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The conversion of cis-2-butene with deuterium over a well-defined Pd/Fe;O,4 model catalyst

was studied by isothermal pulsed molecular beam (MB) experiments under ultra high vacuum
conditions. This study focuses on the processes related to dissociative hydrogen adsorption and
diffusion into the subsurface of Pd nanoparticles and their influence on the activity and selectivity
toward competing cis—trans isomerization and hydrogenation pathways. The reactivity was studied
both under steady state conditions and in the transient regime, in which the reaction takes place on
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a D-saturated catalyst, over a large range of reactant pressures and reaction temperatures. We
show that large olefin coverages negatively affect the abundance of D species, as indicated by

a reduction of both reaction rates under steady state conditions as compared to the transient
reactivity on the catalyst pre-saturated with D,. Limitations in D availability during the steady state
lead to a very weak dependence of both reaction rates on the olefin pressure. In contrast,

when the surface is initially saturated with D, the transient reaction rates of both pathways exhibit
positive kinetic orders on the butene pressure. Cis—trans isomerization and hydrogenation show
kinetic orders of +0.7 and + 1.0 on the D, pressure, respectively. Increasing availability of D
noticeably shifts the selectivity toward hydrogenation. These observations together with the
analysis of the transient reaction behavior suggest that the activity and selectivity of the catalyst

is strongly controlled by its ability to build up and maintain a sufficiently high concentration

of D species under reaction conditions. The temperature dependence of the reaction rates indicates
that higher activation energies are required for the hydrogenation pathway than for the cis—trans
isomerization pathway, implying that different rate limiting steps are involved in the competing

reactions.

1. Introduction

The conversion of olefins with hydrogen over transition metal
surfaces is one of the most important reactions employed in
industrial processes and catalysis research.!® These reactions
have attracted much attention in studies on well-defined sur-
faces of single crystals*>’ and supported metal nanoparti-
cles® ' in order to achieve a better molecular understanding
of the processes governing the activity and selectivity of the
catalyst. Recently, several examples of catalytic systems were
described in the literature where hydrogenation of the olefinic
double bond was shown to crucially depend on the presence of
hydrogen species absorbed in the subsurface region of a metal
catalyst.®'? Despite this recent progress, a complete micro-
scopic understanding of the phenomena controlling the activity
and selectivity in olefin conversions is still missing. Particularly,
classical ambient-pressure catalytic studies report reaction
orders in olefin pressure that are typically close to zero both
for isomerization and hydrogenation®™>'*!° and reaction
orders close to one in hydrogen pressure.>!>2° At present,
only a limited understanding of the origin of these macroscopic
observations and of the rate determining steps is available.
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According to the generally accepted Horiuti—Polanyi reaction
mechanism,”! olefin conversions over transition metal catalysts
proceed of consecutive hydrogenation and
dehydrogenation steps. In the case of cis-2-butene, a 2-butyl-d,
intermediate is formed in the first half-hydrogenation step (see
Fig. 1a), which is a common reaction intermediate for both the
isomerization and the hydrogenation reaction
pathway.>*""?? The butyl intermediate can undergo B-hydride
elimination resulting in either cis-2-butene (the original molecule)
or trans-2-butene-d, (a cis—trans isomerized molecule). When D,
is used as a reactant, each cis—trans isomerization event is
accompanied by substitution of one hydrogen atom with a
deuterium,? allowing for a distinction between the reactant cis-
2-butene and the product trans-2-butene-d, in the gas phase by
mass spectrometry. Alternatively, a second hydrogen
(deuterium) atom can be inserted into the carbon metal bond
of the 2-butyl-d, intermediate, hydrogenating the molecule to
butane-d,. Dehydrogenation of the adsorbed alkene as well as the
butyl-d; species may also occur, yielding alkylidynes and other
partly dehydrogenated carbonaceous deposits which remain
strongly adsorbed on the surface.***’

Alkene conversions with hydrogen have been investigated
previously both on single crystal surfaces*>'%2%27 and on oxide
supported metal nanoparticles.* %232 Remarkably high
overall reaction probabilities of up to 0.2 were observed for
the Pd nanoparticles, while typical values reported on realistic

via a series

cis—trans

966 | Phys. Chem. Chem. Phys., 2011, 13, 966-977

This journal is © the Owner Societies 2011


http://dx.doi.org/10.1039/c0cp00078g
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP013003

Downloaded by Fritz Haber Institut der Max Planck Gesellschaft on 01 June 2012

Published on 12 November 2010 on http://pubs.rsc.org | doi:10.1039/COCP00078G

View Online

(a) Reaction Scheme
H,C CH,
,\' = ( cis-2-butene
H H
(3) H,C D
(1) Fluxg (1) H >_(
kdas,B s, / H CH:
B (2) Ker
H,C CH, +D Knydr 1 H H CH, trans-2-butene-d,
}:{ e — HCall —~
H H ker D 0
' () Knydr_2 HC D D
cis-2-butene butyl-d, VN F
(adsorbed) (4) H. H
H  CH,
butane-d,
(b) (5) 2)
+ cis-2-butene
Fluxp Sp Knydr 1
D, T/ D ———=—» butyl-d,
kdes,p + butyl-d;
k|
() || Kairr \’:yd'-z
butane-d,
(4)
D*

Fig. 1 (a) Schematic representation of cis-2-butene conversion with
D, on a Pd model catalyst: (1) molecular adsorption of the olefin, (2)
first half-hydrogenation step of cis-2-butene to butyl-d;, (3) cis—trans
isomerization to butene-d; proceeding through consecutive rotation
and B-hydride elimination, (4) hydrogenation involving a second-half
hydrogenation step of butyl-d; to butane-d,. Additionally, partial
dehydrogenation of the adsorbed olefin species takes place resulting
in the formation of different hydrocarbon species. (b) Schematic
representation of D, conversion on a Pd catalyst: (5) dissociative
adsorption of D, on the surface of Pd particles, (6) reversible D
diffusion into the subsurface region. Additionally, D is consumed in
the reaction steps (2) and (4) depicted in (a).

catalytic systems around room temperature and under
atmospheric pressures reach probabilities on the order of
107107833

One of the most important conclusions of these studies is that
the distribution and population of hydrogen atoms in different
adsorption states, such as adsorbed on the surface and absorbed
in the subsurface region of Pd nanoparticles, is crucial to the
control of the activity and selectivity of the catalyst. At reaction
temperatures below 210 K, saturation of the surface by
hydrocarbons limits hydrogen dissociation and thereby
suppresses both isomerization and hydrogenation activity
under steady state reaction conditions. This limitation
vanishes above 220 K, where sustained isomerization
evidences facile hydrogen dissociation on the surface. The
presence of only H on the surface of the Pd nanoparticles was
shown, however, to be insufficient for hydrogenation. Here, the
crucial role of H species absorbed in the near surface region of
the Pd nanoparticles was demonstrated by a combination of
H-depth profiling via nuclear reaction analysis (NRA) and
transient molecular beam experiments.”'° It remains unclear
if the subsurface H species directly attack the butyl species or if
they only modify the properties of the surface species, making
surface H atoms more prone to attack the metal-carbon bond.

The hydrogenation activity of the Pd catalyst and the
associated population of subsurface hydrogen species were
both found to be closely connected to the presence of carbon
on the Pd catalyst.”!© Thus, pristine Pd nanoparticles pre-
saturated with H(D) show initially high reactivity in

hydrogenation but cannot maintain it under steady state
reaction conditions presumably due to limited replenishment
of subsurface H(D) species.”? In contrast, when particles are
modified by deposition of carbon, which decorates only a small
fraction of the particle’s surface—the low-coordinated edge
and corner sites**—hydrogenation can proceed also under the
steady state conditions indicating fast refilling of the subsurface
H(D) reservoir. It has to be noted that carbon deposition does
not enhance the hydrogenation rate as compared to the initial
reaction rate on the D-saturated Pd nanoparticles but solely
allows for maintaining it at the initially high level under steady
state conditions. This unusual promotion of sustained
hydrogenation activity by carbonaceous deposits was
attributed to easier H(D) diffusion into the subsurface region
of Pd nanoparticles based on both experimental NRA results’
and theoretical calculations.®® Briefly, co-adsorbed carbon was
found to reduce the H adsorption energy on the surface of Pd
particles and to expand the Pd lattice; both effects lead to a
substantial decrease or even a vanishing of the activation
barrier for H diffusion into the subsurface region of Pd
nanoparticle (henceforth called “‘subsurface diffusion”).

In view of these recent results identifying hydrogen
dissociation and subsurface diffusion on metal nanoparticles
as key reaction steps for the overall activity and selectivity, it is
important to understand how particular reaction conditions
(such as reactant pressures, their relative ratios and the reaction
temperature) influence these two hydrogen-related processes
and consequently the overall reactivity. In this study, we
investigate the influence of these reaction conditions on cis-2-
butene conversion with deuterium over Pd nanoparticles
supported on a model Fe;04/Pt(111) film—both under steady
state and transient conditions. For this we apply pulsed
molecular beam techniques, which allow us to directly
compare the initial reactivity on D-saturated surfaces with
that obtained under steady state reaction conditions. In the
following, the time period between the beginning of the olefin
pulse and the establishing of the steady state conditions will be
denoted as the transient regime. This regime is characterized by
a high availability of atomic D provided by re-saturation of the
surface with D, in the absence of the olefin supply. The direct
comparison of the reactivities on the D-saturated surface and
the surface under the steady state conditions is enabled by the
use of two independent sources: a continuous D, and a pulsed
cis-2-butene molecular beam. Two typical responses of the
catalytic system can be obtained upon modulation of the
olefin beam (Fig. 2):**3! first, the reactivity under the steady
state conditions can remain the same as at the beginning of the
olefin pulse (Fig. 2a). In this case, no significant limitations in D
availability are induced by additionally co-adsorbed
hydrocarbons during the butene exposure. Second, the
reactivity in the steady state can drop to a significantly lower
level as compared to the transient regime (Fig. 2b). In this case
the reaction takes place in the steady state under D-deficient
conditions and is limited by the formation of surface or/and
subsurface D species. Thus, the form of the product response
curve upon modulation of the olefin beam provides unique
information on possible involvement of hydrogen-related
processes in the rate-determining steps. Using such an
approach, we investigated the influence of different reaction
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Fig. 2 Typical product response curves obtained with a continuously
running H,(D,) beam and a modulated olefin beam®' under the
hydrogen-rich (a) and hydrogen-deficient (b) conditions. In the
transient regime upon modulation of olefin beam, for both cases no
limitations in H(D) availability either on the surface or in subsurface
for both cases are present. Under steady state conditions, the reactivity
remains the same under hydrogen-rich conditions (a) or drops to a
lower level under H-deficient conditions (b) due to limited formation of
surface or/and subsurface H species.

time, a.u. time, a.u.

parameters—the reactant fluxes, their relative ratios and the
reaction temperature—on the role of hydrogen-related
processes in the overall reactivity.

2. Experimental

All molecular beam experiments were performed at the Fritz-
Haber-Institut (Berlin) in a UHV apparatus described in detail
elsewhere.® A schematic representation of the setup is
displayed in Fig. 3a. In brief, the setup allows for
simultaneously directing up to three molecular beams on the
sample surface. An effusive doubly-differentially-pumped
multi-channel array source was employed to provide D,.
Remote-controlled shutters and valves were used for modulation
of this beam. In these experiments, beam intensities for
D, ranged from 0.35 to 4.2 x 10'° molecules cm 2 s~ ! (from
0.4 to 5.3 x 107° mbar). The beam diameter was selected
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 cis-2-butene (Aldrich, >99%).

(a) (b)

UHV Molecular Beam System Supported Model Catalyst Pd/Fe;04/Pt(111)

Effusive Beam 1

Effusive Beam 2
\ITR-IRAS

L .
Sample B w aws

Pd Nanocrystallite

Supersonic Beam Ordered Fe304 Film on Pt(111)

Fig. 3 (a) Schematic of molecular beam system; (b) scanning
tunnelling microscopy (STM) image (100 nm x 100 nm, inset: 20 nm
x 20 nm) of the Pd/Fe304/Pt(111) supported model catalyst used in the
experiments described here, together with a schematic representation of
the structure of the Pd nanoparticles (from ref. 35).

A chopper wheel allowing for three settings was used to
vary the butene beam intensity from 2.5 to 84.8 x 102
molecules cm ™2 s (1.2-40.9 x 10~% mbar, typical backing
pressure: 1.2 bar). In all experiments discussed here, the
diameter of the butene beam was chosen to be smaller than
the sample. An automated quadrupole mass spectrometer
(QMS) system (ABB Extrel) was employed for the
continuous and simultaneous monitoring of the partial
pressures of the reactants (cis-2-butene, determined by the
signal of the C3Hs" fragment at 41 a.m.u. because of
experimental reasons) and products (frans-2-butene-d|,
C;H,D"' fragment at 42 a.m.u.; cis-2-butene-d>, C3H3;D,"
fragment at 43 a.m.u.; butane-d,, C;HsD,” fragment at
45 a.m.u., and butane-d;). All QMS data have been corrected
to account for the natural abundance of '3C.

The Pd/Fe;04 model catalyst was prepared by growing a thin
(~100 A) Fe;04 film on a Pt(111) single crystal by repeated
cycles of Fe (>99.99%, Goodfellow) physical vapor deposition
and subsequent oxidation (see ref. 35-38 for details). The
cleanliness and quality of the oxide film was checked by
IRAS 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 at
115 K. During metal evaporation the sample was biased to
avoid formation of defects by metal ions. The Pd coverage used
to prepare the particles was 2.7 x 10'° atoms cm 2. The
particles were subsequently annealed to 600 K and stabilized
by repeated cycles of oxygen (8 x 10~ 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 catalyst obtained from this
preparation method is shown in Fig. 3b. The surface displays
Pd particles with an average diameter of 7 nm containing
approximately 3000 atoms each. The particles uniformly
cover the support with an island density of about 8.3 x 10"!
islands cm~2.% The majority of the particles are well-shaped
crystallites grown in the (111) orientation and terminated
predominantly by (111) facets (~80%) as well as by a small
fraction of (100) facets (~20%).

Before each experiment, the Pd/Fe;O, model catalyst was
cleaned by oxidation-reduction cycles as employed during
stabilization of the Pd particles. Subsequently, the model
catalyst was precovered with carbon. For carbon precovering,
the sample was exposed to 280 L D, and 0.8 L cis-2-butene at 100
K and heated in vacuum to 500 K in the following (see ref. 30 for
details). Isothermal experiments were performed directly after
carbon precovering.

3. Results and discussion
3.1. Dependence on the D, flux

First, we investigate the influence of the deuterium pressure on
the cis—trans isomerization and hydrogenation rates of cis-2-
butene over Pd nanoparticles supported on a Fe;O,4/Pt(111)
model film. In all experiments reported here, Pd particles were
pre-covered with small amounts of carbonaceous species
following a well-established procedure®' in order to enable
sustained reactivity for both pathways (cis—trans isomerization
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Fig. 4 (a) Averaged reaction rates as a function of time obtained for
the cis—trans isomerization (grey traces, product trans-2-butene-d;) and
hydrogenation (black traces, product butane-d,) pathways from a
series of pulsed molecular beam experiments, in which the catalyst
was exposed to a continuous D, molecular beam and a modulated cis-2-
butene molecular beam. The results are shown for experiments
conducted at different D, pressures (0.4-8.0 x 10~® mbar) and at a
constant cis-2-butene pressure (2.7 x 10~% mbar) and temperature
(260 K). (b) Plot of the logarithm of the steady state reaction rate R for
cis—trans isomerization (opens squares) and hydrogenation (open
circles) pathways obtained after prolonged exposure with cis-2-
butene versus the logarithm of the D, pressure together with linear fits.

and hydrogenation) under steady state conditions.”! Between
the olefin pulses the surface was exposed only to D, to allow
re-saturation of the Pd particles with D, prior to the following
butene pulse.

Fig. 4 shows the results of pulsed MB experiments carried
out at 260 K for a constant cis-2-butene pressure (peis-2-butene =
2.7 x 107% mbar, flux = 5.6 x 107° molecules cm™2 s 1)
and different D, pressures, varying by a factor of ~13 and
ranging from 0.4 to 5.3 x 107° mbar. The corresponding
Nb, : Neisa-butene Tatios lie in the range from 60 to 750, where
Np, and N butene are the numbers of D, and cis-2-butene
molecules impinging on the surface per unit time, respectively.
In all isothermal experiments discussed in the following, the
catalyst was first pre-exposed to a continuous D, beam (280 L)
to reach saturation and then a sequence of cis-2-butene pulses
was applied while the D, beam remained running. A typical
MB sequence included 50 short butene pulses (4 s on, 4 s off)
followed by 30 longer pulses (20 s on, 10 s off time). Between the
olefin pulses the surface was exposed only to D, to
re-saturate the Pd particles. In all cases reported here, the
pulse shape and intensity remained identical for the last
30 long pulses, indicating that the system had reached a quasi
steady state behavior. The averages of the last 30 long pulses for
both cis—trans isomerization product trans-2-butene-d; (upper
grey traces) and hydrogenation product butane-d, (lower black
traces) are displayed in Fig. 4a for seven different D, pressures
studied. Note that the D, exposure during 10 s between the
butene pulses considerably exceeds the amount of D atoms
required for saturation of Pd particles.

The steady state reaction rates for both reaction pathways
show a linear increase with increasing D, pressure in the
pressure range from 0.4 to 5.3 x 10~® mbar. Fig. 4b shows
the plots of the steady-state reaction rates for both reaction
pathways in double logarithmic coordinates In R vs. In pp,.

Note that for the hydrogenation reaction pathway the reaction
rate does not always reach a constant value at the end of the
olefin pulse. In this case, the rate value at the end of the cis-2-
butene exposure was taken as the quasi steady state reaction
rate. According to a general power law, the reaction rate R can
be expressed as R = kpp..Ph,» Where k is the rate constant,
Poutene and pp, are the partial pressures of the reactants, and n,
m are the formal reaction orders in butene and D, pressures,
respectively. The slope of the curve plotted as In R vs. In pp_ at
constant cis-2-butene pressure gives the formal reaction order
m for D, pressure. The isomerization and hydrogenation
reaction pathways exhibit reaction orders of non = +0.7
and myyq, = + 1.0, respectively, as shown in Fig. 4. These
values are in good agreement with the results by Somorjai
et al.'® who reported reaction orders close to unity for both
isomerization and hydrogenation on Pd(111). Also for olefin
hydrogenation over supported Pd catalysts under ambient-
pressure conditions, a formal reaction order around unity with
respect to the hydrogen pressure is typically observed.>>13-20

3.2. Kinetic model

The obtained formal reaction orders can be rationalized on the
basis of a kinetic model which assumes a Langmuir—Hinshelwood
reaction mechanism for a low surface coverage and non-
competitive adsorption for 2-butene and D,. We note that the
present model is based on the mean field approximation implying
homogeneous distribution of the reactive species and the identical
activity of all adsorption sites, which cannot be perfectly fulfilled
on the Pf nanoclusters. The main purpose of this model is to
identify the reaction steps, which can be adequately described in
the mean field approximation, and such steps, which deviate from
the predictions of the model. This analysis of the deviation allows
us to draw conclusions on the structure-sensitivity of the
corresponding processes.

In the steady state, the concentrations of the key reaction
intermediates cis-2-butene-d, (denoted for simplicity as butene-
d0 in the kinetic equations) and 2-butyl-d; (butyl-dl) are
constant, which can be written as:

df(butene-d0),

d = FluXBSB

— knyar_1 [butene-d0][D]

— kges [butene-d0] + ki;[butyl-d1] = 0

do(butyl-d1),4,

P = knydr_1 [butene-d0][D] —

" [butyl-d1]

— ke [butyl — d1] — knyar 2 [butyl-d1][D*] = 0
where [butane-d0] and [butyl-d1] are the steady state surface
concentrations of butene-dy and 2-butyl-d|, respectively; [D] is
the steady state concentration of the surface deuterium species.

Fluxg and Sp are the butene-d, flux and the sticking
coefficient, respectively; knyar 1 and knyar o are the rate
constants of the first and the second half-hydrogenation steps
(steps 2 and 4 in Fig. 1, correspondingly); kges s is the rate
constant for butene-d, desorption; k., and kg are the rate
constants of B-hydride elimination for the steps (2') and (3),
correspondingly.
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[D*]indicates the steady state concentration of a second type
of deuterium species, which participates in the second half-
hydrogenation of 2-butyl-d, to butane-d,. Note that we do
not introduce here any assumptions on the exact physical
nature of this second type of deuterium species. As was
mentioned before, D* can be either a subsurface D species or
a surface D species for which the adsorption and/or electronic
properties are modified by the presence of subsurface D. We
assume that under steady state conditions [D*] is directly
proportional to the surface concentration of D with a
proportionality factor o

[D*] = «[D] ()

If we assume that only a negligibly small fraction of cis-2-
butene-d, is formed from decomposition of the 2-butyl-d;

Fluxp Spknydr_1ket/ FluxpSp /kdes p

A correct analytical solution of eqn (4)—(6) is not trivial and
lies beyond the scope of this study. To overcome this problem,
we can make the assumption that only a negligible fraction of
deuterium is consumed by the reaction with hydrocarbons and
that the D surface concentration is mainly governed by the
adsorption—desorption equilibrium of D,. This assumption can
be made since all experiments were carried out at a very large
excess of D, flux with respect to the cis-2-butene flux, with Np_/
N is-a-butene lying in the range from 60 to 750. In this case the D
concentration can be expressed as:

D] = (Flkd—[f) )

and the reaction rates of cis—trans isomerization and
hydrogenation transform to:

Ri; m — (8)
50 (knydr_1+/FluxpSp /kdes,p + kdes,B) (knydr_200y/FluxpSp /kges p + k[; + kel)
Riyar = FluxgSpknydr_1 Knydar_20(FluxpSp /kdes,p) o)

species (reaction step 2’) relative to the amount of cis-2-
butene-d, formed from sticking, we obtain the following
expressions for the steady state concentrations of the key
surface intermediates:

FluxBSB

butene-d0] ~* ——————
[ ] khydr_l [D] + kdes,B

)
FluXBSBkhydr_l [D]

(khydr_l [D} + kdes,B)(kh}/dr—z [D*} + klel + kel)

©)

and the reaction rates of cis—trans isomerization (Risom) and
hydrogenation (Ryyq,) can be written in the form:

[butyl-d1] ~

Risom = ke [butyl_dl]
FluxpSgkhydr_1 kel [D]

~ 4
(kh)’df—l [D} + kdcs,B)(khydr_Z [D*} + k::l + kcl) ( )

Ruydr = knyar_2[D#][butyl-d1]
Fluxg Sgknydr_1knydar 2[D*] - [D] )

ST

knydr_1 [D] + Kdes,B) (knyar 2 [D*] + kL, + ket)
For deuterium, the condition of a constant surface concentra-
tion in the steady state gives:
do(D),
% = FluxpSp — kaes.p[D]” — knyar_1 [butene-d0][D]
— khydr_Z [butyl-dl} [D*] =0
(6)
with Fluxp and Sp being the D, flux and the sticking coeffi-

cient, respectively; kqes p 1S the reaction constant for associative
desorption of Ds.

(khydr_l v/ FluxpSp /kdesp + kdesﬁB)(khydr_ZOC vV FluxDSD/kdes,D + k{cl + kel)

The obtained dependencies (8) and (9) of the reaction rates on
the deuterium flux, which is directly proportional to the pressure,
allow us to rationalize the experimentally observed formal
reaction orders. For the cis—trans isomerization pathway, if
both conditions

kdcs,B > khydr_l [D] (10)

and
k,cl -+ kel > khydrla[D] (1 1)

are fulfilled, the reaction rate depends positively on the
deuterium flux with an upper limit for the reaction order 0.5,
which is reasonably close to the experimental value of 0.7. It
should be noted that this limit turns to 1.0 if we assume that D
consumption by reaction with hydrocarbons prevails over D,
desorption (see eqn (6)). The intermediate value of 0.7 observed
experimentally most likely reflects the fact that both D,
desorption and D consumption by hydrocarbons contribute
to the observed reaction order. However, we note that if (10)
and (11) are not fulfilled, either a negative or zero reaction
order would be observed for the deuterium pressure.

Given the conditions of (7), (10) and (11), the reaction order
for the hydrogenation reaction pathway has an upper limit of
1.0, which coincides with the experimentally obtained value 1.0.
In more general terms, the assumptions (10) and (11) mean that
the rate of butene desorption (step 1’) is fast compared to the
rate of the first half-hydrogenation (step 2) and that the rate of
B-hydride elimination of butyl species (steps 2’ and 3) is much
higher than the rate of its second half-hydrogenation (step 4).

Next, a qualitative analysis of the time dependence of the
product response curves allows for interpretation of the
mechanistic processes taking place on the surface. Fig. 5
displays the transient reactivity behavior over the duration of
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Fig. 5 Normalized averaged reaction rates obtained in the
experiments shown in Fig. 4 for selected D, pressures (0.4, 0.9 and
5.3 x 107° mbar). Shown are the rates for the isomerization (grey
traces) and hydrogenation (black traces) pathways. At the two lowest
D, pressures, the decaying pulse profiles point to D-deficient conditions
for both reaction pathways, whereas at the highest D, pressure
(5.3 x 107 mbar) only the hydrogenation rate decreases over the
duration of the cis-2-butene pulse (from ref. 32).

the cis-2-butene pulse for the isomerization pathway (upper
grey traces) and hydrogenation pathway (lower black traces)
for five D, pressures 0.4, 0.9, 2.0, 4.0 and 5.3 x 10~° mbar. The
pulse heights were normalized to the same value for more
convenient examination of the changes in the pulse shape
with increasing D, pressure.

At the highest presented D, pressure (Np, : Neisa-butene =
750, D, pressure 5.3 x 1075 mbar) the reaction rate of cis—trans
isomerization displays a rectangular form which follows the
time profile of the reactant butene, whereas the hydrogenation
pathway shows a high reaction rate at the beginning of the
olefin exposure followed by a considerable decrease over the
duration of the pulse. As discussed previously, the rectangular
form of the response curve attests to equal reaction rates on the
initially D-saturated surface (at the beginning of the pulse) and
on the surface under the steady state conditions (at the end of
the pulse) thus suggesting that the rate is not limited by the
availability of deuterium. Consequently, each of the steps (1),
(2) or (3) can be potentially rate determining. There is a general
agreement in the literature that B-hydride elimination is fast
compared to butyl formation®** and cannot be the rate-
limiting step. In this case, the overall isomerization rate can
be limited either by the rate of cis-2-butene adsorption (steps 1
and 1’) or by formation of the butyl-d; reaction intermediate
(step 2). Based on the analysis of the kinetic model implying
that cis-2-butene desorption must be faster than its first half-
hydrogenation (kqesg > Knyar_1-[D]), it can be concluded that
formation of butyl-d; species (step 2) determines the cis—trans
isomerization rate under these conditions.

In contrast, the pulse form of the hydrogenation pathway at
the same D, pressure (Np, : Neis-2butene = 750, Dy pressure
5.3 x 107° mbar) suggests deuterium deficient conditions,’!
when the availability of D species is reduced in the steady state
(at the end of the pulse) as compared to the D-saturated

particles (at the beginning of the pulse).*! Note that under all
conditions applied in this study, the reaction is carried out in a
large excess of D, in the gas phase with reactant ratios
Np, : Neigabutene = 40-750, so that the decrease of the reaction
rates cannot be explained simply by a stoichiometrically
insufficient supply of the gas phase molecular deuterium. Since
both the concentration of the butyl-d; intermediate and surface
[D] remain constant over the duration of the pulse, as evidenced
by the rectangular pulse profile of the isomerization rate,”' the
decreasing hydrogenation rate can be explained most likely by the
decreasing availability of a special type of D* species participating
in the second half-hydrogenation step (step 4). Previously, we
obtained experimental evidence that this special type of D* species
is associated with H/D absorbed in the subsurface region
of Pd nanoparticles,9 their exact nature remains, however,
not clear. Apparently, such D* species are initially present at
the beginning of the pulse on the D-saturated particles,
resulting in a high transient hydrogenation rate, but they
become depleted during the butene pulse, most likely due to
inhibited D diffusion into the subsurface. As a result, their
concentration drops to the lower steady state value and the
hydrogenation rate decreases. It has to be pointed out that this
effect cannot be explained by the depletion of the regular surface
D species adsorbed on the Pd particles since otherwise a similar
decrease of the cis—trans isomerization rate had to be observed
(for more details see ref. 9, 30 and 31). In previous studies we
demonstrated that the sustained hydrogenation rate can be
achieved only if small amounts of carbon were deposited
onto the Pd particle prior to the experiment.”*® We explained
this phenomenon by easier hydrogen subsurface diffusion
through the surface sites modified by carbon, which allows for
maintaining the concentration of subsurface hydrogen species
also under steady state reaction conditions. In line with this
proposal, essentially barrierless subsurface hydrogen diffusion
into the Pd clusters modified by C was recently predicted
theoretically. ™

At the lowest Np, : Nesobutene ratios (60 and 130, D,
pressure 0.4 and 0.9 x 107¢ mbar), the pulse shape of the
cis—trans isomerization rate changes and shows a behavior
typical for deuterium deficient conditions, with a higher
transient rate on the D-saturated surface than the steady
state reaction rate. Apparently, under such conditions even
the concentration of surface D species decreases after
introduction of butene. The most likely reason for this is
inhibition of dissociative deuterium adsorption (step 5 in
Fig. 1) by high concentrations of co-adsorbed hydrocarbon
species. From the data presented in Fig. 5, the onset for the
inhibition of D, dissociative adsorption on the surface can be
estimated in terms of reactant ratio Np,: Npuene < 290.
Unlike for isomerization, the profile of the hydrogenation rate
at the two lowest Np, : Nciso-butene Tatios remains essentially
the same as for the highest ratio, Np, : Neisabutene = 750,
attesting to a reduced availability of D species under steady
state conditions as compared to the D-saturated catalyst.
Going across the entire Np, : Nejs.2butene Tange, the form of
the cis—trans isomerization profile smoothly changes from the
non-rectangular one at low ratios to the rectangular one at high
Np, : Neis-a-butene ratios (Fig. 5). This trend indicates that at low
reactant ratios Np, : Neiso-butene (i-e. at low D, pressures) the
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replenishment rate of surface D species in steady state is
insufficient to retain the initial isomerization rate (step 5 in
Fig. 1), while at high reactant ratios the replenishment of D is
fast under steady state conditions and allows the system to
maintain the concentration of D species at the initially
high level.

In contrast, the hydrogenation profiles remain very similar
for all investigated D, pressures. In this pathway, the reaction
rate drops by ~30% from the initial value after 20 s olefin
exposure for all reaction conditions. It is important to point out
that there is no correlation between the pulse shape of the two
reaction pathways: whereas a smooth transition from the
D-deficient to D-rich conditions is observed for cis—trans
isomerization with increasing D, pressure, the hydrogenation
profile remains the same in the entire pressure region. This
observation strongly suggests that the hydrogenation rate is
governed by the time evolution of some special kind of D
species, which is not identical to the regular surface species
involved in the cis—trans isomerization. This conclusion is
consistent with our previous studies recognizing the presence
of subsurface D species as a necessary condition for
hydrogenation to proceed.” Apparently, the formation/
replenishment of this type of D* species is slow under all
investigated conditions, even when there are no limitations in
availability of the surface D species at the highest D, pressures
(as indicated by the rectangular pulse profiles of the cis—trans
isomerization pathway). This conclusion is in line with our
previous studies indicating that the presence of subsurface D
species is required for hydrogenation.” The fact that the
populations of such species decrease even when no limitations
in availability of the surface D species are observed indicates that
co-adsorbed hydrocarbons must negatively affect diffusion of
the surface D species into the subsurface. Apparently, the
extent of this inhibition for the formation of subsurface
hydrogen species is greater than the hydrocarbon inhibition
for formation of surface species. Indeed, for the isomerization
pathway, which proceeds with surface D, the transition from
D-deficient to D-rich conditions is observed at ratios
Np, : Ngisa-butene > 290. In contrast, the hydrogenation
route, requiring the presence of the subsurface D species,
shows a non-rectangular pulse profile even at a ratio of
Np, : Neigo-butene = 750, indicating slow formation of the
subsurface species, which limit the overall hydrogenation
rate. The stronger inhibition of subsurface D formation by
hydrocarbon species as compared to surface D most likely
originates from different microscopic mechanisms of these
processes.

3.3. Dependence on the cis-2-butene pressure

Next, a series of isothermal experiments were performed where
the influence of the cis-2-butene pressure and the Np,_ : N js2-butene
ratio on the reactivity of Pd/Fe;Oy4 catalyst was in.Vestigated. In
these experiments, the D, pressure was kept constant at
4.0 x 107 mbar (flux = 3.2 x 10'° molecules-cm™2 s71),
while the cis-2-butene pressure was varied to three different
pressures: 1.2 x 107%,2.7 x 1078, and 41 x 10~® mbar with the
corresponding Np_» @ Nejobutene ratios lying in the range
from 1280 to 40. The experiments were carried out at

260 K applying the same pulsing scheme as described in
section 3.1. Fig. 6a shows the results of pulsed MB experiments
carried out at 260 K for the three different butene pressures. At
the lowest butene pressure (1.2 x 10~ mbar), both isomerization
and hydrogenation rate exhibit a roughly rectangular pulse
shape, following the pulse profile of butene. In contrast, at the
highest butene pressure (41 x 10~% mbar) there is an initial
instantaneous increase of the reaction rates for both reaction
pathways, followed by an abrupt decrease within a few seconds,
after which the rates reach steady state. At a butene pressure of
2.7 x 107 mbar an intermediate behavior is observed: the
isomerization rate follows the rectangular pulse form of the
reactant, whereas the hydrogenation rate is somewhat higher at
the beginning of the butene pulse and decreases during the
pulse duration to a lower steady state level.

A qualitative analysis of the product response curves
suggests an interpretation for the microscopic processes
taking place on the surface. At the lowest butene pressure
(1.2 x 10~% mbar, Np,> © Neiso-butene = 1280), the transient
kinetic data show that both isomerization and hydrogenation
pathways simply follow the time evolution of the reactant
butene, indicating that there is no limitation in D availability
for either reaction pathway. Apparently, both reactions can be
limited under these conditions either by the rate of cis-2-butene
adsorption (step 1) or by formation of the butyl-d; reaction
intermediate (step 2); note that P-hydride elimination is
believed to be fast as compared to butyl formation and
cannot be the rate-determining step.***® Following the
analysis of the kinetic model described in section 3.1, it is
likely that formation of cis-2-butyl-d, is the slowest step in the
cis—trans isomerization pathway. In the case of the intermediate
cis-2-butene pressure (2.7 x 10~% mbar, Np,> @ Neigobutene =
750), the isomerization rate nearly follows the rectangular pulse
of the reactant butene, whereas the hydrogenation rate
decreases over the olefin pulse indicating D-deficient
conditions. As discussed in section 3.1, this behavior suggests
that the surface concentration of D species is not dramatically
affected by co-adsorbed hydrocarbons under the steady state
conditions, whereas the availability of the subsurface D species
is reduced in the steady state as compared to the beginning of
the pulse when the catalyst was D-saturated. This latter
observation attests to effective inhibition of subsurface D
diffusion by the co-adsorbed olefins.

At the highest butene pressure (41 x 1078 mbar,
Np,> : Neisobutene = 40), both the isomerization and the
hydrogenation pathway show at the beginning of the olefin
exposure high reaction rates that considerably decrease over
the duration of the olefin pulse. This behavior can be explained
most easily by a strong limitation in D availability under steady
state conditions for both reaction pathways, ie. the
concentrations of surface and most likely also subsurface D
species are considerably affected by co-adsorbed hydrocarbons.
Apparently, a high cis-2-butene flux results in the build-up of a
relatively high surface concentration of the olefin and its
derivatives, which poison the surface and negatively affect the
concentration of D, e.g. by inhibition of dissociative adsorption
of D, and/or D subsurface diffusion. It should be noted,
however, that even under these conditions the reaction is
carried out in a large excess of D, in the gas phase
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(Np,> : Neiso-butene = 40), so that the drastic decrease of the
reaction rates cannot be explained simply by a limited supply of
molecular deuterium from the gas phase. As a consequence, the
dissociative deuterium adsorption (step 5) can be identified
here as being inhibited, possibly enough to change the
rate-determining step, as will be discussed below.

In line with the results presented in section 3.1, the observed
dependency of the product response curves on the butene
pressure shows that the hydrogenation pathway is negatively
affected at lower olefin pressures than the
isomerization. Mechanistically, it means that relatively large
amounts of hydrocarbons can be adsorbed on the surface
without negatively affecting the concentration of the surface
D species, the scenario observed at Np, : Nejs-2-butene Tatios
higher than 290 (here, lower values Np, - : Nciobutene
correspond to higher butene pressures). In contrast, co-
adsorbed hydrocarbon species affect the abundance of
subsurface D to a much greater extent and already with a
reactant ratio of Np_ - @ N2 butene 750 an inhibiting
effect on the D subsurface diffusion is observed.

Next, a quantitative comparison of the initial rates in the
transient regime and the steady state reaction rates was
performed. Fig. 6 shows the initial (Fig. 6b) and the steady
state (Fig. 6¢) reaction rates for both pathways plotted as a
function of the butene pressure. The initial rates were
calculated by determining the reaction rate (pulse height) at
the point during the pulse at which the catalyst had been
exposed to 0.33 L of butene (the time when this point was
reached was dependent on the butene flux used). In cases where
a constant reaction rate was not reached over the pulse
duration, the reaction rate at the end of the butene pulse was
used as the quasi steady state reaction rate. As discussed in
section 3.1, the slopes of the curves in Fig. 6 correspond to the
formal reaction orders in butene pressure.

For the transient regime, initial reaction rates on the catalyst
pre-saturated with deuterium show positive formal reaction
orders of njgom = +0.7 and npyq, = +0.3 for the cis—trans

cis—trans

isomerization and hydrogenation pathways, respectively
(Fig. 6b). Under steady state conditions, the isomerization
rate to trans-2-butene-d, was found to depend only weakly
on the cis-2-butene pressure, showing a formal positive
reaction order of nj,, = +0.3. Similarly, the steady state
hydrogenation rate nearly does not depend on the olefin
pressure and even exhibits a slightly negative reaction order
of npyar = —0.15 (Fig. 6¢). These steady state related values are
in good agreement with reaction orders reported in classical
catalytic studies under ambient-pressure conditions,>> 1318
which are near zero. It should be noted that the realistic
dependence on the butene pressure in a narrow range of
reaction conditions can significantly deviate from the formal
reaction orders derived for a large pressure interval. Thus, for
the two lowest butene pressures, a positive dependence of the
hydrogenation rate on the butene flux is observed, which,
however, turns negative if one accounts also for the highest
investigated butene pressure (Fig. 6¢).

The observed formal reaction orders in butene pressure can
be rationalized based on the analysis of the
Langmuir-Hinshelwood kinetic model described in section
3.1. For the cis—trans isomerization pathway, a reaction order
Nisom +0.7 is observed in the transient regime on the
D-saturated surface, a value, which is close to the reaction
order #isom.model = T 1.0 predicted by the model (see eqn (4)
and (8) in section 3.1). Apparently, this good agreement reflects
the fact that the adsorbed D does not inhibit butene adsorption
(a condition implied by our model) and consequently the
transient reaction rate is as expected directly proportional to
the number of butene molecules impinging on the surface.
However, in the steady state, the formal reaction order in
butene considerably decreases to a value of njo, = +0.3
implying a strong deviation from the assumption of low
butene coverage and non-competitive butene and D,
adsorption used in the model. The fact that the butene
reaction order changes from ~1 to ~0 may reflect a change
in the rate limiting step, with replenishment of surface D species

1280 570 40 ND,:Neis-2-butene
1.2 2.7 40.9-10® pressure cis-2-butene-dy, mbar 4
trans-2-butene-d l a b 71 \C
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; som =103 3
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Fig. 6 (a) Averaged reaction rates as a function of time obtained for the cis—trans isomerization (grey traces, product trans-2-butene-d,) and
hydrogenation (black traces, product butane-d,) pathways from a series of pulsed molecular beam experiments, in which the catalyst was exposed to
a continuous D, molecular beam and the cis-2-butene molecular beam was modulated. The results are shown for the experiments conducted at
different cis-2-butene pressures (1.2-40.9 x 10~® mbar) and at a constant D, pressure (4.0 x 10~% mbar) and temperature (260 K). (b) Plot of the
logarithm of the initial reaction rate R for cis—trans isomerization (filled squares) and hydrogenation (filled circles) pathways versus the logarithm of
the cis-2-butene pressure together with linear fits. (c) Plot of the logarithm of the steady state reaction rate R for cis—trans isomerization (open
squares) and hydrogenation (open circles) pathways versus the logarithm of the cis-2-butene pressure together with linear fits.
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becoming rate limiting. This deviation can be explained by a
reduced availability of surface D species when a steady state
concentration of hydrocarbons is established, which results in a
much weaker dependence of the reaction rate on the butene
pressure. The most likely reason for this is poisoning of the
surface by co-adsorbed hydrocarbons, which hamper
formation of surface D species, e.g. by inhibition of
dissociative D, adsorption. This conclusion is in line with the
analysis of the product response curves described earlier in this
section, where at the highest butene pressure a pronounced
non-rectangular pulse profile was observed attesting to a
strongly reduced availability of surface D under steady state
conditions.

For the hydrogenation pathway, the steady state formal
reaction order deviates from the reaction order nhydr model =
+ 1.0 predicted by the model (see eqn (5) and (9)) even more
than for isomerization. Moreover, it even turns negative under
steady state conditions (npyg; = —0.15). The last observation
strongly suggests that under steady state conditions the surface
concentration of hydrocarbon species has a strongly negative
affect on the abundance of the D species required for
hydrogenation. As with the isomerization, the change in
reaction order from ~1 to ~0 with respect to butene
pressure may reflect a change in the rate-limiting step, with
replenishment of D species becoming rate limiting. In view of
our previous results identifying the presence of subsurface H/D
species as a necessary condition for hydrogenation to proceed,’
one can speculate here that the more pronounced effect of co-
adsorbed hydrocarbons on the hydrogenation pathway can be
traced back to a considerably stronger reduction of the
abundance of subsurface D as compared to the surface D
species. This hypothesis is in line with the qualitative analysis
of the product response curves described earlier in this section.
For the hydrogenation pathway (see Fig. 6a), even at the
intermediate butene pressure (Ppugene = 2.7 X 1078 mbar) a
non-rectangular pulse profile is observed suggesting D*-
deficient conditions. Conversely, the concentration of the
surface D species is not negatively affected at this
intermediate pressure, as indicated by the rectangular profile
of the isomerization rate. Only at the highest applied butene
pressure is the concentration of the surface D species also
reduced by the presence of butene, supporting our hypothesis
that the abundance of subsurface D species more sensitively
depends on the concentration of hydrocarbons.
Microscopically, this phenomenon can be explained by
inhibited subsurface D diffusion in the presence of co-
adsorbed hydrocarbons.

3.4. Temperature dependence

In order to determine the influence of the reaction temperature
on cis—trans isomerization and hydrogenation of cis-2-butene,
we carried out a series of experiments between 220 to 400 K
keeping the composition of the reactant mixture constant
(Pbutene 2.7 x 107° mbar, pp, 40 x 107° mbar,
Np, : Neisobutene = 570). The pulsed MB experiments were
performed in the same way as described in section 3.1. Fig. 7
shows the averages of the reaction rates of the last 30 long
pulses for both products trans-2-butene-d; (upper grey traces)

220K 240K 260K 280K 300K 340K 400K

trans-2-butene-d,

RN I M T

butane-d;

W

020020020020020020020
time, s

reaction rate, a.u.

Fig. 7 Averaged reaction rates as a function of time obtained for the
cis—trans isomerization (grey traces, product trans-2-butene-d;) and
hydrogenation (black traces, product butane-d,) pathways from a
series of pulsed molecular beam experiments, in which the catalyst
was exposed to a continuous D, molecular beam and the cis-2-butene
molecular beam was modulated. The results are shown for experiments
conducted at different reaction temperatures (220-400 K), while the
reactant pressures were kept constant (4.0 x 10~® mbar for D, and
2.7 x 10~% mbar for cis-2-butene).

and butane-d, (lower black traces) at different reaction
temperatures.

Both reaction pathways show a non-monotonic dependence
on the reaction temperature with a maximum in steady state
reaction rate reached at Toaxisomer = 240 K for cis—trans
isomerization and at Tiaxhydrog = 300 K for hydrogenation.
Note that in the hydrogenation pathway no clear steady state
regime could be obtained on the experimental time scale in the
temperature range from 240 to 300 K; here, only quasi steady-
state rates can be compared, which we define as the rate at the
end of the pulse. For cis—trans isomerization, the product
response curves exhibit a rectangular shape nearly in the
entire temperature range except for the lowest 7 = 220 K,
where a slightly decreasing rate is observed over the duration of
the butene pulse. The product response curves of the
hydrogenation pathway show a non-rectangular form with a
decreasing reaction rate in the temperature range between 220
and 280 K, whereas above 300 K the pulse form switches to
nearly rectangular.

The existence of a maximum in the reaction rates with
increasing temperature arises from two counteracting trends:
on one hand, the increasing temperature causes a rise of the
reaction rate constants, particularly kyyqr | and kynyqgr »; on the
other hand, the desorption rates of the reactants cis-2-butene
and D, increase, resulting in decreasing coverages [butane-d0]
and [D]. The initial rise of the steady state reaction rates
between 220 and 240 K for isomerization and between
220 and 300 K for hydrogenation can be ascribed to a
predominant growth of the reaction rate constants knygr |
and kpygr ». Additionally, faster butene desorption might
result in reduced poisoning of the hydrocarbon-covered
surface toward dissociative D, adsorption. In contrast, the
decreasing reaction rates at higher temperatures (despite the
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growing reaction rate constants) attest to fast desorption of the
reactants that leads to nearly vanishing reactivity at 400 K. The
premise of fast desorption of both reactants cis-2-butene and D,
in the investigated temperature region is in good agreement with
previous TPD experiments carried out on identical Pd
particles.”” ! Tt should be noted that pre-adsorbed D was
shown to weaken the binding energy of butene on the
surface.’®*! Therefore the butene coverage [butane-d0] can
depend in a complex way on the
temperature, since faster deuterium desorption (i.e. a lower [D])
leads to an increasing activation barrier for butene desorption.

The most important observation in this series of temperature
variation experiments is the different positions of the rate
maxima for cis—trans isomerization and hydrogenation,
which clearly attest to different rate determining steps for
both reaction pathways. Indeed, the rate of the isomerization
pathway likely reflects the overall formation rate of the butyl-d;
intermediate (as described in section 3.1). In turn, the rate
of butyl-d; formation can be limited -either by
adsorption—desorption equilibrium of cis-2-butene (steps 1
and 1) and/or directly by the rate of the first-half
hydrogenation (step 2)—with the effects being dependent on
the particular temperature. The temperature dependence of the
cis—trans isomerization rate indicates that the surface
concentration of butyl-d; species increases up to 240 K and
decreases in the range between 240-400 K. For the
hydrogenation pathway, increasing reaction rates are
observed up to 300 K despite the decreasing concentration of
butyl-d; species. This fact can be explained only by an even
more strongly increasing rate constant for a different rate
determining step, which must be the second half-
hydrogenation step of butyl-d; to butane-d, (step 4).
Consequently it can be inferred that the activation barrier for
the second-half hydrogenation of the alkyl intermediate is
higher than the activation barrier of the first-half
hydrogenation. With this we provide for the first time direct
experimental evidence that the second half-hydrogenation step
is the rate determining process in olefin hydrogenation up to
least 300 K even in a large excess of D,. This is a very important
conclusion of this study, since this point is still under debate in
the literature for various transition metals.****

non-monotonous

At a microscopic level, the higher effective activation energy
of the second half-hydrogenation step as compared to the first
half-hydrogenation can be linked to two phenomena: to a high
barrier of the elementary reaction step of D/H insertion into the
Pd-butyl bond and to activated D/H subsurface diffusion. On
the basis of our experimental dataset, it appears to be difficult
to distinguish between these two possible scenarios and further
theoretical calculations are needed to clarify the exact
microscopic mechanisms.

The product response curves of the cis—trans isomerization
pathway exhibit a rectangular profile nearly in the entire
investigated temperature region (except of 220 K) indicating
D-rich conditions, i.e. a high availability of the surface D
species in the steady state. Interestingly, for the hydrogenation
pathway a transition from non-rectangular pulse profiles to the
rectangular ones is observed at about 280 K. This observation
means that up to 280 K, adsorption of hydrocarbons negatively
affects the concentration of D* species (associated with
subsurface D) resulting in decreasing reaction rates over the
butene pulse. However, above 280 K, the negative effect of co-
adsorbed hydrocarbons on the abundance of subsurface D
species vanishes as indicated by similar hydrogenation rates
in the transient regime and under steady state conditions. This
phenomenon can be explained either by a strong decrease of the
butene surface concentration [butane-d0] due to fast desorption
and/or by an easier replenishment of the subsurface D species.
The latter effect might be a consequence of a growing rate
constant for subsurface D diffusion or a result of a reduced
inhibition of subsurface D diffusion due to a lower steady state
concentration of co-adsorbed hydrocarbons.

3.5 Conversion and selectivity

Fig. 8 displays the overall conversion and selectivity toward the
competing cis—trans isomerization and hydrogenation
pathways under the steady state conditions for different
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The selectivity is presented in terms of the product ratio for the
hydrogenation product butane-d, to the isomerization product
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Fig.8 Displayed is the overall conversion (grey triangles) and the ratio of butane-d, :

butene-d; production (black rhombs) as a function of (a) the

cis-2-butene pressure (at 260 K with a D, pressure of 4.0 x 10~® mbar), (b) the D, pressure (at 260 K with a cis-2-butene pressure of 2.7 x 108 mbar)
and (c) the temperature (with a D, pressure of 4.0 x 107 mbar and a cis-2-butene pressure of 2.7 x 10~% mbar). The conversion is calculated as

Risom +Rhydr
Fluxg
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compare the overall activity and selectivity of the model
catalytic system investigated in this study under well-defined
UHV conditions with the results of catalytic experiments
carried out under ambient pressure conditions on realistic
catalytic systems prepared under non-UHYV conditions. This
allows us to draw conclusions on the transferability of the
detailed microscopic mechanisms obtained in this study to the
processes taking place under more realistic catalytic conditions.

The dependence of the overall conversion and the selectivity
on the cis-2-butene pressure is shown in Fig. 8a. With
increasing cis-2-butene pressure, both the overall conversion
and the butane-d, : trans-butene-d, ratio decrease. As
discussed in section 3.2, the decrease of the steady state
overall activity can be attributed to limited availability of D
in both the surface and subsurface states, which presumably
arises from poisoning of the catalytic surface by co-adsorbed
hydrocarbons towards dissociative D, adsorption and H/D
subsurface diffusion. From our previous discussion it follows
that D diffusion into the subsurface appears to be more
negatively affected by co-adsorbed hydrocarbons than
dissociative adsorption of D,. This fact is reflected in the
highly pronounced drop in the butane-d, : trans-butene-d,
product ratio at the two highest applied butene pressures,
since formation of butane-d, requires the presence of
subsurface D species whereas they are not necessary for the
production of trans-butene-d;.

Fig. 8b shows the overall activity and the product ratio
butane-d : trans-butene-d; as a function of the D, pressure.
Increasing D, pressures yield an increased overall conversion
and the selectivity shifts toward the hydrogenation pathway
with the butane-d, : trans-butene-d; ratio growing from ~0.3
to 0.6 in the investigated pressure region. This observation is in
line with the kinetic model described in section 3.1, predicting a
stronger dependence of the hydrogenation pathway on the D,
pressure, possibly even more so if subsurface D facilitates
hydrogenation. A similar effect was reported in the ambient-
pressure studies on olefin conversions over Pd catalysts.!>!64

The temperature dependence of the overall conversion and
the selectivity toward hydrogenation vs. cis—trans isomerization
is displayed in Fig. 8c. A broad maximum of the total
conversion exists between 240 and 300 K, which results from
two counteracting trends: first, increasing rate constants knygy |
and kyyqr > With increasing temperature and second, decreasing
surface coverages of both reactants due to fast desorption at
elevated temperatures. The decrease of the overall conversion
above 320 K is in good qualitative agreement with the negative
Arrhenius coefficients reported for alkene conversions under
ambient-pressure conditions which were previously attributed
to facilitated alkene desorption.>*%47

Formation of hydrogenation products is seen to be strongly
favored at increasing temperatures with the product ratio
butane-d, : trans-butene-d; rising from 0.2 to 2 in the
temperature region between 220-360 K. As discussed in
section 3.3, two microscopic phenomena can account for
such a prominent shift in the selectivity with increasing
temperature: a high activation energy of the elementary
second half-hydrogenation step from butyl-d; to butane-d,
(4) and/or a faster replenishing of the subsurface D reservoir
due to an increasing rate constant of the activated D subsurface

diffusion. In line with our observations, the catalytic studies on
the hydrogenation and isomerization of 1-butene carried out
under ambient-pressure conditions report a similar temperature-
induced shift of the selectivity toward hydrogenation for Pd
catalysts.>?

Interestingly, for the overall conversion, values of 10-20%
were obtained despite the low absolute reactant pressures
applied in this study. These conversion values are much
higher than the typical reaction probabilities of 10~ to 107'°
reported for olefin conversions with hydrogen under ambient-
pressure conditions.*> One possible explanation is that strong
contamination with carbonaceous deposits builds up under
typical ambient-pressure reaction conditions, and decreases the
active surface area available in practical catalytic systems. On
the other hand, the combination of high conversion values
together with similar pressure and temperature dependencies
for the activity and selectivity justifies the study of these model
supported catalysts under low-pressure conditions as suitable
proxies for realistic catalytic systems.

4. Conclusions

The kinetics of cis-2-butene conversion with deuterium on well-
defined Pd nanoparticles supported on model Fe;O,/Pt(111)
film were investigated under UHV conditions employing pulsed
isothermal molecular beams. Particularly emphasis was placed
on investigation how hydrogen-related processes, such as dis-
sociative adsorption and hydrogen diffusion into the subsurface
of nanoparticles, influence activity and selectivity toward
cis—trans isomerization and hydrogenation. Pulsed molecular
beam experiments allow direct comparison of the reaction rates
in the transient regime—on Pd particles saturated with
deuterium—and under steady state conditions in the presence
of the reactant butene. The influence of the particular reaction
conditions such as the reactant pressures, the Np, : Nejso-butene
ratio and the reaction temperature on both initial and steady
state reactivity was investigated in a large parameter range.

1. The steady state reaction rates of both the cis—trans
isomerization pathway and the hydrogenation pathway
increase linearly with D, pressure with formal reaction orders
of Misom. = +0.7 and my,yq,, = + 1.0, respectively. These values
are in good agreement with the reaction orders Mmisom. model =
+0.5 and Mnydr. mode. = T 1.0 predicted by a kinetic model
based on a Langmuir—Hinshelwood reaction mechanism in the
low-coverage limit.

2. For the cis—trans isomerization pathway, a smooth
transition from D-rich to D-deficient conditions with
decreasing D, pressure is observed. The transition
to D-deficient conditions takes place at the reactant
ratios Np_ @ Nejsobuene < 290. Presumably, co-adsorbed
hydrocarbf)n species negatively affect the D concentration by
inhibition of dissociative deuterium adsorption via surface
poisoning. For the hydrogenation pathway, the profiles of
the product response curves show decreasing reaction rates
almost in the entire investigated pressure region (0.4-5.3 x 107°
mbar) up to a reactant ratio of Np, : Neis-2-butene = 750, €ven
under conditions where cis—trans isomerization proceeds in
excess of D. This phenomenon can be ascribed to a strongly
decreased population of the subsurface D species, which
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concentration appears to depend more sensitively on the presence
of hydrocarbons than the surface D concentration does.
Apparently, co-adsorbed butene species negatively affect the
abundance of subsurface D, e.g. by inhibiting subsurface diffusion.

3. The formal reaction order of the cis—trans isomerization
pathway with respect to the butene pressure, msom., strongly
depends on the reaction conditions: whereas in the transient
regime Mz, is +0.7, under the steady state conditions 150,
decreases to +0.3. A similar behavior is observed for the
hydrogenation pathway with reaction orders of ;.
+0.3 and —0.15 for the transient and steady state regimes,
respectively. The near zero reaction orders strongly deviate
from the unity predicted by the kinetic model and can be
ascribed to a strongly negative effect of adsorbed olefins on
the concentration of all types of D species. This conclusion was
also corroborated by analysis of the product response curves.

4. Both reaction pathways show a non-monotonic dependence
on the reaction temperature with a maximum in steady state
reaction rate reached at Tiaxisomer = 240 K for cis—trans
isomerization and at Tmaxnydrog = 300 K for hydrogenation.
It can be concluded that different elementary reaction steps
determine the overall reactivity for cis—trans isomerization and
hydrogenation. For hydrogenation, second half-hydrogenation
of butyl-d; limits the overall rate up to 300 K. The cis—trans
isomerization rate is governed either by the butene
adsorption—desorption equilibrium or by the first half-
hydrogenation of butene. The activation energy of the second
half-hydrogenation step was concluded to be higher than for first
half-hydrogenation, presumably due to an intrinsically higher
activation barrier for H/D insertion into the metal-carbon bond.

5. With increasing cis-2-butene pressure, a decrease of
the overall activity is observed and the selectivity shifts
toward the cis—trans isomerization pathway, which can be
attributed to the inhibition of D formation due to poisoning
of the catalyst’s surface by co-adsorbed hydrocarbons.
At increasing D, pressures, the overall conversion increases
and the hydrogenation pathway is favored most likely due to
the stronger dependence of the hydrogenation rate on D
concentration. Increasing temperatures result in a selectivity
shift toward hydrogenation, which is connected to the higher
overall barrier for the hydrogenation pathway.

6. The observed kinetics are in good agreement with the
previous ambient-pressure studies, suggesting that the reaction
carried out under UHV conditions on model catalysts can serve
as a proxy for olefin conversions with hydrogen at practically
relevant pressures.
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