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CONSPECTUS

he activation of gold in catalytic reactions has been

the subject of intensive research that has led to the
transformation of one of the least chemically reactive
elements to a ctalyst with excellent activity and selec-
tivity. Scientists have performed numerous systematic
experimental and theoretical studies using model sys-
tems, which have explained the role of Au in chemicl
reactions with progressively increasing degrees of struc-
tural and chemical complexity. We present an overview
of recent studies of model Au(111), CeO,/Au(111), and
Au/Ce0,/TiO,(110) surfaces that use Au in different struc-
tural configurations spedfically for the water—gas shift
reaction (WGS, CO + H,0 — CO, + H,), an important industrial process for the purification of CO. We demonstrate the significance
of key structural components of the Au-based supported catalysts such as the metal—oxide interface (Au—0,) toward the WGS catalytic
activity, a “structure—activity” relationship.

In the WGS reaction, Au(111) or Au nanoparticles have poor catalytic performance due to their inability to activate one of
the most important steps of the reaction, the breaking of 0—H bonds in the dissociation of water (H,0 — OH -+ H). The relatively
large energetic barrier can be overcome by using O on Au(111) to facilitate the formation of OH at low temperatures, with eventual
€0, and H, production upon reaction between CO and the adsorbed OH. However, the inability to replace the reacted O prevents a
sustainable catalytic process from occurring on Au(111). The addition of a small concentration of CeO, nanoparticles on top of the
Au(111) surface facilitates this rate-determining step and easily continues the catalytic cycle in the production of H,. We have
discovered that CeO, nanoparticles in contact with Au(111) are rich in Ce3*. They also have a distinct metal—oxide interface, which
sustains excellent activity for the WGS reaction via the formation of a unique carboxylate intermediate, making CeO,/Au(111) more
active than Cu/Zn0(0001), Cu(100), and Cu(111) which are the typical catalysts for this reaction. Taking this knowledge one
step further, bringing these components (oxide and metal nanoparticles) together over a second oxide in Au/Ce0,/TiO, produces
a system with unique morphological and electronic properties. The result is a superior catalyst for the WGS reaction, both as
a model system (Au/Ce0,/TiO,(110)) and as powder material (Au/Ce0,/TiO,(anatase)) optimized directly in a series of systematic
investigations.
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1. Introduction

The understanding of the mechanisms for the chemical
activation of gold has received considerable attention
in recent years."”> Among the transition metals, gold, often
referred to as a “coinage metal’, is by far the least reactive
and considered the most noble metal. In valence photo-
emission spectra for metallic gold, states with Au 6s,p
character appear from 0 to 2 eV below Eg, while the Au 5d
states extend from 2 to 8 eV. The low reactivity of metallic
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Au is a consequence of combining a deep-lying valence
5d band and very diffuse valence 6s,p orbitals.>~> While
bulk metallic gold is a very poor catalyst for the activation
of simple molecules (H,, O, CO, CH,, etc),>® atomic
or molecular species bonded to low-index single crystal
gold surfaces are chemically active."”~'" Gold nanoparti-
cles exhibit unusual catalytic properties when dispersed
on some oxide and carbide supports.'> 2! For example,
extended surfaces of gold and free gold nanoparticles bind
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water poorly and are not able to dissociate the O—H bonds
in the molecule.?? In contrast, small gold particles dispersed
on ceria or titania are excellent catalysts for the water—gas
shift reaction (WGS, H,0 + CO — H, + CO,).'#232

Many experimental and theoretical studies have
been focused on understanding the high catalytic activity
of supported gold nanoparticles.*'3'>~171921 Quantum
effects related to the small size of the particles or the
existence of corner and edge atoms in the particle surface
could be responsible for the enhancement in catalytic activ-
ity with respect to bulk gold,?® but it is becoming more and
more clear that interactions between the gold nanopatrticles
and the oxide or carbide support do play a very important
role.?6~28 |deally, one wants to take advantage of these
phenomena when designing highly efficient catalysts.

In this Account, we review a series of studies aimed at
enhancing the reactivity of gold for the water—gas shift
(WGS) reaction following different approaches. In the next
section, we describe recent studies examining in detail
the interaction of water with a clean Au(111) surface.
The combined results from experimental and theoretical
studies for water adsorption show that the gold surface is
hydrophobic.?® Then, we discuss the effects of chemisorbed
O and ceria nanoparticles on the reactivity of Au(111)
toward water.3° By building a bifunctional system, in which
the metal and oxide nanoparticles catalyze different steps
of the reaction, one obtains an excellent catalyst for
the WGS.2 In the last section, we describe the behavior of
Au/CeO,/TiO5 systems designed to optimize the simulta-
neous participation of gold and the oxide support in the
catalytic process.'3? Concepts and ideas derived from
fundamental studies with well-defined model catalysts can
lead to a rational design of powder “technical” catalysts.

2. Interaction of Water with Au(111)

Thermodynamically, the wettability of a surface is deter-
mined by the relative energies of the various interfaces
(solid—vapor, solid—liquid, and liquid—vapor) formed when
water is condensed on the surface. Recent research has
largely focused on the molecular structure of water during
the initial stages of condensation.?*3* The results have
demonstrated that the molecular structure of the first water
layer adsorbed on a surface governs its wetting properties.3>
A unique property of water molecules is their ability to form
strong directional hydrogen bonds, which are responsible
for molecular aggregation and formation of amorphous
solid water or crystalline solid ice on substrates, depending
on the conditions used during the growth of water films.>>
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FIGURE 1. STMimages (100 x 100nm?, -6V, 4 pA) and corresponding
histograms of adsorption of water on Au(111) at 20 K (A) after exposure
to 0.04 L of H,0 (area fraction covered, 0.07) and (B) after exposure to
0.5 L of H,O (area fraction covered, 0.38). Taken from ref 29. Copyright
2009 American Chemical Society.

Results of scanning tunneling microscopy (STM) indicate
that water does not wet Au(111).2>3% The STM images in
Figure 1 show that water nucleates in small clusters, pre-
dominantly at the elbows of the herringbone reconstruction.
At very small coverages of water, we found small clusters
with apparent heights (~0.1 nm) consistent with those
reported for single water bilayers adsorbed on metals
surfaces.®® As the water exposure increased, Figure 1A, the
clusters also adopted structures with an apparent height
twice (~0.2 nm) that of single bilayers, suggesting the forma-
tion of double bilayer structures.?® When the temperature of
the sample was increased the water molecules desorbed
(~140-160 K) without leaving any OH on the surface.
The STM images*® and results of temperature-programmed
desorption (TPD), infrared spectroscopy (IR),*° and X-ray
photoelectron spectroscopy (XPS)*° point to very weak bond-
ing interactions between water and Au(111) in agreement
with the results of theoretical calculations.*?

Density-functional (DF) calculations were employed to in-
vestigate different stages of water adsorption on Au(111).2°
The adsorptions of one bilayer (BL), two BLs, and three BLs
of water were each explored in the calculations. The water
adsorption energy and the corresponding geometries are
plotted in Figures 2 and 3. For one BL water adsorption on
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FIGURE 2. DF-calculated adsorption energies for water multilayers
adsorbed on Au(111). The figures show the corresponding optimized
geometries (yellow, Au; red, O; white, H). Taken from ref 29. Copyright
2009 American Chemical Society.
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FIGURE 3. Calculated structure for a water bilayer on Au(111). Taken
from ref 29. Copyright 2009 American Chemical Society.

Au(111), there are two possibilities, having hydrogen atoms
pointing up (H-up) or down (H-down). Theoretical calculations
show that the two structures are very cose in energy, with the
H-down configuration slightly more stable than the H-up con-
figuration by 0.04 eV/H,0.? For the two BL system, a structure
with all hydrogens locked in the two water layers is the most
stable, enhancing the stability per water molecule by ~0.15 eV
with respect to the one BL structure. This two BL structure
described is similar to a bilayer ice phase confined in pores that
was proposed theoretically.>> The growth of the third water
BL on Au(111) always results in some of the oxygen atoms
coordinated to three hydrogen atoms (Figure 2). As a result, the
three BL structures are not energetically preferred and are less
stable than the two BL clusters by ~0.1 eV/H,0, although they
remain marginally more stable than one BL dusters (Figure 2).
Overall, the DF calculations demonstrate that when the
water coverage increased from one BL to three BLs, the
two BL structure (H-up or H-down) is energetically favored on
Au(111),in agreement with the STM observations.?° The results
in Figure 2 must be taken only in qualitative terms since the DF
calculations did not include dispersion terms.2®
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The double bilayer water structures seen in Figures 1—-3
are possible by the extremely weak water—Au(111) interac-
tions. In the next section, we will discuss two different
approaches to enhance the reactivity of water on the gold
substrate.

3. Interaction of Water with O/Au(111) and
CeO,/Au(111): The Assembly of an Efficient
Water—Gas Shift Catalyst

The addition of O to Au(111) enhances the chemical reac-
tivity of the system' and makes it more reactive for the
dissociation of water.>® Figure 4 shows the O 1s XPS data for
the interaction of H,O with clean gold (panel A) and with
a gold surface partially covered by oxygen (panel B).3®
In Figure 4A, a dose of H,O onto clean Au(111) at 90 K
results in a single peak, at 533.2 eV, in the O 1s region, which
corresponds to layers of ice. Annealing to 150 K induces a
gradual decrease in the intensity of this peak and a binding-
energy shift to 532.7 eV. By 174 K, all of the H,O has
desorbed leaving the Au(111) surface clean. Figure 4B shows
a similar experiment on the O/Au(111) surface. The dotted
line indicates the clean surface with a single peak at 529.7
eV for chemisorbed O. Exposure to H,O at 90 K produces
a large peak at 533.2 eV corresponding to an ice layer
similar to that observed on the Au(111) surface. However,
in the H,0 on O/Au(111) system, annealing to 150 K shifts
the peak to 530.7 eV, as a result of the formation of OH
groups on the surface.® Further annealing to 200 K shows
the disappearance of the OH groups leaving only the che-
misorbed O species at 200 K. Our spectroscopic measure-
ments are consistent with previous studies in which TPD
and isotopic labeling of water with 80 and D were used
to investigate the HOgas + Oads — 20Hags reaction and its
reverse.”? Here, the O 1s signal for adsorbed OH is detected
from 150 to 180 K.

The OH groups generated by the reaction of water
with O/Au(111) can react with CO to eventually yield CO,
and H,,”? the final products of the WGS reaction. Thus, the
activation of Au(111) has been achieved, but one cannot use
O/Au(111) to build a catalytic cycle for the WGS because CO
eventually will remove all the O from the gold substrate, and
it will not be replaced by the oxidation with water. One can
obtain a stable catalyst for the WGS by adding CeO, nano-
particles to Au(111).83° Figure 5 shows STM images ob-
tained after depositing ceria on Au(111).3” The oxide
nanoparticles were synthesized by exposing a Ce/Au(111)
alloy to O, gas at 450 K. There is a random distribution of the
ceria nanoparticles on the terraces of the gold substrate,
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FIGURE 4. XPS spectra for H,O adsorption at 86 K on (A) Au(111) and
(B) O/Au(111) surfaces followed by annealing from 86 to 200 K.

The corresponding spectra for clean Au(111) and O/Au(111) are shown
as dotted traces. Taken from ref 30. Copyright 2010 Elsevier.

which maintains its characteristic herringbone reconstruc-
tion.3” For these CeO,/Au(111) systems, one can generate
ceria nanoparticles fully oxidized as Ce** or partially reduced
as Ce>" (Figure 6a).3303738
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FIGURE 5. STM image obtained after a Ce—Au(111) surface alloy
was annealed at 450 Kin 1 x 10~8 Torr of O, for 30 min and flashed to
650 K. Taken from ref 37. Copyright 2008 Elsevier.

The bottom panel in Figure 6 displays XPS spectra
obtained after adsorption of water at 300 K on a ceria/gold
system that contained fully oxidized ceria nanoparticles
(Ce*")andona system that contained a substantial amount
of Ce3*.#" The CeO,/Au(111) surface was not able to dis-
sociate water to produce adsorbed OH groups. In this re-
spect, it behaved like a flat CeO,(111) surface.>® But the
CeO0,/Au(111) system was easily reduced with CO gas,®3°
and in the presence of Ce3" cations, there is fast dissociation
of water at 300 K.23%32 DF calculations predict a very high
barrier (>1 eV) for water dissociation on Au(111).8%? Once
the OH groups are formed, subsequent steps for the WGS
process occur readily on the gold substrate 822

Figure 7 shows an Arrhenius plot for the WGS activity of a
CeO,/Au(111) surface in which 20% of the gold substrate
was covered by ceria.>° For comparison we also include
results obtained for the WGS on Cu(100), Cu(111), and
Cu/Zn0O(0001) surfaces.?® The results in Figure 7 indicate
that the CeO,/Au(111) catalyst exhibits a larger WGS activity
than those of copper surfaces or even Cu nanoparticles
dispersed on a ZnO(000T) substrate.>® On Cu(111) and
Cu(100), the apparent activation energies for the WGS
are 18.1 and 15.2 kcal/mol, respectively.>®> The apparent
activation energy decreases to 12.4 kcal/mol on Cu/ZnO-
(0001)?® and 10.3 kcal/mol on CeO,/Au(111).3° In the
CeO0,/Au(111) catalyst, the reactants can interact with
defect sites of ceria nanoparticles, metal sites of the sup-
port, or the metal—oxide interface. One can gain activity
due to the active participation of the oxide in the catalytic
reaction.33%39

Postreaction characterization of the model CeO,/Au(111)
catalyst with XPS pointed to a Ce** — Ce®" transformation
and identified a C 1s feature at 289—290 eV correspond-
ing to either HCOO or CO, species on the CeO,/Au(111)
surface.®3° Theoretical calculations suggest that the
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FIGURE 6. (a) Two typical Ce 3d core level spectra for Ce** from
CeO-/Au(111) and Ce®** from Ce,05/Au(111). (b) Two sets of O 1s
core level spectra obtained from CeO,/Au(111) and Ce,0s/Au(111)
before and after dosing 3 L of water at 300 K. Taken from ref 38.
Copyright 2007 Elsevier.
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FIGURE 7. Arrhenius plot forthe WGS reaction rate on Cu(111), Cu(100),
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ceria. The data were acquired with a pressure of 20 Torr of CO and
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Taken from ref 30. Copyright 2010 Elsevier.
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FIGURE 8. Ambient-pressure XPS data from Au(111) and CeO,/Au(111)
under WGS reaction conditions. Taken from ref 39. Copyright 2013
Wiley.

mechanism for the WGS in CeO,/Au(111) undergoes the
following pathway:#22
CO — CO(a)

H>0 — H,0(a)
H>O(a) — OH(a) + H(a)
CO(a) + OH(a) — HOCO(a) [carboxyl|
HOCO(a) — CO; + H(a)
2H(a) — H;

Formate (HCOO) and carbonate (COs) also have been
proposed as reaction intermediates in an associative
mechanism.*° Recently, ambient-pressure (AP) XPS
was used to study the mechanism of the WGS
on Ce0,/Au(111).3° Figure 8 displays O 1s and C 1s
spectra collected during exposure of Au(111) and a
CeO,/Au(111) surface to a mixture of CO and H>O. The
AP-XPS experiments at 300 mTorr of CO + 100 mTorr
of H,O showed no surface species on Au(111) in the
temperature range of 300—573 K and this surface is
not able to catalyze the WGS reaction. CeO, hanopat-
ticles deposited on the Au(111) surface were exposed
to CO (10—-300 mTorr) with annealing from 300 to
573 K. Figure 8b shows a peak at 289.3 eV (C 1s), which
has been assigned to CO3; or HCOO species formed
on Ce0,.*? Exposure to CO only lead to formation of
this surface species and some C. Spectra in Figure 8c
show the result of exposing the CeO,/Au(111) surface
ACCOUNTS OF CHEMICAL RESEARCH = 777
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to 12 mTorr of CO + 4 mTorr of H>O at 300 K. Without the
interference of gaseous reactants (COy or H,O), the
formation of surface species is visible. The main feature
in the C 1s region at 288.3 eV, with a shoulder at higher
BEs, is assigned to CO,°~ species.3° At higher pressures and
temperatures (Figure 8d), the presence of CO(g, H>O(g, and
changes in the main features are observed. A shift to higher
BEs of the feature at 288.3 eV in the C 1s region can
be explained by the presence of CO,°~ and the formation
of HCOO on the ceria nanopartices, which appears at
~289 eV.*? In the O 1s region, a large feature is observed
centered at 531.7 eV due to a combination of OH, HCOO,
and CO,°~ species.® Based on DFT calculations, it is pro-
posed that the CO,°~ trapped at the metal—oxide interface
is a product of the decomposition of HOCO on the catalyst
surface.>® These AP-XPS studies show the importance of
the metal—oxide interface for the WGS.

4. The Water-Gas Shift on Au/CeO,/TiO>(110)
Surfaces and Au/CeO,/TiO> Powders:
Optimizing the Participation of Gold and

the Oxide Support in the Catalytic Process

Since the discovery by Haruta et al. that oxide-supported
Au nanoparticles are extremely active as CO oxidation
catalysts,'> many research groups have investigated the
activity of gold nanostructures for various catalytic reac-
tions.>1214192025-27 Go|d on titania powder catalysts ex-
hibit very high activity for the WGS reaction*' but have a low
thermal stability.*? Studies have been published examining
in detail the deposition of small amounts of Au on TiO(110)
with STM.'34344 These studies indicate that Au grows on
this oxide substrate forming three-dimensional (3D) parti-
cles. At 300 K, the Au clusters nucleate mainly on step sites
or on defect sites present in the terraces of TiOx(110).
The interaction of Au with an ideally flat TiO,(110) surface
is quite weak,** and a substantial amount of partidle sintering
occurs when the system is annealed from 300 to 650 K.' 34344

It has been shown that the interaction of gold with ceria
nanoparticles is significantly stronger than with bulk ceria.*®
Therefore, stabilizing both Au and ceria as nanoparticles in
close proximity can potentially further modify the chemical
properties of the combined system. Figure 9A shows an STM
image acquired after depositing Ce on TiO,(110) under an
atmosphere of 0,.3"4” Most of the spots (~70%, labeled “a")
have a height of 1.3 + 0.2 A and correspond to small wires
of Ce0,.>' A minority of the spots (~30%, labeled “b’) have a
height of 1.9 + 0.3 A and probably correspond to (1 x 2)
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FIGURE 9. STM study of the morphology of Au/CeO,/TiOx(110). (A)
STM image of a CeO,/TiO-(110) surface. Ce was deposited at 327 °C
under an atmosphere of O (~1 x 1 07 Torr) and then the sample was
annealed at 900 Kin O,. (B) STM image obtained after deposition of gold
on the Ce0,/TiO(110) surface that gave image A at room temperature
with subsequent annealing at 600 K. Taken from ref 32. Copyright 2012
American Chemical Society.

reconstructions of TiO,(110) induced by O, chemisorp-
tion.3"8 Figure 9B displays an STM image taken after
deposition of ~0.25 ML of Au on the CeO,/TiO(110) surface
of Figure 9A. The deposition of Au was done at 300 K and
the Au/CeO,/TiO»(110) system was subsequently heated
to ~600 K. Large particles of Au formed and were simulta-
neously located on “a” and “b” sites. Au nanopatrticles with a
diameter of 5—6 nm and a height of 1—2 nm were seen, but
smaller metal particles were also present on individual “a”
and “b” sites of the CeO,/TiO(110) substrate. When STM
images for the Au/CeO,/TiO5(110) system are compared
with those collected for plain Au/TiO,(110),'>43**% it is clear
that the presence of ceria favors the dispersion of the gold
on the titania terraces and the metal particles are not located
mainly at steps of the surface as happens in the case of
Au/TiO»(110). As we will see below, the close contact
between Au and CeO, leads to a very high catalytic activity
and also to long-term stability.

At small coverages of ceria on TiO(110), the CeO, nano-
particles have an unusual coordination mode.3"#” STM and
DF calculations point to the presence of Ce,O5; dimers,
which form diagonal arrays that have specific orientations
of 0, 24°, and 42° with respect to the [110] direction of the
titania substrate.>'*” The ceria—titania interactions induce a
change in the relative stability of the Ce3*/Ce*" oxidation
states that leads to a significant enhancement in the reac-
tivity of the oxide surface toward water.*” DF calculations for
the dissociation of water on the Ce,0s/TiO,(110) system
showed an exothermic process (AE = —0.7 eV) with a very
small activation energy (E, = 0.04 eV), Figure 10.*” Photoemis-
sion experiments have confirmed the facile dissociation of
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FIGURE 10. Initial and final geometries for the dissociation of a H,O
molecule on Ce;05/TiO5(110). Taken from ref 47. Copyright 2010
American Chemical Society.

water at 300 K on CeO,/TiO»(110) surfaces.*” Once the
CeO,/TiO, is coupled to Au nanopatrticles, one can envision
the reaction of the OH formed by the dissociation of water with
CO bound to the Au nanoparticles to produce the HOCO
and CO>°~ intermediates seen in the metal—oxide interface
present in CeO,/Au(111).3° A theoretical study predicts that
the corner and edge atoms present in Au hanopatrticles are
better for binding CO and forming an HOCO intermediate than
the atoms in extended Au(111) or Au(100) surfaces.2?? Thus, in
Au/Ce0,/TiO5(110), one has the optimal configuration for the
gold and oxide support.

Figure 11 displays Arrhenius plots for the WGS on Au/
TiO»(110) and Au/CeO,/TiO,(110) catalysts, 65, ~ 0.4 ML
in both cases, together with reported data for Cu(100)
and Cu(111), a commonly used material for the WGS.3?
As mentioned above, Au(111) or polycrystalline Au does
not have any catalytic activity for the WGS. The same is valid
for CeO,/TiO,(110). In Figure 11, Au/Ce0,/TiO»(110) is the
best WGS catalyst at all temperatures. The Au nanopatrticles
supported on CeO,/TiO5(110) produce a catalyst that is
12 (at 650 K) to 33 times (at 575 K) more active than Cu(111),
a typical benchmark for WGS studies.®>**° Au/TiO,(110) is
not as good a catalyst as Au/CeO,/TiO»(110), but its perfor-
mance is still quite remarkable because Au alone is not able
to catalyze the WGS reaction. Figure 11 includes the appar-
ent activation energies for the Au and Cu catalysts.
On Cu(111) and Cu(100), the apparent activation energies
are 18 and 15 kcal/mol, respectively. The apparent activa-
tion energy decreases to 10 kcal/mol on Au/TiO(110) and
7 kcal/mol on Au/CeO,/TiO5(110). The catalyst that has the
highest activity in Figure 11 has also the lowest apparent
activation energy. These data illustrate the benefits of co-
depositing Au and ceria nanoparticles on the titania support.
With respect to TiO,(110), CeO,/TiOx(110) favors the disper-
sion of Au and water dissociation.*”

As a follow-up to the studies with the model Au/CeO,/
TiO5(110) catalysts,>'*” powder catalysts of the Au/CeO,/TiO,
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FIGURE 11. Arrhenius plots for the WGS on Au/TiO»(110) and
Au/Ce0,/TiO5(110) catalysts (20 Torr of CO and 10 Torr of H>0).
Surfaces of metallic Au are not active for the WGS reaction. For
comparison results are included for the WGS on Cu(100) and Cu(111)
surfaces, common benchmarks in catalytic studies. Taken from ref 32.
Copyright 2012 American Chemical Society.

type were prepared.>* CeO, nanoparticles were deposited on
an anatase powder. Depending on the loading of ceria, one
could see variations in the relative concentration of clusters,
chains, and 3D nanoparticles on the titania (Figure 12).>°
Results of STEM-EELS and NEXAFS indicate that the oxide—
oxide interface in these systems was rich in Ce3* centers.>°
HRTEM showed that the Au particles were anchored near the
ceria nanoparticles and on defects of the titania substrate.>
The steady-state “light-off” profiles of the powder Au/CeO,/
TiO,, catalysts are shown in Figure 13.3% Both ceria-containing
samples exhibited much higher activities than the plain Au—
TiO,, catalyst. Furthermore, in a test of stability it was found that
a Au—CeO,/TiO,, catalyst showed only minor signs of deacti-
vation with a drop of ~15% in the conversion after 20 h under
our reaction conditions. This is a very remarkable result since
the major drawback of gold based catalysts is their stability
problems due to the easiness of particle sintering.*'*? The
strong interaction between gold and the ceria—titania support
seems to prevent the agglomeration of gold particles.
Insitu measurements of XAFS and XRD were used to study
the structural transformations in the Au/TiO, and Au/CeO,/
TiO, catalysts during the WGS.3? The fresh samples con-
sisted of AuO, dispersed on the oxide supports. The XANES
results in Figure 14 show the disappearance of the features
for AuO, when a AuO,/CeO,/TiO, catalyst is exposed to
a mixture of the reactants at temperatures around 150 °C.
An analysis of the coordination number of the generated
Au particles gave a particle size of ~2.0 and 2.5 nm.3?
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FIGURE 12. HAADF STEM images showing the different morphologies of ceria that can be found in a CeO,/TiO> sample: clusters (a), constrained
structures (chains) (b), and nanopatrticles (c) (scale bars =2 nm). Insets in the lower right corner are atomic models. Taken from ref 50. Copyright 2013

American Chemical Society.
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FIGURE 13. Steady-state “light off” profiles of Au/TiO, and
Au/CeO,/TiO, catalysts for the WGS reaction. Testing conditions:

1% CO/3% H,0/He, 10 mL/min. Taken from ref 32. Copyright 2012
American Chemical Society.
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FIGURE 14. In situ XANES (Au L-lll edge) spectra for Au/TiO, and
Au/CeO,/TiO, samples. The spectra were collected at 300, 450, and
550 K. Testing conditions: 1% CO/3% H,0/He, 30 mL/min. Taken from
ref 32. Copyright 2012 American Chemical Society.

The results of in situ XRD measurements showed the
existence of a very large concentration of Ce" sites
that promoted the dissociation of water. Thus, there are
several common features in the behavior and performance
of Au/Ce0O,/TiO»(110) and Au/CeO,/TiO, powder catalysts.
The phenomena observed in the model Au/CeO,/TiO»(110)
catalysts did provide useful concepts for the design and
preparation of highly active and stable powder catalysts
for the WGS reaction.
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5. Conclusions

The combined results from experimental and theoretical
studies for water adsorption show that Au(111) is hydro-
phobic. Neither Au(111) nor Au nanoparticles are able to
break the O—H bonds in water. The coupling of gold to ceria
produces a bifunctional metal—oxide interface that is able
to dissociate water, and thus, one can take advantage of the
chemical properties of gold. Au/CeO,/TiO, is an excellent
catalyst for the water—gas shift reaction. It illustrates the
benefits that can be obtained by optimizing the oxide
component in metal—oxide catalysts for the WGS reaction.
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Universidad Central de Venezuela (J. Evans, M. Pérez, P. Ramirez)
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Energy, Office of Basic Energy Sciences, under contract DE-AC02-
98CH10886.

BIOGRAPHICAL INFORMATION

Jose A. Rodriguez did part of his education at Simon Bolivar
University in Venezuela, where he received B.S. degrees in Chemistry
and Chemical Engineering and a M.S. in Theoretical Chemistry.
He moved to the United States to get a Ph.D. in Physical Chemistry
at Indiana University, Bloomington. He is currently a Senior Scientist
at Brookhaven National Laboratory and an Adjunct Professor in the
Department of Chemistry of SUNY Stony Brook. Surface science,
catalysis, and materials science are the main areas of interest of
Dr. Rodriguez.

Sanjaya D. Senanayake received his B.Tech. (Materials) with
Hons in 2001 and Ph.D. in Chemistry in 2006 from The University
of Auckland in New Zealand. After postdoctoral work with Oak



Ridge National Laboratory and Brookhaven National Laboratory,
he is at present an Assistant Scientist in the Department of
Chemistry at Brookhaven National Laboratory where he does
research in surface science and catalysis. He also serves as the
beamline scientist at X7B at the National Synchrotron Light Source.

Dario Stacchiola is an Associate Chemist at Brookhaven Na-
tional Laboratory and Adjunct Professor at Michigan Technological
University. He obtained his B.S. degree (1997) at UNSL (Argentina)
and his Ph.D. (2002) at the University of Wisconsin—Milwaukee
and was a Humboldt Research Fellow at the Fritz-Haber-Institute in
Berlin (2005—2007). His research interest is in surface chemistry,
in particular on the structure—reactivity relationships in catalysis.
Ping Liu is a staff scientist in Chemistry Department and Center
for Functional Nanomaterials at Brookhaven National Laboratory
(BNL). She graduated from Jilin University in 2000 with a Ph.D.
in Condensed Matter Physics. From 2000 to 2002, she was an
postdoctoral fellow at the Technical University of Denmark. Since
2002, she has been working at BNL. Her research has focused
on theoretical description of nanostructures and surfaces and their
catalytic applications.

Jan Hrbek was a senior scientist at BNL until his retirement
in March 2013. He obtained his undergraduate and graduate
degrees in physical chemistry at Charles University and Czecho-
slovak Academy of Sciences in Prague. His long-lasting research
interest is surface science and catalysis.

FOOTNOTES
The authors declare no competing financial interest.

REFERENCES

1 Min, B.; Friend, C. Heterogeneous gold-based catalysis for green chemistry: Low-
temperature CO oxidation and propene oxidation. Chem. Rev. 2007, 107, 2709-2724.

2 Meyer, R.; Lemire, C.; Shaikhutdinov, S.; Freund, H. Surface chemistry of catalysis by gold.
Gold Bull. 2004, 37, 72—124.

3 Rodriguez, J.; Kuhn, M. Electronic-properties of gold on Mo(110) - d — s,p charge
redistribution and valence-band shifts. Surf. Sci. 1995, 330, L657-1.664.

4 Molina, L.; Hammer, B. Active role of oxide support during CO oxidation at Au/Mg0. Phys.
Rev. Lett. 2003, 90, No. 206101.

5 Hammer, B.; Norskov, J. K. Why gold is the noblest of all the metals. Nature 1995, 376,
238-240.

6 Thomas, J. M.; Thomas, W. J. Principles and Practice of Heterogeneous Catalysis; Wiley-
VCH: New York, 1997; pp 1—669.

7 Qjifinni, R.; Froemming, N.; Gong, J.; Pan, M.; Kim, T.; White, J.; Henkelman, G.; Mullins, C.
Water-enhanced low-temperature CO oxidation and isotope effects on atomic
oxygen-covered Au(111). J. Am. Chem. Soc. 2008, 130, 6801-6812.

8 Rodriguez, J. A.; Ma, S.; Liu, P.; Hrbek, J.; Evans, J.; Pérez, M. Activity of Ce0, and TiO,
nanoparticles grown on Au(111) in the water-gas shift reaction. Science 2007, 318,
1757-1760.

9 Kim, T.; Gong, J.; Qjifinni, R.; White, J.; Mullins, C. Water activated by atomic oxygen on
Au(111) to oxidize CO at low temperatures. J. Am. Chem. Soc. 2006, 128, 6282—6283.

10 Gong, J.; Ojifinni, R.; Kim, T.; White, J.; Mullins, C. Selective catalytic oxidation of ammonia
to nitrogen on atomic oxygen precovered Au(111). J. Am. Chem. Soc. 2006, 128, 9012—
9013.

11 Hrbek, J.; Hoffmann, F.; Park, J.; Liu, P.; Stacchiola, D.; Hoo, Y.; Ma, S.; Nambu, A.;
Rodriguez, J.; White, M. Adsorbate-driven morphological changes of a gold surface at low
temperatures. J. Am. Chem. Soc. 2008, 130, 17272—17273.

12 Hayashi, T.; Tanaka, K.; Haruta, M. Selective vapor-phase epoxidation of propylene over
Au/TiO, catalysts in the presence of oxygen and hydrogen. J. Catal. 1998, 178, 566-575.

13 Valden, M.; Lai, X.; Goodman, D. Onset of catalytic activity of gold clusters on titania with the
appearance of nonmetallic properties. Science 1998, 281, 1647-1650.

14 Fu, Q. H.; Saltsburg, H.; Flytzani-Stephanopoulos, M. Active nonmetallic Au and Pt species
on ceria-based water-gas shift catalysts. Science 2003, 301, 935-938.

Activation of Gold and the Water—Gas Shift Reaction Rodriguez et al.

15 Molina, L.; Hammer, B. Recent theoretical advances in understanding the catalytic activity of
Au. Appl. Catal., A 2005, 291, 21-31.

16 Tao, F.; Ma, Z. Water-gas shift on gold catalysts: Catalysts systems and fundamental
studies. Phys. Chem. Chem. Phys. 2013, 15, 15260-15270.

17 Lopez, N.; Norskov, J. Catalytic CO oxidation by a gold nanoparticle; A density functional
study. J. Am. Chem. Soc. 2002, 124, 11262—11263.

18 Campbell, C.; Parker, S.; Starr, D. The effect of size-dependent nanoparticle energetics on
catalyst sintering. Science 2002, 298, 811-814.

19 Abad, A.; Concepcion, P.; Corma, A.; Garcia, H. A collaborative effect between gold and a
support induces the selective oxidation of alcohols. Angew. Chem., Int. Ed. 2005, 44,
4066-4069.

20 Sanchez, A.; Abbet, S.; Heiz, U.; Schneider, W. D.; Hakkinen, H.; Barnett, R. N.; Landman,
U. When gold is not noble: Nanoscale gold catalysts. J. Phys. Chem. A1999, 103, 9573~
9578.

21 Rodriguez, J. A.; Liu, P.; Vines, F.; lllas, F.; Takahashi, Y.; Nakamura, K. Dissociation of SO,
on Au/TiC(001): Effects of Au-C interfactions and charge polarization. Angew. Chem., Int.
Ed. 2008, 47, 6685-6689.

22 Liu, P.; Rodriguez, J. Water-gas-shift reaction on metal nanoparticles and surfaces.
J. Chem. Phys. 2007, 126, No. 164705.

23 Rodriguez, J. A.; Liu, P.; Hrbek, J.; Evans, J.; Pérez, M. Water gas shift reaction on Cu and
Au nanoparticles supported on CeO,(111) and Zn0(0001). Angew. Chem., Int. Ed. 2007,
46, 1329-1332.

24 Rodriguez, J. A.; Evans, J.; Graciani, J.; Park, J. B.; Liu, P.; Hrbek, J.; Sanz, J. F. High
water-gas shift activity in TiOo(110) supported Cu and Au nanoparticles: Role of the
oxide and metal particle size. J. Phys. Chem. C 2009, 113, 7364—7370.

25 Corma, A.; M. Boronat, M.; Gonzalez, S.; lllas, F. On the activation of molecular hydrogen by
gold: A theoretical approximation to the nature of potential active sites. Chem. Commun.
2007, 3371-3373.

26 Hernandez, N.; Sanz, J.; Rodriguez, J. Unravelling the origin of the high-catalytic activity of
supported Au: A density-functional theory-based interpretation. J. Am. Chem. Soc. 2006,
128, 15600-15601.

27 DiValentin, C.; Scagnelli, A.; Pacchioni, G.; Risse, T.; Freund, H. EPR properties of Au atoms
adsorbed on various-sites of the MgO(100) surface from relativistic DFT calculations. Surf.
Sci. 2006, 600, 2434-2442.

28 Rodriguez, J.; lllas, F. Activation of noble metals on metal-carbide surfaces: Novel catalysts
for CO oxidation, desulfurization and hydrogenation reactions. Phys. Chem. Chem. Phys.
2012, 14, 427-438.

29 Stacchiola, D.; Park, J.; Liu, P.; Ma, S.; Yang, F.; Starr, D.; Muller, E.; Sutter, P.; Hrbek, J.
Water nucleation on gold: Existence of a unique double bilayer. J. Phys. Chem. C 2009,
113,15102-15105.

30 Senanayake, S.; Stacchiola, D.; Evans, J.; Estrella, M.; Barrio, L.; Perez, M.; Hrbek, J.;
Rodriguez, J. Probing the reaction intermediates for the water-gas shift over inverse
Ce0,/Au(111) catalysts. J. Catal. 2010, 271, 392—-400.

31 Park, J. B.; Graciani, J.; Evans, J.; Stacchiola, D.; Ma, S.; Liu, P.; Nambu, A.; Sanz, J. F.;
Hrbek, J.; Rodriguez, J. A. High catalytic activity of Au/CeQ,/TiOo(110) controlled by the
nature of the mixed-metal oxide at the nanometer level. Proc. Natl. Acad. Sci. U. S. A. 2009,
106, 4975-4980.

32 Si, R;; Tao, J.; Bvans, J.; Park, J.; Barrio, L.; Hanson, J.; Zhu, Y.; Hrbek, J.; Rodriguez, J.
Effect of ceria on gold-titania catalysts for the water-gas shift reaction: Fundamental studies
for Au/CeO,/TiO5(110) and Au/Ce0,/TiO, powders. J. Phys. Chem. C2012, 116, 23547—
23555.

33 Verdaguer, A.; Sacha, G.; Bluhm, H.; Salmeron, M. Molecular structure of
water at interfaces: Wetting at the nanometer scale. Chem. Rev. 2006, 106,
1478-1510.

34 Gawronski, H.; Morgenstern, K.; Rieder, K. Electronic excitation of ice monomers on
Au(111) by scanning tunneling microscopy - Vibrational spectra and induced processes.
Eur. Phys. J. D 2005, 35, 349-353.

35 Koga, K.; Zeng, X.; Tanaka, H. Freezing of confined water: A bilayer ice phase in
hydrophobic nanopores. Phys. Rev. Lett. 1997, 79, 5262—5265.

36 Senanayake, S. D.; Stacchiola, D.; Liu, P.; Mullins, C. B.; Hrbek, J.; Rodriguez, J. A.
Interaction of CO with OH on Au(111): HCOO, CO3, and HOCO as key Intermediates in the
water-gas shift reaction. J. Phys. Chem. C 2009, 713, 19536—19544.

37 Ma, S.; Rodriguez, J. A.; Hrbek, J. STM study of the growth of cerium oxide nanoparticles on
Au(111). Surf. Sci. 2008, 602, 3272-3278.

38 Zhao, X.; Ma, S.; Hrbek, J.; Rodriguez, J. Reaction of water with Ce-Au(111) and
CeOx/Au(111) surfaces: Photoemission and STM studies. Surf. Sci. 2007, 601,
2445-2452.

39 Mudiyanselage, K.; Senanayake, S. D.; Feria, L.; Kundu, S.; Baber, A. E.; Graciani, J.; Vidal,
A. B.; Agnoli, S.; Evans, J.; Chang, R.; Axnanda, S.; Liu, Z.; Sanz, J. F.; Liu, P.; Rodriguez,
J. A.; Stacchiola, D. J. Importance of the metal-oxide interface in catalysis: In situ studies of
the water-gas shift reaction by ambient-pressure X-ray photoelectron spectroscopy.
Angew. Chem., Int. Ed. 2013, 52, 5101-5105.

Vol. 47, No. 3 = 2014 = 773-782 = ACCOUNTS OF CHEMICAL RESEARCH = 781



Activation of Gold and the Water—Gas Shift Reaction Rodriguez et al.

40 Burch, R. Gold catalysts for pure hydrogen production in the water-gas-shift reaction:
Activity, structure and reaction mechanism. Phys. Chem. Chem. Phys. 2006, 8, 5483—
5500.

41 Sakurai, H.; Ueda, A.; Kobayashi, T.; Haruta, M. Low-temperature water-gas shift reaction
over gold deposited on TiO,. Chem. Commun. 1997, 3, 271-272.

42 Zanella, R.; Louis, C. Influence of the conditions of thermal treatments and of storage
on the size of gold particles in Au/TiO, samples. Catal. Today 2005, 107—08,
768-777.

43 Park, J.; Conner, S.; Chen, D. Bimetallic Pt-Au clusters on TiOo(110): Growth, surface
composition, and metal-support interactions. J. Phys. Chem. C 2008, 112, 5490-5500.

44 Maeda, Y.; Fujitani, T.; Tsubota, S.; Haruta, M. Size and density of Au particles deposited on
TiO, (110)-(1 x 1) and cross-linked (1 x 2) surfaces. Surf. Sci. 2004, 562, 1-6.

45 Remediakis, I.; Lopez, N.; Norskov, J. CO oxidation on rutile-supported Au nanoparticles.
Angew. Chem., Int. Ed. 2005, 44, 1824—1826.

782 = ACCOUNTS OF CHEMICAL RESEARCH = 773-782 = 2014 = Vol. 47, No. 3

46 Baron, M.; Bondarchuk, O.; Stacchiola, D.; Shaikhutdinov, S.; Freund, H. Interaction of gold
with cerium oxide supports: Ce0(111) thin films vs CeOx nanoparticles. J. Phys. Chem. C
2009, 113, 6042-6049.

47 Park, J. B.; Graciani, J.; Evans, J.; Stacchiola, D.; Senanayake, S.; Barrio, L.; Liu, P.; Sanz,
J. F.; Hrbek, J.; Rodriguez, J. A. Gold, copper, and platinum nanoparticles dispersed on
Ce0,/Ti0,(110): High water-gas shift activity and the nature of the mixed-metal oxide at the
nanometer level. J. Am. Chem. Soc. 2010, 132, 356-363.

48 Diebold, U. The surface science of titanium dioxide. Surf. Sci. Rep. 2003, 48, 53-229.

49 Gokhale, A.; Dumesic, J.; Mavrikakis, M. On the mechanism of low-temperature water gas
shift reaction on copper. J. Am. Chem. Soc. 2008, 130, 1402-1414.

50 Johnston-Peck, A. C.; Senanayake, S. D.; Plata, J. J.; Kundu, S.; Xu, W.; Barrio, L.;
Graciani, J.; Sanz, J. F.; Navarro, R. M.; Fierro, J. L. G.; Stach, E. A.; Rodriguez, J. A. Nature

of the mixed-oxide interface in ceria—titania catalysts: Clusters, chains, and nanoparticles.
J. Phys. Chem. C2013, 117, 14463—14471.



