass spectrometers (Hiden Analytical)
for TPD measurements such that the TPD spectra
could be used for combining the structural and
spectroscopic data obtained.
A chromel–alumel thermocouple was spot welded to the edge of the crystal. In both chambers
the Pt(1 1 1) crystal of 10 mm in diameter was

mounted to a sample holder to provide conductive
cooling down to 90 K by use of liquid nitrogen.
Heating was performed by electron bombardment
from a tungsten ﬁlament placed close to the back
side of the crystal.
CO (99.999%) and O2 (99.999%) (AGA Gas)
exposures were performed with a directional doser.
For metal (Fe (99.99%), Au (99.99%), Goodfellows) deposition, we used commercial metal
evaporators (Focus EFM3). Note that, during
evaporation, a retarding potential was applied to
the sample to avoid any sputtering caused by
acceleration of the metal ions toward the sample.
Thin FeO(1 1 1) ﬁlms were prepared according
to a recipe described elsewhere ([14] and references
therein). In brief, 1 ML of iron is evaporated
onto a Pt(1 1 1) single crystal at 300 K and subsequently oxidized at 106 mbar of O2 at 1000 K for
2 min.
Gold on the FeO ﬁlm was deposited with the
 min1 as calibrated by a quartz
rate of ca. 0.1 A
microbalance. The Au coverage is measured in
 For each Au/FeO samnominal thickness (in A).
ple, new ﬁlms were grown.
For TPD measurements, the sample was placed
about 0.5 mm in front of the mass spectrometer
shield with 6 mm aperture and heated with a rate
of 5 K s1 . Exposure of the sample to CO did not
result in any CO2 formation and the oxide support
did not suﬀer from reduction.
The IRAS measurements were performed at 90
K. In order to increase signal-to-noise ratio, an
IRAS spectrum is usually divided to a reference
spectrum taken for the same sample prior to gas
exposure. However, we have observed that small
amounts of CO may adsorb during gold deposition from the vacuum background as shown in the
blank experiment by taking TPD spectra without
exposing the sample to CO. As a result, the most
strongly bound state can be partially populated
prior to CO adsorption experiments. These CO
molecules cannot be thermally desorbed without
changing morphology, as the TPD spectra are
found to be irreversibly changed upon heating (see
below). Therefore, in order to study CO adsorption on Au deposits formed at 90 K, we have also
used a spectrum for the clean FeO ﬁlm taken before deposition as a reference, bearing in mind that
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the FeO surface does not adsorb CO under these
conditions.
All STM images were taken at room temperature with commercial Pt–Ir tips at typical bias and
current of 2–100 mV and 0.5–1 nA, respectively.
The images were found to be independent of a bias
polarity.

3. Results and discussion
The FeO ﬁlm typically showed wide ﬂat terraces
 high
separated by monoatomic steps of 2.5 A
corresponding to the Pt(1 1 1) substrate underneath the ﬁlm. The surface exhibits a characteristic
Moire structure formed by a 10% mismatch between FeO(1 1 1) and Pt(1 1 1) lattices and can be
clearly seen in LEED patterns [15]. The STM
images reveal a honeycomb superstructure with a
 periodicity in turn exhibiting an atomic
26 A
 lattice constant (see inset in
structure with a 3 A
Fig. 1a). In addition, a small number of ‘‘holes’’ in
the ﬁlm can be observed which expose clean or
oxygen covered Pt(1 1 1) (one is marked by arrow
in Fig. 1b). No point defects such as vacancies
were detected in the high resolution STM images.
After deposition at 120 K, gold was seen to ﬁrst
decorate substrate steps and holes as previously
reported [13]. Subsequently, gold nucleates at the
terraces as well, forming small clusters and their
aggregates as shown in Fig. 1a.
 gold forms isAt gold coverage of 0.1–0.2 A,
lands primarily one atomic layer in height, which
are homogeneously distributed on the terraces.
The atomically resolved STM images revealed that
the gold islands consist of a single Au(1 1 1) layer
as shown in the inset in Fig. 1b. The atomic rows
of gold within the island are parallel to those of the
support, thus indicating that the layer of Au atoms
is in good epitaxial relationship with the oxide
support, i.e., similar to what we have recently
observed for Pd on FeO(1 1 1) [16]. However, unlike the case of Pd where large monolayer islands
can be formed over the entire surface upon
annealing, islands of two Au layers develop on the
 coverage as shown in Fig. 1c.
surface at 0.3 A
Therefore, the gold–gold interaction prevails over
the interaction with the FeO(1 1 1) support, which

Fig. 1. Room temperature STM images of the Au/FeO(1 1 1)/
 (a), 0.2 A

Pt(1 1 1) surfaces at a diﬀerent gold coverage: 0.05 A
 (c) and 2 A
 (d) (all images are 50 · 50 nm2 ). The
(b), 0.3 A
samples except (a) were annealed to 500 K after deposition at
120 K. The inset in (a) show the atomically resolved support
structure with few small clusters formed (image size is 7 · 3.5
nm2 ). All particles in the image (b) are monolayer islands of
 high and show up a Au(1 1 1) single layer as resolved in
2.5 A
inset (size 5 · 5 nm2 ). The arrow in (b) indicates the hole
present in the ﬁlm. The heights of the particles imaged in (c) and
(d) are shown in the proﬁles along the white lines, showing that
particles starts to grow in a 3D mode by increasing the number
of (1 1 1) layers at increasing coverage. Note that the image (a)
and insets are presented with a diﬀerentiated contrast.

in turn seems to be much weaker than for Pd/FeO.
As a result, the transition from a two- to threedimensional (3D) growth mode occurs at a very
low coverage. Note that similar behavior has been
seen for the growth of gold particles on TiO2 (1 1 0)
[17–21].
At further increasing coverage, the particle size
grows such that, at highest coverage studied (2
 Au deposits represent particles up to 7 nm in
A),
diameter and ﬁve layers in height as shown in Fig.
1d. Recalling our ﬁnding that Au(1 1 1) monolayer
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islands are formed at a lower coverage, it seems
likely that Au particles grow by increasing the
number of (1 1 1) layers as has been seen for large
gold particles on TiO2 [22] and on mica [23].
In Fig. 2a, the CO TPD spectra for gold particles as deposited at 90 K show that as Au coverage increases, the CO desorption temperature
decreases, indicating a particle size eﬀect. For the
smallest gold coverage, the presence of a state with
desorption temperatures out to 300 K is clearly
seen, which has never been observed for Au crystalline surfaces. Fig. 2b shows that annealing the
gold particles to 500 K results in a loss of signal
intensity (by factor of 2) and a shift of the high
temperature desorption peak to lower temperature. (Note that no further spectra changes were
found in subsequent TPD experiments after initial
annealing.) The annealing eﬀects can be understood in terms of sintering of the small clusters on
heating and restructuring of the growing Au particles such that the particles become more ordered
[13].
The decrease in CO chemisorption following
sintering of gold particles has been observed for

Fig. 2. The ﬁrst (a) and second (b) CO TPD spectra of Au/
FeO(1 1 1) after exposure to 1.5 L CO at 90 K as a function of
 Gold deposition was performed at 90 K.
gold coverage (in A).
Note that the signal intensity decreases by factor of 2 after
initial annealing and is not changed upon further TPD runs.
The CO TPD spectrum on bare FeO(1 1 1) is also plotted by
dash line. The small feature at 120 K has been assigned to CO
desorbing from the sample holder as no any signal has been
detected on the clean FeO by IRAS. The inset in (b) show the
diﬀerence spectrum at a lowest coverage for clarity.

gold catalysts [24–26] due to the loss of surface
area. The eﬀects of restructuring have also been
well documented as gold ﬁlms deposited at low
temperatures have been seen to adsorb signiﬁcantly more CO than the smooth ﬁlms formed at
higher temperature deposition [27–30]. Furthermore, in a reverse experiment, Gottfried et al. have
recently found that roughening of an Au(1 1 0)
crystal by Arþ bombardment gives rise to new
desorption states around 185 and 230 K that are
not seen on the smooth surface [31], presumably
due to the decreased coordination of the surface
atoms on the sputtered surface. Therefore, we
believe that the shift of the high temperature
desorption feature results from the loss of low
coordinated gold atoms which have been theoretically predicted to adsorb CO more strongly [10–
12].
Fig. 2b shows that the CO desorption features
observed at around 130 and 200 K for the annealed samples are independent of the Au coverage, indicating that even monolayer islands (see
Fig. 1b) show similar desorption spectra features
as large particles, which are in turn quite similar to
those observed on the Au(3 3 2) single crystal surface [32].
To complement the TPD experiments, the nature of the CO adsorption states on gold deposits
has been studied with IRAS. Fig. 3 shows IRAS

Fig. 3. CO IRAS spectra of Au/FeO(1 1 1) as a function of CO

exposure (1 L ¼ 106 mbar s) at 90 K (gold coverage ¼ 0.2 A,
deposition temperature is 90 K).
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 of gold
spectra for the sample possessing 0.2 A
deposited at 90 K. The ﬁrst spectrum taken
immediately after gold deposition shows a peak at
2122 cm1 assigned to strongly adsorbed CO on
the unstructured particles from the vacuum background. With increasing CO exposure, the main
peak grows and shifts to 2114 cm1 , and in addition a small feature at 2165 cm1 emerges. Similar
behavior is observed for other samples at low Au
 the main peak shifts to
coverages (0.1–0.7 A):
lower wavenumbers and the small feature centered
at 2165 cm1 only develops at higher CO exposure.
This indicates that the signal at 2165 cm1 corresponds to more weakly bound CO, meanwhile, the
main peak must be attributed to the most strongly
bound state observed in TPD spectra shown in
Fig. 2a.
Although the red shift of the lower frequency
feature at increasing CO coverage is atypical of
CO adsorption on other metal surfaces such as Pt
or Pd [33,34], this trend is well known for CO
adsorption on coinage metals (Cu, Ag, Au)
[29,35,36]. This behavior is generally attributed to
the lack of back donation of electrons from the
metal d states into the 2p orbital of CO [35,36].
Therefore, bonding is dominated by the 5 orbital
and as the coverage increases, the degree of
donation from CO to the metal will decrease,
leading to a red shift [36–38].
Fig. 4a shows the IRAS spectra taken at saturated CO exposure for samples deposited at 90 K
as a function of gold nominal thickness. At a
 the two features described becoverage of 0.1 A,
fore are observed with nearly equal intensity. With
increasing coverage, the higher frequency peak (at
2165 cm1 ) decreases before disappearing at about
 of Au, while the main feature gradually grows
2A
and shifts to lower wavenumbers from 2131 to
2108 cm1 . This trend is diﬀerent than that observed by previous researchers examining gold
particles on thin alumina ﬁlms [39,40], where CO
adsorbed on the smallest particles was observed to
be at lower wavenumbers (2100 cm1 ) and shifted to 2110 cm1 , the characteristic value for
metallic (bulk) gold [29,41], as the particle size
increased. Also, Heiz and co-workers [42] have
observed for Au8 clusters supported on a MgO
thin ﬁlm that the CO stretching frequency (2102
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Fig. 4. The IRAS spectra of 1.5 L CO adsorbed on Au/
FeO(1 1 1) at 90 K as a function of gold coverage for the
samples as deposited at 90 K (a) and those annealed to 500 K
(b). The corresponding CO TPD spectra are shown in Fig. 2.

cm1 ) is red-shifted slightly from the value for bulk
gold. One may suggest that the origin of the differences between our system and these examples is
associated with diﬀerences in the growth mode of
gold on these surfaces, which is three-dimensional
from the onset on MgO and alumina ﬁlms, and
two-dimensional on FeO(1 1 1) at low coverages.
In fact, GoodmanÕs group has recently studied CO
adsorption on Au particles on a TiO2 thin ﬁlm,
whereby Au grows in a 2D-mode at low coverages,
and also observed adsorption frequencies higher
(2116–2126 cm1 ) than that of CO adsorbed on
bulk gold [43]. However, as we have found that
monolayer islands of only 2–3 nm in diameter
exhibit the same adsorption behavior as bulk gold,
the blue shift for the smallest particles cannot be
simply ascribed to the presence of 2D-particles.
As shown in Fig. 4b, annealing to 500 K results
in the observation of a single state at 2108 cm1
independent of the Au coverage with a disappearance of the state at 2165 cm1 , just as in the
case of high gold coverage. The feature at 2108
cm1 can be straightforwardly assigned to metallic
gold in agreement with previous results [29,32,41].
A higher wavenumber of CO stretching band
compared to CO in gas phase (2143 cm1 ) is usually an indication that CO species is interacting
with electron-deﬁcient sites. Therefore, we propose
that the feature at 2165 cm1 arises from CO adsorbed on small gold clusters, which can undergo
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charge transfer due to a speciﬁc interaction with
the support. In previous IRAS studies on diﬀerent
catalysts systems, such as gold supported on zeolites [44], ZrO2 [45], TiO2 [45–47] and Fe2 O3
[48,49], similar frequencies have been also detected
and assigned to CO adsorbed on Auþ species
[44,49] or on Au that is interacting with hydroxyl
groups on the support [45,46,48]. One possible
explanation for such a particle-support interaction
in our systems prepared by metal vapour deposition arises from defects of the support. However,
oxygen vacancy defects, which act as nucleation
centers for Au/TiO2 [50–52], are not observed in
the high resolution STM images of FeO(1 1 1) ﬁlms
and the nucleation seems to occur in a non-preferential way on the regular surface [16,53]. As we
have observed that early nucleation is favorable on
steps or on the holes present in the ﬁlm [13], one
could logically assign the signal at 2165 cm1 to
CO adsorbed on gold nucleating at these features.
However, in the case of annealed samples which
also possess a high number of particles at the steps,
the high frequency state has vanished. Since
annealing induces agglomeration of gold and the
formation of larger particles, the charge may be
eﬀectively screened. Naturally, increasing the Au
coverage also favors growth of larger particles,
which could result in the screening of the charge as
well. This means that whatever the source of the
Auþ feature observed, it likely stems from extremely small gold clusters. Speculatively, we assign the feature at 2165 cm1 to CO adsorbed on
very small gold clusters (or even single atoms) that
are in some way interacting with oxygen, either by
their presence at steps or on the oxygen ﬁlled holes
(i.e., O/Pt) of the ﬁlm.
As mentioned above, the Auþ feature appears
after the main peak observed at lower wavenumbers (see Fig. 3), which we have assigned to CO
strongly bound on metallic Au clusters. This implies that CO adsorbs on Auþ species more weakly
than on the metal clusters and therefore desorbs in
a broad low temperature signal in the corresponding TPD spectra shown in Fig. 2a. This
ﬁnding is in apparent contradiction with the view
of some investigators that charged gold adsorbs
CO more strongly [25,49,54]. However, in agreement with our results, Fan et al. have recently

found that Au/TiO2 catalysts with metallic gold
chemisorbed CO more eﬀectively than samples
with oxidic gold [55].
Fig. 4 shows that for the largest Au coverage
 the position of the desorption peaks
studied (2 A),
in the TPD spectra and of the single peak in IRAS
spectra are similar for annealed and non-annealed
samples. In contrast, for sub-monolayer Au coverages, two states are observed in IRAS spectra of
as deposited particles. However, after annealing,
both the TPD and IRAS spectra show the same
behavior as the larger particles. Therefore, it seems
likely that there is a critical size of gold (or atomic
coordination number) above which the CO
adsorption properties are essentially identical and
not much aﬀected by annealing.
By calibrating mass spectrometer, we have calculated how many CO molecules adsorb on the
sample showing Au monolayer islands in STM
images (see Fig. 1b). It turns out that only about
10 CO molecules are adsorbing at 90 K per Au
monolayer islands of 2 nm in average diameter, i.e.
consisting of ca. 50 gold atoms. This ﬁnding
strongly indicates that CO adsorbs on Au atoms at
the metal/support periphery rather than on top of
Au(1 1 1) layer. Moreover, if we deconvolute the
TPD signal in low and high temperature states,
then we ﬁnd that, on average, only about ﬁve CO
molecules per island are responsible for adsorption
on the most strongly bound state. Therefore, the
high temperature state in CO TPD spectra could
be assigned to adsorption on more ‘‘unsaturated’’
corner Au atoms. As far as low temperature state
is concerned, we have recently shown that this
state is ‘‘invisible’’ in IRAS [9], which leads to
observation of only a single peak in IRAS spectra
while TPD reveals two states (see Figs. 2b and
4b). Due to the selection rules applied to IRAS
method, we have suggested that it could be associated with CO molecules laying ﬂat on the gold
surface or strongly tilted.

4. Conclusions
The adsorption of CO on FeO(1 1 1) supported
gold particles was studied as function of the Au
coverage and the substrate temperature by TPD
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and IRAS. Both techniques have shown a particle
size eﬀect such that small Au deposits adsorb CO
more strongly. The eﬀect vanishes upon heating to
500 K, however, the interaction of CO with annealed gold deposits is remarkably similar regardless of particle thickness. Therefore, quantum size
eﬀects are not likely to be the controlling factor in
the adsorption of CO on gold nanoparticles. The
presence of particle size eﬀects in systems as
deposited at low temperatures suggests instead
that the exceptional activity of gold nanoparticles
and size and support eﬀects seen in CO oxidation
on real catalytic systems probably arise from the
presence of highly uncoordinated atoms.
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