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Abstract

In this work, the selectivity in hydrogenation a@falein over FgO4-supported Pd nanoparticles
is investigated as a function of nanoparticle gizéhe 220-270 K temperature range. While
Pd(111) shows nearly 100% selectivity towards tbgrdd hydrogenation of the C=0 bond to
produce propenol, Pd nanoparticles were found tmibeh less selective towards this product.
In-situ detection of surface species using infrared-raflecibsorption spectroscopy shows that
the selectivity towards propenol critically depemsthe formation of an oxopropyl spectator
species. While an overlayer of oxopropyl speaesffectively formed on Pd(111) turning the
surface highly selective for propenol formationsthrocess is strongly hindered on Pd
nanoparticles by acrolein decomposition resultm@O formation. We show that the extent of
acrolein decomposition can be tuned by varyingodugicle size and the reaction temperature.
As a result, significant production of propenobisserved over 12 nm Pd nanoparticles at 250 K,

while smaller (4 and 7 nm) nanoparticles did nadpice propenol at any of the temperatures



investigated. The possible origin of particle siependence of propenol formation is discussed.
This work demonstrates that the selectivity in loggmation of acrolein is controlled by the
relative rates of acrolein partial hydrogenatiomxopropyl surface species and of acrolein

decomposition, which has significant implicatioos fational catalyst design.



1. Introduction

Selective hydrogenation ofp-unsaturated ketones and aldehydes, a class ofczordp
which have conjugated C=C and C=0 bonds, is a fmedéally interesting problem and an
industrially important reaction. The unsaturatkmblol produced from selective hydrogenation
of the C=0 bond is the desired product for the ihemicals and pharmaceuticals industries, but
thermodynamics favors hydrogenation of the C=C B8nd@herefore, selective hydrogenation of
the C=0 bond requires manipulation of the relatates of hydrogenation by catalyst design.
However, a lack of fundamental understanding ofpls@ameters governing the selectivity and
activity has inhibited the development of practicaterogeneous catalyst systems that can
hydrogenate the C=0 bondatB-unsaturated ketones and aldehydes with high satgand
activity.

It is generally believed that the adsorption geoynet the reactant on the catalyst surface
is an important factor governing the selectivityuff-unsaturated ketone hydrogenatibrThe
adsorption geometry of thep-unsaturated ketone can be manipulated in fav@=® bond
hydrogenation by adding bulk substituents to th€ @nctional groug® 223 Acrolein is the
most difficulta,B-unsaturated aldehyde to selectively hydrogenae€thO bond because there
are no substituents protecting to the C=C groujghef partial pressures of the reactant have
also been shown to enhance the selectivity tow@rdd bond hydrogenatidh.2¢f1 This effect
was suggested to arise from increasing surfacerageewhich causes the C=C group to become
more tilted with respect to the surface and les$sarable to attack by surface hydrogen
atomsi2¢ 2¢. 41 The structure of the catalyst also criticallylugihces the adsorption geometry of

the reactant, and the selectivity of hydrogenatiba,f-unsaturated ketones. How particularly



the catalyst structure influences the selectiatynuch less understood, than the effects of the
reactant molecular structure on selective hydrogema

Our recent work! with Pd model catalysts under well-defined ultighvacuum
conditions has given some new insight into theti@tahip between catalyst structure and
selectivity in partial hydrogenation of acroleiwe showed for the first time that a near 100%
selectivity towards hydrogenation of C=0 in acmole possible over Pd(111). This was a
particularly surprising result because Pd is a aative C=C bond hydrogenation catalyst and on
powdered Pd-catalysts exhibit nearly 100% seldgtiewards hydrogenation of C=C drB-
unsaturated ketones, even when bulky protectingtiéubnts are attached to the C=C b6hd.
Prior to our discovery, Au and Ag were the bestimnmanonometallic catalysts for selective
hydrogenation of the C=0 bond in acrolein, witresélities of only ~509%" 71. However, we
showed that the clean Pd(111) surface was noteafivC=0 bond hydrogenation, but required
activation by the deposition of an oxopropyl spextapecies at the beginning of the reaction. In
contrast to Pd(111), model supported Pd nanopestathowed no propenol formation, in
agreement with the literature reports on powdemkdd®alysts. We observed a near 100%
selectivity towards hydrogenation of the C=C bamagdrolein over Pd/E®4. This is surprising
because the investigated model Pd nanoparticlesoanposed of ~80% (111) facets, and are
therefore very similar in structure to Pd(111), ety exhibit much different selectivity. The
differences in the selectivity of Pd nanopartialessus Pd(111) can be related to the presence of
low-coordinated sites, such as edges and cormeisseéem to critically affect the selectivity of a
reaction.

In this work, the influence of Pd nanopatrticle stue, i.e. particle size, and the reaction

conditions on selectivity in hydrogenation of aeinlis investigated. We show that there is a



strong influence of both the Pd nanoparticle sizthe temperature on the selective
hydrogenation of acrolein. In general, Pd nandglag are much less selective towards propenol
formation because acrolein decomposes stronglh@i®Pt nanoparticles and hinders the
formation of oxopropyl spectator species. Howethez,biggest investigated Pd nanopatrticles
exhibiting large fraction of (111) facets were fduo produce a significant amount of propenol
in a narrow temperature range around 250 K. Irtrest) over smaller nanoparticles, no
propenol formation was observed. The underlyinghraatsms for this strongly structure- and
temperature-dependent selectivity are discussed.

2. Experimental

All experiments were performed at the Fritz Halmestitute with an ultra-high vacuum
molecular beam machine that has been describegtail greviously®! Molecular beams of
acrolein and Hwere focused on the sample simultaneously whédestimple was held at a
constant temperature. The effusive molecular beaens produced by doubly differentially
pumped multi-channel array sources. Acrolein (Sighidrich, 95% purity) was purified prior
to each experiment by repeated freeze-pump-thalexy®uring all reactivity experiments the
flux of H2 on the sample surface was 4.8%¥lfdolecules/crfis. The sample was exposed to H
for five minutes prior to acrolein exposure. Thexfof acrolein on the sample surface was
1.5x10° molecules/crfis during pulsed reactivity experiments and 0.6Xbiblecules/crils
during continuous reactivity experiments. Gas-pHfeagments related to acrolein (parent ion at
56 a.m.u.), & (2 a.m.u.), propanal (parent ion and main fragra€s8 a.m.u.), propenol (parent
ion at 58 a.m.u., main fragment at 57 a.m.u. anithén prominent fragment at 31 a.m.u.),

propanol (parent ion at 60 a.m.u., main fragmeBtlad.m.u.) were detected with a quadrupole



mass spectrometer (ABB Extrel). Simultaneouslyfase species were detected using a Bruker

IFS 66v infrared spectrometer with an MCT deteatud a spectral resolution of 2 2m

The method for preparing the Pd#©e model catalysts has been described in detail
previously® Briefly, a well-ordered ~10 nm thick §& film was grown on a Pt(111) substrate
(see referencd¥! for details) followed by Pd deposition onto the®efilm at 120 K by
physical vapor deposition of Pd (Goodfellow, >99)9%ing a commercial evaporator (Focus
EFM 3). After depositing Pd, the sample was alateat 600 K and the Pd nanoparticles were
stabilized by repeated cycles of oxidation and ctida at 500 K!! The size of the Pd
nanoparticles was controlled by the nominal thidenef the Pd film deposited onto theGge
substrate at 120 K (see referefftéor details). The Pd(111) crystal was cleanedepgated
cycles of AF sputtering at room temperature, annealing at ¥QGhd oxidation in 1x1® mbar
Oz at 750 K. The cleanliness of the PaM®eand Pd(111) samples was verified prior to every

experiment by IRAS of adsorbed CO.
3. Resultsand Discussion
3.1. Influence of Pd particle size and temperature on activity and selectivity

Acrolein hydrogenation was performed over Pd(11t) BeOs-supported Pd
nanoparticles with varying particle sizes (4 nnmn, 12 nm) at three different temperatures
(220 K, 250 K, 270 K) to investigate the influeraféPd structure and surface temperature on its
activity and selectivity for hydrogenation of a@iml. A continuous beam of;hvas focused on
the sample surface, which was held at constantéeatyre, for five minutes prior to the
introduction of acrolein to saturate the surfacthwydrogen. Thereafter a molecular beam of

acrolein was exposed to the sample in six secolsp(six seconds on, six seconds off) while



the product gas was analyzed with a quadrupole spesgrometer. Figure 1 shows the
formation rates of propenol (left column) and pnoglgright column) over Pd(111) and
Pd/FeOs model catalysts with varying Pd particle size 4, 7 nm, and 12 nm) at 220 K (top
row), 250 K (middle row), and 270 K (bottom rowllhe obtained reaction rates show a strong

dependence on the Pd structure and temperature.
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Figure 1. Gas-phase formation rates of propenol (left column) and propanal (right column) over
Pd(111) and model Pd nanoparticles supported on Fes0O4 model catalysts with average Pd
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nanoparticlesize 4, 7, and 12 nmat 220 K (top row), 250 K (middle row), and 270 K (bottom
row).

On Pd nanoparticles, there was no significant gropproduction in the 4-12 nm particle
size range and in the 220-270 K temperature raRgepanal production was observed over both
the 7 nm and the 12 nm Pd particles at similasratall three temperatures, and were
significantly higher than the rates of propanalduction over Pd(111). The rate of propanal
production is highest at 220 K and decreases witfeasing temperature. The 4 nm Pd particles
did not produce a significant amount of either rog or propanal in the entire 220-270 K
temperature range. The total concentration oftBich& on the 4 nm Pd/g@4 catalyst is more
than an order-of-magnitude less than that on then Pd/FeOs and 12 nm Pd/E©acatalysts
and, therefore, it is likely that the concentratadriPd atoms is too low to produce a significant
amount of reaction products. These results argrieeanent with numerous literature studies
reporting essentially exclusive formation of proglaover Pd nanoparticles in powdered
catalystd3 12

In contrast to Pd nanoparticles, significant pragpgmoduction was observed over
Pd(111), and the amount of propenol produced isetfrom almost zero at 220 K to a
maximum at 270 K. The Pd(111) catalyst also preduc small amount of propanal at all three
temperatures. The amount of propanal producedRdgrll) was similar to that of propenol at
220 K. However, the selectivity towards propenaduction increased with increasing
temperature, and at 270 K, the Pd(111) catalystneagly 100% selective towards production of
propenol.

These results indicate that the selectivity in bgénation of acrolein is dependent on

both the Pd structure and on the reaction temperatvhile the Pd nanopatrticles are 100%



selective towards production of propanal, the Pl thtalyst is highly selective towards
propenol production. The reaction temperature siismgly affects the selectivity since the
maximum rate of propanal production is observe2Ré@tK whereas the maximum rate of
propenol production is observed at 270 K. Obvigusle selectivity in hydrogenation of

acrolein can be tuned by controlling both the Pdoparticle size and the reaction temperature.
3.2. Mechanism of hydrogenation to propenol on Pd(111)

To understand the underlying mechanisms that aporesible for the strong structure-
and temperature-dependence displayed in both thatyaand selectivity of acrolein
hydrogenation, IRAS was performed to identify anshitor the species formed on the surface in
the course of the reaction. The Pd model catalyste continuously exposed to molecular
beams of Hand acrolein while surface species and gas-phaseigts were detected
simultaneously with IRAS and mass spectrometrypeesvely.

We begin by analyzing the mechanism of acroleinrdgenation over Pd(111) at 270 K,
which are the conditions that resulted in the higlaetivity and selectivity towards propenol
production. Figure 2(a) displays the gas-phasduymriion rates of propenol and propanal over
Pd(111) during continuous exposure to acroleinkdndt 270 K. The results displayed in Figure
2(a) are similar to those obtained during pulsedtieity experiments under similar conditions
(Figure 1). Following an induction period of ~28cends at the beginning of the reaction, in
which there was no gas-phase products formedatieeof propenol production increases sharply
to a maximum at about 90 seconds and then decrslasdyg over the next 270 seconds.
Production of propanal was negligible over the sewf the entire reaction and, following the

induction period, Pd(111) exhibited a near 100%elity towards propenol production.
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Figure 2. Acrolein hydrogenation over Pd(111) at 270 K. (a) Gas-phase formation rates of
propanal (black) and propenol (grey). (b) Time-resolved IRAS spectra collected during acrolein
hydrogenation over Pd(111) at 270 K. Spectra labeled 1-4 were collected during the regions
labeled 1-4 in (a).

The induction period at the beginning of the reactsuggests that the clean Pd(111)
surface is not active for propenol production, &adg111) must accumulate acrolein derivatives
prior to the formation of propenol begins. By knagiprecisely the acrolein exposure via dosing
with molecular beams, we calculated that aboutammelein molecule per four surface Pd atoms
was accumulated on the surface during the indugtesiod, which results in densely packed
overlayer of acrolein-derived surface species. @gte of surface species-situ with IRAS
provides detailed insight into the chemical composiof the surface turning over. Figure 2(b)
shows the IRAS spectra collected during acroledrbgenation over Pd(111) at 270 K. The
spectra labeled ‘1’ through ‘4’ in Figure 2(b) weeeorded during the corresponding regions
labeled in Figure 2(a). Assignment of the banaswhin Figure 2b was given in our previous

work 5l

Three major groups of bands corresponding to diffesurface species can be identified.

First, the band at 1755 chzorrespond to the stretching vibration of the Gxa@d!*3! Note that
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the C=0 vibration in molecularly adsorbed acrol@nyhich the C=0 bond is conjugated to the
C=C double bond, lies around 1660-8# 13¢1 The significantly higher frequency band at

1755 cmt suggests that the corresponding surface speantgiccC=0 bonds, which are not
conjugated to the C=C bonl4. The appearance of this vibration points to thenftion of an
oxopropyl surface species, resulting from the pahydrogenation of acrolein molecules with
only one H atom attached to the C=C bond. Figusbdv a possible structure of the oxopropyl
species. Please note that there two feasible stegcbf oxopropyl species: bonded to the surface
via the C2-carbon as shown in Figure 3 and bonledigh the terminal C3-carbon. Based on
the available IRAS data, it is impossible to diffietiate between these structures. Remarkably,
the band at 1755 cfalready appears at a very early stage of theiogagfrows in intensity and
remains intense, even after the reaction rate decoin the gas phase vanishes. This observation
strongly suggests that this species is not theioramtermediate leading to the final gas phase
product propenol, but is merely a spectator.

The second prominent band is the very intense tidorat 1120 cmd. Note that this
frequency is present neither in adsorbed intacil@icr on Pd nor in acrolein iéé? and therefore
cannot be related to any prominent vibration ofrttidecularly adsorbed acrolein. Further, this
band appears only under reaction conditions: irptesence of Hin the temperature range 220-
270 K. The most striking observation of this stiglyhat the evolution of this vibrational band
shows strong correlation with the evolution of @ogl in the gas phase. Indeed, this band starts
to appear in the region 1, which comprises thedtidn period and the region of growing
reaction rate (Fig. 2a); then grows in intensityagions of the highest reactivity 2.
Consecutively, the intensity of this band strongggreases in region 3 accompanied by the

decrease of the propenol formation rate in thepp@se and completely disappears when
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reactivity strongly decreases. A few other IR mimdthe region of Ckistretching and bending
vibrations may also be correlated to the gas pfaaseation rate of propendi?!

By recording IR spectra with higher time resolufiar® were able to show that there is a
strong correlation between the gas phase formagitenof propenol and the evolution of the
vibrational band at 1120 ctn This observation implies that the correspondindace species is
the surface intermediate, directly involved in sldective hydrogenation of the C=0 bond.
Taking into account all vibrational bands assodatéh this reaction intermediate, it is possible
to identify it as a propenoxy-group GECH-CH-O----Pd, in which the C-O entity is attadioed
Pd through the O atom to form a single C-O- - - - dd .bbhis intermediate can be formed though
adsorption of acrolein via the C=0 bond and thetamtdof one H atom at the C next to O. Only
one additional step — the insertion of the secoraddth into the Pd----O bond — is required to
form propenol. Importantly, it was observed theg propenoxy reaction intermediate appears
only after a densely packed overlayer of oxopr@pgcies was formed. This densely packed
oxopropyl-overlayer creates a geometrical condtfamacrolein adsorption via the C=C bond
and forces the adsorption via C=0 bond thus indpthe desired selectivity.

The third prominent band appears at 1336 claring the period of highest reactivity and
steadily grows in intensity, remaining intense egétar the complete stop of the reaction. This
band was previously related to formation of ethyiie and ethylidyne-like specié8l. This

species can be considered as the second typeaté&peor a surface poison.

In the following sections, we show that formatidrlos oxopropyl species is necessary,

but not sufficient, for propenol formation oversBa-supported Pd nanoparticles.
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Figure 3. Possible structure of the oxopropyl spectator species that is formed from partial
hydrogenation of the C=C bond in acrolein and is responsible for activating the Pd(111) surface
for C=0 bond hydrogenation in acrolein.

3.3. Partial hydrogenation of acrolein over Pd/FesOsat 270 K

Although the surfaces of the J&&-supported Pd nanoparticles are composed of ~80%
(111) facetd? Figure 1 demonstrates that their activity andctisligy in partial hydrogenation of
acrolein is vastly different than that of Pd(11Pd nanoparticles exhibit rather low activity and
are 100% selective towards hydrogenation of the 6e1@ whereas Pd(111) is nearly 100%
selective towards hydrogenation of the C=0 bondufi@derstand why the k®@s-supported Pd
nanoparticles behave so much differently than Ph(Xhe mechanisms of acrolein partial
hydrogenation over Pd/E®@4 were investigated by monitoring the formation wfface species
and gas-phase products simultaneously. We begamélyzing the mechanism of acrolein
hydrogenation over 12 nm Pd particles at the satepiperature (270 K) that is optimal for
propenol production over Pd(111).

Figure 4(a) shows the formation rates of propandl@openol over 12 nm Pd particles
at 270 K during continuous exposure of acrolein ldfnd As expected from the results of pulsed
reactivity experiments (Figure 1), there was naficant production of propenol over the entire

course of the reaction. In contrast to the inducperiod observed in the propenol production
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over Pd(111), the rate of propanal production iases from the beginning of the reaction to a

maximum at ~30 seconds and then decreases toftere-80 seconds.
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Figure 4. Acrolein hydrogenation over 12 nm Pd/FezO4 at 270 K. (a) Gas-phase formation
rates of propanal (black) and propenol (grey). (b) Time-resolved |RAS spectra collected during
acrolein hydrogenation. Spectra labeled 1-6 were collected during the corresponding regions
labeled 1-6 in (). (c) Comparison of the IRAS spectrum collected during acrolein
hydrogenation over 12 nm Pd/Fes04 at 270 K (spectrum 6 in (b)) to the IRAS spectrum of CO
adsorbed on clean 12 nm Pd/Fes30a.

The IRAS spectra labeled ‘1’ through ‘6’ in Figuté) were collected during the
corresponding regions labeled in Figure 4(a). oAlhe bands observed during acrolein
hydrogenation over Pd(111) at 270 K (Figure 2(Ibg¢)absent from the spectra collected during
acrolein hydrogenation over 12 nm Pd patrticles utfteesame conditions (Figure 4(b)).
Instead, there are bands in the 1800-1960 mygion, which become more intense with
increasing reaction time. These bands are chaistatesf CO molecules adsorbed on 12 nm Pd
particles?! which are likely formed as a product of acrole@carbonylation. To demonstrate
that the IR spectra displayed in Figure 4(b) aeerdsult of CO adsorbed on Pd nanopatrticles,
Figure 4(c) shows a comparison of the IR spectratkected after ~100 seconds of acrolein

hydrogenation over 12 nm Pd particles (spectruraléab'6’ in Figure 4(b)) to the IR spectrum
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of a saturation coverage of CO on clean 12 nm Patfes at 300 K. The two spectra are similar
except the spectrum of CO on clean 12 nm Pd pastislmore intense at ~1970-¢mwhich is
the position associated with CO adsorbed on ediged particled?! This distribution of the IR
intensity is indicative of the (111) facets of #d& nanoparticles being covered by CO during
acrolein hydrogenation at 270 K and the edgeseh#noparticles being occupied by some
decomposition products that are not detected irspactra.

The IRAS spectra collected during acrolein hydragiem over 12 nm Pd particles at 270
K differ from those of Pd(111), which explains thigserved differences in the selective
hydrogenation of acrolein over the two surfacesil®ver Pd(111), the major species formed
are the oxopropyl spectator species, reactionnmadrate propenoxy and the second type of
spectator ethylidine-like species, none of the bBaassociated with these species were observed
during acrolein hydrogenation over the 12 nm Pdiglas. Similar results were observed over 7
nm Pd particles at 270 K (data not shown). Thelerdnces in the surface composition under
the reaction conditions are most likely relatethi fact that the edges and corners of Pd
nanoparticles readily decompose acrolein to pro@i@ewhich diffuses to the (111) facets and

prevent formation of oxopropyl spectator species.

3.3. Particle size and temper atur e effects in selective hydrogenation of acrolein over Pd/FezOs

In this section, we investigate the effects oftiphe size and reaction temperature on the
formation of the oxopropyl surface species contiglthe selectivity in hydrogenation of
acrolein.

Figure 5(a) shows the rates of propanal and prdderoation during acrolein

hydrogenation over 12 nm Pd particles at 220 K.esected based on the results obtained for
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Pd(111) at this reaction temperature, formatiopropenol was negligible over the entire course
of the reaction. The total amount of propanal poadl) which was estimated by the integral area
of the propanal production rate, was nearly trtpleamount produced at 270 K. The IRAS
spectra collected during acrolein hydrogenatiorr &2enm Pd particles at 220 K are displayed

in Figure 5(b). After the first 45 seconds of thaction (spectrum 1), there are three main bands
in the IRAS spectra that do not change signifigawith increasing reaction time. The band at
1855 cmt is associated with CO molecules adsorbed on fate¢ke Pd nanoparticles. The band
at 1670 crt is associated with the C=0 stretching mode in md& acrolein. The band at

1755 cmt is associated with the C=0 stretching mode obth@propyl spectator species.
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Figure5. Acrolein hydrogenation over 12 nm Pd/FesO4 at 220 K (a) Gas-phase formation rates
of propanal (black) and propenol (grey). (b) Time-resolved IRAS spectra collected during
acrolein hydrogenation. Spectra labeled 1-4 were collected during the regions labeled 1-4 in
(8. (c) Comparison of IRAS spectra collected during acrolein hydrogenation over 12 nm
Pd/Fe304 at 220 K and 270 K, and over Pd(111) at 270 K.

There are significant differences in the IRAS spgecbllected during acrolein
hydrogenation over the 12 nm Pd particles at 223 KKompared to 270 K as evidenced in Figure

5(c). The IRAS spectrum collected during acrolgmdrogenation over Pd(111) at 270 K, which
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shows a strong band associated with the oxoprgadiss, is also shown in Figure 5(c) for
comparison. On the Pd nanopatrticles, reductidghetample temperature from 270 K to 220 K
results in a large decrease in the amount of addo@i, and a significant increase in the amount
of molecular acrolein (band 1670 @mThis observation clearly indicates that the Bt
acrolein decomposition on the Pd nanoparticlesaatfy reduced by decreasing the sample
temperature from 270 K to 220 K. Interestinglye tixopropyl species which turns Pd(111)
selective for C=0 bond hydrogenation was observethe 12 nm Pd particles at 220 K, yet no
propenol was detected during acrolein hydrogenatian the 12 nm Pd particles at 220 K.
However, since the rate of propenol production dal11) is very low at 220 K (Figure 1), the
propenol formation over the Pd nanoparticles istrlikely also kinetically hindered at this
temperature, even if the activating oxopropyl speds present.

Since we observed oxopropyl spectator speciesI®em Pd nanoparticles at 220 K, we
decided to try slightly higher temperature — 256 6 test the feasibility of propenol formation.
Figure 6(a) shows the formation rates of propandl@openol during acrolein hydrogenation
over 12 nm Pd particles at 250 K. Note that tluzgta were obtained with a lower acrolein flux
(0.6x10° molecules/criis) than the data displayed in Figure 1 (1.8%Xb@olecules/cris) for the
same particle size and temperature range. Sitildre results obtained at 220 K, the rate of
propanal production reaches a maximum at ~30 sacamd then slowly decays to zero after
~100 seconds of acrolein hydrogenation. In cohtoathe results at 220 K, however, there is a
noticable amount of propenol production over 12Ruahparticles at 250 K. Following an
induction period of ~40 seconds at the beginninthefreaction, the rate of propenol formation
increases to a maximum at ~60 seconds and thensbgslowly decay to zero after ~150

seconds. The amount of propenol produced over 1Pdparticles at 250 K is also much less
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than (~1/3@) the amount produced over Pd(111) at 270 K. Hawnghese results clearly
indicate that propenol formation is possible ov2inin Pd nanopatrticles in a narrow temperature

close to 250 K.
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Figure 6. Acrolein hydrogenation over 12 nm Pd/Fe304 at 250 K. (a) Gas-phase formation
rates of propanal (black) and propenol (grey). (b) Time-resolved |RAS spectra collected during
acrolein hydrogenation. Spectra labeled 1-4 were collected during the regions labeled 1-4 in
(8. (c) Comparison of IRAS spectra collected during acrolein hydrogenation over 12 nm
Pd/Fes04 at 220 K, 250 K, and 270 K

The induction period in the propenol formation rsit@wn in Figure 6(a) was also
observed during acrolein hydrogenation over Pd(a12)70 K (Figure 2), and indicates that the
Pd nanoparticles must also accumulate certain ahof@erolein-derivatives prior to the onset
of propenol formation. IRAS spectra obtained dgmcrolein hydrogenation over 12 nm Pd
particles at 250 K, shown in Figure 6(b), give sonsght into the activation process. The
IRAS spectrum collected during the induction periatbeled ‘1’ in Figure 6(b), shows only one
band at 1755 crhthat is associated with the oxopropyl spectatecis (Figure 3), which is
crucial for activation of Pd(111) facets for C=Cdnggenation. The observation of only the

oxopropyl spectator species on both Pd(111) and2h@&n Pd particles during the induction
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period further supports our conclusion that thiscegs activates the Pd surface for propenol
formation.

The IRAS spectra collected after the inductionqubriabeled ‘2’ through ‘4’ in Figure
6(b), show two additional bands at 1855%camd 1670 cm. These bands are associated with
CO adsorbed on the Pd nanoparticles and molecwdddgrbed acrolein, respectively. Figure
6(c) shows a comparison of the IRAS spectra cabeduring acrolein hydrogenation over 12
nm Pd particles at 220 K, 250 K, and 270 K. Tha$Rspectrum recorded during acrolein
hydrogenation over 12 nm Pd particles at 250 Knislar to the one collected at 220 K. The
surfaces at 220 K and 250 K are composed of a nexdlimolecularly adsorbed acrolein,
partially-hydrogenated acrolein species (oxoprommd decomposition products (CO).
However, increasing the temperature from 250 KA0 R greatly increases the extent of
acrolein decomposition, and, as a result, the serfanearly saturated with CO. These findings
indicate that the composition of the adsorbate&rlayer, thus the reaction pathway of acrolein
on Pd nanoparticles, is highly sensitive to the@artemperature, and propenol formation is
only possible in a narrow temperature range ar@4tK.

In addition to the strong influence of sample terapige on the surface reaction pathway
of acrolein on Pd nanoparticles, the nanopartice also was found to have a significant
influence on its selectivity. Figure 7(a) shows gas-phase formation rates of propanal and
propenol during acrolein hydrogenation over 7 nnpBdicles at 250 K. Similar to the behavior
of the 12 nm Pd particles (Figure 6(a)), the prgpéormation rate increases from the beginning
of the reaction up to a maximum at ~30 seconds{lzdecreases to zero after ~90 seconds.
In contrast to the 12 nm particles, however, threas no significant propenol formation over the

7 nm patrticles.
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Figure 7. Acrolein hydrogenation over 7 nm Pd/Fe304 at 250 K. (&) Gas-phase formation rates
of propanal (black) and propenol (grey). Time-resolved IRAS spectra collected during acrolein
hydrogenation. Spectra labeled 1-6 were collected during the regions labeled 1-6 in (a).

Although there is a significant difference in geectivity displayed by the 7 nm and the
12 nm particles, the IRAS spectra collected duaoglein hydrogenation over 7 nm particles at
250 K, displayed in Figure 7(b), are similar to spectra collected over the 12 nm particles
under the same reaction conditions (Figure 6(B)jere are three main bands in both sets of
spectra at ~1860, ~1755, and ~1660'amhich are associated with CO on particle facés, t
oxopropyl spectator species, and molecularly aggbdzrolein, respectively. The intensity of
all three of these bands is significantly lowerhatthe 7 nm particles than with the 12 nm
particles, which is likely due to the lower concatibn of Pd atoms in the 7 nm Pd sample. ltis
surprising that band at ~1755 gnwhich we believe is associated with the spetiasdctivates
the Pd surface for propenol production, is obseoxest the 7 nm particles at 250 K, yet no
propenol formation is observed. It is possible theger modified domains are more efficient, or

that a minimum domain size is required, for propgmoduction.
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We have shown that the selectivity in partial hygnoation of acrolein is highly sensitive
to both the Pd catalyst structure and the tempezatlihe selectivity towards the desired product
propenol increases with increasing Pd patrticle, $ioen 0% over 4 and 7 nm patrticles up to
nearly 100% over Pd(111), which is effectively afinitely large particle. The 12 nm Pd
particles were also capable of producing a sigaifi@mount of propenol, but only in a narrow
temperature range around 250 K. Analysis of thitasa speciem-situ with IRAS allows us to
better understand the underlying mechanisms teatesponsible for this strong structure and

temperature dependence.

Our results suggest that the formation of an oxoyrspectator species, which results
from partial hydrogenation of the C=C bond in aenoland which has a characteristic
vibrational band at 1755 ctnturns the Pd(111) surface selective for propémhation.

Propenol formation is not observed over Pd(111i) ardritical coverage of the oxopropyl
species is achieved, after which the propenol ftionaate increases rapidly. This suggests that
dense domains of oxopropyl species are requiredtivated Pd(111) for hydrogenation of the
C=0 bond in acrolein, although it is not clear hoBeveral recent studi&® have shown that
organic ligands deposited onto the surfaces ofysitacan enhance selectivity in hydrogenation
of multi-functional organic compounds, which canifeoked to understand how oxopropyl acts
at the mechanistic level. Three distinct mechasibgnwhich the organic ligands enhance
selectivity have been propo$€d: (1) active-site selection, (2) molecular recoigmit and (3)
steric effects. It is possible that the oxopragpécies creates a geometric confinement on the
surface (steric effects), or the C=0 group in oppgt interacts repulsively with the C=0 group
in acrolein (molecular recognition), which favontdaraction of the C=0 group with the catalyst

surface.
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Formation of the densely packed oxopropyl overlayenore difficult over Pd
nanoparticles because — in contrast to Pd(111jcleic decomposes on Pd clusters, which is
most likely related to the low-coordinates sitestsas the edges and the corners. As a result of
the lower surface density of oxopropyl species selectivity towards propenol formation is
much lower over Pd nanoparticles than over Pd(1Thg extent of acrolein decomposition
decreases with decreasing temperature, and theapyspecies is observed over both 7 nm
and 12 nm Pd nanoparticles at 220 K and 250 K. &¥ew significant propenol formation is
only observed over 12 nm Pd nanopatrticles at 250lkerefore, formation of oxopropyl is
necessary, but not sufficient, for propenol formatbver Pd nanoparticles. Propenol formation
is not expected at 220 K because this temperagumilow for significant propenol formation,
even over Pd(111). The enhanced selectivity ofitham Pd nanoparticles relative to the 7 nm
Pd nanoparticles at 250 K could be most likelytesldo the formation of densely packed
oxopropyl domains over larger (111) terraces ohfr2sized nanoparticles. Smaller sized
terraces of 7- and 4-nm particles might be notdangough to form these densely packed and
probably well-ordered oxopropyl overlayers respbiesfor high selectivity towards propenol.
These results demonstrate that the selective hgdadgpn of acrolein is highly sensitive to the
catalyst structure and temperature because theafmmof oxopropyl spectator species, which

control the selectivity, is also highly sensitigethe catalyst structure and temperature.

The results from this work provide several prongsstrategies for rational design of
nanopatrticle systems for selective propenol foromatiFor example, it may be possible to
selectively poison the edges of Pd nanoparticléis @nganic ligands to prevent acrolein

decomposition. Another possibility is to pre-mgdifd nanopatrticles by depositing thioacetic
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acid, which has a structure similar to that of axgyl, or some other organic ligands in order to

mimic the selectivity enhancement produced by ospyrspecies.

4. Conclusions

The selectivity in hydrogenation of acrolein isostgly dependent on both the structure of
the Pd catalyst and the reaction temperature. ttkibude these effects to the formation of a
densely packed overlayer of the oxopropyl speews;h controls the selectivity and which is
highly sensitive to the catalyst structure and terajure. Near 100% selectivity towards the
desired product propenol is observed over Pd(1it)only after a densely packed layer of
oxopropyl species was formed (approximately ongpoxoyl per four surface Pd atoms) which
results from half-hydrogenation of the C=C bonaanolein. Over Pd nanoparticles with
particle sizes ranging from 4 to 12 nm, formatiénhes oxopropyl layer is much more difficult
because acrolein decarbonylates strongly on theaRdparticles, most likely at the edges, thus
preventing formation of densely packed layers afpwrpyl, especially on the small Pd clusters.
As a result, no propenol formation is observed @hn sized nanoparticles. A significant
amount of propenol was detected during acroleindgehation over 12 nm Pd nanoparticles,
but only in a narrow temperature range around 250 Kese results and the spectroscopically
identified surface composition evolving during tleaction suggest that the selectivity towards
propenol formation increases with Pd nanopatrtide, snost likely because the relative fraction
of (111) facets increases with nanopatrticle sitewing more effective formation of densely
packed oxopropyl overlayers and diminishing thecemration of the acrolein decompaosition
products (CO and carbonaceous residues). An eiéecbntrol over the extent of acrolein

decomposition can be achieved by tuning the reatgimperature.
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Particle Size

Spectator s enhance selectivity: The selectivity towards hydrogenation of C=0 énodein is
enhanced by the formation of oxopropyl spectatecss on the surface of Pd model catalysts.
Formation of this activating spectator speciedgslly sensitive to both temperature and particle
size.
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