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ABSTRACT: Identifying the surface processes governing the selectivity in hydrogenation of a,f-unsaturated carbonyl
compounds on late transition metals is crucial for the rational design of catalytic materials with the desired selectivity toward C=
C or C=0 bond hydrogenation. The partial selective hydrogenation of acrolein on a Pd(111) single crystal and Fe;O,-
supported Pd nanoparticles under well-defined UHV conditions was investigated in the present study as a prototypical reaction.
Molecular beam techniques were combined with infrared reflection—absorption spectroscopy (IRAS) and quadrupole mass
spectrometry (QMS) in order to simultaneously monitor the evolution of surface species and the formation of the final gas-phase
products under isothermal reaction conditions as a function of surface temperature. Over a Pd(111) single crystal, acrolein is
hydrogenated at the C=0 bond to form the desired reaction product propenol with nearly 100% selectivity in the temperature
range between 250 and 300 K, while over Pd/Fe;0,, selective hydrogenation of the C=C bond to form propanal occurs. We
found that the high selectivity toward C=0 bond hydrogenation over Pd(111) is connected to the initial modification of the
catalytic surface with a dense monolayer of an oxopropyl surface species. This strongly bound oxopropyl layer is formed on the
pristine Pd crystal in the induction period from half-hydrogenation of the C=C bond in acrolein. Subsequently deposited
acrolein molecules adsorb via the C=0O bond and form a half-hydrogenated reaction intermediate propenoxy species, which is
attached to Pd via a C—O single bond. The evolution of the surface concentration of the propenoxy intermediate monitored
spectroscopically was found to closely follow the propenol formation rate detected in the gas phase. At temperatures higher than
300 K on Pd(111) and on Pd nanoparticles supported on Fe;O,, decarbonylation of acrolein occurs, leading to accumulation of
CO and strongly dehydrogenated carbonaceous species on the surface. This process prevents formation of well-ordered
overlayers of oxopropyl species required for selective C=O bond hydrogenation, resulting in only minor nonselective
hydrogenation of acrolein. At temperatures below 250 K on Pd(111), only a small fraction of the initially adsorbed acrolein is
converted into the oxopropyl species, yielding a partially modified surface and thus rather unselective formation of both propanal

and propenol products.

KEYWORDS: selective hydrogenation, single-crystal catalysts, infrared spectroscopy, model catalysts, ligand-induced catalysis,
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B INTRODUCTION

Selective partial hydrogenation of multiunsaturated hydro-
carbons, such as a,f-unsaturated aldehydes and ketones, is of
broad interest for numerous industrial applications. The
production of unsaturated alcohols from selective hydro-
genation of the C=O bond in unsaturated carbonyl
compounds is particularly desired in the field of fine chemicals
and pharmaceuticals." Thermodynamics, however, favors
hydrogenation of the C=C bond to form the saturated
aldehyde by about 35 kJ/mol."> Hence, production of
unsaturated alcohols requires manipulation of the reaction
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kinetics by suitable catalysts. In previous studies on powdered
supported catalysts, a variety of metals, including Pt, Pd, Rh, Nj,
Cu, Ag, and Au, have been investigated to understand and
improve the activity and selectivity of this reaction.'">
Particularly over Pt-group metals, the undesired hydrogenation
of the C=C bond in a,f-unsaturated aldehydes is strongly
favored over the desired C=O bond hydrogenation with a
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selectivity of close to 100%. The amount of steric hindrance to
adsorption via the C=C bond,” alloying with other metals,”
and addition of surface modifiers® have been identified as key
structural parameters controlling the chemoselectivity. The
selectivity to C=0 bond hydrogenation can be increased by
using aldehydes or ketones with stencally shielded C=C
groups: e.g., prenal instead of acrolein.”® In another approach,
partially reducible supports such as TiO, were used to provide
Lewis acid sites which are believed to coordinate and thus
activate the C=0 bond.”

Complementarily, a large body of theoretical work and
mechanistic experimental studies on well-defined single-crystal
surfaces have been reported, in which the factors governing the
chemoselectivity of this process are addressed.® Despite these
efforts, the problem of the selective hydrogenation of a
carbonylic group in a,f-unsaturated aldehydes and ketones
remains unsolved, especially for the smallest molecule
(acrolein) having no protective groups close to the C=C
bond. In addition, the nature of the reaction intermediates
formed on a catalytic surface under the reaction conditions is
not fully understood. This atomistic-level information on the
underlying surface chemistry is crucial to approach the rational
design of selective catalysts for this class of reactions.

In our recent study, we investigated the partial selective
hydrogenation of acrolein on a Pd(111) single crystal and on
Pd nanoparticles supported over Fe;O, model catalysts.” Figure
1 shows two possible reaction pathways of acrolein partial

propenol
/\/OH +H,

//////' //\\V/OH‘\\\\\\
NO _~_CH
acrolein propanol

(0]

,}. N\F /+H;

propanal

Figure 1. Possible reaction pathways of acrolein hydrogenation.

hydrogenation leading to hydrogenation of either C=C or
C=0 bonds to form propanal or propenol, respectively. We
have shown that acrolein can be hydrogenated to the
unsaturated alcohol (propenol) with nearly 100% selectivity
over Pd(111). However, this surface requires a modification
with a dense overlayer of oxopropyl species that are formed in
the induction period of the reaction by half-hydrogenation of
the C=C bond in acrolein. The steric constraint induced by
this densely packed surface species turns the surface highly
selective toward C=0O bond hydrogenation.

In the present study, we use a combination of molecular
beam techniques with infrared reflection—absorption spectros-
copy (IRAS) and quadrupole mass spectrometry (QMS) to
systematically investigate this reaction under isothermal
reaction conditions in a broad temperature range. The
particular focus lies in the identification of the reaction
conditions at which the catalytic performance deviates from
the optimal one, and discovery of the microscopic origins of the
decreasing catalytic activity and selectivity. Toward this goal, we
performed in operando IRAS studies on the surfaces turning
over a broad range of temperature conditions and compared
their chemical composition, ie. the nature and the surface
coverages of the reaction intermediates, the spectator species,
and potential surface poisons, and identified the differences
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between the active and inactive surfaces. The spectroscopic
information was obtained on the surface in operation, allowing
us to directly investigate the surface composition, which
strongly depends on the particular reaction conditions and
dynamic changes as a function of the reaction parameters.
Simultaneously, the formation of the products was monitored
in the gas phase, allowing us to establish the correlation
between the acrolein hydrogenation rates and the evolution of
the adsorbates on the surface. This approach allowed us to
address an important but still purely investigated question in
heterogeneous catalysis—what is the chemical composition of
an active vs inactive surface and how can the reaction
parameters be tuned to optimize the surface structure?

It was found that formation of different adsorbates, including
the oxopropyl species crucial for enhanced selectivity, strongly
depends on the surface temperature. At 270 K a dense layer of
oxopropyl species was observed on Pd(111) that turns the
surface highly selective and allows formation of the propenoxy
reaction intermediate, which can be further converted to the
desired propenol product. Below 250 K, formation of the
oxopropyl overlayer required for selective hydrogenation is
most likely kinetically hindered, resulting in only partial
modification of the surface and low activity and selectivity
toward propenol. Above 300 K, acrolein shows a high degree of
decomposition on Pd(111), leading to accumulation of CO and
strongly dehydrogenated carbonaceous deposits, which block
the surface and prevent chemoselective chemistry. A similar
scenario was observed on Pd nanoparticles: acrolein strongly
decomposes to CO and carbonaceous deposits and shows only
very minor activity over the entire investigated temperature
range.

B EXPERIMENTAL DETAILS

All experiments have been performed at the Fritz-Haber-
Institut, Berlin, Germany, in a UHV apparatus that has been
described in detail previously.'’ In brief, acrolein and H, have
been dosed onto the sample through two doubly differentially
pumped multichannel array sources controlled by valves and
shutters. The sources have been operated at room temperature,
and the beam diameter has been chosen to exceed the sample
size. The Pd(111) single crystal was cleaned prior to use by
repeated cycles of Ar* ion bombardment at room temperature,
annealing at 1000 K, and oxidation in 1 X 107 mbar of O, at
750 K to remove residual carbon. The final cleaning cycle was
stopped after annealing. The flatness and cleanliness of the
Pd(111) single-crystal surface was checked by low-energy
electron diffraction (LEED) and infrared reflection—absorption
spectroscopy (IRAS) of adsorbed CO. The Pd(111) crystal
exhibited a very sharp LEED pattern indicating a very low
concentration of steps and other irregular surface sites. The Pd/
Fe;0, model catalysts were prepared as follows: the thin (~100
A) Fe;0, film was grown on a Pt(111) single-crystal surface by
repeated cycles of Fe (>99.99%, Goodfellow) physical vapor
deposition and subsequent oxidation.'”"" The quality of the
oxide film was checked by LEED. Pd particles (>99.9%,
Goodfellow) were grown by physical vapor deposition using a
commercial evaporator (Focus, EFM3, flux calibrated by a
quartz microbalance) while the sample temperature was kept
fixed at 115 K. The Pd coverage used in these experiments was
7 A. The quality of the Pd particles has been investigated by
IRAS after adsorption of CO. During Fe or Pd evaporation the
sample has been biased to the same potential as the evaporant
in the evaporator (850 V) in order to avoid the creation of
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defects by metal ions. The resulting surfaces have been
annealed to 600 K and stabilized via cycles of oxygen (8 X
1077 mbar for 1000 s) and CO (8 X 1077 mbar for 3000 s)
exposures at 500 K until the Pd particles reached a stable
geometry with 12 nm in diameter."”

IRAS data have been acquired using a vacuum Fourier
transform infrared (FT-IR) spectrometer (Bruker IFS 66v/S)
with a spectral resolution of 2 cm™ and a mid-infrared (MIR)
polarizer and p-polarized IR light. An automated quadrupole
mass spectrometer (QMS) system (ABB Extrel) has been
employed for the continuous monitoring of the partial
pressures of the reactants (acrolein, parent ion at 56 amu;
H,, at 2 amu) and products (propanal, parent ion and main
fragment at S8 amu; propenol, parent ion at 58 amu, main
fragment at 57 amu; further fragment at 31 amu; propanol,
parent ion 60 amu, main fragment at 31 amu). It is difficult to
unambiguously distinguish between the two possible forms of
propenol—allyl alcohol (1-propen-3-ol) and the enol (1-
propen-1-ol)—by mass spectrometry. Therefore, we do not
specify the propenol species in more detail.

Shortly before each experiment the sample was flashed to
600 K before cooling to the desired temperature. In all
experiments, the sample was pre-exposed to H, with a constant
flux of 4.8 X 10" molecules cm™s™" for § min before exposure
to acrolein with a constant flux of 1.5 X 10" molecules/(cm?
s). To improve the resolution of IR spectra in the course of
acrolein conversion, additional IRAS measurements were
performed with a reduced acrolein flux of 0.6 X 10" molecules
cm™? 57", Acrolein (Fluka, 95% purity) was purified prior to the
experiments by repeated freeze—pump—thaw cycles.

The modification of Pd surface sites before the onset of the
product formation was investigated by IRAS measurements
after CO exposure. Acrolein was dosed together with H, until
the onset of the product formation after 24 s. The sample was
then cooled to 120 K and exposed to 9 X 10" CO molecules/

sz.

B RESULTS AND DISCUSSION

Acrolein Partial Hydrogenation on Pd(111) in the
220-350 K Temperature Range. In order to understand
how the surface temperature affects the selectivity, acrolein
hydrogenation was investigated on a Pd(111) single crystal
under isothermal reaction conditions in the 220—350 K
temperature range. Prior each experiment, the Pd(111) surface
was pre-exposed to 4.8 X 10'* H, molecules cm™* during 300 s
before the acrolein beam with the flux 1.5 X 10" molecules
cm™2 s7! was switched on. Starting from this point, both beams
were operated in a continuous mode.

Figure 2 shows the propanal and propenol formation rates
detected in the gas phase by quadrupole mass spectrometry at
seven different temperatures in the 220—350 K temperature
range. The time scale was chosen such that acrolein exposure
starts at time zero. In the entire temperature range no full
hydrogenation of acrolein to propanol was detected.

While the amount of propanal detected in the gas phase is
rather small at all investigated temperatures, the propenol
formation rate exhibits a clear temperature dependence with a
strong maximum near 270 K. The full data set can be
tentatively divided into three reactivity regimes: low activity and
selectivity below 250 K, high activity and selectivity between
250 and 300 K, and low activity and selectivity above 300 K.

At the temperatures 220 and 235 K, small amounts of both
products successively appear, with propanal evolving first at the
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Figure 2. Formation rates of propenol (black) and propanal (gray) on
Pd(111) during continuous exposure of acrolein and H, at different
temperatures.

beginning of acrolein exposure followed by formation of
propenol. The formation rate of propanal passes through a
maximum after about 20 s and subsequently decreases to zero.
The propenol rate increases more slowly, reaches a maximum
after 50 s, and then declines to zero after about 120 s.

In the intermediate temperature range 250—300 K, the
Pd(111) surface is highly active and selective for propenol
formation. Nearly 100% selectivity toward propenol formation
is observed at 250 and 270 K, while the formation slightly
decreases at 300 K. In this temperature range the reaction
shows a clear induction period: while essentially no propenol
can be detected in the gas phase within the first few tens of
seconds of acrolein exposure, the reaction rate strongly
increases after this period and reaches a maximum after about
100 s before slowly declining. At 250 and 270 K, the induction
period is 20—24 s, while it extends to 48 s at 300 K. The
formation rate of propenol at the maximum exceeds by more
than 1 order of magnitude the rate at 220 K. Only a negligible
propanal formation rate could be observed during the entire
reaction.

By using molecular beam techniques with the known
absolute acrolein flux, we can estimate the amount of acrolein
molecules accommodated on the surface during the induction
period. At 270 K, about 3.6 X 10"* acrolein molecules cm™ are
accommodated at the surface prior to the onset of the propenol
formation rate. This amount corresponds to accumulation of
approximately one molecule of acrolein (or acrolein derivative)
per four Pd surface atoms or to a formal coverage of 0.25 ML of
acrolein derivatives with reference to the number of surface Pd
atoms. With this, a rather densely packed overlayer of acrolein
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Figure 3. (a) Formation rates of propenol (black) and propanal (blue) over Pd(111) at 270 K. Propenol formation starts after an induction period of
approximately 20—24 s. (b) IR spectrum of CO adsorbed on a pristine Pd(111) surface (gray) and Pd(111) surface just after the onset of propenol
formation (black). In the latter case the surface is completely blocked to CO adsorption.

A

V(C=0)  §(CHp)
1663 1430-1400
r’,l,t"w‘u‘»‘ﬂ‘ il A,J,«Wﬁ M".,»‘.‘h,“ﬂw‘nu‘«,‘,’M,ul,r.v,‘,\“r“g ()]
¥

v(C=0)
1755
gt \/ W Wity \MW (2
v(CHy) } 8(CH3/CHy)  v(C-0) v(C-C)
2980 2966 1463-1450 1120 1090

WVW&WN @)

V(CH,) v(C=0)andv(C=0)  §(CHy)
2942 2892-  1800- 1375 1330

S
Ik
10.1%

T
3000

IRAS transmittance

(4)

/1

Al T T T T
1800 1600 1400 1200 1000
wavenumber / cm-!

Acrolein/Pd(111), 100 K

Acrolein + Hy/Pd(111), 270 K

7

beginning of spectator, S1: C2'i47 C\H
propenol formation ~ Oxopropyl-species Pd
(0s-455s)

i
high propenol reaction HC_
formation rate intermediate, RI CI;H2
(455-90s) ?

Pd
after poisoning spectator, S2: CHy(0)

(450 s- 540 s)

ethylidyne(-like) species (‘;

I
Pd

Figure 4. IR spectra of a monolayer of molecularly adsorbed acrolein on pristine Pd(111) at 100 K (gray trace, spectrum 1) and of the surface
species formed on Pd(111) during continuous exposure to acrolein and H, at 270 K (black traces, spectra 2—4). The second spectrum (2) was
obtained during the induction period and at the beginning of the propenol formation in the gas phase, the spectrum (3) corresponds to the period of
high propenol formation rate, and the spectrum (4) shows the surface composition of the fully deactivated surface. The feasible structures of
identified surface species—both spectators and the reaction intermediate—are shown on the right. The color coding of the surface species

corresponds to the colors of the related vibrational bands.

derivatives is formed prior to the onset of propenol formation
and desorption into the gas phase.

At temperatures above 300 K, both propanal and propenol
are formed in small quantities at similar reaction rates. Propanal
appears in the gas phase after an induction period of about 20 s
and propenol formation is detected after an induction period of
about 30 s. The formation rates of both products go through a
maximum at 40 s and then decrease to zero. At temperatures
above 320 K, no products could be observed.

The observed temperature and time dependence of the
reaction rates suggest a complex interplay between multiple
surface processes, crucially affecting the activity and selectivity.
In order to get a deeper atomistic level understanding of the
observed phenomena, we followed the evolution of gas-phase
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products and the surface species using IRAS simultaneously.
The results are discussed in the following sections. First we will
focus on the intermediate temperature regime with the highest
activity and selectivity toward propenol formation followed by
the discussion of the lower and higher temperature regimes
characterized by lower activity and selectivity.

Acrolein Conversion on Pd(111) at 270 K. The time
dependence of the propenol formation rate at 270 K shown in
Figure 2 suggests three reactivity regimes: (i) an induction
period at the beginning of the reaction when acrolein is
accumulated on the surface but no propenol is formed, (ii) the
period of highest activity and selectivity toward propenol
formation, and (iii) deactivation of the catalysts leading to a
slow decrease in the reaction rate.
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In order to study the structural changes occurring during the
induction period, the Pd(111) surface was exposed to both
reactants for 24 s at 270 K, and then the surface was cooled to
120 K and IR spectra of CO were recorded to spectroscopically
probe the availability of free adsorption sites. Figure 3a shows
the onset of the induction period indicated with an arrow. The
IR spectrum obtained on this surface after interruption of the
reaction just after the induction period is displayed in Figure 3b
(black line) together with the IR spectrum of CO recorded on
pristine Pd(111) (gray line) shown for comparison. While on
the clean surface a strong IR absorption peak related to the C—
O stretching vibration is observed, no CO-related vibrations
could be detected on the Pd surface covered with the acrolein
derivatives formed during the induction period. This
observation suggests that the adsorbed hydrocarbons must be
homogeneously distributed over the entire surface rather than
accumulated in islands, as in the latter case some CO should be
able to adsorb in the free metal patches.

Identification of the Surface Species Formed under
the Reaction Conditions. The nature of the surface species
formed on Pd(111) under the reaction conditions at 270 K was
recently investigated by IRAS.” Here, we will first shortly
summarize the major experimental observations and con-
clusions of this study, which are crucial for the further
discussion. Figure 4 shows three representative IR spectra
obtained in the three reactivity regimes on the surface turning
over. The spectrum labeled as (2) was recorded on the surface
during the first 45 s (total acrolein exposure 6.8 x 10
molecules cm™), comprising the induction period and the
period of growing reactivity. The spectrum (3) was obtained
during the next 45 s (from 45 to 90 s after the beginning of
acrolein exposure, total acrolein exposure 13.6 X 10'* molecules
cm™?) and is related to the high propenol formation rates. The
spectrum (4) shows the composition of the deactivated surface
at the end of the experiment (obtained between 450 and 540 s,
acrolein total exposure 7.4 X 10" molecules cm™2). In these
spectra, three spectral regions characteristic for the CH,
stretching vibrations (3200—2700 cm™'), C=0 and C=C
stretching vibrations (1850—1550 cm™'), and CH, deformation
as well as C—O and C—C stretching vibrations (<1500 cm™")
can be distinguished.

At the top of Figure 4, an IR spectrum of an acrolein
monolayer adsorbed on Pd(111) at 100 K is shown, which was
obtained after exposure of 3.6 X 10'* acrolein molecules cm ™.
At this temperature, acrolein does not react and adsorbs
molecularly on Pd. The spectrum of molecularly adsorbed
acrolein at different coverages, including multilayer coverage,
was discussed in detail previously.”® Briefly, the most
pronounced band appears at 1663 cm™’, which can be related
to the stretching vibration of the carbonyl (C=0) group that
is conjugated to the C=C group, with a less pronounced band
in the 1430—1400 cm™! range, which is assigned to a scissor
deformation of the methylene (CH,) group.

The spectrum (2) in Figure 4 obtained during the induction
period and the period of growing reactivity significantly differs
from that of molecularly adsorbed acrolein. A pronounced IR
vibrational mode appears at 1755 cm™" and a second mode near
1120 em™. The vibration at 1755 c¢m™., which is blue-shifted
by 92 cm™ relative to the carbonyl band in acrolein, is typical
for the carbonyl stretching mode in saturated aldehydes and
ketones'* and is associated with a C=0 stretching vibration
that is not conjugated to a C=C group. The appearance of this
new vibration under the reaction conditions points to the
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formation of an oxopropyl surface species, resulting from partial
hydrogenation of the C=C group in acrolein with only one H
atom. Our data do not allow us to make a more precise
conclusion on whether acrolein has been hydrogenated on the
a or f C atom to form this species; both products would be
consistent with the IR vibration at 1755 cm™. One of two
possible structures of this adsorbate is shown on the right of
Figure 4. In the course of the reaction, the intensity of the
vibrational band at 1755 cm™ grows and later saturates (see
spectra (3) and (4)), even when the reaction rate of propenol
formation in the gas phase decreases to zero. From this it can
be concluded that the oxopropyl species is not the direct
reaction intermediate for propenol formation but rather a
spectator species. In the following, we will refer to it as to the
spectator species S1.

The band at 1120 cm™' appears during the first 45 s of
acrolein exposure (spectrum (2) in Figure 4) and becomes very
pronounced in spectrum (3) obtained during the period of the
highest propenol formation rates (45—90 s). After the propenol
formation rate decreases to zero, the intensity of this band also
vanishes (spectrum (4)). Several other bands at 1090, 1463—
1450, 2966, and 2980 cm™! follow a similar pattern, as seen in
Figure 4. This behavior shows that the evolution of the surface
species associated with the band at 1120 cm™ is strongly
correlated with the formation rate of propenol detected in the
gas phase.

The intense IR absorption features at 1090 and 1120 cm™
are present neither in adsorbed molecular acrolein on Pd
(spectrum (1) in Figure 4) nor in acrolein ice®® and therefore
cannot be related to any distinctive vibration of an intact
acrolein molecule. To additionally demonstrate this, we show a
series of IR spectra obtained for acrolein adsorption on
Pd(111) at 100 K, at which acrolein does not undergo chemical
transformations, in the broad coverage range starting from the
submonolayer to the multilayer coverages. None of these
spectra contains vibrational bands at 1120 and 1090 cm™
(Figure S1 in the Supporting Information). These observations
are in agreement with the literature data obtained for liquid and
gaseous acrolein.”” The vibration at 1120 cm™ was previously
assigned to a stretching mode of a saturated C—O bond, in
which the oxygen atom is coordinated to a metal surface,'*'¢
The IR absorption band at 1090 cm™' can be assigned to a
stretching vibration of a saturated C—C bond. In the literature,
C—C bond vibrations were reported in the range from about
1000 to 1130 cm™', depending on their coordination to the
surface."**'%"!'7 The IR absorption at 1450—1463 cm™!
appears in a range typical for CH, and CHj; bending vibrations.
Tentatively, we assign it to CH; asymmetric bending modes,
which were reported in the range of 1450—1475 cm™.'*'®
Alternatively, it could also be related to a CH, scissor mode,
which typically appears at slightly lower frequency near 1420—
1430 cm™."**7¢ The vibrations at 2966 and 2980 cm™" can be
clearly assigned to C—H stretching vibrations, with the band at
2980 cm™* being related to a C—H bond, in which the C atom
is a part of an unsaturated C=C bond.'** In the region of C=
O stretching vibrations, no IR absorption feature can be found
that closely follows the evolution of the propenol formation
rate. In addition, no O—H vibrations can be detected. On the
basis of these observations, the structure of the reaction
intermediate can be assigned to propenoxy species, which is the
result of a half-hydrogenation of acrolein on the C=0O double
bond. To form this reaction intermediate, one hydrogen atom
attaches to the carbon atom in the C=0 bond, thus forming a
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Figure S. Production rate of the propanal and propenol on Pd(111) detected in the gas phase (right) and the IRAS spectra recorded on the surface
turning over at 220 K (left, black traces). The IRAS spectra obtained on the same surface at the reaction temperature 270 K are plotted together for

comparison (gray traces).

saturated C—O bond with the vibrational frequency of 1120
cm™, in which O is coordinated to Pd atom in an 7'(O)
configuration (CH,=CH—-CH,—O—Pd). The C=C double
bond is still preserved in the reaction intermediate, as indicated
by the C—H stretching frequency of 2980 cm™ characteristic
for a vinyl group.** Note that only one additional step—
insertion of a second hydrogen atom into the O—Pd bond—is
required to form the final reaction product propenol. In the
following we will refer to this surface species as to the reaction
intermediate (RI). Its proposed structure is shown in Figure 4.
The high intensity of the band at 1120 cm™, exceeding even
the most intense C=0 vibrational band in acrolein and in the
oxopropyl species (S1), additionally supports the formation of a
C—O bond exhibiting a large dynamic dipole moment, most
likely due to the upright orientation of the propenoxy group.
To further confirm the assignment of the reaction intermediate
to propenoxy species, we performed an IRAS experiment on
adsorption of propenol on Pd, which is shown in Figure S2 in
the Supporting Information. It can be clearly seen that the main
characteristic spectroscopic signatures of propenol are very
close to the vibrational bands of the proposed reaction
intermediate, such as C—O vibration (1113 cm™" in propenol
vs 1120 cm™" in RI), C—H stretching vibration of the vinyl
group (2989 cm™' in propenol vs 2980 cm™' in RI), etc. It
should be also pointed out that the C=C vibration is not seen
in the spectra of the reaction intermediate, which is most likely
due to the low dynamic dipole moment of this band. In
addition, in the spectra of multilayers of propenol this vibration
has very low intensity in comparison to the C—O bond (Figure
$2). Additionally, the metal surface selection rule'” can lead to
a strong attenuation of this vibration if its orientation is close to
parallel with respect to the surface plane.

It is important to note that the surface reaction intermediate
is formed not on the pristine Pd(111) surface but on the
surface containing a densely packed overlayer of oxopropyl
spectator species (S1), which occupy approximately every
fourth Pd surface atom. Most likely, a strong geometrical
confinement imposed by the Sl-covered surface on the
available adsorption sites prevents acrolein adsorption via a
C=C bond, thus suppressing the competing pathway of C=C
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bond hydrogenation, and allows acrolein to adsorb only via the
O atom to activate the C=O group. Obviously, the clean
Pd(111) surface is not capable of activating the C=0O group
toward selective hydrogenation and the strong modification of
the surface by S1 is required to trigger the desired selective
chemistry. The conclusion made in this study that the surface
chemistry occurs not on the clean Pd surface but on the surface
containing some derivatives of the reactants is consistent with a
large number of previous reports on hydrocarbon conversion
over transition metals. Different effects, including electronic,
geometrical, ensemble, etc., were put forward to explain the
influence of coadsorbed hydrocarbon derivatives on surface
reactions.”

The fourth IR spectrum in Figure 4 was collected after the
formation rate of gas-phase propenol decreased almost to zero
(between 450 and 540 s). All features assigned to the half-
hydrogenated intermediate RI (propenoxy species) are absent
in spectrum (4). Instead, new vibrational bands are observed at
1330 and 1375 cm™’, in the range 2883—2892 cm™, and at
2942 cm™. The sharp peak at 1330 cm™ is characteristic for
the umbrella bending mode of the CH; group in ethylidyne or
ethylidyne-like species, which were observed in previous studies
on Pd(111) and Pt(111).*"*° The appearance of these new
bands suggests that a fraction of acrolein decomposes in a
decarbonylation reaction, yielding a C, fragment (e.g., ethyl-
idyne or ethylidine-like species) and probably a fragment
containing a carbonyl group, which is in agreement with
literature data.””'*> As deactivation of the catalyst occurs
simultaneously with the appearance of ethylidyne-like species, it
can be speculated that these decomposition products block the
surface and stop the reaction.

In order to find a detailed correlation between the evolution
of the reaction intermediate RI on the surface and the
appearance of propenol in the gas phase, IRAS studies with
higher time resolution have been performed, which are shown
in Figure S3 in the Supporting Information. Briefly, only the
oxopropyl spectator species (1755 cm™) are formed on the
surface in the induction period. After the induction period ends,
a fast evolution of the RI species on the surface was detected.
Most importantly, we observed a very strong correlation
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acrolein conversion at 320 K
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Figure 6. Production rate of the propanal and propenol on Pd (111) detected in the gas phase (right) and the IRAS spectra recorded on the surface
turning over at 320 K (left, black traces). The IRAS spectra obtained on the same surface at the reaction temperature 270 K are plotted together for

comparison (gray traces).

between the time evolution of the propenoxy reaction
intermediate on the surface and the formation rate of propenol
in the gas phase. This correlation unambiguously shows that
the corresponding propenoxy surface species is a reaction
intermediate that is directly involved in the selective hydro-
genation of acrolein to the propenol (see the Supporting
Information for a detailed discussion).

In the following, we will address the composition of the
surface turning over in the temperature ranges where the
activity and selectivity drastically decrease: below 250 K and
above 270 K. We will investigate the structural parameters and
surface processes resulting in these effects, which might help to
find the routes to prevent them and design catalysts exhibiting
high activity and selectivity in a broad temperature range.

Acrolein Conversion in the Low-Temperature Range.
Figure 2 shows that at 220 and 235 K only small amounts of
both propenol and propanal are detected in the gas phase. To
study the origin of the lower activity and selectivity at low
temperatures, we investigated the Pd(111) surface during the
reaction at 220 K by IRAS. Figure S shows a series of IR spectra
obtained on this surface under the reaction conditions at 220 K
(black) and at 270 K (gray) for comparison with a time
resolution of 45 s per spectrum. The simultaneously detected
formation rates of propanal and propenol at 220 K are shown
on the right.

The weak IR band near 1750 cm™' is the only band that
appears in the whole series of IR spectra at 220 K. Its
vibrational frequency is almost identical with that of the
oxopropyl spectator species (S1) observed at 270 K; however,
the intensity of this band is significantly smaller than at 270 K,
pointing to a much smaller concentration of oxopropyl
adsorbates at 220 K. This implies that only a rather small
fraction of the Pd(111) surface is covered by S1 at 220 K. The
reaction intermediate RI is not formed at 220 K, as indicated by
the absence of the peak at 1120 cm™. This observation is not
surprising, as we have shown in the previous section that the
reaction intermediate RI appears only on the surface covered
with a densely packed overlayer of S1 species, which is not
formed at 220 K. Since there is a small amount of propenol
formed during the initial stages of the reaction, there is
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probably only a very minor concentration of RI, which is below
the detection level of our instrument. In contrast, the formation
rate of propanal is significantly larger than that observed at 270
K, pointing to more effective hydrogenation of the C=C bond
at the S1-free surface. In total, the surface turning over at 220 K
seems to consist of two regions—a rather small region modified
with the spectator S1 species, which renders the surface highly
selective to acrolein hydrogenation at the C=0O bond to form
propenol, and a significantly larger region, which is not covered
by an ordered overlayer of the spectator species, at which the
C=C bond is preferentially hydrogenated to form propanal.
The latter observation should mean that the second half-
hydrogenation step in C=C bond hydrogenation (i.e.,
hydrogenation of the oxopropyl spectator species to propanal)
is more effective at 220 K than at 270 K, which is rather
surprising. This behavior can likely result from the different
abundance of hydrogen on Pd—both on the surface and in the
subsurface——at these two reaction temperatures, as hydrogen
desorbs much faster at 270 than at 220 K and can have
therefore significantly lower steady state concentration under
the reaction conditions.”’

Acrolein Conversion in the High-Temperature Range.
Figure 2 shows that at temperatures above 300 K the activity
and selectivity of the Pd catalyst in acrolein hydrogenation
strongly decrease. We addressed the origins of this behavior by
investigating the reaction at 320 K, following the approach
described above for lower temperatures.

Figure 6 shows a series of time-resolved IR spectra obtained
on the Pd(111) surface turning over at 320 K (black) and 270
K (gray) for comparison. The gas-phase formation rates of both
products at 320 K are displayed on the right. During the first 45
s of acrolein exposure, two broad IR absorption features appear
at 1850 and 1800 cm™ and a sharp peak can be observed at
1335 cm™l. At the same time, the formation rates of both
products increase and reach their maxima. In the following 4S5 s,
the peak at 1850 cm™' increases in intensity and shifts to 1880
cm™!, and the peak at 1335 cm™ becomes more intense.
During this time, both product formation rates rapidly decrease
from their maxima at 45 s to zero at reaction times greater than
90 s. After 90 s of reaction, only bands at 1880 and 1335 cm™
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acrolein conversion on Pd nanoparticles at 270 K
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Figure 7. (a) Formation rates of propanal and propenol detected in the gas phase over 12 nm Pd nanoparticles supported on Fe;O,/Pt(111) model
film at 270 K and (b) simultaneously recorded IR spectra on this surface. The time resolution of the spectra is 20 s; the spectra 1—3 correspond to
the regions 1—3 indicated in (a). The uppermost part of (a) shows the suggested model of the inhomogeneous accumulation of acrolein

decomposition fragments (CO and CH,).

are observed and their intensity remains constant for the rest of
the reaction. The bands observed in the 1800—1880 cm™
range and their coverage dependence are typical for CO
molecules adsorbed on Pd(111).** Note that vibrational spectra
of CO are strongly affected by dipole coupling effects that result
in significant intensity shifts and “intensity borrowing” effects at
increasing coverage,'” leading to nonlinear dependence of the
peak intensity on the CO surface coverage. The IR vibration at
1335 cm™ is indicative of ethylidyne (or ethylidyne-like
species) formation, which was also observed at 270 K.

On the basis of the observed spectroscopic signatures, it can
be concluded that—in contrast to lower temperatures—
acrolein is nearly completely decomposed at 320 K to CO
and ethylidyne. The surface saturates with these two species
already after 45—90 s of acrolein exposure, which corresponds
to the dose of 6.8 X 10" to 1.4 X 10" acrolein molecules cm™.
The minor hydrogenation rates to propanal and propenol were
formed before the surface was saturated with CO and
ethylidyne, indicating that the latter species are responsible
for deactivation of the catalyst.

Our studies at 270 K already indicated that the products
from acrolein decomposition are irreversibly accumulated on
the surface and are responsible for the poisoning of the catalyst.
At 270 K, however, the decomposition reaction was observed to
occur to a much lesser extent than at 320 K, as indicated by
significantly lower intensities of the band at 1330 cm™
associated with ethylidyne-like species. It is interesting to
note that no significant amounts of molecular CO were
detected at 270 K, probably pointing to a lesser extent of
acrolein decomposition, e.g. to formation of an aldehyde-like
COH fragment showing the vibrational frequencies in the
range, which is closer to the carbonyl vibration in oxopropyl
species than to molecular CO. It is likely that this species is
stable at the lower reaction temperature and does not further
decompose to CO. It should also be taken into account that at
temperatures near 320 K the hydrogen surface concentration is
expected to be much lower than at 270 K due to the higher
desorption rate.”> A lower hydrogen concentration may further
promote the decomposition of acrolein instead of the
hydrogenation pathway.
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Thus, our experimental results show that the lower activity
and selectivity of Pd(111) at elevated temperatures results from
the facile decarbonylation of acrolein to ethylidyne and CO that
poison the catalyst’s surface.

Note that even though we denote the oxopropyl species as
spectators, they play a crucial role in turning the surface active
and chemoselective in C=O bond hydrogenation. In the
discussion provided above, we showed both positive and
negative correlations between the formation of closely packed
oxopropyl species and appearance of the propenoxy reaction
intermediate: if a dense overlayer of oxopropyl species is
formed, appearance of the RI on the surface and propenol in
the gas phase is observed and, vice versa, if there are only minor
amounts or no oxopropyl on the surface is formed, no RI on
the surface and nearly no propenol in the gas phase can be
detected. Additionally, a clear time correlation could be
observed (shown in Figure S3 in the Supporting Information):
once a monolayer of oxopropyl species is formed, an onset of
propenol formation in the gas phase and of the RI on the
surface is detected. These strong correlations between the
formation of the surface reaction intermediate, the gas-phase
reaction product, and the oxopropyl spectator species allow a
conclusion on the crucial role of spectators governing activity
and chemoselectivity of this reaction. In fact, the spectator
species should be considered rather as strong modifiers that
turn the surface active and selective.

Acrolein Hydrogenation over Pd Nanoparticles
Supported on Fe;0, at 270 K. Distribution of Acrolein
Decomposition Products. In order to address the question
of how the nanoscopic nature of supported powdered catalysis
affects the selectivity in acrolein partial hydrogenation, we
studied this reaction over model Pd nanoparticles supported on
well-defined Fe;0,(111) film epitaxtially grown over a Pt(111)
single crystal. Here, we varied the particle size to follow the
structure—reactivity relationships, which are discussed in detail
elsewhere.”® In this report, we will focus on the surface
composition under the reaction conditions followed by IRAS
and probe the special distribution of the surface species
(including acrolein decomposition products) by using CO as a
probe molecule for different adsorption sites. In our previous
study, we showed that acrolein readily decomposes over Pd
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nanoparticles to form CO and probably some strongly
dehydrogenated carbonaceous deposits.” Here, we will first
briefly summarize the major observations of the previous study
before we will address the question of how the decomposition
products are distributed over Pd nanoparticles.

Figure 7 shows the partial hydrogenation rates of acrolein to
propanal and propenol measured over 12 nm Pd nanoparticles
(left) and the vibrational spectra obtained on the surface
turning over (right) at 270 K. In contrast to Pd(111), propanal
was found to be the only gas-phase product formed on the Pd
particles. The selective formation of propanal over Pd particles
is in excellent agreement with earlier studies on high-surface-
area powdered catalysts, showin% that only the C=C bond can
be hydrogenated in acrolein."™” The first IR spectrum was
obtained during the first 20 s of acrolein exposure followed by
the acquisition of the second spectrum in the next 20 s; both
spectra are related to the period of high propanal formation
rate. The final spectrum was recorded after the reaction rate
decreased to zero and the surface turned inactive. The IR
spectra exhibit strong absorption bands in the range from 1800
to 1960 cm™', which can clearly be assigned to adsorbed
molecular CO. Previously adsorption of CO was investigated
on Pd nanoparticles of different sizes in detail.”® Briefly, it can
be distinguished between the CO molecules adsorbed on the
regular (111) terraces (1800—1960 cm™) and the edges,
corners, and other low-coordinated surface sites of Pd
nanoparticles, appearing as a sharp peak at ~1970 cm™! The
evolution of the vibrational bands in the range between 1800
and 1960 cm™' during the reaction strongly suggests facile
acrolein decarbonylation. It is important to point out that the
decarbonylation process occurs very effectively on Pd particles
already at 270 K, while extended Pd(111) was shown to only
slowly accumulate acrolein decomposition products and was
not able to produce molecular CO. This difference in the
decomposition behavior can be traced to the presence of low-
coordinated sites on Pd nanoparticles (edges, corners, etc.),
which are more active than the (111) surface in decarbon-
ylation of acrolein to produce CO.

Spectrum 3 in Figure 7 shows the surface composition of the
catalyst after its complete deactivation (black) and a CO
spectrum obtained on freshly prepared pristine Pd nano-
particles plotted for comparison (gray). Both spectra show
similar intensities in the range of CO vibrations at the regular
(111) terraces (1800—1960 cm™'); however, they strongly
differ in the range characteristic for CO adsorbed at the particle
edges. The band at 1970 cm™!, which is associated with CO
adsorbed on the edges and corners of Pd nanoparticles, is
absent in the spectrum collected during the acrolein hydro-
genation reaction, which indicates that the particle edges and
corners are blocked for CO adsorption. It should be pointed
out that the low-coordinated sites are the strongest bonding
sites for CO molecules,” so that on the clean Pd nanoclusters
CO should occupy these sites first. The observation made in
our study that CO adsorbs on the (111) terraces but not at the
edges means that these sites are blocked to CO adsorption by
some other adsorbates, which are even more strongly bound to
the edges than CO. Such adsorbates could be the strongly
dehydrogenated carbonaceous deposits (CH, species) formed
from acrolein, which were shown in our previous studies to
preferentially adsorb at the edge sites.”” As no ethylidyne-like
species were detected on Pd nanoparticles, as evidenced by the
absence of the band at 1330 cm™), it can be concluded that the
C, fragments resulting from acrolein decarbonylation quickly
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lose hydrogen atoms to form carbon or other strongly
dehydrogenated CH,, species that preferentially occupy the
edges of Pd nanoparticles and cannot be detected by IRAS.

Our results show that the opposite selectivity of acrolein
hydrogenation on Pd nanoparticles and Pd(111) is related to
significant differences in the surface chemistry occurring under
the reaction conditions. Since CO production on the Pd(111)
crystal does not occur at 270 K, most likely the low-coordinated
sites—edges, corners, and(100) facets—of Pd nanoparticles
catalyze acrolein decomposition to CO and strongly dehydro-
genated carbonaceous species, which prevents formation of the
oxopropyl overlayer required for selective hydrogenation to
propenol. Decarbonylation of acrolein to CO was also observed
on the Pd(111) single crystal, however, only at significantly
higher temperatures. IRAS spectra showing the preferential CO
adsorption at the (111) facets of the nanoparticles indicate that
CO rapidly diffuses to the (111) terraces while the CH,
fragments accumulate at the particle edges and corners. A
model illustrating this scenario is shown in the upper part of
Figure 7a.

B CONCLUSIONS

In this study, the mechanistic details of the selective partial
hydrogenation of acrolein over Pd under well-defined UHV
conditions were investigated by employing molecular beam
techniques combined with in situ infrared spectroscopy. A well-
defined Pd(111) single-crystal surface and Pd nanoparticles
supported on the model Fe;O,/Pt(111) film were used as
catalysts.

In contrast to all previous studies on powdered Pd catalysts,
where acrolein was reported to be hydrogenated almost
exclusively on the C=C bond to form propanal, we found
that the selective hydrogenation of the C=0 bond with nearly
100% selectivity is possible over Pd(111).

By performing combined molecular beam and IRAS
experiments, we identified the composition of the surface
turning over in the range of the reaction conditions resulting in
the highest activity and selectivity toward propenol formation.
The selective hydrogenation of the C=O bond occurs only
after the Pd(111) surface is modified by a dense layer of
oxopropyl spectator species. This spectator species is formed
from acrolein by adding one hydrogen atom to a C=C bond
during the initial stages of surface reaction and builds up a
densely packed overlayer. By carrying out transient reactivity
measurement combined with IRAS, we were able to identify the
chemical nature of the reactive surface intermediate as
propenoxy species and experimentally follow the simultaneous
evolution of the reactive intermediate on the surface and
formation of the product in the gas phase. The reactive
intermediate was found to form only on the surface covered by
an overlayer of oxopropyl spectator species, most likely due to
the geometrical constraint imposed on the adsorbing acrolein
molecules. Simulateneously with hydrogenation, a slow
decomposition process of acrolein occurs on this surface,
resulting in formation of ethylidyne or ethylidyne-like species
that accumulate and finally deactivate the catalyst.

The highest activity and selectivity toward propenol
formation was detected for the temperature 270 K. At lower
and higher temperatures, different mechanisms were identified
to be responsible for decreasing activity and selectivity of C=0
bond hydrogenation.

In the low-temperature range (220—23S K) only a small
fraction of the initially adsorbed acrolein is converted to the
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oxopropyl species and, as a result, unselective formation of both
products propanal and propenol occurs.

In the high-temperature range (above 300 K), acrolein
readily decomposes to CO and ethylidyne, which blocks the
entire Pd surface and deactivates the catalyst. Before that point,
unselective formation of both products at very slow rates could
be observed.

Our studies on acrolein conversion over Pd nanoparticles
supported on Fe;0,/Pt(111) model oxide films and Pd(111) at
270 K reveal a strong structural dependence of the selective
partial hydrogenation. On Pd nanoparticles, fast acrolein
decarbonylation to CO and probably some strongly dehydro-
genated CH,, species occurs, which prevent formation of the
oxopropyl overlayer required for selective hydrogenation of the
C=0 bond. The decomposition products were found to be
inhomogeneously distributed over Pd nanoclusters, with CO
predominantly occupying the regular (111) terraces and CH,
species blocking the low-coordinated sites such as edges,
corners, etc. Those low-coordinated sites could be mostly
responsible for facile acrolein decomposition, preventing the
desired reaction pathway to propenol.

Atomistic-level insights obtained in this study demonstrate
the exceptional importance of coadsorbates, such as spectator
species reported in the present paper, governing chemical
activity and selectivity. On the basis of the presented
observations, it appears feasible to control the chemoselectivity
in heterogeneously catalyzed processes by forming surface
ligands of appropriate size and/or exhibiting appropriate
electronic properties, which could open up the door to a new
field of ligand-induced heterogeneous catalysis.
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