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Abstract  
The hydrogenation of acrolein over pure and supported silver has been investigated with a focus on the influence of catalyst structure and reac-
tion pressure (mbar to 20 bar range) on activity and selectivity. An onset of formation of allyl alcohol beyond 100 mbar reaction pressure (at 250 
°C) is ascribed to a change in adsorption geometry upon increasing coverage. Smaller silver particles (in the nanometer range), the proximity of 
reducible oxide component as well as high pressure lead to enhanced allyl alcohol formation; the selectivity to the other main product propional-
dehyde is reduced. The silver dispersion changed depending on the reaction pressure. Moreover, the presence of oxygen, most likely as subsur-
face oxygen, and the presence of defects are of paramount importance for the catalytic behaviour. The considerable changes of the silver catalysts 
under reaction conditions and the pressure dependence call for in situ-measurements to establish true structure – activity/selectivity relationships 
for this system. 
 
 
 
Introduction  
 

The catalytic hydrogenation of α,β-unsaturated alde-
hydes is of interest both from a fundamental as well as an 
applied point of view.1,2,3 α,β-Unsaturated aldehydes can 
be hydrogenated at the C=C-double bond leading to the 
saturated aldehyde, or at the C=O-bond leading to the un-
saturated alcohol, which is the industrially relevant product 
(see Fig. 1). Unfortunately, the former reaction is thermo-
dynamically favoured. It is often proposed that the adsorp-
tion geometry of the unsaturated aldehyde is determining 
selectivity4,5,6,7, however, this view has been recently chal-
lenged by theoretical investigations. Based on density func-
tional theory (DFT) calculations, Loffreda and Sautet 
concluded that for acrolein hydrogenation on Pt(111), the 
barriers for desorption of the different products govern the 
selectivity8; similar results have been obtained by Khanra et 
al. for acrolein hydrogenation on Ag(111)9 using BOC-MP 
calculations. 

When employing typical hydrogenation catalysts like 
Pt supported on non-reducible oxides, the selectivity to the 
unsaturated alcohol is poor when lower unsaturated alde-
hydes are used as educts1. However, various attempts have 
been reported to enhance the selectivity to the unsaturated 
alcohol, e.g. a second metal may be added.1,2,3 Three ways 
of action of the second metal have been proposed, which 
are not always distinguishable. One possibility is alloy 
formation, another the deposition of oxidic species of the 
second metal on the active metal. Both scenarios result in 
an enhanced selectivity to the allylic alcohols via the for-
mation of special active sites able to activate and hydro-
genate the C=O-double bond. In the third case the second 
metal acts as a poison and leads to a decrease in activity 
and sometimes also selectivity. 

Another approach to improve the selectivity to un-
saturated alcohols is the use of partially reducible supports 
like TiO2, and reduction of the catalyst at 500 °C or higher 
temperature10,11 Such treatment leads to the so-called 
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SMSI-state (SMSI = strong metal-support interaction) and 
at the same time to enhanced selectivity to allylic alcohols 
in the hydrogenation of unsaturated aldehydes. The im-
proved selectivity in this case is attributed to the decoration 
of the active metal with partially reduced support material 
like TiO2-x. These oxidic patches provide Lewis acid sites, 
which are claimed to coordinate and activate the carbonyl 
group via the oxygen. In this way, selectivities of > 50 % 
have been obtained for crotonaldehyde hydrogenation over 
Pt/TiO2.12 

The selectivity also depends on the substrate to be 
hydrogenated. Bulky substituents at the C=C group hinder 
the coordination to the surface and thus C=O hydrogenation 
becomes more likely.4,5,13 Therefore, the simplest α,β-
unsaturated aldehyde, acrolein, with no substituents at the 
C=C bond is the most difficult to be hydrogenated with 
high selectivities to allylic alcohol. The only monometallic 
catalysts that are known to produce allyl alcohol with selec-
tivities near 50 % from acrolein are silver14-17 and gold18-21. 
Recently, we have shown that silver, when supported on 
ZnO, exhibits a selectivity to allyl alcohol of 55 %,22 even 
further enhancement (up to 70 %) can be obtained with 
supported AgIn catalysts.23,24 

At first sight it is surprising that silver (and gold) can 
be used for hydrogenation reactions in heterogeneous ca-
talysis at all. From theoretical as well as experimental stud-
ies it is well-known that hydrogen interacts only very 
weakly with extended silver surfaces (single crystals, poly-
crystalline surfaces), and no dissociative chemisorption 
should occur at low temperature.25-32 The completely filled 
d-band of silver as well as the position of the d-band center 
relative to the Fermi level have been claimed to be the rea-
son for the lack of reactivity towards H2.33,34 The solubility 
of H2 in Ag is extremely small below 400 °C; at higher 
temperatures the absorbed amount is proportional to sqr(p) 
in the range 65–1065 mbar, indicating dissociation of H2.35 
Moreover, as early as 1954 Boudart and colleagues36 were 
able to demonstrate that at higher temperatures (T > 70 °C, 
depending on sample) indeed H-D isotopic exchange oc-
curred over silver foil or granular silver. Thermal promo-
tion of d-electrons into s-orbitals has been made 
responsible for this process. Very recent results of Rösch et 
al.37 show that hydrogen activation on Ag(111) should be 
strongly facilitated in presence of an added row of oxygen 
or subsurface O. 

In principle, metal catalysts are very suitable for 
model studies using surface science techniques. However, 
typical operating pressures for hydrogenation are 10–20 
bar, raising the question as to whether the reaction proceeds 
in the same way at lower pressures or, vice versa, whether 
results obtained under near-vacuum conditions can be ex-
trapolated (“pressure gap”). Furthermore, the support mate-
rial can play a role, and hence pure silver may not be a 
representative model (“materials gap”). In the present con-
tribution, we address these concerns and discuss the results 
in light of the latest theoretical and experimental findings 
of other groups. Specifically, the influence of pressure was 
studied over a wide range, and different materials were  

 
Figure 1: Reaction scheme for acrolein hydrogenation 
 
 
used such as single- and poly-crystalline silver, Ag depos-
ited on the non-reducible supports SiO2 or Al2O3, Ag/ZnO, 
and Ag/SiO2 with indium added. Acrolein hydrogenation 
over silver catalysts can be considered as a parallel reaction 
(hydrogenation of either double bond, Fig. 1); the hydro-
genation of the respective second double bond is largely 
suppressed, at least at conversions below 60 %16 used 
through this paper. Thus influence of pressure and material 
not only on activity, but also on selectivity can be evalu-
ated. A further aim was to elucidate how hydrogen is acti-
vated on silver catalysts. 

In the course of our studies, the reaction conditions 
were found to affect the state of the catalyst, i.e. size, struc-
ture and degree of reduction of the silver particles changed, 
with a strong influence of the support. The task of relating 
the performance to individual reaction parameters or cata-
lyst properties became thus very complex. 

The paper is organised as follows: First, the various 
factors influencing selectivity (pressure, silver structure, 
support material and degree of reduction) are discussed 
separately, followed by a chapter on hydrogen activation on 
silver catalysts. Finally, there will be a discussion in which 
the interplay of the various factors as well as the impor-
tance of subsurface oxygen or the proximity of oxide 
patches and defect sites is highlighted.  
 
 
1. Influence of pressure 
 

The influence of the reaction pressure on the selec-
tivity to allyl alcohol over Ag/SiO2 catalysts has been stud-
ied in the pressure range from 2 mbar to 20 bar.17 The 
results of these investigations are summarised in Fig. 2 (see 
figure captions for conditions and ref. 17 for more experi-
mental details). As can be seen, a minimum pressure of ca. 
100 mbar is necessary for allyl alcohol (AyOH) formation. 
Below this pressure, the only hydrogenation product is 
propanal (PA). It should be mentioned that the selectivity 
values (with the exception of the low-pressure value at 7.5 
mbar) of Fig. 2 have been obtained at conversions between 
ca. 15 to 35 %. The conversion in this range has only very 
little influence on selectivity in the case of acrolein hydro-
genation over silver. This has been evaluated in more detail 
for two Ag/SiO2-catalysts.16 In the same study, we have 
shown that the dependence of selectivity on reaction pres-
sure results from the dependence of both the partial pres 
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Figure 2: Dependence of the selectivity to allyl alcohol on 
the reaction pressure over an Ag/SiO2 catalyst, a) logarith-
mic and b) linear pressure scale. Silver loading was 7.5 %, 
reaction temperature 250 °C and H2/Acrolein ratio 20:1. 
Different symbols represent experiments in different set-
ups. (Figure 2a is reprinted from Ref. 17 with permission 
from Elsevier.) 
 
 
sure of acrolein and of hydrogen. Also the overall reaction 
rate depends on the partial pressures of both reactants. As-
suming a simple power law 
 

  r = k*pH2
m*pAC

n
 

 

with  k(T)= k0 e-Ea/RT  

 
one can deduce kinetic parameters for the overall reaction 
rate (acrolein consumption) as well as for individual hydro-
genation routes. These are compiled for an Ag/SiO2-
catalyst16 with a metal loading of 8.1 % in Table 1. Note 
that the values in Table 1 have been obtained at two differ-
ent total pressures. The partial pressure of one reactant has 
been varied and the partial pressure of the other has been 
kept constant by adding the respective amount of inert gas 
as balance, using a continuous gas flow reactor. Acrolein 
partial pressures were from 0.12...0.47 bar (5 bar total pres-
sure) or 0.36... 1.4 bar (15 bar total pressure), and for hy-
drogen from 1.58...4.74 bar (5 bar total pressure) or 
4.74...14.21 bar (15 bar total pressure). Conversion was 
always < 20 %. 

Positive, partial reaction orders are obtained for both 
acrolein and hydrogen. This indicates that the active sur 

Table 1: Reaction orders for the hydrogenation of acrolein 
over 8.1% Ag/SiO2 at 250 °C 

 m  

(5 bar)

m  

(15 bar) 

n  

(5 bar) 

n  

(15 bar)

Acrolein  

consumption

0.63 0.81 0.71 0.53 

Propanal  

formation 

0.61 0.76 0.66 0.53 

Allyl alcohol 

formation 

0.67 0.90 0.81 0.54 

 
face is not saturated with either reactant, and likely both 
influence the rate determining step. Higher reaction orders 
for AyOH formation compared to PA formation are in 
agreement with higher selectivity to AyOH at higher partial 
pressure of both reactants. Additionally, it can be seen that 
the reaction orders for hydrogen are higher at higher pres-
sures, whereas those for acrolein are lower. This indicates 
that at higher pressure the surface becomes more and more 
saturated with acrolein, leading to a weaker influence of 
acrolein partial pressure. At 5 bar reaction pressure, a still 
moderate coverage of the silver nanoparticles with acrolein 
(θ = 0.06 – 0.14 NAC/NAg-surface) has been calculated from 
EXAFS analysis at the Ag K-edge, as detailed in ref.38. 
Note that full coverage on a (111) surface can be reached at 
0.25 NAC/NAg-surface. On the other hand, acrolein interacts 
strongly with the support giving rise to high acrolein cover-
age on the oxide support, as indicated by IR experiments.16 
Since positive reaction orders are obtained for both reac-
tants, it is obvious that the overall activity also increases 
with reaction pressure. 

In order to gain insight into the chemisorption of ac-
rolein on silver during acrolein hydrogenation, in situ XAS 
measurements at the C K-edge have been carried out at 7.5 
mbar.39 Primarily single crystals can allow angular depend-
ent experiments, in which, as a consequence of the dipole 
selection rule, transitions of molecule orbitals aligned in a 
particular way to the surface will contribute more or less to 
the spectrum depending on the angle of the incident electric 
field vector with respect to the surface. From the experi-
ments described in ref. 39 it was concluded that during hy-
drogenation below the threshold pressure, i.e. where only 
the C=C bond is hydrogenated, a propionaldehyde-like 
species exists on the surface. It is either a half-
hydrogenated surface species or an adsorbed propionalde-
hyde, whose desorption is characterized by the highest 
energy barrier in the hydrogenation route. The similarities 
of X-ray absorption spectra of single crystals and of 
Ag/SiO2 catalysts indicate that the same intermediate is 
likely formed on supported catalysts as well. Recent at-
tempts to monitor the dependence of adsorption geometry 
of acrolein on Ag/SiO2 as a function of reaction pressure 
using IR spectroscopy failed, since the interaction of ac-
rolein with the silica support was too strong and masked the 
interaction of acrolein with silver 40,41 Assuming that the 
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Table 2: Selectivity to allyl alcohol obtained over various silver catalysts at two different pressures and 250 °C. Data taken from 
Fig. 5 and 6 of ref.17. 

Catalyst Structural features (method) Selectivity to allyl alcohol (%) 

7.5Ag/SiO2-IW Average particle size 2.5 nm (TEM) 41.6 (20 bar) 28.7 (950 mbar) 

8.1Ag/SiO2-DP(NaOH) Average particle size 14.2 nm (TEM) 37.6 (20 bar)  

Ag/SiO2-sputtered Particle size ca. 20...200 nm (TEM) 22.7 (20 bar) 12.1 (980 mbar) 

Ag/Al-sputtered (film thickness: 100 nm)  9 (983 mbar)  

Ag/Al-electrochemical 

deposited 

(film thickness: 100 µm)  1±1 (980 mbar) 

 
 
 
adsorption geometry governs the selectivity, at least two 
geometries for acrolein on the surface should exist, one 
leading to allyl alcohol formation, and one to propionalde-
hyde formation. In fact, we were recently able to show with 
high-pressure EXAFS (performed at 5 bar at the Ag K-edge 
under reaction conditions in a flow cell similar to our lab 
reactors, as described in 38) that the metal-adsorbate inter-
action is different in Ag/SiO2 and AgIn/SiO2-catalyst dur-
ing acrolein hydrogenation: the atomic distances between 
metal and adsorbate are smaller for AgIn/SiO2 catalysts 
than for Ag/SiO2 catalysts, which is likely due to differ-
ences in adsorption geometries. These samples exhibit dif-
ferent selectivity-patterns in acrolein hydrogenation38 (see 
Table 4). However, the exact adsorption geometry could 
not be determined. Since in situ XAS at the C K-edge has 
shown that at low pressures (7.5 mbar) a flat adsorption 
geometry exists (see above and39), which leads to PA, it is 
likely, that at higher pressure (i.e., higher surface coverage) 
lateral interactions may lead to a change in adsorption ge-
ometry to a more upright, less surface area consuming ge-
ometry.  

However, the influence of reaction pressure on the 
selectivity is clearly more complex. We observed that the 
pressure not only has a profound influence on the selectiv-
ity in acrolein hydrogenation, but also on the structural 
modification of the silver nanoparticles during reaction, as 
discussed below. 
 
 
2. Influence of material (structural features of 
silver, support) 
 

The influence of nanostructure (i.e. particle size or 
film thickness) on the activity and selectivity in acrolein 
hydrogenation over Ag/SiO2 catalysts and silver films has 
been studied by varying the particle size of the supported 
nanoparticles or the film thickness. These experiments, 
which have been described in detail in17, will be summa-
rized in the following. In Table 2, the selectivity to allyl 
alcohol is depicted for various Ag catalysts in the high 
pressure region (20 bar) and for ca. 1 bar. For the supported 
nanoparticles, the selectivity to allyl alcohol increases with 
decreasing particle size up to a value of 42 % (particle sizes 

have been obtained from TEM analysis17). Some caution is 
however called for, as the respective catalysts have been 
prepared with different methods. An additional influence 
on the catalytic properties can thus not be excluded, but 
only in this way the preparation of a very broad range of 
particle sizes was possible. The selectivity towards allyl 
alcohol over the bulk materials is significantly smaller than 
for the supported nanoparticles and is below 10 % at 950 
mbar. Allyl alcohol formation therefore seems to be linked 
to active sites most abundant on small nanoparticles, i.e. to 
low coordination sites like steps and kinks. Recent aberra-
tion corrected high-resolution TEM images taken on a 
7.5Ag/SiO2-IW catalyst (Fig. 3) clearly validate the pres-
ence of atomic steps on the surface of silver nanoparticles. 
Note that, although the average particle size of such pre-
pared catalysts is rather small (see table 2), there are also 
larger particles found in TEM analysis16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Aberration corrected high-resolution TEM image 
of a silver nanoparticle in Ag/SiO2 catalyst showing atomic 
steps at the surface. 
 
 

In order to compare the activities in terms of TOF 
(turn over frequency), the metal surface areas of the cata-
lysts 7.5Ag/SiO2-IW (average particle size 2.5 nm) and 
8.1Ag/SiO2-DP (average particle size 14.2 nm)16 have been 
estimated assuming ideal cuboctahedral crystal shape.42,43 
The results for the two most thoroughly investigated cata-
lysts are displayed in Table 3, where the TOF in number of  
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Table 3: Activity of two Ag/SiO2 catalysts in acrolein hy-
drogenation at various reaction pressures (AC:H2 = 1:20) 
and 250 °C 

Reaction  

pressure 

7.5Ag/SiO2-IW 

TOF (s-1 * 10-2) 

8.1Ag/SiO2-DP 

TOF (s-1 
*10-2) 

5 bar 2.0 2.0 
10 bar 5.0 4.1 
15 bar 8.1 6.0 
20 bar 9.1 7.3 

 
 
converted acrolein per second and per surface silver atom is 
displayed for various pressures. 

Allyl alcohol formation was connected to special sur-
face sites that are more abundant on small nanoparticles, 
i.e., the reaction is structure sensitive regarding selectivity. 
Regarding activity though, the reaction seems to be rather 
structure insensitive, at least for particle sizes in the inves-
tigated range. The TOF values in Table 3 have been calcu-
lated using particle sizes measured before the catalytic 
experiment, which was found to be justified by measure-
ment of the size after reaction as discussed below. Similar 
structure insensitivity regarding activity has also been ob-
served for Ag/Al2O3 in the range of 11 to 17 nm22 (i.e., 
particle sizes less typical for size effects) and for crotonal-
dehyde hydrogenation over Ag/SiO2 from 3.7 to 6.3 nm.44 
For Ag/TiO2 though, the particle size seemed to have an 
influence on activity in the range 1.4–2.8 nm.44 However, 
Ag nanoparticles were found decorated with TiOx,15 hence 
the observed effect could not solely be reduced to particle 
size. 

Beyond the above-established selectivity(activity)-
structure correlation the situation becomes more complex 
under certain conditions. During our investigations, signifi-
cant sintering of silver nanoparticles occurred, when they 
were used in mbar reaction conditions; the effect was even 
more pronounced when TPD experiments (i.e. at UHV 
condition) were carried out. SEM images (Fig. 4) reveal 
silver particles even larger than 1 µm after use of the sam-
ple in catalysis (several reaction cycles at 250 °C in the 
mbar range) and subsequent heat treatment during TDS 
experiments to a maximum of 300 °C in vacuum. Sintering 
in similar extent has not been observed under high pressure 
conditions (5–20 bar, i.e. the typical region of industrial 
hydrogenation catalysis) even after long term use. To ob-
tain more insight into the structure of the silver catalyst and 
possible changes under reaction conditions, in situ EXAFS 
measurements have been performed at the Ag K-edge at a 
pressure of 5 bar using a 5% Ag/SiO2 catalyst, as discussed 
in ref.38. These investigations have shown that under reac-
tion condition, the silver nanoparticles exhibit bulk silver 
fcc structure. The particle size found under reaction condi-
tions was only slightly larger than before the experiment. 
By TEM analysis of Ag/SiO2 catalyst before and after ca-
talysis at 10 bar, sintering from 7.4 to 11.4 nm average 
particle size has been observed.45 In such high pressure 

catalytic experiments, there was only a slight decrease in 
activity during the first two hours accompanied by a small 
decrease in AyOH selectivity, until steady state was ob-
tained. Hence, at high pressure sintering seems to be less 
pronounced. Because the particle size changes under high 
pressure conditions do not exceed a few nm, our correlation 
of selectivity with the initial Ag particle size in Ag/SiO2 
catalysts remains valid (Table 2). 

 

 
Figure 4: SEM image of an Ag/SiO2 catalyst after use in 
catalytic and TPD experiments (UHV environment) at 250 
°C. 
 

As opposed to the sintering phenomena on the silica 
support, the reverse effect, i.e., a redispersion of the silver 
has been observed for Ag/ZnO after high pressure hydro-
genation. In Fig. 5, the silver content according to XPS 
Ag3d signal intensities is displayed, which were obtained 
during an in situ-study on Ag/ZnO. The left two bars have 
been obtained with the catalyst as prepared and reduced 
(grey bar) and after use in high pressure (20 bar) catalysis.1 
The higher signal intensity of the used catalyst in Fig. 5 can 
be understood considering that the sampling depth of XPS 
is limited. Only the outer part of a large particle will con-
tribute to the spectrum, while for smaller particles, a rela-
tively larger fraction is probed, leading to higher signal 
intensities. On the other hand, when using the catalyst in 
low pressure experiments (1 mbar), the XPS signal de-
creases (right two bars in Fig. 5), indicating sintering of the 
silver particles, as observed already for silica supported 
samples. Therefore the influence of structural parameters 
on the reaction selectivity is sometimes complicated by the 
effect of the respective pressure on the particle morphol-
ogy. 

Use of different support materials introduces a fur-
ther parameter influencing the hydrogenation performance. 
The data in Table 4 clearly indicates that the selectivity 
depends significantly on the nature of the support or further 

                                                           
1 After reaction at 20 bar, the samples have been allowed to cool 
down in flowing hydrogen at 20 bar, however, after reaching room 
temperature the reactor has been opened in air to demount the 
samples. After a short storage time in the order of days, the sam-
ples have been investigated by XPS. Most likely the short storage 
is not responsible for the observed particle size change described in 
the following.   
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Table 4: Overview of AyOH selectivity of supported Ag catalysts prepared by incipient-wetness in gas-phase acrolein hydro-
genation 

Catalyst Mean particle size Pressure (bar) Max. selectivity (%) 

7.5% Ag/SiO2  2.5 nm 10 39 
5% Ag/Al2O3  11 nm 10 42 
5% Ag/ZnO broad distribution 10 50 

9%Ag0.75%In/SiO2  5 nm 20 61 
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Figure 5: Silver content according to the XPS Ag 3d signal 
of an Ag/ZnO catalyst under various conditions. Black bar: 
after use in catalysis at 20 bar; grey bars: as prepared and 
reduced (at RT, at 250 °C in 1 mbar H2 and in 1 mbar reac-
tion mixture) 
 
additives. Note that all catalysts in Table 4 have been pre-
pared using the same preparation method and precursor, 
and all experiments have been carried out under similar 
reaction conditions.17 First of all, the dispersion of Ag was 
found to vary with the support, therefore correlations are 
not easily established. For example, particles on ZnO 
showed a much broader particle size distribution in com-
parison to those supported on SiO2, and hence the good 
selectivity (but lower activity) of Ag/ZnO is likely ascribed 
to the combination of less-active large particles and few 
active small particles in close interaction with the support. 
Ag/Al2O3 catalysts exhibit slightly improved AyOH selec-
tivity with TOFs similar to that of Ag/SiO2. However, the 
large variations in maximum selectivity that could be ob-
tained indicate, that not only the particle size, but also the 
nature of the support influences selectivity. Note that Al2O3 
as supports leads to higher selectivity to allyl alcohol even 
though larger Ag particles are present. Additionally, pre-
liminary results on acrolein hydrogenation at 10 bar over 
Ag/SiO2/Al2O3 catalysts with varying SiO2-to-Al2O3 ratio, 
prepared with the same method and having similar particle 
size, indicate that the support nature in fact influences the 
selectivity to allyl alcohol. This may be related to different 
acidities or to special sites (e.g., stabilization of defects) at 
the metal-support interface. 

The best selectivity was achieved when indium was 
added during preparation of the impregnated sample.23,24 
In-situ EXAFS experiments under hydrogenation condi-
tions suggest that the excellent performance is related to the 
presence of oxidized indium.38 Indium ions can act as 
Lewis acid sites, which might assist in the reaction. Alter-

natively, reducible oxides (indium, zinc) in principle allow 
for a transfer of oxygen to the Ag phase, creating electro-
positive silver sites. The effect of oxygen on the catalyst is 
thus of interest.  
 
 
3. Influence of oxygen pre-treatment 
 

Beside the effect of the above discussed parameters, 
pre-treatment of the catalysts with oxygen has a profound 
influence on both activity and selectivity. Typically, air 
treatment increased the activity of catalysts two to three 
fold45. In Fig 6, the selectivity to allyl alcohol in acrolein 
hydrogenation is displayed for different pre-treatments 
applied to a Ag/ZnO catalyst at a reaction pressure of 800 
mbar as investigated in a closed-loop batch circulation 
setup. Deactivation of the samples, likely resulting from 
sintering of the silver nanoparticles in low pressure or in 
vacuum at reaction temperature (evacuation between cata-
lytic runs), was accompanied by a decrease in allyl alcohol 
selectivity from 29 to 10 %. When the catalyst was treated 
in flowing air at 40 mbar for 2 min. after deactivation and 
reused in the gas phase hydrogenation, the selectivity to 
allyl alcohol was enhanced, and this effect was partially 
irreversible, since a reduction with flowing H2 at 133 mbar 
for 5 min. after air treatment did not lead to a complete loss  
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Figure 6: Selectivity to allyl alcohol obtained over Ag/ZnO 
at 800 mbar reaction pressure (H2:AC 20:1) at 250 °C after 
various pretreatment steps (fresh catalyst after preparation; 
deactivated sample; after air (&H2) treatment; and with 4 
mbar air included in the reaction mixture). Experiments 
were carried out in a static circulation system (i.e. in batch 
mode). 
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of the gained allyl alcohol selectivity, and the enhanced 
activity remained stable. The highest selectivity to allyl 
alcohol (42 %) was observed, when a small amount of air 
(4 mbar) was included into the reaction mixture. The per-
formance of Ag/SiO2 catalysts was also enhanced.45  

Similarly enhanced activity and selectivity to allyl 
alcohol has also been observed in high pressure experi-
ments, where oxygen pretreated Ag/SiO2 catalysts (250 °C, 
1 bar) have been used in acrolein hydrogenation at 10 bar 
in a continuous gas flow reaction system.45 In order to clar-
ify the origin of this behaviour, TEM and XPS experiments 
have been performed on silver samples in different pre-
treatment or reaction stages. Transmission electron micros-
copy indicated that although the oxygen pretreatment at 
250 °C at 1 bar induced re-dispersion of silver particles, the 
observed catalytic effect however was not related to such a 
transformation, as after hydrogenation at high pressure the 
silver mean particle size was independent of the kind of 
pretreatment applied45. On the other hand, X-ray photoelec-
tron spectra carried out using controlled sample transfer 
from the preparation chamber to the measurement chamber 
of the XPS without contact to ambient air suggest that oxy-
gen dissolved in silver creates electropositive sites (Agδ+) 
on the surface acting as active sites for the hydrogenation. 
The results in Fig. 7, where the modified Auger parameter 
α´ 46 of differently pre-treated Ag/SiO2 is shown together 
with some reference silver materials indicate that oxidation 
leads to a decrease in the Auger parameter, hence Ag shifts 
from a “more metallic” to a “more oxidized” state. The 
catalyst reduced after oxidation did not reach the state of 
the metal reference. The silver 3d core level could be fitted 
with one state, suggesting that any surface oxide or ad-
sorbed oxygen species47,48,49 were destroyed, respectively 
removed, during hydrogen treatment. In this regard, ex-
periments using Ag2O as catalyst also indicated that the 
oxide is not the active species.45 As opposed to any oxide-
like species, dissolved or subsurface oxygen is the most 
compatible with the observations, in agreement with litera-
ture data.47,50 Furthermore, extended storage of the catalyst 
sample in air at RT induces similar effects as the treatment 
in oxygen.45 This can be explained by a slow dissolution of 
oxygen, which occurs already at room temperature.47,50,51  

XRD measurements after oxidation treatment (not 
shown) indicated that the bulk silver structure of the 
Ag/SiO2 remains metallic even after 1 bar air treatment at 
250 °C for 30 min., suggesting that the effect caused by the 
oxygen treatment is a superficial one and is probably 
caused by subsurface oxygen. It is well known that restruc-
turing of silver due to oxygen pre-treatment can occur, 
creating (111) facets and (110) terminating steps on bulk 
silver materials.52 However, extended smooth surfaces 
seem to be disadvantageous for allyl alcohol formation as 
indicated by the better performance of small particles, and, 
moreover, it is questionable that such oxygen induced 
faceting remains stable in high-pressure (i.e. 20 bar) hydro-
genation conditions. Therefore, we believe that the positive 
effect of oxygen (air) treatment is connected to the forma-
tion of subsurface oxygen species. 
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Figure 7: Auger parameter of Ag/SiO2 after different pre-
treatments according to XPS analysis. For references Ag 
foil, unsupported silver nanoparticles, and Ag2O were used. 
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Figure 8: Selectivity to hydrogenation products as a func-
tion of reaction time obtained over 7.5 % Ag/SiO2 at 800 
mbar reaction pressure (H2:AC 20:1) at 250 °C in a batch 
experiment. 
 
 

When a Ag/SiO2 catalyst is reduced at 325 °C in 1 
bar of hydrogen (without further oxygen treatment), the 
selectivity to allyl alcohol changes significantly during the 
first few minutes of reaction. This is displayed in Fig. 8 
where the selectivities to allyl alcohol, propanal and n-
propanol in acrolein hydrogenation are displayed for the 
first 21 min of reaction in a batch circulation experiment at 
800 mbar. A strong increase in selectivity to allyl alcohol 
can be seen during the first few minutes. When the same 
experiment is performed at 266 mbar, the effect is slightly 
more pronounced. A similar induction of selectivity has 
been found in gas phase hydrogenation of unsaturated alde-
hydes over PtSn catalysts.53,54 Considering that exposure to 
the feed (induction period), similar to an oxygen treatment, 
leads to an enhanced selectivity to allyl alcohol, it may be 
concluded that silver is oxidised by acrolein to a small ex-
tent. Indeed, during catalytic experiments in a continuous 
flow reactor, even at low conversion always a small amount 
of C2 and C3 hydrocarbons (not distinguishable by our GC) 
has been observed in the product stream, Selectivity to  



Silver as acrolein hydrogenation catalyst: Intricate effects of catalyst nature and reactant partial pressures, M. Bron et al., Phys. Chem. Chem. Phys. 9 (2007) 3559-3569 
 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

8
 

4200 4100 4000 3900 3800 3700 3600 3500

1.6

1.7

1.8

1.9

2.0
2.1

2.2

2.3

2.4

2.5
p(H2) in mbar

3716

3749 0
 50
 500

 

 

A
bs

or
ba

nc
e

Wavenumber / cm-1

 
Figure 9: IR spectra of H2 adsorption at liquid nitrogen 
temperature on Ag/SiO2-P, activated at 450°C in vacuo. 
 
 
C2,C3 ca. 1 %. This means that a small amount of oxygen is 
retained by the catalyst. Additionally, we recently observed 
with in situ EXAFS that acrolein is indeed able to oxidize 
indium in AgIn catalysts to some extent in the presence of 
hydrogen, albeit at higher pressure (5 bar).38 This indicates 
that in principle it is possible to oxidise a catalyst surface 
by a mixed hydrogen acrolein atmosphere, at least to a low 
extent. 
 
 
4. Activation of hydrogen 
 

In order to get more insight into the activation of hy-
drogen on silver, we studied the interaction of hydrogen 
with silver catalysts using various methods, including tem-
poral analysis of products (TAP), calorimetry16 and trans-
mission IR spectroscopy. 

Adsorption of H2 on SiO2 and Ag/SiO2 was studied 
at liquid nitrogen temperature, following literature reports 
that H2 can be physisorbed on Ag at low temperature.25 The 
powders were pressed into self-supporting wafers and acti-
vated at 450°C in vacuum; spectra were recorded with a 
PerkinElmer S 2000 FTIR spectrometer. For all samples, a 
shift of the Si-OH vibrations from 3749 cm-1 to 3716 cm-1 
indicated interaction of H2 with the Si-OH groups (Fig. 9); 
a comparable effect was observed for D2. The free hydro-
gen molecule does not have any IR active vibrations, but 
for H2 polarized through adsorption, e.g. on OH groups of 
zeolites,55 zirconia56 or sulfated zirconia,57 bands have been 
detected. However, bands of adsorbed H2, which would be 
expected 50–60 cm-1 below the gas phase frequency of 
4161 cm-1,55 could not be detected for SiO2 or Ag/SiO2. For 
the adsorption of H2 on the acidic sites of zeolites, Sigl et 
al. described a highly asymmetric side-on type complex 
with one H interacting with a neighboring lattice oxygen;55 
additionally, the configuration Si-OH-Al naturally produces 
an asymmetric environment. It is suspected that the com-
plex formed by the silanol groups is possibly very symmet-
ric; also the side-on molecular adsorption of H2 or D2 on a 
flat Ag surface will not generate an adsorbate with IR ac 
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Figure 10: HD exchange of Si-OH groups of Ag/SiO2-IW 
at 250°C and 92 mbar D2. 
a) IR spectra with reaction time; b) area of OD band vs. 
reaction time. 
 
 
tive vibrations. The results thus do not allow any conclu-
sions regarding H2 adsorption on Ag catalysts. 

While exposing SiO2 or Ag/SiO2 to D2 at room tem-
perature, however, Si-OD groups were formed. The iso-
topic exchange of OH groups of silica to OD groups and 
the reverse reaction require the cleavage of D2 or H2 mole-
cules, hence this reaction can be considered a model reac-
tion for one of the key steps of hydrogenation, namely the 
hydrogen activation. The kinetics of the exchange reaction 
were monitored by transmission IR spectroscopy using 
self-supporting wafers and a quartz cell. The samples were 
activated in H2 flow at 325°C; after evacuation D2 was 
admitted at the desired reaction temperature. The evolution 
of the OH and OD bands (2752 cm-1) in such a batch ex-
periment is shown in Fig. 10a. In general, the area of the 
appearing OD bands increased linearly in the beginning but 
then asymptotically approached a final value (Fig. 10b). 
The fraction of exchangeable OH groups was between 60 
and 70% for both SiO2 and Ag/SiO2. Predominantly, the 
isolated OH groups absorbing at 3736 cm-1 exchanged (Fig. 
10a), confirming assignment of the broad band at lower 
frequency (≈3675 cm-1) to internal OH groups.58 The 
method of initial rates was used and the slope of the curve 
in the first minutes was analyzed. The exchange rate in-
creased with increasing temperature and was higher when 
Ag was present in the sample. There was no indication for 
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two reaction rates in the presence of silver, such as would 
be expected if the fraction of the OH groups in the prox-
imity of silver particles exchanged more rapidly than those 
on the pure support. At high temperatures, mass transfer 
limitations – either in the wafer or gas exchange within the 
cell – became obvious, and the initial area increase was not 
linear (Fig. 10b). Nevertheless, from a sufficient number of 
measurements at suitable temperatures it will be possible to 
determine the activation energy for the exchange reaction 
and thus for the important step of hydrogen activation. 

Results from recent TAP experiments confirm the 
formation of HD, after subsequent pulses of H2+D2 over an 
Ag/SiO2 catalyst at temperatures above 300 °C, whereas 
the SiO2 alone is inert to this exchange reaction.16 The lat-
ter is seemingly in contradiction to IR measurements, 
where H-D-exchange has been observed over the support 
material, however, the exposure in the TAP experiment is 
only seconds as opposed to hours in the IR experiments and 
the H2 partial pressure in the TAP reactor is very low (≈0.1 
mbar). Also, HD exchange for silica has been reported 
before.59,60  

Therefore different and independent experiments 
(TAP and IR) prove that D2 (H2) dissociation, one of the 
key steps in the concerned reaction, is facilitated in pres-
ence of supported silver particles. In addition, DSC ex-
periments using H2 pulses showed increasing heat 
evolution with rising temperature starting from 100 °C 
(Fig. 11), indicating an increasing amount of adsorbed hy-
drogen on Ag/SiO2.16 The dissociation of hydrogen over 
silver is an activated process, since higher temperatures are 
necessary for this process (starting from 100 °C, however, 
depending on the method and the conditions used). The 
evolved heat is very small compared to that observed for 
other hydrogenation catalysts like Pt/SiO2, which is most 
likely due to both, a lower coverage and a smaller differen-
tial heat of adsorption on Ag. In this regard, silver differs 
from other transition metals like Pt and Pd, where H-
dissociation is non-activated due to the partly vacant va-
lence d-band.61 Confirmation for the weak interaction 
comes from the endothermic signal following the exother-
mic peak in Fig. 11, suggesting that hydrogen desorbs read-
ily from the catalyst surface as the pulse passes through.16  

Similar to the catalytic study, calorimetric experi-
ments of hydrogen adsorption have been performed with 
oxygen pretreated catalysts, however, up to now only on a 
preliminary basis. These experiments indicate that hydro-
gen adsorption is indeed enhanced by an oxygen pretreat-
ment of the catalyst. Since, as discussed above, surface 
oxides or adsorbed oxygen are not stable under hydrogena-
tion conditions, it is likely that subsurface oxygen strength-
ens the interaction of silver with hydrogen. Consistently, 
recent theoretical results of Xu et al. obtained with DFT 
indicate that hydrogen dissociation is facilitated by subsur-
face oxygen in Ag(111) due to the up-shift of the d-band 
centre.62 
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pulses onto Ag/SiO2 catalysts at different temperatures 
 
 
6. Discussion 
 

Our investigations revealed that the hydrogenation of 
acrolein over silver catalysts depends on a complex inter-
play between pressure, catalyst structure and degree of 
reduction. The support material, support-metal interface or 
further additives also seem to be important. Defect sites and 
subsurface oxygen have been identified as important fea-
tures regarding activity and selectivity: 
 
 
a) Activity/hydrogen activation 
 

As pointed out above, it is somewhat surprising that 
silver is able to act as a hydrogenation catalyst at all. To do 
so, it has to activate and dissociate hydrogen. Hydrogen 
dissociation has clearly been demonstrated by TAP, calo-
rimetry and IR spectroscopic experiments for Ag/SiO2 cata-
lysts. Since no H-D-exchange has been observed in TAP 
experiment for electrolytic silver, it may be hypothesized 
that hydrogen activation occurs at special sites at the inter-
face between support and metal. However, TAP experi-
ments also failed to detect the otherwise proven HD 
exchange on pure silica, and Boudart and coworkers36 dem-
onstrated HD exchange on polycrystalline silver, further it 
is possible to hydrogenate acrolein using unsupported Ag-
nano. Hence, given the right temperature, pressure, and silver 
structure, H2 can be activated not only at the silver-support 
interface.  

Pre-treatment of the catalysts in oxygen results in an 
enhanced hydrogen activation, as well as in higher hydro-
genation activity. One might conclude that the rate of ac-
rolein hydrogenation is controlled by the hydrogen 
activation step, but this seems to be inconsistent with the 
observed structure-insensitivity. Oxygen pre-treatment 
leads to oxygen species (e.g. subsurface) that produce 
slightly positively charged silver sites, which indeed have 
been detected by our XPS measurements. These electron-
deficient sites facilitate hydrogen activation, in good 
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agreement with DFT calculations,37,62 but the dissociated 
hydrogen atoms are still weakly bound and desorb quickly. 

From the literature, it is known that reduction even at 
500 °C does not lead to a complete reduction of silver.63 
Even at 800 °C, enough oxygen remains dissolved to form 
water with H2, leading to blister formation in the Ag.64 The 
highest reduction temperature used in our studies was 325 
°C. It is likely that after this treatment some oxygen from 
the original preparation still remains in the Ag, especially 
in subsurface locations, even if no extra oxygen pre-
treatment has been performed. This indeed has been shown 
by our XPS experiments, where even for the fresh, reduced 
catalyst a slight shift in the Auger parameter has been de-
tected. The fact that the activity in acrolein hydrogenation 
is enhanced due to an oxygen treatment is likely explained 
by a higher number of sites for hydrogen activation. These 
sites also exist in the freshly prepared, reduced catalyst, 
however, in a lower amount. A small amount of such sites 
must be present on unsupported polycrystalline Ag, but 
they are obviously much more abundant on supported sil-
ver.  
 
 
b) Selectivity 
 

The results in section 2 demonstrate that the forma-
tion of allyl alcohol is related to active sites most abundant 
on Ag nanoparticles. The smaller the nanoparticles, the 
higher the amount of allyl alcohol formed, whereas on ma-
terials with larger particles or on bulk silver, propionalde-
hyde formation is preferred. This indicates that low-
coordinated surface sites are responsible for AyOH forma-
tion. Indeed, it has been shown by Itoh and co-workers65 
that at low temperatures, the carbonyl group of acrolein is 
co-ordinated to electropositive sites like edges and kinks 
when adsorbed on silver films, which could lead to an acti-
vation and subsequent hydrogenation. Additionally, in our 
in situ XAS experiments at the C K-edge a flat lying, 
propionaldehyde-like species was observed at low pressure 
over single crystal surface. Thus, it is reasonable to assume 
that propionaldehyde formation is connected to extended 
surfaces, whereas allyl alcohol formation occurs on edges 
and kinks. On the other hand, Lim et al. have shown with 
DFT calculations, that on both low–Ag(221) and Ag(110)–
and high–Ag(111)–coordination sites only weak interaction 
with acrolein occurs with no significant activation of any 
bond, making it unlikely that these pure silver surfaces are 
active for acrolein hydrogenation.66 In section 3, we have 
shown that oxygen introduced by pre-treatment, probably 
situated in subsurface positions, has a strong influence on 
selectivity. It has been shown that the amount of oxygen 
incorporated into silver depends on the size of the nanopar-
ticles.67 Therefore, under reaction conditions silver surfaces 
with incorporated subsurface or bulk oxygen exist, chang-
ing the catalytic properties of silver in the desired way. 
This model is further supported by the induction of selec-
tivity to allyl alcohol at the beginning of a catalytic experi-
ment, and by the appearance of C2/C3 alkanes in the 

product feed, which we have interpreted in terms of an 
“oxidation” of the silver surface by acrolein. This effect 
may also depend on the particle size, since it should be 
related to special surface sites able to decompose acrolein. 
Moreover, evaluation of different supports and of indium as 
an additive reveals a positive effect of reducible oxides on 
the desired carbonyl hydrogenation. Low coordination, 
subsurface oxygen, and interaction with a reducible com-
ponent all lead to positively charged Ag surface sites; 
hence either phenomenon can account for the observed 
increase of the selectivity to allyl alcohol. Neighboring 
oxygen (partly reduced oxide or subsurface O) may render 
low-coordinated sites even more electropositive, enhancing 
their effectiveness. 

To describe acrolein hydrogenation on a molecular 
level, based on the importance of the above-discussed prox-
imity of oxygen, the following considerations have to be 
taken into account. On an Ag single crystal, a flat-lying 
propionaldehyde-like surface intermediate was identified at 
relatively low reaction pressure (7.5 mbar), i.e. under con-
ditions where PA is the only hydrogenation product. We 
assume that the initial adsorption of acrolein occurs also 
parallel to the silver surface. Above a certain threshold 
pressure (i.e. at a certain acrolein coverage), allyl alcohol 
formation sets in and increases with increasing reaction 
pressure. The pressure barrier exists also for small sup-
ported nanoparticles that possess an intrinsic selectivity for 
hydrogenating the carbonyl function. The threshold pres-
sure for allyl alcohol formation is most likely not related to 
H2 activation for two reasons; namely hydrogenation oc-
curs already at lower pressures and the selectivity curve 
increases much more steeply (shown in Fig. 2b) than the H2 up-
take curve for Ag, which is proportional to p1/2.35 The fact 
that the reaction order for AyOH formation decreases from 
0.84 to 0.54 when increasing the pressure from 5 to 15 bar 
indicates that acrolein coverage should play an important 
role in AyOH formation. The coverage changes become 
less significant with increasing pressure, as evidenced by 
the marginal increase in selectivity beyond 10 bar (Fig. 2b). 

Loffreda et al. reported a coverage-dependent ac-
rolein adsorption geometry on Pt(111), and the main differ-
ence at high coverage is that the carbonyl group is 
decoordinated from the surface.68 A corresponding change 
of adsorption state can be imagined on silver, but is has to 
be clarified which end of the molecule will remain attached 
to the surface. The presence of oxygen in surface-near re-
gions generates Agδ+ and results in a polar surface, which 
should favor the adsorption of the more polar carbonyl 
function over the C=C double bond. It has been shown that 
the binding of a C=C double bond may be enhanced as well 
on kinks and edges69 and that subsurface oxygen in silver 
may strengthen the binding of adsorbed ethylene, too,62,70 
but the effect on the carbonyl function should be much 
more pronounced. In agreement with the results of Itoh et 
al.,65 we therefore assume that at low pressure acrolein is 
fully coordinated to the surface. At high coverage however, 
the adsorption geometry changes, and the molecules detach 
partially and the double bond oriented parallel to the sur-
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face will be hydrogenated. This scenario is further sup-
ported by the better selectivity for carbonyl group hydro-
genation that is observed for molecules with bulky 
substituents at the C=C double bond, because in this case, 
coordination of the C=C double bond to the surface is re-
stricted. Most likely electropositive sites serve as anchoring 
points for the carbonyl function, but it can be imagined that 
pure, flat Ag surface attract the C=C double bond, which 
would explain the limit in selectivity shown in Fig. 2b. The 
maximum selectivity would then be determined by the ratio 
of electropositive to regular Ag sites. 
 
 
Concluding remarks 
 

The gas phase hydrogenation of acrolein over silver 
as model reaction was found to be strongly pressure de-
pendent in the range 1 mbar to 10 bar, with the additional 
complication that structure, morphology and reduction 
degree of Ag particles and thus the nature of the Ag sites 
depends on the pre-treatment and reaction conditions and 
the support.  

From these facts, some consequences result for in-
vestigations regarding this catalytic reaction. A threshold 
pressure of about 100 mbar for the desired pathway of allyl 
alcohol formation has been identified, making it currently 
impossible to apply surface science methods to the operat-
ing catalyst. Furthermore, morphology changes of Ag were 
more dramatic in vacuum than under typical reaction condi-
tions, making it difficult to transfer conclusions e.g. from 
TPD data. Hydrogen activation was found to be activated, 
making low temperature physisorption experiments irrele-
vant, and the interaction at temperatures sufficiently high 
for activation was weak, again making it impracticable to 
study hydrogen adsorption and activation by surface sci-
ence techniques. The catalytic performance improved with 
the abundance of defect sites, and consistently information 
on the nature of intermediates of the unwanted reaction 
pathway was obtained from adsorption on ideal silver sur-
faces. Hence, there is a “materials gap” but model materials 
deliver valuable reference data. The catalyst chemistry 
changed under reaction conditions; oxygen was incorpo-

rated due to the chemical potential of oxygen arising from 
the presence of acrolein. The particle structure cannot be 
considered as static property; sintering or redispersion of 
the silver can occur depending on the support, leading to 
structural features very different from those found in pre-
catalytic or ex situ measurements. As both however oppo-
site effects were observed as a function of reaction pres-
sure, the effect of pressure and material discussed above are 
sometimes inseparably interconnected. With the material’s 
properties being dynamic, structure-activity relationships 
can only be established through in situ experiments under 
typical reaction conditions. 

Although, at present, it is not possible for us to pre-
sent a detailed microkinetic analysis, the following current 
picture on the acrolein hydrogenation over Ag catalysts has 
evolved: The activity depends on the number of electron-
deficient sites that are available for H2 activation. Such 
sites can be generated through low coordination of Ag at-
oms or proximity of incorporated oxygen, support material 
or a combination thereof. High hydrogen pressures are 
necessary to achieve significant hydrogen surface coverage 
due to weak interaction. The selectivity depends on the 
adsorption geometry, which depends on the structural fea-
tures of the nanoparticles (low coordination site, polarized 
Ag atoms), and the reaction pressure. Hence for both, activ-
ity and selectivity, defect sites, subsurface oxygen and ox-
ide patches play a paramount role in acrolein hydrogenation 
over silver. 
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