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Abstract

The selective hydrogenation of 1,3-butadiene was studied on a series of Pd/Al2O3/NiAl(110) model catalysts with mean Pd particle sizes
of 2–8 nm. While Pd nanoparticles �4 nm exhibit a near zero-order reaction kinetics with respect to butadiene, the rate behavior on smaller
Pd particles is more complex, and the rate increases with decreasing butadiene pressure. This indicates a change in the rate-limiting step from
a regime governed by adsorption to a regime governed by the surface reactions. When the total number of Pd surface atoms is used for rate
normalization, the turnover frequency (TOF) of 1,3-butadiene hydrogenation increases linearly with increasing particle size. But this is only an
apparent particle size dependence. Considering a realistic structural model of the Pd nanoparticles [i.e., with incomplete (111) terraces] for rate
normalization, 1,3-butadiene hydrogenation becomes particle size independent, even though the reaction is structure sensitive, as corroborated
by reactivity studies on Pd(111) and Pd(110) single crystals. For 1,3-butadiene hydrogenation, well-faceted Pd nanoparticles �4 nm behave like
Pd(111).
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Control of selectivity is the most important aspect in the hy-
drogenation of dienes such as 1,3-butadiene. Typically, a high
1-butene/2-butene ratio should be obtained while full hydro-
genation to n-butane should not occur. For example, in the
petrochemical industry, olefins are often produced by catalytic
cracking of petroleum and contain significant amounts of di-
enes [1,2]. Before subsequent processing, these dienes must
be selectively converted to 1-butene while hydrogenation of
the olefinic stream must be avoided. Pd-based catalysts are
widely used for the selective hydrogenation of 1,3-butadiene
to 1-butene, due to the high activity and selectivity even in the
presence of an excess of olefins [3–6].

Atmospheric pressure studies of selective 1,3-butadiene hy-
drogenation on Pd(111) and Pd(110) single-crystal surfaces
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have shown that the reaction is structure sensitive, with the
catalytic activity [i.e., the turnover frequency (TOF)] being five-
fold higher for the more open (110) surface [7,8]. A higher hy-
drogen concentration on the Pd(110) surface, due to the higher
sticking probability on more open surfaces, was considered re-
sponsible for the observed behavior [7,9].

Studies on technical Pd catalysts have shown that the Pd par-
ticle size, the support, and the presence of additional transition
metals (promoters) have a significant effect on both the catalytic
activity and the selectivity of the hydrogenation reaction. For
example, for Pd/Al2O3 and Pd/SiO2 powder catalysts, Boiti-
aux et al. observed an activity decrease with decreasing particle
size [10]. A similar conclusion was obtained by Tardy et al.
for Pd aggregates supported on activated carbon [11]. This de-
crease was explained by changes in the electronic structure of
small (<3 nm) Pd nanoparticles, leading to stronger interaction
with 1,3-butadiene and to stronger deactivation. Unfortunately,
the high surface area and porous structure of the powder cata-
lysts often prevented a detailed characterization of the particle
surface structure and composition.
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The use of clean and well-defined Pd/Al2O3 model cata-
lysts [12–14] may be helpful in improving understanding of
1,3-butadiene hydrogenation. In a previous paper we reported
results on Pd(111) and Pd(110) [8], and a short account of
studies on Pd nanoparticles was reported in [15]. In this pa-
per we present a detailed investigation of particle size effects
on 1,3-butadiene hydrogenation, including a description of cat-
alyst structure data. The Pd particle size affects both the kinetic
behavior and the reaction selectivity. When the common pro-
cedure is used to calculate TOFs, a linear increase is observed
for a particle size range of 2–8 nm. However, a detailed char-
acterization of particle size and surface structure by scanning
tunneling microscopy (STM) allows us to propose a model that
indicates that the TOF is in fact independent of Pd particle size.
Pd atoms of incomplete (111) terraces are suggested as active
sites. Ultrahigh-vacuum (UHV) studies of olefin hydrogenation
on Pd particles and Pd(111) were reported previously [16,17].

2. Experimental

A series of different Pd/Al2O3/NiAl(110) model catalysts
with Pd particle size ranging from 2 to 8 nm were prepared
by evaporation methods under UHV [12,14,18]. First, an or-
dered Al2O3 thin film (around 0.5 nm thick) was grown on a
NiAl(110) single crystal by two sequences of oxidation (1 ×
10−6 mbar O2 at 543 K) and subsequent annealing to 1100 K
in vacuum [19]. The atomic structure of the Al2O3 film was
recently characterized by low-temperature (4 K) STM [20].
Pd (99.99%) was then deposited by electron beam evaporation
at two different support temperatures, 90 and 303 K. Vary-
ing the amount of Pd finally produced different catalysts with
mean Pd particle sizes ranging from 2 to 8 nm. Two STM
images are shown in Fig. 1 as an inset [13]. (Atomically re-
solved STM images of individual particles are available else-
where [21].) As revealed by STM, the as-grown Pd nanoparti-
cles had the shape of truncated cubo-octahedra when the evapo-
ration was carried out at 303 K (∼1 × 1012 particles/cm2), and
more disordered particles were seen after evaporation at 90 K
(∼5 × 1012 particles/cm2) [19,21]. However, in this study both
the 90 and 303 K Pd particles were annealed to 373 K before
the reaction, and thus both preparations yielded particles with
ordered surfaces. All catalysts prepared exhibited a rather nar-
row particle size distribution (mean particle size ±∼1 nm).

Once a Pd/Al2O3/NiAl(110) catalyst was prepared, the sam-
ple was transferred under UHV to a high-pressure reaction
chamber attached to the UHV system [8,14,18]. Kinetic mea-
surements of 1,3-butadiene hydrogenation were performed at
atmospheric pressure (reaction mixture: P 1,3-butadiene, 5 mbar;
P H2 , 10 mbar; Ar added up to 1 bar) at 373 K. At this (high)
reaction temperature and low hydrogen pressure, the formation
of β-Pd-hydride (requiring at least 200 mbar H2) can be ex-
cluded. Kinetic measurements were done in batch mode with
the gas recirculated over the catalyst by a metal bellows pump
(reactor volume 755 cm3 exchanged 4 times/min) and were
reproducible within 5%. Reaction products were analyzed by
on-line gas chromatography (GC), using a HP-PLOT/Al2O3
(50 m × 0.53 mm) capillary column and a flame ionization de-
tector. Retention times and sensitivity factors for the reactant
and the products were calibrated using a number of different
gas mixtures. The absence of background (wall) reactions under
typical operating conditions was confirmed using Al2O3 films
on NiAl(110) as “inert” catalysts.

Under the relatively “mild” reaction conditions, structural
changes of the Pd nanoparticles can be mostly excluded. Postre-
action surface characterization by chemisorption or vibrational
spectroscopy (using CO as probe molecule) did not indicate any
surface restructuring, such as particle sintering or strong surface
structure changes. Furthermore, repeated kinetic measurements
after several hours of reaction time showed only very small vari-
ations. Surface restructuring during the reaction cannot be fully
excluded but is unlikely, because it must have been fully re-
versible.

Pd(111) and Pd(110) single crystals (∅ ∼ 10 × 2 mm) were
used as reference samples [8]. The crystals were cleaned by an-
nealing to 1100 K, Ar ion etching (beam voltage 900 V at 6 ×
10−6 mbar Ar at 298 K), heating to 1100 K, oxidation during
cooling down in 5 × 10−7 mbar O2 between 1100 and 600 K,
and a final flash to 1100 K in UHV. After cooling to 90 K, well-
ordered and clean surface structures were confirmed by LEED
and CO-TPD. For the single-crystal Pd, atoms on both surfaces
[front and back; both of (111) orientation] and on the perime-
ter were considered for the TOF calculations, because carbon
impurities easily dissolve in Pd on flashing above 700 K.

3. Results and discussion

3.1. Catalytic behavior

3.1.1. Rate measurements
Figs. 1a–1e show the reaction kinetics of 1,3-butadiene

hydrogenation at 373 K for different Pd catalysts with 2–
8 nm mean particle size. For all samples, independent of Pd
particle size, 1-butene, trans-2-butene, and cis-2-butene were
the primary products, with the thermodynamically least sta-
ble 1-butene being the main product (100% selectivity toward
butene formation). Interestingly, in the first minutes of the re-
action (before complete butadiene consumption), the relative
proportion of these three products was quite independent of
particle size; that is, a 1-butene/2-butene ratio of around 1.3
and a trans-/cis-2-butene ratio of around 3.4 were observed.
The similarity in the relative amount of the three reaction prod-
ucts points to an identical reaction mechanism for the (first)
butadiene hydrogenation step on the different Pd clusters, that
is, independent of particle size, most probably through 1,2-
and 1,4-H addition to 1,3-butadiene to produce 1-butene and
trans-/cis-2-butene, respectively [8,22]. Although the product
distribution followed a similar trend for all particle sizes exam-
ined, the kinetic behavior was clearly size dependent (Fig. 1).
For the smallest particle size (2 nm; Fig. 1a), the catalytic
activity increased with reaction time. In fact, at high butadi-
ene pressure (i.e., low reaction time), the catalyst exhibited a
constant activity. However, after the butadiene pressure was
reduced to a certain value (∼30% butadiene conversion), the
activity suddenly increased until 1,3-butadiene was completely
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Fig. 1. Product distribution versus reaction time for 1,3-butadiene hydrogenation at 373 K for different Pd/Al2O3/NiAl(110) model catalysts (P 1,3-butadiene: 5 mbar;
P H2 : 10 mbar; Ar added up to 1 bar): (a) mean particle size 2.1 nm (2 Å, 90 K), (b) 4.2 nm (2 Å, 303 K), (c) 5.3 nm (4 Å, 303 K), (d) 6.1 nm (6 Å, 303 K), and
(e) 7.7 nm (12 Å, 303 K).
consumed. Such a behavior resembles a transition from an
adsorption/desorption-limited regime to a kinetic regime (rate
governed by the surface reactions). In fact, when the experiment
of Fig. 1a was performed with an initial butadiene pressure of
3.5 mbar (i.e., 70% of the original concentration in Fig. 1a),
the reaction rate increased already from the beginning, confirm-
ing the importance of the hydrocarbon coverage (or pressure).
Apparently, when the butadiene coverage (pressure) was above
a “critical” value, the strongly adsorbed butadiene (fully) cov-
ered the Pd particle surface and inhibited hydrogen adsorption.
Under these conditions, the activity was governed by adsorp-
tion/desorption processes; when a butene molecule, originat-
ing from the hydrogenation of butadiene, desorbed from the
surface, an empty site was created, allowing hydrogen to ac-
cess the Pd surface and “perforate” the hydrocarbon layer. This
assumption is supported by hydrogen–deuterium exchange ex-
periments on Pd/Al2O3 catalysts showing that the presence of
1,3-butadiene inhibited HD formation [3,23]. However, with
reaction time, the partial pressure of butadiene continuously de-
creased, and below a critical coverage, hydrogen was able to
(better) perforate the hydrocarbon layer, eventually leading to
progressively increasing catalytic activity.



J. Silvestre-Albero et al. / Journal of Catalysis 240 (2006) 58–65 61
As mentioned above, evaporation at 303 K allowed the
preparation of larger Pd particles, between 4 and 8 nm mean
size. Fig. 1b shows that the overall kinetic behavior for the
4-nm sample was similar to that of the 2-nm Pd–Al2O3 cata-
lyst. Again, the 4-nm catalyst exhibited a critical hydrocarbon
pressure/coverage below which the catalytic activity suddenly
increased (after 500 min; Table 2). The Pd particles of the 4-nm
catalyst (Fig. 1b) had twice the diameter of those of the 2-nm
catalyst, but, due to the smaller island density after evapora-
tion at 303 K, the number of Pd surface atoms was ∼50% of
those of the 2-nm catalyst (see Table 1). However, it is inter-
esting to note that although the number of Pd surface atoms
was smaller (∼50%) for the 4-nm catalyst than for the 2-nm
catalyst, 1,3-butadiene consumption was faster for the 4-nm cat-
alyst (complete consumption after 850 min) than for the 2-nm
catalyst (complete consumption after 1100 min). This indicates
that the overall activity increased with increasing particle size
(cf. Figs. 1a and 1b). When 4-nm Pd particles were grown at
90 K, the higher island density led to a ∼380% increase in
the number of Pd surface atoms compared with the catalyst of
Fig. 1b. Accordingly, the overall consumption of 1,3-butadiene
was faster (complete consumption after 200 min; not shown).

Table 1
Structure properties of different Pd/Al2O3/NiAl(110) model catalysts

Substrate
temperature
during evap-
oration (K)

Pd
nominal
thicknessa

(Å)

Island
densityb

(cm−2)

Mean
particle
diameterc

(nm)

Disper-
sionc

(%)

Total num-
ber of Pd
surface
atomsd

90 2 8.7 · 1012 2.1 61 7.6 · 1014

90 4 6.3 · 1012 2.8 43 1.1 · 1015

90 6 4.7 · 1012 3.6 34 1.3 · 1015

90 8 3.6 · 1012 4.4 29 1.4 · 1015

303 2 1 · 1012 4.2 30 3.7 · 1014

303 4 1 · 1012 5.3 24 5.9 · 1014

303 6 1 · 1012 6.1 21 7.7 · 1014

303 12 1 · 1012 7.7 16 1.2 · 1015

a Values measured by a quartz microbalance thickness monitor.
b Values obtained by in situ STM measurements [19].
c Values calculated based on the deposited Pd amount and the island density

measured by STM.
d For a sample area of 0.92 cm2.
An increase in Pd particle size from 4 to 8 nm had an im-
portant effect on catalytic activity (Figs. 1b–1e). With increas-
ing size, 1,3-butadiene consumption became more linear, with
the 8-nm particles approaching the zero-order reaction kinetics
of a Pd(111) single crystal with respect to butadiene [8]. Al-
though the initial butadiene pressure was always 5 mbar, the
site-blocking effects on activity could hardly be recognized for
large particles, even for low conversions (when blocking effects
were observed for small particles). When the island density was
kept constant (evaporation at 303 K), an increase in Pd particle
size apparently led to a threefold increase in the total number
of Pd surface atoms (Table 1), but this alone cannot explain the
kinetic behavior, again suggesting site-blocking. For Pd single
crystals, the blocking effects were basically absent for the cur-
rent conditions (see Fig. 3a of [8]).

According to these results, 1,3-butadiene adsorbed on Pd
nanoparticles hindered hydrogen adsorption, and this effect was
more pronounced for small Pd particles. This could be due in
part to a more rapid reduction of blocking effects for larger par-
ticles, because of the threefold to fourfold greater number of
Pd surface atoms (Table 1). However, the butadiene conversion
(or pressure) at the point where the kinetics change differed for
the different catalysts, ruling out the possibility that the faster
reaction on larger particles was simply masking the blocking
effects (see Table 2). In fact, although the catalysts in Figs. 1a
(2 nm) and 1d (6 nm) exhibited basically the same total number
of Pd surface atoms, their kinetic behavior was quite differ-
ent. Whereas the 6-nm particles exhibited a fast reaction rate
already from the beginning, the 2-nm Pd particles seemed to
suffer from blocking effects during most of the reaction. This
clearly shows that the complex kinetic behavior on Pd nanopar-
ticles was not governed simply by the actual butadiene coverage
(pressure), but there was a size-dependent adsorption of butadi-
ene that was stronger on small Pd particles. This finding is in
good agreement with previous spectroscopic studies on Pd ag-
gregates that reported a change in the electronic properties of
small Pd particles and a stronger adsorption of butadiene on
small Pd particles, which was responsible for the activity de-
crease with decreasing particle size [11,24]. Table 2 shows the
partial pressure of 1,3-butadiene at the point where the reaction
kinetics accelerated. A comparison of this pressure for differ-
Table 2
Kinetic measurements on different Pd/Al2O3/NiAl(110) model catalysts for selective 1,3-butadiene hydrogenation at 373 K

Catalysts Particle
size (nm)

Selectivitya (%) 1-Butene/
2-butenea

Selec. butenea

(%)
TOF

(s−1)
P HC

b (mbar)
(conversion (%))1-Butene Trans-2-butene Cis-2-butene n-Butane

2 Å, 90 K 2.1 52.5 36.4 10.3 0.8 1.12 99.2 1.1 3.6 (28)
4 Å, 90 K 2.8 51.4 37.8 10.2 0.6 1.07 99.4 2.0 2.3 (54)
6 Å, 90 K 3.6 54.8 34.2 10.7 0.3 1.22 99.7 3.6 1.8 (64)
8 Å, 90 K 4.4 56.0 32.9 11.0 0.2 1.28 99.8 4.0 1.3 (74)

2 Å, 300 K 4.2 55.2 33.4 10.8 0.6 1.25 99.4 3.7 3.1 (38)
4 Å, 300 K 5.3 57.9 31.2 10.5 0.4 1.39 99.6 5.3 2.1 (58)
6 Å, 300 K 6.1 60.6 29.6 10.6 0.2 1.54 99.8 7.0 0.7 (86)
12 Å, 300 K 7.7 61.9 27.7 10.3 0.1 1.63 99.9 9.6 –

a Measured at 50% conversion (P 1,3-butadiene: 5 mbar; P H2 : 10 mbar; Ar added up to 1 bar).
b Partial pressure (and conversion) of 1,3-butadiene when the reaction rate accelerates.
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ent Pd particle sizes is not straightforward and is not discussed
here.

For all catalysts, once 1,3-butadiene was completely con-
sumed, 1-butene was readsorbed on the Pd catalyst, giving rise
to two processes: n-butane formation through hydrogenation
and trans-/cis-2-butene formation through isomerization. Inter-
estingly, the kinetics of the 1-butene reaction (hydrogenation
and isomerization) were similar for the different catalysts and
thus independent of the Pd particle size (Fig. 1). In fact, on
small (2 nm) Pd particles, the 1-butene reaction did not exhibit
the typical blocking effects observed for butadiene hydrogena-
tion. For all particle sizes, the kinetics of 1-butene reaction
were fast from the beginning, pointing to a weaker adsorption
of 1-butene on Pd nanoparticles compared with 1,3-butadiene
(in agreement with recent density functional theory calculations
[25–27]). This suggests that in the case of 1,3-butadiene, both
double bonds were interacting with the surface, explaining the
stronger bonding. The interaction with both double bonds is
further corroborated by the reaction selectivity observed on Pd
single crystals (suggesting that both 1,2- and 1,4-hydrogenation
occurred, as discussed in detail previously [8]).

3.1.2. Selectivity to butenes
The hydrogenation of 1,3-butadiene is also interesting with

respect to the reaction selectivity (with the products 1-butene,
trans-2-butene, cis-2-butene, and n-butane). As mentioned be-
fore, the relative fraction of the different reaction products was
quite similar for the different Pd/Al2O3/NiAl(110) model cata-
lysts. However, as shown in Table 2, small but noticeable differ-
ences occurred as a function of Pd particle size. An increase in
particle size from 2 to 8 nm induced a small increase in the se-
lectivity toward 1-butene (and a small increase in the selectivity
toward butenes in general). Apparently, larger Pd nanoparti-
cles exhibited higher activity (TOF) for 1,3-butadiene as well
as slightly higher selectivity for 1-butene. This may suggest
that on larger particles, 1,2 hydrogen addition was faster than
1,4 hydrogen addition; however, the precise origin of this effect
(e.g., particle size-dependent binding energy of intermediates)
is currently unknown.

A more pronounced difference was observed between Pd
nanoparticles and Pd single crystals [8]. For Pd nanoparti-
cles, the selectivity toward butene formation was considerably
higher; that is, no n-butane was formed until 1,3-butadiene
had been completely consumed, whereas on Pd single crystals,
small amounts of n-butane were formed even in the presence of
1,3-butadiene. The higher selectivity of Pd nanoparticles may
again be related to a stronger adsorption of butadiene on the
particles, preventing butene readsorption and n-butane forma-
tion.

3.2. Effect of Pd particle size: structural considerations

Table 1 collects the structural characteristics of the different
Pd catalysts, focusing on particle properties. On evaporation at
low temperature (90 K), Pd particle size ranged from approx-
imately 2 to 4 nm, whereas larger particles (4–8 nm) resulted
on evaporation at room temperature. Taking into account the
amount of deposited Pd (Pd atoms per cm−2, measured with
a quartz microbalance) and the island density (Pd particles per
cm−2) determined by in situ STM [19], we can calculate such
structural characteristics as Pd atoms per particle, mean parti-
cle size, and dispersion. In what follows we use these structural
properties to correlate the catalytic activity with the micro-
scopic properties of the catalysts.

All measurements described in the previous section were
performed on different catalysts, that is, with different parti-
cle sizes and different numbers of Pd surface atoms. These
differences make a direct comparison of kinetic behavior dif-
ficult. Using the TOF (i.e., number of molecules reacted per
Pd surface atom after a certain time) allows a better compar-
ison of rates for different particle sizes; this concept is fre-
quently used in heterogeneous catalysis. Accordingly, Table 2
also reports TOF values after 60 min of reaction time as a func-
tion of Pd particle size. TOF values for the different catalysts
were calculated by dividing the total number of product mole-
cules (1-butene, trans-2-butene, cis-2-butene, and n-butane)
produced after 60 min of reaction time by the corresponding
number of Pd surface atoms (Table 1).

The catalytic activity increased linearly with particle size
(see also Fig. 3b). Apparently, Pd surface atoms on larger par-
ticles were more active than those on small particles. This
tendency agrees with previous results for 1,3-butadiene hydro-
genation on Pd aggregates showing an exponential TOF in-
crease with particle size [11]. This behavior can be explained
by a stronger deactivation on small Pd particles (1.2–2.8 nm)
due to stronger butadiene adsorption; variations in electronic
structure were observed for Pd particles <3 nm. However, this
explanation cannot be extrapolated to particle sizes up to 8 nm,
and additional effects must be considered. Previous studies of
1,3-butadiene hydrogenation on Pd single crystals have shown
that the reaction is structure sensitive; that is, the catalytic ac-
tivity depends on the crystallographic orientation of the surface;
as mentioned, Pd(110) is fivefold more active than (111) [7,8].
Taking into account that the Pd nanoparticles exhibit facets of
different crystallographic orientation [e.g., (111) and (100)],
variations in the relative abundance of the different facets with
particle size will also affect the overall catalytic activity (be-
cause the different facets exhibit different activity).

In addition, for small Pd nanoparticles (Fig. 1a), there were
clear differences between 1,3-butadiene hydrogenation (first
hydrogenation reaction) and 1-butene hydrogenation (consec-
utive hydrogenation reactions). Whereas the hydrogenation of
a C4 molecule with two conjugated double bonds, such as
1,3-butadiene, exhibited hydrogen-blocking effects, a similar
C4 molecule with only a single double bond, such a 1-butene,
did not show these effects. This difference points to special site
requirements (i.e., structure sensitivity) for 1,3-butadiene ad-
sorption and hydrogenation.

As mentioned in Section 2, Pd nanoparticles were prepared
under UHV on a thin oxide support that allowed character-
ization by STM [13,19]. STM imaging showed that the Pd
nanoparticles had a truncated cubo-octahedral shape with (111)
and (100) surface facets (cf. the model in Fig. 2a). Based on this
information, we constructed a cubo-octahedral cluster model
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(a)

(b)

Fig. 2. Relative abundance of Pd surface atoms in different configurations, con-
sidering (a) perfect truncated cubo-octahedra and (b) truncated cubo-octahedra
with incomplete (111) and (100) terraces (incomplete layers on side facets are
not shown for graphical reasons).

that allows us to split the total number of surface Pd atoms
into the different contributions of the (111) and (100) surface
facets, edge sites, interface sites, and so on. Fig. 2a shows the
relative abundance of surface sites as a function of the Pd parti-
cle size for truncated cubo-octahedral clusters [i.e., for perfect
(closed-shell) cubo-octahedra]. The following site notation is
based on that suggested by Van Hardeveld and Hartog; that is,
the subscript and the superscript correspond to the number of
nearest neighbors of a surface atom and to the serial numbers
of the missing atoms in the neighborhood of a certain surface
atom, respectively. (Full coordination would be 12; see Fig. 1
in [28] for a complete description.) Small metal clusters had a
high proportion of corner (C6

6) and edge (C7
5 and C7

9) atoms
compared with atoms in (111) and (100) terrace sites, C9

3 and
C8

4,5, respectively. However, an increase in particle size led to
an increase in the proportion of (111) and (100) terraces; for
8-nm particles, around 70% of the surface atoms were within
(111) terraces and 15% were within (100) terraces.

The STM images also revealed that the Pd particles were not
always perfect cubo-octahedra but frequently exhibited incom-
plete (111) and (100) terraces; that is, a few atom rows were
missing at the border/intersection of the (111) and (100) facets.
Therefore, we also used a second structural model with incom-
plete facets (Fig. 2b). Because of the greater number of different
surface sites on the particle, the graph is more complex, but it
can be split in two main parts. The small (<3.5 nm) metal clus-
ters were highly defective, and a slight increase in particle size
led to an increase in the proportion of defects at the bound-
ary of the incomplete facets (mainly C10, C11, and C9

4). In
contrast, particles >3.5 nm started to develop large and well-
defined (111) facets (i.e., C9

3) and (100) facets (i.e., C8
4,5);

consequently, a sudden change in the fraction of the different
sites occurred, as shown in Fig. 2b. It is noteworthy that the
proportion of well-defined (100) terraces in the cubo-octahedral
model with incomplete terraces was as low as 2% for the 8-nm
particles.

Considering that the hydrogenation reaction occurred on
specific surface sites and assuming that the morphology and
proportion of these sites remained unchanged under high-
pressure reaction conditions (which is justified by the argu-
ments given in Section 2), we plotted the increase in absolute
catalytic activity (molecules reacted/s) with particle size to-
gether with the increase in the total number of a certain type
of Pd sites with particle size for both perfect and incomplete
cubo-octahedra (Fig. 3a). Comparing these two dependences
reveals that the hydrogenation activity increased in basically
the same manner as the number of Pd atoms in incomplete
(111) terraces increased (Fig. 3a). We do not show plots for
other surface sites [e.g., (100), edges], because no correlation
was observed.

In the next step, the number of Pd atoms in incomplete (111)
terraces was used for the rate normalization, yielding a TOF
that was constant for Pd particles �4 nm (Fig. 3b). Accord-
ing to this finding, the selective hydrogenation of 1,3-butadiene
was particle size independent for Pd particles �4 nm, although
the reaction itself was structure sensitive. This indicates that
for large Pd particles, the reaction occurred on (111) terraces,
which may be required for a specific diene adsorption geom-
etry. If this assumption were true, then one would expect a
similar TOF for a Pd(111) single crystal. Therefore, the cat-
alytic activity of Pd(111) was measured under the same reaction
conditions. As shown in Fig. 3b (arrows on the left), the TOF
for 1,3-butadiene hydrogenation on Pd(111) was very close
to that observed for Pd nanoparticles (only 3–6 s−1 = 16%
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(a)

(b)

Fig. 3. (a) Catalytic activity (molecules converted/s; 2) and total number of Pd atoms in incomplete (111) terraces (1), both as a function of Pd particle size;
(b) specific activity (TOF) as a function of Pd particle size, normalized by the total number of Pd surface atoms (- - -, �) and normalized by the total number of
Pd surface atoms within incomplete (111) facets (", Q). Arrows on the left indicate the TOF of Pd(111) and Pd(110) single crystals under identical reaction condi-
tions.
higher). This corroborates the assumption that the reaction oc-
curred on (111) surface sites and also supports the structure
model of a truncated cubo-octahedron with incomplete ter-
races.

For Pd particles <4 nm, the normalization was not straight-
forward, because these particles no longer had well-defined
(large) (111) terraces. The particles were highly defective,
and the exact surface structure was unknown, because STM
did not allow a clear characterization of the smallest parti-
cles. Nevertheless, normalizing the catalytic activity (mole-
cules converted/s) of Pd particles <4 nm with the num-
ber of surface atoms (assuming cubo-octahedra) led to TOF
values approaching those of the open Pd(110) single crys-
tal (Fig. 3b). Most likely, although the number of surface
sites for diene adsorption was not high, for very small Pd
particles, the relative greater abundance of surface defects
(low-coordinated sites) may allow for an enhanced hydro-
gen perforation, giving rise to greater-than-expected activ-
ity.
4. Conclusion

UHV-grown Pd–Al2O3 model catalysts were used to exam-
ine size effects in the selective hydrogenation of 1,3-butadiene
at atmospheric pressure at 373 K. Using the common procedure
to normalize rates by the total number of Pd surface atoms re-
sulted in a particle size dependence, in agreement with reports
for technical catalysts. In contrast, considering Pd atoms within
incomplete (111) terraces as active sites (and using their num-
ber for rate normalization) led to a particle size-independent
reaction rate, at least for Pd particles �4 nm. A realistic struc-
ture model was suggested based on STM surface characteriza-
tion of Pd nanoparticles. Furthermore, the TOF of Pd particles
�4 nm was in excellent agreement with the TOF of a Pd(111)
single crystal, demonstrating that large, well-faceted Pd parti-
cles exhibit the behavior of Pd(111). This had been anticipated
for many years and here is proven on a quantitative basis. Pd
particles <4 nm exhibited rather open surfaces and approached
the reactivity of a Pd(110) single crystal. Nevertheless, the se-
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lectivity of Pd particles toward butenes was still higher than
that of Pd single crystals, with the latter producing a higher
amount of n-butane. This may be due to a stronger bonding
of 1,3-butadiene to Pd nanoparticles. In fact, kinetic measure-
ments on small Pd nanoparticles revealed butadiene-blocking
effects on hydrogen adsorption. However, at below some “criti-
cal” butadiene coverage, hydrogen was able to (better) perforate
the hydrocarbon layer, and the reaction rate increased with time.
This “critical” hydrocarbon coverage also was dependent on
particle size and most likely reflected a size-dependent bind-
ing energy of butadiene.
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