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Supported gold nanoparticles have recently been shown to possess intriguing catalytic activity for

hydrogenation reactions, particularly for selective hydrogenation reactions. However, fundamental
studies that can provide insight into the reaction mechanisms responsible for this activity have been
largely lacking. In this tutorial review, we highlight several recent model experiments and theoretical
calculations on a well-structured gold surface that provide some insights. In addition to the behavior of

hydrogen on a model gold surface, we review the reactivity of hydrogen on a model gold surface in
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regards to NO, reduction, chemoselective C—O bond hydrogenation, ether formation, and O-H bond
dissociation in water and alcohols. Those studies indicate that atomic hydrogen has a weak interaction

with gold surfaces which likely plays a key role in the unique hydrogenative chemistry of classical gold

Www.rsc.org/csr catalysts.

Key learning points

1. Classical supported gold catalysts show high activity for selective hydrogenation reactions but supporting fundamental studies are lacking.
2. H, dissociation is a key step for hydrogenation and likely occurs on gold defect sites or the interface between a gold particle and the support on classical

gold-based catalysts.

3. H, dissociation has a high barrier on Au(111) so atomic hydrogen is used to populate the surface.
4. Atomic hydrogen has a weak interaction with the Au(111) surface with a low desorption activation energy.
5. Several examples are shown that demonstrate the hydrogenation reactivity on Au(111), including NO, reduction, C—O0 group hydrogenation, and the OH + H

interaction.

1. Introduction

Gold has historically been considered catalytically inert. However,
in recent decades, highly dispersed nano-scale gold particles
supported on metal oxides have been synthesized and found to
exhibit unexpectedly high activity for some chemical reactions. In
pioneering work, Haruta discovered that gold nanopatrticle catalysts
have extraordinary activity for CO oxidation." This work prompted
numerous follow up studies, and to date, gold-based heterogeneous
catalysts have shown a high activity for many oxidation reactions.>
Related fundamental studies have also been extensively conducted
both experimentally>* and theoretically.®
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Additionally, gold-based catalysts have also been studied in
hydrogenation reactions. Bond et al. employed supported gold
catalysts for selective hydrogenation of 1,3-butadiene® and later
Hutchings et al. studied hydrochlorination of acetylene” over
gold. To date, many studies have been conducted for several other
hydrogenation reactions on gold-based catalysts as well.*°
However, few fundamental studies on model gold surfaces have
been performed.'®*" In this review article, we will summarize and
discuss the current progress on fundamentals of hydrogenation
chemistry of gold with an emphasis on experiments conducted on
gold single crystals in vacuum."”>™”

1.1 Advances in hydrogenation reactions with classical gold
catalysts

Gold can be used as a catalyst for hydrogenation of various
hydrocarbons with one or more unsaturated bonds (i.e. C—C,
C=C, C=0, and C=0), such as CO,'"® CO,," acyclic
alkenes,?® cyclic alkenes,”" alkynes,** derivatives of benzene,>*
and unsaturated aldehydes.>* In particular, gold-based catalysts
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show great promise in applications for selective hydrogenation
processes. Three of the most prominent examples are: (1)
selective hydrogenation of acetylene to ethylene with a selectivity
higher than 90%;>* (2) chemoselective hydrogenation of unsaturated
aldehydes (such as acrolein) to yield unsaturated alcohols with 10
times higher selectivity than traditional platinum-based catalysts;**
and (3) for nitro-unsaturated molecules, NO, groups have a high
chemoselectivity (>95%) compared to other unsaturated functional
groups present on the molecule, such as C—=C, C—=0, C=N, and
benzene groups.”’

View Article Online

Gold-based catalysts show intriguing activity for hydrogenation
reactions. We speculate that a single H atom is likely one of the
more active species on gold surfaces since it is very weakly bound.
This phenomenon is likely similar to the observations of O on
gold: model studies indicate that oxygen atoms have a weaker
interaction with Au surfaces compared to other metallic surfaces,
leading to extraordinary activity for selective oxidation reactions.>®
Thus, in order to verify this speculation and explore the related
reaction mechanisms, fundamental studies of hydrogenation
transformations with H on Au surfaces are needed.
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1.2 H, dissociation on gold catalysts

Generally, H, dissociation has been considered as a key step in
hydrogenation reactions. Norskov and coworkers conducted
density functional theory (DFT) calculations and predicted that H,
dissociation has a high energetic barrier and is activated on a
Au(111) surface.”>® However, for classical gold catalysts, H, dissocia-
tion likely occurs at low-coordinated sites and/or the interface
between the gold particles and the metal oxide support. Fujitani
and coworkers observed H-D production from H, and D, by using
two types of model catalysts — Au/Ti0,(110)'® and TiO,/Au(111),*
and they provided evidence that H, dissociation occurs at the
interface of the gold particles and TiO,. However, Yates and Morris
employed transmission Fourier transform infrared (FTIR) spectro-
scopy and CO oxidation as a probe reaction to demonstrate that the
most active sites for hydrogen dissociation on Au/TiO, are the free
step edges or other defect sites on Au particles.>* Additionally, they
found that dissociated atomic H can diffuse to the TiO, support,
possibly via spillover onto the flat Au faces.* Therefore, we spec-
ulate that after H, dissociation on defect or interface sites, the sub-
sequent hydrogen atoms will “spill over” onto the predominantly
Au(111) face of the gold particle, and these activated hydrogen
atoms are the reactive species for some hydrogenation reactions
occurring on gold catalysts. Thus, in order to conduct fundamental
studies regarding hydrogenation on a model gold surface such as
Au(111), it is necessary to populate the surface with atomic
hydrogen to simulate H, dissociation and spillover onto the surface.

However, whether H atoms can spillover/diffuse onto other
portions of the gold surface after dissociating on active sites, such
as low-coordinated gold sites and interfaces, is still an open ques-
tion. In addition to the Yates and Morris research,>* Bron and
coworkers studied hydrogenation of acrolein on Ag high-surface-
area catalysts and suggested that H, dissociates on defect sites on
silver particles and spills over onto the face sites.*® Since H atoms
have similar binding energies on Ag(111) and Au(111) based on DFT
calculations® and TPD (temperature programmed desorption)
measurements,"*** it is reasonable to speculate that H atoms might
also be able to diffuse onto gold face sites after H, dissociation at a
defect or interface site. If hydrogen atoms are able to spill over onto
the flat Au surface, these hydrogen atoms likely contribute signifi-
cantly to the reactivity for hydrogenation reactions on gold.

Sykes and coworkers addressed this issue employing scanning
tunneling microscopy (STM) to study H, adsorption on Pd/Au(111).>®
They exposed the sample to H, at 420 K and then cooled it to 7 K,
after which they did not detect any H atoms on the Au surface via
STM. They suggested that H atoms cannot diffuse onto the Au(111)
surface from the Pd-Au interfaces due to the strong binding energy
at the interface. However, since they exposed the Au(111) sample to
H, at 420 K,* it cannot be ruled out that the generated H atoms did
diffuse on to the Au(111) surface, but then immediately recom-
bined to desorb from the surface at this elevated temperature.
Similarly, Bus and coworkers studied H, dissociation on Al,O;-
supported gold catalysts and also suggested that the generated H
atoms cannot diffuse onto gold face sites.*® Using EXAFS (extended
X-ray adsorption fine structure) techniques to estimate Au particle
size and number of surface Au atoms, they estimated the ratio of
H to surface Au atoms during hydrogen chemisorption to be lower
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than 100%, and increases with reducing gold particle size,
suggesting H atoms do not bind to all the exposed sites on gold
particles and likely adsorb only on the low coordinated sites that
they dissociated on, such as edges and corners.>® However, the
catalysts were tested at 298 K or higher temperatures, which again
likely causes immediate H, recombinative desorption after diffus-
ing onto the face sites. While the authors of both of these studies
suggest that hydrogen atoms do not spillover, neither of the above
two studies can definitively disprove the ability for hydrogen
atoms to “spill over” onto gold surfaces.

Since active hydrogenation chemistry has been observed
classically on supported gold catalysts, we have conducted
studies regarding hydrogenation reactions on a Au(111) model
surface in order to better understand the role of gold in
hydrogenation transformations on classical Au-based catalysts
and to provide insights into the reaction mechanisms.

2. H on a model gold surface

Since hydrogen has a large barrier to dissociatively adsorb
on model gold surfaces, atomic hydrogen is necessary for
populating H atoms on the surface in vacuum in order to study
hydrogenation reactions. Sault and coworkers populated the
surface of a Au(110)-(1 x 2) sample by exposing it to H, with
their QMS (quadruple mass spectrometer) filament turned
on. Their TPD measurements showed a hydrogen desorption
feature at ~216 K (Fig. 1a, black curve)."

Recently, our group employed an electron-beam heated
thermal H-atom generator to adsorb atomic hydrogen on
Au(111) at 77 K with subsequent TPD measurements."” The
green curve in Fig. 1a illustrates TPD from the sample surface
saturated by H atoms, which we define as unity relative cover-
age, Oy re1 = 1, (we are unsure of the exact ratio of H atoms to
Au atoms). The recombinative H, desorption shown in this
experiment yields a single feature with the peak temperature at
~111 K, indicating a low desorption activation energy and
suggesting a weak interaction between atomic H and the
Au(111) surface. With changing coverages of H atoms, the
desorption feature shows approximately similar peak temperatures
over a narrow range of 108-111 K, suggesting that H, recombina-
tive desorption on Au(111) follows first-order desorption kinetics.
This is a deviation from most other examples of recombinative
desorption, which typically display second-order kinetics. We can
estimate the desorption activation energy based on the Redhead
approximation with a frequency factor of 10™* s~ Using 110 K for
the peak temperature, the desorption activation energy for H, is
estimated to be ~28 kJ mol " (0.29 eV)."® Since the recombination
and desorption of H, includes the formation of a H-H bond, the
H-H bond energy for gaseous molecular hydrogen (DE), the H-Au
binding energy (BE), and H, desorption activation energy (AEq)**
are all related by the equation: 2BE = DE + AEg4. Using 28 k] mol *
(0.29 eV) for the desorption activation energy and 436 kJ mol *
(4.52 eV) for the H-H bond energy, the binding energy between the
H atom and the Au(111) surface is estimated to be ~232 k] mol ™"
(2.40 eV), which is in good agreement with DFT calculations done
by Greeley and Mavrikakis (2.22 eV).*

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (a) Hy (Bprel = 1) and D, (0p el = 0.8) TPD from H and D atom covered
Au(111). The black curve indicates H, desorption from the Au(110) surface
(adapted from Sault et al.'"). (b) Schematic mechanisms of the diffusion of an
H atom on Au(111)."® All figures obtained with permission. Copyright (2012)
American Chemical Society.

In addition, Fig. 1a illustrates that D, yields a desorption
feature at slightly higher temperature, 116 K, indicative of a
higher desorption activation energy (~30 k] mol ). This
phenomenon likely stems from the lower zero point energy of
D, compared to H,, leading to a stronger binding energy with the
Au(111) surface. This property can cause kinetic isotope effects
(KIE)*® where H (or compound X-H) has higher reactivity than D
(or X-D). To further understand the mechanisms and energetics
involved in this hydrogen recombinative desorption process, we
performed DFT calculations, as shown in Fig. 1b. These calcula-
tions indicate that H atoms favor adsorbing on fcc hollow sites
and have a small barrier of 0.07 eV to diffuse to hcp hollow sites,
suggesting that H atoms can move around on the surface, even
at a low temperatures such as 77 K.'® For H to recombinatively
desorb or participate in other chemical reactions, H atoms need
to diffuse onto the atop sites of Au(111) with a barrier of
0.30 €V."® This is also consistent with our TPD measurements"
and computational results conducted by Mavrikakis.*®
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However, H, desorption temperatures can vary widely
between the different faces of the same metal. For example,
the H, desorption temperature from Au(111) is much lower than
the peak temperature from Au(110) at 216 K, indicating a higher
desorption activation energy on Au(110) of ~51 kJ mol™".** This
comparison clearly demonstrates that the surface structure can
significantly affect H desorption from gold. Further, the kind of
metal and its various surface structures are closely associated
with its catalytic properties and play a key role in determining
the surface chemistry for chemical reactions. Therefore, it is
educational to examine the peak desorption temperatures, as
shown in Table 1, for H, desorption from a variety of metal
surfaces. The desorption temperatures suggest the binding
energy of H on these various metal surfaces increases roughly
in the order of Au < Ag < Cu, Al, Ni, Pd, Pt, I, Ru < Mo, W, Fe.
From DFT calculations,® H atoms have a small binding energy
on Ag(111), Au(111), and Cu(111). This is consistent with the
TPD measurements, in which a measurable amount of H, does
not dissociatively adsorb on those surfaces and atomic hydrogen
has been employed, as shown in the “Hydrogen Source” column
in Table 1. However, it should be noted that the H, desorption
temperature on Cu(111) is much higher than that on Au and Ag.

There are multiple desorption features on some metallic
surfaces. The authors reporting these results speculate in their
papers that the low temperature peaks are due to subsurface
H desorption from H atoms that diffuse into the bulk. These
sub-surface H features appear with increasing coverage of
hydrogen on the surface and can even be larger than the
saturated surface H desorption feature. Note that two peaks
are observed for subsurface H desorption on Ag(100) at 110 and
120 K, possibly due to surface reconstruction during the
adsorption of H.>** In addition, on many metal surfaces such
as Pd, Ir, Pt, W, Ru, and Mo, molecular hydrogen dissociatively
adsorbs on the surface frequently leading to second-order
kinetics for the recombinative desorption rate, which results

Table 1 Desorption of H, on transition metal surfaces

Desorption

Metal Hydrogen Desorption peak  activation

surfaces source temperatures (K)  energy (eV) Ref.
Au(111) Atomic 111 0.29 13
Au(110) Atomic 216 0.53 11
Ag(111) Atomic 160 Not reported 34
Ag(100) Atomic 110, 120, 150 Not reported 34
Cu(111) (D)*  Atomic 350 0.78 37
Al(100) Atomic 310-340 0.76 38
Ni(111) Molecular 310, 380 1.00 39
Ni(100) Molecular 360-400 1.00 39
Ni(110) Molecular 350 0.93 39
Pd(111) Molecular 205, 280-310 Not reported 40
Ir(111) Molecular ~ 270-380 0.55 41
1Ir(110) Molecular 200-300, 400 1.00 42
Pt(111) Molecular 280-350 0.74-0.87 43
Ru(001) Molecular ~ 320-420 Not reported 44
Mo(110) Molecular  500-650 1.2-1.5 45
W(110) Molecular 440-510 1.26-1.52 46

Fe(110) (D)*  Molecular 450 Not reported 47

“ Deuterium is employed in TPD measurements.
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in the peak temperature shifting from high temperatures to low
temperatures with increasing coverages. Therefore, Table 1
provides a temperature range for H, desorption from those
surfaces.

3. Hydrogenation on Au(111)

H atoms recombinatively desorb from the Au(111) surface at
temperatures lower than 160 K as shown in Fig. 1a, providing a
small temperature window for testing chemical reactions in
vacuum. As such, while we have successfully demonstrated
several hydrogenation reactions that occur on Au(111), we have
also been unsuccessful in some of our attempts to catalyze a
hydrogenation reaction on the Au(111) surface. Table 2 lists
experiments that we have examined on the Au(111) surface but
for which no reactivity has been detected.

No measurable activity can be the result of a couple different
scenarios. First of all, the hydrogen atoms and/or the other
reactant(s) are weakly bound to the surface, and could desorb
off the surface at temperatures lower than that required to drive
the chemical reaction. While this is a limitation in the model
experiments, it does not disprove the ability for gold to catalyze
a particular reaction. At ambient temperatures and pressures
associated with classical gold catalysts, the large number of
collisions can result in temporarily adsorbed species with
enough energy to drive the reaction. Secondly, the reaction
may not occur on the Au(111) surface alone, and may require a
low-coordination site, such as a step or edge, or an interface
between the gold and the metal oxide. For these reactions,
performing experiments on other faces, such as Au(110), or
gold/support samples, such as TiO,/Au(111) or Au/TiO,(110),
can illuminate the requirements for a reaction to progress.
Combining the knowledge from all of these ‘“puzzle piece”
model experiments allows one to better see a complete picture
of the classical catalyst.

3.1 NO, reduction on H/Au(111)

One of our first successful hydrogenation experiments involved
the ability for an H-covered Au(111) surface to reduce NO, to
NO. It turns out that we employ a NO, molecular beam in order
to remove contaminants from the Au(111) surface held at 800 K

Table 2 Experiments on H/Au(111) not showing hydrogenative reactivity

Desorption temperature

Reactant on H/Au(111) on clean Au(111) (K)

co 90
CO, 90
C,H, 90
NO 90
N,O 90
CH,—CH-CHO 160%?
CH,CH,CH,CH,C=CH 210”
CH;CH;CH=—CH-CHO 210°
CH,CH,CH,-NO, 200”

“ The reaction can be detected but the reactivity is very small. ” The
temperature is the peak of monolayer desorption.
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for cleaning.">'® Since NO, obviously decomposes on the

surface at high temperatures, producing atomic oxygen that
can react with carbon contaminants, this indicated that NO,
has a certain degree of reactivity on the surface that was worth
studying with a hydrogen covered Au(111) surface. Additionally,
NO, (NO, and NO) reduction is an important reaction for
emission control from automobiles and power plants. Accordingly,
gold-based catalysts have been widely studied for NO, reduction
with H, as a reducing agent® but the mechanism is not well
understood.

We conducted molecular beam reactive scattering (MBRS)
experiments by delivering a NO, beam (the kinetic energy is
~0.1 eV) onto H/Au(111) at 77 K."* During this process, the
species desorbing from the surface can be detected by a
quadrupole mass spectrometer to enable the qualitative and
quantitative analysis of possible chemical reactions. Fig. 2a
illustrates a control experiment by impinging the NO, beam
onto the clean Au(111) surface without the co-adsorption of H
atoms. At ¢ = 0 s for beam-on, the increase of the NO, signal is
due to a portion of NO, molecules scattering off the surface
rather than adsorbing (the NO, sticking probability on Au(111)
is ~60%). During the entire period of the impingement, the
NO, signal remains a constant and no NO or H, are detected,
suggesting no reaction occurred on the surface. In contrast, on
H-atom covered Au(111), as shown in Fig. 2b, as the NO, beam
strikes the surface over the 20 second exposure, the NO signal
shows an induction period in which there is no NO evolution
from ¢ = 0 to 5 seconds, followed by significant NO evolution,
suggesting a reaction between NO, and H atoms. This process
has been divided into 5 reaction stages, labeled as: (i) beam on,
(ii) the beginning of NO evolution, (iii) the peak, (iv) the end of
NO evolution, and (v) beam off. In addition, our QMS detected
H, evolution during NO, impingement. Note that these phenomena
have been observed at a cryogenic temperature of 77 K, indicating
a facile reaction and high reactivity for NO, on H/Au(111). In
experiments exploring only the induction period, the subsequent
TPD measurement results show no NO, desorption upon heating
the surface. Only NO was observed but not any other possible
reduced products such as N,, N,O, and NH3, suggesting that NO, is
completely converted to NO with a 100% conversion and 100%
selectivity.'*

We conducted DFT calculations to explore the reaction
mechanisms, which, combined with TPD studies, suggest two
intermediates (HNO, and N,O;) for this reaction."* The
detailed results are shown in Table 3, organized by the experi-
mental stages and H coverages. These results indicate the
energy barrier for NO, reduction is closely correlated to H
coverage — high hydrogen concentration on the surface can
enhance the reaction between H and NO, to form an HNO,
intermediate; in contrast, low H coverage (more empty sites)
favors the hydrogenation of HNO, to produce NO, that can then
evolve from Au(111). Thus, NO, reduction and NO evolution at
77 K follow a reaction route with the lowest energetic barriers as
illustrated by the highlighted elementary steps in Table 3. The
induction period (i)-(ii) is due to HNO, formation, which
is favorable with high H coverage (E, = 0.04 eV, compared to

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 NO, reduction and NO evolution form H covered Au(111) in molecular
beam reactive scattering experiments. The beam strikes onto (a) the clean
Au(111) surface (b) the H (relative coverage Oy = 1) atom pre-covered
Au(111) surface at 77 K. The NO, beam was impinged on the surface from 0 s
to 20 s. The points denoted (i)-(v) mark specific times corresponding to measure-
ments discussed in the paper. The beam flux is 0.1 monolayer per s. Note that (a)
and (b) have the same Y-axis scale.'* All figures obtained with permission.
Copyright (2012) American Chemical Society.

E, = 0.55 eV at 0y ~ 0). In contrast, HNO, hydrogenation and
NO production, steps (ii)—(iv), have a lower barrier with low H
coverage. Thus, HNO, formation creates more empty sites on
the surface that promotes further HNO, hydrogenation, which
is highly exothermic (0.9 eV) and likely causes NO evolution at
77 K. The second intermediate, N,Oj, is due to the reaction
between adsorbed NO, and surface NO produced from reac-
tion. We interpret the desorption of both NO and NO, from
TPD measurements following 10 seconds of NO, impingement
on H/Au(111), denoted by point (iii), as decomposition products
of this intermediate. Reflection-absorption infrared spectroscopy
(RAIRS) also gives evidence for two intermediates, indicated by
the appearance of a new feature with H co-adsorption on
Au(111). This feature shifts with reaction progress, indicating
the transformation from one intermediate to the other, likely

This journal is © The Royal Society of Chemistry 2013
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Table 3 Energetics/barriers of surface reactions during MBRS experiments.'®
Copyright (2012) American Chemical Society

Oy ~ 10 ~ 0) O ~ 00 ~ 1)

Reaction AE (eV) E,(eV) AE(eV) E,(eV)
(i) and (ii) Induction

NO,(g) —» NO, —0.30 —0.81

NO, + H - Hg,ONO —-1.13 0.04 —0.45 0.55
Hg, ONO — H,,ONO* —0.02 0.28 —0.24 0.35
(ii)-(iv) NO evolution

H + Hy,pONO — NO + H,O —0.72 0.47 —0.90 0.30
NO + NO, — N,0; —0.03 0.27
(iv) and (v) Post-evolution

NO,(g) —» NO, —0.81

“ Note that HNO, undertakes a transformation for adsorption states
from Hg,NO, and H,,NO,, respectively regarding hydrogen face-down
and face-up configurations.

HNO, to N,0;. Finally, we note that the formation of HNO, is a
highly exothermic process (1.13 eV), which likely leads H, to
desorb from the surface at 77 K.*

3.2 C=O0 group hydrogenation on H/Au(111)

Gold-based catalysts have been identified with high activity for
selective hydrogenation of unsaturated aldehydes to unsaturated
alcohols.*® In this reaction, the C—C group is thermodynamically
more favorable for hydrogenation than the C=O bond.
Interestingly, gold catalysts can yield a selectivity of 60% for
unsaturated alcohols.? Thus, fundamental studies are needed
for a better understanding of the reaction mechanisms. We
conducted experiments with acrolein on H covered Au(111) as
mentioned in Table 2. However, the product signals are very
small and it is difficult to interpret the experimental results.
Therefore, we employed compounds only containing a C—0
bond (such as aldehydes and ketones) to perform a model
hydrogenation reaction on Au(111) in order to access the
mechanistic information.

3.2.1. Chemoselective hydrogenation of aldehydes and
ketones. We first studied acetaldehyde on H-covered Au(111)
and observed the production of ethanol.* This hydrogenation
reaction can be considered as a probe reaction demonstrating
the surface chemistry of Au(111) for C—O hydrogenation.
This study demonstrates that acetaldehyde can be hydro-
genated to ethanol at temperatures lower than ~250 K and
that hydrogenation with D atoms exhibits much lower activity
than with H atoms, indicative of a kinetic isotope effect.

In order to access more information regarding C—O0 hydro-
genation reactions in gold catalysis, we compared the hydro-
genation reactivity of acetone and propionaldehyde, two
isomers with the C—=O bond located on the middle and
terminal carbon atom, respectively. On a clean Au(111) surface,
acetone has three desorption features at 130 K, 132 K, and
155 K, responsible for the desorption of multilayer, second-
layer, and monolayer, respectively, in agreement with the result
previously reported previously by Syomin and Koel.>® Acetone
also shows a noticeable interaction with H adatoms on Au(111).
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Fig. 3a shows TPD spectra of acetone and 2-propanol (the
product of acetone hydrogenation) from 1.62 ML (monolayer)
of acetone adsorbed on Au(111) with pre-adsorption of H atoms
(Og1,re1 = 1), displaying several changes in the acetone spectrum
compared to the control experiment — the desorption features
from the second-layer and monolayer are broader and the
monolayer feature shifts to a slightly higher temperature,
158 K; in addition, two new desorption features appear at
higher temperatures (195 and 210 K). These results suggest
an interaction between H and acetone. However, no hydro-
genated products such as 2-propanol, were observed, indicative
of immeasurable reactivity of acetone for hydrogenation reac-
tions on Au(111)."?

In contrast, propionaldehyde is observed to be hydrogenated
to 1-propanol as shown in Fig. 3b, in which 1.86 ML propio-
naldehyde is absorbed on H covered (0 re1 = 1) Au(111). On the
clean Au(111) surface, 1.86 ML of propionaldehyde yields three
desorption features at 121 K, 154 K, and 269 K, respectively for
multilayer, monolayer, and polymer desorption. Here, the
polymerization of aldehyde was also observed for acetaldehyde
on Au(111) and has been reported on other metal surfaces."
However, on the H covered Au(111) surface as shown in Fig. 3b,
the TPD spectrum of propionaldehyde, indicated by m/z = 29,
shows a complicated transformation indicative of a strong
interaction between propionaldehyde and H adatoms. In
addition, the spectrum for m/z = 31 has a desorption feature
at 220 K, which indicates the formation of 1-propanol. The
other features are due to a mass fragment of propionaldehyde.
We estimate that 90% of the desorption peak at 220 K results
from the desorption of 1-propanol. We also studied the

View Article Online

hydrogenation of propionaldehyde on deuterium-covered
Au(111) and detected the formation of deuterated 1-propanol
(CH;CH,CHDOD) indicated by a single desorption feature for
the characteristic mass fragment of 33 (-CHDOD) at 220 K,
clearly suggesting the formation of 1-propanol from hydroge-
nation of propionaldehyde on Au(111)."?

Based on the discussion above, it is clear that acetone and
propionaldehyde have significantly different reactivities for
hydrogenation with H atoms on Au(111) - propionaldehyde
can be reduced to 1-propanol but acetone cannot be hydro-
genated. This can be attributed to different energetic barriers as
shown in Fig. 3c. Ketones have lower thermodynamic stability
compared to aldehydes, therefore, our DFT calculations indicate
that acetone is 0.33 €V lower in energy than propionaldehyde in
the gas phase. Both of them have a low binding energy of ~0.1 eV
with the Au(111) surface and need to overcome a similar barrier of
0.2 eV for the first hydrogenation step on the carbonyl oxygen.
Following that, the carbonyl carbon forms a covalent bond with
the surface and is vulnerable to attack by surface hydrogen atoms.
When the second hydrogen attacks the o carbon, propion-
aldehyde has a high reverse reaction energy barrier and favors
hydrogenation to 1-propanol. Conversely, acetone has a higher
barrier to convert to 2-propanol compared to the reverse reaction,
leading to a low reactivity. Another key factor is due to
polymerization of propionaldehyde, which was observed on
Au(111) and causes the desorption of propionaldehyde at
higher temperatures. Our DFT calculations predict that H
adatoms can promote this polymerization of propionaldehyde,
which allows propionaldehyde to remain on the surface at a
higher temperature, increasing the reaction probability.*

0.30
a) 1.62ML CH;COCH,/ H (6, .,=1) /Au(111) Propionaldehyde (gas) TS <)
0.15F / \ :
132K 158K g ! ;
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 e—' \ —_—
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; (m/z = 43) -0.30f2<Eone (9 ,/ N 4 N
-~ ! » W J h
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Fig. 3 (a) Acetone hydrogenation on H covered Au(111). (b) Propionaldehyde hydrogenation on H/Au(111). (c) Energy diagram for acetone and propionaldehyde

hydrogenation on Au(111)."> All figures obtained with permission. Copyright (2012) John Wiley and Sons.
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Tutorial Review

3.2.2. Reductive ether synthesis via coupling of aldehydes
and alcohols. When we studied the hydrogenation of acet-
aldehyde and propionaldehyde on H/Au(111), we observed
another reaction channel leading to the production of symme-
trical diethyl ether and di-n-propyl ether, respectively.'> In
addition, water has also been detected during these reactions,
suggesting the reductive self-coupling reactions of: 2H +
2CH;CHO — (CH3CH,),0 + H,O and 2H + 2CH;CH,CHO —
(CH;3CH,CH,),0 + H,0, as shown in Fig. 4."

These results represent an alternative method to synthesize
ethers. Currently, there are two methods commonly used for
ether synthesis.”® One is the reaction of alcohols and mineral
acids. However, this reaction must be operated at harsh
conditions with high temperature and a strong acid, leading
to undesired byproducts, such as olefins via acid-mediated
dehydration. The other reaction is the Williamson method,
which can present environmental and capital issues since toxic
and expensive alkyl halides are used.”® The method for ether
production with an aldehyde self-coupling reaction has been
reported by Milone and coworkers.>* They produced cinnamyl
ethyl ether and 2-ethoxyprop-l1-enylbenzene via cinnam-
aldehyde hydrogenation on Au/TiO, catalysts.>> However, there
had been no follow-up studies reported until our work.

View Article Online
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Besides symmetrical ether production, we also observed that
unsymmetrical ethers can be generated via a coupling reaction
of two aldehydes, or an aldehyde and an alcohol, with different
carbon chain lengths, as shown in Fig. 4. For example,
ethyl propyl ether (CH;CH,OCH,CH,CHj;) can be produced by
acetaldehyde + propionaldehyde, ethanol + propionaldehyde,
or 1-propanol + acetaldehyde on H covered Au(111). Thus,
tuning the structure of precursor aldehydes and alcohols leads
to the synthesis of the corresponding unsymmetrical ethers.

A reaction mechanism (Fig. 4) is proposed for this reaction.
Path 1 indicates a reaction mechanism for ether synthesis via
aldehyde-aldehyde coupling. Step (a) shows that aldehydes
adsorb on the surface with a configuration of n'(0).>® Based
on the DFT calculations used in Fig. 3b, H atoms attack the
oxygen first and create an alcohol-like intermediate on the
surface as step (b) shows. Subsequently, this intermediate
couples with another aldehyde molecule and continues to be
hydrogenated, producing the ether and water as shown in step
(c)-(f). In this process, we believe that aldehyde and H both are
indispensable. This is supported by three control experiments,
none of which yielded ether production: (1) co-adsorption of
alcohol and aldehyde on Au(111) without H; (2) aldehyde alone
on Au(111) without H; and (3) alcohol and hydrogen on

Path'l H (64, = 0.74)/Au(111) Path 2
R R CH;OCH,CH .
- a) 1.35 ML CH;OH/ (a) (n31/z=20)3 F|< F|< a)
CH CH 0.65 ML CH,CH - T
AN\ Q2
9 9 HHH o0 o u Wi
R l 0 1.35 ML CH,0H/ l
CIH 5 g —~ | 0.70MLcH;cH,cHO o )
N\ 3 | !
Ho GmO—HuH © — ¢t R H
H & 2 N’ \ /
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R’ Ry c l
I l/ 9 N
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Fig. 4 TPD spectra of produced ethers from the aldehdye-aldehyde and aldehyde-alcohol co-adsorbed Au(111) surface which is pre-covered by H atoms. Path 1
demonstrates the production of ether from aldehydes coupling. Path 2 indicates the coupling reaction between alcohols and aldehydes. When R’ = R, the product is
symmetrical ether. Otherwise, unsymmetrical ether is produced.'? All figures obtained with permission. Copyright (2012) American Chemical Society.
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Au(111). For both self-coupling reactions of acetaldehyde and
propionaldehyde on H/Au(111), we found that increasing
surface H coverages can reduce the selectivity of ether produc-
tion compared to hydrogenation to alcohol. Based on our
proposed mechanism in Path 1, the alcohol-like species formed
by the partial hydrogenation of aldehyde is favorably produced
with low coverage of H, leading to a high selectivity for ether
production. Otherwise, higher coverages of H can promote the
full hydrogenation of the aldehyde and generate alcohol on the
surface, which cannot directly participate in a coupling reaction
with aldehyde to produce the ether after surface H is
consumed. Path 2 illustrates the coupling reaction between
an aldehyde and alcohol for ether production. This process is
very similar to Path 1, with the only difference being that the
alcohol-like intermediate couples with an alcohol molecule

[step (c)}-
3.3 OH group interaction with H on Au(111)

Supported gold nanoparticles have been found to exhibit
catalytic activity for reactions involving H and species containing
an O-H group, such as water and alcohols. Studying the inter-
action of H-water or H-alcohol on the model Au(111) surface is
useful for better understanding the mechanisms associated with
these reactions.

3.3.1. Interaction of water with H. A fundamental under-
standing of the water-H interaction on gold is important to
catalysis and electrochemistry. This kind of study can also
provide insights into formation of hydronium (H;0")** and
protonated water clusters [(H,0),H']** that are associated with
proton transfer and transport in water, an important aspect in
chemistry and biology.

It is well known that water adsorbs intact on Au(111),>
exhibiting a single desorption peak at 157 K as shown in
Fig. 5b. However, our study indicates that co-adsorbed H atoms
can induce water dissociation.'® Fig. 5¢ shows that when water
and H atoms are co-adsorbed on the Au(111) surface, H, TPD
spectra yield two new features (B and v) at higher temperatures
and the surface-H recombinative desorption feature (peak o)
shifts from 110 K (see Fig. 5a) to 136 K. In addition, water has a
higher temperature desorption feature at 175 K. By coadsorbing
isotopically labeled water (D,0) with H atoms, as shown in
Fig. 5d, the emergence of a H-D and a D-D feature, as well as a
HDO feature, demonstrate that O-H bond breakage and a
hydrogen exchange reaction has occurred. Further, this study
and other isotope studies demonstrate that the origin of a
hydrogen, either from the surface, denoted Hy, or from the
water, denoted H,,, determines the desorption temperature of
the H, species, with H, molecules containing at least one H,,
when forming the 175 K vy feature.

DFT calculations predict, as illustrated in Fig. 6, that water
clustering is a key step in the hydrogen exchange reaction.®
H atoms favor adsorbing on the edge sites of the clusters,
causing an ‘original” O-H bond to dissociate during the
decomposition of water clusters that contain an extra hydrogen
atom. The shift of the o peak in the H, desorption spectrum is
due to a longer diffusion distance for surface H atoms, which
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Fig. 5 (a) H, desorption from clean Au(111). (b) Water desorption from clean
Au(111). (c) The interaction of H and H,O on Au(111). (d) The interaction of H

and D,0O on Au(111)."® All figures obtained with permission. Copyright (2012)
American Chemical Society.

are blocked by water clusters on the surface. Fig. 6a shows that
for a single water molecule, there is a barrier of 0.29 eV for
formation of hydronium (H;0'), which has three equivalent
O-H bonds and a small reverse barrier. This result suggests we
should observe random isotopic scrambling at low tempera-
tures, which nonetheless has not been observed with TPD.
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Fig. 6 Schematic energy diagram of the interaction of atomic H with (a) a water
molecule, (b) a dimer, or (c) a tetramer on Au(111)."® All figures obtained with
permission. Copyright (2012) American Chemical Society.

Thus, we speculate that water molecules cluster before the
reaction with surface H atoms. Fig. 6b depicts the interaction
of a water dimer, hydrogen bonded together, with a surface
hydrogen adatom (H;). When the water dimer is hydrogenated,
the hydrogen shared between the two water molecules (a H,,)
now has two equivalent bond lengths. This original O-H,, bond
in the hydrogenated water molecule is now lengthened and
weaker, eventually dissociating upon heating the sample
surface.

Fig. 6c illustrates the hydrogenation of a water tetramer, as a
representative of a water cluster. In this example, all three edge
water molecules are equally likely to desorb. However, for a
larger water cluster, the two edge molecules without the bound
H, could be considered as H-bonded to other water molecules
and would be unable to separate from the cluster. Thus,
heating the surface results in the hydrogenated edge molecule

This journal is © The Royal Society of Chemistry 2013
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being the most energetic and favored to dissociate first as the
cluster breaks apart. DFT calculations predict that higher
energy is required to break up (H,0),H" clusters compared to
(H,0),, inducing a high temperature desorption feature for
water at 175 K. This process ultimately causes the original O-H
(or O-D) bond cleavage, leading to the isotopic H/D scrambling
between water and surface atoms as well as the y desorption
feature as shown in Fig. 5c. In addition, the B peak is likely due
to a physicochemical process, in which surface H atoms are
physically covered by water clusters and able to leave the
surface once water desorbs, showing a slightly higher
desorption temperature (158 K) than the desorption of the
majority water at 157 K.

3.3.2. Interaction of H with alcohols. In a similar study to
the H,O/H/Au(111) study, methanol and ethanol were each
coadsorbed with hydrogen on a Au(111) sample.”" In addition
to providing a deeper insight into the interactions between the
O-H functional group and hydrogen on the Au(111) surface,
there are several reactions where this mechanistic information
is valuable. For example, the decomposition of methanol and
ethanol over supported gold nanoparticles to produce hydrogen
has been previously studied, yet the interactions between
reactant alcohol and produced hydrogen are not understood.
In addition, as mentioned earlier, aldehydes and alcohols on a
H-covered Au(111) surface can couple to produce asymmetrical
ethers, with a key step requiring the dissociation of the alcohol
O-H bond."”

Fig. 7 depicts the m/z = 2 (H-H), 3 (H-D), and 4 (D-D) spectra
for MeOH/H/Au(111) (Fig. 7a) and MeOH/D/Au(111) (Fig. 7b)."”
Notice that these spectra show several similarities between this
system and the water and hydrogen system discussed pre-
viously: (1) both the hydrogen and the methanol-ethanol (not
shown) desorption spectra show new, higher temperature
features, i.e., the “tail” from 150 K-210 K; (2) there is evidence
of hydrogen exchange in the MeOH/D/Au(111) spectra, as
indicated by the presence of H-D (B,) and H-H (j;) features;
and (3) the hydrogen atoms originating from the alcohol (H,)
desorb at higher temperatures than the hydrogen atoms originally
adsorbed to the surface (Hg). Additionally, if the H-H (mass 2),
H-D (mass 3), and D-D (mass 4) spectra in Fig. 7b (MeOH/D/
Au(111)) are simply added together, the composite spectrum,
labeled “Masses 2 + 3 + 4”, results and although this composite
spectra cannot be analyzed quantitatively, the striking similarity
between the “Masses 2 + 3 + 4" spectrum in Fig. 7b and the m/z =2
spectrum in Fig. 7a gives qualitative evidence that the phenomena
behind the By, B,, and B; features in the MeOH-D-Au(111) system
are also responsible for the “tail” feature in the MeOH-H-Au(111)
system.

Overall, this stratification of hydrogen desorption features
based on the origin of the hydrogen (from the surface, Hg, or
from the alcohol O-H group, H,), combined with other obser-
vations, allowed us to propose a mechanism for this hydrogen
exchange reaction based on the mechanism determined in the
H,0-H-Au(111) system: a surface hydrogen adatom, Hy, binds
to a methanol molecule on the edge of a hydrogen-bonded
network (dimer or larger cluster of methanol) on the Au(111)
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Fig. 7 Interaction of methanol with (a) H and (b) D atoms on Au(111). “Masses

2 + 3 + 4" is the composite spectrum of adding the signals of m/z = 2, 3, and 4
together from 7b."” All figures obtained with permission. Copyright (2012)
American Chemical Society.

surface. This methanol molecule then breaks off of the cluster,
forming a MeOH molecule (detected in isotope experiments),
and leaves its original hydroxyl hydrogen, H,, bound to the edge
of the methanol network. As the system is heated, the methanol
molecules and hydrogen adatoms that were not interacting with
each other desorb first. Then, methanol molecules and Hg
adatoms that were interacting with each other on the surface,
but did not undergo a hydrogen exchange reaction, desorb,
forming the B; Hs—Hy feature, and a corresponding methanol
desorption feature. With increasing temperature, the dimers and
small clusters containing an extra H, atom start to break apart,
allowing the methanol molecules to desorb and leaving a H,
atom on the surface. At lower temperatures, a few Hg adatoms
are still bound to the surface, allowing the formation of the H,~
H; (B,) feature. However, at higher temperatures, only H, atoms
remain, permitting H,-H, to be formed (B; feature).

4. Conclusions

Gold-based catalysts have been studied for many hydrogena-
tion reactions, showing remarkable activities, particularly for
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selective transformations. However, the related fundamental
studies on model gold surfaces are lacking and highly desired
in order to provide reaction mechanisms. This review sum-
marizes our recent work on hydrogenation reactions on a
Au(111) single crystal surface using atomic hydrogen to pre-
populate the surface. These studies aim to understand the
role of gold in hydrogenation reactions after dissociated H
atoms diffuse onto the gold surface, and further provide insight
into the catalytic properties of classical supported gold nano-
particle catalysts. Our model studies show the following inter-
esting experimental results:

(i) Hydrogen adatoms weakly bind on Au(111) with a
desorption peak at 110 K, indicating an activation energy for
recombinative desorption of ~28 kJ mol™*.

(ii) The reduction of nitrogen dioxide occurs at 77 K on
H/Au(111), yielding a high NO, conversion (100%) and NO
selectivity (100%) upon heating the surface to ~120 K. HNO,
and N,O; are the likely reaction intermediates.

(iii) Acetaldehyde can be hydrogenated to ethanol on
H-pre-covered Au(111). The Au(111) surface also shows activity
for propionaldehyde hydrogenation to 1-propanol but not for
acetone hydrogenation to 2-propanol. This difference is likely
due to dissimilarities in the energetic barriers of the reaction
steps and that polymerization of propionaldehyde allows the
molecules to remain on the surface at higher temperatures,
increasing the reaction probability.

(iv) Ethers can be synthesized via a coupling reaction of
aldehydes or aldehyde-alcohol on H/Au(111), where the
alcohol-like intermediate from the partial hydrogenation of
aldehydes likely plays a key role for the production of ethers.

(v) Water and alcohols have a strong interaction with H on
Au(111) and show H/D exchange in isotopic experiments,
indicating dissociation of the O-H group. The isotopic experi-
ments also help to identify the sources of desorption features of
H, (from surface H atoms or H in water-alcohols), allowing for
speculation of a reaction mechanism.

In summary, the model gold surface, Au(111), shows a
unique catalytic activity for selective hydrogenation reactions.
Weakly bound H atoms demonstrate reactivity for hydrogena-
tion reactions and can yield a high selectivity for partially
hydrogenated products. The aim of this work was to provide
additional mechanistic information for gold catalytic activity
for hydrogenation reactions and enhance the understanding of
hydrogenation chemistry of classical supported gold catalysts
at the molecular scale.
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