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The adsorption and kinetics of conversion of cis-2-butene with deuterium on model supported Pd catalyst
(Pd/Fe;04/Pt(111)) were characterized by reflection—absorption infrared spectroscopy (RAIRS), temperature-
programmed desorption (TPD), and isothermal molecular beam (MB) experiments. It was found that selectivity
toward cis—trans isomerization and hydrogenation depends critically on the nature of the carbonaceous deposits,
which are typically present during reaction on real catalysts. At low temperatures (190—210 K) both reaction
pathways were found to proceed on the initially clean surface, but the catalytic activity was observed to
quickly vanish, presumably because of the accumulation of hydrocarbon species on the surface. At temperatures
above 250 K, on the other hand, a sustained catalytic activity toward cis—trans isomerization was observed
over long periods of time. Interestingly, no catalytic activity could be sustained for the competing hydrogenation
on the initially clean catalyst even at these temperatures. Only when highly dehydrogenated carbonaceous
fragments were preadsorbed on the surface was it possible to induce a persistent catalytic activity for the
hydrogenation (and also the isomerization) of the alkene on our supported palladium particles. Possible reasons
of this unique vacuum catalytic behavior are discussed, including different spatial requirements for the
competing reaction pathways and changes in the adsorption state of deuterium on and beneath the surface

modified by the carbonaceous deposits.

1. Introduction

The promotion of alkene conversions, hydrogenation and
isomerization in particular, is required for numerous chemical
processes, including fine chemical and pharmaceutical synthesis,
petrochemical hydrotreating, and food processing.!? Alkene
chemistry on metal surfaces has been extensively investigated
in early years using conventional catalytic techniques** and
also more recently by modern surface-science methodologies.®”-8
Although the surface-science approach has provided much
insight into the mechanistic details of the key reaction steps on
the catalyst surface, some important issues remain unresolved
still. In particular, it is not clear what mechanisms govern
selectivity in alkene conversions.

When promoted by transition-metal catalysts, alkene conver-
sions such as hydrogenation, dehydrogenation, H-D exchange,
and isomerization are generally accounted for by the so-called
Horiuti-Polanyi mechanism,” which proceeds through a series
of stepwise hydrogenation-dehydrogenation steps. In the par-
ticular case of the conversion of 2-butenes with hydrogen or
deuterium, this mechanism involves the formation of a key
surface butyl species via an initial half-hydrogenation of the
adsorbed alkene; this species is generally believed to be a
common reaction intermediate for the cis—trans isomerization,
H-D exchange, and hydrogenation reaction pathways.>°-!! That
butyl intermediate can then undergo a f(-hydride elimination
step to form an alkene, either the original molecule or one where
cis—trans isomerization or double-bond migration has occurred
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(and a hydrogen has been replaced by a deuterium atom if
deuterium is used as coreactant). Alternatively, the butyl moiety
can follow a reductive elimination step with a second coadsorbed
hydrogen or deuterium atom to form butane. Dehydrogenation
of the adsorbed alkene to other surface species such alkylidynes
is also possible.'>!3 Figure la provides a general scheme
summarizing the possible conversions of cis-2-butene with
deuterium.

In most of the studies on reaction selectivities published to
date for alkene conversions under UHV conditions, H-D
exchange has been found to dominate over the competing
hydrogenation reaction. Thus, extensive H-D exchange has been
observed for ethene on Ni(100)!4 and Rh(111),"> for C,—Cy4
alkenes on Pd (100),'® for C¢ alkenes on Pd(111),'7 and for
ethene,'2% propene,?! different C; (1-butene and cis- and
trans-2-butenes),'>?2-23 Cs alkenes,?® and cyclic compounds?®-27
on Pt(111). In contrast, often only limited if any hydrogenation
has been observed in those systems under the same UHV
conditions. Several explanations have been provided for this.
Guo and Madix ¢ ascribed the absence of hydrogenation of the
various alkenes they studied on Pd(100) to the strong hydrogen
adsorption on that surface. Similarly, the weakening of
metal—hydrogen bonds in the presence of coadsorbates was
invoked to explain the promotion of alkene hydrogenation on
both a Ni-precovered Pt(111) surface?®3% and on a Fe(100)
surface predosed with CO.3!32 Zaera has suggested that the first
half-hydrogenation to alkyl species may be the rate-limiting step
in alkene hydrogenation, and that the S-hydride elimination then
competes favorably against the reductive elimination step with
coadsorbed hydrogen that leads to alkane production.’?3*

More recently, the thermal chemistry of alkenes has been
studied in our group on more realistic model catalysts consisting
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Figure 1. (a) Schematic representation of the three competing reaction pathways for cis-2-butene on Pd surfaces being considered in this study,
namely: (1) cis—trans isomerization, which is accompanied by H-D exchange in the presence of coadsorbed deuterium, and which produces trans-
2-butene-d; and cis-2-butene-d, as a mono- and doubly H-D exchanged/isomerized products, correspondingly, (ii) hydrogenation, which leads to
the formation of butane (butane-d, and butane-ds, the latter as a product of consecutive H-D exchange and deuteration steps), and (iii) dehydrogenation,
which results in the formation of hydrocarbon fragments on the surface. (b) Schematic representation of the experimental setup for the molecular
beam experiments. (c) Scanning tunneling microscopy (STM) image (100 nm x 100 nm, inset: 20 nm x 20 nm) of the Pd/Fe;O4/Pt(111) supported
model catalyst used in the experiments described here, together with a schematic representation of the structure of the Pd nanoparticles in that

catalyst.

of Pd nanoparticles supported on AlO3/NiAl(110) oxide
films.?>3% In particular, it has been shown that, at least for ethene
and trans-2-pentene, H-D exchange occurs on both Pd(111)
single crystal and supported Pd particles, but hydrogenation
proceeds only on the nanoparticles. Our experimental results
strongly suggest that the formation of weakly bound subsurface
hydrogen species, the accessibility of which is enhanced on
nanoscale particles, is the key factor for the hydrogenation
reaction to occur.

An additional complication to the understanding of hydro-
genation and isomerization processes with alkenes arises from
the fact that under catalytic conditions those are accompanied
by an early decomposition of some of the reactants and the
concurrent deposition of partly dehydrogenated carbonaceous
species on the surface.***? It has been determined in previous
studies that, indeed, alkene conversions do not take place on

clean metal surfaces but rather on metals covered by those
strongly bound carbonaceous deposits.***’ Several stable surface
intermediates originating from alkene thermal transformations
have also been identified spectroscopically on various single
crystal surfaces. The most extensive molecule studied to date
in this respect is ethylene, from which ethylidene on platinum,*-9
ethylidyne on palladium,’!? platinum,>*->® rhodium,**% ruthe-
nium® and iridium,%> vinyl on nickel,®® palladium,** and
platinum,®-% vinylidene on palladium,®’%® and ethynyl on
nickel,®-7! platinum,”? palladium’® and rhodium® have been
identified. Larger alkylidyne?*7+7° and allylic’®-%* species have
also been isolated when starting from heavier hydrocarbons.
Those strongly adsorbed carbonaceous species, the alkylidynes
in particular, are often considered mere spectators in catalytic
reactions, but their exact role in the catalytic mechanism is still
not known.
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In this contribution, results are presented from our study of
the kinetics of cis-2-butene conversion with deuterium over a
model catalyst consisting of palladium nanoparticles supported
on a Fe30y4 thin film. Particular emphasis is placed here on the
understanding of the role of the carbonaceous deposits in
defining the selectivity of the catalyst toward different reaction
pathways such as hydrogenation and cis—trans isomerization/
H-D exchange. Our ability to prepare well-defined supported
model catalysts allowed us to design surfaces with a reduced
level of complexity so they can be probed by surface-science
techniques but which still mimic specific features of real
catalysts.8% The Fe;0, thin oxide film was chosen as the
support here to ensure high stability under reaction conditions.?®
A combination of molecular beam methods and infrared
reflection—absorption spectroscopy®! has been applied to obtain
detailed isothermal surface kinetic data and to correlate those
with vibrational spectroscopy evidence for the formation of
different reaction intermediates on both clean Pd particles and
surfaces precovered with specific types of carbonaceous depos-
its. The nature of those carbonaceous species is shown to
critically control the activity and selectivity of the cis-2-butene
conversion with deuterium. Particularly, both hydrogenation and
isomerization reaction pathways are shown to proceed on the
initially clean metal particles even at low temperatures (190—210
K). However, their catalytic activity quickly vanishes under
those circumstances because of the accumulation of surface
hydrocarbon species. At temperatures above 250 K, a sustained
catalytic activity toward cis—trans isomerization/H-D exchange
is observed, but no steady-state hydrogenation rate could be
detected. Most interestingly, it is shown that under the same
reaction conditions a surface precovered with carbon exhibits
a persistent catalytic activity toward both cis—trans isomerization
and hydrogenation. This implies that the carbonaceous species
resulting from the early decomposition of the reactants are not
merely spectators in alkene conversions, but rather modify the
adsorption properties of the surface and critically control
selectivity. Possible reasons of this unique catalytic behavior,
including different spatial requirements of the competing
reaction pathways and changes in the adsorption state of
deuterium on the surface modified by the carbonaceous deposits,
are discussed. In addition, it is also reported here that alkene
conversion on our model catalytic surfaces can be sustained
over long times under our vacuum conditions, something that,
to the best of our knowledge, has not been achieved before.>3

2. Experimental Section

All molecular beam (MB), temperature programmed desorp-
tion (TPD), and reflection—absorption infrared spectroscopy
(RAIRS) experiments were performed at the Fritz-Haber-Institut
(Berlin) in a UHV apparatus described in detail previously.®!
A schematic representation of the setup is shown in Figure 1b.
Briefly, this system offers the experimental possibility of
crossing up to three molecular beams on the sample surface.
An effusive, doubly differentially pumped multichannel array
source was used to supply the D,. This beam was modulated
using remote-controlled shutters and valves. Beam fluxes for
D, of 3.2 x 10! molecules cm™2 s~! were used in these
experiments. The source was operated at room temperature. The
beam diameter was chosen such that it exceeded the sample
diameter. A supersonic beam, generated by a triply differentially
pumped source and modulated by a solenoid valve and a remote-
controlled shutter, was used to dose the cis-2-butene (Aldrich,
>99%) at a flux of 5.6 x 10'> molecules cm™2 s~! (typical
backing pressure: 1.15 bar). The diameter of this beam was
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chosen to be smaller than the sample for the experiments
discussed here. Modulation of the beams, in particular that of
the butene, was performed to differentiate between the products
desorbing from the sample because of chemical reactions and
any other interfering signals such as a slowly growing back-
ground observed over the course of the experiments. It should
also be noted that the steady-state experiments reported below
were carried out at temperatures well above those required for
the desorption of the olefins. Therefore, they reflect the kinetics
of the chemical reactions on the surface, not that of the
desorption of the hydrocarbons. An automated quadrupole mass
spectrometer (QMS) system (ABB Extrel) was employed for
the continuous and simultaneous monitoring of the partial
pressures of the reactants (2-butene, followed by the signal of
the C3Hs™ fragment at 41 amu because of experimental reasons)
and products (2-butene-d;, C;H4D™' fragment at 42 am.u,;
2-butene-dp, C3;H3D," fragment at 43 a.m.u.; butane-d,,
C;3HsD," fragment at 45 a.m.u., and butane-d;, C3HsDs*
fragment at 46 a.m.u.). All QMS data have been corrected to
account for the natural abundance of C;3 in all the molecules
followed in our experiments. TPD experiments were carried out
in the same vacuum system and by using the same QMS
instrumentation. Linear heating ramps for the sample were set
to a value of 3.5 K s™!. RAIRS data were acquired by using a
vacuum Fourier-Transform Infrared (FT-IR) spectrometer (Bruk-
er IFS 66v/S) with a spectral resolution of 2 cm™!, using a mid-
infrared (MIR) polarizer to select the p-component of the IR
light.

The Pd/Fe;O, model catalyst was prepared as follows: the
thin (~100 A) Fe;04 film was grown on a Pt(111) single crystal
surface by repeated cycles of Fe (>99,99%, Goodfellow)
physical vapor deposition and subsequent oxidation (see refs
90 and94-96 for details). The cleanliness and quality of the
oxide film was checked by RAIRS of adsorbed CO and by
LEED. Pd particles (>99.9%, Goodfellow) were grown by
physical vapor deposition using a commercial evaporator (Focus,
EFM 3, flux calibrated by a quartz microbalance) while keeping
the sample temperature fixed at 115 K. During Pd evaporation,
the sample was biased to +800 V in order to avoid the creation
of defects by metal ions. The final Pd coverage used in these
experiments was 2.7 x 10'% atoms cm™~2. The resulting surfaces
were then annealed to 600 K, and stabilized via a few cycles of
oxygen (8 x 1077 mbar for 1000 s) and CO (8 x 1077 mbar
for 3000 s) exposures at 500 K before use.”® An STM image of
the model surface resulting from this preparation is shown in
Figure 1c. That surface displays Pd particles with an average
diameter of 7 nm, containing approximately 3000 atoms each,
and cover the support uniformly with an island density of about
8.3 x 10" islands cm™2.% It should be noted that the size of
the Pd particles appears substantially larger in these STM images
because of the convolution of the signal with that of the tip
used as the probe. An accurate estimation of Pd dispersion shows
that only about 20% of the support surface area is covered with
nanoparticles.”” The majority of the particles are well-shaped
crystallites grown in the (111) orientation and are predominantly
terminated by (111) facets (~80%), but a small fraction of (100)
facets (~20%) is also exposed.

3. Results and Discussion

3.1. cis-2-Butene Adsorption and Conversion with Deu-
terium on the Fe;O4 Film. As a first step, the adsorption
properties and the reactivity of the bare Fe3;O4 support for cis-
2-butene conversion with deuterium was considered. For that,
pulsed molecular beam experiments were performed under
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Figure 2. (a) Pulse sequence and time evolution of the cis-2-butene
mass spectrometry signal during a typical isothermal pulsed molecular
beam (MB) experiment for the conversion of cis-2-butene with D, at
200 K on our Fe3O,4 model support. The sample was first exposed to a
continuous D, beam (flux 3.2 x 10" molecules cm™2 s™!), after which
a second modulated cis-2-butene beam (flux 5.6 x 10'2 molecules cm 2
s~!) was introduced. Typical MB sequences included 50 short pulses
(4 s on, 4 s off time) followed by 30 longer pulses (20 s on, 10 s off
time). (b) Averaged cis-2-butene signal for the first 10 pulses, indicating
strong irreversible adsorption. (c) Averaged cis-2-butene signal for the
following 40 pulses showing a weak reversible adsorption behavior.

isothermal conditions at 200 K. Figure 2a displays a typical
pulse sequence and the time evolution of the partial pressure
of the reactant in the vacuum chamber during the run. In this
experiment, the sample was continuously exposed to a D, beam
during the complete experiment. Subsequently, the cis-2-butene
was switched on and off, starting after 90 s from the beginning
of the D, dosing. A typical MB sequence included 50 short
butene pulses (4 s on, 4 s off time) followed by 30 longer pulses
(20 s on, 10 s off time). The time evolution of the reactant signal
displayed in Figure 2a clearly shows two distinct adsorption
modes for cis-2-butene on the bare Fe;O4 film. First, during
the first 10 short pulses, the butene sticks effectively to the oxide
surface, leaving behind only a small fraction of the original beam
intensity in the gas phase. After that, the gas-phase signal during
exposure to butene increases substantially, indicating a lower
sticking probability on the Fe3Oy4 support. Additional information
on the butene adsorption behavior in these two adsorption modes
can be extracted from the analysis of the pulse shapes, shown
in detail in Figure 2b. These were calculated by averaging the
cis-2-butene traces for the first 10 pulses and the following 40
pulses for the “strong” and “weak” adsorption modes, respec-
tively. The first adsorption regime is characterized by a square
pulse shape and a high sticking probability, of about 0.65 as
calculated by the ratio of the partial pressure reached here to
the partial pressure at the end of the run, indicating strong and
irreversible adsorption of butene species on the surface. This
strongly adsorbed state saturates after approximately 2 x 104
molecules/cm™2 are deposited on the surface. In contrast, the
pulse shape of the second adsorption mode deviates clearly from
such a square shape. It displays an initial fast increase after
switching on the butene beam and a slower growth of the signal
upon continuing exposure. This behavior suggests that in this
mode some butene adsorbs reversibly on the Fe;O4 surface,
already covered by the more strongly bonded adsorbate species.
It is worth noting that this behavior originates exclusively from
butene adsorption on the Fe3;O4 support and does not reflect a
saturation process of the chamber walls (this possibility was
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Figure 3. RAIR spectra obtained (a) on the Fe;O4 film after
sequentially dosing 280 L of deuterium and 0.85 L of cis-2-butene at
100 K, (b) on the Fe;O; film during the isothermal MB beam experiment
at 200 K shown in Figure 2, and (c) on the supported Pd/Fe;O; catalyst
after sequentially dosing 280 L of deuterium and 0.8 L of cis-2-butene
at 100 K.

ruled out by control experiments where the butene was dosed
onto the gold flag instead of the sample). Another important
observation here is the fact that no gas-phase reaction products
were detected in these isothermal MB experiments, indicating
that the Fe;O, surface alone is inactive toward both hydrogena-
tion and H-D exchange/isomerization of the alkene (data not
shown). The lack of reactivity of the oxide film was corroborated
by TPD experiments carried out on the clean and deuterium-
precovered oxide support: only molecular desorption of the
reactant was observed in those cases, at 335 K on the clean
surface and between 240 and 290 K on the deuterium-
preexposed oxide film (data not shown). This result is in good
agreement with the previously reported lack of C—H bond
activation in alkenes on the Fe;Oy surfaces.””%°

Molecular cis-2-butene adsorption was also confirmed directly
by RAIRS data. The top two traces of Figure 3 show IR spectra
recorded after dosing the alkene on a deuterium-predosed bare
oxide surface at 100 K (Figure 3a) and during the isothermal
MB experiment at 200 K discussed above (Figure 3b). Four
absorption bands dominate both spectra: the asymmetric methyl
deformation (0,(CH3) at 1450 cm™!), the C=C stretching
(»(C=C) at 1605 cm™'), and the symmetric and asymmetric
C—H stretching of the terminal methyl groups (vs(CH3) and
v.s(CH3) at 2860 and 2915 cm™!, respectively).!00-103 The
presence of the carbon—carbon double bond vibration at 1605
cm~!in particular attests to the previous conclusion concerning
the molecular nature of cis-2-butene adsorption on the oxide
surface. In fact, adsorption of butene may be relatively weak,
since the C=C double bond does not undergo the strong sp?
rehybridization due to formation of a di-o bonded complex
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Figure 4. cis-2-Butene (left panel), hydrogen (center panel), and trans-2-butene-d; (right panel) temperature programmed desorption (TPD) traces
obtained after sequential dosing of 280 L of D, and 0.8 L of cis-2-butene at 100 K on our Pd/Fe;O4 model catalyst. Data are reported for five
consecutive experiments carried out by ramping the temperature to up to 500 K each time and dosing the reactants on the surface resulting from
the previous experiment without any intermediate treatment. Particularly noteworthy here is the persistent signal obtained for trans-2-butene-d,
production (right panel) after the repeated experiments, indicating sustained reactivity toward isomerization even after the build up of a carbonaceous

layer on the surface.

typically seen for alkenes on metal surfaces.!013-23:104105 Op the
other hand, the vibrational frequency of ¥(C=C) shifts by about
55 cm™! compared to its gas-phase value (1660 cm™!), sug-
gesting a relative strong interaction of the adsorbed alkene with
the Fe3O4 surface more than what would be expected from
simple physisorption. Additionally, based on the metal surface
selection rule (MSSR) that applies to RAIRS with metals,!06-107
it may be inferred from the attenuation of the peaks for the
symmetric CHj stretching (2870 cm™!) and deformation (1375
cm™!) as well as the in-plane C—H deformation (1403 cm™!)
modes that the adsorption geometry of the alkene is nearly flat
on the oxide support.

3.2. Adsorption and Decomposition of cis-2-Butene on Pd
Particles Supported on the Fe3;O4 Film in the Presence of
Coadsorbed Deuterium. Next, the adsorption and decomposi-
tion of butene in the presence of deuterium on the Pd particles
was characterized by temperature-programmed desorption (TPD)
experiments. Figure 4 displays TPD spectra obtained after
sequentially dosing approximately 280 L of D, and 0.8 L of
the alkene at 100 K. Those exposures were chosen to ensure
near saturation of the surface with both atomic deuterium and
molecular butene. Five TPD data sets were obtained sequentially
by ramping the temperature up to approximately 500 K, cooling
down to 100 K, and redosing the reactants without cleaning or
any other treatment of the surface in between experiments in
order to test the effect of the carbonaceous deposits that build
up on the surface on its reactivity.

The H, TPD trace obtained from the first experiment (Figure
4, center panel, top trace) indicates a threshold for hydrocarbon
decomposition at about 200 K and a stepwise dehydrogenation
with peaks around 285 and 385 K. It should be kept in mind,
however, that the first H, desorption peak at 200 K might be
limited by associative hydrogen desorption, which means that
hydrocarbon decomposition may begin even at lower temper-
atures. Much more limited decomposition is seen after the first
TPD, but reproducible small peaks are observed in all subse-
quent traces with desorption maxima at about 275 and 400 K

(Figure 4, center panel, four bottom traces). The inhibition of
the dehydrogenation reactions after the initial TPD is ac-
companied by an increase in molecular desorption from a weakly
bound state. This is manifested by the molecular TPD peaks at
145 and 185 K, evolving into a larger feature peaked at 160 K
and a small shoulder around 230 K (Figure 4, left panel).
Extensive isomerization and H-D exchange of the alkene on
the surface is also observed: a substantial amount of monodeu-
terated trans-2-butene-d; is produced at 200 K and, to a lesser
extent, at 255 K on the clean surface, and detectable C4;H;D
production is still observed after five TPDs, mostly at 230 K
(Figure 4, right). It should be mentioned that doubly exchanged/
doubly isomerized cis-2-butene-d, was also found to desorb
around 200 and 250 K, in peaks that change little with the
number of TPDs performed, and that deuteration to butane-d,
was observed at 205 and 235 K on the clean surface (data not
shown). The hydrogenation (deuteration) reaction is completely
suppressed after the first TPD (data not shown). No other
products from butene conversion with deuterium were observed.

The nature of the surface adsorbates originating from cis-2-
butene exposure on the supported Pd clusters was investigated
by RAIRS. Figure 3 shows a comparison of the RAIRS data
obtained after cis-2-butene exposure on the pure Fe;O4 film
(Figure 3a) versus on the Pd particles supported on this oxide
surface (Figure 3c). Both surfaces were pretreated with 280 L
of deuterium before exposure to the alkene, and the spectra were
taken at 100 K. The IR spectra obtained on the supported metal
particles show pronounced differences as compared to the
pristine oxide film: whereas two of the main features, the
asymmetric methyl deformation J0,(CHz) at 1450 ¢cm™! and
asymmetric C—H stretching of the terminal methyl groups
vas(CH3) at 2900 cm™!, remain nearly the same (the v,5(CH3)
peak shifts slightly from the original 2915 cm™! value), the third
prominent vibration for the C=C stretching, v(C=C), at 1605
cm™!, vanishes completely in the spectra on Pd particles. This
indicates a strong rehybridization of the double bond and the
formation of a di-o complex on the metal surface. It is worth
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noting that even though, according to STM data,’® about 80%
of the Fe3O,4 surface is still exposed in the system with the
supported Pd particles, no support-related butene species were
observed in the IR spectra. This fact suggests that either the
adsorption properties of the support are strongly modified after
Pd deposition and stabilization under oxidizing conditions, or
that butene diffuses rapidly from the support to the metal
particles, where it binds more strongly.

In light of these results it is concluded that decomposition of
cis-2-butene on the supported Pd particles proceeds in a similar
manner as on Pt and Pd single-crystal surfaces.!6:2223:257576,108-110
In particular, there is good agreement between the hydrogen
TPD traces obtained here and those reported in the literature
from single crystals in terms of both peak positions and relative
intensities.’>”> Additionally, the low-temperature RAIRS data
obtained on the Pd particles in this study are consistent with
the formation of a di-o surface species in the submonolayer
regime, in the same way as previously observed spectroscopi-
cally on Pt?375103 and Ru.!'% Based on these data as well as on
previous reports on similar systems'®194198 we may speculate
that cis-2-butene adsorbs on the Pd particles via the formation
of a di-o bound species in the submonolayer coverage around
100 K, and dehydrogenates to a di-o bonded 2-butyne species
at room temperature and to highly dehydrogenated carbonaceous
deposits (presumably C4H») above 400 K.

3.3. H-D Exchange, Isomerization, and Hydrogenation of
cis-2-Butene on Pd Particles Supported on the Fe;O4 Film.
As mentioned above in reference to the TPD results in Figure
4c, the thermal activation of cis-2-butene coadsorbed with
deuterium on our Pd model catalyst leads to extensive isomer-
ization and H-D exchange of the alkene. In addition to the
substantial production of monodeuterated trans-2-butene at 200
and 255 K on the clean surface and at 230 K after the first
TPD, some doubly exchanged/doubly isomerized cis-2-butene
is also made at approximately the same temperatures, and
deuteration to butane-d, is observed at 205 and 235 K on the
clean surface. These results are also, in general terms, in
agreement with previous work on Pd(100)!¢ and Pt(111)%>%
single crystals. While no hydrogenation products have been
detected for any of those alkenes on either surface, extensive
H-D exchange (accompanied by cis—trans isomerization in the
case of the 2-butenes) has been reported both for 1- and
2-butenes. Also, cis- and trans-2-butenes were shown to form
only mono and doubly deuterium-substituted species on Pt(111),
presumably because only the inner hydrogen atoms can be
exchanged; this observation is in full agreement with our
experiments on the supported Pd particles. However, there are
also some important differences in the alkene conversion on
the metal clusters versus the single crystals. For example, the
majority of the H-D exchange/isomerization products in the first
TPD run in this study desorbs at temperatures significantly lower
than those reported for Pt(111) (200 vs 260 K). Also, even
though the low-temperature H-D exchange channel seen in
Figure 4 shuts off on the surface pretreated with hydrocarbons
(that is, after the first TPD run), persistent H-D exchange is
still observed at 230 K in all of the following TPD experiments.
This shows that the surface is capable of maintaining its H-D
exchange activity in the presence of large amounts of highly
dehydrogenated carbonaceous deposits, something that is also
not typical on single crystals.

The observation of persistent catalytic activity on the sup-
ported Pd particles suggests that free metal sites are still exposed
on the surface precovered with highly dehydrogenated carbon-
aceous deposits. To verify this hypothesis, the availability of
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Figure 5. CO RAIRS titration spectra for Pd/Fe;O./Pt(111) surfaces
clean (bottom) and after the first TPD experiment shown in Figure 4,
which leads to the deposition of highly dehydrogenated carbonaceous
species. The surface was saturated with CO at room temperature and
cooled to 100 K before data acquisition. The data indicate that carbon
deposition on the palladium particles leads mainly to blocking of both
low-coordination defect (edges, corners) sites and bridge sites on (100)
facets. The majority of the surface sites on the regular (111) terraces
remain unaffected.

metal surface sites for reaction was evaluated by performing
CO adsorption experiments. The RAIRS spectra obtained on
the clean and C-precontaminated Pd particles are shown in
Figure 5. The CO spectrum for the clean surface (bottom trace)
is dominated by an intense and sharp peak centered around 1978
cm™ !, associated with Pd sites on the particle edges and corners
and to a lesser extent with (100) facets.!!!-!12 The broad features
between 1960 and 1800 cm™! are attributed to CO adsorption
on the regular (111) facets representing the majority of the
surface sites.!!:112 It should be pointed out that the intensities
of the IR signals are expected to be strongly modified by dipole-
coupling effects!!3 and, as a consequence, to not directly reflect
the relative abundance of the corresponding sites. In the
particular case of the Pd particles, the feature at high frequency
corresponding to the low-coordinated sites (edges, corners, etc.)
is likely to gain intensity at the expense of the absorption signal
at lower frequency related to the regular (111) facets. In any
case, the main effect of the deposition of carbonaceous species
during the TPD runs reported here is the complete disappearance
of the 1978 cm™! peak; the spectral features in the low-frequency
region remain nearly unchanged. Additionally, a new peak
grows at 2095 cm~! associated with on-top adsorption sites.
These changes indicate preferential adsorption of carbonaceous
deposits on the edges, corners, and (100) facets, and the fact
that regular terraces remain considerably less contaminated. A
similar behavior has previously been observed for carbon
deposits generated by methanol decomposition.!!*!1> Recent
DFT calculations also support preferential adsorption of carbon
at the edges of Pd clusters and suggest that part of the carbon
atoms may be located in subsurface sites.!'®

Another interesting observation here is the ability of the
initially clean supported particles to hydrogenate the double bond
of the olefin, a reaction that is not seen on palladium single
crystals. It should be noted that while alkenes tend to desorb
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Figure 6. Results from an isothermal kinetic MB experiment carried
out at 200 K on Pd/Fe;0, by using the same pulse scheme described
in Figure 2. Shown is the time evolution of both the reactant (cis-2-
butene) and the products (trans-2-butene-d,, cis-2-butene-d,, butane-
d», and butane-ds). The reaction rates display a pronounced induction
period followed by a transient regime of high activity toward both H-D
exchange/isomerization and hydrogenation reaction pathways. However,
after a few hundreds of seconds, all reaction rates return to zero.

molecularly rather than hydrogenate on single crystals,3%117
extensive conversion has been reported already for ethylene and
trans-2-pentene hydrogenation on Pd particles dispersed on thin
oxide films.3>3? This difference has been ascribed to the ability
of the dispersed particles to absorb highly reactive hydrogen
atoms in a weakly bound subsurface state.’’

The significant desorption of H-D exchange products in the
TPD experiments described above after deposition of hydro-
carbon fragments on the surface strongly suggests that it may
be possible to sustain steady-state conversion on these surfaces.
This hypothesis was indeed confirmed by the molecular beam
experiments described next. Additionally, the differences in the
catalytic behavior between the initially clean Pd particles and
the particles precovered with hydrocarbon fragments indicate
that not only activity but also selectivity depends strongly on
the nature of the carbonaceous species present on the surface
during the catalytic reaction.

3.4. cis-2-butene conversion with deuterium on Pd/Fe;0y4:
isothermal molecular beam experiments. In order to further
investigate the activity and selectivity of the Pd/Fe;O4 model
catalyst for cis-2-butene conversion with deuterium, and to
explore the effect of the carbonaceous deposits, pulsed isother-
mal molecular beam experiments were performed by applying
the same D, and cis-2-butene dosing scheme used for the studies
on the bare Fe;O4 support (see Section 3.2). Figure 6 displays
the reaction rates of both reaction pathways, H-D exchange/
isomerization and hydrogenation, obtained at 200 K on the
initially clean surface (lower 4 traces), together with the trace
for the reactant uptake during the MB run (uppermost trace).
In general, the cis-2-butene uptake here exhibits a similar
behavior to that observed on the bare Fe;O4 support, with the
two distinct adsorption modes identified above: (i) a strong
irreversible adsorption at the beginning of the exposure, with a
high sticking probability (S = 0.65) and a square pulse shape,
and (ii) a subsequent weaker and reversible adsorption, with
the surface concentration of the alkene increasing upon admis-
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Figure 7. Results from MB experiments carried out on Pd/Fe;O4 at
different temperatures in the range from 190 to 260 K, again using the
MB pulse scheme described in Figure 2. Shown is the time evolution
of the product of cis—trans isomerization (frans-2-butene-d,) for each
temperature, together with that of the reactant (cis-2-butene, bottom
trace). Below 210 K the reaction rates are high at the beginning but
return to zero after prolonged exposures. Above 250 K, on the other
hand, there is a shorter induction period, and sustained catalytic activity
toward isomerization is possible.

sion of the beam and decreasing after beam termination.
However, initial saturation of the supported catalyst with the
strongly bound hydrocarbon species is reached almost twice as
fast as in the case of the bare Fe;04 film. A number of reasons
may account for this fact. First, the adsorption properties of
the support might be modified as a result of Pd deposition and
stabilization under oxidizing conditions in such a way that
considerably less butene can be adsorbed on the support itself
as compared to the pristine oxide film. However, this effect alone
cannot solely account for the length of the induction period on
the supported catalyst. In fact, the length of the induction period
decreases further with increasing temperature (see Figure 7).
This suggests that the build-up of the threshold coverage of
hydrocarbon species during the induction period may involve
thermally activated steps taking place on the Pd particles such
as partial dehydrogenation of the butene. Apparently, such partly
dehydrogenated hydrocarbon species may be easier formed at
elevated temperatures, and hence rapidly saturate the surface.
It should be pointed out, however, that the hydrocarbon uptake
observed in this induction period may also include some
adsorption of molecular butene, in particular at the later stages
of the dose, after the formation of partly dehydrogenated
hydrocarbon residues. The relative fractions of carbonaceous
deposits versus molecularly adsorbed olefin resulting from the
uptake during the induction period are determined by the relative
magnitudes of the rates of dehydrogenation versus adsorption—
desorption equilibrium of molecular butene at a given temper-
ature. Therefore the length of the induction period and the
relative abundance of the different hydrocarbon species formed
on the surface are expected to depend in complex way on the
reaction temperature, a way not easy to unravel from our
experimental data.

Also, in contrast to what was observed on the pristine oxide
surface, significant conversion of the cis-2-butene is seen on
the Pd/Fe3;O4 catalyst after the initial adsorption of the butene
described above. The formation rates of trans-2-butene-d,, cis-
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2-butene-d,, and butane-d, and -d3 at 200 K all exhibit an
induction period of about 40 s (corresponding to 20 s of total
exposure time in the 5 initial pulses), coinciding with the
duration of the strong adsorption regime seen for the reactant
(Figure 6). This fact indicates that the initial strong adsorption
mode on the supported system involves the buildup of a
threshold coverage of butene and/or other hydrocarbon species
on the Pd particles that do not directly participate in but prepare
the surface for the subsequent reactions. Only after the metal
surface is saturated with those spectator hydrocarbon species
the butene catalytic conversion becomes possible.

Once the conversion starts, the rates of all the reaction
pathways listed above show a distinct transient behavior, with
comparable rates that reach maxima at about 80 s and decrease
to zero after about 300—400 s for H-D exchange/isomerization
and after 200 s for deuteration.

Figure 7 displays the reaction rates of trans-2-butene-d;
production for a series of temperatures between 190 and 260
K. Here, it should be emphasized that the reported experiments
were carried out at temperatures well above those required for
the desorption of the olefins. Therefore, they reflect the kinetics
of the chemical reactions on the surface, not that of the
desorption of the hydrocarbons. Similar kinetics are observed
for the production of trans-2-butene-d; between 190 and 210
K, with the transient behavior comprising an induction period,
an initial high activity, and an asymptotic decay in reaction rate
to zero after a few hundreds of seconds. However, the reactivity
pattern markedly changes when the reaction is carried out at
250 and 260 K. First, the surface follows a considerably shorter
induction period than in the low-temperature range, of only 8 s
at 250 K (compared to 20 s at 200 K). In addition, there is a
persistent catalytic activity toward H-D exchange/isomerization
at 250—260 K even after prolonged periods of time. In fact,
the activity at these temperatures was probed for much longer
time scales than that displayed in Figure 7, and several turnovers
were obtained (over a period of more than 2 h) without any
significant reduction in the steady-state reaction rates of
cis—trans isomerization. This is perhaps the most important
observation from this experiment, because, to the best of our
knowledge, sustained catalytic activity has not been achieved
under vacuum before, not even in molecular beam experiments
with large excesses of hydrogen in the gas mixture.”>

The substantial decrease in the induction period seen at
250—260 K suggests the formation of a specific type of strongly
adsorbed hydrocarbon species on the Pd particles at these
temperatures, which involves a thermally activated step. It is
important to note that this transition roughly coincide with the
onset of hydrogen desorption seen in TPD, which is associated
with the first step of cis-2-butene decomposition on the Pd
surface. Even though it is not clear from the TPD data if the
hydrogen released at 250 K is kinetically limited by alkene
dissociation or by recombinative hydrogen desorption, the abrupt
change in the length of the induction period in the MB runs
strongly suggests that butene decomposition takes place in this
temperature range. Based on information from the literature, it
can be speculated that the first dissociation step presumably
involves abstraction of the inner hydrogen atoms in the adsorbed
2-butene and leads to the formation of di-o bonded 2-butyne
species.!®

As the possible reasons for the transition from limited
conversion to the persistent catalytic activity seen around 250
K in Figure 7 are discussed, it is worth remembering that the
lack of sustained conversion in vacuum experiments is usually
ascribed to the strong inhibition of dissociative hydrogen/
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deuterium adsorption on the metal surfaces induced by the
presence of strongly bonded hydrocarbon species.”** Consistent
with this is the fact that both hydrogenation and isomerization
rates for cis-2-butene on Pt(111) follow a near-first-order
dependence on the hydrogen pressure and a zero dependence
on the hydrocarbon pressure.'!® On the basis of these consid-
erations, it appears that in the low-temperature region the
reactions observed in the initial stages of the MB runs involve
only the hydrogen (or deuterium) adsorbed at the very beginning
of those runs, before the surface is exposed to the butene beam.
Once the hydrocarbon exposure starts, however, the butene
appears to form strongly adsorbed hydrocarbon surface species
(most likely a di-o species) without any deuterium consumption,
until a threshold coverage of those species is reached. After
this induction period, additional butene may react with the
deuterium already present on the surface, hence the high initial
reaction rates for both H-D exchange/isomerization and hydro-
genation reaction pathways seen in Figure 7. However, further
dissociative adsorption of deuterium is prevented by the
hydrocarbon deposits formed during early butene decomposition,
so the activity of the surface vanishes after the initially available
deuterium is consumed.

Following the same reasoning, it can be said that the sustained
catalytic activity toward isomerization/H-D exchange observed
above 250 K attests to the ability of the Pd particles to
dissociatively adsorb deuterium at these temperatures, in
competition with butene adsorption and in the presence of partly
dissociated hydrocarbon species on the surface. This was in fact
proven directly in isotope switching experiments, where the
hydrogenation and H-D exchange reactions could be reversibly
turned on and off by either interchanging H, and D, beams or
switching either one off and back on (data not shown). Two
possible reasons might account for this phenomenon. First, the
more strongly dehydrogenated hydrocarbon spectator species
that form on the surface above 250 K might have a smaller
footprint, and may leave some open metal sites available for
deuterium dissociative adsorption. Second, faster butene de-
sorption (as compared to the low temperature case) may result
in a lower steady-state coverage of the reversibly adsorbed
butene, diminishing the potential poisoning effect of those
hydrocarbon species toward the dissociative adsorption of
deuterium. Both tendencies result in the reduced poisoning of
the surface by hydrocarbons, and to the sustained ability of Pd
particles to dissociatively adsorbed deuterium under reaction
conditions. These results demonstrate for the first time, to the
best of our knowledge, that alkene conversion can be maintained
over long times under the vacuum conditions®>?3 and argue
strongly for the power of using realistic models such as ours to
simulate real catalysis; it appears that similar hydrogen uptake
is not possible on single-crystal surfaces covered with carbon-
aceous deposits.” It is worth noting, though, that the reaction
probabilities measured under our conditions are on the order of
a few percent. For comparison, a typical alkene catalytic
hydrogenation process carried out around room temperature and
under atmospheric pressures exhibits reaction probabilities on
the order of 1073—10710,23.105 At present we do not have a fully
satisfactory explanation for the unique high activity of our model
catalyst.

3.5. Selectivity between Isomerization and Hydrogenation
on Pd/Fe;04. The TPD data discussed in section 3.3 indicate
that not only activity but also selectivity toward different reaction
pathways might be affected by the presence of different
carbonaceous species on the surface. To study this dependency
in more detail, comparative pulsed isothermal MB experiments
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Figure 8. Results from isothermal pulsed molecular beam (MB) experiments on the conversion of cis-2-butene with D5 at 260 K on initially clean
(a) and C-precovered (b) Pd/Fe3O4 model catalysts. The latter sample was prepared by performing one TPD cycle as shown in Figure 4 prior to the

MB run. Data are reported here for the evolution of the reaction rates as a

function of time for the reactant (cis-2-butene) and for the main four

products (trans-2-butene-d;, cis-2-butene-d,, butane-d,, and butane-ds). They indicate that while on the initially clean surface only sustained
isomerization is possible (left panel), both isomerization and hydrogenation production persist on the surface precovered with carbon deposits (right

panel).

were performed at 260 K on both initially clean and carbon-
precovered Pd particles. The Pd particles precovered with carbon
were prepared following the procedure used in the TPD
experiments, namely, by dosing 280 L of D, and 0.85 L of the
alkene sequentially at 100 K and then annealing to ap-
proximately 500 K. As discussed earlier, this treatment produces
highly dehydrogenated carbonaceous species containing only a
few if any hydrogen atoms. For the sake of simplicity, we will
refer to these species as carbon in the following discussion.
Figure 8 shows the time evolution of the signals for the
original cis-2-butene and for the four main reaction products
(trans-2-butene-d;, cis-2-butene-d,, butane-d,, and butane-ds)
as a function of reaction time in experiments carried out at 260
K starting with the clean (left) and carbon-covered (right)
surfaces. As discussed in the previous section, on the initially
clean surface, a transient behavior is seen for all products,
consisting of an induction period in which no reaction products
are detected (and only the uptake of the cis-2-butene is observed)
followed by a period of high activity for both isomerization/
H-D exchange and deuteration. However, whereas the isomer-
ization rates to trans-2-butene-d; and cis-2-butene-d, are
sustained over longer periods of time at this temperature, the
deuteration rates to butane-d, and butane-ds return to zero.
Interestingly, the surface precovered with carbon follows an
induction period for the uptake of butene similar to that seen
with the clean surface. This indicates that carbon contamination
does not significantly change the total surface area accessible
for butene adsorption, an observation corroborated by the CO-
titration IR spectra obtained on both clean and carbon-
precovered Pd particles (see Figure 5): carbon contamination
was found to affect mostly the defect sites (edges and corners
of the Pd particles) without reducing adsorption capacity of the
(111) facets, which represent the majority of the surface sites.
In addition, recent theoretical calculations on Pd clusters show
that the binding energy of carbon on edges is about the same

as in the subsurface region near those edges.!' It is therefore
even possible that the carbon in the 500 K-pretreated surfaces
diffuses to the inside of the particle through its edges.

Also surprising here is the observation that not only isomer-
ization but also hydrogenation to both butane-d, and butane-ds
can be sustained under steady-state conditions on the carbon-
covered surface. Additionally, the two competing reaction
pathways were found to exhibit very different transient behavior.
Figure 9 shows the time evolution of the reaction rates for
isomerization and hydrogenation, together with the time evolu-
tion of the cis-2-butene in the chamber, during the individual
cis-2-butene long pulses on the initially clean (left) and carbon-
precovered (right) surfaces (averaged over the last 30 pulses).
The transient kinetic data show that both isomerization rates
simply follow the time evolution of the reactant, suggesting that
they are limited by the rate of cis-2-butene adsorption under
the given conditions. In contrast, both hydrogenation rates on
the C-precovered surface are high at the beginning of the cis-
2-butene exposure but decrease considerably over the duration
of the pulse. This behavior can be explained by noting that the
surface is saturated with deuterium atoms before the start of
the alkene exposure (because the deuterium beam is kept on
continuously) and hence is highly reactive toward deuteration
as soon as the alkene becomes available at the beginning of the
butene pulse. However, as the reaction proceeds, that deuterium
is consumed, and the initially high surface coverage of deuterium
decreases to a new lower steady-state level because of the partial
poisoning of the surface by butene.

An additional consideration here is the fact that, according
to the Horiuti—Polanyi mechanism, both H-D exchange/
isomerization and hydrogenation (deuteration) reactions involve
two elementary surface steps, the first of which is the formation
of a common surface 2-butyl intermediate.>!'? The fast isomer-
ization and deuteration seen at the beginning of each pulse
suggest that butyl formation is fast, and that the selectivity is
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Figure 9. Average reaction rates as a function of time during each
cycle in the latter part of the isothermal MB experiments reported in
Figure 8. Data are again contrasted for the initially clean (left panel)
versus carbon-precovered (right panel) Pd particles. The rates were
calculated by averaging the steady-state reaction rates from the last 30
long pulses of the experiment.

defined by competition between the two subsequent reactions,
B-hydride elimination for the exchange versus reductive elimi-
nation with a coadsorbed deuterium atom for the deuteration.
The former step does not require any additional reactants, and
therefore follows closely the kinetics of butyl formation, which
in turn depends on the uptake of the butene. The latter, on the
other hand, requires an additional deuterium surface atom. The
observed transient behavior suggests that the hydrogenation rate
is controlled by the number of accessible deuterium atoms, that
is, by the dissociative adsorption of deuterium.

It is particularly puzzling to see such dramatic change in
selectivity with changes in the nature of the carbonaceous
deposits present on the surface. Here it should be kept in mind
that even when starting with a clean surface, strongly bonded
carbonaceous deposits do form and persist after the initial
induction period in the MB isothermal experiments. So it is the
different nature of those deposits when annealing to ~500 K
rather than their mere presence on the surface what leads to the
promotion of the hydrogenation reactions. In fact, annealing the
predeposited adsorbed butene to only ~350 K is not sufficient
to achieve this behavior (data not shown). Based on the TPD
data shown in Figure 4, we suggest that the more active surface
may contain highly dehydrogenated surface species, perhaps
even carbon alone in carbidic form, crucially, that carbon may
be present in the subsurface (see below).

The predeposited carbon must be capable of performing at
least two functions in order to help preserve the catalytic activity
of the surface. On the one hand, it must block extensive alkene
dehydrogenation pathways, at least when a set coverage of
carbonaceous deposits on the surface is reached, otherwise the
surface would eventually be poisoned by those. On the other,
it must also leave some exposed metal sites available for
deuterium adsorption and alkene conversion. Both are possible
if the different reactions require catalytic sites with different
Pd ensemble sizes, or if they occur on different surface sites.
That way, the carbon can be seen as selectively promoting some
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reactions at the expense of others, at least in relative terms.
Indeed, dehydrogenation steps are believed to require large
numbers of metal atoms, so those could be poisoned easily.?
Hydrogenation, either to alkyl species or to alkanes, may be
possible on smaller sites and, therefore, still be feasible on
partially carbon-covered surfaces. Even smaller sites may be
capable of sustaining the H-D exchange path; hence, the
sustained activity seen for that reaction even when starting from
the clean surface (where steady-state alkane production is not
possible). Certainly, different adsorption requirements are
applicable to alkenes compared to those for hydrogen/deuterium,
as manifested by the different results that are often obtained in
coadsorption TPD experiments depending on the order in which
the two reactants are dosed on the surface.”!* Moreover,
adsorption of different hydrocarbon fragments requires different
adsorption geometries, and hydrogenation and dehydrogenation
steps also involve different ensembles of surface atoms.!0-119
Most of the results reported to date on surface-science studies
on model systems involving hydrocarbon chemistry are sup-
portive of the idea of selectivity in hydrogenation versus
dehydrogenation steps being dependent on the size and nature
of the surface sites available for reaction.

Alternatively, it could be argued that in the case of the
pretreatment of the Pd particles at 500 K the nature of the surface
changes because of the presence of carbon in the subsurface.
As mentioned above, there are at least three reasons to believe
that the surface in that case is fairly clean, and that most of the
carbon initially deposited by butene adsorption and decomposi-
tion diffuses into the subsurface region after annealing to 500
K: (i) the CO RAIRS titration spectra in Figure 5 show that
only defect sites are affected by dosing butene on the surface
and annealing to 500 K, the majority of the surface sites on the
(111) facets appear to remain free; (ii) the induction period for
the uptake of the olefin in the MB experiments is the same for
both clean and pretreated surfaces (Figure 8); and (iii) the steady-
state isomerization rates for the mono H-D exchanged product
are similar on the initially clean and C-precovered surfaces.
Perhaps the subsurface carbon modifies the electronic nature
of the surface palladium atoms, and that affects the behavior of
the catalyst toward alkene hydrogenation and/or dehydrogena-
tion (but apparently not toward H-D exchange or double bond
isomerization) reactions. It should be mentioned that Pd surfaces
pretreated by adsorbing butene at low temperature and annealing
to 350 instead of 500 K do not facilitate the catalytic
hydrogenation of the olefin, and behave quite similarly to the
case of starting with the clean surface. Clearly, in that case the
carbonaceous deposits formed by the pretreatment are quite
similar to those that form during the induction period of
the MB experiments and do not modify the performance of the
surface in the way that the “carbidic” subsurface species do.

A third possibility to account for the changes in selectivity
reported here with surface pretreatment is that the hydrogenation
catalytic activity induced by strongly bound carbonaceous
species on Pd particles is due to a change of the hydrogen
adsorption state in the presence of the deposited carbon.
Previously, the origin of the hydrogenation activity observed
on dispersed Pd particles but not on single crystals has been
ascribed to the unique ability of the small metal clusters to bind
hydrogen in a special weakly bound state.’” Recent NRA
(nuclear reaction analysis) experiments on the hydrogen distri-
bution in the dispersed Pd particles supported on an oxide film
provided clear experimental proof for those weakly bound
hydrogen atoms being a subsurface/bulk species.!”® Our ex-
perimental data support this idea that two different forms of
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hydrogen (deuterium) may be involved in the competing
isomerization and hydrogenation reaction pathways. This is
illustrated by the results in Figure 8 in particular those for the
reaction rates at 260 K for isomerization to trans-2-butene-d;
and deuteration to butane-d, on the initially clean particles. The
data show that when the reaction starts, after the clean particles
have been saturated with deuterium at the beginning of the
experiment, both reaction pathways display about the same
reaction rates. However, the hydrogenation rate drops soon
afterward, and reaches a value of zero under steady-state
conditions. The isomerization rate, on the other hand, remains
as high as at the beginning of the experiment. The two reactions
share a common hydrocarbon reaction intermediate, a butyl
surface species produced by the half-hydrogenation of the
adsorbed olefin (see the reaction scheme in Figure 1), which is
formed readily on the surface as indicated by the sustainability
of the H-D exchange reaction. Therefore all differences in the
reaction kinetics of the H-D exchange/isomerization and hy-
drogenation pathways are most likely related to their different
requirements in deuterium atoms. The observed selective
suppression of only the hydrogenation pathway on the initially
clean surface under steady-state conditions is not likely to be
explained simply by changes in hydrogen (deuterium) surface
coverages since both reactions require deuterium additions and
exhibit similar reaction orders on deuterium (hydrogen) pres-
sures.!!8 More likely, the vanishing hydrogenation activity can
be rationalized by assuming that a special type of deuterium
atoms is required for the second hydrogenation step (conversion
of butyl to butane). That special deuterium species may form
during the initial deuterium uptake, but become depleted during
the course of the reaction. In line with the previous observations
we assume that this special type of deuterium atoms might be
a weakly bound subsurface/bulk species. It could be argued that
deposition of strongly bound carbonaceous species weakens the
metal-deuterium bond and makes it possible to replenish the
population of such special deuterium under steady-state condi-
tions, resulting in the sustained hydrogenation conversion.

Indeed, TPD measurements carried out on the clean and
carbon precovered Pd particles show that the distribution of
hydrogen atoms is strongly shifted toward lower temperatures
on surfaces precovered with carbon, suggesting that such weakly
bonded species may be the ones responsible for the production
of the alkane.3® Currently, the experiments are under way, where
the distribution of the hydrogen species under isothermal
reaction conditions is investigated by means of NRA both on
the clean and carbon-precovered Pd particles, which will be a
subject of a publication in the near future.'?!

Finally, it should be pointed out that the proposed explana-
tions of the observed unique catalytic behavior seen here with
the supported palladium model system are speculative, and
should be considered rather as working hypotheses to be tested
in further experiments.

4. Conclusions

The catalytic conversion of cis-2-butene on a well-defined
model supported catalyst was investigated under UHV condi-
tions by using a combination of RAIRS, TPD, and molecular
beam experiments. Emphasis was placed on exploring the role
of the carbonaceous deposits typically present under catalytic
reaction conditions on the activity and selectivity toward
different reaction pathways, in particular cis—trans isomerization
versus hydrogenation.

The Pd model catalysts used consisted of Pd particles of 7
nm average size with predominant (111) facets (but also
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exposing a small fraction of (100) surfaces) deposited on a well-
ordered Fe;Oy film grown on Pt(111) as a support. The following
key conclusions were reached:

1. cis-2-butene adsorbs molecularly on the pristine Fe3O; film
either clean or after predosing deuterium. Two adsorption modes
were identified in molecular beam experiments, a strong and
irreversible state that populates first, at the start of the olefin
uptake, and a second, weaker and reversible adsorption regime
that develops afterward. No catalytic activity toward the
conversion of cis-2-butene with deuterium was observed on the
Fe;04 support.

2. Starting with a Pd/Fe304 catalyst predosed with deuterium,
thermal activation of adsorbed cis-2-butene in TPD experiments
leads to several reaction pathways, including dehydrogenation,
cis—trans isomerization (which is accompanied by H-D ex-
change), and hydrogenation. Dehydrogenation of the alkene was
also found to proceed, in several consecutive steps. Carbon
deposition on the Pd particles by annealing of the surface
covered with the olefin at 500 K leads to inhibition of the
dehydrogenation reaction pathways, and increases molecular
desorption of the reactant.

3. The isothermal uptake of cis-2-butene on Pd/Fe;O, goes
through an induction period followed by a period of high
reactivity toward both cis—trans isomerization and hydrogena-
tion. The induction period is associated with accumulation of
strongly adsorbed hydrocarbon species, which might include
molecularly adsorbed butene and/or partly dehydrogenated
butene derivatives depending on the reaction temperature.

4. At low (190—210 K) temperatures, the initial reactivity
transient described above is followed by a decrease in all
reaction rates until returning to zero after a few hundreds of
seconds. This behavior is likely to be the consequence of the
strong inhibition of the dissociative deuterium chemisorption
by the presence build-up of bulky hydrocarbon species, most
likely di-o bonded butene.

5. At temperatures above 250 K, sustained catalytic activity
toward cis—trans isomerization is possible. This is, to the best
of our knowledge, the first time that such sustained catalytic
behavior has been seen under vacuum conditions. The onset of
the steady-state reactivity is accompanied by the reduction of
the induction period in the initial olefin uptake. This behavior
suggests that (i) the initial accumulation of the strongly bound
hydrocarbon species that form on the surface during the
induction period above 250 K is a thermally activated process,
which produces partly dehydrogenated carbonaceous deposits,
probably exhibiting a smaller surface area footprint, and (ii)
the catalyst surface is still able to dissociatively adsorb deuterium
above 250 K, even in competition with the molecular butene
adsorption and in the presence of surface butene derivatives.
However, despite of the observed sustained catalytic activity
toward cis—trans isomerization, the hydrogenation reaction
pathway cannot be maintained on the initially clean surface.

6. On surfaces pretreated by adsorbing cis-2-butene at 100
K and annealing at 500 K, a different catalytic behavior is seen
where both reaction pathways, cis—trans isomerization and
hydrogenation, are sustained over long periods of time. Clearly,
carbon deposition aids in the sustainability of the hydrogenation
reaction pathways, and thus critically controls activity and
selectivity. Several pieces of evidence point to the wide
availability of surface sites, in particular in the (111) facets,
and to the presence of subsurface carbon in this case.

A discussion of the possible reasons for the observed
phenomena was provided. The facilitation of the catalytic
hydrogenation reaction pathway in particular could be possibly
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ascribed to a combination of the following factors: (i) different
space requirements for the H-D exchange/isomerization and
hydrogenation competing reaction pathways, (ii) an electronic
modification of the surface by the presence of subsurface carbon,
and/or (iii) changes in the distribution of deuterium between
weakly and strongly bound adsorption states, which may exhibit
different reactivity toward hydrogenation.
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