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ARTICLE INFO ABSTRACT

Article history: The water-gas shift (WGS, CO +H,0 — H; + CO; ) reaction was studied on a series of gold/oxide catalysts.

Available online 29 July 2010 The results of in situ measurements with X-ray absorption spectroscopy indicate that the active phase of
Au-ceria and Au-titania catalysts under the reaction conditions of the water-gas shift consists of metallic

Keywords: nanoparticles of gold on a partially reduced oxide support. In spite of the lack of catalytic activity of Au

g:rlg (111) and other gold surfaces for the water-gas shift process, gold nanoparticles dispersed on oxide

surfaces are excellent catalysts for this reaction. Results of density-functional calculations point to a
very high barrier for the dissociation of H;O on Au (11 1) or isolated Au nanoparticles, which leads to
negligible activity for the WGS process. In the gold-oxide systems, one has a bifunctional catalyst: the

Titania
Carbon monoxide
Hydrogen production

Water adsorption and dissociation of water takes place on the oxide, CO adsorbs on the gold nanoparticles,
Water-gas shift and all subsequent reaction steps occur at oxide-metal interfaces. The nature of the support plays a
CO oxidation key role in the activation of the gold nanoparticles. Although zinc oxide is frequently used in industrial

WGS catalysts, the Au/ZnO (000 1) system displays low WGS activity when compared to Au/CeO, (111),
Au/TiO; (110) or Au/CeOy/TiO; (110). The ceria and titania supports contain a substantial number of
metal cations that are not fully oxidized under WGS reaction conditions and may participate directly in
the dissociation of water and other important steps of the catalytic process. The results for Au/CeOy/TiO,
(110)illustrate the tremendous impact that an optimization of the chemical properties of gold and the
oxide phase can have on the activity of a WGS catalyst.

© 2010 Elsevier B.V. All rights reserved.
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CyHpy +nH20 — nCO+(n—m/2) Hy [1]. The reformed fuel usually
contains 1-10% of CO, an impurity that can be a serious problem
for chemical processes, which use H; as a feedstock. The water-gas
shift reaction (WGS, CO +H;0 — H; +CO,) is critical for providing
clean hydrogen [1,2]. Common industrial catalysts for the WGS
(mixtures of Fe-Cr or Zn-Al-Cu oxides) are pyrophoric and nor-
mally require lengthy and complex activation steps before usage
[1]. Recent works report that Au nanoparticles supported on oxides
such as CeO, and TiO,, are very efficient catalysts for the WGS reac-
_— tion [2-5]. This is remarkable since neither bulk Au nor bulk ceria
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* Tel.: +1 631 344 2246; fax: +1 631 344 5815, catalytic activity [1,6]. Among the transition metals, gold is by
E-mail address: rodrigez@bnl.gov. far the least reactive [6], and is often referred to as the “coinage

1. Introduction

This article reviews a series of studies examining the
water-gas shift activity of gold-based catalysts. Currently, the
primary source of hydrogen for the chemical and petrochemi-
cal industries comes from the steam reforming of hydrocarbons:
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metal”. In the last 10 years, gold has become the subject of a lot of
attention due to its unusual catalytic properties when dispersed on
some oxide supports [7-17]. Several models have been proposed
for explaining the activation of supported gold: from special chem-
ical properties resulting from the limited size of the active gold
particles (usually less than 10 nm), to the effects of metal <> support
interactions (i.e. charge transfer between the oxide and gold)
[4,5,7-9,12-14,17]. In principle, the active sites for the catalytic
reactions could be located only on the supported Au particles or on
the perimeter of the gold-oxide interface [4,5,7,12,17].

The nature of the active phase(s) in these metal/oxide WGS
catalysts and the WGS reaction mechanism are still unclear. For
example, the as prepared Au-CeO, catalysts contain nanoparticles
of pure gold and gold oxides (AuOy) dispersed on a nanoceria sup-
port [3]. Each of these gold species could be in the active phase [3,5]
and the ceria support may not be a simple spectator in these sys-
tems [15,18]. Although pure ceria is a very poor WGS catalyst, the
properties of this oxide were found to be crucial for the observed
activity of the Au-CeO; nanocatalysts [2,3,19]. Several studies deal-
ing with metal/oxide powder catalysts and the WGS indicate that
the oxide plays a direct role in the reaction [2,3,5,18,20,21], but
because of the complex nature of these systems, there is no agree-
ment on its role. Results of density-functional calculations point to
a very high barrier for the dissociation of H,O on Au (11 1) or Au
(100) [22], which leads to negligible activity for the WGS process.
Even gold nanoparticles cannot dissociate water and catalyze the
WGS [22]. Furthermore, surfaces and nanoparticles of copper are by
far much better catalysts for the WGS than surfaces and nanopar-
ticles of gold [22]. Thus, how can Au/CeO, catalysts be much more
active than conventional Cu/ZnO catalysts?

In this article, we discuss recent published studies investigat-
ing the behavior of gold-oxide WGS catalysts. First, we will focus
on the in situ characterization of gold-ceria powder catalysts using
X-ray absorption spectroscopy [5,10,23]. This will be followed by
a review of studies that investigate the properties of model WGS
catalysts generated by the deposition of Au nanoparticles on well-
defined surfaces of several oxides (CeO;, TiO,, MoO,, ZnO, MgO)
[4,10,25]. Then, we will present mechanistic studies for the WGS on
Au(111)andinverse CeOx/Au (11 1) catalysts [26-28]. The article
ends with a discussion of the properties of a novel and extremely
active Au/CeOx/TiO, (11 0) catalyst, which takes advantage of the
special properties of gold and ceria nanoparticles supported on a
titania support [29,30].

2. The water-gas shift reaction on gold-ceria powder
catalysts: in situ characterization with X-ray absorption
spectroscopy

Originally, it was suggested that the active phase in Au-CeO,
catalysts are AuOy nanoparticles or more specifically cationic Au®*
species [3]. The top panel in Fig. 1 shows data for the production of
H, and CO, during the WGS over a powder gold-ceria catalyst [10].
The catalyst was held at temperatures of 300, 400 and 500 °C. The
experimental set-up did not detect significant catalytic activity at
temperatures below 250 °C [10]. The chemical state of gold during
the WGS was determined by means of in situ time-resolved X-ray
absorption near-edge spectroscopy (XANES). The bottom panel in
Fig. 1 displays Au L3-edge XANES spectra collected at room tem-
perature for fresh catalysts with a Au content of 0.5 wt% (dashed
trace) or 2.4wt% (solid traces) [10]. The line-shape of these two
spectra is very similar and shows a clear feature at ~2.5eV above
the edge that is not seen for metallic gold and is characteristic of
gold oxides [10,31]. The intensity of this peak is higher than that
observed for Au,0 and closer to that seen in Au,03 [31]. Once the
2.4wt% Au-CeO, catalyst was exposed to a mixture of CO/H,0
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Fig. 1. Top panel: relative amounts of H, and CO, formed during the WGS over
a 2.4wt% Au-ceria catalysts. A mixture of 5% CO and 3% H,O in He (total flow
~10ml/min) was passed over the catalyst at 300, 400, or 500°C [10,23]. Bottom
panel: Au L;-edge XANES spectra collected in situ during the WGS reaction over the
2.4 wt% Au-CeO, catalyst. For comparison, we also include the spectra for a fresh
0.5 wt% Au-CeO; catalyst, dashed trace, and a gold foil. The vertical lines indicate
the main features for AuOy versus metallic Au.

at elevated temperatures, the XANES features for gold oxide dis-
appeared. At temperatures above 200°C, when significant WGS
activity was detected, the line-shape of the Au L;-edge resembled
that of pure gold. The XANES spectra in Fig. 1 were obtained under a
reaction mixture of 5% CO and 3% H, 0 in He (total flow ~10 ml/min)
[10]. Similar results were found when using a 1% CO and 3% H,0
in He reaction mixture. Thus, the in situ time-resolved XAS data
indicate that cationic Au®* species cannot be the key sites respon-
sible for the WGS activity in Fig. 1, because they do not exist under
reaction conditions [10]. An identical finding has been reported
for AuOx/Ce1_xZrxO,_y, powder catalysts [5]. In these catalysts, the
active phase consisted of small Au aggregates (<2 nm in size) dis-
persed on partially reduced ceria (CeOq g4—Ce0193) [5,10,23].

In another set of experiments, interfaces of AuOx/CeO, were
prepared by first vapor-depositing small amounts of Au (<0.2 ML)
on a Ce film supported on Pt (11 1), with subsequent oxidation by
reaction with 500 Torr of O; in a high-pressure cell [10]. This pro-
duced AuOy/CeO, interfaces that had XPS spectra with the typical
Ce 3d features of Ce** cations and Au 4f;, peaks located in between
those expected for Au!* and Au3* cations. The gold oxide in the
AuO,/Ce0, interfaces was fully reduced upon exposure to CO, H,
or reaction mixtures that had a CO/H;0 ratio varying from 0.2 to 2
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Fig. 2. WGS activity of model Au/CeO, (111) and Au/ZnO (000 1) catalysts as a
function of gold coverage. Each surface was exposed to a mixture of 20 Torr of CO and
10 Torr of H,0 at 625 K for 5 min. Steady-state was reached 2-3 min after introducing
the gases in the batch reactor.

[10]. Thus, a AuOx — Au transformation readily occurs in reducing
environments.

3. Water-gas shift reaction on Au nanoparticles supported
on well-defined surfaces of oxides

The kinetics of the WGS reaction have been investigated in detail
on model catalysts generated by vapor-depositing nanoparticles of
gold on CeO, (111) [4,10], ZnO (000 1) [4], TiO, (110) [25] and
polycrystalline MoO, [24]. On these oxide substrates, gold grows
forming three-dimensional (3D) particles [4,25,29]. Fig. 2 displays
the behavior of the Au/CeO5 (111) and Au/ZnO (000 1) catalysts
as a function of gold coverage [4]. CeO, (111)and ZnO (000 1) are
both O terminated surfaces. These oxide supports are inactive as
catalysts for the WGS reaction. In Fig. 2, the catalytic activity of the
metal/oxide systems initially increases when Au is added, reaching
a maximun at ~0.4-0.5 monolayer (ML). Above these coverages,
the overall catalytic activity decreases. Similar trends have been
observed for the WGS on Au/TiO, (110) [25] and Au/MoO, [24].
STM images show that the particle size of Au on CeO, (111), ZnO
(0001) or TiO, (110) raises above 4nm and continuously grows
when the admetal coverage is increased beyond 0.5 ML [4,25,29].
The trends in Fig. 2 probably reflect changes in the size of the gold
particles: High catalytic activity is seen for small gold particles (size
<4nm), and it decreases as the particle size increases. Although the
optimum WGS activity in Fig. 2 is for admetal coverages of 0.4-0.5
ML, metal/oxide catalysts with gold coverages near 1 ML are still
substantially more active than Au (11 1) or polycrystalline gold,
surfaces which are not catalytically active [4].

The gold atoms in the Au/CeO, (11 1) and Au/ZnO (000 1) cat-
alysts were probably not oxidized during the WGS process [4].
After reaction, XPS showed Au 4f positions that were almost iden-
tical to those seen upon deposition of gold on the oxides and very
different from those typical seen for AuOyx species [4,10]. Post-
reaction surface analysis also showed the presence of formate-
and/or carbonate-like groups on the surface of the catalysts. Possi-
ble reaction paths for the formation of these groups are discussed
in Ref. [5]. It is not completely clear if they are key intermediates
in the WGS process or simple spectators [4,5,25].

The top panel in Fig. 3 compares the WGS activity of Au (111)
and 0.5 ML of Au supported on ZnO (000 1) [4], CeO, (111)[4] and
a MoO, film [24]. The nature of the support plays a key role in the
activation of the gold nanoparticles. Zinc oxide is frequently used in
industrial Cu-ZnO WGS catalysts [1]. However, the Au/ZnO (000 1)
system displays low WGS activity when compared to Au/CeO,
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Fig. 3. Top panel: WGS activity of Au (111) and 0.5 ML of Au supported on ZnO
(0001) [4], CeO; (111) [4,10] and polycrystalline MoO, [24] (20 Torr of CO and
10Torr of H,0 at 625K for 5min). Bottom panel: apparent activation energies
observed for the WGS over 0.5 ML of Au dispersed on ZnO (0001) [4], CeO, (111)
[4,10] and polycrystalline MoO, [24] (20 Torr of CO and 10 Torr of H,0).

(111) [4], Au/MoO, [24] or Au/TiO; (110) [25]. The ceria, molyb-
dena and titania contain a substantial number of metal cations that
are not fully oxidized under WGS reaction conditions and may par-
ticipate directly in important steps of the process [4,24,25]. This is
not the case for Au/ZnO (000 1) [4].

The bottom panel in Fig. 3 displays the apparent activation
energies observed for 0.5 ML of Au deposited on ZnO (0001)
[4], CeO, (111) [4] and MoO, [24]. All the reported values were
obtained from Arrhenius plots that contained reaction rates mea-
sured at 575, 600, 625 and 650K under steady state conditions
at Pco =20Torr and Py, = 10 Torr. The more active catalysts have
apparent activation energies in the range of 7-8.5 kcal/mol, while
the corresponding value for the less active catalysts is ~16 kcal/mol.
The presence of O vacancies in the CeO; (11 1) and MoO, substrates
facilitates the dissociation of water and, thus, probably leads to a
relatively low apparent activation energy for the WGS [4,24].

Copper-based WGS catalysts are quite common in industrial
applications, in particular the Cu/ZnO system [1,5]. Fig. 4 compares
the WGS activity of 0.5 ML of Au and Cu deposited on CeO, (111)
and ZnO (000 1) with the corresponding activity of Au (111) and
Cu (100) [4]. The WGS activity seen for Cu (100) is in between
that detected for Cu(111)and Cu(110)[32,33]. The deposition of
Cu nanoparticles on ZnO (000 1) produces a catalyst that is clearly
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Fig. 4. Amounts of H, produced during the WGS reaction on 0.5 ML of gold or cop-
per deposited on CeO (111) [4,10] and ZnO (000 1) [4]. For comparison are also
included the activities of Au(111)and Cu(100) [4,10]. The catalysts were exposed
to a mixture of 20 Torr of CO and 10 Torr of H,0 at 625 K for 5 min in a batch reactor
[4,10,24]. A reaction time of 2-3 min was enough to reach a steady-state regime in
the reactor.

more active than the pure extended Cu surfaces [4]. An even bet-
ter catalyst is obtained when the Cu nanoparticles are supported on
Ce0,(111).The Au/ZnO (000 1) system displayed a catalytic activ-
ity worse than that of Cu/Zn0O (000 1). On the other hand, Au/CeO,
(111) is an excellent catalyst with an activity similar to that of
Cu/CeO, (111) [4]. The next section analyzes the causes behind
the dramatic effects that ceria has on the WGS activity of gold.

4. Water-gas shift reaction on Au (111) and CeOx/Au (111)
surfaces

Why are extended surfaces of gold inactive as catalysts for the
WGS reaction? Fig. 5 shows the calculated energy profile for the
WGS on periodicCu(100)and Au(100)surfaces[22].0nCu(100),
the first and the most energy-consuming step, or rate-limiting step,
is water dissociation with a AE3 of +0.39eV and a barrier (AEas)
of +1.13eV. The cleavage of the first O-H bond is also the rate-
limiting steponaCu(110)surface [33].In contrast, the dissociation
of adsorbed OH* and the formation of CO, are more facile. All the

25
20
1.5 \
[ Au(100) /-
10
- | —
= o5k HOOC*+*OH+2H*
g L
5 0.0 I
c L
Woos |
-1.0 |
*CO+0*+H,0™+2H*
1.5 F
R Cu(100)
720 1 1 1 L 1 1 1 1 1 L
O 0 & A~ & O 5 g .0
",tzw xq:z\q, ‘_&9 ) ﬁg\o e P R Q‘E‘SW
f &L & L DAl
ne) oV 0: 001'
<& d

Fig. 5. DFT calculated [18,22] reaction profile for the WGS on Cu (100) and Au
(100).
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Fig. 6. Arrhenius plot for the WGS reaction rate on Cu (111) [36], Cu (100) [4],
Cu/ZnO (0001) [4] and on a Au (11 1) surface approximately 20% covered by.ceria
[18,27]. The data were acquired with a pressure of 20 Torr of CO and 10 Torr of H,O
and temperatures of 575, 600, 625 and 650 K.

adsorbates bond more weakly on Au (10 0) than on Cu (100). Con-
sequently, the rate-limiting dissociation of H,O on Au(100)is even
more endothermic (AE3; =+0.74eV) and the corresponding barrier
is also higher (AEaz =+1.53 eV). These DFT results are in agreement
with experimental measurements, which show that Cu is a good
WGS catalyst while Au is an extremely poor one [4,32,33]. The
results in Fig. 5 indicate that gold will be an excellent WGS cat-
alyst if in some way is helped with the dissociation of water [22].
Assuming that OH can be formed on Au (100) or Au (11 1), subse-
quent steps for the WGS process should occur readily on the gold
substrate [22]. Indeed, experimental and theoretical studies have
shown that water dissociates on O/Au (11 1) yielding hydroxyls
which react with CO to produce CO, and hydrogen [34,35].

One can obtain a stable catalyst for the WGS by adding CeOyx
nanoparticles to Au(111)[18,27]. Fig. 6 displays an Arrhenius plot
for the WGS activity of a CeOx/Au (11 1) surface in which 20% of the
gold substrate was covered by ceria [27]. For comparison we also
include results obtained for the WGSon Cu(100)[4],Cu(111)[36]
and Cu/ZnO (000 1) [4] surfaces. The results in Fig. 6 indicate that
the inverse CeOx/Au (11 1) catalyst exhibits a larger WGS activity
than those of copper surfaces or even Cu nanoparticles dispersed
onaznO (0001) substrate. On Cu (111)and Cu (100), the appar-
ent activation energies for the WGS are 18.1 and 15.2 kcal/mol,
respectively [4,36]. The apparent activation energy decreases to
12.4 kcal/mol on Cu/ZnO (000 1) [4] and 10.3 kcal/mol on CeOy/Au
(111)[27].Inthe inverse CeOx/Au (11 1) catalyst, the reactants can
interact with defect sites of ceria nanoparticles, metal sites of the
support, or the metal-oxide interface [27,28]. One can gain activity
due to the active participation of oxide in the catalytic reaction [28].

Post-reaction characterization of the inverse CeOyx/Au (111)
catalyst with XPS pointed to a Ce** — Ce3* transformation and iden-
tified a C 1s feature at 289-290 eV corresponding to either HCOO or
CO3 species on the CeOx/Au (11 1) surface [18,27]. The mechanism
for the WGS in CeOx/Au (11 1) is assumed to undergo the following
pathway [18]:

CO — CO(a)

Hzo = HZO(a)
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boxylate (HOCO) on a nanoparticle or surface of ceria.
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Fig. 8. XPS spectra in the O 1s region for a dose of 2.3 L of H,0 to CeO;.75/Au (111)
followed by annealing steps as depicted from 150 to 600 K.

H,0(a) — OH(a) + H(a)
CO(a) + OH(a) — HCOx(a)
HCO4(a) — CO, +H(a)

2H(a) — Hj

A stable HCOy, intermediate species must precede the forma-
tion of Hy and CO». It has been proposed that the key intermediate
species for the WGS reaction is either a formate (HCOO) or a car-
bonate (CO3) [1,5]. Recent theoretical calculations also suggest the
possibility of a carboxylate (HOCO) intermediate [22,37]. These
species have different coordination modes (see Fig. 7) and different
life-times on the surface of the catalyst.

Adsorption of HCOOH and CO, was used to create HCOO and CO3
groups on CeOx/Au (11 1) surfaces [27]. The orientation of the for-
mate on the ceria nanoparticles supported on Au (11 1) is likely to
be near normal to the surface as a bidentate species in a chelating or
bridged conformation. No preferred orientation was observed for
adsorbed carbonate [27]. HCOO,4s appeared to have greater stabil-
ity than COs .45 with desorption temperatures up to 600K while
CO5 only survived on the surface up to 300 K. Both species could be
valid intermediates for the WGS because the reaction temperatures
in Fig. 6 are elevated (575-650K) [27].

On the CeOx/Au (11 1) catalysts, the presence of Ce3* led to the
dissociation of H,0O to give OH groups [18,27]. Fig. 8 displays O 1s

0.6
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Intensity (arbitrary units)

0.0
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Fig. 9. C K-edge NEXAFS of CO (3L) dosed to hydroxylated CeO;75/Au (111) at

100 K. Both the normal incidence (0°) angle and the grazing incidence (65°) spectra
are shown in the figure.

(oxi)

Oxide

conventional inverse

Second Oxide

mixed-metal oxide

Fig. 10. Different configurations for a metal-oxide catalyst.

spectra collected after adsorbing H,O ona Ce0O; 75/Au(1 1 1) surface
at 100 K with subsequent annealing to the indicated temperatures.
These data indicate that OH species are stable on the surface up to
600K and could interact with CO to yield weakly bound interme-
diates. When there is an abundance of Ce**, the OH concentration
is diminished and the likely intermediates are carbonates [27]. As
the surface defects are increased and the Ce3*/Ce** ratio grows,
the OH concentration also grows and both carbonate and formate
species are observed on the surface after dosing CO to H,O/CeO/Au
(111) [27]. Fig. 9 shows data for the exposure of 3 L of CO onto a
heavily hydroxylated CeOx/Au (11 1) surface that had a large Ce3*
concentration. This set of C K-edge data is complex with many con-
tributions evident [27]. The peaks that appear at 288 and 288.4eV
share close resemblance to that of the w*C=0 resonance the grazing
and normal incidence for formates. The 290.4 and 290.3 eV peaks
are close to the *C-0 resonance of carbonates in grazing and nor-
mal incidences. The peak at 286.1eV is due to CO adsorbed on
the surface. Weaker, broader contributions at 301.5 and 303.6eV
are likely a mixture of o features from both COs,,4; and formate
HCOO,qs species [27]. The data, however, do not contain the fea-
tures expected for an adsorbed carboxylate (HOCO) intermediate
[26,27].
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A possible scenario for reaction of CO with OH in presence of O
is [27]:
[Ce*]

2C0 + 0.50H,q; + 20,45 — COags +CO3.1gs +0.50H,qs

COa4s + CO3. ads +0.50H,4s — 2C0; +0.25H; +0.50,4
[Ce3*/Ce*]

2CO + OHygs + Oad5 — 0.5C03, 145 +HCO5, 145 + 0.5C0, g5

0.5C03 445 + HCOy, 145 +0.5C0,4s — 2CO5 +0.5H,

The ratio of OH:O (oxide) on the surface dictates the chemical
specificity of the intermediate that arises [27]. The addition of ceria
nanoparticles to Au (11 1) is essential to generate an active WGS
catalyst and to increase the production and stability of key reaction
intermediates (OH, HCOO and CO3). The Ce3* is critical to OH forma-
tion and a likely scenario may be that the OH could spill over from

25nm x 15nm

20 nm x 20 nm

the CeOyx nanoparticles on to the Au (11 1) surface [18,27]. The car-
boxylate (HOCO) intermediate seen in DFT calculations [22,37] is
experimentally elusive and difficult to detect [27]. The low thermal
stability of the carboxylate makes it an ideal transient species for
the WGS [18,22,25,37] and it may only be observed under steady
state conditions.

5. Water-gas shift reactions on Au/CeOy/TiO; (110)
surfaces

The studies described above indicate that highly active WGS cat-
alysts are bifunctional with the metal and oxide catalyzing different
parts of the reaction. To optimize the performance of these systems
one must enhance the participation of the metal and oxide phases
in the catalytic process. Fig. 10 shows three different configurations
in which a metal and an oxide can be combined in a catalyst. In a
conventional metal/oxide configuration, one enhances the reactiv-
ity of the metal but this usually covers the defect sites of the oxide
(nucleation centers for the metal particles), which have chemical
activity. This is not the case in the inverse oxide/metal catalyst,

3 nmXx 3nm

20 nm x 20 nm

Fig. 11. (A) STM image of CeOy on the TiO, (110) surface after depositing Ce atoms at 600K in O, (Po, : 1 x 1077 Torr) and subsequent annealing at 900K in O, (Po, :
1 x 10~ Torr), Vi: 1.2V, I;: 0.07 nA) [29]. (B) Bias dependent STM images of a diagonal array of CeO, nanoparticles taken at the imaging bias of 1.2V, 0.06 nA (top) and 0.4V,
0.06 nA (bottom). (C) STM image of a CeO,/TiO>(1 1 0) surface. As in part A, Ce was deposited at 600 K under an atmosphere of O, (~1 x 10~7 Torr) and then the sample was
annealed at 900K in O, [29]. (D) STM image for a Au/CeO,/TiO, (11 0) surface. The gold was deposited on the same area shown in “B” at ~300K. ~6% of the surface was

covered with Au. Imaging conditions of V;=1.5V and I; =0.03 nA for parts (C) and (D).
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which enhances the participation of the oxide in the catalytic reac-
tion [28]. In the inverse catalyst, the reactants can interact with
defect sites of oxide nanoparticles, metal sites of the support, or the
metal-oxide interface [28]. In the quest to optimize the reactivity of
the metal and oxide phases, the most complex and promising con-
figuration is a mixed-metal oxide array in which nanoparticles of a
metal and an oxide can interact with the reactants. Extremely active
WGS catalysts have been found after coadsorbing nanoparticles of
gold and ceria on a TiO, (11 0) substrate [29].

In recent years there has been a strong interest in obtaining a
fundamental understanding of the behavior of mixed-metal oxide
catalysts [38]. In principle, the combination of two metals in an
oxide matrix can produce materials with novel structural or elec-
tronic properties that can lead to superior catalytic activity or
selectivity [38-41]. The deposition of Ce atoms or CeOy clusters on a
TiO, (11 0) substrate produces structures which are very different
from those of bulk ceria or ceria nanoparticles supported on metal
surfaces orsilica films [29,38]. Panel A in Fig. 11 shows a STM image
obtained after depositing Ce on the TiO, (11 0) surface at 600K in
0, (~1 x10-7Torr) and the sample was subsequently annealed
to 900K still under an O, environment [29]. The image was taken
after cooling the sample down to room temperature and removing
the O, from the background. Two different types of features are
observed on the terraces: diagonal arrays of small bright spots (see
solid arrow) and bigger ones (see dashed green arrow). The big-
ger clusters in Fig. 11A can be correlated with TiOy islands (~3 A
in height), which resulted from reaction of oxygen gas with inter-
stitial Ti from the reduced bulk [29]. The diagonal arrays (see solid
arrow) have a distinctive height (1.4A) and correspond to CeOy
nanoparticles [29]. To better understand the structures of the CeOy
nanoparticles, a bias dependent STM measurement was performed
as shown in Fig. 11B. These two images display the same diagonal
arrays of CeOx nanoparticles, but obtained at different imaging bias.
The top STM image was taken with an imaging bias of +1.2V and
the angle of the diagonal array is close to 42° with respect to the
[1-10] direction. When this feature was imaged at +0.4 V, the indi-
vidual bright features appeared as dimmers [29]. Each ceria dimer
is located in between two rows of oxygens protruding from the
surface. XPS and UPS spectra indicated that the oxidation state of
the Ce atoms in the dimers was essentially 3+ [29,42]. The tita-
nium cations were mainly Ti** with a small amount (<5%) of Ti3*
comparable to that found on clean TiO; (110) [29,42].

CeOy nanoparticles drastically affect the growth mode of Au on
TiO;, (110)[29]. On this surface, the admetals grow forming three-
dimensional particles. Gold exhibits very weak interactions with
the ideal terraces of TiO, (110) [25] and mainly binds to defects
or step sites [29,43]. Fig. 11 displays STM images acquired from
the same surface area before (part C) and after (part D) deposit-
ing gold on CeOx/TiO, (110) at ~300K [29]. The CeOx/TiO, (110)
was pre-annealed under O, (~1 x 107 Torr) at 900K and had a
morphology similar to that seen in Fig. 11A. The deposition of Au
at room temperature, ~0.2 ML, produced three-dimensional metal
particles anchored to steps of the titania surface, “a” sites, to the
(1 x 2) reconstructions of TiO, (110), “b” sites, and to the CeOy
dimers, “c” sites [29]. On CeO/TiO, (110), the dispersion of the
Au was substantially larger than seen on a pure TiO; (11 0) surface
where Au mainly binds to the steps [29,43].

Neither CeOx/TiO, (110) nor Au (11 1) are able to catalyze the
WGS [4,29]. However, Au/CeOx/TiO; (11 0) surfaces are outstand-
ing catalysts for the WGS as shown in Fig. 12. In test experiments,
Au/TiO; (110) surfaces were prepared following the same steps
used for the synthesis of Au/CeOx/TiO; (1 1 0) but without the depo-
sition of cerium [29]. The Au/TiO, (11 0) systems were good WGS
catalysts, see top panel in Fig. 12, but they did not come close
to match the activity of Au/CeOy/TiO, (110) [29]. The same is
valid when comparing to the WGS activities of Au/CeO, (111) [4],
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Fig. 12. Top panel: Water-gas shift activity of Au/TiO (110)[25] and Au/CeOy/TiO,
(110) [29] as a function of Au coverage. The area of TiO, (110) covered by CeOy
was measured with ISS, before depositing gold, and found to be ~12% of the clean
substrate [29]. The reported values for the production of H, (blue curve) and CO,
(black curve) were obtained after exposing the catalysts to 20 Torr of CO and 10 Torr
of H,0 at 625K for 5 min [25,29]. The number of H, and CO, molecules produced is
normalized by the sample surface area. Bottom panel: Comparison of the water-gas
shift activity of Cu(100)[4],Au(111)[4],and 0.5 ML of Au supported on TiO, (1 10)
[25],Ce03 (111)[4] or CeO,/TiO, (110)[29] (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.).

CeOx/Au(111)[18,27], Cu/ZnO (000 1)[4], and copper single crys-
tals [4,21,36]. As mentioned above, Cu/ZnO is the most common
WGS catalyst used in the industry [1] and copper is the best pure
metal catalyst [4,21,36,37,44]. For the Au/CeOx/TiO; (11 0) catalyst
in Fig. 12, one could assume that the concentration of active sites
is proportional to the number of ceria regions in contact with gold
nanoparticles [29]. Since only 12% of the titania support was cov-
ered by ceria, as measured by ion scattering spectroscopy (ISS), the
Au/CeOy/TiO, (11 0) catalyst must be at least 300 times more active
than a Cu (100) surface on a per active-site basis [29].

The large dispersion of gold on CeOy/TiO; (1 1 0), Fig. 11D, should
lead to a high catalytic activity. The Ce3* sites present in CeOx/TiO,
(110)easily dissociate water [42] but, upon exposure to CO, highly
stable HCOy species were formed on the oxide surface and there was
no production of H, or CO, gas [29,42]. In Au/CeOy/TiO, (110), one
has a bifunctional catalyst: the adsorption and dissociation of water
takes place on the oxide, CO adsorbs on the gold nanoparticles, and
all subsequent reaction steps occur at oxide-metal interfaces. Au
nanoparticles do catalyze the reaction of OH with CO to yield a
HOCO intermediate and then H, and CO, [22,25]. The results in
Fig. 12 illustrate the tremendous impact that an optimization of
the chemical properties of gold and ceria can have on the activity
of a WGS catalyst [29].
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6. Conclusions

The active phase of Au-ceria and Au-titania catalysts under
the reaction conditions of the water-gas shift consists of metal-
lic nanoparticles of gold on a partially reduced oxide support. In
situ experiments using X-ray absorption spectroscopy have shown
that AuOy species are not stable at elevated temperatures (>450 K)
in the presence of CO, H, or CO/H,0 mixtures. In spite of the
lack of catalytic activity of Au (111) and other gold surfaces
for the water-gas shift process, gold nanoparticles dispersed on
oxide surfaces are excellent catalysts for this reaction. Results of
density-functional calculations point to a very high barrier for the
dissociation of H;Oon Au (11 1) orisolated Au nanoparticles, which
leads to negligible activity for the WGS process. In the gold-oxide
systems, one has a bifunctional catalyst: The adsorption and disso-
ciation of water takes place on the oxide, CO adsorbs on the gold
nanoparticles, and all subsequent reaction steps occur at oxide-
metal interfaces. Experimental evidence indicates that gold-oxide
interfaces do catalyze the reaction of OH with CO to yield HCOO or
CO5 intermediates and then Hy and CO,.

The nature of the support plays a key role in the activation of the
gold nanoparticles. Although zinc oxide is frequently used in indus-
trial WGS catalysts, the Au/ZnO (000 1) system displays low WGS
activity when compared to Au/CeO, (11 1), Au/MoO, or Au/TiO,
(110). The ceria, molybdena and titania supports contain a sub-
stantial number of metal cations that are not fully oxidized under
WGS reaction conditions and may participate directly in the disso-
ciation of water and other important steps of the catalytic process.
Extremely active WGS catalysts have been found after coadsorb-
ing nanoparticles of gold and ceria on a TiO; (11 0) substrate. The
Au/CeOy/TiO; (11 0) system takes advantage of the complex inter-
actions which occur in a mixed-metal oxide at the nanometer level,
opening new directions for tuning catalytic activity by coupling
appropriate pairs of oxides.
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