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ABSTRACT: Ethanol is one of the most important industrial chemicals Ethanol Acetaldehyde Ethyl Acetate
considering its wide range of uses. From ultrahigh vacuum (UHYV)

experiments, we were able to effectively produce acetaldehyde and ethyl
acetate on a Pd—Au model catalyst. The presence of oxygen at the Pd—Au o0 pros
interface sites was found to be highly reactive for ethanol dehydrogenation, o OH

significantly increasing acetaldehyde production and promoting cross-

esterification to produce ethyl acetate. Density functional theory ‘% :.
calculations show that compared to the bare PdAu(111) surface, the

presence of preadsorbed oxygen and the subsequently formed hydroxyl ® . [ YY) . .

group leads to highly active and selective initial ethanol dehydrogenation at . PS @~
the O—H and a—C-H position, which was corroborated by isotope-labeling ‘ . ° g“

experiments. Specifically, using temperature-programmed desorption with

the isotope CD;CH,OH, we identified C—C bond breakage through methane production. Furthermore, the simultaneous
desorption of D, with ethyl acetate from the oxidation of CD;CD,OD suggests that the abstraction of hydrogen from
acetaldehyde and/or ethanol is a relevant step in ethyl acetate production, which is supported by our theoretical predictions.
These results shed light on the mechanistic pathways of having oxygen and ethanol coadsorbed on Pd—Au surfaces, which has
significant implications for industrial applications such as fuel cells where catalytic design plays a major role in the efficiency of
power production.

KEYWORDS: Pd—Au alloy, density functional theory, dehydrogenation, esterification, temperature-programmed desorption

B INTRODUCTION worthwhile to investigate the oxidation of ethanol to further
elucidate relevant steps in its reactions.

Esters are among the many products that can result from
ethanol reactions. Esterification is a very important industrial
reaction that results in the production of many common
products such as biofuels, surfactants, food preservatives,
cosmetics, and pharmaceuticals."* Biocatalysis involving
enzymatic esterification has made plenty of progress in biofuel
production, especially lipase-catalyzed esterification.'> Consid-
ering the limitless access to cellulose, esterification involving
this plant-based molecule has major industrial implications.'®

Considering its renewability, relative ease to produce, trans-
port, and store, its low toxicity, and its diversity of application,
ethanol is a molecule of industrial significance. To contribute
to the hydrogen economy, much work has been done
regarding steam reforming of ethanol to produce hydrogen
for fuel cells'™ and other uses.’”” Furthermore, electro-
catalytic oxidation of ethanol has received much interest
8=10 Having use as a fuel,
ethanol is also a desired product from syngas (H, and CO)

because of direct ethanol fuel cells.

reactions.''~'* Many of these industrial processes require There is also work in biodiesel production from the
ethanol reactions in the presence of oxygen or another oxidant esterification of oleic acid with ethanol.'” However, some of
as part of the production or limitation of the desired products. these processes are homogeneous reactions, making it difficult
On the industrial scale, many factors such as pressure, reactant to separate the catalyst from the products and reactants.
distribution, temperature, and support material influence the Therefore, it is important to develop a better understanding of
efficiency, stability, product distribution, and yield of ethanol the potential mechanism of esterification of alcohols on
reactions. Model catalyst studies offer great control over many

of these factors, enabling investigators to elucidate relevant Received: December 1, 2018

aspects of mechanistic pathways. Given all the diversity of Revised:  March 4, 2019

ethanol’s use in society and the complexity of its oxidation, it is Published: April 9, 2019
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heterogeneous catalysts along with other potential products
that affect the esterification process.

The mechanism of alcohol cross-esterification (or cross-
coupling) on Au has already been investigated in model
studies. Xu et al. have determined that factors such as relative
alkoxide concentration and molecular size can have major
effects on esterification selectivity of alcohols.'® Additionally,
density functional theory (DFT) calculations of Au have
shown that ethyl acetate is a favored reaction over acetic acid
production when oxidizing ethanol on an oxygen-covered Au
surface."” Considering that palladium (i) alloys well with Au
creating synergistic effects, (ii) is involved in noble metal fuel
cell materials, and (jii) can effectively dissociate oxygen
molecules, it is a perfect candidate to form a bimetallic
material with Au for studies involving alcohol cross-
esterification. Our recent combined experimental and theoreti-
cal studies have shown that as a classically well-mixed
bimetallic material, PdA—Au(111) has the features of resisting
carbon coking,20 excellent C—H/O-H/C—C bond activation
capacity,””" and facile hydrogen desorption.”” The alloying of
Pd and Au provides both excellent bond cleavage capacity and
facile hydrogen desorption because of a well-tuned surface d-
band.”® With Au’s selectivity and Pd’s ability to dissociate
oxygen into oxygen adatoms that enables oxidation, the
bimetallic Pd—Au model catalyst can be a promising material
for self-esterification reactions.

In this work, we have predicted the products of ethanol
(EtOH) oxidation with DFT calculations and then used
ultrahigh vacuum (UHV) experiments to verify the mechanism
of ethanol oxidation on our model Pd—Au surfaces. With DFT
calculations, we see that esterification is preferred over acetic
acid formation due to the relatively low oxygen coverage on
Pd—Au ensembles. In our ethanol oxidation experiments, we
see the production of similar products as seen from ethanol
decomposition with a distinct production of ethyl acetate,
showing esterification production from adsorbed oxygen and
ethanol. Isotope labeling experiments show us that dehydro-
genation is a critical step in ester evolution from the Pd—Au
surface and that further decomposition of absorbed hydro-
carbons can occur.

B METHODS

Computational Methods. All the theoretical calculations
were conducted with DFT using the Vienna Ab Initio
Simulation Package. Core electrons were described by the
projector augmented-wave (PAW) method.”® The electronic
exchange and correlation were described by the generalized
gradient approximation (GGA) method with the Perdew—
Burke—Ernzerhof (PBE) functional.”* The Brillouin zone was
described and sampled with a 3 X 3 X 1 Monkhorst—Pack k-
point mesh. The valence electrons were described by
expanding the Kohn—Sham wave functions in a plane wave
basis™ with an energy cutoff set at 300 eV. Soft potentials were
used to describe the electrons of oxygen and carbon.
Geometries were considered optimized when all the forces of
each atom were lower than 0.05 eV/A. All energy barriers were
calculated using the climbing image nudged elastic band
(CINEB) method®® with at least six intermediate geometries
generated between the initial and final states. Convergence
tests were performed on both the binding energy and CINEB
calculations by reducing the force criterion and increasing the
number of layers of the slab and the energy cutoff with
standard PAW potentials and van der Waals corrections; no
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significant changes were found for the optimized geometries or
energetic trends. Details of these convergence tests can be
found in our previous papers.”””' Spin-polarization was tested
and employed for calculations of oxygen dissociation. For
calculations of reaction pathways, entropic corrections were
applied to the gas-phase species with a temperature of 298.15
K.

By disentangling ensemble and electronic effects as well as
strain, our very recent study shows that when alloying the
elements respectively with strong and weak adsorption
capacities (e.g, Pd and Au), atomic ensemble effects are
more significant than those of electronic (ligand) and strain.”’
Recent combined theoretical and experimental studies have
also shown that for PdAu, binding energies of the most
important adsorbates involved in determining the selectivity
and activity for ethanol decomposition (e.g, O, H, CO, OH,
EtOH, and EtOH-dehydrogenated species) are predominantly
determined by the specific composition of the local surface
ensemble at the binding site, while contributions from the
subsurface and surface strain lead to minor changes in the
adsorbate binding energy.”"”*’~** On the basis of these
results, we do not explicitly consider the sublayer composition
in our study. On the PdAu(111) alloy surfaces, the triatomic
ensembles have 3-fold symmetry where Au;, Pd;Au,, Pd,Au,,
and Pd; are the smallest units that determine the binding site
of adsorbate species.””*” It was found that experimental Pd—
Au model catalysts, synthesized with 2 monolayers (ML) of Pd
deposited on Au(111) and then heated to form a surface alloy,
can be represented by a mix of predominantly Pd,Au;(111)
(Figure la) and some Pdmonolayer(lll) [Pdy (111)] (Figure

8edadadededded o]

Pdy (111)

Figure 1. Modeled surfaces: (a) Pd,Au;(111), (b) Pdyy(111), and
(c) Pd—Au(111). Blue and gold spheres represent Pd and Au,
respectively.

1b) surfaces.”® Our previous studies, including both experi-
ments and calculations, show that there is an adsorbate-
induced driving force that stabilizes surface Pd sites on the
Au(111) substrate.>**® Therefore, we consider these two
active surfaces in our calculations to draw insight on EtOH
interactions on Pd—Au interface and Pd(111)-like sites of our
UHYV model catalysts. To evaluate the interface effect between
the triatomic ensembles of Pd; and Pd,Au;, a Pd—Au(111)
surface was also modeled for oxygen dissociation and diffusion
(Figure 1c). All the surfaces were modeled as slabs with (3 X
3) unit cells and four atomic layers. A five-layer slab model was
tested in a previous study on PdAu(111) for ethanol
decomposition study;”’ no significant changes were found. A
vacuum layer of 12 A was used to separate the periodic images.
For each slab, the bottom two atomic layers were fixed in bulk
positions, while the topmost two layers were relaxed. The
lattice constants of the surface were calculated according to
Vegard’s law; the lattice constants of the modeled
Pd,Au,(111), Pdy;(111), and Pd—Au(111) were 4.05, 4.03,
and 4.06 A, respectively. Coordinates of important geometries
can be found in the Supporting Information.

Experimental Methods. The molecular beam scattering
ultrahigh vacuum (UHV) apparatus with a base pressure of 1 X
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107!° Torr has been described in detail previously.’**” Briefly,

the apparatus is equipped with Auger electron spectroscopy
(AES) for surface elemental identification, quadrupole mass
spectrometry (QMS) for detection of gaseous species, and
reflection—absorption infrared spectroscopy (RAIRS) for
identification of adsorbed surface species. A molecular beam
source and a series of apertures are aligned to the Au(111)
single-crystal sample for molecular beam impingement. The 11
mm diameter Au(111) single-crystal sample is 1.5 mm thick
and is mounted to a tantalum plate that can be resistively
heated to 900 K with a DC power supply regulated by a
proportional—integral—differential controller. Monitoring the
sample temperature with a K-type thermocouple (alumel—
chromel) spot-welded to the tantalum plate, the Au(111)
sample can be cooled to 77 K through thermal contact with a
liquid nitrogen bath. With argon ion bombardment (2 keV) at
room temperature, we removed Pd from the surface, followed
by annealing to 800 K for 15 min for lattice ordering and to
remove embedded argon species. Cleanliness was verified by
AES with an electron beam energy of 3 keV and emission
current of 1.5 mA.

To make Pd—Au model surfaces, Pd atoms were deposited
onto the Au substrate at 77 K using a homemade thermal
evaporator followed by annealing the surface to 500 K for 10
min under UHV conditions. The deposition rate of Pd was
calibrated with a quartz crystal microbalance (QCM)
controller by assuming that a thickness of one ML of Pd is
equal to the diameter of a Pd atom (0.274 nm). For our
experiments, the alloys of Pd and Au are denoted as Pd—Au,
with the initial Pd coverage indicated as a number of
monolayers. Unless otherwise noted, the Pd—Au catalyst will
have 2 ML of Pd for its initial coverage.

On our 2 ML Pd—Au surface, we previously showed that the
active surface contains 74.9% Pd—Au interface sites and 25.1%
Pd(111)-like sites using H, temperature-programmed desorp-
tion (TPD).”>*> The epitaxial layer-by-layer mechanism
suggests that alloy formation is not prevalent until annealing
at which goint the Pd atoms diffuse into the Au(111)
subsurface.”®

In this study, both oxygen and EtOH were impinged onto
our surface held at 77 K via molecular beam using the same
nozzle for both molecules for consistency. To produce the
TPD spectra, we heated the Pd—Au sample at 1 K/s while
monitoring the products and reactants with the QMS. The
following products and unreacted reactants were monitored
using the following QMS signals: EtOH (m/z = 31 and 45),
acetaldehyde (m/z = 29, 44, and 15), ethyl acetate (m/z = 43),
CO (m/z = 28), H, (m/z = 2), CO,(m/z = 44), and methane
(m/z = 15, 16). To ensure determination of the proper
product, QMS signals for other potential products were also
investigated throughout the TPD experiments: formaldehyde
(m/z =29, 30), formic acid (m/z = 29, 46), ethane (m/z = 27,
28), ethylene (m/z = 26, 27, 28), acetic acid (m/z = 43, 60),
ethylene oxide (m/z = 29, 44, 15), methyl formate (m/z = 60),
ethyl formate (m/z = 27, 28, 29), ketene (m/z = 14, 42), and
methyl acetate (m/z = 43, 74).

Bl RESULTS AND DISCUSSION

Theoretical Results. To evaluate oxygen activation on the
catalytic surface, CINEB calculations were performed to
calculate the oxygen dissociation and diffusion pathways on
the three PdAu(111) surfaces as illustrated in Figure 1. It can
be clearly seen from Figure 2 that oxygen dissociation on
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Figure 2. (a) Oxygen dissociation pathways on Pd,Au,(111), Pd—
Au(111), and Pdy;; (111). (b) Adsorbed oxygen diffusion from an fcc
site to the adjacent hcp site on the three PdAu(111) surfaces. The
oxygen diffuses on Pd—Au(111) was modeled from a triatomic
ensemble of Pd; to Pd,Au;. (c) Initial and final states of all the
reactions shown in (a,b). Blue, gold, and red represent Pd, Au, and O,
respectively.

Pd,Au,(111) is rather difficult with an energy barrier ~1.25
eV. This is similar to our previous conclusion that small Pd—
Au surface ensembles do not readily activate oxygen.’’ In
contrast, on Pd—Au(111) and Pd;(111), the activation
barriers are much smaller (~0.68 and 0.55 eV, respectively).
These results indicate that oxygen is more readily activated at
the Pd(111)-like sites and the boundary sites between Pd and
Au ensembles. Meanwhile, the oxygen diffusion energy barriers
calculated on the three surfaces show that O* has a relatively
high barrier to diffuse from the Pdj site to the Pd,Au, interface
site, but it is easier to diffuse between two Pd,Au; ensembles
(Figure 2b). Therefore, we deduce that O* at the Pd—Au
interface site on our experimental model catalysts most likely
originates from the O, dissociation at the boundary between
Pd and Au ensembles, as in the pathway on Pd—Au(111)
(Figure 2c). Considering that EtOH and EtOH-dehydro-
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Figure 3. Ethanol initial dehydrogenation on (a) Pd,Au,(111) and (b) Pdy; (111). The left, middle, and right frames, respectively, represent the
reactions on bare, 1/3 oxygen precovered, and 1/3 hydroxyl precovered surfaces. (c) Initial and final states of all the reactions shown in (a,b). Blue,
gold, brown, red, and white spheres represent Pd, Au, C, O, and H, respectively.

genated species have relatively weaker binding energies on
PdAu surfaces,”® our theoretical results suggest that the
Pd(111)-like sites should have relatively high oxygen coverage
while Pd—Au interface sites have less due to the lower oxygen
affinity of Au. These calculations are beneficial in providing
insight as to the sites in which oxygen adatoms are present and
the local environment of EtOH dehydrogenation on our
experimental surface.

The first step for EtOH oxidation is the initial dehydrogen-
ation of EtOH. Both the activity and selectivity of this step
could significantly determine the predominant product for
EtOH oxidation. Our previous studies have found that on Pd—
Au(111) surfaces, the initial dehydrogenation barrier generally
decreases with increase of the Pd ensemble size.”"*"*
Meanwhile, different geometries of the PdAu ensemble could
lead to different initial dehydrogenation selectivities.”"”*”
However, very few previous studies have discussed the activity
and selectivity of EtOH dehydrogenation with preadsorbed
oxygen and the (subsequently formed) hydroxyl."”*" Here, we
calculated the reaction pathways for EtOH initial dehydrogen-
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ation on the bare, oxygen precovered, and hydroxyl precovered
surfaces. Since the modeled Pd,Au;(111) and Pdy;(111)
include the same surface ensembles as Pd—Au(111), we only
evaluate the dehydrogenation reactions on Pd,Au;(111) and
Pdy; (111). Figure 3 shows the initial dehydrogenation
pathways of EtOH at O—H, a-C—H, and S-C—H. To the
best of our knowledge, there are a number of interesting and
notable dehydrogenation features that have not been widely
discussed in the literature:

(i) Both precovered oxygen and hydroxyl significantly lower
the energy barrier of O—H and a-C—H scissions, while
significantly increasing the energy barrier of f—C-H
scission. Noting that the initial dehydrogenation at the
B-C—H position has previously been found to be a
favorable, but also unwanted, step on many metallic
surfaces,”*" the promoter effect provided by O* and
OH* can tune this selectivity back to O—H and a-C—H
bond scission, which is supported by the deuterated
EtOH experiments to be discussed later in the paper.
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Because the optimized EtOH adsorption geometries are
still highly similar among these three types of surfaces
(Figure 3c), it can be concluded that these changes on
the selectivity do not originate from the difference on
the adsorption geometry.

(ii) Although it was widely believed that higher percentages
of a strongly adsorbing element (e.g., Pd) on the surface
could lead to higher decomposition activity of the
adsorbate on the bare surface (Figure 3a,b, left
frames),”’"*> the promoter effect by O* and OH¥*
could increase the activity at the Pd—Au interface as
compared to Pd(111)-like sites (Figure 3a,b, middle and
right frames) for EtOH oxidation.

Though the adsorption energies of EtOH are negative
on all the surfaces, the adsorption free energy of EtOH
(after being applied with gas-phase entropic corrections)
on both Pd,Au;(111) and Pd,; (111) are endothermic
(Figure 3a)b, left and middle frames). However, because
of the hydrogen bonding effect of the formed OH*, the
adsorption of EtOH to the surface covered by OH*
becomes exothermic (Figure 3a,b, right frames),
suggesting EtOH consumption at lower temperatures
and more facile final product formation.

(iii)

(iv) With two present oxygen/hydroxyls near the EtOH on
Pd,Au,(111) and Pd,;(111), there is an unusual but
favorable initial dehydrogenation step that directly forms
acetaldehyde by activating O—H and a-C—H in one
elementary step, which is also a favorable step previously
found by Liu et al. on Pt(111). *> This shows that the
formation of acetaldehyde should be facile and
observable in TPD experiments.

The EtOH initial dehydrogenation features shown above
indicate that Pd,Au,(111) is highly active and selective for
EtOH partial oxidation, leading to the formation of alkoxide or
acetaldehyde. Our follow-up calculations also show that the
continuous dehydrogenation of alkoxide with precovered
oxygen on Pd,Au;(111) also preferably forms acetaldehyde
with a barrier of ~0.01 eV (Figure S1). These pathways to
facile acetaldehyde production are corroborated experimentally
as discussed later. With the previous combined theoretical and
experimental conclusion that the bare Pd—Au surface could
also lead to C—C bond cleavage of the highly dehydrogenated
CHCO* at a temperature lower than 300 K,** it is expected
that the continuous dehydrogenation of acetaldehyde could
lead to the formation of CH;CO*, which is a key reactant for
forming ethyl acetate through a cross-coupling mechanism
with alkoxide. Due to the high computational cost and the
combinatorial complexity of the potential energy surfaces, we
did not include the calculations of subsequent dehydrogen-
ations in this study.

To evaluate the formation of ethyl acetate, CINEB
calculations were used to find the reaction pathway of the
cross-coupling reaction between CH;CO* and CH;CH,0%, as
indicated by the previous study of Friend et al. on Au(111)."*
Our results show that cross-coupling requires a relatively low
activation energy on both Pd,Au;(111) (0.21 eV) and
Pdy; (111) (0.16 eV), while in the presence of precovered
oxygen, the activation barriers were further decreased to near-
zero (Figure 4). We also evaluated the formation of acetic acid,
as shown in Figure S2. As expected, the formation of acetic
acid is also facile with the presence of an oxygen or hydroxyl
nearby. However, because the oxygen and hydroxyl will be

4520

0.5 TS
a 0.0
0.5p CH,COOCH,CH,*+*
<-1.0f \
©
;-1.5 L
E 201 \ \
5 \
Ww-2.5r_ Pd,Au,(111)
-3.0 F — Pdu(111)
—— O Pre-covered Pd,Au,(111) ™~
-3.5 |} — 0 Pre-covered Pd,, (111) S~
CH,COOCH,CH,+2*
4.0 1 1 1 1
Reaction Step
CH,CO*
-,
CHscHZO' cetate

Pre-covered O*

%
<d

Pre-covered O*

Figure 4. Reaction pathways of ethyl acetate formation through a
cross-coupling mechanisms on Pd,Au;(111) and Pdy; (111). Both
bare and 1/3 oxygen precovered surfaces are considered for the
calculations. (b) Initial and final states of all the reactions shown in
(a). Blue, gold, brown, red, and white spheres represent Pd, Au, C, O,
and H, respectively.

consumed after multiple dehydrogenation steps and the
oxygen/hydroxyl coverage is lower on PdAu(111) than
previous studies on Pd(111), which is due to a weaker O
binding,”” we expect that the formation of acetic acid is more
difficult than ethyl acetate. This is in agreement with the
conclusion from a previous study by Friend et al,, that low
oxygen coverage on Au would lead to ester formation while
higher oxygen coverage would increase the formation of acetic
acid and reduce the formation of ester.”” Our CINEB
calculations also show that acetic acid tends to desorb rather
than decompose (Figure S3) but would be observable if it was
formed in our experiments, as shown in acetic acid TPD
experiments in Figure S4. Without the competing pathway of
acetic acid formation, cross-coupling reactions between
CH;CO* and CH;CH,0* could be facile, independent of
the surface alloy composition. Since the cross-coupling
reaction requires more than two adsorption sites (Figure
4b), it is expected that higher oxygen coverage would hinder
this reaction due to the higher oxygen diffusion barrier and the
more facile formation of acetic acid.

We also evaluated other possible cross-coupling pathways
such as CH;CHO* + CH;CH,O*(Figure SS), with the
assumption that ethyl acetate could be formed through the
dehydrogenation of the hemiacetal-like intermediate, which
has been a notable proposed coupling mechanism of alcohols
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with aldehydes.** Our results show that these couplings are
facile as well with coupling barriers similar to those in Figure
4a. Given that these pathways have similar and low-energy
barriers for coupling, we suspect multiple pathways are possible
once the oxygen and hydroxyl around the dehydrogenated
EtOH species is mostly consumed. Therefore, since the cross-
coupling between CH;CO* and CH;CH,O%* is energetically
facile and is the most straightforward way to form ethyl acetate,
we mainly discuss this pathway in this paper, but we do not
delegitimize other routes. It also should be noted that there are
other well-known mechanisms that form esters such as the
Tishchenko reaction® using a solution-phase homogeneous
catalytic process. However, given that a surface cross-coupling
mechanism proposed by Friend et al. has the gas-phase
heterogeneous catalytic mechanism is more similar to our
system,” we only evaluate the cross-coupling pathway in our
theoretical study.

Experimental Results. Oxidative dehydrogenation of
alcohols is an industrially relevant reaction that has been
seen under various conditions.”*™*® Noble metals such as
Ru, 75" Pt,°%% P4>7%% and Ac® 77 have garnered
much attention because of their high activity and selectivity.
For ethanol, oxidative dehydrogenation has been crucial for the
formation of products such as acetaldehyde, acetic acid, and
ethyl acetate, especially for Cu that is relatively inexgensive,
environmentally friendly, and has respectable activity. 3767 In
this work, we have used a Pd—Au catalyst to produce
acetaldehyde and ethyl acetate through oxidative dehydrogen-
ation of ethanol.

The theoretical insights described above indicate that the
formation of acetaldehyde and ethyl acetate is facile on
oxygen/hydroxyl precovered Pd—Au(111) surface, especially
at Pd,Au, interface sites. To experimentally investigate EtOH
oxidative cross-coupling on our Pd—Au surface, we exposed
EtOH to the surface at 77 K with and without previously
exposing the surface to O,, as shown in Figure 5. Oxygen was
adsorbed until saturation on the surface at 77 K using a
modified King and Wells experiment prior to EtOH exposure,
as shown in Figure S6. There is clear EtOH consumption as
the area under the peak associated with the EtOH feature
decreases by 50% with coadsorbed oxygen as compared to
without oxygen. Additionally, a second EtOH feature arises at
about 160 K as seen in previous work,”” and the primary EtOH
feature decreased by 5 to 200 K. We attribute both of these
phenomena to the presence of oxygen adatoms and reacted
products decreasing EtOH’s interaction with the Pd—Au
surface enabling desorption at a lower temperature.

The two most notable EtOH products observed in this study
are acetaldehyde (m/z = 29) at 185 K and ethyl acetate (m/z =
43) at 240 K, as shown in Figure Sa. EtOH has a m/z = 29
mass fragment also, which contributes to the majority of the
m/z = 29 feature with only EtOH on the Pd—Au surface.
Acetaldehyde has also been seen as a dehydrogenation product
on Pd—Au model catalysts,”” so there may be a small
contribution of acetaldehyde production in the absence of
O, on the surface. However, there is a notable increase in
acetaldehyde production on the oxygen precovered surface,
adding validity to our assertion that oxygen and hydroxyl
groups aid in EtOH dehydrogenation based on the DFT
calculations shown in Figure 3. On a surface precovered with
oxygen, Pd(111) does produce acetaldehyde®® despite the fact
that no aldehyde species are formed in the absence of oxygen
on this surface.”” However, on Pd(110) with O,, there was no
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Figure S. (a) Acetaldehyde (m/z = 29) and ethyl acetate (m/z = 43)
production after 1.0 ML of EtOH (m/z = 31) exposure on oxygen-
covered Pd—Au. (b) Oxygen (m/z = 32) TPD with and without
EtOH on Pd—Au surface.

production of acetaldehyde despite the fact that there was
surface acetate observed.”” This surface acetate was said to
further decompose into CO,, H,, and surface carbon instead of
forming acetaldehyde or acetic acid. Furthermore, we were not
able to observe any acetate species by its characteristic feature
at about 1520 cm™' in any of our reflection—absorption
infrared spectroscopy experiments (Figure S7).

The production of ethyl acetate (m/z = 43) at 240 K was
confirmed by impinging ethyl acetate on the Pd—Au surface
and monitoring its desorption (Figure S8). Acetaldehyde
contributes to the mass fragment at m/z = 43, which is
responsible for the 185 K peak for this mass. The fact that it
desorbs at the same temperature (240 K) as resulting from
oxygen and ethanol coadsorption shows that the TPD feature
due to oxidative cross-coupling is desorption-limited. The
Friend group has previously reported oxidative cross-coupling
of small alcohols on Au(111) catalysts,"®** but esterification
was not observed on Pd-based model catalysts.”*”®”" This
leads us to believe that Au has a critical role in the mechanism
of cross-coupling.

One notable observation is that we do not readily see acetic
acid from ethanol oxidation at temperatures up to 700 K. Liu
et al. observed acetic acid at 550 K during TPD after dosing
EtOH on O/Au(111)," although it was not seen by Gong et
al.”> Additionally, Davis et al. produced acetic acid on their
oxygen-covered Pd(111) surface, showing desorption at 280
and 410 K.°® Despite the fact that Pd induces O, adsorption
and dissociation, it is not completely determining the
mechanistic pathway of ethanol oxidation as Au is playing a
significant role in the selectivity. With our theoretical work
showing that acetic acid production is facile with a nearby
oxygen or hydroxyl, the fact that we do not see acetic acid
production provides insight into the makeup of our surface. As
stated previously, we suggest that acetic acid is more likely to
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be produced when oxygen is in excess. In this work, we did not
produce acetic acid at any EtOH coverage on our oxygen-
saturated surface, suggesting that our oxygen coverage may be
lower than in previous work on other surfaces. Another
potential reason for the difference in acetic acid production is
the different methods of putting oxygen on the catalytic
surface. To activate Au(111) surfaces, atomic oxygen was
deposited on the surface through the use of an RF generator or
ozone. On the Pd(111) surface, oxygen was backfilled onto the
surface at room temperature as opposed to exposed via a
molecular beam at 77 K. In both cases, the oxygen dissociates
on the surface to become oxygen adatoms. Furthermore, the
consumption of oxygen and hydroxyl groups by the
dehydrogenation of EtOH reduces the availability of oxygen
to be used for acetic acid production. Regardless, despite the
production of acetic acid on both Au(111) and Pd(111), we
are not able to see its production on our Pd—Au surface,
leading to more selective esterification.

When conducting oxidative cross-coupling, we noticed a
difference in the oxygen desorption when EtOH was exposed
to the Pd—Au surface, displayed in Figure Sb. Han observed
two O, features in his study on O, activation on Pd—Au
surfaces.”” He attributed the 105 and 165 K features to
desorption from the Pd—Au interface sites and from the
Pd(111)-like island sites, respectively. This is in qualitative
agreement with the theoretical results that Pd(111)-like sites
have higher oxygen association and diffusion barriers than the
Pd—Au interface sites (Figure 2). However, in our oxygen
TPD on the 2 ML Pd—Au surface, there is more oxygen
desorption from the Pd—Au interface sites. Guided by our
DFT calculations to describe the Pd—Au surface, we attribute
this to a larger percentage of Pd—Au interface sites on our
catalytic surface. Although there could be other contributing
factors that lead to this phenomenon, we believe that much of
our surface has small Pd ensembles with some Pd(111)-like
sites that can adsorb and dissociate oxygen, but there are
significantly more Pd—Au interface sites on the surface that are
involved in this process. When impinging EtOH on the
oxygen-covered surface, the O species from the Pd—Au
interface sites appear to be selectively consumed with the
addition of EtOH as the Pd—Au interface site oxygen feature
decreases. This is consistent with the DFT calculations in
Figure 3, showing that the oxygen and hydroxyl groups are
more active at the Pd—Au interface sites.

To investigate the phenomenon of oxidative cross-coupling
further, we put EtOH and acetaldehyde on the Pd—Au surface
to see if ethyl acetate would form, as shown in Figure 6. With
the coadsorption of EtOH and acetaldehyde, there is a broad
feature starting at 225 K and ending at 350 K, but the
production is lower than that from EtOH oxidative cross-
coupling. Also, these features could be due to the acetaldehyde
polymerization,”*”* so the process of esterification may not be
occurring at all. This highlights the significance of the ability of
oxygen and hydroxyl groups to readily dehydrogenate EtOH to
produce alkoxide and acetyl intermediates, which are needed
to produce ethyl acetate. As shown in Figure Sa, EtOH on Pd—
Au in the absence of oxygen does not produce nearly as much
acetaldehyde. Additionally, our DFT calculations (Figure 3)
emphasize the enhancement of dehydrogenation of EtOH with
oxygen and hydroxyl species on the surface. This highlights the
important role an oxidant can play in the cross-esterification
process and the selectivity of ethanol oxidation.

4522

—— Ethyl Acetate on Pd-Au
—— Acetaldehyde + EtOH on Pd-Au

m/z = 43 Intensity (AU)

T T T T T 1
250 300 350 400 450 500

Temp (K)

T T T
100 150 200

Figure 6. Ethyl acetate desorption compared to production by EtOH
and acetaldehyde cross-coupling on Pd—Au.

Additionally, we observed the production of water (m/z =
18), methane (m/z = 16), carbon monoxide (m/z = 28),
hydrogen (m/z = 2), and carbon dioxide (m/z = 44), which
are shown in Figure S9. Previously, we have seen the
production of methane, CO, and hydrogen from EtOH
decomposition,” so we suspect some contribution of the
signal to these masses from this reaction. The formation of
CO, does show that some complete oxidation is possible on
our surfaces. Water is produced from the dehydrogenation
from oxygen and hydroxyl groups. The water that is shown in
the absence of oxygen is due to the water from the background
adsorbing on the surface prior to heating the sample. Isotope-
labeling experiments provide more insight into this reaction.

To obtain more mechanistic insight, we used the EtOH
isotopes CD;CH,0OH and CD;CD,OD as shown in Figure
7a,b, respectively. In Figure 7a, relevant masses for methane
and water are plotted during the oxidation of EtOH and
CD;CH,OH. For EtOH, we see the production of methane
(m/z = 16) peaking at 315 K. Additionally, we see the
production of H,O (m/z = 18) desorbing at 165 K. This is the
same temperature where we observed O, desorption.
Considering that the water production is a result of
dehydrogenation from the oxygen and hydroxyl groups, it
stands to reason that these molecules may be observed at the
same time. For CD;CH,OH, we see the production of CD;H
(m/z = 19). This reinforces the fact that the C—C bond can
break which was shown in our previous work, but also that the
active methyl groups can scavenge hydrogen adatoms on the
surface to produce methane. With the decreasing signal from
methane fragments, this supports the production of methane.
Additionally, we see the production of H,O, but there is no
D,0O formed. This indicates that dehydrogenation from oxygen
species is more prominent on the hydroxyl hydrogen and a-
carbon, which was shown from our calculations in Figure 3. It
is worth noting that the signal for m/z = 17 and 20 were not
investigated for EtOH because of the fact that no relevant
product or reactant is expected to appear at those masses.

In Figure 7b, we show the TPD spectra of products from the
oxidation of CD;CD,OD on the oxygen-covered Pd—Au
surface at 77 K. We see the production of D,O (m/z = 20) that
was not present when oxidizing CD;CH,OH, supporting the
affinity toward dehydrogenation from the hydroxyl group and
the a-carbon, in agreement with our DFT calculations (Figure
3). More importantly, the production from HD (m/z = 3) and
D, (m/z = 4) may provide insight into the mechanism of ethyl
acetate production. We see two major features for HD
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Figure 7. (a) TPD spectra of masses relevant to water and methane
production from the oxidation EtOH and CD;CH,OH on Pd—Au.
(b) TPD spectra of D,0, HD, and D, from the oxidation of
CD;CD,0OD on Pd—Au.

production. The high-temperature HD feature comes off the
surface at approximately 330 K. Considering that it appears
after methane desorption at 310 K, we believe this feature is
due to C—H bond breaking of the methyl group that resulted
from C—C bond breakage. Additionally, HD and D, at 235 K
desorb at a similar temperature as ethyl acetate. When cross-
coupling occurs, dehydrogenation occurs from acetaldehyde
and can occur from ethanol unless the alkoxide is the
intermediate in the esterification process. The presence of D,
suggests that the dehydrogenation from ethanol and
acetaldehyde is prevalent enough that adsorbed deuterium
atoms can recombine instead of being scavenged by H
adatoms. Considering that H and D mobility is fairly facile at
this temperature and ethanol is dehydrogenated to acetalde-
hyde at lower temperatures on this surface, we believe this D,
production may suggest the onset of acetaldehyde dehydrogen-
ation that results in ethyl acetate. Furthermore, this coincides
with our theoretical calculations in which we found that ethyl
acetate formation has a significantly lower energy barrier than
EtOH dehydrogenation (Figures 3 and 4).

B CONCLUSIONS

In this study, we have provided insight into potential pathways
of coadsorbed oxygen and ethanol and cross-esterification on a
Pd—Au model catalyst, using combined theoretical and
experimental methods. Our DFT calculations show that with
precovered oxygen and hydroxyl, the Pd—Au surface is active
for EtOH dehydrogenation and acetaldehyde production.
Additionally, the coexistence of the alkoxide and the acetyl
intermediate makes ethyl acetate production a facile process.
Our UHV experiments in which oxygen and ethanol are
coadsorbed on the Pd—Au surface show a significant increase
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in acetaldehyde production, which promotes the production of
ethyl acetate. Our isotope experiments showed the production
of water and methane and highlighted the onset of
acetaldehyde dehydrogenation, leading to the production of
ethyl acetate. We hope that this study provides insight into the
diversity of factors at play in ethanol’s oxidative mechanism
while showcasing the nuances involved in adjusting its
selectivity and invoke creativity in effective catalytic design to
maximize production of their desired products.
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