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Abstract 

In order to design catalytic materials, we need to understand the essential causes for mate-

rial properties resulting from its composite nature. In this paper we discuss two, at first 

sight, diverse aspects:  

a) the effect of the oxide-metal interface on metal-nanoparticle properties and 

b) the consequences of metal particle modification after activation on the selectivity of 

hydrogenation reactions.  

However, those two aspects are intimately linked. The metal-nanoparticles electronic struc-

ture changes at the interface as a catalyst is brought to different reaction temperatures due 

to morphological modifications in the metal and, as we will discuss, those changes the chem-

istry leading to changes in the reaction path. As the morphology of the particle varies, facets 

of different orientation and size are exposed which may lead to a change in surface chemis-

try as well.   

We use two specific reactions to address those issues in some detail. To the best of our 

knowledge the present paper reports the first observations of this kind for well-defined 

model systems. 

The changes of the electronic structure of Au nanoparticles due to their size and interaction 

with a supporting oxide are revealed as a function of temperature using CO2 activation as a 

probe. The presence of spectator species (oxopropyl) as formed during an activation step of 

acrolein hydrogenation, strongly controls the selectivity of the reaction towards hydrogena-

tion of the unsaturated C-O vs. the C-C bond on Pd(111) when compared with oxide sup-

ported Pd nanoparticles.  

                                                        
*
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Introduction 

The properties of disperse metal catalysts are dominated by two factors: The size, morphol-

ogy, and chemical modification of metal nanoparticles after having been activated, and the 

interaction of those nanoparticles, or small metal clusters, with the support, i.e. the metal-

support interface. Those two factors are strongly interlinked and need to be addressed in 

model studies, if we want to understand their influence at the atomic level and find design 

principles for new catalytic material. This is described in this paper and exemplified by inves-

tigating two, seemingly different model systems.  

There is no doubt that the metal-support interface is one of the determining factors in catal-

ysis, as documented by many examples in the literature
1
, yet, it is not considered in most 

model studies. The electronic structure of the metal-support interface changes as the mor-

phology of the metal particle may vary as a function temperature,  for example, due to sin-

tering. This may lead to the formation of particles with a variety of facets, which, in turn, 

changes the surface chemistry.
2-5

 .
2-5

 

Plausible explanations have been presented over the years for the “structure sensitivity” 

defined early on by Michel Boudart in connection with the function of the catalyst mainly 

refers to the size of a metal nanoparticle and relates to the various possible terminations 

with different facets.
4-6

 This concept was taken as a basis for the surface science approach 

based on metal single crystal surfaces with respect to experiment,
7, 8

 and slab calculation in 

theory,
9
 with varying terminations, the result of which could be used by superposition to 

explain the observed catalytic behavior. While in this approach, the support might be taken 

as the cause of the particular appearance of the nanoparticle, its chemical nature and specif-

ic interaction with the nanoparticle is not taken into account in such approaches.
10

 The ap-

pearance of particles of different size and shape may cause a modification of the catalyst 

during the activation process. A series of attempts have been made in the literature, in order 

to consider material modification by the overgrowth of oxide films
11

 or the incorporation of 

carbon in the surface
2
 as well as subsurface areas which only then is turned into an effective 

hydrogenation catalyst.
12

 Robert Schlögl
13

 has recently presented a comprehensive review 

on the dynamic catalyst. 

In the present paper we would like to address, both, the influence of the metal-oxide inter-

face, as well as the influence of spectator species on selective hydrogenation, in an attempt 
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to exemplify design principles for new catalytic material. The present work is based on and a 

substantial extension of previous work on CO2 activation on supported Au nanoparticles and 

on the competitive, selective hydrogenation of C-C vs. C-O double bonds on oxide supported 

Pd nanoparticles as a function of particle size. The paper is organized as follows: after a short 

description of the Experiments, we present and discuss the new results in comparison to the 

results obtained so far. We conclude with a summary and an outlook onto further experi-

ments. 

Experimental Conditions 

The experiments on supported Au nanoparticles on ultrathin MgO(100) films were carried 

out in different ultrahigh-vacuum (UHV) set-ups, all of them equipped with basic sample 

cleaning and preparation (sputtering, heating, evaporation, gas dosing) as well as characteri-

zation (low-energy electron diffraction, LEED) facilities. One of them had in addition a polari-

zation modulation IRAS and a x-ray photoelectron spectroscopy (XPS) set-up attached. Infra-

red spectra were acquired with a Bruker IFS66v FTIR spectrometer using a liquid-nitrogen 

cooled MCT detector. The XPS spectrometer is a SPECS type hemispherical analyzer (Phoibos 

150) with a dual anode (Mg/Al) x-ray source. Scanning tunneling microscopy (STM) experi-

ments have been carried out both at the Fritz Haber Institute using a home-built low-

temperature STM operated at liquid helium temperature, as well as in the Physics Depart-

ment of University of Graz using a CreaTec low-temperature STM operated at liquid-nitrogen 

temperature. The surface of the Ag(100) crystal used as a support for the MgO(100) films 

was cleaned by repeated sputter (Ar
+
, 800 V, 5 µA) - anneal (700 K) cycles and the cleanliness 

and surface quality was checked using LEED, as well as Auger spectroscopy and XPS. Prepa-

ration of the MgO films was carried out according to published recipes by reactive deposi-

tion of Mg in oxygen atmosphere (1×10
−6

 mbar).
14

 CO2 was dosed from the background via a 

leak valve. 

The experiments on acrolein hydrogenation on ironoxide supported Pd were performed with 

an ultra-high vacuum molecular beam machine that has been described in detail 

previously.
15

 Molecular beams of acrolein and H2 were directed at the sample simultaneous-

ly while the sample was held at constant temperature. The effusive molecular beams were 

produced by doubly differentially pumped multi-channel array sources. Acrolein (Sigma-

Aldrich, 95% purity) was purified prior to each experiment by repeated freeze-pump-thaw 
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cycles. During all reactivity experiments the flux of H2 on the sample surface was 4.8x10
15

 

molecules/cm
2
/s. The sample was exposed to H2 for five minutes prior to acrolein exposure. 

The flux of acrolein on the sample surface was 1.5x10
13

 molecules/cm
2
/s. Gas-phase frag-

ments m/z = 56, 57, and 58 were detected with a quadrupole mass spectrometer (QMS) 

(ABB Extrel). Acrolein and the hydrogenation products propenol and propanal were identi-

fied by their fragmentation pattern in the QMS. Acrolein generates signals at m/z=56, 57, 

and 58 with intensity distribution of 1:0.04:0.01. Propenol causes signals at m/z=57 and 58 

with intensity ratio of 1:0.1 and propanal was identified by signals at the same masses with 

the intensity distribution of 0.3:1. Surface species were detected simultaneously with gas-

phase products using an infrared spectrometer (Bruker IFS 66v) with an MCT detector and a 

spectral resolution of 2 cm
-1

.  

A well-ordered ~10 nm thick Fe3O4 film was grown on a Pt(111) substrate (see 
16, 17

 for de-

tails) followed by Pd deposition onto the Fe3O4 film at 120 K by physical vapor deposition of 

Pd (Goodfellow, >99.9%) using a commercial evaporator (Focus EFM 3). After depositing Pd, 

the sample was annealed at 600 K and the Pd nanoparticles were stabilized by repeated cy-

cles of oxidation and reduction at 500 K.
18

 The size of the Pd nanoparticles was controlled by 

the nominal thickness of the Pd film deposited onto the Fe3O4 substrate at 120 K (see 
19

 for 

details) in comparison with STM images reported previously. The Pd(111) crystal was 

cleaned by repeated cycles of Ar
+
 sputtering at room temperature, annealing at 1000 K, and 

oxidation in 1x10
-6

 mbar O2 at 750 K. The cleanliness of the Pd/Fe3O4 and Pd(111) samples 

was verified prior to every experiment by infrared reflection absorption spectroscopy (IRAS) 

of adsorbed CO. 

Results and Discussion 

Activation of Carbondioxide
20, 21

  

In a previous study
21

 we had observed a scenario schematically represented by Figure 1. A 

two-layer MgO film was grown on an Ag(100) substrate, and Au was deposited from an Au 

evaporator at 77K, and annealed consecutively to 300K. It was noticed before that deposi-

tion at low temperature led to a two-dimensional growth of Au nanoparticles and islands
22

, 

as suggested by theoretical calculations.
23

 The driving force for this unusual wetting of the 

oxide surface is an electron transfer from the Ag substrate through the film and collected by 

the Au islands, due to the large electron affinity of Au.
23

 STM investigations, together with 
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model calculations had suggested that the charge in this metal-insulator-metal (MIM) sys-

tem localizes at the rim of the nanoparticles, i.e. at the nanoparticle-oxide interface.
24

 Hav-

ing noticed this phenomenon a study of molecular adsorption was started. The first attempt 

was made using CO.
25

 However, it turned out, that a direct imaging of the molecules was not 

possible, but inelastic spatially resolved electron tunneling spectra of the CO hindered trans-

lation at 45 meV provided evidence that those molecules do interact exclusively with the rim 

of the nanoparticle. It is interesting to note, that the CO molecules do not exhibit apprecia-

ble IR intensity.
25

 This is indicative of a geometry leading to a small dipole moment perpen-

dicular to the surface. Following up on this, we investigated the adsorption of a bigger mole-

cule, isophorone, promising easier constant current imaging. It was possible to image the 

molecule at the rim, and, in addition, to study the consequences of adsorption onto the 

quantum well states of the nanoparticle, which develop due to its finite size.
26

 In fact, the 

energetic position of quantum well states of one and the same nanoparticle was compared 

with those of the particle interacting with isophorone. Isophorone, as revealed by infrared 

spectroscopy, physisorbs on Au nanoparticles. This leads to a characteristic enhancement of 

the effective electron mass of the Au electrons, in line with physisorption. While this is im-

portant to understand the details of the molecule-nanoparticle interaction, those observa-

tions do not provide evidence for a reaction. This came from studies of CO2 adsorption on 

those systems.
21

 When CO2 adsorbs on the surface it locates at the rim of the clusters and 

transforms to CO2
-
 (see Figure 1) by electron transfer from the Au nanoparticle. While this 

process is energetically uphill by 0.6 eV, the presence of additional CO2, able to “solvate” the 

carboxylate to a (CO2)2
-
 dimer ion, leads to a 1.6 eV downhill process. Spectroscopic studies, 

further elaborated and extended on below suggest together with model calculations that 

this finally results in an oxalate ion, by a second electron transfer, all happening at the rim of 

the nanoparticle. 

Figure 2 shows a set of infrared spectra of the surface as a function of annealing tempera-

ture. First we concentrate on the trace recorded at lowest temperature. The peak at 1295 

cm
-1

 is due to CO2 adsorption on the oxide support forming a carboxylate, i.e. not a car-

bonate (!) at specific sites of the MgO film. The two bands at 1220 cm
-1

 and 1440 cm
-1

 have 

been identified as being due to the oxalate species. This spectrum is entirely consistent with 

the spectra recorded before.
21

 The other spectra in Figure 2 have been taken after annealing 

the Au deposits at higher temperature. Obviously, annealing at higher temperature does not 
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influence intensities in the infrared spectra massively, unless the system is annealed at or 

higher than 500K. This is also consistent with our previous findings using temperature pro-

grammed desorption, where oxalate dissociation into two CO2 molecules started to occur 

well below this temperature. If one annealed not quite to this temperature the process of 

oxalate formation was entirely reversible. This hinted towards a kinetically controlled pro-

cess that changes the system.  

Ricci et al,
23

 in a landmark paper, had demonstrated, that for nanoparticles on ultrathin ox-

ide films, the electron transfer through the film depends strongly on the dimensionality of 

the Au particle on the oxide. Clearly, a two-dimensional particle was prone to accept more 

electronic charge than a three-dimensional particle, and it also depended considerably on 

the contact area of the particle. Given this scenario, one might envision, that by increasing 

the mobility of the Au atoms on the oxide film through annealing at higher temperature, 

three-dimensional particles start to grow on the film. Those particles would exhibit small 

enough charge transfer that the chemical potential for forming the CO2 anion and the oxa-

late is impossible. This would establish the first proof of a morphology driven change in reac-

tion at the oxide metal interface. In order to see whether this would be a valid interpreta-

tion, we performed and present here an STM study that is summarized in Figure 3. It shows 

a set of STM images taken at different annealing temperatures. Figure 3a has been recorded 

at 77 K and reveals Au adsorbed as single atoms or small clusters. Annealing to room tem-

perature or slightly above (Figure 3b) causes two-dimensional islands to form all over the 

surface. Their average size varies between 3 and 5 nm with variability in shape ranging from 

roundish (hexagonal) islands to more rectangular (raft like) ones. This is consistent with our 

previous findings.
22

 Increasing the temperature to 400 K increases the average islands diam-

eter to 4-8 nm but does not change the growth mode (Figure 3c). The drastic change occurs 

if the annealing temperature is raised to 500K (Figure 3d). We find a cross over to three-

dimensional growth with particle diameters between 5 and 10nm and 1-2 nm height. There 

are still a few two-dimensional islands observed, but most of the Au is contained in 3D parti-

cles.  

Using this information we may now return to a discussion of Figure 2, and try to understand 

the changes of the oxalate signals as a function of temperature. As stated above, the lowest 

trace represents the oxalate species at the rim of the 2D nanoparticles, as proven in previous 
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reports.
21

 The infrared spectra start to attenuate and significantly change after the system 

has been either prepared at temperatures higher than app. 500 K, or annealed sufficiently 

long at that temperature. We know from the above STM study, that this is concomitant with 

the change from 2D to 3D morphology. As referred to above, as well, the formation of the 

3D particles reduces the electron transfer from the Ag substrate, and, we conclude, must be 

the reason for the reduced ability to form oxalate species. Note, that the species due to ad-

sorption on the MgO film at 1295 cm
-1

 is not influenced by the change in growth mode. 

At the present time, theoretical modeling of the process, which would be highly desirable, is 

not possible. Hannu Häkkinen and his group have greatly contributed to our understanding 

of the oxalate formation as documented in ref.
21

. However, a full, detailed description in-

volving nanoparticles of the size observed experimentally seems to be out of range at pre-

sent. Schematically, as depicted in Figure 1, this means a change from reacting CO2 at nano-

particles (2D) towards unreactive particles in 3D morphology. To the best of our knowledge 

this is the first clear experimental indication for such a behavior.
27

  

In order to relate the finding reported in this paper to the design of real powder based cata-

lysts we refer to our study showing that doping of bulk oxides with transition metals
28

, which 

provide the electron source to trigger a similar control of morphology as the Ag support of 

the ultrathin film. It will be the task of future work to experimentally establish this in model 

systems and in powder samples. However, based on the findings reported here, one may 

envision to control and design CO2 activation catalysts by doping induced charge transfer, 

and thus establish a design principle for supported Au catalysts.  

Hydrogenation of Acrolein
29

 

Hydrogenation of C-C double bonds has been shown to depend on the presence of hydrogen 

atoms absorbed inside the metal nanoparticles.
2
 The absorbed hydrogen provides the pool 

to sustain catalytic activity. Carbon and/or carbonaceous deposits adsorbed at the particles 

corners and edges control the diffusion of the hydrogen necessary for hydrogenation from 

below the surface to the surface of the particle. The selective, competitive hydrogenation of 

acrolein, i.e. the hydrogenation of a C-C double bond versus the hydrogenation of a C-O 

double bond, represents an even more ambitious situation.
29
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In a previous study,
29

 we investigated the selectivity of the partial hydrogenation of acrolein 

on a Pd(111) single crystal and on Pd/Fe3O4 model catalysts by isothermal molecular beam 

experiments under well-defined UHV conditions. The formation of gas-phase products was 

detected by quadrupole mass spectrometry (QMS); simultaneously, the evolution of surface 

species was investigated by infrared reflection-absorption spectroscopy (IRAS) studies. 

Pd(111) and Pd/Fe3O4 showed very different selectivity in partial hydrogenation of acrolein. 

Over Pd/Fe3O4, selective conversion of acrolein to propanal occurs, while over a Pd(111) 

single crystal, propenol is formed with near 100% selectivity. IRAS studies on the surface 

turning over showed that the selectivity to propenol formation on Pd(111) critically depends 

on the presence of a dense overlayer of an oxopropyl species formed at an initial stage of 

acrolein and hydrogen exposure. On the modified Pd(111) surface, acrolein is adsorbed via 

the C=O bond and reacts to propenol. On Pd/Fe3O4, however, significantly different surface 

chemistry occurs under identical experimental conditions. Instead of forming an oxopropyl 

layer, a fraction of the acrolein molecules decomposes forming CO molecules and CxHy frag-

ments that eventually block all Pd sites while the propanal formation rate decreases to zero. 

Most likely, low-coordinated surface sites and (100) facets of the Pd clusters are responsible 

for the rapid acrolein decarbonylation. The reason for the significantly different surface 

chemistry on Pd/Fe3O4 and Pd(111), however, needs further investigation. In particular, a 

detailed kinetic analysis of all possible reaction pathways on the different Pd surfaces would 

be required. Nevertheless, our investigations unambiguously show that the modification of 

the Pd(111) surface with a dense oxopropyl overlayer correlates with a change in selectivity 

from propanal to propenol formation. Moreover, the absence of the oxopropyl layer on 

Pd/Fe3O4 seems to be related to the decarbonylation of acrolein. 

Based on our previous results, we have addressed the question whether it is possible to also 

produce propenol on Pd/Fe3O4 model catalysts. We could think about a large number of dif-

ferent approaches, such as modifying the Pd clusters prior to acrolein conversion, e.g. by 

pre-adsorbed CO or hydrocarbons or by C modification of low-coordinated Pd sites. In the 

present study, however, we focus on the effect of Pd particle size. We have investigated the 

hydrogenation of acrolein on 7 nm and 12 nm Pd particles using molecular beam techniques 

under isothermal conditions. The formation of the gas-phase products has been detected by 

QMS and the surface composition has been simultaneously investigated by IRAS. In all exper-
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iments, the surface has been pre-exposed to 4.8 ∙ 10�� H2/(cm
2
∙s) for 300 s before the acro-

lein beam with 1.5 ∙ 10�
 molecules/(cm
2
∙s) has additionally been switched on. 

Figure 4 shows the formation rates of the partial hydrogenation products on Fe3O4-

supported 7 nm and 12 nm Pd particles detected in the gas phase. With both particles sizes, 

similar propanal formation rates are observed, which pass through a maximum after about 

30 s and then decrease to zero. On 12 nm particles, however, additionally a small amount of 

propenol is detected. The propenol production rate rapidly increases after about 40 s, when 

the propanal formation has almost stopped, passes a maximum after about 60 s and finally 

decreases to zero. In general, both partial hydrogenation products have been identified by 

their characteristic fragmentation pattern in QMS. The clearly different time dependence of 

the two product formation rates in this study, however, provides an additional possibility to 

unambiguously distinguish between propanal and propenol. Nevertheless, the total amount 

of propenol that is formed on the 12 nm particles is much smaller than on a Pd(111) single 

crystal. It should be noted that formation of gas-phase propenol has only been detected in a 

narrow temperature range near 250 K. It was not observed in our previous studies on Pd 

particles under slightly different conditions such as a lower or higher surface temperature or 

when using a pulsed acrolein beam instead of continuous exposure. 

Figure 5 illustrates the correlation between the evolution of propenol in the gas phase de-

tected by QMS and the formation of surface species on the 12 nm Pd particles turning over 

studied by IRAS. A time-dependent series of IR spectra obtained with a time resolution of 

45 s is shown in Figure 5a. IR absorption features appear near 1855 cm
-1

, 1755 cm
-1

, and 

1670 cm
-1

. The vibration at 1670 cm
-1

 is most likely associated with the C=O stretching in 

molecularly adsorbed acrolein. It has been assigned to acrolein adsorbed on a Pd(111) single 

crystal in a previous study.
29

 The adsorbate giving rise to the IR absorption near 1755 cm
-1

 

accumulates at the beginning of the acrolein exposure and saturates during the first 45 s. 

Interestingly, this band has previously been related to the oxopropyl species modifying the 

Pd(111) surface for propenol production. The IR vibration at 1855 cm
-1

 most likely shows CO 

adsorbed on the Pd(111) facets. The slowly increasing IR absorption intensity indicates a 

rather slow accumulation of CO, most likely from acrolein decarbonylation. Hence, the de-

carbonylation of acrolein is significantly less efficient at 250 K as compared to our previous 

studies at 270 K. Figure 5b illustrates the simultaneously recorded propenol evolution in the 
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gas phase. A clear onset is observed after about 40 s, which is approximately when the ox-

opropyl species saturates. 

The simultaneously performed IRAS and QMS studies on the 12 nm Pd particles turning over 

at 250 K give detailed insights into the mechanism of the acrolein conversion. On the one 

hand, our results strongly reveal that also on the 12 nm particles a modification of the sur-

face by an oxopropyl layer triggers the propenol production. In contrast to Pd(111), howev-

er, the additional presence of acrolein and CO on the surface reveals that the oxopropyl spe-

cies is not covering the whole Pd surface with a dense layer. On the other hand, it is again 

indicated that the decarbonylation of acrolein has to be avoided to form propenol on Pd 

particles. By reducing the surface temperature from 270 K to 250 K the decarbonylation of 

acrolein is largely suppressed while the temperature is still high enough to form a small 

amount of propenol. It seems that the temperature needs to be carefully chosen to keep the 

decarbonylation reaction rate as low as possible while the propenol formation rate should 

still be sufficiently high. 

Our studies show a significant particle size dependence of the selectivity in partial hydro-

genation of acrolein over Pd model catalysts at 250 K. On both 7 nm and 12 nm Pd particles, 

a similar amount of propanal is formed. Hydrogenation of acrolein to propenol, in contrast, 

appears possible only on 12 nm particles. The clearly different time dependence of propanal 

and propenol evolution agrees well with our previous findings showing propanal formation 

as long as pristine Pd is available and propenol production, in contrast, after a dense ox-

opropyl overlayer is formed. It seems that the selectivity towards propenol formation in-

creases with increasing Pd cluster size from 0% on 7 nm Pd particles and a small amount 

over 12 nm Pd particles to approximately 100% on a Pd(111) single crystal. Possibly, the 

formation of an oxopropyl layer in sufficiently large domains is necessary to produce prope-

nol, which is more likely to happen on larger Pd clusters having larger (111) facets and a 

lower concentration of low-coordinated sites. Low-coordinated sites, such as edges, corners, 

and defects may catalyze the acrolein decarbonylation. 

Synopsis 

The present study clearly points to two important factors influencing catalytic activity of 

supported metal nanoparticles, which influence the design of new catalytic material: 
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• The interaction with the support controls the size and shape of the nanoparticle, and, 

in particular, the charge exchange and transfer at the oxide-metal interface. Specifi-

cally designed model systems allow us to isolate details of the problem and study 

them at the atomic level. Here, the surface science approach turns out to be the 

method of choice to image and characterize molecules interacting with the metal 

particle at the metal-oxide interface using a combination of scanning probe and spec-

troscopic techniques. This has allowed, for the first time, to directly identify the con-

sequence of molecular adsorption and reaction on the electronic structure of a metal 

nanoparticle. Temperature is decisive in determining the mobility of metal atoms and 

particles on supports. We show in this paper, that a change in particle morphology 

controls the reactivity of the system at the oxide-metal interface, as the transition 

from two-dimensional Au particles at lower temperature to three-dimensional 

growth at higher temperature reduces the charge transfer from the support to the 

metal nanoparticle.  

• Adsorbed species formed during a reaction which are not turned over, have been 

identified to modify a supported metal nanoparticle, and via this modification control 

the selectivity of a hydrogenation reaction. The selective hydrogenation of acrolein 

has been studied as an example. In particular, an oxopropyl species formed from ad-

sorbed acrolein modifies the surface in such a way that acrolein hydrogenation leads 

to propenol and the hydrogenation of the C-C double bond is avoided. We had 

demonstrated before that Pd(111) single crystals selectively hydrogenate the C-O 

bond in acrolein, while supported Pd nanoparticles exclusively hydrogenate the C-C 

bond. We show in this paper, that there is a particle size effect. The particle needs to 

have a certain size in order to expose (111) facets of sufficient size to favor the effect. 

If particles are smaller, presumably the presence of edges, corners and irregularities 

in the particles favor the formation of CO, which poisons the oxopropyl effect.  

The knowledge derived from both those observations can be used to design catalytic 

material and to control catalytic reaction.  
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Figures 

 

Figure 1: Schematic showing the individual steps of oxalate formation upon chemisorption of 

CO2 on the rim of 2D Au islands on thin MgO(001)/Ag(001) films.
21

 Carboxylate species 

(green) are formed both on defect sites of the MgO film and on the rim of the 2D Au islands 

by electron transfer. Only on the latter, additional CO2 (yellow) is able to solvate the carbox-

ylate species yielding a (CO2)2
-
 dimer ion, which, after an additional electron transfer, results 

in adsorbed oxalate C2O4
2-

 (red). This reaction does not occur on 3D Au particles. 

 

 

Figure 2: IRA spectra of bare (top) and Au-loaded 2 ML MgO(001)/Ag(001) samples recorded 

after a saturation dose of CO2 at 223 K. Au was deposited at 100 K and the samples subse-

quently annealed to the indicated temperature prior to CO2 adsorption. 
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Figure 3: STM images of (a) Au deposited on 2 ML MgO(001)/Ag(001) at 77 K, and after sub-

sequent annealing of the system to 343 K (b), 400 K (c) and 500 K (d). All images were taken 

at 77 K. Scan area: (a)-(c) 25 nm × 25 nm; (d) 50 nm × 50 nm. Ubias = +(0.5-0.75) V. It = 30 pA. 

e) Height profiles of representative islands/particles from the 400 K (dashed line) and 500 K 

(dotted line) annealed samples, highlighting the transition from 2D to 3D geometries. 

 

  

Figure 4: Formation rates of propanal (black lines) and propenol (blue lines) over Fe3O4-

supported Pd particles with diameters of 7 nm (left) and 12 nm (right) at 250 K detected by 

QMS. 
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Figure 5: (a) Time-resolved IR spectra monitor the evolution of surface species on 12 nm Pd 

particles turning over and (b) QMS measurements show the formation rate of propenol in 

the gas phase simultaneously. 
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