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We investigated the decomposition and (partial) oxidation of methanol on Pd based catalysts in

an integrated attempt, simultaneously bridging both the pressure and the materials gap.

Combined studies were performed on well-defined Pd model catalysts based on ordered Al2O3

and Fe3O4 thin films, on well-defined particles supported on powders and on Pd single crystals.

The interaction of Pd nanoparticles and Pd(111) with CH3OH and CH3OH/O2 mixtures was

examined from ultrahigh vacuum conditions up to ambient pressures, utilizing a broad range of

surface specific vibrational spectroscopies which included IRAS, TR-IRAS, PM-IRAS, SFG, and

DRIFTS. Detailed kinetic studies in the low pressure region were performed by molecular beam

methods, providing comprehensive insights into the microkinetics of the reaction system. The

underlying microscopic processes were studied theoretically on the basis of specially designed 3-D

nanocluster models containing B102 metal atoms. The efficiency of this novel modelling approach

was demonstrated by rationalizing and complementing pertinent experimental results. In order to

connect these results to the behavior under ambient conditions, kinetic and spectroscopic

investigations were performed in reaction cells and lab reactors. Specifically, we focused on (1)

particle size and structure dependent effects in methanol oxidation and decomposition, (2) support

effects and their relation to activity and selectivity, (3) the influence of poisons such as carbon,

and (4) the role of oxide and surface oxide formation on Pd nanoparticles.

1. Introduction: towards an understanding of

heterogeneous catalysis at the microscopic level

Heterogeneous catalysis is one of the key phenomena in 21st

century technology.1,2 The production of most chemicals

involves heterogeneously catalyzed steps, similarly to numer-

ous processes in environmental technology and energy storage.

In spite of this enormous economical role, there is only little

fundamental understanding of the mechanism and kinetics of

the underlying chemical reactions. Such insights into catalytic

processes at the molecular level could be provided by detailed

surface science studies.3,4 However, the direct transfer of

scientific results from surface science to applied catalysis

requires to overcome two main difficulties:

— The first challenge is related to the so-called ‘‘materials

gap’’ (see, e.g., ref. 5–7): whereas surface science studies

typically focus on single crystal surfaces, heterogeneous cata-

lysts are complex materials. Often, they are based on metal or

alloy nanoparticles supported on simple or mixed porous

oxides, which may be further modified by multiple poisons

or promoters. It is this complexity which allows optimization

of heterogeneous catalysts, taking advantage of particle size,

structure or support dependent effects only in an empirical

fashion. A microscopic interpretation of these effects is miss-

ing in most cases, however. One route towards a more detailed

understanding and a microscopically founded microkinetic

modelling involves the development of well-defined model

catalysts (see e.g., ref. 8–12). These model systems allow us

to introduce certain complex features of real catalysts, without

having to deal with the full complexity of the real system. The

model systems which are in the focus of the present review are

briefly described in section 4.

The second challenge is related to the so-called ‘‘pressure

gap’’ between surface science and catalysis: Typically, surface

science studies are performed under ultrahigh-vacuum (UHV)

conditions, in order to avoid uncontrolled surface contamina-

tion. Furthermore, many experimental techniques such as

electron spectroscopies require high vacuum conditions. In-

dustrial catalytic reactors are typically run at ambient pressure

or elevated pressures, however. It remains to be established

whether the results obtained under UHV conditions can be
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transferred to the elevated pressure regime. Linking the two

worlds requires the development of spectroscopic tools which

cover the full pressure range from UHV to 1 bar. Several such

‘‘pressure gap methods’’ have recently entered the field of

surface science (see e.g. ref. 13–24). In section 3 we briefly

discuss the methods that have been applied in the studies

reviewed here.

2. Methanol as a model reactant in surface science

and catalysis

Before discussing experimental methods and model systems in

detail, a suitable target reaction has to be identified. In the

series of studies reviewed here, we have chosen to focus on the

reactions of methanol on different types of Pd-based model

catalysts. Methanol plays an important role as an intermediate

product in chemical industry, but also as a potential future

energy carrier.25–27 Synthesis of methanol is among the lar-

gest-scale industrial applications of heterogeneous catalysis,

based on the so-called ICI process. The ICI catalyst contains

Cu/ZnO/Al2O3 as the active phase (see, e.g., ref. 28). Pd/CaO/

SiO2 based catalysts have shown similar performance, how-

ever.29,30 Partial oxidation of CH3OH to CH2O represents a

further highly relevant industrial process. For the partial and

total oxidation of CH3OH (including generation of H2 in

order to exploit CH3OH as a hydrogen carrier), Pd based

catalysts have been considered as well.31–33

The reaction network for methanol decomposition/oxida-

tion is schematically summarized in Fig. 1a.34,35 Methanol first

adsorbs on the support and on the metal particles. Diffusion

and spillover of molecular methanol and methoxy species may

lead to an additional flux of reactants from/to the active Pd

particles. Decomposition of methanol proceeds via formation

of methoxy (CH3O) species, followed by either C–H or C–O

bond scission. C–H bond scission leads to formaldehyde

(CH2O), formyl (CHO) and finally CO, followed by oxidation

to CO2 in the presence of adsorbed oxygen. The competing

route involves scission of the C–O bond, resulting in hydro-

carbon entities and finally carbon species after complete

dehydrogenation. O and C atomic co-adsorbates may play a

critical role under reaction conditions. In the presence of

oxygen, surface and bulk oxidation may occur, whereas

carbon can accumulate on the surface, but also in the subsur-

face and bulk region. Both effects lead to changes in activity

and selectivity of the catalyst.

There are several arguments, which make the oxidation/

decomposition of methanol on Pd based catalysts, in spite of

its apparent complexity, an ideal model system for studies on

the issues of the ‘‘pressure and materials gaps’’:

(i) Selectivity in a complex reaction network

Besides mechanistic and kinetic studies, one of the greatest

challenges in catalysis is related to a microscopic-level under-

standing of selectivity.36 From both an experimental and

theoretical points of view, this turns out to be a demanding

task as selectivity is controlled by quite subtle differences in the

kinetics and thermodynamics of a reaction network. Methanol

oxidation/dehydrogenation provides a sufficiently complex

system in order to exemplify such effects. The competition

between the two reaction pathways makes the system a very

attractive candidate to study the microscopic origins of selec-

tivity changes in a combined experimental and theoretical

effort (see section 5). The situation is particularly favorable

as many of the elementary reactions involved, such as adsorp-

tion and desorption of CO, oxygen and hydrogen, CO oxida-

tion, oxide formation/decomposition and carbon adsorption/

incorporation could be studied separately. These different

pieces of information may finally be combined in order to

Fig. 1 (a) Methanol decomposition and oxidation on Pd model catalysts as a complex model reaction system, showing pronounced particle size,

support and pressure dependent effects; (b) specific effects on the catalytic properties discussed in this study.
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obtain a complete picture of the reaction system in spite of its

apparent complexity.

(ii) Particle size and support effects

Studies of methanol synthesis and oxidation on real Pd based

catalysts reveal pronounced particle size and support depen-

dent effects.30 These findings make model studies on related

systems particularly promising, with the aim to identify the

microscopic origins of such effects and, eventually, control the

catalytic performance by structural and chemical modifica-

tion. The corresponding experimental strategies will be dis-

cussed in section 5 (particle size and structure), section 7

(bimetallic particles) and section 9 (support effects).

(iii) Poisoning and oxidation under reaction conditions

Under reaction conditions, metal nanoparticles are rarely

present in their clean and ideal state. Typical poisons, such

as carbon, may accumulate on the surface, leading to deacti-

vation, but also to characteristic changes in selectivity. In the

presence of oxygen, there may be formation of oxides. In the

special case of Pd particles, formation of surface and interface

oxides phases may also occur (see, e.g., ref. 37 and 38 and the

references in section 8). Recently, the reactivity of these oxide

phases has been controversially discussed (see, e.g., ref. 39–42

and the references in section 8). We have investigated the

formation of oxide phases under reaction condition as well as

their reactivity in great detail. The corresponding results are

reviewed in section 6 (carbon and oxygen at ambient pressure),

section 8 (Pd oxide formation and activity) and section 9

(support effects and oxide formation).

3. The pressure gap: experimental approaches

Recently, large efforts have been made in order to develop

experimental methods which allow structural and spectro-

scopic investigations over the full pressure range from UHV

up to ambient conditions. This involves, for example, photon-

based spectroscopic methods such as sum-frequency genera-

tion (SFG)13–15,43,44 or polarization-modulation IR reflection

absorption spectroscopy (PM-IRAS),15–17,45 ‘‘high pressure

photoelectron spectroscopy’’ (HP-PES) up to the mbar re-

gion,21–23 the ‘‘environmental TEM’’ (E-TEM) which allows

structural investigation in reactive atmosphere,19,46 or scan-

ning tunneling microscopy at high pressure (HP-STM) in

reactor cells.20,24

In the collaborative project, which we are reviewing here, a

broad range of experimental methods has been applied cover-

ing pressure regimes from UHV to ambient conditions. Under

UHV conditions, we applied photoelectron spectroscopy

(PES) also using synchrotron light sources (BESSY II, Berlin),

temperature programmed desorption (TPD), IR reflection

absorption spectroscopy (IRAS), scanning tunneling micro-

scopy (STM), low-energy electron diffraction (LEED), and

others. In the ambient pressure regime, kinetic studies were

performed using reaction cells as batch reactors, which were

compatible with in situ vibrational spectroscopy.15,43 For

model catalysts SFG and PM-IRAS were applied whereas

for powder samples DRIFTS (diffuse reflectance infrared

Fourier transform spectroscopy) was utilized. Gas phase

analysis was performed by gas chromatography (GC) and/or

mass spectrometry, as well as by photometric detection. Great

efforts were made to link the UHV conditions and ambient

world with a special focus on obtaining kinetic and spectro-

scopic information. For several experimental methods, we

schematically illustrate in Fig. 2 the pressure range in which

they were applied. To obtain detailed kinetic data, we per-

formed multi-molecular beam (MB) experiments in combina-

tion with time-resolved IRAS.47 The MB approach has been

successfully applied to various reaction systems and is capable

of providing detailed data on the microkinetics and dynamics

of surface reactions under well-controlled conditions.48–51 The

application of MB methods to model catalysts was recently

reviewed.11 Pulse sequence MB experiments (PSMB) involving

multiple beam sources as new experimental approach to

complex reaction systems were recently discussed and applied

to the oxidation and reduction kinetics of supported Pd

nanoparticles.52–54 For complex model catalyst surfaces, the

combination of MB methods with surface spectroscopy (TR-

IRAS in the present case) is of special importance, as it allows

identification and monitoring of specific sites on the nanopar-

ticle surface.55

Two spectroscopic methods were employed which specifi-

cally aim at bridging the pressure gap: SFG and PM-IRAS.

Both methods can be applied from UHV to ambient pressure

and are thus able to interconnect classical surface science

studies with applied heterogeneous catalysis (for an overview

see ref. 15). In particular, the overlap between MB methods

and SFG/PM-IRAS for pressures around 10�6 mbar enables

good correlations between these two approaches. The basics of

SFG and PM-IRAS have been described in a number of

previous articles (ref. 13, 15, 16 and 44 and references therein).

Whereas nonlinear optical SFG spectroscopy is inherently

interface specific, PM-IRAS allows for an accurate subtraction

of gas phase contributions to yield surface vibrational spectra.

Within the framework of this project the application of SFG

to supported nanoparticles was established as a valuable tool

to examine adsorbate phases at elevated pressure. The effect of

particle size and gas pressure14,44,56 on the site population and

(co-)adsorbate phases,57,58 as well as support effects59 and

fundamentals of SFG intensity and lineshape60 was examined

in detail. PM-IRAS allowed extending the frequency range

and reducing acquisition times.16,45

Moreover, DRIFTS experiments were performed in a spe-

cial, temperature-controlled reaction cell which was equipped

with a controlled gas supply system and detection units for gas

phase analysis at the exit side of the cell. This technique allows

one to study powder samples in situ at ambient pressure by IR

spectroscopy, provides a ‘‘pressure overlap’’ with the model

studies, and allows a comparison with technically more rele-

vant samples.

Combining the insight from kinetic studies, spectroscopy

and theoretical results, microkinetic models were developed,

which explicitly take into account various kinetic effects on

nanostructured surfaces including the presence of different

types of reactive sites, coupling of diffusion and reaction

processes of formation and decomposition of oxide

phases.34,42,54,57,61–65
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4. The materials gap: development of model

catalysts

Real heterogeneous catalysts are highly complex materials, the

chemical and structural surface properties of which are as

difficult to control as to characterize. In contrast, surface

science studies are best performed on single crystal surfaces,

which are easily accessible to the full spectrum of experimental

methods in surface physics and chemistry. In order to bridge

this ‘‘materials gap’’, model catalysts were developed, which

allowed us to introduce certain complex features of real

catalysts in a well-controlled fashion, but—at the same

time—to avoid the full complexity of the real system.8,9,11,12,66

The development of these model systems is schematically

illustrated in Fig. 3. In a first step, a well-defined oxide model

support has to be prepared. Here, oxide single crystal surfaces

and ordered oxide thin films can be employed. The latter

provide the advantage that the full spectrum of surface science

experimental methods including STM, PES and optical meth-

ods can easily be applied. In the present study, we used both

reducible and non-reducible supports. As a non-reducible

support we chose Al2O3 in the form of a thin ordered film

on NiAl(110), which was characterized in detail both experi-

mentally and theoretically.67,68 As a reducible support, which

is expected to interact more strongly with the active nanopar-

ticles, we used Fe3O4 epitaxially grown on Pt(111).69 Structure

and adsorption properties of the Fe3O4 film were characterized

as well.69–71

In the next step the active phase, i.e. the metal nanoparticles,

is introduced, mainly by physical vapor deposition (PVD) of

Pd under UHV conditions. By carefully controlling the de-

position parameters, the particle size and density can be varied

over a large range of values.52,72–75

Typically, average particle sizes between few atoms (o1 nm)

up to several thousands of atoms (410 nm) are available.

Both on Al2O3/NiAl(110) and Fe3O4/Pt(111), the Pd particles

grow in the form of ordered crystallites in (111) orientation,

exposing preferentially (111) facets as well as a minor fraction

of (100) facets (10–20%). For detailed structural parameters

we refer to the literature.52,73–75 Several types of reference and

calibration experiments were performed on Pd(111) single

crystal surfaces16,45,76–78 and large Pd particles supported on

SiO2/Si(100) prepared by means of electron beam lithography

(in cooperation with A. Grant and B. Kasemo, Göteborg,

Sweden).63–65,79

In the final step, the complexity of the model catalyst is

further increased, e.g. by surface modification or by introduc-

tion of additional active components, poisons or promoters.

Here, we pursued three directions: first, we investigated the

modification of the adsorption and reaction behavior by

alloying, focusing primarily on bimetallic PdCo particles (see

section 7). Secondly, we considered the poisoning of the

particles by carbon under UHV and ambient conditions

(sections 5 and 6). Finally, we investigated the influence of

oxidation or partial oxidation of the particles (sections 8

and 9).

On the first route towards more complexity, bimetallic

PdCo model catalysts were generated by subsequent PVD of

Co and Pd on Al2O3/NiAl(110) in UHV. Taking advantage of

the different surface mobility of Pd and Co, a homogeneous

distribution of hemispherical Co core-Pd shell particles with

diameters in the range 2–3 nm can be obtained when Co is

deposited first and Pd second.80,81 Depending on the relative

amount of Pd and Co, the particle composition can be tuned

from Co decorated by surface Pd atoms to a Co core with a

complete Pd shell, while the particle density and overall shape

Fig. 2 Overview over experimental methods employed in this study: methods from surface science and heterogeneous catalysis are combined with

experimental techniques bridging the ‘‘pressure gap’’ between them.
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remain unaltered. With deposition at 300 K, one typically

obtains particle densities in the range of 9 � 1012 cm�2.

Moreover, efforts to overcome the materials gap were also

undertaken coming from the side of real catalysts. Therefore,

MgO supported, mono- and bimetallic Pd and Co–Pd model

catalysts were prepared by controlled decomposition of metal

acetylacetonate precursors on MgO. Fig. 4 shows HRTEM

images of monometallic Pd/MgO and bimetallic Co–Pd/MgO

catalysts.82,83 The average particle size is B6 nm for Pd and

B4 nm for Co–Pd. The nanoparticles grow in defined epitaxial

relations on the support: the (001) face of the particles is

parallel to the (001) face of the MgO support, with the [100]

axes of the nanoparticles being parallel to the [100] axes of the

MgO lattice. Furthermore, the nanoparticles possess well-

defined facets. The shape can be described by an octahedron

with (111) facets where the corners are truncated by (100)

facets.82 Thus, these systems exhibit a number of well-defined

structural features which makes them suitable for model

catalytic studies under ambient conditions.

For understanding of the experimental results at a micro-

scopic level, a close interaction with theory is essential. Never-

theless, even the model catalysts are too complex for a first-

principles theoretical treatment. Therefore, a modelling strat-

egy was proposed and developed84 to represent at a sufficiently

realistic level oxide-supported nanoparticles with B103 metal

atoms, which are experimentally explored as model cata-

lysts.11,15,85 This novel approach employs ordered 3-D nano-

particles with structures cut from bulk metal and terminated

by low-index surfaces. Any direct influence of the oxide

support on the adsorption properties and the reactivity of

the metal nanoparticles is neglected; this latter approximation

is easily justified in many experimental situations. Cases where

chemical reactions directly involve the metal–oxide interfaces

were not dealt with in this project; they would require special

tailor-made models.86,87 Most of our theoretical studies were

performed at the all-electron scalar-relativistic level, using the

linear combination of Gaussian-type orbitals fitting-functions

density functional (LCGTO-FF-DF) method88 as implemen-

ted in the parallel code PARAGAUSS.89,90 The present work

aimed at modelling the reactivity of metal particles in a size

range where cluster properties are scalable to the bulk.91,92

A series of (cub-)octahedral clusters Pd55 to Pd146, with the

geometry fixed as in Pd bulk, was calculated focusing on the

interaction of CO with threefold hollow sites on Pd(111)

facets.84 That study examined how different adsorption para-

meters vary with cluster size and how these values of cluster

models relate to the adsorption properties of the correspond-

ing site at the Pd(111) surface. Starting from the model Pd79,

the calculations yielded CO adsorption energy varying in a

range spanning 5 kJ mol�1 only.84 Thus, nanoscale models

Fig. 3 Model catalysts of increasing complexity are developed in order to bridge the ‘‘materials gap’’ between surface science and heterogeneous

catalysis. The figure shows STM images of model systems used in this study (see text), from ref. 53, 140–142.

Fig. 4 HRTEM images (taken by S. Giorgio and C. Henry, Mar-

seille) of (a) monometallic Pd and (b) bimetallic CoPd nanoparticles

on MgO. In (a) the particle is seen in a top view along the [001] axis; in

(b) a profile view along the [100] axis is shown.83

This journal is �c the Owner Societies 2007 Phys. Chem. Chem. Phys., 2007, 9, 3541–3558 | 3545



consisting of B80 Pd atoms basically no longer exhibit size

effects in regard to adsorption properties. This very important

finding indicates that reasonable convergence of adsorption

energies on a single-crystal metal surface can be reached with

moderately large compact cluster models, which avoid the

drawbacks of conventional cluster models where a significant

fraction of metal atoms at the boundaries is insufficiently

coordinated. The adsorption energy from the ‘‘converged’’

cluster models is essentially in quantitative agreement with

energies calculated from periodic slab models, provided the

same exchange–correlation functional is used in both calcula-

tions. Moreover, these cluster models enable a realistic de-

scription of adsorption properties and reactivity of metal

particles in supported model catalysts. ‘‘Nanocrystal’’ models

comprising up to a hundred atoms (or even more) can be

chosen to exhibit computationally advantageous (but not

mandatory) high point group symmetry.93

5. Microscopic origins of particle structure and

particle size effects

As a first step, we investigated the relationship between

particle structure and selectivity, scrutinizing the decomposi-

tion of methanol on Pd/Al2O3 model catalysts. Our experi-

mental and theoretical strategy may be summarized as

follows.35,55,94–100 First, a spectroscopic identification of the

different adsorption and reaction sites on the Pd nanoparticles

is established. Secondly, the rates of the two competing

reaction channels, C–H and C–O bond breaking of methoxide,

CH3O, are determined in dependence of the occupation and

availability of the different sites. Finally, the results are inter-

preted on the basis of theoretical calculations.

The spectroscopic identification of different types of adsorp-

tion sites on supported particles is not straightforward because

even well-shaped nanoparticles expose several different sites,

the spectroscopic properties of which are often similar. Here

the intrinsically high ‘‘chemical resolution’’ of IRAS turned

out to be very helpful, allowing us to use CO as a sensitive

probe molecule. As shown for both the planar model catalysts

and powder samples, the absorption spectra in the CO stretch-

ing frequency region provide detailed information on the

particle morphology and size.14,44,58,73,95,96,98,101–103 The situa-

tion is complicated by the fact that the spectra are strongly

modified by dipole coupling phenomena and the nanoparticles

often expose sites for which there is no single-crystal reference

data. On the basis of DFT cluster calculations, however, it was

possible to assign specific bands in CO stretching frequency

region to specific nanoparticle sites.95

Among the CO adsorption sites studied on Pd cluster

models of about 140 atoms, were threefold hollow, bridge,

and on-top positions at (111) facets, fourfold hollow and on-

top sites at (001) facets, bridge positions at cluster edges as

well as on-top positions at cluster corners and on single Pd

atoms deposited at regular (111) facets.95 The strongest CO

bonding was determined for bridge sites at cluster edges. The

adsorption energy atop low-coordinated Pd centers (kinks)

was also calculated larger than that for sites atop the (111) and

(001) facets. Characteristic absorption accompanying CO

adsorption was also calculated for vibrations of bridge-

bonded CO at edges and defects of particles.

Experimentally, we observed a dominating band for CO/Pd/

Al2O3 between 1950 and 1970 cm�1,14,44,55,95,101 which, on the

basis of the above calculations,95 we primarily assigned to

bridge bonded CO at particles edges, together with minor

contributions from bridge bonded CO at steps and on (100)

facets. It was found that upon carbon accumulation on the Pd

particles as a result of C–O bond scission of methanol, these

edge sites (in addition to the step and (100) sites) are prefer-

entially blocked.55,94

This finding allowed us to compare reaction rates for C–H

bond scission and C–O bond scission on clean and on carbon

modified Pd particles, in order to obtain information on the

site dependent reaction rates. The corresponding MB experi-

ments are summarized in Fig. 5. First, we measured the rate of

C–H bond scission by monitoring the formation rate of CO as

a dehydrogenation product. This can be performed by means

of an isotope exchange experiment, switching between
12CH3OH and 13CH3OH beams of equal intensity and simul-

taneously monitoring the CO absorption signal by TR-IRAS.

In Fig. 5a the corresponding average CO stretching frequen-

cies are displayed as a function of time, for both the clean and

the partially carbon covered sample. Apparently, the kinetics

of CH3OH dehydrogenation to CO is similar on both samples,

indicating that the rate of C–H bond scission shows only a

weak dependence of the reaction site.

Next we focused on the rate of C–O bond scission, which is

an intrinsically slower reaction under UHV conditions. The

rate can be easily measured by means of a TR-IRAS experi-

ment, exposing the sample to a continuous CH3OH beam.

C–O bond scission leads to slow accumulation of C species on

the particle surface, blocking the corresponding sites for CO

adsorption. As a result, the CO absorption signal decreases as

a function of exposure time. As the CO IRAS bands non-

linearly depend on the coverage (mainly due to dipole coupling

effects),104,105 coverage calibrations of the signal were per-

formed, combining TR-IRAS with sticking coefficient mea-

surements. The experimental result is displayed in Fig. 5b. In

contrast to the behavior observed for C–H bond scission, it

was found that on the clean particles C–O bond scission is

significantly faster than on the partially C-poisoned particles.

In summary, we may conclude that—independently of the

reactive site—C–H bond scission (i.e. dehydrogenation leading

to CO) represents the dominating reaction channel. The rate of

C–O bond scission (leading to formation of carbonaceous

species) is slow but strongly depends on the type of active

site. The reaction was found to be significantly enhanced at

edge, (100) and defect sites. As a result, the selectivity strongly

differs for the different active sites and, therefore, is expected

to depend on particle shape.

To corroborate these experimental findings and to identify

the reaction pathways, density functional (DF) calculations

were carried out. We theoretically investigated C–O bond

cleavage of the key intermediate methoxide, in comparison

with the corresponding first dehydrogenation step. On a

regular Pd(111) surface, we found dehydrogenation of CH3O

to CH2O to be clearly preferred to C–O bond breaking, for

both thermodynamic and kinetic reasons,106 in line with
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observations in the present experimental studies. We calcu-

lated dehydrogenation to be exothermic by 45 kJ mol�1 in

contrast to the slightly endothermic C–O bond scission (by

5 kJ mol�1). The corresponding calculated activation barriers,

33 and 146 kJ mol�1, respectively, indicate that C–O bond

scission of CH3O on Pd(111) surface is very slow compared to

C–H activation.106 To explore whether the reactivity of model

catalysts can be different because these nanoparticles exhibit

defects (e.g. edge sites), we theoretically studied C–O bond

scission of methoxide intermediates adsorbed on Pd nanopar-

ticles.93 A ‘‘round’’ Pd79 nanocrystallite (Oh symmetry without

adsorbate) was chosen to represent model catalysts built of

well-ordered supported Pd particles. The overall symmetry of

the models was reduced to D4, to allow modelling of different

location modes of adsorbed intermediates as well as of the

transition state for C–O bond scission of CH3O. That study

employed for the first time a strategy based on models without

any local geometry restriction; still, adsorbed species were

symmetrically deposited at all eight (111) facets of cuboctahe-

dral clusters.

The calculated structures involved in the process under

scrutiny are displayed in Fig. 6, together with pertinent

calculated energy values.93 Residual CH3, which arises from

C–O bond breaking of CH3O, was determined to be most

favorably adsorbed in the on-top position at a cluster edge

between two (111) facets, B20 kJ mol�1 more stable than on

the (111) facets. The other reaction product, oxygen atoms,

remained strongly bound at (111) facets of the Pd cluster.

Because CH3 species are stabilized at cluster edges, the scission

of C–O bond was calculated to be exothermic on nanoclusters,

by B40 kJ mol�1. However, the rather high calculated activa-

tion barrier, 138 kJ mol�1, implies that methoxide decomposi-

tion on Pd via the C–O bond breaking route proceeds very

slowly, even on edge sites.

Fig. 6 Methoxide decomposition on the cluster model Pd79. General

view of the cluster with adsorbate (upper panels) and top view of a

single (111) facet (lower panels): initial state (IS) with CH3O adsorbed

at the central fcc site of a (111) facet (Oh total symmetry), transition

state (TS) for C–O bond scission (D4), final state (FS) with oxygen at

central fcc site and methyl at the edge of the cluster (D4h). The energy

differences are in kJ mol�1.

Fig. 5 Molecular beam experiment showing the relationship between particle structure and selectivity during methanol decomposition on Pd

nanoparticles on Al2O3/NiAl(110). Methanol decomposition proceeds via two competing reaction channels, C–O bond scission and C–H bond

scission (see text). (a) An isotope exchange TR-IRAS experiment provides information on the kinetics of C–H bond scission as a function of

carbon poisoning of the surface. (b) A MB/TR-IRAS experiment provides information on the rate of C–O bond scission (see text for detailed

discussion), from ref. 55.
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6. Influence of poisons from UHV to ambient

conditions

Thus, under typical UHV conditions and low pressures (MB

conditions), C–O bond scission is only a minor pathway (see

also ref. 45 and 107 and references therein), preferentially

occurring on specific sites (as discussed above) and not on

(111) terraces. This may change when pressures of B10�6

mbar or higher are applied and when exposure times are

longer. Under such conditions the contribution of C–O bond

scission becomes stronger, leading to the formation of carbo-

naceous overlayers and to catalyst deactivation.16,99,107 Fig. 7

summarizes results on CH3OH decomposition on Pd(111) and

Pd nanoparticles supported by Al2O3, acquired by XPS and

SFG (at 300–400 K). Fig. 7a shows the kinetics of CHx

formation on Pd(111) as obtained from XPS (for the spectra

see ref. 107). At 400 K and 5 � 10�7 mbar a CO coverage of

B0.2 ML is instantly established but even on smooth Pd(111)

B0.7 ML CHx were produced within about 4 h. Using CO as

probe molecule to examine the surface before and after

methanol exposure (lower and upper trace in Fig. 7b, respec-

tively) indicated that preferentially hollow sites were poisoned

by CHx. Whereas before the reaction the typical (2 � 2)-3CO

structure was observed (with hollow and on-top bonded CO at

1898 and 2109 cm�1, respectively56), after methanol exposure

the intensity of hollow and on-top CO decreased and CO

adsorption at bridge sites was observed (for a detailed discus-

sion see ref. 107). At higher CH3OH pressure (up to 0.1 mbar)

the CHx amount increased leading to successively stronger

poisoning of hollow (and on-top) CO adsorption (immediate

poisoning of any CO adsorption after exposure to 0.1 mbar at

400 K).107

Under similar pressure conditions, CH3OH exposure to Pd

nanoparticles also led to a strong poisoning due to CHx

formation (Fig. 7c, d). Compared to Pd(111) the poisoning

effect is probably even stronger and exposure to 1� 10�6 mbar

CH3OH at 300 K produced B0.7 ML CHx within 4 h. Thus,

the Pd particles rapidly deactivated and CH3OH decomposi-

tion at pressures up to 50 mbar and temperatures up to 450 K

did not yield any decomposition products, as indicated by GC.

Apparently, a reaction route that is only a minor pathway

under UHV conditions (or when the very initial states of a

reaction are considered) may become dominant under elevated

pressure conditions.

To understand the reactivity effect of the deposited carbon

species on Pd nanoparticles, data on the relative energies of

various surface positions of these species are very helpful. For

a series of conceivable adsorption sites on the nanoparticle

model Pd140 of cuboctahedral shape, we theoretically charac-

terized C–Pdn interactions structurally, energetically, and from

the viewpoint of adsorbate–substrate charge rearrange-

ment.108 The C atoms were calculated to be strongly adsorbed

in the form of carbidic species that bear a significant negative

charge and thus experience notable mutual electrostatic repul-

sion at short distances. Surface sites with fourfold coordina-

tion (the highest possible) of C appear to be overall favored;

on the (111) facets, threefold hollow sites in the center are

energetically preferred. Reducing the global symmetry of the

nanoclusters from Oh to D4h point group allowed us to study

selected locally less-symmetric adsorption complexes, which

feature notably diminished intra-adsorbate electrostatic repul-

sion. In such D4h models, displacement of adsorbed C toward

the borders of a facet was accompanied by a slight destabiliza-

tion. We did not find any energy gain due to enhanced

C-substrate interactions at regular sites near the boundaries

(edges) of (111) facets. In light of our theoretical work,93 one

may propose the following scenario of accumulation of C

deposits near the edges of Pd particles, which is in agreement

with the experimental findings.55 At regular sites and, some-

what faster, near the edges of Pd clusters, adsorbed CH3O

species decompose very slowly to adsorbed CH3 and O species.

CH3 moieties at edges are Z 20 kJ mol�1 more stable than

congeners adsorbed at other sites, which drives the migration

of CH3 to cluster edges. There, methyl adsorbates are dehy-

drogenated to C species, which are rather immobile108 and,

thus, preferably stay at the edges where they were formed.

Carbon species appear to be small enough to probe subsur-

face interstitial positions as an alternative to surface deposi-

tion; the local structure of such impurities is reminiscent of

carbon-centered organometallic cluster compounds109 and

products of their partial decomposition on oxide supports.110

To model such (and related) species, we performed DF

calculations on nanosize cluster models of Pd catalysts with

surface and subsurface impurities of light atoms H, C, N and

O.111 Single atoms adsorbed at threefold hollow sites in the

center of each of the eight hexagonal (111) facets of the

cuboctahedral clusters Pd79 or Pd116 were allowed to

‘‘migrate’’ to octahedral or tetrahedral subsurface sites from

Fig. 7 SFG and XPS measurements during CH3OH decomposition

on (a), (b) Pd(111) and on (c), (d) Pd particles supported on Al2O3.

SFG spectra of a CO saturation coverage on Pd(111) before (lower

trace) and after (upper trace) methanol exposure are compared in (b),

from ref. 99 and 107.
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the fcc or hcp surface hollow sites, respectively. These models

provided insight into the relative stability of surface and

subsurface atomic species as well as the corresponding activa-

tion barriers for migration to subsurface positions. Among the

atoms considered, only carbon in the subsurface octahedral

interstitial position beneath the Pd(111) facets was found to be

stabilized with respect to the corresponding surface position.

A moderate activation barrier of B60 kJ mol�1 for the

diffusion of atomic C from surface fcc sites to octahedral

subsurface sites indicated noticeable propensity of carbon to

occupy a subsurface position on Pd(111).111 Interestingly,

subsurface carbon underneath (111) facets of the cluster Pd79
is stabilized by only 14 kJ mol�1 compared to its surface

position,111 whereas the corresponding calculated stabilization

on the Pd(111) surface of extended samples is noticeably

larger.112 This very important finding illustrates that metal

nanoparticles, even large enough to feature adsorption para-

meters very close to those of surfaces of bulk metal,84 can

exhibit a reactivity different from that of the latter systems

because the propensity for surface-to-subsurface diffusion is

noticeably different.

Effects of subsurface carbon impurities on the reactivity of

Pd catalysts can be monitored using adsorbed COmolecules as

probes in the vicinity of the impurities. A key for rationalizing

the influence of such subsurface atoms on Pd is the carbidic

nature of subsurface C,111,112 with a large negative charge of

B1 e, similarly to that of the surface C deposits.108 This

accumulation of electron density at C impurities should

notably limit electron back donation from the metal to the

antibonding 2p* orbital of a nearby CO adsorbate, hence

destabilize such adsorption complexes. Results of DF calcula-

tions confirmed this expectation: CO adsorption is destabilized

by B50% at fcc sites directly above the subsurface interstitial

C moiety.108 This destabilization slowly decreases at more

distant hollow sites, but still remains substantial for adsor-

bates at distances of 0.4 nm and beyond from the impurity.112

This computational result is at variance with the conclusion

derived from STM experiments, that subsurface impurities on

Pd(111), tentatively assigned as interstitial atomic carbon

species, are able to stabilize nearby CO adsorption.113 Appar-

ently, further experimental work in combination with accurate

calculations is required to characterize unequivocally the

nature of such impurity species at Pd(111). Such a joint effort

is expected to contribute to a more detailed understanding of

metal systems with subsurface impurities in general.

7. Controlled modification of adsorption and

activity on bimetallic nanoparticles

In general, the preparation of bimetallic catalysts offers addi-

tional possibilities to influence important characteristics like

the activity and selectivity.80,81,114,115 In the context of Pd

catalysts for methanol decomposition, we examined the influ-

ence of Co as a second metal. Experiments were performed on

two types of model catalysts. On the one hand, wet-chemically

prepared, but nevertheless well-defined metal nanoparticles on

MgO supports were studied under ambient conditions, as a

model system close to real catalysts (see also section 4). On the

other hand, experiments under UHV conditions were per-

formed on well-defined, bimetallic Co–Pd nanoparticles pre-

pared on Al2O3/NiAl(110) by PVD. This approach addressed

both the pressure and the materials gap.

On both types of model catalysts, i.e., in UHV and at

ambient conditions, CO adsorption as a probe for available

surface sites revealed significant differences between mono-

and bimetallic particles. The results of CO-TPD and FTIR

studies at the model catalysts in UHV are shown in Fig. 8 for

various PdCo particle compositions, including pure Co and Pd

particles. Please note that the amount of deposited Co and Pd

is given as average thickness (in Å) of a reference layer of the

respective metal. For the formation of a complete Pd shell on

an ensemble of Co particles, the deposition of about 2 Å Pd on

Fig. 8 (a) CO-TPD spectra for various bimetallic particle compositions. The notation 2 Å Co (Pd) denotes the amount of deposited material as

average thickness of a reference metal layer. (b) Collection of IR absorption spectra for CO saturation coverage on various bimetallic PdCo

particle compositions.
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top of 2 Å Co is required. At lower Pd coverage the shell

remains incomplete.

For pure Pd, CO is bound preferentially at threefold hollow

sites, identified by the TPD peak at 450 K. In contrast, CO

prefers on-top positions on Co, represented by the TPD signal

at 390 K (Fig. 8). The binding energy on both Pd and Co is

lowered as soon as the second metal is present, indicating

significant ligand and ensemble effects.80,116,117 Apart from the

atop-bound CO, TPD revealed a second CO species on Co,

with a desorption maximum atB280 K and a clear fingerprint

at 2068 cm�1 in FTIR spectra taken at 44 K. Based on a

careful analysis involving isotope exchange experiments,118 the

band at 2068 cm�1 was attributed to a Co carbonyl species,

probably forming at low-coordinated Co sites. It is note-

worthy that, although CO in on-top positions is the predomi-

nant species (see TPD), it is hardly detected in the IR spectra

because of an exceptionally strong dynamical dipole moment

of the carbonyl species.118 After adding Pd to the Co particles,

the IR intensity of the carbonyl species strongly decreased

indicating that Pd on the Co particle surfaces first decorates

these Co-carbonyl sites. At Pd coverage well below 2 Å, the IR

band of the carbonyl was finally completely quenched.

Comparing the UHV and the ambient condition systems, a

number of similarities regarding the CO adsorption behavior

can be noticed. In Fig. 9a, b, DRIFTS data are presented for

monometallic Pd and bimetallic Co–Pd nanoparticles on

MgO, respectively, which were exposed to a continuous flow

of 0.1 vol% CO in Ar at ambient pressure. Here, in the case of

pure Pd nanoparticles with an average size of B6 nm, CO

adsorption at room temperature resulted in the appearance of

three IR bands in the carbonyl stretching region at B1904,

B1983 and B2063 cm�1 which correspond to CO on three-

fold hollow sites, bridge-bonded CO and linearly bonded CO,

respectively.82 In comparison, the FTIR data for Pd particles

in UHV showed bridge-bonded CO in nearly perfect agree-

ment at B1986 cm�1 but linearly bonded CO at 2104 cm�1.

While the latter species is located on Pd(111) terrace sites in

the UHV experiments, it was found that the band at B2063

cm�1 observed at ambient pressure corresponds to linear

adsorption of CO on edges of the well-shaped Pd crystallites.82

In contrast to the UHV experiments at low temperature, CO

adsorption in linear configuration was not saturated in the

continuous-flow experiments at room temperature leading to a

situation that resembles spectra below saturation coverage in

CO dosage experiments on Pd particles in UHV (cf. ref. 44 and

119). Note, however, the weak shoulder around B2100 cm�1

(see Fig. 9a) indicating at least a small contribution of CO on

(111) facets in the considered ambient temperature and pres-

sure regime.

It should be noted here that the FTIR bands observed at

1983 and 1986 cm�1, respectively, are ascribed to bridge-

bonded CO at particle edges and steps.118,119 In the UHV

Fig. 9 (a), (b) IR spectra of monometallic Pd (a) and bimetallic Co–Pd nanoparticles (b) on MgO after exposure to a continuous gas flow of

0.1%vol CO in Ar at room temperature. The spectra are referenced to background spectra recorded before exposure to CO. (c) Study of methanol

decomposition on well-defined Pd and CoPd particles supported on MgO under continuous flow conditions in a lab reactor (40 mbar methanol in

Ar). The traces show the turn over frequencies of CO formation (calculated on the basis if the steady state yield and the particle size) as a function

of temperature. The insets contain IR spectra of the catalysts under reaction conditions recorded by DRIFTS (note that for both the Pd and PdCo

particles, small amounts of CO2 were detected as a by-product in analogy to other studies of methanol decomposition on supported Pt and Pd

catalysts.143,144)
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experiments, there is also a shoulder visible in the frequency

range at around 1950 cm�1 (see Fig. 8b) which is typical of

bridge-bonded CO on terrace sites of the (111) facets. Since IR

intensities must not be taken as an absolute measure of

coverage, the relative abundance of the different bridge-

bonded species on the Pd particles can not be estimated from

the IR spectra.

In the case of the bimetallic Co–Pd model catalysts,

DRIFTS showed three bands in the region corresponding to

linearly bonded CO with stretching frequencies of B2055,

2081 and B2100 cm�1, respectively (Fig. 9b). Whereas the

bands at B2055 and B2100 cm�1 can again be assigned to

linear adsorption of CO on Pd edge and facet sites, the band at

B2081 cm�1 which was easily removed by heating to only

B100 1C, can be attributed to the Co carbonyl species, also

detected in the UHV experiments. An additional band ap-

peared in the region of threefold bonded CO at B1855 cm�1

which might be due to CO on hollow sites with bonds to Pd

and Co atoms.83

In comparison, experiments in UHV and under ambient

conditions showed similar results with respect to CO adsor-

bate species on the bimetallic model catalysts. It will be

demonstrated in the following that they also exhibit similar

trends for the decomposition of methanol.

FTIR studies of methanol adsorption on the Pd/MgO

model catalyst revealed that methanol can be efficiently dehy-

drogenated to CO on the powder system in contrast to the

particles on the alumina film at elevated pressures (section 6).

Even at room temperature, IR bands corresponding to CO

adsorbed on Pd were observed after exposure of the supported

catalyst to methanol with a partial pressure of B40 mbar.83

The inset in Fig. 9c shows an IR spectrum after exposure at

150 1C, where three bands corresponding to linearly, twofold

and threefold bonded CO are clearly discernible. Analysis of

the gas phase in catalytic test reactors revealed a strong

temperature dependence of the CO formation. In Fig. 9c the

turn over frequencies (TOF) calculated on the basis of the

particle size and morphology are displayed as a function of

temperature. Up to 150 1C, the TOF for CO formation was

very low. At higher temperature, the activity increased con-

tinuously, reaching a value at 250 1C that is by a factor ofB40

higher than at 150 1C. For all temperatures, higher CO yields

were achieved if the methanol used was totally free of water.83

This is expected since the reaction of methanol with water

(CH3OH + H2O - CO2 + 3H2) or subsequent water gas

shift should diminish the CO yield. The activity of the powder

system for methanol decomposition might be surprising in

view of the carbon poisoning (deactivation) of the single

crystal based model system discussed in section 6. This sug-

gests that at higher reaction temperature (above 475 K) carbon

poisoning has a smaller effect (the TOFs remained constant

over 12 h), most likely due to a removal of CHx during the

reaction, e.g. via reaction to CH4.

A similar overall behavior was observed for the bimetallic

Co–Pd/MgO model catalyst. Also in this case, IR spectra of

the carbonyl stretching range (inset in Fig. 9c) revealed

adsorbed CO as a decomposition product of methanol adsorp-

tion. IR bands were weak at room temperature, but well

pronounced at temperatures above 100 1C. For higher tem-

peratures, the turn over frequencies (Fig. 9c) increased in a

similar way as observed for the monometallic Pd particles.83

The absolute values, however, were lower by a factor ofB2–4.

To study the decomposition of methanol on the model

catalysts in UHV, these were exposed to 15 L methanol at

115 K before TPD was performed up to 550 K. Desorption of

methanol multi-layers detected at temperatures below 150 K

was taken as evidence that the surface had been saturated with

CH3OH. In Fig. 10 CO-TPD spectra are presented for pure Co

and Pd particles as well as for all bimetallic particle composi-

tions studied. C–H scission is the major route for methanol

decomposition irrespective of the particle composition, as

indicated by a strong CO signal in all TPD spectra. In

accordance, XPS revealed only minor carbon residues after a

TPD run, as expected if a C–O-scission is less favored. CO

desorption maxima were observed in the range from 380 to

450 K, in good agreement with the desorption temperatures

Fig. 10 TPD spectra recorded for Pd, Co and bimetallic PdCo

particles of various compositions after saturation with methanol at

115 K. The upper spectra show mass 28 (CO), whereas the lowest

spectrum shows mass 32 (methanol). The comparison for pure Co

particles shows that features in the CO spectra below 300 K are due to

the contribution of the cracking pattern of methanol to mass 28.
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observed for the bimetallic particles in the CO adsorption

experiments (compare Fig. 8). Consequently, at lower tem-

peratures, methanol decomposition must be limited by CO

desorption, which explains why the experiments at ambient

conditions detected significant amounts of CO in the gas phase

only at elevated temperatures although CO formation was

observed on the surface by IR spectroscopy already at lower

temperatures.

In order to obtain a measure for the activity of the UHV

model catalysts of different particle compositions for methanol

decomposition, the CO TPD signals were integrated and

normalized to the metal particle surface area. A comparison

revealed that the total CO yield per particle surface area is

highest for the pure Pd particles and decreases for the bime-

tallic compositions. (Note that the TPD intensities for the Pd

and bimetallic particles are comparable, but the number of

surface atoms is significantly lower for the large Pd crystal-

lites.) For pure Co particles the activity is at its lowest value. In

accordance with the observations at ambient conditions in the

reactor, bimetallic PdCo particle compositions thus lead to a

reduction of methanol decomposition activity to CO, when

compared to pure Pd particles. This is in contrast to studies on

methanol decomposition at Co layers on Mo(110) where no

bimetallic effects were detected.120

8. Oxidation and reduction of nanoparticles under

reaction conditions

A special complication arises for reactions on Pd and other

noble metal based catalysts in the presence of oxygen. The

interaction of oxygen with the Pd surface turns out to be

rather complex, involving the formation of various chemisorp-

tion structures, followed by the incorporation of subsurface

oxygen into the first metal layer, the generation of surface

oxides and finally the formation of bulk oxides. The structure

and activity of the numerous oxide derived structures and

phases has been the subject of intense experimental end

theoretical work for several decades.37,38,121–133 Recently, the

structure of surface oxides on Pd(111) and Pd(100) could be

solved by a combination of experiment and theory.37,38 How-

ever, the activity of these and other oxide phases is controver-

sially discussed.39,40,42 On supported particles, the situation is

further complicated due to the simultaneous presence of

multiple sites (different crystallite facets, edges, corners, de-

fects etc.), lattice distortions, modified electronic structures of

small particles and due to possible interactions with the

support.

In order to probe the effect of particle oxidation on the

catalytic activity we have performed systematic MB studies on

the kinetics of oxide formation, decomposition and on the

mechanism of oxidation reactions on partially oxidized sup-

ported model catalysts.41,52–54,74,134–136 The experimental set-

up and procedure are schematically shown in Fig. 11a: The

Pd/Fe3O4 model catalyst is exposed to a programmed se-

quence of gas pulses (CO and 18O2), simultaneously monitor-

ing the CO2 production rate and adsorbed CO via TR-IRAS.

The results of a simple pulse sequence molecular beam

(PSMB) experiment of this type are displayed in Fig. 11b.

Initially, the fully reduced Pd/Fe3O4 sample was exposed to an

extended O2 pulse at different surface temperatures, followed

Fig. 11 Pulsed MB experiment probing the oxidation and reduction behaviour of Pd nanoparticles on Fe3O4/Pt(111). (a) The experimental setup

involves the application of CO and 18O2 pulse sequences. (b) CO2 production providing information on the total amount of oxygen on the catalyst

surface. Oxygen may be present in the form of chemisorbed oxygen or as a thin oxide layer at the Pd particle surface or interface. (c) Reversible

oxygen uptake and release as a function of particle size. (d) Schematic model showing the different reaction channels during oxidation of CO on

partially oxidized Pd particles (see text for details), from ref. 52 and 53.
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by CO pulses to titrate the oxygen on the surface. At 400 K

only chemisorbed oxygen was formed, showing a high reaction

probability. As a result, the total CO2 yield was relatively

small, but the initial reaction rate was high. With increasing

temperature the situation changed drastically. The initial

reaction rate decreased, whereas the CO2 production rate

remained at a low but finite level for a very large number of

CO pulses. The total CO2 production by far exceeded the

oxygen chemisorption capacity of the sample. Thus, the oxy-

gen uptake and release is attributed to formation and decom-

position of Pd oxide. It is apparent that the reaction

probability for CO on PdO is significantly lower than for

chemisorbed O on Pd particles.

We also investigated the formation and reactivity of the

PdO phases on the Pd particles in great detail by means of

PES, IRAS, and PSMB experiments.41,52–54,74,134–136 The re-

sults could be summarized as follows: first of all, metallic and

oxidized Pd areas were found to coexist over a relatively

large temperature range. By means of PES (using synchrotron

radiation, BESSY II) it was shown that the formation

of PdO initially occurs at the Pd/Fe3O4 interface, before

there is formation of surface PdO.53 The latter result in-

dicates that PdO is stabilized by interaction with the ionic

support.

In a series of PSMB experiment the kinetics of PdO forma-

tion and decomposition was studied.54 It was shown that, in

addition to the conventional Langmuir–Hinshelwood path-

way, two more steps are relevant for CO oxidation on partially

oxidized particles (see Fig. 11d). First, there is incorporation

of oxygen into and release of oxygen from the PdO phase onto

the Pd metal. Thus, the PdO acts as an oxygen reservoir in

oxidation reactions.53 Secondly, there are indications for a

direct reaction of chemisorbed CO with PdO. This type of

direct reaction may, for example, occur at specific Pd/PdO

interface sites. By means of well designed PSMB experiments

the rates for all processes involved were recently individually

determined. On the basis of these experimental results, we

developed a microkinetic model for CO oxidation on partially

oxidized Pd particles, taking explicitly into account PdO

formation, decomposition and reaction of CO at active

PdO sites.

With respect to the interpretation of particle size effects in

catalysis, the size dependence of the oxidation behavior may

play a critical role. Reversible oxygen uptake and release as a

function of particle size were studied by means of a PSMB

experiments. The nominal oxygen uptake per catalyst surface

area showed a pronounced maximum as a function of particle

size and metal loading (see Fig. 11c).52 The reason is that

intermediate-size particles (5–7 nm) are efficiently oxidized and

reduced, whereas larger particles show strong kinetic hin-

drance to oxidation. In contrast, for smaller particles, oxida-

tion is facile but small metal loading limits the oxygen uptake.

In addition, there are experimental indications that full reduc-

tion of very small particles is hindered due to strong stabiliza-

tion of the oxide by the support.74

Finally, we addressed the effect of Pd oxide formation on

the catalytic activity. Towards this end, we first discuss the

effect of formation of PdO on CO oxidation under steady-state

conditions, before we will shift our attention to the influence of

Pd oxidation on the oxidation and decomposition of methanol

in the next section.

The effect of PdO formation on the catalytic CO oxidation

was studied systematically by means of MB experiments.41

Here we have to differentiate between two cases. At low

temperature, the fraction of Pd particles covered by PdO is

frozen. As a result of the lower reaction probability on PdO,

the activity decreased monotonously with increasing the de-

gree of pre-oxidation. At higher reaction temperature, the

situation was substantially more complex as the degree of

particle oxidation dynamically changed with the reaction

conditions. As a result, slow hysteresis effect appeared upon

changing from oxygen-rich to CO-rich conditions and back.

This type of dynamic response of the catalyst surface to the

ambient conditions has to be included in kinetic models in

addition to the complex reaction mechanism discussed above.

Partially oxidized Pd nanoparticles supported on Al2O3

were also examined under mbar pressure conditions.99,100

Such particles may form during CH3OH oxidation and the

results will be discussed in the following section. Nevertheless,

at this point one should note that the spectroscopic results

indicated a coexistence of metallic and oxidic surface areas

supporting the structure model suggested here. The activity of

various Pd–O species for CO oxidation, including oxidized Pd

single crystals, thin films and nanoparticles, is compared in ref.

42. In summary, PdOx species formed on the particles were

found less active for CO oxidation than chemisorbed oxygen

on metallic Pd.

9. Methanol oxidation and support effects

In the preceding section we showed that the oxidation of Pd

particles is closely related to the size of the particles and their

interaction with the support. Furthermore, we related Pd

oxidation to the catalytic activity for CO oxidation. In this

section, we will go one step further, and make an attempt to

identify the role of the support and of Pd oxidation on the

reactions of methanol.

In a first step, the interaction of methanol with Al2O3

supported Pd particles (Pd/Al2O3/NiAl(110)) was investigated.

Two molecular adsorption states on the alumina support were

identified, both of which were, however, characterized by a

weak interaction.35 Surface diffusion of molecularly bound

methanol to the Pd particles is facile, even at low tempera-

tures, and leads to an increased adsorption rate on the Pd

particles due to the capture zone effect.34 On the Pd particles,

methanol decomposition via an initial scission of the O–H

bond and methoxide formation turned out to compete with

molecular desorption. The reaction probability for decompo-

sition was found to depend sensitively on the presence of co-

adsorbates such as CO or atomic oxygen.35 Detailed studies on

both the mechanism and the kinetics of methanol decomposi-

tion have recently been published (ref. 34, 35, 55, 94 and 97,

see also ref. 11).

In order to obtain information on the role of the support,

we considered the interaction of methanol with Fe3O4/Pt(111)

and Pd/Fe3O4/Pt(111).
137 Selected results are displayed in Fig.

12. The corresponding IR spectra for the Pd-free Fe3O4

support are shown in Fig. 12a. Both, weakly bound molecular
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CD3OD (ns(CD3) = 2076 cm�1, desorbing below 300 K) and

the more strongly bound species, were identified (2064 cm�1,

2043 cm�1). On the basis of a comparison with previous

studies, the latter may be tentatively assigned to stable meth-

oxide moieties on the support (compare with ref. 35). It is

noteworthy that the stability of these species on the Fe3O4

support is strongly enhanced as compared to the Al2O3/

NiAl(110) case. Thermal decomposition occurred in a broad

temperature range from 300 up to 600 K. In contrast to the

alumina, for which only molecular desorption was found,

different decomposition products were observed, such as CO

and CH2O.

Suprisingly, when a similar experiment was performed on

partially Pd covered Fe3O4 support (Fig. 11b), the stability of

methoxide was found strongly reduced as compared to the

clean support. A possible interpretation involves the surface

mobility of the intermediate and spillover of methoxide from

the Fe3O4 to the Pd particles. As soon as the methoxide

reaches the Pd particle at temperatures above 200 K, complete

dehydrogenation to CO occurs (competing with the slow CO

bond scission as discussed in section 5).

Finally, we investigated the influence of surface and inter-

face oxidation on CH3OH decomposition (see Fig. 11c). We

found that the formation of interface oxide enhances the

stability of the methoxy species. This finding is in line with

the previous interpretation that spillover of methoxide species

to the Pd particles and their subsequent decomposition are

inhibited by the presence of the interface oxide at the particle

boundary.

One expects that the strong dependence of the thermal

stability of CH3O species on the type of the support and, in

particular, on the oxidation state of the Pd particles has a large

influence on both the activity and selectivity. Indeed, first

experiments indicated that the selectivity towards C–O versus

the C–H bond scission strongly depends on the support

material (at a similar Pd particle size, shape and density).

Further experimental work is currently performed to verify

these support and oxidation dependent effects.

Under ambient conditions, Pd nanoparticles (mean dia-

meter 6 nm) on Al2O3/NiAl(110) were exposed to various

CH3OH/O2 mixtures99,100 (e.g. 15 mbar CH3OH, 15 mbar O2,

filled up to 1 bar with He; temperature up to 500 K) (Fig. 13).

A minimum temperature of 400 K was required for the

reaction to occur (with CH2O, CO2 and H2O detected as

products by GC) because at lower temperature the particles

were poisoned by CHx (Fig. 13b). Whereas via SFG spectro-

scopy only bands were detected which are characteristic of CO

adsorption on metallic Pd (Fig. 13a; such as bridge and on-top

bonded CO; for an explanation of adsorption sites, SFG

lineshapes and peak positions we refer to ref. 60), post-

reaction XPS indicated that the Pd nanoparticles became

partially oxidized during the reaction (Fig. 13c). The B0.6

eV binding energy shift observed by XPS indicates an oxida-

tion state in-between Pd and PdO (the binding energy shift for

PdO would be 1.5 eV138). Using XPS and CO as a probe

molecule showed that about 50% of the particle surface were

oxidized, supporting the structure model suggested above.

Nevertheless, when the Pd particles were fully oxidized before

the reaction, no activity was observed anymore. Similar to CO

oxidation, the PdOx species were found less active for metha-

nol oxidation than for metallic Pd.

Fig. 13d shows PM-IRAS spectra of CH3OH decomposi-

tion and oxidation on a Pd(111) single crystal.16 In the absence

of oxygen the surface was covered by CO (B1840 cm�1),

Fig. 12 IR reflection absorption spectra for the reaction of CH3OH on (a) Fe3O4/Pt(111), (b) Pd/Fe3O4/Pt(111), and (c) Pd,PdO/Fe3O4/Pt(111).

The methoxide species are present on the support, but show different thermal stability on the three systems. The differences indicate a strong

influence of spillover from the support to the Pd particles, which depends on the oxidation state of the particles (see text for discussion), from

ref. 137.
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CH2O (1257 and 1300 cm�1), CHO (B1200 cm�1) and CHx

(the latter monitored by XPS) but no reaction products were

observed by GC. In contrast, in the presence of oxygen at 400

K GC and PM-IRAS indicated formation of CH2O, CO2 and

H2O.16 CO was the only surface species detected under

reactive conditions (Fig. 13d) indicating rapid CH3OH dehy-

drogenation via CH2O to CO, followed by CO oxidation. The

difference between the CO adsorption bands on Pd particles

and Pd(111) is due to the different adsorption configurations

on the model catalysts; for a detailed discussion we refer to ref.

16, 58 and 60. Note that, in contrast to the Pd particles,

Pd(111) remained metallic during the reaction, again illustrat-

ing the difference between single crystals and supported

nanoparticles.

SFG spectroscopy experiments were also carried out on

Pd–Fe3O4/Pt(111) model catalysts139 and the initial results are

shown in Fig. 14. For relatively large Pd nanoparticles (ca.

10 nm) the CO spectra were characteristic, as expected, of

adsorption on well-developed (111) facets.56 The Pd–Fe3O4

model catalysts were thermally stable up to 600 K with hardly

any changes detected by SFG (Fig. 14) or TPD.139 These

experiments demonstrated that Fe3O4 supported model cata-

lysts are suitable for SFG spectroscopy, allowing one to study

their interaction with methanol at high temperature.

10. Summary and outlook

In this review, we summarized the results of an integrated

project which aimed at bridging surface science and hetero-

geneous catalysis, using reactions of methanol on Pd based

catalysts as an example. A broad variety of catalytically active

surfaces were studied, ranging from Pd single crystals over Pd

nanoparticles supported on well-defined single crystal based

oxide surfaces to particles supported on powder supports. In

addition, bimetallic PdCo systems have been considered.

Studies were performed by a broad range of methods

including many surface science techniques. A special focus

was on the application of experimental methods, which allow

one to bridge the pressure gap by performing spectroscopic

and kinetic measurements from UHV to ambient conditions.

Among these methods were vibrational spectroscopies such as

IRAS, TR-IRAS, PM-IRAS, SFG, and DRIFTS in combina-

tion with MB methods and reactor studies.

In the low pressure region, detailed kinetic studies were

performed by combining MB methods with time-resolved

spectroscopy under reaction conditions. Based on these re-

sults, it was possible to develop detailed microkinetic models

of methanol decomposition and oxidation, specifically taking

into account multiple kinetic effects on complex catalyst

surfaces such as the presence of different active sites. It was

shown that the selectivity towards C–O versus C–H bond

scission depends on the presence of special particle sites,

leading to characteristic structure dependent effects. In parti-

cular, we focused on the influence of carbon and oxygen on

activity and selectivity. Concerning the role of oxygen, detailed

Fig. 13 SFG, XPS and PM-IRAS measurements during CH3OH oxidation on Al2O3 supported Pd nanoparticles and on Pd(111), from ref. 16, 99

and 100.

Fig. 14 SFG spectra of CO adsorption on Pd particles supported on

Fe3O4 (100 K), before (lower trace) and after (upper trace) annealing

in 1 � 10�6 mbar CO to 600 K, illustrating the thermal stability of the

model system, from ref. 139.
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mechanisms and models for oxide formation on the Pd

particles were developed, including the pronounced size de-

pendencies of these phenomena. Finally, support effects were

studied, showing that the stability of intermediates on the

support may have a major influence on the selectivity.

Combining SFG, PM-IRAS and GC allowed us to study the

interaction of methanol and oxygen with supported Pd nano-

particles and Pd(111) at mbar pressure. The adsorption and

reaction properties of Pd nanoparticles often differed from

those of single crystal surfaces, e.g. Pd particles were more

easily oxidized and also the C–O bond scission seems facili-

tated for nanoparticles. The reaction routes that are of minor

importance under UHV may gain substantial influence at

mbar pressures. We also demonstrated the suitability of the

new Pd–Fe3O4/Pt(111) model catalysts for SFG spectroscopy.

Pd particles were shown to catalyze methanol decomposi-

tion under continuous flow conditions. In accordance with the

fast C–H dissociation pathway, CO was found to be the main

product at temperatures well above 150 1C. At and below

150 1C only insignificant amounts of CO were detected in the

gas phase although adsorbed CO was observed on the surface

by IR spectroscopy. Based on experiments with Pd particles

under UHV conditions, this behavior was rationalized by

desorption-limited kinetics. Apart from Pd particles, also

bimetallic CoPd particles were studied in a twofold approach,

i.e. under ambient and UHV conditions. In both cases the

same result was obtained, namely the activity of the pure Pd

particles was somewhat higher as compared to the bimetallic

particles for which the CO yield was almost independent of the

bimetallic composition.

As a significant achievement of these concerted experimen-

tal and theoretical efforts, a fruitful modelling strategy was

developed that affords a realistic theoretical description of

supported nanoparticles with Z 103 metal atoms, which are

experimentally explored as model catalysts. This novel ap-

proach employs ordered 3-D nanoparticles with structures cut

from bulk metal and terminated by low-index surfaces. Most

importantly, such models were successfully applied to quantify

the reaction and activation energies of CH3O decomposition

to CH3 and O without any local symmetry constraint imposed

on reactants, products and transition state species. Beyond

assisting in the spectroscopic characterization of surface sites

on Pd nanoparticles, the theoretical activities lead to a con-

siderably deeper understanding of how atomic carbon deposits

are formed on supported Pd species and how they affect the

reactivity of the latter.

In summary, the results of the reviewed joint project show

that, by combining suitable experimental and theoretical

approaches, a detailed picture of a complex catalytic reaction

system can be developed, which provides a microscopic-level

understanding of structure, size and support dependent effects

in heterogeneous catalysis, ranging from ideal ultra-high

vacuum to real ambient pressure conditions.
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Libuda, Phys. Chem. Chem. Phys., 2002, 4, 3909.

36 F. Zaera, Chem. Rec., 2005, 5, 133.
37 E. Lundgren, G. Kresse, C. Klein, M. Borg, J. N. Andersen, M.

De Santis, Y. Gauthier, C. Konvicka, M. Schmid and P. Varga,
Phys. Rev. Lett., 2002, 88, 246103.

38 M. Todorova, E. Lundgren, V. Blum, A. Mikkelsen, S. Gray, J.
Gustafson, M. Borg, J. Rogal, K. Reuter, J. N. Andersen and M.
Scheffler, Surf. Sci., 2003, 541, 101.

39 G. Zheng and E. I. Altmann, J. Phys. Chem. B, 2002, 2002, 1048.
40 B. L. M. Hendriksen, S. C. Bobaru and J. W. M. Frenken, Surf.

Sci., 2004, 552, 229.
41 T. Schalow, B. Brandt, M. Laurin, S. Schauermann, J. Libuda

and H.-J. Freund, J. Catal., 2006, 242, 58.
42 H. Gabasch, A. Knop-Gericke, R. Schlögl, M. Borasio, C.
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88 B. I. Dunlap and N. Rösch, Adv. Quantum Chem., 1990, 21, 317.
89 T. Belling, T. Grauschopf, S. Krüger, M. Mayer, F. Nörtemann,
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Phys., 2006, 8, 2396.

94 S. Schauermann, J. Hoffmann, V. Johánek, J. Hartmann, J.
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and H.-J. Freund, Surf. Sci., 1998, 402–404, 428.
102 J. Libuda and H.-J. Freund, J. Phys. Chem. B, 2002, 106, 4901.
103 J. Libuda, Surf. Sci., 2005, 587, 55.
104 F. M. Hoffmann, Surf. Sci. Rep., 1983, 3, 107.
105 P. Hollins, Surf. Sci. Rep., 1992, 16, 51.
106 Z. X. Chen, K. M. Neyman, K. H. Lim and N. Rösch, Langmuir,
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N. Rösch, J. Chem. Phys., 2005, 122, 174705.

109 K. M. Neyman, G. N. Vayssilov and N. Rösch, J. Organomet.
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