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ABSTRACT: Absolute turnover frequencies for the hydrogenation of acrolein were measured by
using a Pt(111) single crystal as the catalyst. The kinetics of the reaction were found to be
somewhat complex because of interference from the simultaneous deposition of strongly adsorbed
carbonaceous deposits on the surface, identified here as a mix of ethylidyne, ketene, and carbon
monoxide by using in situ reflection−absorption infrared absorption spectroscopy (RAIRS). The
fraction of the surface still active for catalysis was titrated as a function of reaction temperature
using CO temperature-programmed desorption (TPD), and the resulting values used to estimate
true turnover frequencies, from which an activation energy of ∼15 kJ/mol was derived. It was found that the buildup of irreversibly
adsorbed carbonaceous deposits significantly affects both the activity and the selectivity of the acrolein hydrogenation catalysis, as it
does in other olefin hydrogenation processes; propanal is the main product here (∼90%), and that requires the preferential
hydrogenation of the CC double bond. On the basis of these results, it is suggested that the catalytic performance of Pt may be
improved by modifying the surface to either minimize or change the character of these surface hydrocarbon fragments.
KEYWORDS: hydrogenation selectivity, unsaturated aldehydes, platinum, single crystal, carbonaceous deposits, kinetics,
in situ infrared absorption spectroscopy, CO site titration

1. INTRODUCTION
Hydrogenation catalysts are used extensively in the chemical
industry, and, in spite of much research directed at finding
alternatives, most of that catalysis is still promoted with late
transition metals.1−5 Pt in particular promotes many hydro-
genations of organic feedstocks with high activity. However,
when a reactant exhibits more than one unsaturation, platinum
metals tend to lack selectivity.6 In fact, when different
functional groups compete for conversion, the order in
which they are hydrogenated with Pt sometimes leads to
undesirable products. This is the case in, for instance, the
hydrogenation of unsaturated aldehydes, where the most
valuable product usually is the unsaturated alcohol, the product
of the hydrogenation of the CO bond, but where Pt mainly
promotes the production of the saturated aldehyde via the
preferential hydrogenation of the CC bond instead.7,8

Several approaches have been taken to address this problem
and improve selectivity in unsaturated aldehyde hydrogenation
with Pt-based catalysts.8−11 This include the selection of
particular supports,12−17 the control of the size of the metal
nanoparticles or the structure of the metal surface,18−22 the use
of additives and dopants,23−25 and, more recently, the use so-
called single-atom alloys.26−32 However, it is not always easy to
assess the success of the reported approaches, as the activities
and selectivities of the catalytic hydrogenations are often
reported in a variety of ways, rarely in terms of true turnover
frequencies (TOFs) as would be desirable for direct
comparisons. It is important to have a benchmark in terms

of the kinetic parameters associated with unsaturated aldehyde
hydrogenation promoted by Pt catalysts to compare against.
Here, we provide such a reference for the case of acrolein

hydrogenation. Not only do we estimate absolute TOFs in
terms of molecules converted per surface Pt atom per unit
time, extracted from experiments carried out with a Pt single
crystal exposing a (111) plane, but also correct the raw values
by the fraction of the metal surface exposed during reaction,
given that these reactions are accompanied by the growth of
irreversibly bonded carbonaceous deposits, which block
catalytic sites. Data are provided as a function of the reaction
temperature and partial pressures of the reactants. Both total
activity and selectivity toward the three possible products,
namely, propanal, allyl alcohol, and propanol, were evaluated
and compared against previously reported values to discuss the
role that all these parameters and effects play in controlling
catalytic performance.

2. EXPERIMENTAL DETAILS
The experiments reported here were performed in a two-tier
ultrahigh vacuum (UHV) instrument equipped with several
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techniques and elements for surface cleaning, dosing, and
characterization of solid surfaces as well as a so-called high-
pressure cell (HPC), used for catalytic kinetic studies. As
described in previous publications,33−35 the main level is used
for cleaning of the sample, a 1 cm-in-diameter Pt(111) single
crystal disk, by a combination of Ar ion bombardment (using
an ion gun), annealing, and thermal treatments with O2
(Liquid Carbonic, Research Purity, >99.995%), and for post-
mortem carbon monoxide temperature-programmed desorp-
tion (TPD) surface titration experiments. A UTI 100C
quadrupole mass spectrometer was used for the latter, and
also to analyze the gas mixtures during the catalytic kinetic
studies (see below). This mass spectrometer is interfaced to a
personal computer capable of monitoring the evolution of up
to 15 chosen masses in the 1−300 amu as a function of both
crystal temperature and time.
The second (HPC) level of our surface-science apparatus is

accessible with the aid of a horizontal long-travel manipulator
also used for surface alignment during the spectroscopic
experiments (see below). The Pt(111) crystal was spotwelded
to a pair of tantalum wires attached to the copper electrical
feedthroughs of the manipulator to allow for liquid-nitrogen
cooling and resistive heating in order to set and control its
temperature to any value between approximately 100 and 1100
K. The crystal temperature was followed using a chromel−
alumel thermocouple spotwelded to its side and controlled by
a homemade proportional-integral-derivative (PID) circuit.
The HPC was designed to perform catalytic kinetic experi-
ments. For that purpose, a small retractable cylindrical cup
(VCell ∼ 70 mL) mounted on a separate linear translation stage
is brought in to fully encase the crystal and isolate it from the
UHV environment so that the surface can be exposed to
atmospheric pressures of reactive gases. This HPC is
incorporated into a 1/4″ stainless-steel-tube loop designed as
a gas batch reactor (Vloop ∼ 550 mL) and equipped with a
Baratron capacitance manometer and a stainless-steel bellows
circulation pump.
To carry out the catalytic kinetic experiments, the Pt(111)

crystal is cleaned in the main chamber, transferred to the
second tier, and sealed inside the HPC. Then, the reaction gas
mixture is made by combining the desired pressures of the
reactants, acrolein (Afla Aesar, 97%; introduced into the loop
from the gas manifold via direct evaporation, taking advantage
of its high vapor pressure), and H2 (Airgas, >99.99% purity) in
our case, inside the batch reactor’s loop and circulating the
gases using the bellows pump until they become well mixed, a
process that takes approximately 15 min (as determined by
following the gas composition versus time, see below). At that
point, the HPC, which is bypassed during gas mixing to keep
the Pt isolated from the gases, is added to the loop, the system
is let to stabilize (a couple of minutes), and the surface is
heated to the desired reaction temperature. The composition
of the gas mixture is monitored continuously during both the
gas mixing and the catalytic reaction stages using the mass
spectrometer, by leaking a small amount of the gas into the
UHV chamber via a side leak valve. Independent calibration
experiments were used to determine that the gas loss from the
reactor during reactions due to this leak is negligible, less that
2% of the total pressure after a 2.5 h reaction run, and that the
delay in gas sampling due to diffusion from the reaction loop to
the UHV chamber through the tubing and leak valve is also
minimal, less than 10 s.

The raw mass-spectrometer data from the kinetic experi-
ments were analyzed quantitatively via their deconvolution
using measured mass spectrometry cracking patterns for all the
reactants and products (using our setup) and a procedure
described elsewhere.33,36 Typically, the signals for 56, 57, 58,
and 31 amu were selected for these calculations, to represent
the partial pressures of acrolein (2-propenal), allyl alcohol (2-
propenol), propanal, and 1-propanol, respectively, the latter
three being the main products expected from acrolein
hydrogenation. The kinetic data were converted into turnover
numbers (TONs, in units of number of molecules per Pt
surface atom) using an independent mass-spectrometer signal
calibration relating voltages to gas pressures, the volume of the
reactor, and the surface area of the Pt surface (based on a value
of 1.5 × 1015 atoms/cm2 for the surface atom density in
Pt(111)). To facilitate the data analysis, the raw kinetic data,
expressed as number of molecules per Pt atom (NMolecules/NPt,
a number directly related to TON) versus reaction time, were
empirically fitted to exponential functions; turnover frequen-
cies (TOFs) were then calculated by numerical derivatization
of the TON-versus-time plots and reported in units of TOF =
TON/s.
For the CO TPD titration experiments, the HPC was

evacuated and retracted after the kinetic runs, which typically
lasted 75 min, and the Pt(111) crystal was transferred back to
the main chamber. It was then cooled below 150 K and dosed
with 3 L of CO (1 L = 1 × 10−6 Torr s; CO, 99.5% purity,
Matheson Tri-Gas), after which the surface temperature was
ramped at a constant heating rate of 10 K/s while recording
the mass spectrometer signal for 28 amu. The TPD signal
intensities are reported in arbitrary units, but surface coverages
(θ) were estimated by integration of the areas of the CO TPD
peaks relative to that obtained for a clean Pt(111) surface
(θclean), which is assigned a value of unity.
Two small NaCl windows were added at opposite sides of

the lateral walls of the main body of the HPC to allow for the
performance of in situ or operando spectroscopic character-
ization of the surface with reflection−absorption infrared
spectroscopy (RAIRS) during the course of the catalytic
reactions. The IR beam from a Bruker Equinox 55 Fourier-
transform infrared (FT-IR) spectrometer is passed through a
polarizer and made to travel in and out of the reactor volume
through the NaCl windows, focusing it onto the sample at a
grazing incidence (∼85°) by using long focal length (12 in.)
parabolic mirrors, before collecting it onto a narrow-band
mercury−cadmium-telluride (MCT) detector. The entire
beam path is enclosed in a sealed box purged with dry air
and purified by using a scrubber (Balston 75−60) for the
removal of CO2 and water. All spectra were acquired by
averaging the data from 2000 scans taken at a resolution of 4
cm−1, a process that takes about 4 min per experiment, and
ratioed against spectra from the clean sample obtained in the
same way but before gas dosing. Spectra were taken with both
s- and p-polarized light to discriminate between gas-phase and
adsorbed species.37−39

3. RESULTS
Kinetic data for the hydrogenation of acrolein with H2
promoted by a Pt(111) single-crystal surface were acquired
by following the evolution of the partial pressures of the main
reactants and products over time at a constant temperature
using mass spectrometry. The data recorded during a typical
run are shown in the left panel of Figure 1, in that case for the
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conversion of a mixture of 2 Torr of acrolein, 200 Torr of H2,
and 698 Torr of Ar (used as a ballast gas to facilitate gas
recirculation in our batch reactor) at a crystal temperature of
400 K. Several masses were followed simultaneously to
represent the key compounds involved in this reaction, from
which the signals for 55, 57, and 58 amu are shown here. The
raw data were deconvoluted using a procedure mentioned in
Experimental Section and published in more detail else-
where,33,36 and the signals calibrated to convert them into
partial pressures and from there into turnover number (TON)
equivalents (number of molecules per Pt atom, or NMolecules/
NPt); the results of this analysis are presented in the right panel
of Figure 1. As expected, the signal for acrolein is seen to
decrease and those of the products to grow with increasing
reaction time. The main product under these reaction
conditions was propanal, but a small amount of allyl alcohol
was detected as well, approximately 10−15% of the total
acrolein consumed; no significant propanol was seen in any of
our kinetic runs. A mass balance was retained in all cases
within a margin of 5% of the total pressure throughout the
course of the reaction, a test of the viability of our data analysis.
In order to minimize interference from the noise of the

kinetic data, the processed values in the right panel of Figure 1
were fitted to exponential curves (shown as solid lines in the
figure). This choice was made empirically but is justified by the
near-unity reaction order of the acrolein conversion rate on
acrolein partial pressure determined from the experiments
reported below. Initial turnover frequencies (TOF°) were then
estimated from the slope of the tangent of those lines at t = 0.
As indicated in Figure 1, TOF° values of 3.1, 2.7, and 0.4 s−1

were determined in this example for the acrolein consumption
and for the propanal and allyl alcohol production, respectively.
It is interesting to note that, in an early study on the
hydrogenation of crotonaldehyde on Pt(111) (the only other
study that we are aware of where the kinetics of this type of
reaction has been measured on Pt(111) single crystals), much
lower TOF values were reported, 2 orders of magnitude below
ours.40 We can only speculate on why that may be. In that
study, the reaction temperatures used were in general lower

than ours, but the estimated activation energies were also an
order of magnitude higher than what we report here (see
below). As in our case, their catalyst was irreversibly poisoned
over time with carbonaceous deposits, but their measured
carbon coverages, using Auger electron spectroscopy, are quite
large, even though their reaction was carried out at low
temperatures; perhaps it is this excessive poisoning (possibly
due to experimental artifacts) that rendered their surfaces so
inactive. We do believe that our estimates of the TOF°s for
acrolein hydrogenation with Pt(111) are more realistic, in line
with what is known from other hydrogenation reactions.35,41,42
The evolution of the TOF values could also be followed as a

function of reaction time, via numerical derivation of the raw
data in Figure 1-right, or, to minimize the noise level, via
analytical derivation of the fitted exponential curves; the results
from the second approach are reported in the left panel of
Figure 2. As expected, the rates of conversion of acrolein as

well as those of the production of propanal and allyl alcohol all
decrease in magnitude with time, as the reactant is consumed.
The same data are plotted in the form of TOF vs acrolein
TON in the center panel of Figure 2 to better highlight this
correlation. The close-to-linear dependence of those two
parameters attests to the approximately first order dependence
of the reaction rates on the acrolein partial pressure, the
assumption that was made to fit the TON-versus-time data to
exponential curves. It should be pointed out that all reactions
in this study were carried out using a large excess of H2, so the
contribution of that pressure to the reaction rates can be
considered constant. In terms of selectivity, its time depend-
ence can be extracted from the data in the right panel of Figure
2, where both the TON and TOF allyl alcohol-to-propanal
ratios are plotted versus time. The selectivity toward allyl
alcohol production appears to decrease with reaction time,
possibly as irreversibly adsorbed carbonaceous deposits build
up on the surface (more on this later), but the effect is subtle,
on the order of 10%, and not entirely reliable since in many
cases the allyl alcohol production is too low to be detectable.
A more complete study of the dependence of the reaction

rates on the partial pressures of the reactants was performed by
measuring the initial TOF°s of the reaction as a function of the
initial acrolein and H2 partial pressures, which were varied

Figure 1. Typical results from a catalytic run for the conversion of
acrolein in a H2 atmosphere promoted by a Pt(111) surface. Left: raw
mass spectrometer signals for 55, 57, and 58 amu as a function of
reaction time, for the conversion of a reaction mixture consisting of 2
Torr of acrolein, 200 Torr of H2, and 698 Torr of Ar, at 400 K. Right:
same data after analysis of the raw signals to obtain TON equivalents
(NMolecules/NPt) for acrolein, propanal, and allyl alcohol. The start of
the reaction, time = 0, was set at the point when the surface reached
the desired temperature (400 K in this case). The smooth solid lines
drawn through the raw data correspond to exponential fits.

Figure 2. Processed kinetic data from the results reported in Figure 1.
Left: TOFs versus time for acrolein, propanal, and allyl alcohol,
obtained by analytical derivation of the exponential curves fitted to
the TON versus time data in the right panel of Figure 1. Center: same
data plotted in the form of TOFs versus acrolein TON. Right:
selectivity, expressed as the TON and TOF ratios of allyl alcohol
versus propanal production.
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independently, one at a time, while keeping the other constant.
The results are presented in Figure 3 in the form of the

logarithm of the TOF°s for acrolein versus the logarithm of the
partial pressures of either reactant. As seen in the right panel of
that figure, the order with respect to H2 was estimated to be
approximately 2/3, somewhere between 0.5, which would
indicate a rate-limiting step involving atomic surface hydrogen
(Hads), and 1, in which case the limiting step would involve
molecular hydrogen. This intermediate value may reflect a
number of factors, including a competition with acrolein for
adsorption sites and a Langmuir-type isothermal uptake of
hydrogen on the surface, which would show a linear
dependence of the hydrogen surface uptake on P(H2) at low
pressures but a leveling off at higher pressures. Regardless, a
variable reaction order on H2 between 0.5 and 1 is common in
hydrogenation reactions.2,43 The behavior of the reaction rates
with respect to the acrolein partial pressure is also complex,
starting with a value larger than 1 (∼1.3) at low pressures but
approaching zero at higher pressures (Figure 3-left). The
transition is relatively sharp and therefore not fully accounted
for by Langmuir-type kinetics; therefore, additional factors may
be at play. Our explanation for the behavior seen in both cases
relates to the concurrent partial poisoning of the surface by the
formation of carbonaceous deposits, as discussed in more
detail below.
Data on the temperature dependence of the initial reaction

rates for acrolein hydrogenation on the Pt(111) surface are
provided in the left panel of Figure 4 (open red squares and
dashed line). Again, a complex behavior was observed, with
significant deviations from Arrhenius behavior: the TOF° value
increases with increasing reaction temperature in the range
from 357 to 543 K, as expected for an activated process, but
then decreases at higher temperatures.
One clue for the reason that the rate dependence on acrolein

partial pressures and temperature is complex comes from
experiments designed to test the stability of the catalyst. The
left panel of Figure 5 shows the results from an experiment
where 5 consecutive runs were carried out on the same catalyst
without cleaning of the surface in between: only the old
reaction mixture was pumped out and a new identical fresh one
was added to the reactor volume in between runs. It can be
seen there that the activity of the catalyst is initially fast but

reaches a much lower value asymptotically as subsequent
catalytic runs are carried out. In fact, a slowing down of the
reaction is even evidenced in the first run by the bending of the
curves for both acrolein consumption and propanal production
with time. This behavior is not surprising, and it has been
ascribed in other systems to the blocking of surface sites by the
formation of irreversibly adsorbed carbon-containing organic
residues.35,44−46 As we discuss below, such an explanation fits
our experimental results as well.
An alternative explanation for the slow poisoning of the

catalytic activity in this system over time could be that the

Figure 3. Dependence of the initial acrolein conversion rates
(TOF°s) at 450 K on the partial pressures of acrolein (left panel)
and H2 (right). The data are plotted in log−log form in order to
extract reaction rate orders from the slopes. Nonlinear behavior is
observed with acrolein.

Figure 4. Left: Arrhenius plot of TOF° vs reaction temperature. The
raw data are displayed as open red squares and a dashed line, whereas
the values corrected by the fraction of the surface available for
reaction are shown as filled blue circles. A linear fit to the latter set,
shown as a blue solid line, yielded a value for the activation barrier of
15 kJ/mol. Right: CO TPD titration traces obtained after 75 min of
reaction as a function of reaction temperature. Reaction conditions:
P(acrolein) = 4.5 Torr, P(H2) = 450 Torr, P(Ar) = 310 Torr. For the
TPD experiments, the surface was saturated with 3 L of CO at 150 K
before ramping the temperature ramping 10 K/s. Two traces are
shown for each temperature, with solid and dashed lines, from two
independent experiments to highlight the reproducibility of the data.

Figure 5. Reaction kinetics for the conversion of gas mixtures made
out of 3 Torr of acrolein plus 450 Torr of H2 promoted at 475 K by a
Pt(111) surface. Left: Consumption of acrolein and production of
propanal as a function of time from five consecutive runs using fresh
reaction mixtures but the same untreated catalyst to highlight the
gradual poisoning of the surface of the catalyst via the deposition of
irreversibly adsorbed carbonaceous deposits. Right: TOF°s from
conversion of acrolein + H2 reaction mixtures, alone and with either 2
Torr of propanal or 1 Torr of propanol added. Similar values were
measured in all three experiments, ruling out the buildup of products
in the reaction mixture over time as the reason for the poisoning of
the catalytic activity.
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products generated by the hydrogenation reaction may
compete for adsorption sites with the reactant, thus blocking
some and slowing down the conversion. This hypothesis was
tested here by performing kinetic experiments with reaction
mixtures containing such possible poisoning byproducts. The
right panel of Figure 5 contrasts the TOF° obtained for the
conversion of 3 Torr of acrolein and 450 Torr of H2 at 475 K
with results from runs where either 2 Torr of propanal or 1
Torr of propanol were added to the reaction mixture. The
same TOF° was measured in all three cases within the accuracy
of our experiments; no poisoning effect was observed due to
the buildup of products in our batch reactor during the course
of the reaction.
The irreversible deposition of organic residues on the

surface during reaction, a phenomenon that is well established
and that is seen in most hydrocarbon hydrogenation
processes,35,44−46 is therefore the most viable explanation for
the kinetics reported above. To quantify the extent of this
effect, the Pt sites exposed for catalytic activity were titrated
after ∼75 min of reaction by transferring the surface to the
main UHV environment, saturating it with CO, and perform-
ing a TPD experiment. The CO desorption data obtained this
way are shown as a function of the reaction temperature in the
right panel of Figure 4. The traces obtained for the clean
surface (top, green lines) show a broad feature between 300
and 500 K, consistent with what has been previously reported
in the literature.47,48 Two trends are observed in the CO
titration results in Figure 4-right as a function of increasing
reaction temperature: (1) the total area of the CO TPD peak
decreases, an indication of the reduction in the number of Pt
sites available for reaction, and (2) the remaining CO TPD
peak signal appears on the low-temperature side of the traces,
indicating that the surface poisoning occurs selectively at the
sites that bind CO the most strongly. Strong CO binding is
typically associated with low coordination sites such as steps,
kinks, and other defects,49,50 and results from previous CO
titration experiments using FTIR have indicated that our
Pt(111) single-crystal surface has approximately 5−10% defect
sites,51 which may be the first to decompose incoming reactant
molecules and form irreversibly adsorbed species.52 In
addition, it has also been previously determined that the
deposition of carbonaceous deposits on the Pt(111) surface
leads to a weakening of the CO bond to the surface,53,54
another possible explanation for the shift of the CO TPD
signal toward lower temperatures in Figure 4-right.
This reduction in the surface area for catalysis due to the

deposition of carbonaceous deposits clearly affects the activity
of the catalyst. In order to estimate the intrinsic catalytic
activity of the Pt surface atoms for the promotion of acrolein
hydrogenation, the TOF° values reported as open red squares
in the left panel of Figure 4 were scaled accordingly: the new
results are shown in the same figure as solid blue circles. With
this correction, the temperature dependence of the rates better
follows the expected Arrhenius behavior. A linear fit to the new
data (blue solid line in the left panel of Figure 4) provides an
estimate for the activation barrier of 15 kJ/mol. This is a low
value, but not out of line with what is expected for
hydrogenation catalysis with Pt, including in cases with
unsaturated aldehydes.7,55,56 The degree of surface poisoning
also changes with the composition of the reaction mixture, but
in a less dramatic way. The fraction of uncovered Pt after
reaction is plotted as a function of the molar fraction of
acrolein in the acrolein + H2 mixture in Figure 6. Counter-

intuitively, more Pt surface sites remain available for catalysis
the richer the reaction mixture is in the unsaturated aldehyde,
but in all cases that fraction remains in a range between
approximately 60 and 70% of the total Pt surface atoms in the
Pt(111) crystal (at 475 K).
Finally, in situ reflection−absorption infrared absorption

spectroscopy (RAIRS) experiments were performed to identify
the nature of the irreversibly adsorbed organic fragments that
block the Pt surface sites. Figure 7 reports the resulting data for

a typical example. Unprocessed, the spectra are dominated by
the gas-phase species, a fact that affords corroboration of the
progress of the acrolein hydrogenation reaction. Indeed, in the
RAIRS spectrum obtained at the start of the reaction (bottom,
blue trace), only peaks associated with gas-phase acrolein are
detected, including those around 1150 cm−1 due to a C−C
stretching motion (ν(C−C)), 1410 and 1430 cm−1 from CH2
deformations (δ(CH2)), and 1712 and 1730 cm−1 from CO
stretching modes (ν(CO)), and also several peaks in the

Figure 6. Fraction of Pt surface atoms that remains uncovered after
75 min of reaction (θ/θClean) as a function of the molar fraction of
acrolein (Xacrolein) in the initial reaction mixture. Both linear (a) and
logarithmic (b) scales are used for Xacrolein, the latter provided to
better display the data in the low coverage (<0.02) range. Reaction
conditions: P(total) = 750 Torr, T = 475 K.

Figure 7. RAIRS data obtained in situ during an acrolein
hydrogenation catalytic run. The two bottom traces correspond to
the results recorded with p-polarized light at the start of the reaction
(bottom, blue) and after 10 min (middle, red), whereas the top trace
(green) was obtained via subtraction of the data obtained with s-
polarized light from that acquired with p-polarized light to isolate the
spectrum originated from IR absorption by the adsorbed species.
Reaction conditions: P(acrolein) = 2 Torr, P(H2) = 300 Torr, P(Ar)
= 698 Torr, and T = 400 K.
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2700−3000 cm−1 region associated with C−H stretching
modes (ν(C−H)). After 10 min of reaction, on the other hand,
new features start to develop at 1385 (methyl symmetric
deformation, or umbrella, mode, δs(CH3)), 1762 (ν(CO)),
and 2720 and 2990 (ν(C−H)) cm−1, all assignable to gas-
phase propanal, the main product of acrolein hydrogenation
(Figure 7, middle, red trace).
No spectroscopic peaks corresponding to surface species are

discernible in the two spectra discussed above, but, by
subtracting from the p-polarized spectrum similar data
obtained with s-polarized light, the surface features can be
extracted, taking advantage of a well-known surface selection
rule applicable to RAIRS with metals.38,57 The new trace
(Figure 7, top, green), amplified by a factor of 50, clearly shows
new peaks at 1250, 1348, 1705, 1737, 1808, and 2050 cm−1.
The assignment of those peaks to surface species is facilitated
by our previous characterization of the thermal chemistry of
acrolein on Pt(111) since, as it turns out, the spectrum
reported here matches quite well that obtained after annealing
the adsorbed aldehyde under vacuum to temperatures between
280 and 340 K.58,59 In the previous study, we concluded that
the peaks at 1250 (ν(C−C)) and 1348 (δs(CH3)) cm−1

identify ethylidyne (Pt3C−CH3),
60,61 a well-known surface

species seen during many other catalytic olefin hydrogenation
reactions.35,62−70 The peaks at 1705 and 1737 cm−1, on the
other hand, are characteristic of carbonyl stretching modes in
organic molecules (ν(CO)), although the latter could also
be associated with CC motions (ν(CC)); they may
originate from ketene or similar surface species. Finally, the last
two peaks, at 1808 and 2050 cm−1, are assigned to CO bonded
to bridge and atop Pt sites, respectively.51,71,72 CO, and
possibly ketene, may be displaced from the surface by the gas
molecules in the reaction mixture,73 but ethylidyne is much
more difficult to remove and is likely to be the main surface
species blocking catalytic sites as the hydrogenation catalysis
progresses.

4. DISCUSSION
As stated in the introduction, one of the objectives of this work
was to obtain reference kinetic data for the catalytic
hydrogenation of acrolein promoted by metallic Pt. A
Pt(111) single crystal was used both to eliminate any
contribution from other surfaces, in particular any support,
and to deal with a well-defined surface, in this case, the
hexagonal closed-packed (111) plane of the fcc structure of Pt
crystals. Having such control of the nature of the catalytic
surfaces, absolute values for turnover frequencies (TOFs) were
measured as a function of temperature and acrolein and
hydrogen partial pressures. It was found that, in spite of taking
the precautions mentioned above, the kinetics of the
hydrogenation reaction are complex and not easily described
by a simple power rate law. Specifically, the rate dependence
on acrolein partial pressure is approximately first order at low
pressures but levels off and transitions to zero order at higher
pressures. This trend may be explained in part by a Langmuir-
type adsorption behavior in which the pressure dependence
diminishes as the surface becomes saturated with the
adsorbate, but the sharpness of the transition seen here cannot
be fully accounted for by such model. Moreover, the value of
the reaction rate order with respect to the pressure of hydrogen
is somewhere between 1/2 and 1, suggesting a competition
between two rate limiting steps involving atomic and molecular
hydrogen, respectively: the uptake of H2 on the (partially

covered) Pt(111) surface may display rates comparable to
those of the next step, the incorporation of the first hydrogen
atom into an unsaturated bond in acrolein (most likely the
CC bond). The absolute TOF values were found to be in
the range between approximately 3 and 50 (molecules of
acrolein converted per Pt surface atom per second), with the
main product being propanal (from hydrogenation of the C

C bond). These numbers are high relative to those of most
other catalytic reactions, but similar to what has been reported
for the hydrogenation of olefins, and the pressure dependence
is equally consistent with previous reports,2,74 including with
work carried out using Pt nanoparticles75 or Pt single
crystals.41,42,76
The changes in TOF°s with surface temperature are also not

straightforward to explain, as they do not follow an Arrhenius
behavior: the rates do increase with increasing temperature at
first but reach a maximum at approximately 540 K and then go
down. It was also determined that such rates decrease with
time of reaction and do not return to their initial value even if a
fresh reaction mixture is added to the reactor. As for the reason
for this, it was determined that the poisoning is not due to
interference from the products. This is a factor that needed to
be considered here because ours is a batch reactor where the
products accumulate in the reaction mixture over time; that
was ruled out on the basis of the measurement of similar rates
with reaction mixtures initially spiked with either propanal or
propanol. Instead, all the experimental results indicate that the
Pt surface becomes poisoned by the buildup of irreversibly
adsorbed carbonaceous deposits. This is not surprising, as such
behavior has already been widely reported for the hydro-
genation of olefins.35,77,78 Here, the fraction of the Pt surface
uncovered and available for catalytic promotion was estimated
post mortem via titration with CO and quantification of the
resulting TPD data. As expected, more of the surface becomes
covered with carbonaceous deposits at higher reaction
temperatures, a trend that justifies the decrease in apparent
hydrogenation rates above 540 K. After correcting for this
factor, an Arrhenius behavior was seen, and an activation
barrier of 15 kJ/mol was estimated from the kinetic data.
Again, that is a value consistent with what is expected for C

C bond hydrogenation catalysis.2,41,42,74−76

As per the nature of the carbonaceous deposits that build up
on the Pt surface during reaction, in situ infrared spectroscopy
data indicated that those are composed mainly of ethylidyne,
ketene, and carbon monoxide. The latter two have already
been reported as decomposition products from the thermal
activation of acrolein on Pt(111) under UHV.58,59 Regarding
ethylidyne, this is a very common surface species produced by
the dehydrogenation of ethylene (another decomposition
product from acrolein) on metals.35,41,67,68,79−81 It is possible
to displace CO from metal surfaces under atmospheric
pressures of other gases, H2 in particular,73 but ethylidyne is
more difficult to remove and likely to persist as long as there is
acrolein (or another unsaturated hydrocarbon) present in the
gas mixture.35,65
All aspects of the kinetics of hydrogenation of acrolein on

Pt(111) discussed above parallel those seen with olefins as
reactants. In fact, it is the hydrogenation of acrolein to
propanal that dominates this process, also an olefin hydro-
genation reaction; the production of allyl alcohol or propanol
is minimal under the reaction conditions reported here. This
undesirable selectivity to the production of the saturated
aldehyde is what has been reported with supported Pt
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catalysts,7,8 and also what can be expected given the propensity
of unsaturated aldehydes to adsorb on Pt surfaces via their C

C bond.82−87 On the other hand, it is somewhat different to
what we have reported previously on the basis of studies under
UHV using high-flux molecular beams,88 which showed that
full hydrogenation to the saturated alcohol can be a primary
product, accounting for as much as 40% of the total
hydrogenated compounds. The explanation for this difference
relates again to the concomitant deposition of carbonaceous
deposits on the surface during reaction. In our extensive past
studies on olefin hydrogenation promoted by Pt surfaces, we
have learned that the coverages of these deposits depend on
both the gas mixture composition, that is, the ratio of the
hydrocarbon to H2, and the total pressure, and that such
variations in coverage significantly affect the kinetics of the
CC hydrogenation reactions.89 With hydrogen-rich mix-
tures, the surface remains relatively clean, the hydrogenation
rate is approximately first order in P(H2), and the hydro-
genation probability is close to unity. As the relative partial
pressure of the organic reactant is increased, however, the
surface becomes more crowded with irreversible adsorbates,
the rate order on hydrogen slowly approaches zero, and the
reaction probability becomes smaller. We estimate that while
in our previous molecular beam experiments we were probing
the former pressure regime, here we are closer to the latter; this
is also the regime applicable to most realistic catalytic
processes.
The implications of our results are straightforward: the

irreversible deposition of carbonaceous deposits such as
ethylidyne that accompany the catalytic hydrogenation of
unsaturated aldehydes affects both the activity and the
selectivity of the reaction. Because this is a natural process
that accompanies most hydrocarbon hydrogenations, it could
be thought that there is not much that can be done about it.
However, this knowledge can guide our thinking when
designing new catalysts. For one, the alloying of Pt with a
second metal such as Sn can reduce carbonaceous growth; this
is a well-established strategy in oil refining processes,90,91 and
has also been tested with unsaturated aldehydes, although the
rationale offered in that work has been that modification of the
electronic properties of Pt may favor specific aldehyde
hydrogenation steps (not that it reduces the amount of carbon
deposition on the surface, which it does).28,92−94 More
recently, it has been suggested that selectivity in many catalytic
reactions may be tuned via surface modification with specific
organic modifiers.46,95 In our context, this is a way to exert
some control over the coverage and nature of the carbona-
ceous deposits rather than letting those develop organically
during the catalysis.96 These and other strategies can be
developed to reduce or direct the formation of strongly
adsorbed species on the surface and with that tune reaction
selectivity in hydrogenation catalysis.

5. CONCLUSIONS
The kinetics of the hydrogenation of acrolein promoted by
Pt(111) surfaces was measured as a function of both the
temperature and the partial pressures of the reactants. The
main product detected was propanal, but about 10−15% of the
initial acrolein is converted to allyl alcohol. The reaction rate
order with respect to hydrogen was determined to be
approximately 0.66 within the range of conditions used in
our experiments, suggesting that the steps associated with H2
adsorption and the first H addition to acrolein may exhibit

comparable rates. The reaction rate order with respect to
acrolein was estimated to be above 1 at low pressure but to
approach zero at higher pressures, a behavior possibly
reflecting Langmuir-type kinetics for the acrolein uptake and
also surface poisoning. Indeed, experiments where the catalyst
was recycled without any treatment in between indicated that
the reaction rates decrease steadily over time until reaching a
steady-state value, and additional tests where either propanal
or propanol was added to the initial reaction mixture proved
that such poisoning is not due to the accumulation of products
in the gas phase. Instead, it was determined that the reason for
the variable kinetics with time is the buildup of irreversibly
adsorbed carbonaceous fragments on the surface. The extent of
this deposition increases with reaction temperature, and, as a
consequence, an optimal catalytic performance was seen at 540
K; beyond that point, the overall reaction rate decreases with
increasing temperature. The fraction of the surface sites
blocked by these deposits was estimated by performing post
mortem CO TPD titrations, and the apparent turnover
frequencies estimated from our catalytic runs normalized by
that factor to obtain absolute values of the number of acrolein
molecules converted per exposed Pt surface atom per unit
time. An Arrhenius plot of those corrected data followed a
linear trend, from which a value of approximately 15 kJ/mol
was estimated for the activation energy of the reaction. In
terms of the nature of the carbonaceous deposits that poison
the surface during catalysis, in situ infrared absorption
spectroscopy data indicated the formation of ethylidyne,
ketene, and CO, the same products seen during the thermal
decomposition of acrolein adsorbed on Pt(111) under vacuum.
In summary, it was concluded that the growth of the
carbonaceous layer on the Pt surface that accompanies most
hydrocarbon conversion catalysis affects both the activity and
the selectivity of the hydrogenation of acrolein.
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