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Abstract

The hydrogenation of acrolein on supported gold catalysts has been used as test reaction to study several aspects of structure sensitivity, i.
the dependence of activity and selectivity on the size of gold particles. We focused our work on the influence of the geometrical configuration
of the supported gold nanoparticles, namely the occurrence of multiply twinned particles (MTPs) and the degree of rounding. A higher
number of MTPs resulted in a lowering of selectivity to the desired product, allyl alcohol, as well as a lowering of the turnover frequency.
The higher amount frequency of a gold catalyst supported on Tidnpared to Zr@ is attributed to a higher degree of rounding of the
former.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction that the activity of such gold catalysts is enhanced by using
suitable supports such as Ti(12].
The issue of the catalytic reactivity of supported gold

In recent years, gold has attracted growing interest in cat- . . . .
. : catalysts requires systematic study of possible influences
alyst research since it has been shown, namely by Haruta

. 2 h rt effect Ik metal effect rt—particl

and co-workers [1], that gold nanopatrticles with sizes below >uch as support efiects, bu ¢ metal efiects, support—particie

. o L interactions, gold particle size, and real structure (shape,
5 nm exhibit enhanced activity in CO oxidation already at .
room temperature, despite the inert character of gold There-degree of rounding).
fore mostp orkiin t,h's aFr)ea is focused on o 'dat'o?1 reéct'ons To get more systematic knowledge of the influence
and onl Vér fé alrt'cles (;eal u’th h droXIenaIt'on on Iold of these different aspects, an experimental separation is
29 lyv ?’ W bI'I i Wld y'b g ! Qll desirable. For this purpose, a study of catalytic behavior
L_ ] In e?r |$rthpu |c|:a 'tc.m.ts W? escrl ted af‘l unusutal ert1— on an inert support, varying only structural characteristics
ancement of the selectivity of supported silver catalysts ¢ y,q gold particles, is proposed. To this end, a measure
for hydrogenation o&, B-unsaturated aldehydes into unsat-

of activity independent on metal loading and metal surface

urated alcohols [10], suggesting a subsequent InVes'"gat'onarea is essential. This is realized by use of the turnover

of the potential ofgupported gold particlesf'or.hydrogenation frequency (abbreviated as TOF), which is defined here as
of the G=0 group mthe presence ofan oIgﬁmc double bqnd. moles of acrolein converted per exposed gold surface site
First results, showing much higher selectivities to the desired and second. When TOF and/or product selectivities vary
allyl alcohol in the hydrogenation of acrolein compared 10 ish changing particle size, this reaction on that catalyst
Con\{ent|onal hydrogenation catalysts such g&RD,, were is termed structure-sensitive [13]. Under the supposition
published recently by our group [11]. We also demonstrated ¢ 4 inert support, this is usually related to different

adsorption behavior of reactants on surface sites of varying
T comesoond o structural characteristics (faces, corners, edges, defects, etc.,
orresponaing author. H
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de.html which should change significantly with particle sizes in the
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range of 1 to 10 nm [14]. TOF changes indicate structure por pressure under standard conditions. The following test
sensitivity; however, selectivity changes do not, in general, conditions were applied: temperature 513 K, total pressure
since selectivity may further depend on the activity itself: piotal = 2 MPa, molar ratio hydrogeiacroleiny = 20, and
Some products may occur only for higher TOF values. reciprocal space tim@//Fac.o = 15.3 ghmof!, with W as
Nevertheless, the particle size dependence of selectivities inthe weight of catalyst anél the molar flow of acrolein. De-
hydrogenation o, g-unsaturated aldehydes is observed on viations from these standard conditions are given in the text.
a variety of supported metal catalysts [10,15,22,23]. The reproducibility of the catalytic measurementsti2%

In the following article, different strategies are applied (with respect to the absolute value of conversion and selec-
to separate the different effects mentioned above. First, thetivity).
reactivity of gold bulk metal is examined. This is followed In principle, the resulting products of acrolein (AC) hy-
by the issue of structure sensitivity of hydrogenation on drogenation may be propionaldehyde (PA, by hydrogenation
supported gold catalysts. After that, the results of a more of the C=C group and/or isomerization of allyl alcohol) and
detailed study of the influence of specific structural proper- allyl alcohol (AyOH, by hydrogenation of the=€0 group)
ties of the gold on reactivity is presented. The influence of and furthermore-propanol ¢-PrOH) as a result of the sub-
particle shape as well as the degree of rounding is of specialsequent reaction of allyl alcohol and/or propionaldehyde and

interest. C, and G hydrocarbons (HC, through decarbonylation, de-
hydration).
The reactor effluents were analyzed on line with a HP
2. Experimental 5890 gas chromatograph, equipped with a flame ionization
detector and a 30 m J&W DB-WAX capillary column.

Gold powder was prepared by precipitation with hy- Since the conversions measured on some catalysts were in
droxylamine hydrochloride (NOH - HCI) as the reducing  some cases relatively low, a certain conversion even without
agent. catalyst had to be considered, even though the latter was very

To ZrO; (Aldrich), gold was applied as Au(OHljhrough low (in general below 0.5% at 573 K).
precipitation from tetrachloroauric acid (HAUWCIALFA) The TOF was calculated from TOFE rac/nor. There-

with NH4OH. Various samples were prepared, differing just with, rac is the total amount of acrolein converted per weight
by precipitation at different pH values of the aqueous so- of gold per second, angbr the amount of gold at the sur-
lution. The resulting samples are named/EuO,-DP22 face. The latter is calculated fronbg = notal * D, Where
(pH 5), Au/ZrO2-DP23 (pH 6), and AyZrO»-DP24 (pH 9). niotal iS the total amount of gold anb the degree of disper-
This precipitation step was followed by washing and filter- sion (i.e., the surface-to-volume ratio), estimated by TEM.
ing, drying of the precipitation product (393 K), calcination The specific surface area and pore structure of the
(3 h, 573 K, air, 51h1), and reduction (573 K, |/ 5 1h™1). resulting catalytic systems were further characterised by
The standard reduction time was 3 h, variations from this nitrogen physisorption on a Sorptomatic 1990 (Fisons),
treatment are indicated in the text. In these cases, the conexcept for the gold powder, which was surveyed in a Micro-
ditions of hydrogen treatment are included in the sample meretics Gemini lll.

names.

The resulting catalyst samples were characterized by con-
ventional transmission electron microscopy (CTEM) and 3. Resultsand discussion
high-resolution transmission electron microscopy (HRTEM).

TEM was carried out on a JEM 1010 at 100 kV. Sizes and 3.1. Structure sensitivity

general morphology of the gold particles were investigated

via a combination of bright-field and dark-field imaging to 3.1.1. Reactivity of gold powder and support

distinguish clearly between metal and support. Crystal struc-  High activities in CO oxidation on gold/support catalysts
ture of the gold particles, as well as support, was evaluatedare particularly attributed to the participation of the gold—
using HRTEM at a JEM 4010 (400 kV). For all TEM studies support interface or to quantum size effects [1]. Investigation
the sample powders were dispersed in isopropanol, agitatecbf the performance of unsupported gold powder makes it
in an ultrasonic bath, and finally deposited on a commercial possible to separate such influences from the contribution of
grade copper carrier grid (Grid 300, PLANO), which was bulk-like gold itself. Thus, the origin of our previous findings
coated with a carbon hole film. In the studies preference wasof relatively high activities and selectivities to allyl alcohol
given to the areas near the holes. Image analysis was perin the hydrogenation of acrolein may be explained on that
formed using NIH image software [17]. basis.

The hydrogenation of acrolein (ALDRICH) was con- For the unsupported gold powder, a relatively high
ducted in a computer-controlled fixed-bed micro reactor activity was measured; however, the main product was
system, described earlier [18]. This apparatus makes it pos-propionaldehyde with low selectivities to allyl alcohol (7%,
sible to carry out high-pressure gas phase hydrogenation ofTable 1). To enable estimation of turnover frequency (TOF),
unsaturated organic compounds that are liquids with low va- nitrogen physisorption was applied. The resulting BET
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Table 1

Catalytic properties of different supported gold catalysts in the hydrogenation of acrolein (at standard condi#obBs3 K, piota) = 2 MPa, molar ratio
Ha/Ac =20, W/Fpc0= 153 ghmol?)

Catalyst Xac rAc Selectivities [%)] day D TOF

0 —1 -1
Gold powder 12 0.122 7 93 0 0 9500 Bx 104 0.116
Au/ZrO,-DP22 R573 5 49 35 70 1 0 7+0.3 0.20 0.045
Au/ZrO,-DP22 R573 18h 3 22 20 80 0 0 Lo+ 124 0.17 0.022
Au/ZrO,-DP22 R723 5 44 37 63 0 1 B+9.9 0.19 0.045
Au/ZrO,-DP23 R573 18 203 30 60 8 2 $H5+91 0.22 0.182
Au/ZrO,-DP24 R573 39 379 15 57 21 8 04 3.9 0.35 0.213
50 8gP 28 66 4 2 0.120

The specific rate related to the gold content is termechasTurnover frequencies (TOF) are calculated from dispersiomierived from TEM mean particle
sizes.

& W/Fpnc,0=66.3 ghmol ™.
b W/Fac.0=68ghmot?.

surface (0033+ 0.0005) nf g1 of the gold powder was  this method was successful for our objective. The gold
equated with the active surface. Moreover one could apply particle size was examined by TEM imaging (as an example,
the established equations to derive a formal mean particlesee Fig. 1) and subsequent image analysis. While the size
size from the active surface [19], followed by calculating the distribution of the sample AlZrO,-DP24 precipitated at
degree of dispersion with an onion-like shell model [20]. pH 9 fitted well to a logarithmic normal distribution, this was

It is now clear that bulk gold can already act as a (nonin- not observed for the others. Therefore, the mean particle size
ert!) catalyst, working however at enhanced temperatures.is generally calculated assuming a Gauss distribution to get
Thermal activation seems likely, as has been more exten-comparable values. Moreover, since the catalytic properties
sively discussed by Bond and Thompson [21]. It becomes are linked with the surface of the catalysts, the surface-
clear that the potential of gold for hydrogenation cannot be averaged mean particle diameters were used. From the latter,
explained exclusively by quantum size effects or a special the degree of dispersio® was estimated, enabling the
gold—support interface [1]. calculation of a TOF. This was an important step, since

The reactivity of the monoclinic Zr@support used was  the standard tool for dispersion measurement, hydrogen
also tested at 513 K. Under the conditions applied, the chemisorption, is not accessible for gold [21]. For our series

activity was clearly below the detection limit. of samples the mean particle size decreases with increasing
pH value, as expected (Table 1, Fig. 2).
3.1.2. Gold patrticle size dependence The catalytic experiments under identical conditions re-

A suitable method for varying the gold particle size was vealed a decrease of the TOF with particle size in the range
suggested by Haruta [1]. In a deposition—precipitation route from 4 to 8 nm. The maximum selectivity to allyl alcohol
the gold particle size was controlled by varying the pH (44%) was achieved on AdrO,-DP22 at a temperature of
value during precipitation. This gave rise to a decrease of 593 K (conversion 18%). Since at this temperature the gold-
mean gold particle size with increasing pH value. Indeed, free Zr& is not inert anymore (conversion 1%), all further
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Fig. 2. Dependence of TOF from mean gold particle sizg, at

513 K. From right to left: samples AZrO,-DP22, AyZrO,-DP23, and
Fig. 1. TEM image of the sample AidrO,-DP24. Au/ZrO,-DP24.



C. Mohr et al. / Journal of Catalysis 213 (2003) 86—94 89

measurements were performed at 513 K to eliminate this in-
fluence. At this temperature, there is a distinct increase in
selectivity to allyl alcohol with increasing particle size under
identical conditions (Table 1; compare catalysts/ArO,-
DP22, AyZrO,-DP23, and AUZrO,-DP24, each reduced
at 573 K), accompanied by a decreasing selectivity:of
propanol and g€ and G hydrocarbons. To exclude the de-
pendence of selectivities on the level of activity, two samples Fig. 3. Ball models of truncated cuboctahedron (A), decahedron (B), and
with the smallest and largest mean particle size, respec-icosahedron (C).
tively, were chosen (AZrO2-DP24 and AyZrO,-DP22).
For Au/ZrO,-DP24, the reciprocal space tinié/ Fac o was shapes are sketched in Fig. 3. For catalysis, the surface of
varied in such a way that a comparison of selectivities was the particles is of relevance, which is different in the case
possible with almost the same acrolein conversion (5%). of MTPs, compared to fcc [30]. First of all, unusual sur-
This was the case foW/Fac.0 = 6.8 ghmol! (Table 1). face sites may occur at the twin boundaries, since atoms may
Under these experimental conditions again a increase of se-have hcp coordination rather than fcc. The relative number
lectivity to allyl alcohol with increasing gold particle size of atoms in such surface sites for a particle having a diame-
was observed. ter of 10 nm is about 7%. Even though twins are also found
These experiments could support previously suggestedin fcc particles, the surface of MTPs is characterized by a
models of different authors [10,15,16] for the dependence higher density of these twin boundaries.
of the catalytic properties of metallic nanoparticles on Moreover, the relative number of (111) surfaces increases
their size. Namely, particles of cuboctahedral shape exhibit for MTPs, compared to a cuboctahedron of the same size.
with increasing size an increasing amount of surface atomsin the case of icosahedra, (100) faces completely disappear.
residing on faces as compared to atoms in edges andThe influence of the latter effect is reduced on rounded
corners [14]. Since Zr@is a support of low interaction, this  particles.
would imply that face atoms, most probably atoms in (111)  Additionally, MTPs exhibit elastic strain, which is on the
surfaces, promote preferentially the hydrogenation of the order of magnitude of fluctuations of the lattice distance
C=0 bond to get allyl alcohol [10]. To prove the validity of between different individual fcc particles [31,32]; strain
this structural model, a HRTEM examination was carried out effects should play only a minor role.

to elucidate the real crystal structures of the gold particles. Particles of perfect single-crystal structure are assigned
as SC, though there is partially a slight deviation from

3.2. Real structure of gold particles and catalysis their perfect fcc structure. Such particles, exhibiting a single
planar defect (single twin), are assigned to ST.

3.2.1. Validity of particle shape models The different types of particle shapes can be assigned by

From thermodynamic considerations, by applying the so- comparing digitized HRTEM images of individual particles
called Wulff plot, the equilibrium shape of gold particles and their diffractograms, generated by Fourier transform,
is derived. The actual particle shape depends on the differ-with models and images of known particle shapes in various
ences of surface energies for different crystal faces. With possible orientations. A scheme of resulting patterns is
the fcc metal gold, this geometrical model is a cubocta- shown in Fig. 4. Such assignments are justified by the vast
hedron (at 0 K). For increasing temperatures a transition number of image simulations of such structures (see, for
to a rounded shape occurs [24]. This results in the occur- example, [27-29]).
rence of new crystal faces (for example, (311), (110)) as Up to now, there were only a very few studies con-
well as the decrease of the relative amount of (111) or (100) cerned with the role of multiply twinned particles in the
faces [25]. Besides, as known for more than 40 years fromfield of catalysis. Yacaman et al. [33] used electron mi-
electron microscopic observations, completely different par- croscopy (electron diffraction as well as image contrast
ticle shapes, based on five-fold symmetry, may exist in simulations) for structural characterization of Rh particles on
the size range of the supported gold particles in the study M (M = Al,03, SiOp, TiO2, C) as catalysts for pentane hy-
presented here [26]. Extended electron microscopy studiesdrogenolysis. The identification of particle shapes was done
including image simulations by many authors revealed the by comparison with image contrast simulations. An unam-
structure and shape of such particles [27—29]. They are com-biguous correlation between the occurrence of MTPs and
posed of tetrahedral subunits which are connected by twin catalytic activity was not found. Vogel et al. performed ex-
defects. Distortions are necessary to compensate for the laclperiments on AyTiO2 [34] and AyMg(OH), [35], used
of space filling emerging in this construction. In contrast, as catalysts in the oxidation of CO. They applied Debye
gold cuboctahedra exhibit exclusively the face-centered cu-functional analysis to identify the different particle shapes
bic crystal structure of the bulk. Possible shapes of thesefrom X-ray diffraction. While for AyTiO> single crys-
so-called multiply twinned particles (MTPs) are icosahedra talline particles were found to be the dominating species, for
and decahedra, respectively. Ball models of possible particleAu/Mg(OH), a distinct increase in activity was explained
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Fig. 4. Tableau for identification of particle structures in HRTEM, taken from Ag particles [10] (usage see text). Upper part: real-space imagest: lowe
corresponding calculated diffractograms. Assignment: a, b: single crystals (SC); c, d: single twins (ST); e-h: decahedra; i-m: icosahedra.

by the appearance of icosahedra. However, the influence ofdefect (ST) and very seldom particles showing a mixture
MTPs could not be separated clearly from additional influ- of planar defects and MTP-like defects (sometimes termed
ences of particle size and the degree of rounding. “polyparticles”) were also found. Since the amount of the
To prove what kind of particle shapes occur in our latter was distinctly below 5%, it was neglected in the figures
samples, the two samples with the smallest and largestfor the sake of clarity.
mean particle size (AlZrO-DP24 and AyYZrO,-DP22) The assignment to one of these categories may be am-
were chosen again and statistics on the shape of individualbiguous for a few particles showing not well established
particles were performed (Fig. 5). Beside single crystalline contrast, leading to confusion, most probably between SC
particles (SC) and MTPs, particles with a single planar and ST, ST and MTP, and icosahedra and decahedrons, re-
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Fig. 5. Upper row (left): representative HRTEM image of samplg 2002-DP24 with a more rounded gold particle (A) and a particle with facets (B). Upper
row (right): separate size distributions of single crystalline gold particles (SC), single twinned particles (ST) and multiply twinned pdfiRe)esdether
with overall size distribution measured by TEM. Lower row (left): HRTEM images of multiply twinned particles of sampfe®@2-DP22 and corresponding
diffractograms. Lower row (right): gold particle size distributions.

spectively. In spite of these difficulties, the discrimination The structure sensitivity, i.e., the particle size dependence
between SC and MTP was much more obvious. To make theof activity and selectivities, is assumed to be a cooperative
evaluation representative despite relying on local measure-effect of particle size, degree of rounding, and portion of
ments, a larger number of particles (about 400 to 500) were MTPs. A correlation of the HRTEM analysis with catalytic
analyzed. results reveals that a cuboctahedral single crystal model is

Indeed, significant differences between the different sam- not in general applicable as a model for gold particles. Thus,
ples were found. Whereas in the sample/&tO,-DP24 a simple deduction of the nature of active sites based on the
most of the particles have SC or ST shape (Fig. 5, upper cuboctahedral model of van Hardefeld and Hartog [14] is not
row), in the sample AZrO»-DP22 there was a significantly  possible.
increasing portion of MTPs (Fig. 5, lower row).

The main part £ 70—-80%) of them are icosahedra. 3.2.2. Influence of MTPs on catalysis
Since the summation of decahedra and icosahedra did To clear up the impact of MTPs on reactivity in the hy-
not influence the interpretation of the catalytic behavior, drogenation of acrolein, the proportions of such icosahedra
we did not further distinguish between the two species and decahedra were systematically varied, according to sug-
of MTPs. Thus, the final task, namely the discrimination gestions of Doraiswamy and Marks [36]. Therefore, time
between SC and MTP under consideration of ST, was and temperature of reduction in flowing hydrogen were var-
easily achieved with our method, regardless of the above-ied separately (Table 1). Increasing the time of the reduction
mentioned restrictions. from 3 to 18 hours at 573 K increases not only the amount of

Moreover, in both samples faceted particles as well as MTPs by a factor of 2, but furthermore also the mean particle
more rounded particles were found, but the relative number size from 7.6 to 9.2 nm if one compares the surface-averaged
of facets was slightly higher for sample AZrO»-DP22. mean diameter values (Fig. 6). By increasing the tempera-
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Fig. 6. Separate size distributions of single crystalline gold particles (SC), single twinned particles (ST), and multiply twinned particleso¢dthiey
with overall size distribution measured by TEM of the different samples basing g@r®g-DP22, prepared under different conditions of pretreatment in
hydrogen.

ture of reduction from 573 to 723 K, the relative amount of size. The influence of the latter can be ruled out since an
MTPs does not change measurably, and the mean particlancrease of the reduction temperature from 573 to 723 K
diameter increases again, but weaker. In all of these sampleded also to an increase of mean patrticle size, but did not
the gold particles were to a certain extend rounded. Hence,decrease TOF and allyl alcohol selectivity (see Table 1).
an additional influence of different degrees of rounding can Furthermore, an additional influence of faceting effects is
be excluded. Simultaneously, the catalytic activities and se- low, since the gold particles are generally slightly rounded,
lectivities were recorded. Besides the desired allyl alcohol, independent on the hydrogen treatment conditions. Thus, the
only propionaldehyde was detected as a product of the con-only parameter responsible for the drop in selectivity is the
secutive G=C hydrogenation. All other products possible, in  increasing portion of MTPs.
principle, were found only in trace amounts. This allows the
direct comparison of selectivities also for different TOF: 3.2.3. Influence of degree of rounding
Different degrees of rounding of metal particles may be
1. Increasing the reduction time from 3 to 18 h leads to realized to a certain extent by changing the pretreatment
a drop in selectivity to the desired allyl alcohol as well temperature, if the value of the latter is not too high [37].
as to a decrease of TOF. However, it is almost impossible to realize in this way
2. Increasing the reduction temperature from 573 to 723 K different degrees of rounding without changing the mean
does not change the TOF and just slightly increases theparticle size or the proportion of MTPs.
selectivity to allyl alcohol. Another factor influencing the degree of rounding may
be the kind of support, due to different metal support in-
There are some obvious correlations between particle teractions. To evaluate such a support effect, a reference
shape and catalytic properties. A decrease of TOF andcatalyst supported on Tis used, which has been inves-
allyl alcohol selectivity after an increase of the reduction tigated recently by us [12]. This sample was produced by
time from 3 to 18 h is accompanied by an increase of the a deposition—precipitation procedure as well and is desig-
relative number of MTPs and an increase of mean particle nated as AyiTiO»-DP. A typical HRTEM image is shown in
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Fig. 7. (Left) HRTEM image of AUTiO2-DP showing the occurrence of rounded gold particles. (Right) separate size distributions of single crystalline gold
particles (SC), single twinned patrticles (ST), and multiply twinned particles (MTP) together with overall size distribution measured by TEM [12].

Fig. 7, together with separate size distributions of the gold interactions could be due to electron transfers. However, for
particles exhibiting different shapes. It is obvious that the Au/TiO; catalysts this is unlikely [39,40].

gold particles are not faceted at all, and furthermore the con- ~ The catalytic measurements on gold powder support the
tribution of MTPs can be neglected. The mean gold particle assumption of sole participation of the gold surface in the
size isday = (5.340.3) nm [12]. Thus it may be possibleto  hydrogenation process: Even though the calculated TOF
compare this catalyst with A@rO,-DP22, since the latter  ©f the gold powder is not directly comparable with that
has also a negligible amount of MTPs and a similar parti- ©f the supported gold catalysts, since there is a difference
cle size. The results of acrolein hydrogenation are shown in I the residence times (see Table 1), the range of activities
Fig. 8. Itis clearly seen that the TOF of the titania-based cat- IS rou_ghly the same. Even though addltlonal mﬂugnces (a;
alyst is higher by a factor of about 2. A comparison of the explained above) cannot be excluded by this experiment, this

S . . . result is a strong indications of a major contribution of the
allyl alcohol selectivities is complicated, since an additional : i
- L gold surface itself to the catalytic process.
dependence of the selectivities on the activity itself must be
taken into account. This results in nonnegligible selectivities
of n-propanol and gand G hydrocarbons.
The increase of TOF for ALTIO2 may be well explained

by more rounded gold particles, accompanied by a higher ., 4rogenation of acrolein works under the conditions
relative amount of low-coordinated surface sites. Increasing ,sed even on bulk-like gold powder, although the selectiv-
activities on such surface sites were indeed found for other jties to the desired product, allyl alcohol, are much lower
systems (CO oxidation on supported Au particles [39]). than for gold nanoparticles on supports. Thus the activation
Besides, in the case of titania-based gold catalysts, theprocess on gold is neither exclusively limited to quantum
generation of active sites on the interface between gold size effects nor induced by the supports or a special design
support is often suggested [1,7,38]. Such an additional of the gold—support interface, as assumed for oxidation re-
effect cannot be completely ruled out. Further metal-supportactions on gold [1]. A higher selectivity to the desired allyl

4. Conclusions
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Fig. 8. Comparison of AtiTiO»-DP (left) [12] and AyZrO,-DP24 (right) in hydrogenation of acrolein at 513 K.
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alcohol seems to be restricted to smaller gold particles, i.e.,
to special surface sites accessible to a large extent only on
these patrticles.

The selective hydrogenation of acrolein is a structure-
sensitive reaction on AZrO; catalysts. The TOF increases
with decreasing particle size, while the allyl alcohol selec-
tivity decreases in that direction. This may be a result of
superposition of different effects, i.e., due to a changing pro-
portion of different sites on the gold surface (particle size
effect—different proportions of edges, faces, etc.—or round-
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