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In this study, we have combined ultra-high vacuum (UHV) experiments and density functional theory
(DFT) calculations to investigate ethanol (EtOH) dehydrogenation on Pd—Au model catalysts. Using EtOH
reactive molecular beam scattering (RMBS), EtOH temperature-programmed desorption (TPD), and DFT
calculations, we show how different Pd ensemble sizes on Au(11l) can affect the mechanism for
EtOH dehydrogenation and H, production. The Au(111) surface with an initial coverage of 2 monolayers
of Pd (2 ML Pd—Au) had the highest H, yield. However, the 1 ML Pd—Au catalyst showed the highest
selectivity and stability, yielding appreciable amounts of only H, and acetaldehyde. Arrhenius plots of H,
production confirm that the mechanisms for EtOH dehydrogenation differed between 1 and 2 ML
Pd—Au, supporting the perceived difference in selectivity between the two surfaces. DFT calculations
support this difference in mechanism, showing a dependence of the initial dehydrogenation selectivity
of EtOH on the size of Pd ensemble. DFT binding energies and EtOH TPD confirm that EtOH has
increasing surface affinity with increasing Pd ensemble size and Pd coverage, indicating that surfaces

Received 27th July 2017, with more Pd are more likely to induce an EtOH reaction instead of desorb. Our theoretical results show

Accepted 2nd November 2017 that the synergistic influence of atomic ensemble and electronic effects on Pd/Au(111) can lead to different
DOI: 10.1039/c7cp05097f H, association energies and EtOH dehydrogenation capacities at different Pd ensembles. These results
provide mechanistic insights into ethanol's dehydrogenation interactions with different sites on the Pd—Au

rsc.li/pccp surface and can potentially aid in bimetallic catalyst design for applications such as fuel cells.

drawing heavily from fossil fuels and nonrenewable resources,
but other techniques are being developed.> Considering the
finite available resources, other sustainable means of H, pro-

Introduction

Hydrogen is one of the most extensively used molecules in the

world. A few notable uses of hydrogen include the syntheses of
ammonia and methanol, the removal of sulfur and nitrogen
compounds from petroleum, and as a fuel source for rocket
engines and fuel cells." Despite the benefits of hydrogen use to
society, its primary production methods need improvements to
become more environmentally-friendly. Currently, over 90% of
hydrogen production comes from methane steam reforming,
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duction should also be investigated. The most prominent
alternative method of H, production is electrolysis of water
via heterogeneous photocatalysis,® and there are hopes of using
photobiological organisms in the future.* Another potential
method for H, generation involves biomass-derived liquids
such as ethanol. With increasing interest in solving environ-
mental and energy problems and the development of resources
from biomass, ethanol can be a major player in the hydrogen
production process. Currently Nissan is working on fuel cell
vehicle technology to use ethanol as a hydrogen source with
hopes of commercializing in 2020. Considering its relatively
low toxicity and that infrastructure is already in place for its
distribution, ethanol is a great medium for hydrogen storage
and can contribute to the world’s environmental and energy
problems.

Considerable work has been performed regarding reactions
of ethanol with the hope of using it to produce hydrogen, energy,
or longer-chain hydrocarbons. The efficiency, selectivity, and
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activity of ethanol dehydrogenation catalysts are dependent on
various aspects such as the support material, the active metal,
the preparation method, and the reaction conditions among
others. Ethanol reforming to produce hydrogen has been inves-
tigated on noble metals where mechanistic pathways have been
influenced by numerous characteristics of the catalyst.>® When
comparing Rh, Pt, Ru, Ni, and Pd on various supports and
conditions, Rh has consistently been the most active for H,
production, largely due to Rh’s ability to break the C-C
bond.'®"* Although the solid/liquid interface can behave
drastically different from that of the solid/gas interface, certain
general trends for alloyed materials may be present across the
different phase interfaces. For application in direct alcohol fuel
cells, Xu et al. showed that Pd is a very effective anode for the
ethanol oxidation reaction in alkaline media, surpassing the
performance of the notable Pt metal on oxides and carbon
nanospheres.""* To improve stability, Pd has been alloyed with
Au and has been shown to not only have more stable electro-
catalytic activity than pure Pd due to the anti-poisoning proper-
ties of Au,">'® but it can also produce higher specific activity
for the Pd added to the anode.” Furthermore, the Guerbet
reaction for converting primary and short-chain alcohols to
secondary and long-chain alcohols has been well studied over
various catalysts such as MgO, Al,O3, and CuO,."® More specifi-
cally, ethanol conversion to butanol, initiated through ethanol
partial dehydrogenation, has received much attention in pursuit
of better fuel additives. In both fuel cells and reforming reactions,
a better understanding is needed regarding the interactions of
ethanol on catalytic surfaces in order to construct inexpensive,
efficient catalysts.

Many surface studies have been conducted on Pd and Au in
regards to ethanol reactions. More specifically, clean Au(111)
has been shown to be inert for ethanol activity at 77 K but can
oxidize ethanol to various products when atomic oxygen is on
its surface."® ' Density functional theory (DFT) calculations
have supported these conclusions and provided insight into
how ethanol adsorbs on the Au(111) surface.>*>* On pure Pd,
both theoretical and experimental work has been conducted on
ethanol’s adsorption interactions®*>**> and decomposition
mechanism on different facets.>*>° On Pd-Au alloys, there
are fewer surface science studies, although there is evidence
that the size of the Pd ensembles on Au has influence on the
mechanism of certain reactions. For example, the ensemble
effect on Pd-Au catalysts has been seen for hydrogenation of
aromatic hydrocarbons while also showing a resistance to
poisoning from sulfur compounds.®® To our knowledge, there
has not been a surface science investigation on EtOH dehy-
drogenation on Pd-Au alloys and the role that different Pd
ensembles can play in EtOH reactivity.

In this work, we investigate how the different Pd ensembles
on Au(111) change the mechanism and production of H, from
EtOH decomposition. We found that the largest H, production
occurs on 2 ML Pd-Au catalysts, having Pd(111)-like ensembles
with enough surface Au atoms to limit CO poisoning and
carbon contamination. An Arrhenius analysis suggests a difference
in mechanism for H, production between isolated Pd atoms,
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represented by the 1 ML Pd-Au surface, and Pd ensembles,
represented by the 2 ML Pd-Au surface. Also, we investigated the
stability of EtOH dehydrogenation on different Pd-Au surfaces,
seeing more stability at low Pd coverage due to the ability of Au to
readily desorb intermediates as opposed to contaminating the
surface. Additionally, results from DFT calculations are presented
in support of our experiments, elucidating the atomic ensemble
and electronic effects of Pd/Au(111) surface alloys. H, association,
initial EtOH dehydrogenation selectivities, and binding energies of
different EtOH-related species were calculated on Pd/Au(111) with
varying Pd ensemble sizes. The results from this study show that
the activity, stability, and mechanism of ethanol partial dehydro-
genation is heavily dependent on the type of Pd ensembles and
sites that occupy the Au(111) substrate and can be purposely
adjusted for heterogeneous catalysis.

Methods

Experimental methods

Experiments for this study were conducted in a molecular beam
scattering ultrahigh vacuum (UHV) apparatus with a base
pressure of 1 x 10~ "° Torr that has been described in detail
previously.*"*> Briefly, the apparatus is equipped with Auger
electron spectroscopy (AES) for surface elemental identification
and quadrupole mass spectrometry (QMS) for detection of
gaseous species, in addition to a molecular beam source and
a series of apertures aligned to the Au(111) single-crystal
sample for molecular beam impingement. The Au(111) single-
crystal sample, cut into a circular disk 11 mm in diameter and
1.5 mm thick, 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. The Au(111)
sample is in thermal contact with a liquid nitrogen bath for
cooling to a minimum temperature of 77 K, which is monitored
with a K-type thermocouple (alumel-chromel) spot welded to
the tantalum plate. For each Pd-Au catalyst, the gold surface
was cleaned by Argon ion bombardment (2 keV) at room
temperature, followed by annealing to 800 K for 15 minutes.
Cleanliness was verified by AES with an electron beam energy of
3 keV and emission current of 1.5 mA.

Pd-Au model surfaces were prepared by depositing Pd atoms
from a homemade thermal evaporator onto the Au(111) surface
at 77 K and then 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
the thickness of 1 monolayer (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. Previous work from
Koel et al. leads us to believe that growth of the Pd overlayer
on the Au(111) surface at 77 K obeys an epitaxial layer-by-layer
mechanism,* limiting alloy formation until after annealing
when the Pd atoms diffuse into the Au(111) subsurface.

In this study, we used reactive molecular beam scattering
(RMBS) experiments (modified King and Wells measurements)

Phys. Chem. Chem. Phys., 2017, 19, 30578-30589 | 30579


http://dx.doi.org/10.1039/c7cp05097f

Published on 02 November 2017. Downloaded by University of Texas Libraries on 29/11/2017 04:12:55.

PCCP

to observe H, production from EtOH dehydrogenation and acquire
kinetic information on our Pd-Au catalysts. The EtOH-RMBS
experiments were conducted by impinging EtOH on a stainless
steel inert flag to establish a baseline signal, followed
by impingement on the Pd-Au surface at a specified tempera-
ture while monitoring the reactants and products via QMS.
The flux for all experiments was estimated to be about
3 x 10"* molecules per cm?, which was determined by analyzing
the EtOH coverages on clean Au(111) and assuming that
1 monolayer of EtOH is equal to the surface atom density
of Au(111), 1.39 x 10" molecules per cm> (most likely between
0.35 x 10" molecules per cm* and 1.39 x 10"®> molecules per cm®
but the actual value is unknown). Furthermore, temperature-
programmed desorption (TPD) was conducted by heating the
Pd-Au sample at 1 K s while monitoring the products and
reactants with the QMS after EtOH exposure via the molecular
beam. Unreacted reactants and products were monitored using
the following QMS signals: EtOH (m/z = 31 and 45), Acetaldehyde
(m/z = 29, 44, and 15), CO (m/z = 28), and H, (m/z = 2). To ensure
determination of the proper product, QMS signals for other
potential products were also investigated throughout both RMBS
and TPD experiments: CO, (m/z = 44), formaldehyde (m/z = 29, 30),
formic acid (m/z = 29, 46), methane (m/z = 15, 16), 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
acetate (m/z = 43), ethyl formate (m/z = 27, 28, 29), and methyl
acetate (m/z = 43, 74).

Computational methods

DFT calculations were performed with the Vienna Ab initio
simulation package (VASP).>* Core electrons were described
within the projector augmented-wave framework.*>>° For all
calculations in this study, electron correlation was evaluated
within the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functional.’’ For the valence
electrons, Kohn-Sham wave functions were expanded in a
plane wave basis set with the energy cutoff of 300 eV.***° van
der Waals correction (DFT-D3) in the VASP package was used
for binding energy calculations.*® The Brillouin zone was
sampled with a (3 x 3 x 1) Monkhorst-Pack k-point mesh
and integrated using the method of Methfessel and Paxton.*"*>
Energy barriers were determined with the climbing image
nudged elastic band (CINEB) method.*® Geometries were con-
sidered optimized when the force on each atom fell below
0.05 eV A™'. Spin polarization was tested and used as needed.
Zero-point energy (ZPE) calculations were tested on several
metallic (111) surfaces and were found to have negligible
influence on the binding energies of EtOH-related species
and the H atom. Therefore, we did not include this correction
in our study.

Although electrochemical deposition of Pd affects the Pd
adsorption site,** thermal annealing of Pd on Au(111) results in
alloyed (111) surfaces.””*® Therefore, all calculations were
modeled on the slab(111) surface of a 4-layer, (4 x 4) unit cell,
face-centered cubic (FCC) surface. For our DFT calculations, the
Pd and Au alloys are denoted as Pd,/Au(111), where x is the
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number of Pd atoms in the ensemble on the Au(111) surface. All
the Pd/Au(111) models in this study are the Au(111) slab models
with Au atoms at the (111) surfaces replaced by varying
numbers of Pd atoms, forming the (111) surfaces that contain
both Pd and Au. The bottom two layers of the slab were fixed in
bulk position while the first two layers were allowed to relax.
Binding energies of absorbed molecules (except H binding energy)
were calculated using eqn (1):

Eb = Eslab+molecule - Eslab - Emolecule (1)

where Egpaprmolecule 1S the energy of the slab model with one
adsorbed molecule, Eg,p is the energy of the bare slab, and
Emolecule 1S the energy of the molecule.

Using the H, molecule as the reference, the H binding
energies E,y were calculated using eqn (2):

n
EnH = Eslab+nH - Eslab - EEHZ (2)

where Egap+np i the energy of the slab model with n adsorbed
H atom, Eg,p is the energy of the bare slab, and Ey, is the
energy of the H, molecule.

Results and discussion
Characterization of model catalyst

The four model catalysts constructed in this work consisted of
Au(111) substrates with initial Pd coverages of 1 ML, 2 ML,
3 ML, and 4 ML Pd. After annealing for 10 minutes at 500 K, a
Pd-Au alloy is formed as the Pd sinks into the Au(111) substrate
as shown by Shih et al using Auger electron spectroscopy
(AES).*” Additionally, Yi et al. confirmed Pd-Au alloying using
low energy ion scattering spectroscopy in which Pd and Au were
evaporated onto a Mo(110) substrate®® and XPS confirmed that
there is little to no Pd clustering on the Au(111) surface upon
annealing at higher temperatures.***® For this study, the
AES spectra (Fig. S1, ESIf) and Pd (328 eV)/Au (69 eV) ratios
(Table S1, ESIt) before and after annealing at 500 K for 10 minutes
were taken for 1, 2, 3, and 4 ML Pd-Au catalysts, as shown in the
ESLt Considering that annealing temperature and time remain
the same for all Pd-Au catalysts throughout this study, the relative
quantities of Pd on the surface depend predominantly on the
initial Pd coverage. The decrease in Pd/Au ratios from before
annealing to after annealing indicate that Pd has diffused into the
Au(111) surface, forming a Pd-Au alloy. Additionally, with larger
Pd depositions, there are corresponding increases in Pd features
and decreases in Au features. Both phenomena were previously
seen in work investigating how annealing in different atmo-
spheres affects the alloy structures of Pd-Au.*®

Pd-Au model catalysts in which Pd is evaporated on Au(111)
have been further characterized in previous works. Using H,
and CO as probe molecules, Yu et al. showed that the resulting
Pd-Au alloys contain Pd-Au interface sites, in which isolated
Pd atoms are surrounded by Au atoms, and Pd(111)-like sites,
in which adjacent Pd atoms form an island.*® Temperature-
programmed desorption (TPD) of H, on the four catalysts was
used to determine the relative amount of Pd-Au interface sites

This journal is © the Owner Societies 2017
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I Pd(111)-like sites
Il Pd-Au interface sites

Integral of Ho TPD Signal

1 2 3 4
Initial Pd Coverage (ML)

Fig. 1 Integrals of H, QMS signal intensity for H,-TPD spectra of Pd—Au
surfaces shown in Fig. S2 (ESIt) after peak deconvolution.

and Pd(111)-like sites, as shown in Fig. 1. The TPD spectra are
displayed in Fig. S2 of the ESL.{ At 1 ML Pd-Au, only the Pd-Au
interface sites are present, shown by the H, desorption from
175 K to 300 K. However, upon increasing the Pd coverage from
2 to 4 ML, we observe H, desorption features that peak at 310 K.
This indicates the presence of Pd island sites that become
larger as Pd coverage increases, which is consistent with what
was observed by Yu et al. on their Pd-Au catalysts.”® Here, we
see that the 4 ML Pd-Au surface has predominantly Pd(111)-like
sites for H, desorption at about 310 K, matching the H,
desorption peak of Pd(111)** and Pd-Au**** seen in previous
works and differing from the 360 K and 300 K desorption
temperatures seen on Pd(100)** and Pd(110),>* respectively.
Therefore, we suspect the facet that is most prevalent on the
Pd island sites on Pd-Au catalysts to be Pd(111)-like. Variation in
relative quantities of Pd-Au and Pd(111)-like sites can play a
significant role in the activity and stability of the catalytic
production. In fact, Yu et al. saw how Pd-Au interface sites
and Pd(111)-like sites have different selectivities towards dehy-
dration and dehydrogenation of formic acid.”® To further show
the roles Pd active sites can play on Au(111), we investigate the
mechanistic influences different Pd ensembles have on EtOH
dehydrogenation and its effect on H, production.

Additionally, DFT calculations were used to further support
the presence of different H binding sites using multiple
Pd ensemble sizes as shown in Fig. S3 (ESIT). These ensembles
were considered for DFT calculations in previous work by
Yu et al. to investigate oxygen activation on Pd-Au catalysts.*®
Previously, we found that on Pd/Au alloy NPs, a triatomic
ensemble (Aus, Pd;Au,, PdyAuy, or Pdj) is the smallest unit
that can adsorb H because it provides a 3-fold hollow site for
H to occupy.®®® Therefore, the 3-fold triatomic ensembles of
Pd;Au, and Pd,Au; are analogous to Pd-Au interface sites
shown for 1 ML Pd-Au catalysts, while Pd; is analogous to
Pd(111)-like sites. In Fig. S4 (ESIt), we calculated the binding
energy of H atoms on different Pd ensembles on a Au(111) slab.
The H binding energy gets stronger when going from Au; to Pd;
triatomic ensembles on Au(111), as shown in Fig. S4 (ESI}).
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As the Pd ensembles get larger than 3 atoms, the H binding
energy has very little change. In Fig. S5 (ESIt), we calculated the
binding energies of H atoms in the 3-fold ensembles of Pd/Au
surface alloys, generated by randomly distributing Pd on
Au(111), with varying Pd coverage. As Pd coverage is increased,
Pd; sites become more prevalent with a corresponding increase
in H binding energy. Similarly to the Pd-Au and Pd(111)-like
quantities shown in Fig. 1 and the TPD data in Fig. S2 (ESI{), H,
desorption from the Pd island sites appear upon higher initial
Pd coverage. This H, desorption occurs at higher temperatures
than that of the Pd-Au interface sites, indicating a stronger H
binding energy. The DFT calculations support the characteriza-
tion of Pd-Au interface and Pd(111)-like sites while showing the
diversity of active sites for H, desorption.

H,, production from the reaction of EtOH with varying Pd
coverage

To investigate H, production on different Pd-Au surfaces, we
evaporated initial Pd coverages of 1 ML, 2 ML, 3 ML, and 4 ML
on Au(111). After annealing at 500 K for 10 minutes the Pd-Au
alloy is ready for experimentation. A previous surface science
study by Gong et al. showed that EtOH does not react measur-
ably on the clean Au(111) catalyst.>* Therefore, any H, produc-
tion from EtOH on the Pd-Au surface is due to sites that involve
Pd atoms. To quantify H, production, we performed EtOH
reactive molecular beam scattering (RMBS) experiments, in
which EtOH was impinged on a stainless steel inert flag from
10-15 s to serve as a baseline of no activity, followed by EtOH
impingement on the Pd-Au sample from 60-65 s to observe H,
production. In Fig. 2a, we see the production of H, from all four
Pd-Au surfaces with the largest H, production from the 2 ML
Pd-Au catalyst and the lowest from the 1 ML Pd-Au surface.
Considering that the major difference between 1 ML and 2 ML
Pd-Au is the appearance of Pd(111)-like sites, we attribute the
increase in H, production to these sites. At even higher Pd
coverages (3 ML and 4 ML Pd-Au), the amount of H, produc-
tion decreases from that of 2 ML Pd-Au. This suggests that
although the Pd(111)-like sites are responsible for the reactivity
of the EtOH decomposition, additional amounts of Pd can
result in more side reactions that decrease the amount of H,
that can be readily formed.

Accompanying the H, production is acetaldehyde (m/z = 29)
as shown in Fig. 2b. Acetaldehyde production from 3 ML and
4 ML Pd-Au are excluded in Fig. 2b for simplicity. EtOH
(primary mass fragment of m/z = 31) also has a mass fragment
that contributes to the m/z = 29 signal. Considering that EtOH
does not react on Au(111),>" we can use the m/z = 29 signal from
EtOH King and Wells experiment on Au(111) as a baseline for
acetaldehyde production, as seen in Fig. 2b. On 1 ML and 2 ML
Pd-Au, there is a slight increase in the m/z = 29 signal, which we
attribute to acetaldehyde production. This product is not seen
in other UHV studies on Pd surfaces. Davis et al saw the
production of only CO, H,, and CH, from ethanol TPD on
clean Pd(111) surfaces.”® Similarly, Shekhar et al did not
observe any acetaldehyde production on Pd(110) surfaces.”®
However, Davis et al. produced acetyl intermediates after EEOH
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Fig. 2 (a) H, and CO production and (b) EtOH desorption and acetalde-
hyde production from modified King and Wells experiments of the
decomposition of ethanol at 500 K on a Au(111) catalyst with varying initial
Pd coverage. The EtOH molecular beam was impinged on the stainless
steel inert flag from 10-15 s and on the Pd—Au surface from 60-65 s.

exposure on Pd(111) using HREELS, which further decompose
to CO, H,, and CH,4.>® Alloying the inert Au with the active Pd
may result in a more favorable environment for the acetyl
intermediate to readily hydrogenate and desorb rather than
decompose further. Additionally, in Fig. 2a, we see that there is
no CO (m/z = 28) production for the 1 ML Pd-Au catalyst,
whereas it is produced at higher Pd coverages (2 ML, 3 ML, and
4 ML Pd-Au). In addition to the drastic change in activity, there
appears to be a distinction in selectivity when going from 1 ML
Pd-Au to 2 ML Pd-Au with the 1 ML Pd-Au surface only
showing measurable yields of acetaldehyde and H, from EtOH.
Considering that there are both Pd-Au interface sites and
Pd(111)-like sites, the heterogeneity of the Pd-Au catalysts
may enable both EtOH dehydrogenation to acetaldehyde and
decomposition to CO, H,, and CH,. Although the H, and
acetaldehyde production is minor on the 1 ML Pd-Au surface
compared to the other surfaces, the higher selectivity is worth
noting. Processes that require highly selective partial dehydro-
genation of alcohols to aldehydes such as Guerbet chemistry
converting ethanol to acetaldehyde®” may benefit from using
less active material to tailor the active sites to yield the desired
intermediate for further reactions downstream.
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Although the overall trend of H, production shown in Fig. 2a
is of primary importance for this study, we also calculated the
turnover frequencies (TOF) for H, production similarly to that
of Yu et al.>° to obtain further insight on our catalysts (Table 1).
Briefly, the TOF can be determined using the H, signal
produced from EtOH dehydrogenation in the modified King
and Wells experiment, Hgwon, and the H, signal obtained
from temperature-programmed desorption (TPD), Hrpp. The H,
produced from the scattering experiments is divided by the time
period of H, production. The number of Pd sites that H atoms
can occupy are obtained from the area under the TPD curve
multiplied times two because the molecule H, (not H atoms) is
what is detected by the QMS. Dividing the H, produced over a
period of time by the number of Pd sites provides the equation
Hyon/At
Hrpp X 2
impinging on the surface. Considering that this is a UHV study,
the flux of our molecular beam is fairly small compared to the
flux in practical systems, resulting in significantly smaller values.
Despite the smaller values, TOF can provide an idea of the
utilization of the Pd used on our Pd-Au model catalysts when
comparing the values to each other.

From the calculated TOF for H, production, the 2 ML Pd-Au
catalyst shows the most effective use of Pd atoms. This shows
that not only does 2 ML Pd-Au have the highest H, production,
but its sites are most effectively utilized for dehydrogenation of
EtOH compared to the other three surfaces, offering the right
combination of active Pd sites and the more inert Au where
desorption can occur more readily. With that being said, the
1 ML Pd-Au catalyst has a significantly higher TOF than 3 and
4 ML Pd-Au model catalysts despite having less Pd, which is the
active metal for EtOH activity. A potential reason for this
disparity of H, production is a difference in selectivity towards
dehydrogenation. For the 1 ML Pd-Au catalyst, only acetalde-
hyde and H, can be observed, indicating that side reactions
that could diminish the Pd utility towards H, production are
not prevalent. On the other hand, carbon contamination and
side reactions that produce small hydrocarbons, as observed on
pure Pd surfaces, can poison useful sites or incorporate H
atoms into another reaction, resulting in a decrease of the
TOF. These side reactions result in more consumption of EtOH,
but less H, has been produced. Therefore, of the four Pd-Au
surfaces, the 2 ML Pd-Au catalyst offers the best balance of
selectivity to and activity of H, production while minimizing
harmful side reactions (Table 1).

In addition to differences in reaction pathways, the hetero-
geneity on Pd-Au catalysts can also affect the ability for H
atoms to recombine and desorb as H, from the Pd-Au catalyst.

TOF = The TOF depends on the flux of molecules

Table 1 The turnover frequencies (H, produced/(H atom site x s)) for Hy
production at 500 K at varied Pd coverages on Au(111)

Pd coverage TOF (H,/(site X s))

1 ML Pd-Au 3.75 x 1073
2 ML Pd-Au 4.82 x 1073
3 ML Pd-Au 2.14 x 1073
4 ML Pd-Au 1.75 x 1073

This journal is © the Owner Societies 2017
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Fig. 3 H, association energy barrier vs. H binding energy for Pd/Au(111)
with varying Pd ensemble sizes. The Pd/Au(111) surfaces used for these

calculations are shown in Fig. S3 (ESIT); the reaction pathway of H,
association and desorption are shown in Fig. S6 (ESI).

Based on the DFT and CINEB calculations, the rate-limiting step
of H atoms recombining and desorbing as H, on Pd/Au(111)
surfaces is H, association. To better understand the H, associa-
tion barrier, we calculated the H, association and desorption
energies on Pd/Au(111) surfaces of varying Pd ensemble sizes
(Fig. S6, ESIt). Fig. 3 shows the H, association energy barrier vs.
the binding energy of the co-adsorption of two H atoms on
Pd/Au(111) surface alloys with varying Pd ensemble sizes. The
co-adsorption of two H atoms takes into account the interactions
between two H atoms in neighboring binding sites, which more
closely resembles experimental H, association than simply using
the binding energy of single H atoms. Contrary to the monotonic
trend of the binding energy of two co-adsorbed H atoms, the H,
association energy barrier has a parabolic shape as the Pd
ensemble size increases with the smallest barrier for H recom-
bination - and consequently, the most facile H, evolution -
occurring on Pd-Au interface sites (Pd;/Au(111) and Pd,/Au(111))
and the barrier steadily increasing with Pd ensembles larger
than 3 atoms. Although Au(111) has the weakest co-adsorbed H
binding energies, its H, association energy barrier is higher than
those of Pd,, Pd,, and Pd; ensembles because the pure Au(111)
surface has a weaker driving force to recombine H atoms
compared to surfaces with Pd ensembles. With that being said,
surface diffusion of adsorbed H atoms plays a significant role in
H, evolution. Takehiro et al. showed that surface diffusion on
isolated Pd ensembles is hindered by the surrounding Au sites.>>
This inability to overcome surface diffusion on Au(111) could
possibly affect the 1 ML Pd-Au production at lower temperatures
considering that it only has isolated Pd atoms. On the other
hand, the 2 ML Pd-Au catalyst would have fewer Au(111) areas
and more Pd-Au interface sites that H atoms could readily
navigate and recombine. Considering that the experiments
shown in Fig. 2 were conducted at 500 K, above the H,
desorption temperature from both Pd(111) and Au(111) surfaces,
we do not suspect surface diffusion or the differences in associa-
tion barrier to affect our results. However, these results provide
insight for catalytic design of the desired sites to maximize H,
recombination and subsequent desorption.
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Although we used the binding energy of two co-adsorbed
H atoms in Fig. 3, it is worth noting that our results also show
that single H atom binding energies can be used as a reactivity
descriptor for the H, association energy barrier on Pd/Au(111)
alloys. Furthermore, the H binding energies calculated on
random Pd/Au(111) surface alloys for the four triatomic ensembles
(Aus, Pd;Au,, Pd,Au, and Pd;) (Fig. S5a, ESIT) are quite close
to those calculated at Au(111), Pd;/Au(111), Pd,/Au(111) and
Pd;/Au(111) sites (Fig. S4, ESIt), respectively. Therefore,
whether the model involves a single H atom or two co-adsorbed
H and a Pd ensemble on Au(111) slab or randomly dispersed Pd
atoms throughout a Au(111) slab, we expect a similar parabolic
trend of H, association energy vs. H binding energy.

Changing temperature showcases different mechanism

In Fig. 2, differences in product distributions for EtOH decom-
position between 1 ML Pd-Au and 2 ML Pd-Au are shown. This
indicates a difference in mechanism for EtOH dehydrogenation
on these two surfaces with 1 ML Pd-Au containing predomi-
nantly isolated Pd sites and 2 ML Pd-Au containing some Pd
island sites. To investigate the potential difference in mechan-
isms toward H, production, we created an Arrhenius plot by
varying the temperature of the catalyst from 400 K to 500 K
while impinging EtOH on the 1 ML and 2 ML Pd-Au surfaces.
Arrhenius plots display the empirical relationship between
reaction rate and temperature through the natural logarithm

E,
of the Arrhenius equation: In(k) = _R_;" +1In(A), where k is the

reaction rate, E, is the Arrhenius activation energy, R is the
universal gas constant, T is temperature in Kelvin, and 4 is
the pre-exponential factor. If there are differences in Arrhenius
activation energies for H, production between 1 ML Pd-Au and
2 ML Pd-Au for H, production, it would suggest that the
mechanism for that production differs. In Fig. S7 of the ESL,¥
we have the modified King and Wells experiments of EtOH on
the (a) 1 ML and (b) 2 ML Pd-Au catalysts at temperatures
ranging from 400 to 500 K in 25 K increments. The turnover
frequencies for these experiments increased with increasing
temperature and are provided in Table S2 of the ESIL{

The Arrhenius plots in Fig. 4 were constructed by integrating
the area under the curve of the modified King and Wells
experiments in Fig. S7 (ESIt), subtracting the H, signal upon
impingement of EtOH on the inert flag from the H, signal
produced from EtOH impingement on the catalyst. From the
Arrhenius plots, we calculated Arrhenius activation energies of
the two processes by determining the slope. For 1 ML Pd-Au and
2 ML Pd-Au, we obtain barriers of 13.9 k] mol " and 10.7 k] mol™*,
respectively, suggesting a difference in mechanisms for ethanol
dehydrogenation of the two surfaces. Additionally, the fact that the
activation barrier for 2 ML Pd-Au is lower than that of the 1 ML
Pd-Au surface is consistent with the disparity in production.
This is also supported by a higher pre-exponential factor for the
2 ML Pd-Au catalyst which was 6% higher than that of the 1 ML
Pd-Au catalyst. With 1 ML Pd-Au containing predominantly
isolated Pd atoms and 2 ML Pd-Au containing Pd(111)-like
islands, the difference in mechanism is likely due to the
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Fig. 4 Arrhenius plots to determine the Arrhenius activation energy for H,
production by using the integral area of the H, signal from EtOH dehy-
drogenation on 1 ML and 2 ML Pd—Au. The y-axis to the left is for 1 ML
Pd-Au, and the y-axis to the right is for 2 ML Pd—-Au.

orientation of Pd atoms on the surfaces, providing different Pd
sites for EtOH dehydrogenation.

It should be noted that the H, production from the modified
King and Wells experiment conducted at 500 K on the 2 ML
Pd-Au catalyst has been excluded from determining the Arrhenius
activation energy. For determining the Arrhenius activation energy
of EtOH dehydrogenation, it is essential for the mechanism to
remain the same for the temperature range of the reaction. At 500 K,
CO produced from EtOH reactions on 2 ML Pd-Au can readily
desorb from the catalytic surface without occupying sites necessary
for dehydrogenation. On the other hand, some adsorbed CO
remains on the surface at temperatures below 475 K, considering
that it desorbs in a range from 400 K to 490 K, peaking at 465 K.
This is shown in Fig. S8 in the ESI,{ where EtOH decomposition is
conducted at 400 K and 425 K on the 2 ML Pd-Au catalyst.
Therefore, the higher temperature of 500 K is excluded from the
determination Arrhenius activation energy of the 2 ML Pd-Au
catalyst because sites for EtOH dehydrogenation are not blocked
by CO at higher temperatures as they are at 400 K to 475 K.
Furthermore, Yu et al. showed that CO and H, compete for the
same sites.*® Therefore, CO may not only prevent EtOH dehydro-
genation but also may hinder the recombinative desorption of H,
from those occupied sites, reinforcing a difference in mechanism
between the two temperature regimes. CO poisoning is a large
hindrance on reactions on many catalysts, notably on fuel cell
operation. In work done by He et al, it was shown that Pd,Au/C,
having dominant facets of Au(111) and Pd(111), had a higher
resistance to CO poisoning than Pt/C and Pd;Sn/C while maintain-
ing reasonable ethanol oxidation activity, showing how Au can help
resist CO poisoning.'® The increases in our activity may not be due
to Au, but its low affinity for binding molecules can enhance
CO-poisoning tolerance, resulting in more efficient catalysts.

DFT calculations on initial dehydrogenation of EtOH

To support our observations from the modified King and Wells
experiments and provide insight at the molecular level, we con-
ducted DFT calculations of the initial step of EtOH dehydrogenation
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Fig. 5 (a) Binding configurations of EtOH on Pd,/Au(111), (x = 1, 4 and 9).
(b) Activation energy barrier for three different dehydrogenation processes
on Pd,/Au(111), (x = 1, 4 and 9).

for different Pd ensembles. Fig. 5 shows the calculated activation
energy barriers of three potential initial dehydrogenation steps
(O-H bond, o-carbon-H, or B-carbon-H) for Pd, (x = 1, 4, and 9)
ensembles on a Au(111) slab. Due to the high computational
overhead, we only examined the first dehydrogenation steps in this
study, with the assumption that the first dehydrogenation steps
would significantly influence the following decomposition
mechanism.” Tllustrations of the first dehydrogenation step and
their corresponding activation barriers are shown in Fig. S9-S11
(ESIt). As the Pd ensemble gets larger, the activation barrier for
dehydrogenation decreases for each mechanism, reinforcing the
fact that reactivity is due to Pd atoms and showing a general Pd
ensemble effect on EtOH dehydrogenation. However, no clear trend
is apparent regarding which reaction pathway is most favorable. For
the Pd; ensemble, a-carbon dehydrogenation has the lowest activa-
tion barrier at 1.63 eV, followed by hydroxyl dehydrogenation at
1.68 eV. This pathway indicates that acetyl species or alkoxide might
be readily formed, which is similar to what was reported previously
on Pd(111).>>*® However, with the less active Au on the surface,
desorption will more readily occur instead of further dehydrogena-
tion or decomposition, favoring acetaldehyde production as seen in
Fig. 2b. For Pd, ensembles, the lowest energy barrier for the initial
step of EtOH dehydrogenation is observed at the B-carbon. This
mechanism can lead to surface-bound carbon formation, which can
contaminate the catalytic surface and reduce further activity for the
desired reaction. There is additional discussion regarding carbon
contamination later in this paper.

For Pdy ensembles on Au(111), we see a significant decrease
in the energy barrier of hydroxyl dehydrogenation to 0.57 eV.
Alkoxide formation is consistent with most experimental work
done on EtOH reactions, including Pd(111), so this result is not
surprising. Despite the drastic change in the activation barrier
for alkoxide formation between the Pd, and Pd, ensembles,
there is very little change for o- or B-carbon dehydrogenation.
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A plausible explanation is that there are Pd electronic effects
shown for hydroxyl dehydrogenation, but it is less influential for
a- and B-carbon dehydrogenation. For Pd, both atomic ensemble
effects®®® and electronic effects®®®* have been seen for other
reactions under various conditions. Considering the heterogeneity
of the Pd-Au catalyst, it is not surprising that we see both of these
effects for EtOH dehydrogenation. It should be noted that the
DFT-calculated energy barriers (Fig. 5) should not be directly
compared to the experimental activation energies (Fig. 4). On both
1 ML and 2 ML Pd-Au surfaces, there should exist Pd ensembles of
varying sizes, and the experimental activation energies incorporate
all of the ensembles on the catalytic surface. The target mission of
Fig. 5 is to show the general trends for tuning the EtOH dehydro-
genation capacity and selectivity with varying sizes of Pd ensembles
on Au(111), not a direct comparison of numerical values.

Incorporating the results of H, association (Fig. 3) with that
of the different dehydrogenation mechanisms (Fig. 5), we
observe a synergistic effect of Pd/Au(111) from a computational
perspective. We see from Fig. 3 that smaller Pd ensembles
(Pd,/Au(111) and Pd,/Au(111)) offer the lowest energy barrier
for H, recombination. However, larger Pd ensembles provide
the smallest activation energy barriers for EtOH dehydrogena-
tion. Therefore, compositions of Pd and Au that offer a balance
of Pd/Au interface sites and Pd island sites may enable suffi-
cient EtOH dehydrogenation while H atoms can recombine and
desorb efficiently. Based on our experiments, this may qualita-
tively explain why the 2 ML Pd-Au catalyst yielded the largest
production of H, compared to other initial Pd coverages
(Fig. 2a), even though the reactions were conducted above the
temperature of H, recombinative desorption. In a temperature
regime in which H, desorption does not readily occur, we
expect a similar trend in H, production for our Pd-Au model
catalysts. The 1 ML Pd-Au catalyst would have limited H,
production due to predominantly Pd-Au interface sites but very
few, if any, Pd island sites. Although the 3 and 4 ML Pd-Au
catalysts would offer more EtOH activity, H, recombination
would not occur as readily as that of the 2 ML Pd-Au catalyst,
limiting H, production. Here, we see that our DFT calculations
provide mechanistic insight for EtOH dehydrogenation and
strategy for catalytic design to enhance efficiency.

It is worthwhile to note the binding configuration of the
EtOH species used in our DFT calculations on the Pd ensembles,
which is not always clear in the literature. Using DFT calcula-
tions, Tereshchuk et al. showed that EtOH lies down on many
transition metals, including Pd(111) and Au(111), where the C-C
bond is parallel with the catalytic surface.>* For all calculations
presented in Fig. 5b, EtOH has a similar lay-down orientation on
all three surfaces, suggesting that Pd incorporation into the
Au(111) slab does not cause a difference in adsorption orienta-
tion. Therefore, the activation energy barriers calculated are not
influenced by differences in adsorption orientation on the
Pd/Au(111) alloys.

Stability tests

A change in H, production with time would indicate a lack of
stability of the Pd-Au catalysts. To further investigate the
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Fig. 6 H, and CO production from EtOH dehydrogenation on Au(111),

1 ML Pd-Au, and 2 ML Pd-Au.

stability between 1 ML and 2 ML Pd-Au catalysts, we impinged
EtOH on Au(111), 1 ML Pd-Au, and 2 ML Pd-Au for 60 seconds
(25-85 seconds in Fig. 6) while acquiring spectra for H, and CO.
For the 1 ML Pd-Au catalyst, there is a constant amount of H,
production (the increasing baseline is due to the increasing
quantity of EtOH in the chamber) with no CO production, as
seen in Fig. 2a. For the 2 ML Pd-Au catalyst, both CO and H, is
produced, also seen in Fig. 2a. However, there is a continual
decrease in the H, production while EtOH is being impinged on
the surface. This change in production showcases a lack of
stability for EtOH dehydrogenation for the 2 ML Pd-Au model
catalyst and is indicative of a change in the catalyst that was not
shown for the 1 ML Pd-Au model catalyst. This decrease in H,
production could be due to carbon contamination blocking
potential active sites. Based on our DFT calculations for
Pd,/Au(111) in Fig. 5, dehydrogenation from the B-carbon is
likely on the 2 ML Pd-Au surface and the most likely pathway
that would result in carbon contamination instead of the
production of other small hydrocarbons. With the CH,CH,OH
intermediate and the difficulty of cleaving the C-O bond on
Pd surfaces, which would yield ethylene in this case, contam-
ination via carbon species is a likely outcome. Also, carbon
contamination can occur from reaction-limited H, production
in which the methyl group further decomposes into carbon and
H,, as suggested on Pd(111).”° Both pathways could result in
initially blocking sites until the catalyst becomes stable, leading
to the decrease in H, production seen in Fig. 6.

To confirm carbon contamination, we used Auger Electron
Spectroscopy (AES) for elemental identification, shown in
Fig. S12 of the ESI{ to see the changes in the peak-to-peak
ratios of Pd between a clean 2 ML Pd-Au surface and one that
was exposed to EtOH impingement at 500 K for 60 s. Making a
ratio using the peak-to-peak signal of the Pd feature (277 eV)
that dwarves the carbon signal (273 eV) with a peak-to-peak
signal that is only determined by Pd (328 eV) can confirm the
presence of carbon on a tested surface. The peak-to-peak ratio
of the two Pd features for clean 2 ML Pd-Au was 4.0, but it
decreased to 3.3 for the surface exposed to EtOH. This shows
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that the carbon feature became more pronounced after EtOH
exposure on 2 ML Pd-Au and is most likely due to carbon
contamination from EtOH decomposition. However, there was
no significant difference in between the Pd features of clean
1 ML Pd-Au and that of the 1 ML Pd-Au catalyst exposed to
EtOH for 60 s at 500 K. Considering the DFT calculations
yielding CH,CH,OH as a potential intermediate for the 2 ML
Pd-Au catalyst, AES showing carbon contamination, and the
decreasing H, production over 60 seconds, we believe EtOH
decomposition is occurring along with EtOH dehydrogenation
on the 2 ML Pd-Au catalyst, resulting in carbon species that
affect the catalyst’s stability at higher Pd coverages.
Additionally, we notice that the 2 ML Pd-Au catalyst has
higher activity for EtOH dehydrogenation while 1 ML Pd-Au
provides better stability. This interplay of stability and activity
has been seen before on Pd-Au catalysts. More specifically, Xu
et al. showed that Pd electrocatalysts with higher Au content
have more stability than pure Pd on a carbon support for
ethanol oxidation.®®> On the other end, pure Pd showed the
highest activity with an overall decreasing trend with increasing
amounts of Au incorporation. Most significantly, intermediate
amounts of Pd (Pd;Au/C) showed the greatest interplay of
stability and activity. This may very well be the case with the
2 ML Pd-Au catalyst, where it is showing the highest activity for
dehydrogenation with a loss of activity at the beginning of
the experiment but stabilizing in activity as the experiment
progresses over the 30 second impingement period.

Desorption at 77 K

To further probe the interactions of EtOH on Pd-Au surfaces,
approximately 1 monolayer of EtOH was exposed to the Au(111),
1 ML Pd-Au, and 2 ML Pd-Au surfaces at 77 K. Following
exposure, the sample was heated at 1 K s~' to monitor EtOH
desorption as shown in the TPD spectra in Fig. 7. On Au(111),
EtOH does not react and desorbs at 176 K. Gong et al. observed
desorption of EtOH on Au(111) at ~180 K and saw no products
to indicate reactivity on the surface.>" However, for 1 ML and
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Fig. 7 TPD spectra of 1.00 ML EtOH (m/z = 31) on Au(111), 1 ML Pd-Au,
and 2 ML Pd-Au adsorbed at 77 K, showcasing the difference in affinity to
the model catalyst surfaces.
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2 ML Pd-Au, the area under the EtOH desorption feature
decreases by 3% and 8% compared to Au(111), respectively,
indicating EtOH reactions on the surface as the sample is
heated. Additionally, there is the appearance of a 2nd lower
temperature feature, which could be due to two effects: (1) EtOH
interactions on the Pd-Au surface may be such that a monolayer
feature is saturated sooner or (2) decomposition of EtOH on the
surface may allow other EtOH molecules to desorb more readily
at lower temperatures. This second scenario is more likely
considering that some EtOH reacts on the Pd-Au surface and
the alkyl chains provide repulsion. The EtOH monolayer features
also go to increasingly higher temperatures, supporting the fact
that EtOH has a stronger interaction with Pd than Au.

In addition to adsorbing EtOH on Au(111), 1 ML Pd-Au and
2 ML Pd-Au, we also conducted DFT calculations on the
binding energies of EtOH, its primary dehydrogenation product —
acetaldehyde - and its three potential dehydrogenation inter-
mediates on Pd/Au(111) with varying Pd ensembles sizes, as
shown in Fig. 8. For all the species, the binding gets stronger
when going from Au(111) (represented here with 0 Pd atoms), to
a Pd monolayer. In particular, the strengthening of the EtOH
binding energy with larger Pd ensemble sizes supports what is
shown experimentally in Fig. 7, where the desorption tempera-
ture of the monolayer feature increases with increasing Pd
coverage, with EtOH desorbing at 176 K, 187 K, and 196 K on
Au(111), 1 ML Pd-Au and 2 ML Pd-Au, respectively. Additionally,
EtOH desorbs at 200 K*° from Pd(111) and at 247 K*® from
Pd(110), reinforcing the trend of increasing EtOH desorption
temperature with increasing Pd coverage and showing how the
Pd ensembles resemble the Pd(111) surface.

Furthermore, we acknowledge the large disparity in binding
energies of EtOH and acetaldehyde compared to the dehydro-
genation intermediates. Unless the intermediates can form
acetaldehyde or other stable small molecule, the strong binding
energies of the intermediates show the potential for further
decomposition and catalyst contamination. The binding
energies calculated for the various EtOH species provide sup-
port for the increase in desorption temperature seen in Fig. 7,
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Fig. 8 DFT-calculated binding energies of EtOH, EtOH’s three potential
dehydrogenation intermediates, acetaldehyde, and CO on Pd/Au(111) with
varying Pd ensemble sizes (shown in Fig. S3, ESI¥).
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while showing the susceptibility for intermediates to contaminate
the surface.

Additionally, the binding energies of CO with varying Pd
ensembles on a Au(111) slab were also calculated using DFT.
CO poisoning is a major problem for fuel cell technology and
very well plays a role in EtOH decomposition. Similarly to EtOH
and its partially dehydrogenated intermediates, CO adsorption
is stronger with larger Pd ensembles. Considering CO desorbs
at 50 K on Au(111)*° and desorbs at about 500 K on Pd(111),%
the increase of CO binding energy with Pd is expected. In fact,
Sellidj et al. saw an increase in desorption temperature in TPD
with increasing Pd coverage on the Au(111) substrate, ranging
from 125 K with lower Pd coverage to 500 K with multiple Pd
overlayers.®® This also supports our speculation that CO
poisoning from EtOH decomposition occurs on the 2 ML
Pd-Au surface and blocks H, evolution, as observed in our
modified King and Wells experiments used to create the
Arrhenius plots of Fig. 4.

Conclusions

With the synergistic effect between Pd and Au, Pd-Au bimetallics
are of significant interest for many reactions and applications. In
this study, we used UHV surface chemistry measurements and
support from DFT calculations to investigate ethanol (EtOH)
dehydrogenation on Pd-Au model catalysts. With EtOH reactive
molecular beam scattering (RMBS) experiments, EtOH
temperature-programmed desorption (TPD), and DFT, we show
how a difference in Pd ensemble size and Pd coverage, and
consequently Pd active site, on Au(111) can affect the H,
production and the mechanism for EtOH dehydrogenation.
With the catalyst held at 500 K, the 2 ML Pd-Au surface had
the highest H, yield, outperforming catalysts with both less Pd
and more Pd on their surfaces. Additionally, higher Pd
coverages showed less selectivity producing CO as well as H,
and acetaldehyde, whereas no CO was detected on 1 ML Pd-Au
surfaces. Using RMBS experiments from 400-500 K, Arrhenius
plots of H, production confirm that the reaction mechanisms
for EtOH dehydrogenation differed on 1 ML Pd-Au and 2 ML
Pd-Au. This supports our idea that isolated Pd atoms and
Pd(111)like sites provide different mechanisms for EtOH
dehydrogenation. Using DFT, the activation barriers were
calculated for the initial EtOH dehydrogenation step to support
the idea of multiple reaction pathways for Pd-Au alloys. The
initial dehydrogenation step depends on the size of the Pd
ensemble on the Au(111) slab: based off the lowest activation
barriers, Pd,, Pd4, and Pd, ensembles favor a-carbon, -carbon,
and hydroxyl dehydrogenation, respectively. RMBS experiments
regarding the stability of H, production provide evidence of less
stability on the 2 ML Pd-Au surface than the 1 ML Pd-Au
surface despite the higher H, production on the 2 ML Pd-Au
catalyst. AES suggests that carbon contamination is a contri-
butor to this lack of stability. Using DFT binding energies and
EtOH TPD, we confirm that EtOH has an increasing surface
affinity to Au(111) with increasing Pd ensemble size and Pd
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coverage on the Au(111) substrate, enabling more reactivity
instead of facile desorption. DFT also shows stronger binding
energies for the intermediates that increase with increasing Pd
ensemble size, suggesting a higher probability of reaction or
contamination of these surfaces. In the future, microkinetic
studies fleshing out the entire mechanism of EtOH decomposi-
tion on bimetallic and practical catalysts could prove to be
insightful. Hopefully, the results of this study will assist with
the design of better bimetallic catalysts, especially Pd-Au alloys,
for the future and provide insight into alcohol reactions and
associated applications.
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