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Abstract

Structural changes that occur on Pd–Nb2O5/Cu3Au(100) model catalysts upon thermal annealing were followed by sum frequency
generation (SFG) and temperature-programmed desorption (TPD) using CO as probe molecule. SFG experiments were performed both
under ultrahigh vacuum and mbar pressure. Heating the catalyst to temperatures above 300 K lead to an irreversible 50% decrease in the
CO adsorption capacity and modified the remaining adsorption sites. Alterations of the phase between resonant and non-resonant SFG
signals upon annealing indicate a change in the electronic structure of the surface, which excludes Pd sintering or migration of Nb2O5

over Pd particles to cause the observed effect and rather suggests the formation of ‘‘mixed Pd–NbOx’’ sites. The same changes in surface
properties also occur during CO hydrogenation at 1 bar and high temperature, pointing to an involvement of ‘‘mixed Pd–NbOx’’ sites in
catalytic reactions.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Niobium-oxide (niobia) containing catalysts are an
interesting class of materials and have recently received
considerable attention. Niobia itself may be the active
phase (unsupported or supported on other oxides), it
may serve as support for metal nanoparticles or oxides
and may also be used as promoter [1–10]. The most impor-
tant applications include Fischer–Tropsch synthesis, oxida-
tive dehydrogenation of alkanes, oxidative coupling of
methane and others (see below). Studies on high-surface
area niobium-oxides inherently carry a high degree of com-
plexity because several stable structures exist (NbO, NbO2

and Nb2O5) and one cannot expect that the resulting
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surfaces are simple truncations of bulk niobia structures.
This is even more so for supported metal oxides, i.e. when
two-dimensional thin niobium-oxide layers partly cover a
support oxide (e.g. niobia on Al2O3, SiO2, ZrO2, TiO2,
V2O5, etc. [6–8]). Vice versa, Nb2O5 was also used as a sup-
port for overlayers of vanadium-, chromium-, rhenium-,
molybdenum-, and tungsten-oxide [11–16]. These catalysts
are active for selective hydrocarbon oxidation, NOx con-
version, alkene isomerization or polymerization, oxidative
dehydrogenation, dehydration, partial oxidation of metha-
nol, etc. ([12] and references therein). When Nb2O5 was
used to support Rh and Ni particles, CO hydrogenation
could be carried out with high selectivity to hydrocar-
bons, while Rh and Ni supported by Al2O3, SiO2 or
ZrO2 yielded more methane [4,8,15–17]. As Nb2O5 is a
reducible oxide, metal–support interaction (SMSI) was
proposed as explanation [15,16]. Co particles on Nb2O5

also showed a high selectivity towards long chain hydro-
carbons in the Fischer–Tropsch synthesis [11,12,18].
Nb2O5 promoted Pd/Al2O3, Cr2O3, and Mo–V catalysts
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have been successfully tested for the oxidation of volatile
organic compounds [19–23].

In order to gain a fundamental understanding of oxide
surfaces, well-ordered thin film oxides, grown in ultrahigh
vacuum (UHV) under well-controlled conditions, have
turned out to be a successful approach ([24–29] and refer-
ences therein). In contrast to many bulk oxides, thin oxide
films exhibit an electric and thermal conductivity that allow
the application of electron spectroscopy and temperature-
programmed techniques. Furthermore, thin oxide films
grown on single crystal substrates are also well-suited for
laser spectroscopy [30–36]. Recently, the preparation of
well-ordered thin Nb2O5 films was reported by Middeke
et al. and Starr et al. [37] who have grown a thin niobia film
on a Cu3Au(100) substrate (which was implanted with
oxygen) by Nb deposition and subsequent oxidation. The
structure of the Nb2O5 film was examined by low energy
electron diffraction (LEED) and scanning tunneling
microscopy (STM), its composition by angular resolved
X-ray photoelectron spectroscopy (XPS) and Auger elec-
tron spectroscopy (AES). High-resolution electron energy
loss spectroscopy (HREELS) and density functional theory
(DFT) were applied to confirm the proposed structure. For
a complete description we refer to [37], here only a brief
summary is given. The Nb2O5 oxide film grows two-dimen-
sionally, forming terraces �100 nm wide, and is �0.4 nm
thick. The film consists of 2/3 ML of a Nb layer above a
close packed O layer, on which Nb cations in oxidation
state close to 5+ occupy hollow sites and form a
ð
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ÞR30� structure. There is another oxygen layer
on top of the Nb lattice, leading to a O–Nb–O–Cu3Au
stacking. Due to the square symmetry of the Cu3Au(100)
substrate, there are two domains, rotated by 90�.

In the present study, we have utilized these Nb2O5 films
to support Pd nanoparticles. In particular, we examine the
adsorption of CO by combining temperature-programmed
desorption (TPD) and sum frequency generation (SFG),
the latter being applied both under UHV and pressures
up to 100 mbar. The results on Pd–Nb2O5/Cu3Au(100)
model catalysts are compared to previous studies on Pd–
Al2O3/NiAl(110) [30,33–36]. In contrast to Pd–Al2O3,
the Pd–Nb2O5 model system undergoes strong structural
changes when annealed above 300 K. SFG and TDS indi-
cated changes in the electronic structure of the surface
and a strong loss of CO adsorption capacity, pointing to
the formation of ‘‘mixed Pd–NbOx’’ sites. The new surface
structure was stable upon repeated annealing and H2 treat-
ments did not induce further modifications. The Pd–Nb2O5

model catalysts were also tested for CO hydrogenation at
1 bar using gas chromatography but no measurable activity
was observed.

2. Experimental

The experiments were performed in a UHV system (base
pressure �2 · 10�10 mbar) consisting of two sections, (i) a
preparation/characterization chamber and (ii) a high-pres-
sure reaction cell [30,34]. The preparation chamber was
equipped with an ion sputter gun for surface cleaning,
LEED and AES for surface characterization, a quadrupole
mass spectrometer (QMS) for TPD measurements, and me-
tal evaporators and a quartz microbalance for deposition
of Nb and Pd. The high-pressure cell had CaF2 windows
for SFG measurements and was connected to a gas chro-
matograph [30].

The Cu3Au(100) sample crystal was spot-welded by Ta
wires to two Mo rods and could be heated resistively to
1300 K and cooled with liquid N2 to 90 K. Clean
Cu3Au(100) was obtained by cycles of Ar+ bombardment
(1 keV, 5 · 10�6 mbar for 30 min) at 500 K and annealing
at 800 K for 5 min. The structure and cleanliness of the sur-
face were examined by LEED and AES. The clean Cu3Au
surface was then sputtered at 300 K with oxygen (1 keV,
7 · 10�7 mbar O2 for 30 min) followed by annealing at
650 K for 5 min. This treatment implants oxygen into the
substrate which seems to prevent Nb/substrate alloying
and also creates an oxygen reservoir facilitating the growth
of Nb2O5 films [37–39].

Nb2O5 films of about 0.4 nm thickness were prepared by
evaporation of �1.5–2 Å nominal thickness of (metallic)
Nb (from a Nb rod) at 300 K followed by oxidation at
773 K in 1 · 10�6 mbar oxygen for 30 min and annealing
at 773 K for 30 min. The well-ordered structure of the
Nb2O5 film was confirmed by LEED at 90 K, showing a
pattern as that reported by Starr et al. [37].

Pd particles were grown on the Nb2O5/Cu3Au(100) sub-
strate at 90 K via Pd deposition (by evaporation of a Pd
rod) at a rate of 0.1 nm/min for 6 min, yielding, of course,
a nominal Pd thickness of 0.6 nm. According to the analysis
of the CO-SFG intensity (see below), the Pd particles were
about 3.5 nm in size and exhibited rather rough surfaces.
Apparently, the growth (island density) of Pd on Nb2O5

and on Al2O3 seems roughly comparable, at least at 90 K.
For a full description of SFG theory we refer to [30–

36,40,41] and references therein. The SFG signal basically
comprises two contributions, a resonant part arising from
the vibrations of adsorbed molecules, and a non-resonant

background arising from ‘‘off-resonance’’ SFG signals due
to electronic transitions at the interface. As described in de-
tail in [35], the SFG lineshape then depends on the relative
magnitudes of both contributions and, in particular, on the
phase / between them. Since the phase / is sensitive to the
electronic structure of the substrate, compositional changes
at the interface induce changes in / and, consequently, in
the SFG lineshape that can be monitored.

SFG vibrational spectroscopy was performed using a
Nd:YAG laser (1064 nm, 30 mJ/pulse, 20 ps, 50 Hz) with
part of the output converted to 532 nm and 355 nm by a
harmonic generator. The 1064 nm and 355 nm beams were
mixed in an optical parametric generator/difference fre-
quency generator to produce tunable infrared pulses of
about 150 lJ/pulse in the range of 3–6 lm, with resolution
of about 5 cm�1. The 532 nm light used for SFG had an
energy of about 200 lJ/pulse.
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The measured SFG intensities were normalized by the
intensities of the incident IR and vis beams. To extract
accurate values for the peak position, amplitude, full width
at half maximum (FWHM) and phase / the experimental
data were analyzed (fitted) with a theoretical function
(see [35] for details). In the SFG spectra squares represent
the experimental data while solid lines are the result of the
fitting procedure. All SFG spectra were measured with p-
polarized beams. For TPD measurements, the samples
were placed about 1 mm in front of a quadrupole mass
spectrometer shield and were heated at a rate of 1 K/s.

3. Results and discussion

In the following, we utilize SFG and TPD to examine
CO adsorption on the various surfaces in order to be able
to differentiate contributions from the Cu3Au(100) sub-
strate, the Nb2O5 oxide support, and the Pd–Nb2O5/
Cu3Au(100) model catalysts.

3.1. Adsorption of CO on Cu3Au(100)

Fig. 1 displays SFG and TPD spectra of CO on clean
Cu3Au(100). At 100 K and a background pressure of
1 · 10�6 mbar CO, SFG detects a single intense peak at
2100 cm�1. After an exposure of 30 L CO at 100 K TPD
indicated a single desorption peak at 140 K (Fig. 1b).
The good resemblance of the spectrum in Fig. 1a with those
Fig. 1. (a) SFG and (b) TPD (mass 28) spectra of CO on Cu3Au(100).
SFG spectra were measured at 100 K and 200 K with the indicated CO
background pressure. For TPD, the surface was exposed to 30 L CO at
90 K (heating rate 1 K/s). Squares represent the experimental SFG data
points, the solid lines are the result of fitting to a theoretical function (as
described in [35]).
of CO adsorption studies on Cu(100) indicates that CO is
adsorbed on-top of Cu atoms. Taking into account that the
CO saturation coverage on Cu(100) is 0.56 ML [42] and
that the Cu3Au(100) surface is terminated by Cu(50%)–
Au(50%) [38,39],1 the total CO coverage on Cu3Au(100)
is �0.3 ML, which was also confirmed by TPD [43]. CO
adsorption on Au atoms can be excluded at the low pres-
sure and temperature used. One should note that the
non-resonant SFG background signal is low (only �5%
of the maximum resonant signal) and has a phase that
leads to nearly symmetric SFG peaks. The small linewidth
(FWHM) of the SFG signal (7.5 cm�1) indicates a well-or-
dered CO overlayer. Upon increasing the pressure to
1 · 10�5 mbar the SFG signal shifted to 2095 cm�1 and
broadened. This is probably due to a loss of CO order at
higher pressure as the packing density of CO on the surface
is increased. The on-top CO band disappeared at 200 K, as
expected from TPD.

3.2. Adsorption of CO on Nb2O5/Cu3Au(100)

After preparing a thin Nb2O5 film on Cu3Au(100), fol-
lowing the procedure described in [37] and Section 2, the
oxide film was examined by LEED and AES. The LEED
pattern (Fig. 2c) agrees well with the previous work and
we refer to Starr et al. [37] for its description. The AES
spectrum of the Nb2O5 film (not shown) indicated a
Nb:O peak to peak ratio of �1:1, suggesting a Nb:O ratio
of 1:2.5,2 consistent with the Nb2O5 stoichiometry.

With respect to CO adsorption, SFG and TPD spectra
were recorded (Fig. 2a and b). At 1 · 10�6 mbar CO and
100 K, SFG detected resonant signals at 2118 cm�1 and
2165 cm�1 with an amplitude ratio of 5:1, respectively.
Apparently, the CO signal on Nb2O5 is weaker than on
Cu3Au and based on a comparison of the CO SFG ampli-
tudes in Figs. 1a and 2a, an overall CO coverage of
�0.15 ML is estimated for CO/Nb2O5. Due to the smaller
resonant SFG signal the influence of the non-resonant
background is more pronounced eventually leading to
more asymmetric lineshapes (see Morkel et al. [35] for a full
description). Comparing the CO-TPD areas of Figs. 1b and
2b indicates a CO coverage of �0.1 ML, which is in reason-
able agreement with the SFG value (due to the 30 L expo-
sure the different sticking probabilities on the two surfaces
seem to have only a minor influence). CO is most likely ad-
sorbed on the Nb5+ cations of Nb2O5 [10].

The two CO-SFG peaks are consistent with two TPD
desorption peaks at 112 K and 273 K, with a TPD peak
area ratio of 2:1, respectively. The peak at 2165 cm�1 dis-
appeared at �150 K while that at 2118 cm�1 only vanished
after annealing above 250 K. Consequently, the 112 K
1 Normal to the (100) surface, Cu3Au(100) consists of alternating pure
Cu(100) and 50%:50% Cu:Au layers [38,39].
2 Taking into account the relative sensitivity factors (Nb: 1; O: 2.5) and

the corresponding escape depths (Nb: �0.7 nm; O: �1 nm).



Fig. 2. (a) SFG and (b) TPD (mass 28) spectra of CO on a Nb2O5 thin film grown on Cu3Au(100). The dashed line in (b) shows the TPD trace of
CO/Cu3Au (Fig. 1b) for comparison. The LEED pattern of a Nb2O5 film is shown in (c).
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desorption state can be assigned to the 2165 cm�1 SFG
peak, while the 273 K desorption feature must be rather re-
lated to the 2118 cm�1 resonance. This is further supported
by the resonance frequencies (higher mCO values typically
indicate weaker bonding).

The high C–O stretching frequency of both species,
compared to the CO gas phase value of 2143 cm�1 or to
typical values of CO adsorbed on Pd (see below), indicates
weak bonding of CO to Nb2O5. Taking into account
resonance frequencies of CO on other oxides (for instance
2144 cm�1 for CO on well-ordered Ni2+ sites of NiO(111)
[32]), the 2165 cm�1/112 K species most likely originates
from CO weakly bonded to Nb2O5 terraces (regular sites).
The 2118 cm�1 species is tentatively assigned to CO
bonded to (line- or point-)defects of the Nb2O5 film (see
[37] for STM images), which seems plausible in light of
the high desorption temperature of 273 K. The increased
Fig. 3. (a) SFG spectra of CO (10�6 mbar) adsorbed on 3.5 nm Pd particles su
of CO adsorbed on Pd particles measured after cooling the annealed surfaces of
amplitude, peak width (FWHM) and phase / of the spectra in (b) are display
linewidth (13 cm�1) of this species points to a less-ordered
CO structure and may in fact contain some lateral interac-
tion between CO molecules on the two different adsorption
sites. In any case, based on this result we are certainly
able to differentiate CO adsorption on Nb2O5 from that
on Pd.

Upon increasing the pressure to 1 · 10�5 and 1 mbar,
the SFG signals slightly shifted and broadened, similar to
the observation made for CO/Cu3Au. The (slightly) higher
packing density at elevated pressure may again lead to a
loss of order of the CO molecules, explaining the
broadening.

3.3. Adsorption of CO on Pd–Nb2O5/Cu3Au(100)

Pd particles were grown on the Nb2O5 film at 90 K. SFG
spectra of adsorbed CO are collected in Fig. 3. Based on
pported on Nb2O5/Cu3Au(100) at different temperatures. (b) SFG spectra
(a) in 10�6 mbar CO to 110 K. Values obtained for peak position, resonant
ed in (c), both for on-top and bridge-bonded CO.
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previous studies of CO-Pd/Al2O3/NiAl(110) [29,30,33–36],
considering the CO SFG peak intensities and, in particular,
the ratio between bridge and on-top bonded CO (see be-
low), the Pd nanoparticles supported by Nb2O5 are about
3.5 ± 1 nm in size. Since the particle growth occurred at
90 K rough Pd particles are expected which is indeed con-
sistent with the observed vibrational spectra. Experiments
under UHV conditions as well as at mbar pressure are dis-
cussed in the following.

3.3.1. SFG and TPD studies under low pressure

Fig. 3 shows SFG spectra of 1 · 10�6 mbar CO on Pd–
Nb2O5/Cu3Au(100). The spectrum at 110 K can be consid-
ered a CO saturation spectrum. Two peaks were observed
at 2110 cm�1 and 1990 cm�1, typical of on-top and
bridge-bonded CO on Pd nanoparticles, respectively. The
assignment of the peak frequencies has been previously
confirmed both by experimental [30,34] and theoretical
work [44]. The spectrum at 10�6 mbar/110 K is comparable
to that observed on 3.5 nm (rough) Pd particles on Al2O3,
although the slightly higher on-top intensity on Pd–Nb2O5

may indicate a higher fraction of low-coordinated sites
[29,34–36]. Here, CO adsorbed on Nb2O5 yielded only very
small signals, if present at all (CO may rather diffuse from
the oxide to the more stable Pd sites).

Taking the SFG spectrum of Fig. 1a again as reference,
a total CO coverage of �0.5 ML CO (per sample area) can
be deduced. This is again backed up by the analysis of the
CO-TPD traces in Figs. 1b and 4 (trace a), which yields the
same value. As mentioned, comparing the SFG intensities
and the on-top/bridge ratio (�2) to corresponding values
for the CO-Pd/Al2O3/NiAl(110) system suggests a mean
Fig. 4. Consecutive TPD spectra of CO on 3.5 nm Pd particles supported
on Nb2O5 (exposure 30 L CO at 100 K): (a) TPD spectrum obtained from
pristine Pd–Nb2O5/Cu3Au(100), (b) second (repeated) TPD spectrum and
(c) third (repeated) TPD spectrum. The CO-TPD spectrum (d) was
acquired after exposing the annealed surface (after the third TPD) to
500 L of H2 at 500 K, followed by cooling to 100 K in 1 · 10�7 mbar H2.
particle size of about 3.5 ± 1 nm (and an island density
of �4 · 1012 cm�2). For hemispherical 3.5 nm particles at
least 40% of the Nb2O5 surface is covered with Pd particles.
Although a direct STM evaluation of the exact growth
properties of Pd on Nb2O5 has not been performed yet, this
estimation of Pd particle size is sufficient for the present
study.

Fig. 3a also shows SFG spectra of 1 · 10�6 mbar CO on
Pd–Nb2O5 acquired at increasing temperature up to 500 K.
A CO-TPD spectrum (exposure 30 L at 100 K) is displayed
in Fig. 4 (trace a). Both SFG and TPD indicate the onset of
CO desorption around 250 K with, according to SFG, on-
top CO desorbing first. The on-top CO peak disappeared
above 300 K while the bridged peak shifted to 1964 cm�1

at 300 K and disappeared above 400 K. Accordingly, the
high temperature desorption in Fig. 4 (trace a) is mainly
due to bridge-bonded CO. Hollow bonded CO cannot be
fully ruled out but its contribution on rough Pd particles
is typically very small [29,30,35,36].

During these annealing experiments, irreversible struc-
tural changes of the Pd–Nb2O5/Cu3Au(100) model cata-
lysts occurred that can also be characterized by SFG and
TPD. After every annealing step in Fig. 3a, the catalyst
was cooled down to 110 K in the CO atmosphere and an-
other SFG spectrum was measured and compared to the
initial spectrum at 110 K (Fig. 3b). After annealing to
200 K no significant changes were observed while anneal-
ing above 300 K resulted in pronounced alterations
(Fig. 3b). The bridge-bonded CO peak nearly disappeared
while on-top CO lost 58% of its initial amplitude and
slightly broadened. The loss of strong CO binding sites is
also evident from TPD (Fig. 4, trace b), indicating a 50%
reduction in the overall CO adsorption capacity (details
of the TPD spectra will discussed below). The shift in the
on-top CO band from 2110 to 2099 cm�1 also points to a
modification of the Pd surface. After annealing to 500 K
the CO band shifted to 2091 cm�1 with a ‘‘remaining’’
CO coverage of �0.2 ML at 110 K.

Fig. 3c collects the peak positions, resonant amplitude,
linewidth (FWHM) and phase / after the various anneal-
ing steps (peaks that were too weak for reasonable fitting
were not included). Most importantly, there is a clear
change in the phase / between the resonant signals and
the non-resonant background upon annealing to 300 K.
This change in the surface susceptibility indicates that there
is not only a simple restructuring or sintering of the Pd par-
ticles but that the overall electronic structure of the Pd–
Nb2O5 system changes. One should note that the resulting
phase was not observed for any material (Cu3Au(100),
Nb2O5/Cu3Au(100), pristine Pd–Nb2O5/Cu3Au(100)) dis-
cussed above. A possible explanation is that a ‘‘Pd–NbOx

mixed compound’’ is formed which is also supported by
the TPD data.

Fig. 4 shows a series of TPD spectra of CO on Pd–
Nb2O5/Cu3Au(100) (exposure 30 L at 90 K). For the as-
prepared sample (trace a) broad desorption signals ap-
peared around 323 K and 443 K, indicating a CO coverage
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of 0.5 ML (again using CO/Cu3Au as reference). As dis-
cussed above, the low temperature desorption is (mostly)
due to on-top CO (but may also obscure CO desorption
from Nb2O5 at 273 K) while the high-temperature feature
can be assigned to bridge-bonded CO [30,36]. For Pd–
Al2O3 the different desorption states have been clearly dif-
ferentiated by temperature-dependent IRAS [26,29].

After the first TPD of the pristine Pd–Nb2O5/
Cu3Au(100) system (up to 550 K), 30 L CO were again
dosed and TPD was repeated. The consecutive TPD trace
(b) was quite different from trace (a), while subsequent
TPD profiles (c) did not show any further changes. In pro-
file (b) the high temperature desorption states around
440 K had mostly disappeared, while new peaks were ob-
served at 110 K, 170 K, 260 K and �410 K. As mentioned,
the overall amount of adsorbed CO was reduced to �50%
(i.e. the CO coverage in the annealed state was �0.25 ML).
The peaks at 110 K and 260 K are reminiscent of CO ad-
sorbed on Nb2O5 (cf. Fig. 2b) while the broad peak at
350–410 K resembles CO desorption from Pd. At first,
the TPD profile (b) seems to be a superposition of CO
desorption from Nb2O5 and of a smaller contribution of
CO desorption from Pd. Accordingly, one could suspect
that the exposed Pd surface area was simply reduced upon
annealing, e.g. by Pd sintering or by diffusion of Pd into the
Nb2O5 film (or migration of Nb2O5 onto the Pd particles).
However, the C–O stretching frequency after annealing
(2090–2100 cm�1) is different both from CO on large Pd
particles [30,34–36] and from CO on a pristine Nb2O5 film
(cf. Fig. 2a) and, taking into account the phase change de-
scribed above, the formation of a new ‘‘Pd–NbOx mixed
compound’’ is most likely. A further observation that sup-
ports this suggestion is that the CO-TPD peak area in the
annealed sample is about four times larger than that of CO
on pristine Nb2O5, i.e. more CO adsorbs even on annealed
Pd–Nb2O5 than on Nb2O5. Considering results from Carl-
son et al. [45,46] on Pd–Co particles, the decrease in the
desorption temperature from 443 K to 370–410 K may be
another indication for the formation of bimetallic-like
mixed particles where Pd sites are modified by neighboring
Nb atoms. Such a picture would be consistent with metal–
support interaction as observed in heterogeneous catalysis
[47–49].

We have also examined the effect of hydrogen reduction
at 500 K on the annealed sample (Fig. 4, trace d).3 How-
ever, the surface could not be further modified even by re-
peated H2 treatments and the only effect was the absence of
the 110/170 K CO desorption features, because these sites
were blocked by adsorbed H (during TPD a small hydro-
gen desorption signal was observed at �200 K).

With our experimental setup we have tried to examine
the ‘‘Pd–NbOx phase’’ by AES. However, in light of the
small thickness of the thin film catalyst (0.4 nm Nb2O5
3 High temperature hydrogen reduction was reported to lead to Fischer–
Tropsch catalysts highly selective for C5+ hydrocarbons [18].
and �1.5 nm Pd) the whole sample contributes to the
AES spectrum, as also indicated by the observation of
small Cu signals (AES spectrum not shown). Thus, a com-
parison of the Nb, O, and Pd AES signals did not allow fol-
lowing the compositional changes. Of course, an exact
structure/composition characterization of the ‘‘Pd–NbOx

mixed compound’’ would be most interesting and may be
subject of future STM, synchrotron XPS, etc. studies.
One should finally note that annealing of Pd particles on
Al2O3 up to 600 K did not induce significant changes with
respect to CO adsorption, as monitored by SFG and TPD
(annealing above 300 K rather resulted in an ordering of
the particle surface [30]). The reducibility of Nb2O5 there-
fore seems to be an important parameter [4].

3.3.2. SFG spectroscopy under ambient pressure

SFG measurements on (freshly prepared) Pd–Nb2O5/
Cu3Au(100) were also extended to higher CO pressures
up to 100 mbar. A temperature of 300 K, which is basically
the onset temperature for the structural changes, was cho-
sen for these experiments. As already shown in Fig. 3,
annealing the sample in 1 · 10�6 mbar CO from 100 K to
300 K leads to a significant reduction of the on-top CO
intensity (and to a beginning phase change). Consequently,
the 10�6 mbar/300 K spectrum in Fig. 5 exhibits bridge
(1979 cm�1) and on-top (2095 cm�1) CO peaks of similar
amplitude.

When the CO pressure was increased up to 100 mbar, no
significant changes were observed which indicates that
saturation was already achieved at 10�6 mbar CO. In
the 100 mbar spectrum a maximum was observed at
2140 cm�1 (not included in the fitting) which could be
due to CO adsorbed on Nb2O5 but may also be induced
Fig. 5. SFG spectra of CO on 3.5 nm Pd particles supported on a Nb2O5

thin film grown on Cu3Au(100). Spectra were taken at 300 K from
1 · 10�6 to 100 mbar CO.
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by the CO gas phase. As described in [34,36] the SFG
intensity must be normalized by the incident IR intensity.
Since the IR intensity exhibits a maximum at 2143 cm�1

(due to the rovibrational CO gas phase spectrum), the
SFG signal also does and the peak at 2143 cm�1 may
therefore originate from the normalization (which may
not be exact around this region of extreme IR intensity
variation).

We have also performed experiments under catalytic
reaction conditions and CO hydrogenation on Pd–
Nb2O5/Cu3Au(100) was studied by gas chromatography
at atmospheric pressure. The catalysts were exposed to
100 mbar CO and 400 mbar H2 (using Ar as fill up gas to
1 bar) at temperatures up to 500 K. However, no product
formation (such as methane or longer chain hydrocarbons)
was observed even after 5–6 h reaction. Above 300 K no
adsorbed CO was detected by SFG, indicating that the
surface modification did also occur in the presence of high
hydrogen pressure. The absence of products does, however,
not necessarily indicate that the catalysts are inactive. The
reaction rates may be simply too small to yield sufficient
amounts of products on the small surface area of a model
catalyst (�1 cm2) that is measurable by GC. ‘‘Mixed
metal–NbOx compounds’’ have fact been proposed as
key components of active catalysts [4,9,16,18,21]. Further
studies are certainly required to better understand the
interaction of metal nanoparticles with Nb2O5 thin film
supports.

4. Conclusions

The adsorption of CO on Pd nanoparticles supported by
Nb2O5/Cu3Au(100) was investigated by combined SFG
and TPD studies from 100 K to 500 K and from UHV to
100 mbar. Annealing Pd–Nb2O5/Cu3Au(100) higher than
300 K lead to irreversible structural changes, indicated by
a �50% loss of the CO adsorption capacity and pro-
nounced changes of the adsorption states. Changes in the
vibrational frequencies and phase in CO-SFG spectra sug-
gest alterations in the electronic structure of the model cat-
alyst by metal–support interaction, i.e. formation of
‘‘mixed Pd–NbOx compounds’’, while simple structural
changes or sintering of the Pd particles can be excluded.
Furthermore, the new surface composition is different from
pure Nb2O5, i.e. migration of Nb2O5 over Pd particles can-
not explain the current findings. These effects were ob-
served both under UHV and ambient pressure and may
contribute to the catalytic properties of Nb2O5 supported
metal nanoparticles.
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obov, H. Knözinger, J. Mol. Catal. 92 (1994) 217.
[11] E. Iglesia, S.L. Soled, R.A. Fiato, G.H. Via, J. Catal. 143 (1993) 345.
[12] E. Iglesia, Appl. Catal. A 121 (1997) 59.
[13] T. Mori, A. Miyamoto, N. Takahashi, M. Fukagaya, T. Hattori,

Y. Murakami, J. Phys. Chem. 90 (1986) 197.
[14] J.-M. Jehng, A.M. Turek, I.E. Wachs, Appl. Catal. A 83 (1992)

179.
[15] T. Iizuka, Y. Tanaka, K. Tanabe, J. Mol. Catal. 17 (1982) 381.
[16] E.I. Ko, M. Hupp, N.J. Wagner, J. Catal. 86 (1984) 315.
[17] R.R.C.M. Silva, J.M. Dalmon, R. Frety, M. Schmal, J. Chem. Soc.

Faraday Trans. 89 (1993) 3975.
[18] F.M.T. Mendes, C.A.C. Perez, F.B. Noronha, M. Schmal, Catal.

Today 101 (2005) 45.
[19] R. Brayner, D. dos Santos Lunha, F. Bozon-Verduraz, Catal. Today

78 (2003) 419.
[20] F.B. Noronha, M. Schmal, B. Moraweck, P. Delichere, M. Brun,

F. Villain, R. Frety, J. Phys. Chem. B 104 (2000) 5478.
[21] F.B. Noronha, D.A.G. Aranda, A.P. Ordine, M. Schmal, Catal.

Today 57 (2000) 275.
[22] M. Cherian, M.S. Rao, G. Deo, Catal. Today 78 (2003) 397.
[23] T. Ushikubo, Catal. Today 78 (2003) 79.
[24] H.-J. Freund, Angew. Chem. Int. Ed. Engl. 36 (1997) 452.
[25] C.T. Campbell, Surf. Sci. Rep. 27 (1997) 1.
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