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The adsorption, thermal chemistry, and catalytic hydrogenation of acrolein on copper model surfaces was
characterized by a combination of surface-science techniques, namely, reflection-absorption infrared
spectroscopy (RAIRS) and temperature program desorption (TPD), quantum mechanics (DFT) calcula-
tions, and catalytic kinetic measurements using a so-called “high-pressure cell”. Adsorption of acrolein
on the Cu surface was found to involve both the carbonyl oxygen atom and the C=C bond. Thermal acti-
vation leads to early dissociation and dehydrogenation to produce acetylene and carbon monoxide below
160 K, and later to the production of ketene (220 K) and propene (260 K). Under vacuum hydrogenation
with H; is not possible, but upon predosing of the surface with atomic H all the possible hydrogenation
products, namely, propanal, 1-propanol, and allyl alcohol, were detected in TPD experiments, at 162, 190,
and 210 K, respectively. Finally, catalytic hydrogenation under atmospheric pressures is slow and only
produces propanal, at turnover frequencies below 0.2 s~'.

© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

High-pressure cell
Adsorption geometry
Reaction kinetics

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Hydrogenation catalysis is quite ubiquotous in the chemical
industry. Many materials have been tested to promote these reac-
tions, and yet, to date, most are catalyzed by late transition metals;
Pt, Pd, and Rh are particularly efficient for these processes [1-3].
Unfortunately, those metals are not very selective, and tend to
hydrogenate most if not all of the double and triple bonds in
organic molecules with multiple unsaturations. In the case of
unsaturated aldehydes, they usually react with the C=C bonds first,
to produce saturated aldehydes (and eventually saturated alco-
hols) [4-8]. Many approaches have been tested to selectively
hydrogenate the carbonyl group and to produce the often desirable
and more valuable unsaturated alcohol instead [9-11], but the
search for catalysts to perform such selective hydrogenation reac-
tions is still ongoing.

One promising option is to use coinage metals such as copper,
silver, or gold to control hydrogenation selectivity. The limitation
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in this case is that those metals are not able to efficiently activate
molecular hydrogen [12-14], the first step required to perform
most hydrogenation catalysis. It has been recently proposed that
it may be possible to combine the H, activation functionality of
metals such as Pt or Pd with the presumed selectivity in hydro-
genation of Cu or Ag by using very dilute alloys of the first with
the second [15-20]. In these so-called single-atom alloy (SAA) cat-
alysts, the more active metal (Pt, Pd) is believed to be present on
the surface in atomic form, and to dissociate H, molecules coming
from the gas phase and to spill over the resulting adsorbed hydro-
gen atoms onto the surface of the majority alloy component (Cu,
Ag) for the hydrogen incorporation steps into the organic reactants
[18,21].

Empirically, it has become clear that SAA catalysts can in many
instances improve the selectivity of hydrogenation reactions [22-
27]. How that occurs, however, is still being debated. Much elegant
surface-science work using model metal surfaces such as single
crystals and controlled ultra-high vacuum (UHV) environments
has been performed, mainly by the Sykes group, to support this
proposed mechanism of how selective hydrogenation may work
with SAA catalysts [23,28-30], and quantum mechanics calcula-
tions have complemented the experimental work [31-33]. On the
other hand, evidence from our group and from others indicate that
the performance of real SAA catalysts, which typically contain SAA
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nanoparticles dispersed on a high-surface-area oxide support, may
be affected by additional factors such as the potential oxidation of
the surface of the nanoparticles and/or the ease with which metals
segregate to the surface or diffuse into the metal bulk upon expo-
sure to various chemical environments [26,34-38].

In addition, the presumed selectivity of coinage metals in
hydrogenation catalysis is assumed but has in general not been
proven. As mentioned above, these metals do not activate molecu-
lar hydrogen, and therefore are difficult to test directly for their
catalytic performance. Instead, we have embarked in a series of
surface-science experiments using atomic (rather than molecular)
hydrogen, complemented with density functional theory (DFT) cal-
culations, to better understand the thermodynamics and kinetics
of the adsorbed species and elementary steps associated with the
hydrogenation of unsaturated aldehydes, specifically on Cu sur-
faces. Our previous published work showed that in the case of cro-
tonaldehyde the molecule prefers to bind to the surface via its
oxygen atom, a configuration that leads to the kinetic preference
of hydrogen addition at the alpha (carbonyl) carbon position [39]
and to the eventual production of the unsaturated alcohol [26].
The behavior of cinnamaldehyde was found to be more nuanced
because the energetics of bonding in several configurations with
different degrees of coordination to the surface are similar and
affected by surface coverage [40], but even in that case Cu-Pt
SAA catalysts have been shown to promote the selective hydro-
genation to the corresponding unsaturated alcohol [26,27]. Here
we report results from our study with acrolein. We find that with
this small molecule multiple coordination to the surface may be
preferred, and that, consequently, hydrogenation may occur pref-
erentially at the C=C bond, to produce the undesirable saturated
aldehyde (propanal) instead. The details follow.

2. Materials and methods

The experimental work reported here was carried out in two
UHV surface-science instruments. The reflection-absorption infra-
red spectroscopy (RAIRS, or IRAS) and the catalytic experiments
were carried out in a two-tier system described in more detail else-
where [39,41]. The main level is used for sample cleaning, which is
performed by a combination of argon ion bombardment and
annealing. A UTI 100C quadrupole mass spectrometer is used for
temperature programmed desorption (TPD) experiments, and here
to analyze the gas mixtures during the course of the catalytic reac-
tions performed in the high-pressure cell (see below); a computer
interface affords the recording of the time evolution of the signals
of up to 15 chosen amus as a function of time. A horizontal long-
travel manipulator is used to resistively heat and liquid-nitrogen
cool and to position the solid sample (a 10-mm-in-diameter, 1-
mm-thick disk made out of oxygen-free polycrystalline copper,
polished to a mirror finish) at the second level of this chamber
for kinetic studies of catalytic reactions. A retractable cell (typically
referred to as a “high pressure cell”, or HPC; with NaCl windows to
be able to perform RAIRS experiments in situ during catalysis) is
used to isolate the solid sample and to expose it to the desired
gases [42]. The cell is connected via two 1/4” stainless-steel tubes
to a close loop that acts as a well-stirred batch reactor, in an
arrangement similar to that used in our lab for non-UHV experi-
ments [43]. A side arm of the reactor’s loop is connected to a leak
valve attached to the UHV chamber in order to continuously mon-
itor the gas composition in the reactor. The RAIRS setup is located
in the atmospheric-pressure cell side of this two-tier instrument
[44,45]: the IR beam from a Bruker Equinox 55 Fourier-transform
infrared (FT-IR) spectrometer is directed through a polarizer into
the inside of the UHV chamber, focused at grazing incidence onto
the sample, and collected by a narrow-band mercury-cadmium-
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telluride (MCT) detector. The entire beam path is purged with
CO,-free and dry air. All spectra were acquired by averaging the
data from 4096 scans taken at a resolution of 4 cm~! and ratioed
against spectra from the clean sample obtained in the same way
but before gas dosing [46,47].

The TPD data were acquired in a second system equipped with a
UTI 100C quadrupole mass spectrometer with an electron-impact
ionizer similar to that in the first chamber, interfaced to a personal
computer capable to collecting data for up to 15 different masses in
a single TPD run [48,49]. An electrical interference that could not
be eliminated lowered the quality of the TPD data, limiting the
amount of information that could be extracted from them, so here
we have restricted ourselves to reporting features that are clearly
seen above the noise level and provide a statistical analysis in
the case of the most relevant data (for the hydrogenation of acro-
lein) to add quantitative support for the identification of the main
desorption peaks (Table 2). This second UHV instrument also has a
50-mm radius hemispherical electron energy analyzer (VSW HAC
5000) and an aluminum-anode (hv = 1486.6 eV) X-ray source to
perform XPS experiments, to check on the cleanliness of the sur-
face, and a rasterable ion gun (Perkin-Elmer PHI 04-300) for sam-
ple cleaning (using 2 KV Ar” ions followed by annealing at 1100 K)
[48,50]. The 10-mm-in-diameter, 1-mm-thick polished Cu(110)
single crystal was mounted on an on-axis manipulator capable of
x-y-z-6 motion and of resistive heating and liquid-nitrogen cooling
[51].

The temperature of both the polycrystalline and the single-
crystal copper surfaces was followed by using K-type thermocou-
ples wedged into a hole drilled on the side of the solid samples,
and controlled by homemade proportional-integral-derivative
(PID) circuits; a constant heating rate of 5 K/s was used in the
TPD experiments. For the experiments on oxidized samples, the
surfaces were exposed to 30 L of O, (Liquid Carbonic, Research Pur-
ity, >99.995 %) at 500 K prior to the adsorption of the unsaturated
aldehyde, a treatment that yields a surface coverage of 6o ~ 0.4 ML
in an incomplete (2 x 1) structure [40,52-54]. Pre-saturation of the
surface with atomic hydrogen was accomplished by flowing H,
(1 x 107 Torr x 300 s; Airgas, >99.99 % purity) through a hot W
filament (resistively heated with 11 V x 14 A ~ 150 W power)
placed in front of the Cu(110) crystal, about 5 cm away [14]. Dos-
ing of the samples was done by backfilling of the chamber using
leak valves, and is reported in Langmuirs (1 L =1 x 10 Torr s),
uncorrected for differences in ion gauge sensitivities. The pressure
in the main UHV chamber was measured by using a nude ion
gauge. Acrolein was purchased from Aldrich (>90 purity), purified
in situ by performing several freeze-pumpthaw cycles, and intro-
duced into either the UHV chambers or the catalytic batch reactor
using its vapor (and leak valves in the UHV cases).

The raw TPD and kinetic data were deconvoluted and calibrated
using a protocol developed in our laboratory to convert mass spec-
trometer signals into partial pressures for the different reactants
and products [55-57]. The signals for 56, 57, 58, and either 59 or
31 amu (59 amu for the TPD, 31 amu for the catalytic kinetics)
were selected for these calculations, as they are important peaks
in the mass spectra of acrolein (2-propenal), allyl alcohol (2-
propenol), propanal, and 1-propanol, respectively; these are the
main reactants and products expected from acrolein hydrogena-
tion. The kinetic data were converted into turnover numbers
(TON, in units of number of organic molecules per copper surface
atom) using an independent mass-spectrometer signal calibration
into gas pressures, the volume of the reactor, and the surface area
of the Cu surface; turnover frequencies (TOF) were then calculated
by numerical derivatization of the TON-versus-time plots, and
reported in units of TON/s [56]. The reported error bars were esti-
mated from the standard deviations around the averages of several
runs carried out under identical conditions.
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DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP),[58] with projector augmented waves
[59]. The exchange-correlation energies have been treated accord-
ing to the generalized gradient (GGA) approximation with Perdew-
Burke-Ernzerhof (PBE) parametrization [60], and Van der Waals
forces have been considered employing the GrimmeD3 correction
method [61]. The one-electron states have been expanded using
the projector-augmented wave basis (PAW) [59], with an energy
cutoff of 400 eV. Surface cells were composed of a slab formed
by 4 monolayers and a vacuum space of 25 A. Both (2 x 2) and
(3 x 3) periodicities in the x-y plane were used, which we associate
with high (8hign = 1/4 ML; ML = monolayer) and low (60w = 1/9 ML)
coverages, respectively. The Brillouin zone has been sampled with
k-point grids of 5 x 5 x 1 and 3 x 3 x 1 for the (2 x 2)and (3 x 3)
surface unit cells, respectively, employing the Monkhorst-Pack
scheme. Reaction pathways and activation energies were calcu-
lated by using the nudged elastic band (NEB) method [62,63]
within the climbing image scheme, as implemented in VASP.

3. Results
3.1. Adsorption

We start our discussion of the characterization of the thermal
chemistry of acrolein on copper surfaces by exploring its adsorp-
tion mode using a combination of RAIRS data and DFT quantum
mechanics calculations. The RAIRS sequences for the uptake of
acrolein at 90 K on both clean (left) and oxygen predosed (right)
polycrystalline Cu surfaces are shown in Fig. 1, and their peak
assignments are provided in Table 1. On the clean Cu, only one
main peak is clearly seen, at 1650 cm™!, for exposures below 5 L,
which was determined to be the dose needed to achieve monolayer
saturation; we identify this feature as originating from the C=0
stretching mode (vC 0)). The peak is red-shifted from its
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1684 cm~! value in solid acrolein, an indication that there is a
direct interaction between the carbonyl group and the surface.
Moreover, its relatively high intensity suggests that the C=0 bond
is oriented at an angle from the surface plane (based on the surface
selection rule that applies to RAIRS on metal surfaces [47,64]).
Additional weaker features can be observed in the 5 L spectrum
as well, at approximately 986, 1176, and 1427 cm™!, corresponding
to methylene wagging (®(CH;)), carbon-carbon single-bond
stretching (v(C—C)), and methylene scissoring (7(CH,)) modes,
respectively. Conspicuously absent is the peak for the stretching
of the C=C double bond, a result that may be interpreted as being
the consequence of having such bond lying parallel to the surface
(although this is not conclusive, since the feature shows a low
intensity even in the IR of the pure solid). A rehybridization of
the C=C bond, typical in the adsorption of unsaturated carbon-car-
bon bonds on metals [8,65,66], can explain why both the wagging
and scissoring modes of the methylene moiety are seen (implying
that its plane must not be parallel to the surface), and also why the
C—C single bond (next to the carbonyl moiety) is detectable in the
RAIRS as well.

Exposures larger than 5 L lead to the condensation of acrolein
on the surface. This is clearly manifested by the growth of the
new peaks at 1165 (v(C—C), slightly red-shifted from the value in
the monolayer), 1365 (8;,(CH)ai4, an in-plane deformation motion
of the aldehyde hydrogen atom), 1426 (y(CH,), now sharp), 1610
(v(C=C), weak but observable), and 1697 (v(C=0)) cm~. Adsorp-
tion on oxygen pre-treated surfaces follows approximately the
same sequence of events, except that in the acrolein monolayer
the y(CH,) is less visible and a weak signal at 1350 cm~! is seen
for the &;j,(CH).aq mode instead. This suggest a new adsorption
geometry with less C=C rehybridization and an aldehyde group
oriented at more of an angle from the surface plane.

The structure of the adsorbed acrolein was estimated using
quantum-mechanics DFT calculations. Fig. 2 summarizes the
results for the optimized adsorption energies of several binding

Acrolein/Cu RAIRS Acrolein/CuO, RAIRS
Uptake Uptake
I 0.001 Tads = 90K 0.001 Tags =90 K
@ |Exposure Q
= c
o ] 156L
= e
<o MO TN e
-M"\.—""*\—"j\' 8L . M\ WM
_M&.MWJ\_ ___M_ﬁw
_W—SML—@“‘W‘\A
| 3L (x2 —W\NSVI—_M-MWW
_M -thmw
2000 1500 1000 2000 1500 1000

Wavenumber / cm™!

Wavenumber / cm’

Fig. 1. RAIRS of acrolein adsorbed on clean (left) and oxygen-pretreated (right) polycrystalline copper surfaces at 90 K. Data are provided as a function of acrolein dose. The

spectrum of liquid acrolein is provided at the top for comparison.
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Table 1
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Peak assignment of the peaks in the RAIRS data in Fig. 1, for acrolein adsorbed on clean and oxygen-predosed Cu surfaces. Data for pure liquid acrolein and for acrolein condensed

on Pt(111) are also provided as references.

Mode* 8L Acrolein/Cu 8L Acrolein/O/Cu Acrolein, Solid” Condensed, Pt(111)"
®(CHy) 986 (s) 989 (s) 993 (s) 993 (s)

v(C—C) 1176 (m) 1174 (m) 1159 (m), 1161 (m) 1166 (m)

Sip(CH)aia 1350 (w) 1365 (m) 1367 (m)

v(CH,) 1427 (w) 1425 (w) 1427 (w)

V(C=C) 1610 (w) 1612 (w) 1618 (w) 1618 (w)

V(C=0) 1650 (s) 1650 (s)

V(C=0) 1697 (s) 1693 (s) 1684 (s) 1662 (m), 1700 (s)

a

b Ref[67].
¢ Ref[68].
0
] Acrolein/Cu(111)
- 1 Adsorption Energetics, DFT
i -40 cis, Low B ;“—B trans, High 8
o 1
E
E‘_ -60—- 5 1 trans, Low 0
] 1 e
u’ cis, High 8 P
-80-
-100- @ %

1

n'-0  n*>0C,; n*C,Cz n*-0C,C; n*

Fig. 2. DFT-calculated energies for different adsorption modes of acrolein on a Cu
(111) surface. Shown are values for 5 types of coordination, going from a single
bond to the oxygen atom (n'-0) to full coordination to all three carbons and the
oxygen atom (n?%). Also provided are values for both cis and trans isomers of
acrolein, and for adsorption on a small ((2 x 2)) and on a larger ((3 x 3)) unit cell,
representing surface coverages of 6 = 1/4 (high) and 6 = 1/9 (low) monolayers,
respectively. The structures of the most stable structures are shown as well (other
structures are provided in Fig. S1, Supporting Information).

configurations with increasing number of coordination atoms,
transitioning (from left to right in Fig. 2) from a single bond to
the oxygen atom (n'-0) to full coordination to all three carbons
and the oxygen atom (n*). Both cis and trans isomers were consid-
ered, and values for two surface coverages, labeled “low” (6 = 1/9,
calculated using a (3 x 3) unit cell) and “high” (6 = 1/4, employing a
(2 x 2) unit cell), are reported. Several lessons are easily extracted
from these data. For one, it is clear that adsorption in the cis con-
figuration is more stable than in the trans counterpart. It is also
noticeable that multiple coordination generally stabilizes the cis
isomer but destabilizes the trans isomer. In the end, the most
stable coordinations to the surface were determined to be the n*
and M3-0C5C, bondings at low and high coverages, respectively,
both in cis configurations. The structures of these adsorbates, also
shown in Fig. 2, are consistent with the RAIRS data, in that bonding
to the surface involves a strong interaction with the oxygen atom
(leading to the rehybridization responsible for the red shift of the
v¥(C=0) peak) and additional coordination of the C=C bond with
its axis parallel to the surface. In this arrangement, the C—C single
bond is at an angle from the surface plane, and so is the aldehyde
plane; hence their detection in the vibrational data. The structures
of the other bonding modes are reported in Fig. S1 (Supporting
Information).
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o = wagging, v = stretching, 5 = deformation, y = scissoring, ip = in-plane, ald = aldehyde, s = strong, m = medium, w = weak.

3.2. Thermal reactivity

The thermal chemistry of acrolein adsorbed on a Cu(110) single
crystal surface was characterized by TPD. Multiple experiments
were carried out to cover a wide range of values of amus, to help
identify the relevant desorption products, and also as a function
of exposure. Fig. 3 displays key traces in the 14 to 31 amu range
after adsorption of 3, 7, 11, 15, and 20 L acrolein at 85 K. It is seen
there that, at all coverages, peaks are only seen for 26, 27, 28, and
29 amu, with maximum signal about 170 K. Most of those signal
are associated with molecular acrolein desorption, but there is an
excess contribution in the 26 amu trace in the low-temperature
side, around 160 K, which we identify as coming from acetylene;
this is the most obvious in the low-dose spectra (first two panels
of Fig. 3). The 28 amu spectrum also displays excess intensity in
its low-temperature end, around 150 K, coming from the produc-
tion of carbon monoxide; it appears that some of the adsorbed
acrolein undergoes a scission reaction at the C—C single bond, fol-
lowed by dehydrogenation to produce CO and HC=CH. Further-
more, there is some excess signal in the 27 amu trace originating
from propene, as discussed next. On the other hand, the absence
of any signal for 30 amu rules out the formation and desorption
of any formaldehyde.

The left panel of Fig. 4 reports the corresponding TPD traces in
the 37 to 41 amu range from a Cu(110) surface dosed with 15 L
acrolein. Clear peaks are seen around 260 K in the 39, 41, and 42
amu traces, with approximately 0.9:1.0:0.6 area ratios, as expected
for propene. The 42 amu trace does peak at a lower temperature, at
about 220 K, and shows additional intensity likely coming from
ketene. This additional chemistry yielding propene and ketene
does take place at higher temperatures than that required for sim-
ple splitting of the molecule into CO and acetylene, and most likely
represents a parallel decomposition pathway. In terms of the
potential production of water, none is seen on the clean Cu(110)
(the center panel of Fig. 4 does not show any discernible signal
in the 18 amu trace), but some water is produced if the surface
is predosed with oxygen (Fig. 4, right panel), in two stages at
around 420 and 470 K. It is likely that the coadsorbed oxygen
atoms help with hydrogen extraction steps, to form surface OH
(ads) intermediates and ultimately H,O.

3.3. Acrolein hydrogenation

The TPD data in the 39-60 amu range for 7 L acrolein adsorbed
on Cu(110) are summarized in Fig. 5. On the clean Cu(110) surface
(left panel), the main signals are seen in the 55 and 56 amu traces,
which show peaks at approximately 170 K, skewed toward the
high-temperature side; these correspond to acrolein molecular
desorption. Moreover, a second sharp feature starts to grow at
165 K after exposures > 7 L due to multilayer condensation (a small
feature is already seen in the traces in Fig. 5). Broad and weak fea-
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L} 10T
Acrolein/Cu(110) TPD
3 L Exposure 7 L Exposure 11 L Exposure 15 L Exposure 20 L Exposure
M Togs = 85K

€ 28 amu My 28 2 | 28 amu TG v
_E' 31 amu | 31 amu 31 amu
.E 30 amu 30 amu A0 A
s 02 gy 2220 | (x2) 5 29 amu x o9 Amil
B a2l [ 27 amu N | g
= 25 amu 25 amu 25 amu 25 amu

24 amu 24 amu 24 amu

100 200 300 400 200 300 400 200 300 400 200 300 400 200 300 400
Temperature /K

Fig. 3. TPD traces from acrolein adsorbed on a Cu(110) surface. The five panels correspond to data obtained for increasing surface coverages, after 3,7, 11, 15, and 20 L doses,
all at a surface temperature of 85 K. Each panel reports traces for, from bottom to top, 14, 24, 25, 26, 27, 29, 30, 31, and 28 amu.

11 1
15 L Acrolein/Cu(110) TPD
CzHg from Cu(110) H,0 from Cu(110) H,0O from O/Cu(110)
T .4s(Acrolein) = 85 K Exp(0,) = 50 L, Ty = 500 K
~
a MUW\WMWW 17 amu 17 amu
~ am HH 16 amu 16 amu
S et
5’ 9 amu 15 amu 15 amu
7 S Y
2} 14 amu 14 fi
= 38 amu
VAV g SP—c 7
M W
100 200 300 300 400 500 600 400 500 600
Temperature / K Temperature / K

Fig. 4. TPD data from 15 L acrolein adsorbed on a Cu(110) surface at 85 K. Left: Traces for 37, 38, 39, 41, 42, and 43 amu, used to identify propene. Center: Traces for 12, 13,
14, 15, 16, 17 and 18 amu, used to probe the possible formation of water. Right: similar set of data to that in the center panel but for experiments on a Cu(110) surface

pretreated with O, (50 L, 500 K).

tures are seen in the 57 and 58 traces, starting at 185 K, indicating
that some minor hydrogenation may take place in this case, likely
via the incorporation of surface hydrogen atoms generated by the
decomposition of some of the acrolein molecules discussed above.
Pretreating the surface with oxygen inhibits this hydrogenation
pathways, and enhances the yields for molecular desorption
(Fig. 5, second-from-left panel). Predosing molecular hydrogen also
results in acrolein molecular desorption only, without any hydro-
genation; H, does not adsorb on copper surfaces under the condi-
tions of the experiment [12-14]. On the other hand, predosing the
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Cu(110) substrate with atomic hydrogen opens a number of
hydrogenation reaction channels: detectable signals are seen in
the 57 to 60 amu traces of the TPD in this case (Fig. 5, second-
from-right panel). In fact, it is clear that several hydrogenation
products are made, because different peaks with different shapes
are seen in each of those four traces. This becomes clearer once
the data are deconvoluted into the different potential products
(following the analysis mentioned and referenced in the Materials
and Methods section), as shown in the far-right panel of Fig. 5. In
spite of the large noise associated with these data, all three hydro-
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i 1
7 L Acrolein Hydrogenation/Cu(110) TPD
Cu(111) O,/Cu(111) Ho/Cu(111) H/Cu(111) Raw H/Cu(111)
T ags(Acrolein) = 85 K Exp(0,) =50L Exp(H,) = 3000 L Exp(H,) = 3000 L Deconvoluted
- Earan Toags(02) = 500 K Hot Filament
= 60 amu 168 K
g 59'4m
a Sda ;
E Acrolein
—
E 56 amu 90K 1P :
[=1] 7 =-Fropano
b (x0.5 55 amu 55 amu
» (x05) * 54 am (x0.5)
= 162K Propanal
53 al ,
2
et 210K Aliyl Alcohal
39 amu
100 200 300 400 200 300 400 200 300 400100 200 300 400 200 300 400

Temperature / K

Fig. 5. TPD traces in the 39-60 amu range from 7 L acrolein dosed on Cu(110) surfaces at 85 K. Left: Adsorption on the clean surface. Second-from-left: Adsorption on a
oxygen pretreated (50 L O, at 500 K) surface. Center: Adsorption on a surface predosed with 3000 L H,. Second-from-right: Adsorbed on a surface predosed with atomic
hydrogen (3000 L H, dose through a hot filament). Right: Deconvoluted spectra for the atomic-hydrogen predosing case.

Table 2

Summary of data from a statistical analysis of the TPD for 7 L acrolein adsorbed on a Cu(110) surface predosed with atomic hydrogen (Fig. 5, right panel).

Compound Peak T [ K Peak Range | K Peak Area | V K RMS x AT [V K
Acrolein 168 150-200 35.2 7.7
Propanal 162 150-180 8.9 4.1
1-Propanol 190 170-220 9.3 4.6
Allyl Alcohol 210 160-260 259 5.4

genation products are seen: propanal, in a peak at 162 K, 1-
propanol, at 190 K, and allyl alcohol (1-propenal), in a broad fea-
ture centered around 210 K. To make sure that the reported fea-
tures are real, a statistical analysis was carried out to compare
the areas under these peaks against the areas expected on flat
traces with equivalent levels of RMS (root mean square) noise;
The resulting numbers, summarized in Table 2, show that all the
reported peaks are at least a factor of two larger than the area from
the baseline, clearly above the noise. Significantly, propanal
appears to be the most energetically favorable product, as it des-
orbs at the lowest temperature, whereas allyl alcohol seems to
be the least (although it shows the highest yield, about 25 % of
all desorption). This trend is opposite to that seen with other
unsaturated aldehydes [14,26], and suggests that Cu-based catalyst
may not promote acrolein hydrogenation with the desired selectiv-
ity toward the unsaturated alcohol. We address this point in more
detail below.

To better understand the selectivity observed in the TPD traces
for the hydrogenation products in the case of coadsorbed acrolein
and atomic hydrogen, DFT calculations were performed to estimate
the adsorption energies and configurations of the likely intermedi-
ates and the activation barriers for the hydrogenation steps. First,
all possible optimized structures were calculated for adsorbed
acrolein after the addition of either one or two hydrogen atoms:
the results, starting from the n*-cis and n2-C,Cs-trans acrolein
structures on the (3 x 3) unit cell, are provided in Figs. S2 and
S3, respectively (Supporting Information). In both cases, addition
at the C, position (that is, the carbon farthest from the oxygen
atom) is the step that yields the most stable monoprotonated spe-
cies (mH,4 in our nomenclature, where m stands for “mono”, that is,
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one single H addition, and the number 4 corresponds to the 4th
atom counting from the O end); protonation at the C, position
(mH,) is a distant second preference. For the cis isomer, the most
energetically favorable place to add the second hydrogen atom is
at the Cg position, to produce adsorbed propanal (dHs4 in our
nomenclature with d standing for “di”, that is, for the addition of
two hydrogen atoms). With the trans isomer, the second H addition
is preferred at the O atom instead, to produce an enol species (1-
propenol, or dH; 4 in our nomenclature). However, in both cases
the adsorption energies of the propanal (dHs4) and 1-propenol
(dH; 4) are quite close, within the error of the calculations, so it
is difficult to determine which species would be the one that is
preferentially produced. 2-propenol (allyl alcohol, dH; ), by con-
trast, is 30-35 kJ/mol less stable on the Cu(11 1) surface than either
of the other two structures.

A similar trend in terms of adsorption stability was reported by
us already for the adsorption of crotonaldehyde on Cu(111): the
most stable products from the hydrogenation of crotonaldehyde
are also the mH, and dHs 4 (butanal) adsorbed species [26]. How-
ever, in that case it was determined that selectivity toward the pro-
duction of the unsaturated alcohol, as seen experimentally, is due
to a kinetic control because of the high barrier for the addition of H
atoms to the C=C bond in the adsorbed unsaturated aldehyde. A
similar determination of the potential energy pathways for the dif-
ferent possible hydrogenation reactions was made here for acro-
lein on Cu(111). In Fig. 6 the results from calculations starting
with the m*-bonded cis isomer on a (3 x 3) Cu(111) unit cell,
the most stable species identified in our calculations at low cover-
ages, are shown. It can be clearly see there that in this case the path
with the lowest activation barrier is the incorporation of a H atom
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Fig. 6. DFT-calculated potential energy pathways for the incorporation of the first
hydrogen atom to n*-cis-acrolein adsorbed on a Cu(111) surface (using a (3 x 3)
unit cell). Shown are the optimized routes for the addition to the four possible
positions, to the oxygen atom and to each of the three carbons (nomenclature: mHy,
where m stands for “mono” indicating the addition of only one hydrogen atom,
and x indicates the addition position: 1 =0, 2 = Cy, 3 = C, and 4 = Cy). Also provided
are the structures of the transition states and the final adsorbed species. The
starting point in all cases is the Cu(111) surface with coadsorbed acrolein plus one
hydrogen atom.

into the C, position (mH,); whereas the activation energies for that
path is approximately 40 kJ/mol, the barrier for the three other
reactions range from 66 kJ/mol (to produce mH;) to 73 kJ/mol
(mH,; the barrier for mHs is 71 kJ/mol).

The energetics of the reaction coordinates of other possible
hydrogenation pathways for the most stable acrolein species
adsorbed at low ((3 x 3) cell) and high ((2 x 2) cell) coverages,
in the n4—cis and n3—OC2C3 configurations, respectively, are
reported in Figs. S4 and S5 (Supporting Information). The energies
are referenced to a system with both acrolein and two hydrogen
atoms adsorbed on Cu(111) far away from each other; a small
amount of energy, on the order of 10 kJ/mol, is required for the
H(ads) atoms to diffuse to positions close to the acrolein so reac-
tions between the two species can take place, but inclusion of that
step just displaces the energy scale for all cases and does not mod-
ify the trends observed in the data. As already shown in Fig. 6,
Fig. S4 indicates that at low coverages the first H atom is added
to the C atom farthest from the O atom, to produce the mH, inter-
mediate. It can also be seen there that the second H incorporation
requires less energy, and can produce either propanal (the dHa3
pathway) or 1-propenal (an enol intermediate, the dH4; route);
the energy difference between the two activation barriers is small,
less than 10 kJ/mol. At high coverages (Fig. S5, Supporting Informa-
tion), H addition at the Cz atoms may be the most favorable, but the
resulting intermediate (mHs) is likely to be a dead end. Instead, the
dH,43 and dHy4; are likely to be the most feasible reaction routes:
the activation barrier for the first H addition (mH,) is 77 kJ/mol,
only 12 kJ/mol larger than that for the mH3 pathway, and the acti-
vation energy values for the second step are 39 (dH4;) and 44
(dH43) kJ/mol, with a small but negligible preference for the forma-
tion of the enol.

Comparison between these energy values calculated using DFT
and the experimental TPD data is in principle possible but needs to
be done with caution. Generally, the peak temperatures in TPD can
be used to estimate activation barriers [69-71], but some assump-
tions need to be made. In our case, things are complicated by the
fact that the hydrogenation steps are second order and depend

263

Journal of Catalysis 414 (2022) 257-266

on the coverages of both acrolein (or the first hydrogenated inter-
mediate if the second step is rate limiting) and atomic hydrogen.
To simplify the calculations, here we assume that the Cu(110) sur-
face is saturated with H (03 ~ 1 ML) and that the kinetics follows a
pseudo-first order dependence on the coverage of acrolein. Next,
an adequate value for the pre-exponential factor needs to be
guessed. When dealing with molecular desorption, high values,
on the order of 1 x 10" to 1 x 10" s, are typical, but because
these hydrogenation reactions are in reality second order, a lower
value needs to be used. For propanal production, a pre-exponential
factor of 1 x 10" s~! yields an estimated barrier of 40 kJ/mol, in
line with the low-coverage (0acrolein = 1/9 ML) activation energy
calculated by DFT. The higher desorption temperatures for allyl
alcohol and 1-propanol can then be explained by higher barriers
for the incorporation of the third and/or fourth hydrogen atoms
into the enol surface intermediate predicted by DFT. In the end,
though, the most that can be safely said from this discussion is that
the DFT calculations are consistent with the experimental results.

Finally, catalytic experiments were carried with the polycrys-
talline Cu polished disk using the high-pressure cell described in
the Materials and Methods section. Typical kinetic data, in the form
of turnover numbers (TON) versus time for the consumption of
acrolein and for the production of the different products, are
shown in Fig. 7. Two runs are reported there, for acrolein partial
pressures of 2 (left panel) and 4 (right) Torr, both mixed with
300 Torr Hy; the catalysis was carried out at 490 K. A fast transient
was observed within the first 5 s of starting the reaction, leading to
the apparent consumption of significant amounts of acrolein and
the production of both allyl alcohol and propanal. Most likely, this
is an experimental artifact, or perhaps catalysis occurring rapidly
on particularly active sites that get rapidly deactivated. Almost
undetectable steady-state catalytic activity is seen afterwards, as
expected because of the poor performance of copper for the activa-
tion of H,. There does seem to be a slow production of propanal,
however, more noticeable for the 4 Torr acrolein case; a turnover
frequency (TOF) of 0.18 s~! was estimated in that case. This value
is orders of magnitude lower to that seen in typical hydrogenation
catalysis with platinum model and real catalysts [2,42,72-75]. In
any case, it also indicates that selectivity is directed toward the
production of the saturated aldehyde, not the unsaturated alcohol
as desired.
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Fig. 7. Kinetics of the catalytic hydrogenation of acrolein promoted by a polished
polycrystalline Cu disk, measured using a “high-pressure cell” surface-science
apparatus. Data are provided for two cases, with 2 (left panel) and 4 (right) Torr
acrolein mixed with 300 Torr H and topped off with 600 Torr Ar, for reactions run
at 490 K. The data were acquired using a mass spectrometer, and deconvoluted as
explained in the Materials and Methods section to estimate the temporal evolution
of the partial pressures of the reactant (acrolein) and of the different products
(propanal and allyl alcohol), in units of TON. The TOFs for propanal, calculated via
numerical derivatization of these plots, are reported as well.
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4. Discussion

As stated in the Introduction, the main goal of this work has
been to characterize the adsorption and thermal reactivity of acro-
lein on copper surfaces with the aim to put that knowledge in per-
spective and to understand the potential ability of copper-based
catalysts to promote hydrogenation reactions selectively. The
research was divided in several parts, starting with a study of the
adsorption of acrolein. The RAIRS data obtained for the uptake of
acrolein on a Cu polished polycrystalline surface clearly indicate
a strong interaction of the carbonyl group, most likely via the oxy-
gen atom, with the metal, leading to a significant rehybridization
of the C=0 bond and to a red shift in the frequency of the stretch-
ing frequency of that bond. The high intensity of the corresponding
IR peak also suggests that the C=0 bond is likely not oriented par-
allel to the surface plane. In addition, the lack of a peak for the
stretching vibration of the C=C bond suggests a possible flat orien-
tation for that moiety. This behavior appears to be common for
unsaturated aldehydes on metal surfaces. The adsorption of acro-
lein has so far been characterized by RAIRS on Pt(111)
[68,76,77], Ru(001) [78], Pd(111) [79,80], Ag(111) [81], and Au
(111) [82], as well as on Ag [67] and Au [82] films, and in most
the C=C bond seems to be oriented parallel to the surface, at least
at low coverages.

Similar results were also reported by us in the past in connec-
tion with the adsorption of crotonaldehyde [26,39], and DFT calcu-
lation for cinnamaldehyde indicated a preference for binding via
the oxygen atom as well [40]. It would therefore be tempting to
conclude that the behavior of unsaturated aldehydes on copper
surfaces occurs mainly via an interaction of the carbonyl group
with the substrate, and that the C=C double bond orients itself par-
allel to the surface plane but does not participate in its thermal
chemistry. However, the results from our DFT calculations with
acrolein, reported above, highlight significant differences when
compared with the previous reported results involving other mole-
cules, and point to the uniqueness of acrolein as a surface species.
In particular, Fig. 2 shows that the acrolein always prefers to adopt
a cis configuration, like cinnamaldehyde [40] but in contrast with
crotonaldehyde, where the trans isomer sometimes dominates
[39]. Also, acrolein appears to exhibit multiple coordination to
the surface involving both C=C and C=0 bonds.

This new coordination is perhaps the reason why acrolein
adsorbed on copper shows high thermal activity. Specifically, the
TPD data in Figs. 3 and 4 show an ease for the scission of the
C—C single bond, to produce acetylene and carbon monoxide at
temperatures as low as 150 to 160 K, and additional conversion
to ketene (220 K) and propene (260 K) at higher temperatures.
Dehydrogenation steps are also manifested by the detection of
small amounts of self-hydrogenation (Fig. 5, left panel). It is worth
noticing that these activation steps, in particular the decarbonyla-
tion reaction, take place at quite low temperatures. It could be that
they occur on defect sites on the surface. However, given that the
yields are significant, they may also be explained by the open nat-
ure of the Cu(110) surface, which displays a large fraction of low-
coordination Cu sites. One possible explanation here is that the
multiple coordination bonding of acrolein may involve Cu atoms
at both the top and trough rows of the Cu(110) plane. In future
studies, we plan to compare the adsorption of acrolein on such
open surface to that on Cu(111) to identify any potential differ-
ences that may explain the high reactivity seen here.

We also tested the possibility of enhancing the reactivity of the
Cu surface by adding atomic oxygen, given that for other oxy-
genates such treatment has been shown to enhance hydrogen
extraction steps [83], and because hydrogenation catalysis with
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copper-based SAA catalysts may take place on partially oxidized
surfaces [26]. However, not much difference in the surface chem-
istry of acrolein was observed here between the clean and
oxygen-predosed surfaces: if anything, there is less decomposition
and more molecular desorption in the latter case (Fig. 4, right
panel), and the self-hydrogenation steps are blocked at the
expense of water formation (Fig. 5, left two panels).

Next, we discuss the possible promotion of hydrogenation reac-
tions by Cu surfaces. Under UHV, the TPD experiments reported in
Fig. 5 indicate that it is difficult to make adsorbed acrolein react
with molecular hydrogen (Fig. 5, center), and that atomic hydrogen
has to be supplied to test any reactivity. On the other hand, the two
right panels of Fig. 5 show that, when this is done, hydrogenation
products can be clearly detected. It is interesting that all three pos-
sible hydrogenation products are seen, namely, propanal (at
162 K), 1-propanol (at 190 K), and allyl alcohol (in a broad temper-
ature range centered around 210 K). Again, this contrasts with the
behavior of other unsaturated aldehydes: with cinnamaldehyde,
about two thirds of the molecules that react form the unsaturated
alcohol and the rest the fully hydrogenated alcohol, and saturated
aldehyde production is restricted to a few percent yield [14]. No
such selectivity was identified here with acrolein.

A straightforward explanation for the different behavior of acro-
lein in these systems is provided by the calculations summarized
in Figs. S2 to S5 (Supporting Information) and in Fig. 6. In all the
cases studied to date the species produced by hydrogenating the
C=C bond (saturated aldehydes) are more stable than those result-
ing from C=0 hydrogenation (unsaturated alcohols), but with cro-
tonaldehyde, for instance, adsorption is via the oxygen atom of the
carbonyl group and the C=C bond is too far from the surface to be
reactive: the C=0 bond hydrogenates first because the activation
barrier to add the first H atom to the C=C bond is much higher
[26]. With acrolein, by contrast, adsorption involves the C=C bond,
and H addition to the end carbon atom is the most facile hydro-
genation step (Fig. 6). The story is somewhat more nuanced, how-
ever, because all three products were detected in the TPD
experiments. One possible explanation may have to do with the
energetics of the second hydrogenation step, since the incorpora-
tion of a second H atom into the half-hydrogenated mH, surfaces
species at the Cg atom or at the oxygen end produce surface species
(propanal and 1-propenol, respectively) with similar activation
barriers and adsorption energies (Figs. S2 to S5, Supporting Infor-
mation). It could be argued that if some enol species is formed
on the surface, that intermediate could then undergo a number
of isomerization and hydrogenation steps to produce not only allyl
alcohol (1-propenol) but also 1-propanol. It is relevant to mention
here that a similar argument was put forward by us to justify why
1-butanol is a primary product during the hydrogenation of cro-
tonaldehyde on Pt(111), as determined in molecular beam exper-
iments [84].

Finally, we briefly discuss the results from the catalytic exper-
iments reported in Fig. 7. Ignoring the initial jump in the concen-
trations of the allyl alcohol and propanal products, which is likely
to come from experimental artifacts, it is seen that the polished
polycrystalline Cu surface used here is quite inefficient at sustain-
ing catalytic hydrogenation reactions. Only a small amount of pro-
panal seems to be produced, and this at rates orders of magnitude
lower than those seen with other transition metals. Moreover, pro-
panal is the undesirable product; if a second metal where to be
added in small amounts to help activate molecular hydrogen, as
it is presumed to happen with SAA catalysts, chances are that
the resulting catalysis would not be selective for the production
of the desirable allyl alcohol. This hypothesis needs to be tested
still, though.
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5. Conclusions

It was found here that the adsorption of acrolein on Cu surfaces
involves bonding through the carbonyl oxygen atom: the C=0
stretching frequency shifts down by approximately 50 cm™!, indi-
cating rehybridization and weakening of that bond. On the other
hand, the signal for the C=C stretching frequency is not detectable
by RAIRS, suggesting adsorption with that bond oriented parallel to
the surface. DFT calculations corroborate this interpretation, and
indicate that the molecule prefers to adopt a cis configuration
and multiple coordination to the metal: an n* mode was found
to be the most stable at low surface coverages, and a n3-0C,Cs
mode the preferred one as the coverage is increased.

Thermal activation of acrolein adsorbed on a Cu(110) single-
crystal surface during TPD experiments leads to some dissociation,
first to yield carbon monoxide and acetylene, which desorb at 150
and 160 K, respectively, and later to produce ketene, at 220 K, and
propylene, at 260 K. Most of the adsorbed acrolein desorbs molec-
ularly, however, and a small fraction undergoes self-hydrogenation
with the atomic surface hydrogen released by the dehydrogenation
steps that produce the CO and acetylene. Preadsorption of oxygen
on the surface blocks this latter pathway by scavenging the H
atoms to produce water, at 420 and 470 K.

Pre-exposure of the surface to molecular hydrogen does not
alter this chemistry in any significant way, given that copper sur-
faces are not efficient at activating the H—H bond and therefore
do not uptake hydrogen. Predosing with atomic hydrogen gener-
ated in the gas phase, by contrast, does result in the promotion
of hydrogenation reactions. All three main expected products are
seen in the TPD in this case, namely, propanal (at 162 K), 1-
propanol (at 190 K), and allyl alcohol (in a broad feature centered
around 210 K). The preference for the formation of the saturated
aldehyde, typically the undesirable product and not the one seen
with crotonaldehyde, is justified by the low activation energy for
the incorporation of the first hydrogen into the carbon atom far-
thest from the oxygen (C,), approximately 40 k]J/mol according to
DFT calculations; the barriers for hydrogen addition to any of the
other atoms in acrolein are on the order of 70 kj/mol. On the other
hand, although the energetically preferred species resulting from
the addition of two H atoms to acrolein on Cu(111) is adsorbed
propanal, an enol intermediate (1-propenol) is almost as viable,
and could form and further isomerize at higher temperatures to
yield the other two products.

Finally, polycrystalline Cu surfaces do not promote much
hydrogenation catalysis. The conversion of acrolein with such cat-
alysts under atmospheric pressures is quite slow, almost under the
detectability of the instrumentation used here. With 2 Torr acro-
lein (and 300 Torr Hy, at 490 K), the reaction turnover frequency
measured is within our experimental error, but with 4 Torr acro-
lein a steady-state TOF of approximately 0.2 s~! was estimated.
Unfortunately, the only product detected was propanal. It appears
that, with acrolein, copper does not promote the desired selective
hydrogenation to the unsaturated alcohol, and may therefore not
be a good choice to use in single-atom alloy (SAA) catalysts for this
purpose. In this, acrolein behaves differently than crotonaldehyde.
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