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Abstract
Model studies carried out on ultrahigh vacuum (UHV) prepared nanoparticles grown on well-ordered oxide surfaces allow insight into

structure and reactivity of such systems at the atomic level. We review work on hydrogenation reactions of hydrocarbons on Pd metal particles

addressing in particular the question of structure sensitivity and in a second example the preparation and characterization of supported vanadia

monolayer catalysts for oxidation reactions. In the latter case we address the vibrational properties of vanadia ‘‘monolayer model catalysts’’

on alumina and on silica.
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1. Introduction

Given the complexity of real heterogeneous catalysts [1]

it is mandatory to simplify the problem in a way that an

essential part of the complexity is included in a model

system but it is still possible to apply methods that allow one

to investigate the system at the atomic level [2–11]. A

possible approach is to combine scanning probe micro-

scopies with spectro-scopic and temperature programmed

desorption techniques. Typically applied to single crystal

surfaces under ultrahigh vacuum (UHV) conditions, model

systems, based on thin well-ordered oxide films, can be

studied with such techniques under the same but also

ambient conditions. Nanoparticles of the desired chemical

composition are then grown on top of such films in order to

simulate the situation found in real catalytic samples where

often small metal particles or oxide particles represent the

active part of the catalyst.

Here we review results on deposited Pd nanoparticles in

connection with hydrocarbon hydrogenation reactions [12–

15] as well as vanadia particles grown on alumina and silica

where we have been interested in understanding the growth

and vibrational properties of the supported vanadia material

which are interesting oxidation catalysts [16].
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2. Experimental

The experiments have been performed in a number of

different ultrahigh vacuum apparatuses as well as reactor

systems attached to those. Details on Pd particles on alumina

can be found in [6], while experimental procedures and

detail for the vanadia materials are reported in [16].
3. Results and discussion

We report and discuss first the individual results for the

two systems under consideration and then generalize at the

end with respect to the investigation of model systems per

se.

Hydrogenation of unsaturated hydrocarbons occurs

efficiently on noble-metal catalysts, such as platinum,

rhodium, and palladium [17]. The reaction mechanism first

proposed by Horiuti and Polanyi [18] in 1934 proceeds by:

(a) hydrogen dissociation on the metal surface; (b) alkene

adsorption; (c) subsequent hydrogen addition to alkene; and

finally (d) desorption of the product (alkane). Real

hydrogenation catalysts represent very complex systems

for studying reaction mechanisms at the molecular level.

Therefore, model systems have been invoked ranging from

single crystals to metal particles deposited on oxide films

[2–11].
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Fig. 1. Schematic representation of the alkene reactions observed on Pd(1 1 1) single crystal and well-faceted Pd particles supported on a thin alumina film.
We have studied the surface chemistry of ethene and

different pentene isomers on both Pd(1 1 1) single crystal

and Pd particles deposited on a thin alumina film (Fig. 1).

The particles studied are approximately 1–5 nm in

diameter and consist primarily (�90%) of (1 1 1) facets

[6] (�10% are (1 0 0) facets). The experiments were

performed in ultrahigh vacuum on clean and well-defined

systems. Using the temperature-programmed desorption

(TPD) technique, we have observed that a number of

hydrocarbon transformations, such as dehydrogenation and

H-D exchange, occur on both palladium systems. However,

the hydrogenation to alkane only occurs on small particles.

Adsorption of light alkenes, such as ethene, on palladium

has been the subject of extensive studies on single-crystal

surfaces and supported catalysts. [19,20] There is con-

siderably less data on the interaction of higher hydrocarbons

[21–24].

Madix and co-workers studied the adsorption of various

alkenes and dienes on the clean and hydrogen (deuterium)

precovered Pd(1 1 1) and Pd(1 0 0) surfaces by TPD [21,22].

They observed an H-D exchange reaction, which was

assumed to proceed via a half-hydrogenated intermediate

species. However, formation of the alkane was not observed

on both surfaces.

We have examined the reactions of ethene, 1-pentene,

trans- and cis-2-pentene on Pd(1 1 1) single crystals and

supported Pd particles [25–27].

In the first part we review our own studies of

hydrogenation of ethene in order to investigate the size-

reactivity relationship on Pd nanoparticles. It is useful to

recall and summarize the adsorption and dehydrogenation

behavior of ethene without the presence of hydrogen.

Combining the results from thermal desorption spectro-

scopy (TDS) and IRAS [28–30], a general scheme for ethene

thermal transformations on Pd particles has been proposed,

as depicted schematically in Fig. 2. On small Pd particles,

ethene is mainly p-bonded at low temperatures and desorbs

intact upon heating. On the larger Pd particles, however, a
fraction of the ethene molecules are di-s bonded. Again,

weakly bonded ethene desorbs intact (its conversion to di-s

species on heating cannot be excluded, however), while di-s

ethene can either desorb near room temperature or

dehydrogenate, producing surface species such as ethyli-

dyne and atomic hydrogen. Dehydrogenation proceeds

further on heating until a hydrogen-deficient carbonaceous

deposit and hydrogen are formed at elevated temperatures.

Hydrogen atoms recombine and desorb as hydrogen

molecules. Finally, the surface remains covered by carbon

deposits at elevated temperatures.

Accordingly, particle size and roughness strongly

influence the distribution of p- and di-s-bonded ethene

molecules. Due to the development of more extended facets

on the large particles, which favor ethene di-s bonding, the

reaction pathway shifts toward dehydrogenation and hence

to the formation of carbon deposits upon heating.

For pure hydrogen adsorption two adsorption states can

be distinguished. One state, leading to desorption around

330 K, is very likely due to hydrogen atoms on the surface of

the particles, while a second one desorbing at lower

temperatures (b1 at �280 K) is tentatively assigned to

subsurface hydrogen [31,32]. As a function of particle size,

b2 shifts to lower temperature with increasing particle size

d, ranging from 1 nm < d < 5 nm. The formation of the b1

state is decreased on the smallest particles, its desorption

temperature being less influenced by the size of the particles.

This can be a result of the decreasing number of subsurface

sites available or due to the presence of the support.

Fig. 2 summarizes data for both ethane, pentene and

hydrogen adsorption, as well as the corresponding hydro-

genation reactions.

The top and bottom panel contain TDS data for ethane

(bottom) and pentene (top) for a given average particle size,

and the middle panel summarizes turn-over-numbers for

hydrogenation of both pentene and ethane under ultrahigh

vacuum conditions including a comparative study of ethene

hydrogenation on the model system under ambient, higher
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Fig. 2. (Middle panel): ethane and pentane production per Pd surface atom

after ethen (lower two traces) and penten (upper trace) adsorption, respec-

tively as a function of particle size. Together with the pentane data the

fraction of terrace sizes as a function of particle size has been plotted. For

ethane data taken under UHV conditions (filled circles) are compared with

data taken in a batch reactor (diamonds) (conditions see text). (Upper and

lower panel): temperature programmed desorption data for pentene (upper

panel) and ethene (lower panel) desorption for the following particle sizes

(3.2 nm for pentene and 1.7 nm for ethane) after Co-adsorption of hydrogen

and the hydrocarbon.
pressure conditions. Starting the discussion with ethene we

recorded TDS spectra of hydrogen, ethene and ethane.

Comparing these spectra, first, we observe the formation of

ethane, desorbing at �200 K as the product of ethene
hydrogenation. Second, when hydrogen is present in the

particles the amount of ethene desorbing at temperatures

below 200 K is significantly increased, while the intensity of

the state at about 280 K is reduced by a factor of 2.

Therefore, the data indicate that it is the formation of di-s

ethene that is inhibited by hydrogen adatoms. This can be

understood by assuming that the surface hydrogen atoms,

residing presumably in the hollow sites, sterically hinder the

di-s bonding. Meanwhile, ethene can readily adsorb onto the

hydrogen-covered surface via a p-bond on on-top sites.

Therefore, hydrogen preadsorption leads to a redistribution

of p- and di-s-bonded ethene, thus favoring a weakly bonded

p-state.

In the reverse experiments, when the Pd particles were

ethene precovered before exposure to hydrogen, the spectra

were found to be identical to those when there was no

hydrogen exposure at all. This manifests a site-blocking

effect of ethene on hydrogen adsorption. Such an effect can

be readily explained by the fact that hydrogen dissociation

occurs on on-top sites (see review in [33], which are

preferred by p-bonded ethene.

In the absence of preadsorbed hydrogen, a very small

amount of ethane desorbing at ca. 280 K was detected only

for particles larger than 30 Å. This process, called self-

hydrogenation, involves the reaction of ethene with

hydrogen adatoms produced by dehy-drogenation of other

ethene molecules. Certainly, such a reaction occurs only on

relatively large particles due to an increasing probability of

ethene dehydrogenation. Nevertheless, the amount of ethane

produced by self-hydrogenation is negligibly small as

compared to that detected in coadsorption experiments.

Moreover, the desorption temperature of ethane formed

under coadsorption conditions is about 80 K lower than in a

self-hydrogenation reaction (200 K versus 280 K). Such

behavior (a temperature shift and an enhanced ethane

production) has also been found on hydrogen-precovered

Pt(1 1 1) [34] and Pd(1 1 0) [35] surfaces. Therefore, it

appears that a general mechanism of ethene interaction with

hydrogen on metal surfaces is valid on both single crystals

and small metal particles. Our TDS study [28] shows that

ethene reacts with the most weakly bonded hydrogen present

on the surface. The formation of ethane depends on the

presence of weakly adsorbed hydrogen, which reacts with p-

bonded ethene before the latter desorbs intact.

The top panel shows results for pentene desorption from

Pd particles after hydrogen pre-saturation superimposed

with the hydrogen desorption data. A small amount of

pentane desorbs within the temperature range of overlaps of

the TDS traces. This is very similar to the case of ethene

except that the peak in pentene TDS corresponds to the di-s-

bonded molecule rather than the p-bonded species, which

desorbs at lower temperature. Thus, the reaction starts from

different precursors for the two hydrocarbons and it will be

shown further below that this observation has major

consequences for the particle size dependence of the

reaction. Before we come to this issue it is interesting to
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note that neither ethene nor pentene can be hydrogenated on

Pd(1 1 1) single crystal under ultrahigh vacuum conditions.

From comparison with literature data it is clear that the Pd

particles contain a significant fraction of hydrogen more

weakly bound then on Pd(1 1 1) surfaces, even though the Pd

nanoparticles are mainly terminated by (1 1 1) facets. It is

this weakly bound hydrogen that is involved in the reaction,

and the difference in hydrogenation activity of Pd(1 1 1) as

opposed to the nanoparticles seems too simply stem from the

enhanced accessibility of the hydrogen atoms on the

particles as a result of their nanoscale dimensions. This

explains why nanopar-ticles are more active than single

crystals for alkene hydrogenation on Pd under vacuum

conditions. However, under real reaction conditions, it is

likely that hydrogenation occurs on Pd crystals, owning to

the enhanced accessibility of subsurface hydrogen formed at

higher pressures.

In order to study particle size effects, we have carried out

experiments for identical preparations varying only the

amount of deposited Pd which leads to a change in average

particle size as discussed in detail in the literature [6].

In the middle panel (lower trace) of Fig. 2 we plot ethane

production per Pd unit surface area as a function of particle

size. This plot clearly demonstrates that the hydrogenation

activity under the coadsorption conditions studied, is almost

independent of the Pd particle size in the range 1–3 nm.

Such behavior can be understood by the fact that

preadsorbed hydrogen strongly inhibits the formation of

di-s-bonded ethene and results in preferential formation of

the p-bonded ethene for all particle sizes studied, thus

neutralizing the overall particle size influence. The size

independence for ethene hydrogenation obtained in the

present work agrees well with the general opinion that this

reaction is structure-insensitive [36], and it seems that our

system represents a suitable model system for studying the

mechanism of the reaction, even using UHV conditions.

Fig. 2 shows turnover frequencies as a function of particle

size measured on model catalysts prepared in the same way

as used for the ultra-high-vacuum studies (middle panel

(diamonds)) [26,37,38]. The model catalyst was placed in a

reaction vessel [39] and exposed to a mixture of C2H4

(50 mbar), H2 (215 mbar), and He (770 mbar), with ethane

production being monitored by on-line gas chromatography

at various temperatures and reaction times [37]. Knowing

the structure and morphology of the catalyst, turnover

frequencies are calculated. The system turned out to be

stable under reaction. The TOFs are rather independent of

particle size and the activation energy for ethene hydro-

genation from temperature-dependent data is ca. 55 kJ/mol

[37]. There is a remarkable correspondence of particle-size-

dependent properties under ultrahigh vacuum and ambient

conditions, which already at this stage can be taken as

indication that the mechanisms are similar under both

conditions.

If we now investigate particle size effects for pentene

hydrogenation we find the result shown in the middle panel
Fig. 2 (upper trace). There is a clear particle size dependence

indicating considerable structure sensitivity in this case as

opposed to ethene hydrogenation. This rather surprising

result can be well understood on the basis of the different

hydrogenation precursors for ethene and pentene. While for

ethene it is the p-bonded species that turns over, it is the di-s-

bonded species for pentene. The abundance of the di-s-

bonded species increases with increasing particle size as the

particles expose more well-ordered facets when they grow.

This is reflected by the observed increase of turn-over by

about a factor of 4. This increase in hydrogenation activity

correlates well with the ratio of terrace sites to total surface

Pd atoms shown on the same diagram. The correlation

strongly indicates that the terrace sites favor trans-2-pentene

hydrogenation. This result also supports the conclusion that

pentene hydrogenation proceeds via the di-s-bonded species

as the precursor. Indeed, adsorption in a di-s-bonded

geometry occurs preferentially on flat surfaces, which are

characteristic for the larger particles [25]. As a result, the

activity increases with particle size, indicating that trans-2-

pentene hydrogenation is structure sensitive.

This difference in the size dependence observed for

ethene and pentene is considerable, even though the di-s

state is more favorable on terraces for both molecules, and

therefore, one would expect similar behavior for both

alkenes. However, Neurock and van Santen [40] using

cluster and DFT calculations, showed that it is p-bonded

ethene, rather than di-s-bonded ethene, that converts to an

ethyl group (and subsequently to ethane), when adsorbed at

high coverage on the H-precovered Pd(1 1 1) surface. This is

consistent with our experimental data showing that p-

bonded ethene is the active species in ethene hydrogenation

[15,19,36,41] and may explain the structure insensitivity of

ethene hydrogenation. To our knowledge, there are no

similar calculations for pentene. However, it is expected that

hydrocarbons, beginning with propene, adsorb in a less

distorted geometry (p-bonded) in a second layer [42,43], i.e.

on top of the most strongly bound di-s species. In other

words, p-bonded species may not be in direct contact with

the Pd surface. Therefore, it seems plausible that p-bonded

pentene on the H(D) pre-covered Pd surface desorbs intact,

and the hydrogenation proceeds only via di-s bonded

pentene, in contrast to p- and di-s-bonded ethene, which

transform into ethyl intermediates.

The second part of this review contains a short summary

of work concerning the characterization of supported

vanadia model systems with respect to vibrational proper-

ties.

Fig. 3 shows STM images of intermediate VOx particle

coverages on SiO2 and Al2O3. Typical particle diameters are

in the range of 2–3 nm, but owing to STM tip convolution

effects, these values are generally overestimated by up to a

factor of 2. The particles are characterized by XPS as

vanadiumsesquioxide (V2O3) particles in the volume. On its

surface they carry, however, vanadyl (V O) groups as will

become clear when we discuss vibrational spectra further
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Fig. 3. Comparison of two STM images (50 nm � 50 nm) measured for alumina- and silica-supported vanadia particles of similar V-content. Tunneling was

performed at the following conditions: U = 2.2 V, I = 0.07 nA (VOx/Al2O3); U = 3.3 V, I = 0.12 nA (VOx/SiO2). In both cases, particle number densities

between �1.8 � 1013 and 1.9 � 1013 particles per cm�2 were determined.
below. This is in full accord with investigations on

V2O3(0 0 0 1) surfaces where it has been shown that the

surface is vanadyl-terminated. The latter implies that the

surface vanadium-oxide ions are in a higher oxidation state

(+5) as also experimentally revealed through angle

dependent XPS measurements again carried out on

V2O3(0 0 0 1) thin film surfaces [44]. Fig. 4 presents a

series of IR spectra measured as a function of vanadia

loading in alumina and silica supports [45].

The starting-point is a clean alumina film, which is

characterized by several sharp phonon bands, the most

prominent of which is located at 866 cm�1(left panel,

Fig. 4). Upon increasing V-exposure, this feature attenuates

very rapidly, indicating a strong interaction between vanadia

and alumina. Concomitantly, two new signals appear at

higher vibrational energies whose intensities saturate after

�1 ML V. For multilayers, a third signal was detected at
Fig. 4. IR spectra from alumina- and silica-supported vanadia particles as a functi

underlying NiAl and Mo metal substrates, respectively.
�700 cm�1, which can be assigned to vibrations of a V–O–

V bulk-species. A similar feature has been observed on thick

V2O3-films grown on Pd(1 1 1) [46]. In contrast, the two

other vibrations have to be localized either at the surface of

the vanadia particles or at their interface to the alumina

support. Comparison with literature data revealed that the

highest frequency band which shifts from �1025 cm�1 to

�1045 cm�1 with increasing V-exposure, is due to

terminating vanadyl groups (V O) [47,48]. The band at

�941 cm�1 involves vibrations of Al, O and V ions (Al–O–

V) [49]. This vibration is restricted to the interface region

and is a result of strong vanadia–alumina interactions. CO

experiments performed on this system provided further

evidence for these assignments [50,51].

IR spectra for VOx/SiO2 are shown in Fig. 4 (right panel,

Fig. 4). The clean silica film is dominated by a narrow

phonon band at 1048 cm�1 with a shoulder at lower energy.
on of V-coverage. All spectra were measured at 300 K and referenced to the
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Upon vanadium deposition, these Si–O vibrations attenuate

and broaden, while their frequency shifts to �1035 cm�1,

and finally to �1005–1008 cm�1 (note that these shifts are

quite large as compared to phonon shifts observed on

alumina [52] but are similar to those found for UHV-

deposited vanadium on silica [50,51]). After 0.4 ML V, the

Si–O band has nearly disappeared. The same is true for the

characteristic silica LEED pattern, which has become very

faint with a high background intensity. Simultaneously, a

new species has appeared at �1046 cm�1 whose properties

– peak position and width, interaction with adsorbed CO

[50,51] – correspond to those of the V O groups on VOx/

Al2O3. At very high coverages, a V–O–V bulk-species is

observed in the same frequency regime as on alumina thus

underlining the similarity between the two systems.

Note, however, that the situation is more complicated in

the case of VOx/SiO2 than it seems on first sight. This is

due to the proximity of V O and Si–O vibrations, which

might couple with each other. In addition, DFT calcula-

tions on model components predict intense Si–O–V

vibrations with frequencies in the range of �1000–

1030 cm�1 (Fig. 3). These in-phase symmetric stretching

vibrations should be visible in our IR spectra and one

might suspect that the signal detected at �1005 cm�1

represents species of that kind instead of attenuated Si–O

vibrations. However, its intensity development is com-

pletely different from that of the Al–O–V mode. While the

band on silica vanishes at intermediate V-coverages, the

Al–O–V band grows until an exposure of �1 ML V and

remains constant thereafter [45].

In conclusion, we can neither prove nor exclude the

presence of Si–O–V interface modes in our IR spectra on the

basis of the experiments so far. Nevertheless, it is clear that

the interaction between vanadium and the oxide support is

considerably weaker for VOx/SiO2 than for VOx/Al2O3. This

is corroborated by experiments where isolated vanadium

carbonyls were generated on both oxide films. On alumina,

this was possible at a temperature of 300 K, while for silica

the sample had to be cooled to 90 K in order to reduce the

diffusion length of deposited V-atoms to such an extent that a

sufficient number of single atoms was formed [50,51,53].

The findings on the model systems are in accord with Raman

data on powder samples. It turns out that it is possible to find

a unique interpretation of spectra of model systems and

powder samples based on the analysis of theoretical

calculations. However, the findings are not completely

consistent with the view generally discussed in the literature

and we propose that this view has to be revised.

In particular, the so-called vanadyl vibrations cannot, in

general, be assumed to be independent of the substrate and

thus cannot be used as an indicator for monomeric and

polymeric species. In fact, it is much more the coupling of

the vanadia to the support that has to be considered in the

interpretation of the spectra. By using two different supports,

namely silica and alumina, we prove the dominance of

interface vibrations in both infrared and Raman spectra
based on the results of cluster calculations in conjunction

with morphological studies using the STM.

It is this combination of experimental techniques and

calculations that allows us to draw conclusions on the

correlation of structure and spectroscopy which otherwise

are difficult or even impossible to reach.
4. Summary

The present two examples of model studies in hetero-

geneous catalysis are chosen to underline the usefulness of

such studies. The first example on hydrogenation on Pd

nanoparticles demonstrates the necessity to study systems of

sufficient complexity to be able to catch some of the

characteristics of the ‘‘real’’ system, however, kept at the

same time sufficiently simple to be able to study the system

with surface science tools. Very clearly we show that single

crystal surfaces are too simple a system due to the existence

of a basically ‘‘infinitely’’ large volume. The finite size and

morphology of the nanoparticles promote hydrogen diffu-

sion into the subsurface area. It is the fact that this hydrogen

cannot ‘‘escape’’ from the surface through bulk diffusion

that determines the ease of hydrogenation reactions on Pd

catalysts. At the same time it is the morphology of the

particle surface that determines the mechanism and the

particle size dependence of the reaction. In fact, the general

notion that hydrogenation reactions are structure in-sensitive

because there is no particle size dependence is shown to be

an overstatement. As soon as s-bonded unsaturated

hydrocarbons are involved as intermediates, as it is shown

for the case of trans-2-pentene, the reaction preferentially

proceeds on well-ordered facets, which are more frequently

observed for the larger nanoparticles. Thus the reactions

become structure sensitive. It is noted that the turn-over-

numbers observed under vacuum conditions favorably

compare with those measured on the same model catalyst

under ambient conditions with a gas chromotograph.

The second example is meant to demonstrate that model

systems may be crucial to pin down structure/morphology–

spectroscopy relations, which are in the case of supported

oxide systems often used to infer structure-reactivity relations.

The morphology of so-called ‘‘monolayer’’ vanadia catalysts

on alumina and silica are imaged to contain a dense

arrangement of nanoparticles. It is possible on these model

systems to carry out vibrational spectroscopy and in street

comparison with quantum theoretical calculations to assign

those spectra in a unique way. The study demonstrates that a

clear distinction between vibrations involving constituents of

the nanoparticles only and those involving the nanoparticles-

support interface is possible. The study also indicates the

necessity to revisit some of the accepted interpretations of

vibrational spectra of supported oxides.

I believe that the study of model systems has a future that

allows us to merge catalysis with surface science and that

this development will be fruitful for both fields.
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