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Abstract

The hydrogenation of 1,3-butadiene on Pd(111) at 300 K was studied at atmospheric pressure by infrared reflection absorption spec-
troscopy (IRAS) and gas chromatography (GC). Kinetic measurements showed 1-butene, trans-2-butene and cis-2-butene as primary
products. Once 1,3-butadiene had been completely consumed, 1-butene was re-adsorbed on the surface producing trans-/cis-2-butene
through isomerization and n-butane through hydrogenation. These results were corroborated by in situ IRAS spectroscopy. Post-reac-
tion analysis by X-ray photoelectron spectroscopy (XPS) in the C1s region revealed a band at 284.2 eV, corresponding to adsorbed buta-
diene and/or carbonaceous deposits. Quantification of this peak revealed a total carbon coverage of 0.3 ML. Nevertheless, deactivation
due to carbon deposition was a minor effect under our reaction conditions, as indicated by the kinetics of the subsequent butene hydro-
genation reaction. Temperature-dependent XPS experiments after butadiene adsorption at 100 K indicated a high stability of the diene
molecule with hardly any desorption and/or decomposition up to 500 K. Above this temperature, butadiene decomposed to carbon
species that eventually dissolved in the Pd bulk above 700 K.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The catalytic hydrogenation of 1,3-butadiene is an inter-
esting process, both from an industrial and academic point
of view. There are four reaction products (1-butene, trans/
cis-2-butene and n-butane) and, consequently, regioselec-
tivity is required to obtain the desired compound [1–4].
Previous studies have shown that Pd catalysts are highly
active and highly selective towards butene formation while
Pt catalysts mostly yield n-butane via complete hydrogena-
tion [5]. Different adsorption modes of 1,3-butadiene, i.e.
di-r adsorption on Pt and di-p adsorption on Pd [6,7], were
made responsible for the different catalytic behavior. How-
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ever, the activity/selectivity of the title reaction do not only
depend on the butadiene adsorption geometry. The adsorp-
tion energy and stability of the different intermediate prod-
ucts, and also of hydrogen, will affect surface coverage and
eventually selectivity. Along these lines, Massardier et al.
attributed the lower activity of platinum catalysts to a
low hydrogen coverage [5], resulting from a low H2 adsorp-
tion energy and sticking coefficient [8]. Additionally, the
similar adsorption energy of 1,3-butadiene and butenes
on Pt surfaces was used to explain the low selectivity
towards butene formation on Pt, in contrast to Pd surfaces
where the diene is more strongly adsorbed than the butenes
(leading to higher butene selectivity) [9].

Previous studies on the stability (adsorption energy) of
1,3-butadiene on noble metal single crystals have shown a
strong dependence both on the metal and the crystallo-
graphic surface orientation. Zhao and Koel reported a high
stability of butadiene adsorbed on Pt(11 1) at 100 K towards
desorption [10]. While at low coverage (0.06 L) no butadiene
UHV and ambient pressure studies of 1,3-butadiene adsorption
nications (2006), doi:10.1016/j.catcom.2006.06.030.
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desorption was observed, higher exposures (0.24 L) led to a
single desorption peak at 130 K, due to multilayer desorp-
tion. Some H2 desorption (370–585 K) together with surface
carbon formation indicated a limited amount of butadiene
decomposition. However, similar studies on H-precovered
Pd(11 0) crystals showed desorption of both physisorbed
and chemisorbed butadiene below 200 K [11].

In previous studies we have reported that the catalytic
activity and selectivity in the 1,3-butadiene hydrogenation
reaction on Pd catalysts depends both on the crystallo-
graphic orientation [12] and the Pd particle size [13]. Addi-
tionally, we have shown that the presence of CO traces can
modify in a great extent the selectivity towards the interme-
diate hydrogenated products by reducing the surface
hydrogen concentration. Besides catalytic activity and
selectivity, another important aspect in these hydrogena-
tion reactions is catalyst deactivation, both via strongly
adsorbed surface species and/or via carbon deposits. In this
sense, the formation of carbonaceous deposits under reac-
tion conditions was proposed as being responsible for the
increased selectivity of Pd catalysts after achieving steady
state conditions in the 1,3-butadiene hydrogenation reac-
tion [9]. However, despite the crucial role of carbonaceous
deposits, to our knowledge there are no studies about the
stability of butadiene on Pd surfaces or an analysis of the
nature of the surface species present after the reaction, such
as CHx and/or C species. Therefore, the aim of the current
work was to examine the hydrogenation of 1,3-butadiene
at atmospheric pressure on Pd(111) by infrared reflection
absorption spectroscopy (IRAS) and by on-line gas chro-
matography (GC). X-ray photoelectron spectroscopy
(XPS) and low energy electron diffraction (LEED) were
employed for pre- and post-reaction surface analysis.
Finally, the adsorption and desorption of butadiene was
studied in UHV by XPS, following the C1s and Pd3d sig-
nals. These results should provide a basis to address the
role of carbonaceous species during selective butadiene
hydrogenation.

2. Experimental section

The experiments were carried out in a UHV surface
analysis chamber combined with a UHV-high-pressure
reaction cell optimized for grazing incidence IRAS [14a].
The UHV section was equipped with LEED and XPS
(Specs Phoibos 150 using Mg Ka irradiation with a resolu-
tion of �1 eV; electron analyzer at a constant pass energy
of 20 eV). The Pd(111) single crystal was prepared by
sequences of ion bombardment, oxidation and annealing
as described in Ref. [14b]. The surface structure and clean-
ness were confirmed by LEED and XPS, respectively, and
were also indirectly examined by IRAS using CO as a
probe molecule. Only for clean, well-annealed Pd(111)
CO produces a perfect (2 · 2)-3CO structure, which exhib-
its a characteristic vibrational spectrum with narrow peaks
around 1895 cm�1 and 2105 cm�1 [14]. High purity gases,
1,3-butadiene (99+%; Aldrich) and H2 (99.9999%; Linde),
Please cite this article as: Joaquin Silvestre-Albero et al., Combined
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were used. Butadiene exposures under UHV, as measured
by an ionization gauge, were corrected by the gauge sensi-
tivity factor of 4.

XPS experiments were performed in UHV after dosing
butadiene at 100 K. The growth and desorption of butadi-
ene were detected by following the C1s and Pd3d XP spec-
tra. Quantitative XPS analysis of the surface carbon
concentration was performed by using the (2 · 2)-3CO sat-
uration structure of CO on Pd(111) (coverage 0.75 ML) as
reference (assuming identical sensitivity factors for CO, C
and CHx). Peak deconvolution was performed using the
Levenberg–Marquardt method (standard non-linear least-
squares algorithm), using a mix of Gaussian and Lorentz-
ian shapes and a tail function.

In situ infrared spectroscopic studies during catalytic
1,3-butadiene hydrogenation were performed using a Bru-
ker IFS66v/S FTIR spectrometer. Prior to the experiments,
the clean model catalyst was transferred from UHV to the
high-pressure cell (under UHV). The sample was then con-
tacted with a butadiene/hydrogen (1:2) reaction mixture
(10 mbar total pressure) at 300 K. IRAS spectra were
acquired every 5 min using a spectral resolution of
4 cm�1. The observed spectra are basically IR gas phase
spectra. Vibrational signatures of surface species were not
obtained.

Kinetic measurements of 1,3-butadiene hydrogenation
were performed in a second UHV apparatus very similar
to the one used for IRAS experiments but connected on-line

to a gas-chromatograph [12,13]. Measurements were done at
atmospheric pressure (reaction mixture: P1,3-butadiene:
5 mbar; P H2

: 10 mbar; Ar added up to 1 bar) in the tempera-
ture range 300–373 K in a recirculated batch mode. Reaction
products were analyzed by on-line gas chromatography,
using a HP-PLOT/Al2O3 (50 m · 0.53 mm) capillary col-
umn and a flame ionization detector (FID). Retention times
and sensitivity factors for the reactant and the products were
calibrated using a number of different gas mixtures. Using
Al2O3 films on NiAl(11 0) as ‘‘inert’’ catalysts the absence
of background (wall) reactions under typical operating con-
ditions was confirmed.

3. Results and discussion

3.1. Ambient pressure measurements

Fig. 1a shows GC kinetic measurements of 1,3-butadi-
ene hydrogenation on Pd(111) at 300 K. As mentioned,
the reaction is interesting due to the four different reaction
products and due to the necessity of regioselectivity
towards the desired product 1-butene. In the first minutes
of the reaction 1,3-butadiene is hydrogenated to the three
butenes (1-butene, trans-2-butene and cis-2-butene). Anal-
ysis of the yield to the different butenes at zero conversion
indicated that the three butenes are primary products.
There are also mechanistic studies by Wells and coworkers
[15] using deuterated butadiene which suggested the pri-
mary character of the three butenes on Pd catalysts. It is
UHV and ambient pressure studies of 1,3-butadiene adsorption
nications (2006), doi:10.1016/j.catcom.2006.06.030.



Fig. 1. (a) Product distribution versus reaction time for 1,3-butadiene hydrogenation on Pd(111) at 300 K (P1,3-butadiene: 5 mbar; P H2
: 10 mbar; Ar added

up to 1 bar); (b) post-reaction XPS analysis in the Pd3d and C1s region (after 60 min high-pressure (HP) reaction); (c), (d) are IRAS measurements during
the catalytic reaction at 300 K (P1,3-butadiene: 3.3 mbar; P H2

: 6.7 mbar) after 3 min, 20 min, 40 min and 60 min reaction time.
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noteworthy that 1-butene, the thermodynamically least sta-
ble product, is the main product after the first hydrogena-
tion step. Interestingly, there is also some n-butane
formation after a few minutes, resulting from subsequent
hydrogenation of adsorbed and/or re-adsorbed butenes
even in the presence of butadiene. The re-adsorption and
reaction of butenes is more pronounced after complete
1,3-butadiene consumption (�75 min). 1-Butene consider-
ably re-adsorbs on the surface leading to two reaction pro-
cesses, i.e. n-butane formation through hydrogenation and
trans/cis-2-butene formation through isomerization. With
decreasing 1-butene pressure (concentration), 2-butene re-
adsorption and hydrogenation started.

Fig. 1a also shows pre- and post-reaction LEED images
as inset. The clean Pd(111) crystal exhibited the typical hex-
agonal pattern while after 6 h reaction time the LEED pat-
tern was diffuse. This is a clear indication of the presence of
adsorbed surface species, most probably of adsorbed (disor-
dered) butadiene together with carbonaceous species. It is
interesting to note that the original LEED patter could be
recovered after a high temperature flash (900 K) which
can be explained by desorption/decomposition of butadiene
and by dissolution of the carbon species in the Pd bulk.
Please cite this article as: Joaquin Silvestre-Albero et al., Combined
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The selectivity of 1,3-butadiene hydrogenation is defined
by the ratio of 1,2-H addition (yielding 1-butene) vs. 1,4-H
addition (yielding 2-butene) to butadiene. Consequently,
this process is in part governed by the geometry of the
adsorbed molecule on the surface. Previous studies by
near-edge X-ray absorption fine structure (NEXAFS) and
high-resolution electron energy loss spectroscopy
(HREELS) on Pd single crystals have shown that butadi-
ene preferentially adsorbs via the two double bonds in a
di-p configuration [7]. However, DFT calculations of buta-
diene adsorption on Pd(111) suggest the 1,2,3,4-tetra-r
adsorption state with a total adsorption energy of
�166 kJ Æ mol�1 [16]. In order to identify the nature of
the surface species during the reaction we have performed
IRAS measurements on the Pd(111) crystal under in situ
reaction conditions. Unfortunately, only gas phase and
no surface species could be observed in the spectra, proba-
bly due to the flat adsorption geometry of the different mol-
ecules on the surface. In fact, only those molecular
vibrations that have a dipole component normal to the sur-
face will contribute to the IRAS signal. An absence of sur-
face signals was also reported in previous IRAS studies of
butadiene hydrogenation on Pt(111) and Pt3Sn(111) [17].
UHV and ambient pressure studies of 1,3-butadiene adsorption
nications (2006), doi:10.1016/j.catcom.2006.06.030.



J. Silvestre-Albero et al. / Catalysis Communications 8 (2007) 292–298 295

ARTICLE IN PRESS
Adsorption studies of 1,3-butadiene on Pd(11 0) by
HREELS and NEXAFS have also shown that the molecule
adsorbs parallel on the surface [18].

Nevertheless, the reaction could be monitored by IR gas
phase spectroscopy as shown in Fig. 1c,d. At the beginning
of the reaction the IR spectra exhibited the characteristic
bands of (pure) 1,3-butadiene in the gas phase (Fig. 1c,d;
spectra after 3 min). The main bands are in the range
2976–3109 cm�1, corresponding to a combination of sym-
metric and asymmetric mCH and mCH2 in-plane stretching
vibrations (Fig. 1c) and at 1830 cm�1, 1605 cm�1,
1014 cm�1 and 909 cm�1, corresponding to C@CH2

stretching, C@C stretching, CH bending and CH2 twisting
and wagging vibrations, respectively (Fig. 1d). With reac-
tion time, the characteristic bands of butadiene progres-
sively decreased, while new bands appeared at 2976 cm�1

and 2899 cm�1, which can be attributed to the formation
of 1-butene (Fig. 1c,d; spectra after 40 min). There are also
(weaker) signatures of the 2-butenes which can be more
clearly seen after long reaction times (60 min), when the
bands of 1-butene started to vanish and stronger IR bands
appeared at 3038 cm�1, 2937 cm�1 and 964 cm�1, charac-
teristic of 2-butenes. In addition, peaks appearing at
2966 cm�1 and 2881 cm�1 are a clear fingerprint of
n-butane formation. These results agree well with the cor-
responding GC measurements. At the beginning of the
reaction, butadiene is mainly hydrogenated to 1-butene
through 1,2-hydrogen addition (Fig. 1c,d; spectra after
40 min), while once 1,3-butadiene has been (nearly) com-
pletely consumed, 1-butene is strongly re-adsorbed yielding
n-butane through hydrogenation and trans/cis-2-butene
through isomerization (Fig. 1c,d; spectra after 60 min).
Compared to the GC measurements, the consumption of
1,3-butadiene is slightly faster in the IRAS experiment
due to the smaller volume of the IR cell (although one also
has to confess that the 4 products can not always be fully
differentiated by IRAS).

Beside catalytic activity and selectivity, deactivation is
another important aspect in heterogeneous catalysis. For
many hydrocarbon reforming reactions one of the main rea-
sons of deactivation is the dehydrogenation to carbona-
ceous (CHx) and C species. In order to quantify the
possible effect of carbon deposits on the deactivation of
1,3-butadiene hydrogenation we have performed post-reac-
tion XPS analysis. Using a calibration by adsorbed CO we
are able to identify and quantify the carbon species on the
surface after the reaction. Fig. 1b shows the C1s and Pd3d
signals for the Pd(1 11) single crystal after 60 min reaction
time (after the IRAS measurements). As can be observed,
the C1s spectra exhibit a single band centered at 284.2 eV
which corresponds to carbon species (CHx and/or C)
adsorbed on the surface together with some remaining buta-
diene. These carbon species are typically responsible for the
deactivation of the catalyst with reaction time. A quantita-
tive analysis of the carbon deposits yielded a carbon cover-
age of 0.3 ML. Although the amount of carbon formed after
60 min reaction time at 300 K is certainly not negligible,
Please cite this article as: Joaquin Silvestre-Albero et al., Combined
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most of the surface is still clean (especially if carbon forms
clusters). This may explain why no significant deactivation
was observed in repeated GC measurements. Furthermore,
the consecutive 1-butene hydrogenation reaction (Fig. 1a
after 75 min reaction time) exhibited an activity similar to
that of 1,3-butadiene hydrogenation. Since the hydrogena-
tion rates of both reactions on a clean surface are quite sim-
ilar this again points to a (nearly) clean surface. The
deactivation of the hydrogenation reaction due to carbon
deposits must therefore be of minor importance, at least
on our timescales. This is somewhat in variance with previ-
ous studies on Pd model catalysts where a clear deactivation
of the subsequent butene hydrogenation process was
observed together with the formation of significant carbon
deposits (�1 ML) [5]. However, the longer reaction time
(6 h) together with the higher reaction temperature
(340 K) of these studies [5] probably account for the
observed differences. Higher carbon amounts (1–1.5 ML)
were previously observed and analyzed during methanol
decomposition on Pd(11 1) at 300 K [19,20]. Interestingly,
a flash of the Pd(111) sample above 600 K (not shown) leads
to the disappearance of the 284.2 eV band. According to
previous studies, this is a clear indication of carbon dissolu-
tion (migration) into the Pd bulk at high temperature [20].
Additionally, the absence of any shift in the Pd3d binding
energy after reaction (Fig. 1b) rules out the formation of a
Pd-carbide (like) phase, such as those reported for acetylene
hydrogenation on Pd catalysts at 373 K [21] and for C2H4–
Pd(111) interaction [22]. This may again be due to the
shorter reaction time and the low reaction temperature used
in our study. In summary, post-reaction XPS analysis shows
that under the reaction conditions used in our previous
investigations on Pd single crystals [12] and Al2O3 sup-
ported Pd nanoparticles [13] the effect of deactivation by
carbon deposits must have been nearly negligible.

The selectivity towards the first hydrogenated products
(butenes) is strongly affected by the adsorption strength
(stability) of both the reactant and the intermediate reaction
products. Previous DFT calculations on butadiene and
butene adsorption on Pd(11 1) suggest that 1,3-butadiene
adsorption is �79 kJ Æ mol�1 stronger than that of the most
strongly adsorbed butene, i.e. 1-butene [16]. This was exper-
imentally confirmed by kinetic analysis of competitive buta-
diene–butene hydrogenation reactions [9]. Thus, the
presence of strongly adsorbed 1,3-butadiene will mostly
prevent (or, at least, hinder) the re-adsorption and hydroge-
nation of butene intermediates to n-butane, thereby increas-
ing the selectivity. However, if the adsorption of butadiene
is too strong undesired dehydrogenation processes may
occur, which produce coke and lead to catalyst deactiva-
tion. The interaction of 1,3-butadiene with Pd(111) was
therefore studied in more detail by UHV measurements.

3.2. Ultrahigh vacuum measurements

In order to gain more insight into the stability and
reactivity of butadiene adsorbed on Pd(111) we have
UHV and ambient pressure studies of 1,3-butadiene adsorption
nications (2006), doi:10.1016/j.catcom.2006.06.030.
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performed adsorption–desorption XPS measurements
under UHV. Fig. 2a shows XPS data acquired during the
(multilayer) growth of 1,3-butadiene on Pd(111) at
100 K. At low butadiene exposure (0.5 L;
1 L = 10�6 Torr s), the C1s XP spectrum exhibits a broad
band centered at 284.0 eV. Increasing the exposure of
1,3-butadiene to 1 L produces a shift in the binding energy
to 284.7 eV, together with a low energy tail at �284 eV. A
further increase in the butadiene dose up to 20 L produces
a symmetric peak centered at 285.1 eV. The increase in the
amount of adsorbed butadiene is accompanied by a
decrease in the Pd3d intensity (Fig. 2b). However, it is
interesting to note that despite of having a butadiene mul-
tilayer after 20 L dose, there is still a strong Pd3d signal.

Fig. 2c and d show the quantitative analysis of the XPS
data. By using the (2 · 2)-3 CO saturation structure of CO
on Pd(111) for calibration we have quantified the carbon
coverage as a function of butadiene exposure (Fig. 2c).
Obviously, the carbon coverage increased with butadiene
dose. According to these results, exposure of only 1 L buta-
diene is enough to create a monolayer of carbon on the Pd
surface. Taking into account that each butadiene molecule
posses four carbon atoms, this carbon coverage corre-
sponds to a butadiene coverage of 0.25 molecules butadi-
ene/Pd surface atom (we define this as a butadiene
Fig. 2. Photoelectron spectra in the C1s (a) and Pd3d (b) region acquired during
(trace 1), 1 L (trace 2), 5 L (trace 3), 10 L (trace 4) and 20 L (trace 5) butadiene
function of the butadiene exposure at 100 K are shown in (c) and (d), respect
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monolayer). An increase in the butadiene dose up to 20 L
produced a multilayer corresponding to approximately
four layers of butadiene. The formation of a monolayer
already after 1 L dose also explains the shift in the C1s
binding energy with exposure (Fig. 2d). Below monolayer
coverage, the adsorbed butadiene molecules interact
directly with the surface and exhibit a lower C1s binding
energy (284.0 eV). However, after monolayer formation
(1 L), additional butadiene molecules start to adsorb in a
multilayer and exhibit a smaller interaction with the sur-
face, leading to a sudden shift to higher binding energies
(285.0 eV; this value being constant for further butadiene
exposure).

The stability of adsorbed butadiene was addressed by
performing temperature-dependent XPS, monitoring the
remaining surface species via their C1s and Pd3d signals
(Fig. 3a,b, respectively). As observed in the C1s spectra,
increasing the sample temperature to 125 K produced a
small decrease in intensity, probably due to desorption of
weakly bound butadiene from the multilayer (see also
Fig. 3c,d). Surprisingly, a further increase in sample tem-
perature up to 500 K led to a binding energy shift to higher
values, while the peak area (intensity) remained unchanged.
Only above 500 K there is a decrease in C1s peak intensity,
together with a shift to lower binding energies (Fig. 3c,d).
butadiene adsorption on Pd(111) at 100 K. Spectra were taken after 0.5 L
exposure. XPS analysis of the carbon coverage and C1s binding energy as a
ively.

UHV and ambient pressure studies of 1,3-butadiene adsorption
nications (2006), doi:10.1016/j.catcom.2006.06.030.



Fig. 3. Photoelectron spectra in the C1s (a) and Pd3d (b) region acquired during annealing a butadiene multilayer on Pd(111). Spectra were taken after
20 L butadiene exposure at 100 K (trace 1), at 125 K (trace 2), at 300 K (trace 3), at 500 K (trace 4), at 700 K (trace 5), at 800 K (trace 6) and at 1000 K
(trace 7). XPS analysis of the carbon coverage and C1s binding energy as a function of the annealing temperature are shown in (c) and (d), respectively.
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The high stability of adsorbed butadiene towards desorp-
tion and decomposition on Pd(1 11) up to �500 K is simi-
lar to that reported for the same molecule on Pt(111) [10].
Temperature programmed desorption (TPD) spectra after
butadiene adsorption on Pt(111) at 100 K showed only
desorption of the physisorbed layer but not of chemisorbed
butadiene. By following the H2 signal, very limited butadi-
ene decomposition was observed. The high stability of
butadiene adsorbed on close-packed surfaces, i.e.
Pd(11 1) and Pt(111), is a clear evidence of the strong
interaction between the diene molecule and the metal sur-
face. A strong adsorption of butadiene on Pd(11 1) may
in fact be responsible for blocking effects on hydrogen
adsorption on Pd nanoparticles supported on Al2O3, as
suggested previously [13].

It is also worth to note the shift in the C1s binding
energy between 125 K and 500 K. NEXAFS and HREELS
studies of butadiene adsorption on Pd(111) have shown an
increase in the bond strength of (di-p bonded) butadiene
when the temperature was increased from 95 K to 300 K
[7]. The absence of butadiene desorption below 500 K
together with the BE shift to higher values is a clear indica-
tion of a change in the adsorption mode of butadiene with
Please cite this article as: Joaquin Silvestre-Albero et al., Combined
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increasing temperature (while dehydrogenation to carbona-
ceous deposits (CHx and/or C) would shift the C1s binding
energy to lower values (�284.0 eV)). Nevertheless, the
occurrence of initial steps of dehydrogenation, e.g. butadi-
ene dehydrogenation to butylidyne, can not be fully ruled
out. Previous studies of ethylene adsorption on Pd(111)
and Pt(111) have shown that while ethylene is dehydroge-
nated to ethylidyne on Pt(111), the molecule rather des-
orbed from Pd(111) upon annealing to 300 K, without
conversion or decomposition to other species [14,23].
According to Fig. 3, butadiene decomposes above 500 K,
most likely through dehydrogenation producing CHx and
C species on the surface, as indicated by the shift of the
C1s signal to lower binding energies (284.0 eV), values typ-
ical of carbon and hydrocarbon species [20,24]. The
decreasing intensity indicates carbon dissolution and at
1000 K the C1s signal fully disappeared, due to carbon
migration into the Pd bulk (Fig. 3c).

The Pd3d spectra revealed a small (�+0.2 eV) shift
between �500 K and 800 K (Fig. 3b), while at lower and
higher temperature peak positions typical of metallic Pd
were observed. This temperature dependence is probably
an indication that upon butadiene decomposition (and
UHV and ambient pressure studies of 1,3-butadiene adsorption
nications (2006), doi:10.1016/j.catcom.2006.06.030.
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simultaneous carbon dissolution) above 500 K a carbide-
like PdxCy phase is formed (between 500 K and 800 K
[22,25,26]), but its exact nature is currently unknown. This
intermediate PdxCy phase decomposed at higher tempera-
ture and at 1000 K the Pd3d signal shifted back to
335.1 eV (metallic Pd), because carbon dissolved deep in
the Pd volume.

4. Conclusion

Ambient pressure kinetic studies of selective 1,3-butadi-
ene hydrogenation on Pd(111) at 300 K identified
1-butene, trans-2-butene and cis-2-butene as primary prod-
ucts. Contrary to the behavior on Pd nanoparticles [13], the
Pd(111) single crystal exhibits a lower selectivity towards
butene formation, with n-butane formed already in the first
minutes of the reaction. The hydrogenation process is
accompanied by re-adsorption of butenes, i.e. mainly 1-
butene, producing n-butane through hydrogenation and
trans/cis-2-butene through isomerization. With decreasing
1-butene concentration, hydrogenation of 2-butenes sets
in. This was corroborated by IRAS experiments which
monitored the gas phase species (while no surface species
could be observed). Post-reaction XPS studies detected
�0.3 ML carbon species on the surface, i.e. adsorbed buta-
diene and/or carbon deposits. Thus, deactivation due to
coking was only a minor effect under our reaction
conditions.

Temperature-dependent XPS experiments under UHV
showed that butadiene is highly stable towards desorption
and/or decomposition on the Pd(111) surface up to
�500 K. This strong interaction of the diene molecule with
the Pd surface must be responsible for the blocking effects
on hydrogen adsorption and butene re-adsorption, as
reported previously for Pd nanoparticles supported on
Al2O3 [13]. However, care must still be taken when com-
paring UHV results with the atmospheric pressure kinetic
studies, due to the pressure difference and due to the
absence of hydrogen in the UHV measurements (very
likely, adsorbed H would modify the diene adsorption
properties). A high temperature treatment of the butadiene
covered Pd(111) surface indicated decomposition pro-
cesses (dehydrogenation) and (partial) carbon dissolution
into the Pd bulk. Similar spectroscopic studies on sup-
ported Pd nanoparticles are planned for the future.
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