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Abstract

Recent progress in the application of surface vibrational spectroscopy at ambient pressure
allows us to monitor surface—gas interactions and heterogeneous catalytic reactions under
conditions approaching those of technical catalysis. The surface specificity of photon-based
methods such as polarization modulation infrared reflection absorption spectroscopy
(PM-IRAS) and sum frequency generation (SFG) spectroscopy is utilized to monitor
catalytically active surfaces while they function at high pressure and high temperature. Together
with complementary information from high-pressure x-ray photoelectron spectroscopy
(HP-XPS) and high-resolution transmission electron microscopy (HRTEM), reaction
mechanisms can be deduced on a molecular level. Well defined model catalysts, prepared under
ultrahigh vacuum (UHV), are typically employed in such studies, including smooth and stepped
single crystals, thin oxide films, and oxide-supported nanoparticles.

A number of studies on unsupported and supported noble metal (Pd, Rh) catalysts are
presented, focusing on the transformation of the catalysts from the ‘as-prepared’ to the ‘active
state’. This often involves pronounced alterations in catalyst structure and composition, for
example the creation of surface carbon phases, surface oxides or surface alloys, as well as
nanoparticle restructuring. The reactivity studies include CH3;OH, CH4 and CO oxidation with
gas phase analysis by gas chromatography and mass spectrometry. Differing results between
studies under ultrahigh vacuum and ambient pressure, and between studies on single crystals
and supported nanoparticles, demonstrate the importance of ‘minding the gap’ between

idealized and realistic conditions.

(Some figures in this article are in colour only in the electronic version)

1. A new twist to an old story?

The transformation of a heterogeneous catalyst from the ‘as-
prepared’ to the ‘active state’, which may involve pronounced
changes in catalyst structure and composition, is a traditional
topic of catalysis research [1-19]. Scientists soon realized that
a number of effects may occur during the activation, lifetime
and regeneration of an oxide supported metal catalyst (for
example, Pd—Al,O3) (figure 1):

(1) Nanoparticle restructuring. Sequences of oxidation
and reduction at temperatures up to ~773 K, frequently
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utilized to activate or rejuvenate a catalyst, not only
remove synthesis residues and contaminants but may also
lead to sintering (figure 1(a)) or redispersion of the metal
nanoparticles [20]. Even when changes in particle size
(dispersion) are absent, alterations of the particle shape and
surface structure (reshaping, restructuring) have frequently
been reported [1-22]. Such changes depend on the relative
surface energies of metal, metal oxide and support oxide
(wetting and de-wetting behavior) and can favor low-index
(smooth) or high-index (rough) surfaces (figure 1(b)) [18].
The changes in surface energy are induced by gas (O,, H)
adsorption, the removal of contaminants or partial reduction of
the support oxide (metal-support interaction [21, 22]).

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Illustration of structural and compositional changes that
may occur during the transformation of catalysts from the
‘as-prepared’ to the ‘active state’: sintering and restructuring

((a), (b)), oxide/hydride formation and coking ((c), (d)), particle
encapsulation (e) and surface segregation of bimetallic particles (see
the text for details).

(i1) Compositional changes. Catalyst activation may also
be performed by simply exposing the catalyst to reaction
conditions. During the so called ‘induction period’ a stable
activity is reached that may be higher or lower than the initial
activity, paralleled by pronounced structural/compositional
changes. For instance, Pd oxide phases [23, 24] and
Pd hydrides [25-28] may be formed during oxidation and
hydrogenation reactions, respectively (figure 1(c)). For
hydrocarbon reactions the formation of carbonaceous species
or of a metal-carbon phase (figure 1(d)) has been reported to
be essential for high activity [29-34].

(iil) Effects during catalyst lifetime. After a catalyst
has reached a stable initial activity it is still subject to
mid- or long-term effects that typically reduce activity
and/or negatively affect selectivity. ~For example, when
rough (low-Miller-index) particle facets were produced during
activation, long-term exposure to high reaction temperatures
often re-establishes less active low-index facets [17, 35, 36].
This transformation may be assisted by the reaction gases,
which weaken the metal-metal bonds (adsorbate-induced
restructuring) [37]. For hydrocarbon (olefin, diene, or alkyne)
hydrogenation carbon lay-down (coking) is a frequent cause of
long-term deactivation, with the carbon species successively
reducing the accessible catalyst (noble metal) area. For
reducible support oxides, exposure to hydrogen leads to strong
metal-support interaction (SMSI [21, 22]), manifest e.g. by
particle encapsulation leading to deactivation (figure 1(e)).
For bimetallic nanoparticles, the surface composition may
change with time on-stream, e.g. due to the segregation of
one constituent to the surface (figure 1(f)) [38-40], with
pronounced influence on catalytic performance.

All of these effects have originally been established
based on research on industrial-grade, chemically synthesized
(powder) catalysts. Systematic studies varying the metal
dispersion (particle size), support material and reaction
conditions finally allowed suggestion of models and sometimes
even mechanisms.  The application of surface science
methodology to heterogeneous catalysis was intended to
unravel the origin of these effects on a molecular level
and to improve existing catalysts. Early surface science
applications to catalysis focused on the structure of clean
single-crystal surfaces (relaxation and reconstruction) and

their interaction with gas molecules (see e.g. [41-43] and
references therein?). Soon after, single-crystal surfaces of
various orientations [44, 45] were employed to examine
structure sensitivity and metal-support interaction was tackled
by depositing oxide overlayers on metal surfaces (inverse
catalysts [19, 46]). Temperature-programmed desorption
spectroscopy was extensively used to investigate gas—
surface interactions (adsorption, coadsorption, reaction) on
monometallic, bimetallic and oxide single crystals [47-49].
High-pressure cells, attached to ultrahigh-vacuum (UHV)
surface analysis apparatus [50-52], were used to study
reactions on single-crystal model catalysts at atmospheric
pressure, with pre- and post-reaction surface analysis in
UHV (only later on were in situ cells developed [53-56];
see below). Over the years, the focus shifted to
nanoparticle model catalysts, examining particle nucleation
and growth [13, 57-59], particle sintering [56], particle
size effects, surface—gas interactions [60—62] and metal—-
support interaction [63-65]. Apparently, the UHV-based
surface science approach to heterogeneous catalysis was
quite successful in unraveling (elementary steps of) surface
reactions, but the experimental conditions were typically very
different from technological processes.

Therefore, substantial efforts have recently been devoted
to developing a number of surface-sensitive methods that
allow us to examine the evolution and transformation of
active model catalyst phases under (near) ambient pressure
(e.g. [23, 24, 28, 34, 61, 66-72]). One can now provocatively
ask whether the fuzz about newly developed in situ high-
pressure surface science is justified and not just ‘a new twist
to an old story’. However, as discussed below, there are several
examples demonstrating that gas pressure indeed matters.
One should also note that the classical models/explanations
obtained from studies of technical catalysts, although often
correct, were typically based on indirect evidence and
suffered from the inability to characterize active structures
on an atomic/molecular level (especially for complex porous
catalysts). In the following, we illustrate how combining
UHV-grown model catalysts with ambient pressure surface
vibrational spectroscopy provides direct evidence and allows
us to identify the nature and reactivity of specific adsorption
sites, carbonaceous species, surface oxides and bimetallic
ensembles, under conditions approaching those of technical
applications.  Photon-based methods such as polarization
modulation infrared reflection absorption spectroscopy (PM-
IRAS) and sum frequency generation (SFG) vibrational
spectroscopy were utilized to monitor processes on well
defined surfaces, including smooth and stepped single crystals,
thin metal and oxide films, and oxide-supported nanoparticle
model catalysts. Together with complementary information
from high-pressure x-ray photoelectron spectroscopy (HP-
XPS), mechanisms can be deduced on a molecular level.
Microscopic studies revealed the restructuring of nanoparticles
when exposed to reactive gases. En route, we discuss
specific differences between UHV and high-pressure studies,
as well as inherent differences between single crystals and

2 Please note that the references in this paragraph are far from complete and
are intended to direct the reader to the references cited in these articles.
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Figure 2. Model surfaces that have been utilized for studies of
functioning catalysts at ambient pressure: (a) smooth and stepped
noble metal single crystals, (b) thin oxide films grown on
single-crystal substrates (inverse catalysts),

(c) ultrahigh-vacuum-grown metal nanoparticles supported by thin
oxide films (grown on single-crystal substrates) and (d) model
high-surface-area catalysts. Systems (a)—(c) are prepared under
ultrahigh vacuum, which allows control of catalyst morphology and
composition (cleanliness). System (d) provides a link between
surface-science-based and industrial catalysts.

nanoparticle model catalysts. The differences demonstrate
the importance of ‘minding the gap’ between idealized and
realistic conditions [67].

2. Planar model systems for metal oxide catalysts

Oxide-supported dispersed metals are widespread catalysts,
such as the seemingly simple Pd—Al,O3, with Pd nanoparticles
supported on a high-surface-area aluminum oxide (about
200 m? g~!). The Pd loading is often in the range of a few
weight per cent or less, with a Pd particle diameter below
~3 nm [73, 74]. The small particle size and the high-surface-
area oxide make it typically very difficult to characterize or
even detect the active metallic phase. Further complications
may arise from oxide porosity and the presence of uncontrolled
synthesis residues (which may either act as contaminants
or promoters). Therefore, technological (industrial-grade)
catalysts are often not well suited for atomic scale studies.

To overcome these limitations a variety of planar model
catalysts has been developed [13, 18, 19, 58, 59, 61, 75-79]
(figure 2). Many of them are prepared by evaporation methods
under ultrahigh vacuum avoiding undesired contaminants and,
due to their planarity and electrical/thermal conductivity, they
are compatible with surface analytical methods. There are
also preparation routes for clean model systems that are
more similar to the technical catalyst preparation, for instance
using ‘residue-free’ precursors [73], spin-coating [77, 80] or
Langmuir-Blodgett methods [81], but these approaches will
not be further discussed.

Single-crystal surfaces, although ‘oversimplifying’ a
catalyst formulation, allow for ultimate control of surface
structure and composition (figure 2).  However, single
crystals cannot mimic catalyst properties that originate from

nanosize features or involve the oxide support. The next
step towards supported metals was to use discontinuous
thin oxide films, vacuum-grown on metal substrates,
representing ‘inverse catalysts’ exhibiting metal/metal oxide
phase boundaries [19, 46, 82, 83].  Probably the best
models are metal nanoparticles grown on suitable oxide
films (e.g. by physical vapor deposition of Pd) because
they exhibit most important functionalities of a catalyst.
Ideally, the oxide support should be an atomically flat and
crystalline thin oxide film, facilitating the application of
various spectroscopic/microscopic surface analysis techniques
(due to the electrical/thermal conductivity of ultrathin oxide
films). A number of well characterized thin oxide
films has been developed, including Al,O3 grown on
NiAl(110) [58, 78] or NizAl(111) [84, 85], SiO, grown on
Mo(112) [86-88], CeO, grown on Ru(0001) [89], Fe;O4
grown on Pt(111) [90, 91], MgO grown on Ag(100) [92],
Nb,Os grown on CuzAu(100) [93] etc (for a review
see [94]). Appropriate control of the Pd deposition
(evaporation amount and rate, substrate temperature, post-
deposition processing) then allows growth of polyhedral Pd
nanoparticles, such as the ones shown in figure 2, being
truncated cuboctahedra exhibiting mostly (111) and (100)
surface facets. Such particles are a nearly perfect test
structure for fundamental studies (for scanning tunneling
microscopy (STM) images cf figure 4 and see e.g. [58, 95-97]).
Similarly, metal nanoparticles of other catalytically active
materials (Pt, Rh, Ir, Ag, Au etc) and bimetallic nanoparticles
can be prepared [66, 97-100]. To allow for control
of interparticle distance, electron beam lithography has
been applied to fabricate nanoparticle arrays on SiO;
and Al,Os; films [101-105]. ‘Model high-surface-area
catalysts’ of reduced complexity and with well defined
structure/composition (figure 2) have also been applied for
fundamental studies [73, 74, 106—110], but will not be further
discussed here.

3. Vibrational spectroscopy on model catalysts at
ambient pressure

The pretreatment-induced and reaction-induced transforma-
tions of a catalyst strongly depend on the exact conditions of
gas pressure (O, Hy, reactants), temperature, time on stream
etc, and, furthermore, the resulting phases and structures may
be metastable. This means that an ‘active phase’ may only
be present under reaction conditions while the catalyst func-
tions, whereas pre- and post-reaction examination would of-
ten miss the relevant characteristics [111-113]. How much
can one learn about a tennis match from just seeing two still
photographs of the court taken before and after the match?
Consequently, in situ examination is required, which has re-
cently been termed operando, to more specifically refer to
the need of simultaneous spectroscopic and kinetic measure-
ments [114-116]. Such studies of ‘catalysts at work’ re-
quire surface spectroscopic methods that maintain their sur-
face specificity at pressures in the mbar to >1 bar range [113].
Clearly, this can only be achieved when a spectroscopic method
is either inherently surface specific (with no sensitivity to the
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Figure 3. Illustration of surface vibrational spectroscopy by (a) IR—vis sum frequency generation (SFG) and (b) polarization-modulation
infrared reflection absorption spectroscopy (PM-IRAS). Both methods are capable of monitoring molecules on surfaces under ambient
pressure (mbar to >1 bar range). In (c) a high-pressure reaction cell for in situ optical spectroscopy on model catalysts is shown in cross
section: sample holder (SH) and sealing flange (SF), housing three differentially pumped spring-loaded Teflon seals. The cell is coupled to an
ultrahigh-vacuum (UHV) sample preparation and analysis system (not displayed). A single crystal is mounted on the sample holder, which is
inserted into the Teflon seals. Adapted in part with permission from [141]. Copyright (2001) the PCCP Owner Societies.

gas phase) or when surface and gas phase contributions can
be differentiated. In the following we discuss two ‘high-
pressure’ vibrational methods that are based on these two
concepts and specifically aim at bridging the pressure gap:
sum frequency generation (SFG) spectroscopy and polariza-
tion modulation infrared reflection absorption spectroscopy
(PM-IRAS). Both methods can be applied from UHV to

3 By ‘high-pressure’ we refer to studies at pressures above 1 mbar exceeding
by far the pressure of typical UHV investigations (~10~8=10~10 mbar).

ambient pressure and are thus able to interconnect surface
science studies with applied heterogeneous catalysis (for an
overview see [61]).

(i) Non-linear optical IR—vis sum frequency generation
(SFG) vibrational spectroscopy makes use of the second-order
nonlinear optical process of SFG. Details of SFG theory have
been described in [61, 117-122]. To probe the vibrational
modes of a surface species two (e.g. picosecond) laser pulses
are overlapped in space and time on the sample surface
(figure 3(a)). One incident beam is in the visible range at fixed
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frequency (wyis; €.g. green), whereas the second one is energy-
tuned in the mid-IR region (wr). In the case of a vibrational
resonance of a molecule adsorbed at the surface—gas interface,
the two light waves interact and generate a wave at the sum of
their frequencies (wspg = WR + Wyis), resulting in a signal in
the visible (e.g. blue) region. In a simplified picture one can
envision a vibrational transition from the ground state to an
excited state, followed by excitation to a higher-energy virtual
state and relaxation through an anti-Stokes Raman process
(cf the energy scheme in figure 3(a)). By tuning the IR
wavelength (wavenumber) and monitoring the SFG intensity,
an adsorbate vibrational spectrum is obtained (cf figure 4(a)).
According to the applicable selection rules a vibrational mode
must be simultaneously IR and Raman active to be SFG
active. Therefore, SFG is not allowed in media with inversion
symmetry, as in the centrosymmetric bulk of a noble metal or in
the isotropic gas phase, but has a finite value at the catalyst—gas
interface, where the inversion symmetry is broken. Because
this nonlinear process produces only a small signal, high
incident light intensities, i.e. pulsed lasers, are required.
SFG spectrometers have been designed based on neodymium
yttrium—aluminum garnet (Nd: YAG), titanium sapphire (Ti:Sa)
or free-electron lasers. For details on the generation of tunable
IR and visible radiation and on the detection of the SFG signal
we refer to the references in [61]. Specifics of the application
of SFG to nanoparticle model catalysts, such as the effect of
particle size and gas pressure [123—125] on site population and
(co)adsorbate phases [27, 28], support effects [65, 66, 126]
and the origin of SFG intensity and lineshape [127], have been
described elsewhere.

Apart from the method described so far (i.e. ‘scanning’
SFG), there are other modes of operation, such as femtosecond
‘broadband’ SFG [128] (allowing us to capture the whole
SFG spectrum within a few laser shots), time-resolved
‘pump—probe’ SFG (after excitation of the surface with
an intense laser ‘pump’ pulse, a time-delayed weak SFG
‘probe’ monitors changes in the vibrational properties [129])
and polarization-dependent SFG (providing information on
molecular orientation) [130-134]. Although particularly time-
resolved broadband SFG has great potential for catalytic
studies, to our knowledge no such studies were performed at
ambient pressure and we will thus focus on scanning SFG
below.

(i1) In contrast to SFG, which is inherently interface
specific, polarization-modulated infrared reflection absorption
spectroscopy (PM-IRAS) yields surface vibrational spectra
via an accurate subtraction of the gas phase contributions,
utilizing the polarization modulation of the incident IR light
(figure 3(b)). As described by the metal surface selection
rule [135], the effective surface intensity of s-polarized infrared
light on a metal surface is basically zero and no surface
absorption occurs. Thus, IR spectra acquired in s polarization
are identical to IR gas phase spectra. In contrast, IR spectra
acquired in p polarization contain absorption contributions of
both surface and gas phase species. Consequently, (p —s)
spectra (‘surface’ plus ‘gas phase’ minus ‘gas phase’) represent
the vibrational signature of the surface species.

Polarization modulation is performed by a photoelastic
modulator (PEM; ZnSe; figure 3(b)). The PEM principle is

based on the photoelastic effect, describing the birefringence
of a mechanically stressed crystal as being proportional
to the resulting strain [136, 137]. Thus, different linear
polarizations of light passing through the PEM have slightly
different speeds of translation. =~ When the optical PEM
element is relaxed, linearly polarized monochromatic light
passes without changing its polarization (figure 3(b)). When
the optical element is compressed (stretched), the horizontal
polarization component (parallel to the modulator axis) travels
slightly faster (slower) than the vertical component. The
phase difference between the two components is called the
retardation, R. When the peak retardation is set to one-
half of the light wavelength (half-wave retardation mode;
figure 3(b)), the PEM rotates the light polarization by 90°.
The polarization of the light impinging on the sample can
thus be switched with a frequency of 37 kHz between p and
s polarizations. Because the two polarization states occur twice
within each PEM oscillating cycle, the sampling frequency is
74 kHz. Consequently, the p (surface and gas phase) and s
(gas phase) spectra are acquired nearly simultaneously. After
demodulation of the signal, (p — s) spectra are obtained which
characterize the vibrational signature of the surface species,
whereas the s spectra characterize the corresponding gas phase
absorption.

Compared to SFG, PM-IRAS offers several advantages.
SFG is typically limited to wavenumbers higher than
~1600 cm™!, whereas the frequency range of PM-IRAS (ca.
800-4000 cm™!) allows additional detection of deformation
modes, fingerprinting signatures etc. The acquisition of
PM-IRAS spectra takes a few minutes (for a scan of
800-4000 cm™"), whereas SFG rather takes 15-20 min (for
a sweep of 1800-2200 cm~"). PM-IRAS additionally provides
information on gas phase species. On the other hand, SFG
can be carried out in time-resolved pump—probe mode (with
picosecond or even higher resolution [130, 138, 139]), as
well as in polarization-dependent mode [131, 134, 140],
determining, for instance, the tilt angle of specific bonds.
With respect to the limitations of the methods one has to
confess that nonlinear optical laser-based SFG is typically
not easy to operate, requires significant maintenance and is
thus not a plug-and-play technique. For intensity analysis,
normalization to the effective surface IR intensity is not
straightforward [61], putting limits on quantitative analysis,
and the resolution of SFG (~5 cm™') is lower than that of
IR. Polarization-modulated IRAS requires metallic substrates
and its combination with vacuum IR spectrometers and UHV
systems is technically demanding.

Nevertheless, both SFG and PM-IRAS have been applied
to UHV-based model catalysts. In order to carry out ambient
pressure spectroscopy, UHV-compatible high-pressure cells
have been developed, optimized for the specific method [61].
Figure 3(c) displays a cross section of a reaction cell that
is coupled to a UHV surface analysis system (not shown).
After sample preparation/characterization in UHV the model
catalyst is transferred, with the help of an xyz6 manipulator
and still under UHV, to the reaction cell. During this
operation the sample holder is inserted into an arrangement
of three differentially pumped spring-loaded Teflon seals and
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Figure 4. Vibrational SFG spectra of CO adsorption (107°~600 mbar) on (a) ‘smooth’ and stepped Pd(111), and (b) Pd nanoparticles
supported by Al,O3 [28, 123—-125]. The peaks characterizing the various binding geometries of CO on threefold hollow, bridge/edge and
on-top Pd sites are indicated by arrows. Pronounced differences occur between Pd nanoparticles and single crystals, demonstrating the need to
carry out model catalytic studies on supported nanoparticles. Adapted in part from [28, 125] with permission. Copyright (2002, 2005)
Elsevier. The STM images of a Pd—Al,03/NiAl(110) model catalyst in (c) illustrate the cuboctahedral shape of the Pd particles (upper image;
100 x 100 nm?), and the (111) orientation of the particle top facet (lower image; 1.8 x 1.6 nm?). Adapted from [97] with permission.

Copyright (2007) Elsevier.

the reaction cell is separated from the UHV part [53, 61, 141].
Vibrational spectroscopy can then be performed in the reaction
cell, either under UHV or at pressures up to 1 bar (the cell
shown in figure 3 is designed for SFG but the arrangement for
PM-IRAS is very similar). For catalytic tests, the SFG cell
serves as a recirculated batch reactor and is interfaced to a gas
chromatograph for product analysis. After the reaction, sample
transfer under UHV back to the UHV analysis section allows
for well controlled post-reaction surface characterization.

Vibrational spectroscopy alone may be insufficient to
deduce reaction mechanisms, particularly when species with
no or small IR activity are involved (such as carbonaceous or
flat-lying species). Complementary methods are inevitable to
provide information on catalyst structure and composition as
well as on absolute adsorbate coverage. Consequently, SFG
and PM-IRAS have been combined with (high-pressure) x-
ray photoelectron spectroscopy [142-144]. HP-XPS confines
the high-pressure region closely around the sample, using
strong differential pumping of the sample compartment, X-
ray source and electron energy analyzer [142, 143, 145-147].
Combined with synchrotron radiation that inherently carries
higher resolution and allows us to increase surface sensitivity
by using low photon energies (e.g. ~650 eV instead of
~1300 eV of a laboratory source), accurate composition
characterization can be performed. HP-XPS will be discussed
in the articles of Vass et al [148] and Yamamoto et al [149] in
this issue.

4. Characterization of catalytically active phases
under realistic conditions

Before turning to studies of catalytic surfaces under realistic
conditions, one can ask what to expect from such studies. In

figure 1 we have summarized some effects that can change
the structure and composition of a catalytic material and, thus,
reactivity. However, if we ignore these effects for a moment, is
there a possibility that more fundamental high-pressure effects
occur? For example, the molecular adsorbate geometries at
ambient pressure could be significantly different from those
observed under UHV at cryogenic temperatures. This would
lead to a devastating difference between surface science and
applied catalysis. However, no such unusual, unexpected high-
pressure species have been observed. Nevertheless, there are
still differences between UHV and ambient pressure studies but
these are rather related to differences in the adsorbate surface
concentration (coverage) and, thus, in the relative population
of various sites. For example, for Pd surfaces hollow sites
are preferred at low CO coverage whereas bridge and on-
top sites are populated at higher coverage. Consequently, if
the weakly bonded on-top CO or on-top H are essential for
a reaction [27], the relevant species will only appear under
catalytic conditions. One should note that high coverages
can also be obtained under UHV at cryogenic temperatures,
but the low temperature often produces kinetically trapped
non-equilibrium adsorbate structures [150] that may favor
different reaction routes. Such effects have been summarized
as a ‘pressure gap’. Similarly, the difference between noble
metal single crystals and oxide-supported nanoparticles may
have pronounced influence on catalytic performance, typically
referred to as a ‘materials gap’ (including effects of geometric
and electronic structure, metal-support interaction etc [58]).
The complexity of industrial-grade catalysts often prevents
fundamental studies and, furthermore, exact formulations may
be a secret (and, at least on the atomic level, sometimes even
unknown to the manufacturers). Therefore, researchers have
tried to mimic technical systems as closely as possible and the
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following examples are intended to provide an insight into how
in situ spectroscopy on model systems helps in identifying the
active phases of heterogeneous catalysts.

4.1. Adsorption and hydrogenation

The adsorption of CO is a prototypical test ‘reaction’ for the
surface characterization of model catalysts. The huge efforts
devoted to CO adsorption are justified by the involvement of
CO in many important catalytic processes (methanol synthesis,
Fischer—Tropsch, methanation, water gas shift, CO oxidation,
etc [41, 151, 152]), and by its use as a probe molecule to
‘titrate’ the sites of a technological catalyst [153].

The relevance of surface science results for ‘real world
catalysts’ has been questioned, but SFG and PM-IRAS can
provide some answers. Figure 4 compares SFG and PM-
IRAS spectra and shows the pressure dependence of CO
adsorption on ‘smooth’ and stepped/ion-bombarded Pd(111),
and on Pd nanoparticles (mean diameter ~6 nm) supported by
Al,O3/NiAl(110) [28, 58, 123]. At 10~ mbar CO and 190 K,
SFG detected bridging (1955 cm™!) and on-top (~2090 cm™")
CO on Pd(111), but on stepped/ion-bombarded Pd(111) there
was an additional peak at ~1990 cm~!, originating from CO
adsorption on steps/defects (figure 4(a)). At high pressure
(above 1 mbar), threefold hollow (~1890 cm™') and on-
top (~2100 cm™ 1) CO were observed both for ‘smooth’ and
‘defect-rich’ Pd(111), characterizing a (2 x 2) CO saturation
structure (coverage 0.75 ML) [125, 154]*. This does not
indicate that the steps on the ‘defect-rich’ surface were
removed by high-pressure CO (because this species reappeared
upon decreasing the pressure), but rather indicates that on an
extended single-crystal surface intermolecular coupling at high
CO coverage no longer allows observation of the molecules
adsorbed at step sites [124, 155].

Figure 4(b) shows corresponding SFG spectra for Pd
nanoparticles. Based on the single-crystal measurements,
IRAS spectroscopy [156] and density functional theory [157],
the SFG peaks observed for Pd nanoparticles were assigned
to CO adsorbed on threefold hollow sites (1895 cm™"), bridge
bonded CO at particle edges (1990 cm™!) and particle terraces
(shoulder at 1950 cm™!') and to linearly (on-top) bonded
CO (2100 cm™'). The species are indicated in the figure
and we refer to [61, 127] for a more detailed description
of relative intensities and lineshapes.  Apparently, there
are differences between the high-pressure single-crystal and
nanoparticle spectra. In particular, the band at 1990 cm™!,
characterizing CO at particle edges/steps, is absent at high
pressure on Pd single crystals, whereas it is present for Pd
nanoparticles. As mentioned, intermolecular CO coupling at
high coverage obscures this species on an extended surface
whereas on Pd nanoparticles such a ‘masking’ effect does
not occur. In contrast, the edge bonded CO species is
rather enhanced by intensity transfer from CO bound at the
particle facets to edge-bonded CO [156]. Structure-induced
differences between Pd nanoparticles and Pd single crystals

4 The small difference between the SFG and PM-IRAS spectra probably
occurs from different contributions of CO domains with coverage lower than
0.75 [150].

also occurred for B-Pd hydride formation, because particle
edges and steps facilitate the diffusion of surface hydrogen
into the Pd bulk [27, 28]. This strongly suggests that, when
possible, model studies should be performed on nanoparticle
model catalysts.

4.2. Dehydrogenation

Selectivity, rather than activity, is the critical issue in catalysis,
and the choice of a test reaction should account for this.
Model studies involving methanol constitute a first step
because CH3O0H exhibits different chemical bonds that can
be activated. CH3;OH decomposition has two competing
pathways: (i) dehydrogenation to give CO and H, (when the
C-0 bond stays intact) and (ii) C—O bond scission (cleavage
of the C-O bond within a CH, O species; y = 1-4) yielding
carbonaceous deposits CH, (x = 0-3) [66]. In the presence
of oxygen, CH30OH may be partially oxidized to produce
formaldehyde CH,O or fully oxidized to give CO,.

Methanol decomposition and oxidation on noble metals
are prototypical reactions with a large number of UHV
studies reported (e.g. [144, 158-173]). In UHYV, methanol
was often adsorbed at low temperature and chemical changes
upon annealing were monitored spectroscopically.  This
methodology is not representative for a technical catalytic
reaction because under UHV CH30H may desorb (multilayer
at 140 K, monolayer at 175 K) before it reacts, whereas for
a high-pressure/high-temperature reaction the surface species
are in equilibrium with the gas phase.

Figure 5 shows a selection of results that were obtained
in a combined SFG, HP-XPS and PM-IRAS study of CH;0OH
decomposition at elevated pressure [32, 144]. Upon exposing
Pd(111) to 5 mbar CH30H at 300 K (figure 5(a)), PM-IRAS
(p —s) surface spectra characterized all dehydrogenation
intermediates, i.e. methoxy CH3O (minute amounts around
2900 cm™!; not shown; see figure 3(a) in [32]), formaldehyde
CH,O (pCH; of formaldehyde in two different adsorption
geometries at 1305 and 1255 cm™! [174, 175]°), and formyl
CHO (CH bending or vco at 1200 cm™! [176]), beside
adsorbed CO (vCO at ~1840 cm~!, typical of ~0.3 ML
coverage). HP-XPS at 0.1 mbar methanol at 300 K (figure 5(b);
reaction time 150 min) indicated about 1 ML CH,, pointing
to significant methanolic C—O bond scission (CO and CH,O
cannot be differentiated, though). Under UHV, C-O bond
scission typically does not occur on Pd(111), i.e. the in situ
observation of CH, again demonstrates that UHV results
cannot necessarily be extrapolated to elevated pressures. A
reaction pathway, like C—O bond scission, that may be a minor
route under UHV, can become a dominating effect at elevated
pressure.

To determine the nature of the CH, species on Pd(111),
the surface was saturated with CO at 90 K after the reaction,
and an SFG spectrum was taken (not shown). Comparison
with the corresponding CO-SFG spectrum of the clean Pd(111)
surface indicated that the CH, species mostly poisoned

5 According to [174] formaldehyde is adsorbed in bridging and chelating
geometry. A contribution of formate [175] cannot be excluded but will not
be considered here.
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Figure 5. (a) PM-IRAS (p — s) surface vibrational spectra and (b) HP-XPS spectrum measured during CH3;OH decomposition on Pd(111) at
300 K, with the various species indicated. The time-dependent evolution of CH,O (as observed by PM-IRAS) and of CH, (values deduced
from XPS) upon methanol decomposition at ~10~> mbar in (a) suggests a correlation between the two species. Adapted in part from [32]
and [144] with permission. Copyright (2004, 2005) the American Chemical Society.

threefold hollow sites [144]. Taking into account the preferred
tetravalency of carbon, CH, is most likely atomic carbon
and/or CH. It is now interesting to ask whether the CH,, species
lower the activity simply by reducing the Pd surface area
or whether they may also influence the reaction selectivity.
Combined time-dependent PM-IRAS and XPS spectroscopy
(figure 5(a)) has shown that the evolution of adsorbed CH,O
and of CH, was correlated [32]. On a clean Pd surface CH;0H
decomposed to CO, whereas on a carbon-poisoned surface
the amount of adsorbed CO decreased and more and more
adsorbed CH,O was observed, i.e. CH, seems to ‘stabilize’
adsorbed CH,O (cf CO and CH,O peaks in figure 5(a); the
CH, coverage, as measured by XPS, is indicated). This can
be rationalized considering that carbon adsorbed on threefold
hollow sites hinders CH,O dehydrogenation via HCO to CO
by blocking the required (hollow) sites and CH,, may thus favor
CH,O0 formation (for details see [96]).

Carbon deposition on a catalyst surface (coking) is also
observed during hydrocarbon hydrogenation/dehydrogenation
reactions, originating from C—C bond scission and subsequent
dehydrogenation. Apart from mere poisoning, it has been
suggested that the carbon(aceous) species may be required to
create the active site [30]. Alternatively, the local electronic
structure may be changed [177]. Molecular beam studies of
C,H4 dehydrogenation on Pd(110) and Pd(111) reported that
carbon remains in the immediate subsurface region, with Pd
acting as a carbon ‘sponge’ [31, 33]. Recent in situ XPS studies
of alkene hydrogenation and oxidation on Pd single crystals,
foil and nanoparticles even reported the formation of a new
carbon phase (Pd,C,) under reaction conditions, which is very

likely an active phase because activity was correlated with its
occurrence [33, 68, 178].

4.3. Oxidation

As already mentioned, when oxygen is present in the feed gas,
CH3OH may be partially oxidized to produce formaldehyde
CH,O or fully oxidized to give CO,. Pd nanoparticles (mean
diameter 6 nm) supported on Al,O3/NiAl(110), as well as
Pd(111), have also been utilized for studies of partial methanol
oxidation [32, 61, 66, 179-181]. Under reactive conditions,
when formaldehyde CH,0O, CO, and H,O were produced,
SFG and PM-IRAS detected hollow bonded CO as the only
species on both types of palladium surfaces (figure 6(a)). Other
reaction intermediates were too short lived for spectroscopic
detection. However, CH, species were observed even under
oxidative conditions, and an influence on reactivity is again
likely [32, 66]. Taking into account the stabilizing effect
of CH, on CH,O described above, a clean surface should
preferentially produce CO,, whereas a partly CH,-deactivated
surface should additionally produce CH,O, due to the hindered
dehydrogenation of CH,O [61]. In fact, at high reaction
temperature (500 K) and low CH, concentration (~0.1 ML)
only CO; and water were produced, whereas at low reaction
temperature (400 K) and high CH,. concentration (~0.4 ML)
~20% CH,O were observed [32].

The in situ studies also revealed a marked difference
between Pd nanoparticles and single crystals: whereas Pd(111)
remained metallic throughout the reaction at 400 K, post-
reaction XPS indicated a significant oxidation of Pd particles
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Figure 6. Methanol oxidation on Pd(111) and Pd—-Al,O5 (mean particle size 6 nm) [32, 66, 181]. (a) In situ steady-state PM-IRAS and SFG
spectra, shown together with the CH;OH conversion as monitored by gas chromatography. (b) Comparison of Pd 3d XP spectra obtained
before (upper) and after (lower) the methanol oxidation reaction indicated a partial oxidation of Pd nanoparticles during the reaction, whereas
Pd(111) remained metallic. Adapted in part with permission from [66]. Copyright (2007) the PCCP Owner Societies.

during the high-pressure reaction (figure 6(b))®. This again
points to the need to perform fundamental studies on realistic
nanoscale models. The ~0.4 eV binding energy shift observed
by Pd 3d XPS for Pd particles indicates an oxidation state
in between Pd and PdO, denoted here as PdO, (the binding
energy shift for PdAO would be 1.5 eV [182]). Nevertheless,
the observed vibrational frequencies of adsorbed CO were
characteristic of metallic Pd, thus indicating a partial surface
oxidation. Titration of the particle surface after the reaction
using CO as probe molecule revealed that about 50% of the
particle surface was oxidized [179]. Such partially oxidized
Pd/PdO, nanoparticles were investigated in detail by Schalow
et al [183].

4.4. Activity of surface oxides

When oxidation reactions are carried out on noble metal
catalysts, the concurrent oxidation of the metal itself has
a major effect on catalytic activity. For example, for
‘low temperature’ (<1073 K) catalytic methane combustion
on Pd-Al,0; catalysts, PdO is considered the active
phase [182, 184—186] (at higher temperature PAO decomposes
and the reaction proceeds on metallic Pd). Demoulin e al
[182] identified the PdO phase by ex siru XPS (indicating
a Pd 3ds/,; binding energy (BE) of 336.2-336.5 e€V) and by
high-resolution transmission electron microscopy (HRTEM).
However, the exact details of particle size and composition
depend on metal loading, catalyst calcination, reaction
conditions, and catalyst history in general.

6 Because the catalysts were covered by CO after the reaction, the clean

samples were also exposed to CO, responsible for the offset from 334.9 eV.

Figure 7(a) shows an HRTEM image of a ‘fresh’ 2%
Pd-Al,O3 catalyst that had been heated in air to 873 K (3 h)
(mean particle size 9.5 m). As a result, already before the
CH,4 combustion reaction the particles were oxidized to PdO
(XPS BE of ~336.3 eV). In the technical catalysis literature
such a catalyst is still named ‘Pd-Al,O3’, referring to the
nominal composition of the (reduced) material, but this does
not imply that researchers assume that the catalyst particles
remain metallic Pd under oxidative reaction conditions.

It is also well known that a pre-oxidized CH4 combustion
catalyst further activates with time on stream. For example,
under reaction conditions the conversion of 2% ‘Pd—-Al,O3’
increased from ~30% to ~80% within 30 h [182]. During
the activation period, particle sintering was observed (from 9.5
to 18.5 nm mean particle size) but also subtle changes in the
Pd 3d BE (~+40.2 eV) occurred that indicate a modification of
the Pd oxide, paralleling the activity increase. Several reasons
for the activation have been suggested, including the formation
of specific PdO facets, changes of electronic structure due
to changes in particle size, removal of contaminants, etc.
Once an active PdO phase has been produced, the reaction
temperature can be decreased by up to 100 K, maintaining
the high activity. During the CH4 combustion reaction, the
PdO particles are continuously oxidized (by O;) and reduced
(by CHy), creating a flexible structure with complex, varying
PdO,—PdO interfaces. After the 2% Pd—Al,O3 catalyst had
been used at 825 K for 65 h, the restructuring produced regular
polyhedral PdO particles (figure 7(b)). However, the exact
structure and composition of the active phase, including the
involvement of (sub)oxides other than PdO and of metallic Pd,
can hardly be deduced from studies of industrial catalysts.
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Figure 7. ((a), (b)) Transmission electron micrographs of an industrial 2 wt% ‘Pd—Al,O;” catalyst used for methane combustion around
825 K. The lattice resolved image of a PdO nanoparticle is shown in (a), whereas faceted PdO nanoparticles that have been formed after
long-term use are displayed in (b). ((c), (d)) In situ studies of CH, combustion on Pd(111), combining mass spectrometry and HP-XPS,
suggest that the active phase consists of PdO seeds on a PdsO, surface oxide (see the text for details). Adapted in part from [69] with
permission. Copyright (2007) the American Chemical Society. In (e), the CO oxidation activity of various Pd—O species, as determined by
molecular beam and XPS studies [24], is compared (see the text for details).

As a consequence, intense research has recently have examined the oxidation of Pd(111) by in siru HP-
been devoted to the characterization of Pd (surface) XPS [24, 190-192]. Following the formation of the well
oxides [71, 187-189]. Gabasch er al and Ketteler er al known (2 x 2) chemisorbed oxygen adlayer, at an oxygen

10
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pressure of 0.4 mbar a two-dimensional PdsO,4 surface oxide
was observed above 470 K, transformed to PdO bulk oxide
above 660 K, and PdO decomposed above 720 K. The stability
range of the oxide phases was very sensitive to pressure and
temperature, and a pronounced redox hysteresis was observed
upon heating and cooling, in agreement with previous TEM
studies [184]. Finally, a ‘surface phase diagram’ was reported
for the O,/palladium system, based on both experimental and
theoretical investigations [71, 191]. For STM and XPS studies
of the atomic structure of the two-dimensional PdsO,4 surface
oxide we refer to [188].

After identifying the various Pd oxide species, syn-
chrotron HP-XPS was applied to monitor CH4 combustion on
single-crystal Pd(111) (total pressure 0.3 mbar; CH4:0, =
1:5) [69]. As shown in figures 7(c) and (d), there was a corre-
lation between an activity maximum at 650 K and the presence
of a surface phase consisting of PdO seeds on a PdsO,4 surface
oxide’. The active phase is formed by a delicate balance of the
formation of PdO seeds within PdsO,4 and the reduction of PdO
by methane. Below 650 K, the model catalyst is less active be-
cause the active phase has not yet (fully) developed. Above
650 K, the active phase decomposes, which reduces activity.
Above ~720 K, activity increases again, with the reaction pro-
ceeding on metallic Pd. Above 800 K, the catalyst is metallic,
with the near-surface region saturated with dissolved oxygen.

The importance of the formation of this specific surface
phase was illustrated by the activity hysteresis observed during
heating/cooling cycles, similar to that reported for technical
catalysts [184, 185, 193]. As seen in figure 7(c), the
activity maximum does not occur when cooling the metallic
catalyst from high to low temperature because the PdO
seeds/PdsO,4 phase is not produced (related to the formation
of a different (passivating) surface oxide that seems to hinder
PdO nucleation; for details see [69]). This confirms but
also significantly refines the current understanding of catalytic
methane combustion.

When oxidation reactions are performed at much lower
temperatures, say up to 450 K, PdO is not formed but other
surface oxides may still be present. In fact, a number of
experimental and theoretical studies of CO oxidation on noble
metal single crystals have reported the involvement of metal
oxide phases under these conditions. For CO oxidation
around 450-500 K oxides have been proposed to be more
active than the metals for Ru [194], Pt [195, 196], and
Pd [70]. The oxidation of CO on Pd and Pd oxides of various
oxidation states was thus examined by molecular beam reactive
scattering and x-ray photoelectron spectroscopy [24, 197].
Figure 7(e) compares the maximum CO, formation rates
(turnover frequencies) and the total amount of CO, produced,
based on molecular beam experiments (CO beam flux
0.02 ML s !; exposure time 900 s; for experimental details
see [24]). Compared to the reaction of CO with chemisorbed
(2 x 2) oxygen, the PdsO4 surface exhibited a four times
lower (maximum) activity around 300 K. In order to obtain
an equal activity, the PdsO4 surface temperature needed to

7" For an explanation of the analysis of this phase, based on the XPS signatures
and relative intensities of the differently coordinated Pd and oxygen atoms, we
refer to [69, 188].
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be increased by at least 100 K. In this case the total amount
of CO, produced was about 2.5 times higher because the
nominal oxygen coverage is 0.58 for PdsO4 [188] but only
0.25 for chemisorbed oxygen. The Pd oxide serves as an
oxygen reservoir but, nevertheless, the reaction rate of the
oxide is lower. For higher Pd oxidation states, i.e. PdO, (BE
shift of 40.4 eV) and PdO, no activity was observed under
low-pressure conditions (reduction of PdO by CO required a
pressure of 10 mbar at 523 K) [24].

For partially oxidized Pd nanoparticles supported on
Fe;04 a strongly reduced CO oxidation activity was deduced
from extensive molecular beam/XPS studies, that were also
able to disentangle the rates of CO reacting with chemisorbed
oxygen and with Pd oxide [183, 197]. For Pd nanoparticles the
situation is quite complex, because (i) nanoparticles are more
easily oxidized than single crystals, (ii) the extent of oxidation
is particle size dependent, and (iii) there is a coexistence of
Pd metal and Pd oxide, with the latter growing preferentially at
the metal-support interface [66, 183]. Studies of the specific
activity of noble metals and of their oxides will certainly
remain a vivid field of research in the near future.

4.5. Surface oxide structure

Apart from their catalytic properties, the atomic structure of
surface oxides is most interesting. High-resolution trans-
mission electron microscopy (HRTEM) has been extensively
applied in the 1990s to examine the oxidation and reduc-
tion of noble metal nanoparticles that occurs during activa-
tion/regeneration cycles and which has strong influence on
catalytic performance (for Rh nanoparticles on alumina, sil-
ica and ceria see e.g. [5, 8, 15, 17, 198]). Based on results
from HRTEM and selected area electron diffraction (SAED),
that indicated that the observed oxides were different from
the known bulk structures, it was concluded that the structure
of a thin e.g. Rh surface oxide may differ from that of bulk
Rh,03 [17, 198].

Figure 8 shows results of an HRTEM investigation of the
oxidation and reduction of a Rh—Al,03 model catalyst. Rh
nanoparticles were grown epitaxially on crystalline substrates
(e.g. NaCl(100)) and were then embedded in an thin (25 nm)
amorphous alumina film, before the metal oxide system was
lifted off the substrate [14, 17]. The epitaxial growth produced
pyramidal nanoparticles with (111) and (100) surface facets,
with the particle edges aligned with respect to each other
(figure 8(a)). This particle ordering leads to a ‘single-crystal-
like’ diffraction pattern [17], even though several hundred
particles contributed to the diffraction image (figure 8(b))3.
The pyramidal or, more precisely, half-octahedral shape
of the Rh nanoparticles was further confirmed by weak-
beam dark-field imaging (inset in figure 8(a)) and HRTEM
(figure 8(d)). About 20% of the particles had other regular
morphologies (pentagonal, half-tetrahedral, multiply twinned,
etc) but for further details on nanoparticle characterization we
refer to [17, 199].

8 The electron diffraction pattern is centrosymmetric so only half of the
pattern is shown here.
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Figure 8. Oxidation and reduction of epitaxially grown polyhedral Rh nanoparticles on alumina (mean size 5 nm), monitored ex situ by
HRTEM. In the as-prepared state, most of the Rh particles were half-octahedra with {111} and {100} surface facets, as revealed by combining
results from HRTEM and WBDF ((a), (d)), and SAED (b). Upon oxidation in 1 bar O, at 723 K, an epitaxial Rh oxide shell developed on top
of a Rh core ((¢), (e)). Reduction in 1 bar H, at 523 and 723 K led to polycrystalline (f) and ‘rounded’ crystalline (g) nanoparticles,
respectively. The microstructural changes were correlated with changes in catalytic hydrogenolysis activity (see text for details). Adapted in

part from [17] with permission. Copyright (1998) Elsevier.

This model catalyst system provides a defined ‘initial
state’ for studies of nanoparticle structure changes and has
been applied to investigate the oxidation and reduction of
Rh nanoparticles. Upon exposure to 1 bar O, at 725 K
a Rh surface oxide was growing epitaxially on the metallic
Rh core of the particles, as indicated by SAED. The oxide
diffraction spots in figure 8(c), marked by arrows, were aligned
with respect to the metal diffraction spots, revealing that the
oxide grows epitaxially both on Rh(100) and Rh(111) particle
facets [17, 198]. The formation of an epitaxial oxide was
corroborated by HRTEM by imaging oxide lattice fringes of
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0.26 nm spacing aligned nearly parallel to Rh{111}planes
(spacing 0.22 nm; figure 8(e)). Based on the SAED and
HRTEM results it was suggested that the structure of the oxide
was related to hexagonal «-Rh,O3 but no perfect match was
obtained. At the time the suggested structure was based on
terminations of bulk Rh oxides, which, taking into account
current knowledge [23], was doomed as a ‘dead end’.

Upon reduction of the surface oxide in hydrogen at 523 K,
rough (stepped) Rh particle facets were produced (figure 8(f)),
due to the limited Rh diffusion at 523 K (the reduction
temperature is too low for a recrystallization into perfect metal
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nanoparticles [8]). The stepped Rh particle facets exhibited
enhanced activity for hydrocarbon hydrogenolysis [17]. In
addition, incomplete reduction of the Rh oxide layer produced
rather complex Rh/Rh oxide/Rh sandwich structures. Only
reduction at 723 K reestablished the well shaped single-
crystalline Rh nanoparticles, at the expense of hydrogenolysis
activity.

During the past years advanced surface imaging and sur-
face spectroscopic methods (low-energy electron diffraction,
STM, surface x-ray diffraction, photoemission) together with
density functional theory (DFT) allowed researchers to resolve
the structure of surface oxides grown on single-crystal sub-
strates (for a review see [23]). For Rh, a hexagonal O-Rh—
O trilayer on top of Rh(111) and Rh(100) has been observed.
The surface oxide, with all octahedral sites of the oxygen lat-
tice filled by Rh, differs from the Rh,O5 bulk structure, that has
only two-thirds of the octahedral sites occupied by Rh. Simi-
larly as for the oxidation of Rh nanoparticles discussed above,
there was a defined orientation relationship between the sur-
face oxide and the underlying metal. The characterization of
surface oxides of Pd, Rh, Ru, Nb and other metals [23, 93, 94],
that are different from truncations of bulk oxide structures, is
a breakthrough in oxide surface chemistry. To extend the in
situ studies to metal nanoparticles (e.g. [200, 201]), that simul-
taneously expose various surface facets, and to examine the
effect of a support oxide (particle spreading; support wetting)
is a challenge for the future. It may also be worthwhile to re-
evaluate the existing HRTEM structure data on the oxidation of
nanoparticles, taking into account the new knowledge on sur-
face oxides.

5. Approaching more complex systems means facing
realistic problems

The progress in model catalysis and ambient pressure
spectroscopy allow model studies to approach complex topics
of applied catalysis. However, this is paralleled by also
facing its problems. For example, when reducible oxides
such as titania or niobia are used, strong metal-support
interaction may occur. When Pd nanoparticles (mean diameter
3.5 nm) were supported on a thin (0.4 nm) Nb,Os film on
CuzAu(100) [65, 93, 202], annealing already above 300 K
induced strong structural changes. Combined TPD/SFG
studies indicated that about 50% of the CO adsorption capacity
was lost, that the maximum of desorption was shifted ~250 K
to lower temperature, and that ‘mixed (alloyed) Pd-NbO,’
sites were produced. Such mixed metal-NbO, compounds
have been proposed as key components of active Fischer—
Tropsch catalysts [203] but the ‘deactivation’ of the model
system somewhat limits its application.

Promoted (monometallic) catalysts and bimetallic cata-
lysts are among the most interesting materials in technical
catalysis. The properties of bimetallics are generally very dif-
ferent from those of the constituent metals and, furthermore,
their structure can be quite complex (alloyed nanoparticles,
core—shell nanoparticles, contacting neighboring monometal-
lic particles, etc). For Pd-based catalysts, various bimetallic
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Figure 9. Infrared spectra of CO adsorbed on Pd and Pd-Ag
nanoparticles. CO was adsorbed at 100 K and the samples were
flashed to 300 K. The amount of Pd and Ag is given as nominal
thickness (angstrom). Addition of silver reduced the number of Pd
bridge/threefold hollow sites (<1975 cm™") and thus favored
adsorption on single Pd atoms (~2050 cm~!). Adapted from [100]
with permission. Copyright (2006) Elsevier.

systems have been reported, including Pd—Au [204, 205], Pd—
Ag [100], Pd—Co [66, 97, 99, 206], Pd—Ni [207], Pd—Sn [208],
etc.

When Pd is alloyed with a second metal two effects
may occur: (i) the ‘dilution’ of Pd surface atoms by the
second metal, creating isolated Pd atoms, referred to as ‘site
isolation” or ‘ensemble effect’, and (ii) electronic structure
changes accompanying the first effect. Both effects are
clearly connected, but the geometric site isolation model is
often sufficient to explain the catalytic properties. Figure 9
compares IRAS spectra of CO adsorbed on (monometallic) Pd
particles and Pd—Ag bimetallic catalysts supported on Al,O3,
as reported by Khan er al [100]. When more and more
Ag is evaporated onto the Pd particle surface, the Ag atoms
break up the ensembles of threefold hollow and bridge Pd
sites and create isolated (single) Pd atoms. The isolated Pd
sites can then be ‘titrated’ by CO adsorption (figure 9). With
increasing Ag content, the number of multiply coordinated Pd
sites is reduced (decreasing peak around 1965 cm™!) and a
higher fraction of CO binds linearly to single Pd atoms (peak
around 2060 cm™!). At 100 K, another adsorption band at
~2160 cm™! was observed by Khan ez al [100], growing with
Ag content, which most likely originated from CO adsorbed
on electronically modified neighboring Ag or Pd atoms (one
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should note that CO does not adsorb on pure Ag under these
conditions). The electronic structure of the nanoparticles was
clearly affected by alloying of Pd and Ag, as indicated by
an XPS Ag 3d binding energy shift of 4-0.7 eV compared to
pure Ag [100]. Isolated Pd atoms on the surface of bimetallic
Pd-Ag nanoparticles are considered crucial for the selective
hydrogenation of acetylene C,H, to ethylene C,H4 (whereas
further hydrogenation of C,Hy to ethane C,Hg is slow). As
mentioned, under high-pressure reaction conditions bimetallic
particles may behave dynamically and the surface composition
may change. However, such effects have not been tackled to
date for UHV-grown nanoparticles.

6. Synopsis

Combining planar model catalysts and ambient pressure in situ
spectroscopy allows one to successively approach the condi-
tions of technical catalysis. Considerable progress has been
made with respect to the preparation of increasingly complex
nanoparticle model catalysts, but the reactive environment may
strongly change the structure and composition of the nanopar-
ticles. The identification of the ‘active phase’ thus requires
investigations to be carried out under realistic working condi-
tions. Vibrational spectroscopy by SFG and PM-IRAS can be
performed in a pressure range from ultrahigh vacuum to ambi-
ent conditions, maintaining the surface specificity. This makes
these methods prime techniques for linking surface chemistry
with nanocatalysis.

A number of case studies were presented to illustrate
how to monitor a catalytically active surface. No new
‘high-pressure’ surface chemistry was observed, but the site
populations under high-pressure conditions may be different
from those observed under UHV. Reaction pathways that are
of minor importance under UHV may strongly influence a
reaction under technically more relevant conditions, as shown
for methanolic C—O bond scission. Supported nanoparticles
behave differently from single crystals, as discussed for CO
adsorption and methanol oxidation. These differences are
often due to structure effects, such as the presence of edge
and step sites on nanoparticles, but may also be related to the
“finite size’ of nanoparticles, that makes them more sensitive to
oxidation, coking, hydride formation, etc. Even with stepped
single crystals, such effects cannot be fully modeled.

The characterization of surface oxides on Pd and Rh
nanoparticles/single crystals is a fascinating branch of interface
science. Partial oxidation of metal nanoparticles may occur
during oxidation reactions, and detailed studies of the specific
activity of the metal and oxide phase are required to identify
the (more) active phase. Ambient-pressure model studies
of metal-support interaction, bimetallic nanoparticles and
complex reactions that require effective control of selectivity
have scarcely been tackled to date but will become a
major research topic. When model catalysis approaches the
conditions of applied catalysis, it also has to face realistic
problems and will lose part of the structural control, which is
counterintuitive, because the main benefit of model catalysis is
that all parameters are well defined. So let’s ‘mind the gap’ and
see where the voyages of this enterprise will take us.
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