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Abstract: At small coverages of ceria on TiO2(110), the CeOx nanoparticles have an unusual coordination
mode. Scanning tunneling microscopy and density-functional calculations point to the presence of Ce2O3

dimers, which form diagonal arrays that have specific orientations of 0, 24, and 42° with respect to the [1
-1 0] direction of the titania substrate. At high coverages of ceria on TiO2(110), the surface exhibits two
types of terraces. In one type, the morphology is not very different from that observed at low ceria coverage.
However, in the second type of terrace, there is a compact array of ceria particles with structures that do
not match the structures of CeO2(111) or CeO2(110). The titania substrate imposes on the ceria nanoparticles
nontypical coordination modes, enhancing their chemical reactivity. This phenomenon leads to a larger
dispersion of supported metal nanoparticles (M ) Au, Cu, Pt) and makes possible the direct participation
of the oxide in catalytic reactions. The M/CeOx/TiO2(110) surfaces display an extremely high catalytic activity
for the water-gas shift reaction that follows the sequence Au/CeOx/TiO2(110) < Cu/CeOx/TiO2(110) < Pt/
CeOx/TiO2(110). For low coverages of Cu and CeOx, Cu/CeOx/TiO2(110) is 8-12 times more active than
Cu(111) or Cu/ZnO industrial catalysts. In the M/CeOx/TiO2(110) systems, there is a strong coupling of the
chemical properties of the admetal and the mixed-metal oxide: The adsorption and dissociation of water
probably take place on the oxide, CO adsorbs on the admetal nanoparticles, and all subsequent reaction
steps occur at the oxide-admetal interface. The high catalytic activity of the M/CeOx/TiO2(110) surfaces
reflects the unique properties of the mixed-metal oxide at the nanometer level.

Introduction

Ceria (CeO2) is an oxide with important applications in areas
of catalysis, electrochemistry, photochemistry, and materials
science.1,2 In its most stable phase, bulk CeO2 adopts a fluorite-
type Fm3m crystal structure in which each metal cation is
surrounded by eight oxygen atoms.2,3 Experimental and theo-
retical studies indicate that ceria is best described as an
ionocovalent compound or covalent insulator.4,5 One of the most
interesting properties of ceria is its ability to undergo facile

conversion between “+4” and “+3” formal oxidation states.2

Due to this property, ceria-containing catalysts exhibit a high
performance in many chemical processes,2 including the control
of emissions of CO and NOx from automobile exhaust, the
destruction of SO2, the hydrogenation of olefins, and the
production of hydrogen through the water-gas shift reaction
(WGS, CO + H2O f H2 + CO2).

6-14 The surface chemistry
and catalytic properties of CeO2 depend on the formation of
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Ce3+ ions,2 and different approaches are followed to maximize
their concentration.6–14

In principle, the combination of two metals in a common
oxide matrix can produce materials with novel structural and/
or electronic properties.3,15 In a recent study, we investigated
the behavior of ceria nanoparticles in contact with TiO2(110)
using scanning tunneling microscopy (STM), photoemission,
and calculations based on density-functional theory (DFT).16

For the CeOx/TiO2(110) systems, the titania substrate imposes
on the ceria nanoparticles nontypical coordination modes with
a subsequent change in the relative stability of the Ce3+/Ce4+

oxidation states that leads to a significant enhancement in
chemical activity.16 In this paper, we examine in more detail
the growth mode and structure of the ceria nanoparticles
supported on TiO2(110). Quite different surface structures or
morphologies are found at low and high coverages of ceria.
Isolated Ce2Ox dimers are seen at low ceria coverages, while
there is a massive transformation of the oxide surface structure
at high coverages.

In the case of the WGS reaction, ceria is frequently used as
a support for dispersing Au, Cu, and Pt particles.6–8,17,18 In these
catalysts, the ceria is not a simple inert support.7,8,10 For
example, surfaces of bulk metallic gold and nanoparticles of
this metal interact weakly with water and cannot catalyze the
WGS reaction.19,20 Thus, without a direct participation of ceria
in the catalytic process, it is very difficult to explain the high
activity of Au-CeO2 WGS catalysts.7,8,20 However, if water
dissociates on the oxide,20 the subsequent steps of the WGS
reaction (i.e., OH(ads) + CO(ads) f CO2(ads) + 0.5H2(gas))
can take place on Au sites of the catalysts.21 On the other hand,
extended surfaces and nanoparticles of copper and platinum are
able to catalyze the WGS reaction.10,22-24 In fact, surfaces of
copper have become benchmark systems for studying the WGS
reaction.19,23–25 Pt supported on ceria-modified powders of TiO2

has shown a much better thermal stability and a higher WGS
activity than Pt catalysts supported on either ceria or titania.6

The structural or electronic properties responsible for the high
performance of Pt/CeOx-TiO2 catalysts are not well under-
stood.6 It is important to note that ceria-modified TiO2 is inactive
for the WGS reaction.16

In this work, we present a systematic study of the structural,
electronic, and catalytic properties of gold, copper, and platinum
nanoparticles dispersed on CeOx/TiO2(110). The special proper-
ties of CeOx/TiO2(110) surfaces drastically affect the growth
mode of the metal nanoparticles. In addition, there is a strong
coupling of the chemical properties of the metal nanoparticles
and the mixed-metal oxide. Gold is the metal most affected,
but any of the investigated systems has a much higher WGS
activity than Cu(111) or Cu/ZnO catalysts used in industrial
applications.23,24 The nature of the mixed-metal oxide at the
nanometer level opens new directions for tuning catalytic
activity.

Experimental and Theoretical Methods

A. Microscopy, Photoemission, and Catalytic Tests. The STM
studies were performed in an Omicron ultrahigh-vacuum (UHV)
chamber with a base pressure of less than 1.0 × 10-10 Torr. This
chamber is equipped with a variable-temperature STM (VT-STM),
low-energy electron diffraction (LEED), Auger electron spectros-
copy (AES), a surface cleaning facility, gas leak valves, and metal
evaporators. A more detailed description of this chamber is available
elsewhere.26,27 Experiments were carried out on a rutile TiO2(110)
crystal purchased from Princeton Scientific Corp. The clean surface
was prepared by Ne+ ion sputtering at 1 kV for 30 min with an ion
beam current of ∼3 µA, followed by annealing to 950 K for 5
min. The high-resolution STM images of the surface exhibited
bright Ti rows separated by 6.5 Å, as typically observed for
TiO2(110)-(1 × 1).28 Ce, Au, Cu, and Pt were deposited onto the
TiO2(110) surface using metal evaporators.10,16,29 The surface
coverage of ceria and the admetals was estimated from the cluster
height, diameter, and number density observed in the STM images,
assuming the clusers have parabolic shape. All of the STM
measurements were performed in constant current mode with
positive sample biases of 0.4-2.8 V and tunneling currents of
0.4-0.7 nA using electrochemically etched tungsten tips. For in
situ STM studies, the STM tip was moved 500 nm away from the
direction of the metal flux in order to prevent the tip from shadowing
the surface from incoming metal atoms.

Photoemission studies were performed at beamline U7A of the
National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory using a photon energy of 625 eV to collect the O 1s
and Ti 2p regions and 325 eV to collect the Ce 4d, Au 4f, Pt 4f,
and valence regions. In a separate UHV chamber, we acquired XPS
spectra (Ce 3d, Ti 2p, O 1s, Au 4f, Cu 2p, and Pt 4f regions) and
UPS spectra (valence region) using Mg KR and He-I radiation,
respectively. The core levels of Ce display quite different features
for Ce3+ and Ce4+ oxidation states.5b,20 Curve-fitting of the Ce 3d
XPS spectra20 allowed us to determine the ratio of Ce3+/Ce4+ in
the ceria overlayers. The area of the titania surface covered by ceria
and the admetals was estimated using a combination of ion
scattering spectroscopy (ISS) and photoemission.16,20,29

The catalytic studies were carried out in a system which combines
a batch reactor and a UHV chamber.10,20,29 The sample could be
transferred between the reactor and UHV chamber without exposure
to air. Typically, it was transferred to the batch reactor at ∼ 298
K; then the reactant gases were introduced (water-gas shift, 20 Torr
of CO and 10 Torr of H2O; CO oxidation, 4 Torr of CO and 2
Torr of O2). The catalytic activity for the water-gas shift was
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measured at 625 K.10,20,29 Product yields were analyzed by gas
chromatography or mass spectroscopy.20,23 The amount of mol-
ecules produced was normalized by the active area exposed by the
sample. In our reactor a steady-state regime for the water-gas shift
or the oxidation of CO was reached after 2-3 min of reaction time.

B. Density Functional Calculations. Periodic DFT calculations
using a GGA+U exchange-correlation potential were performed
using the VASP code30 with a (4 × 2) six-layer-thick supercell to
model the TiO2(110) surface.16,31 The adlayer and first four layers
of the titania slab were allowed to relax during the DFT geometry
optimizations. We used the Perdew-Wang 91 GGA functional for
exchange correlation, the projector-augmented wave approach, and
plane waves with a cutoff energy set at 400 eV. We treated the
Ti(3s,3p,3d,4s), Ce(4f,5s,5p,5d,6s), and O(2s,2p) electrons as
valence states, while the remaining electrons were kept frozen as
core states.16,31 The calculations were performed at the Γ point of
the Brillouin zone.30 To reproduce the valence spectra of Ce/
TiO2(110), we utilized Ueff parameters with a value of 4.5 eV for
Ce and Ti.16 This value is close to those used in previous studies
for bulk ceria or titania.32,33 The introduction of the Ueff parameters
in the DFT calculations was found to be essential to correctly
reproduce the position of the occupied Ce 4f and Ti 3d levels in
the valence region of CeOx/TiO2(110),16 even though the trends
found in the energetics for the coadsorption of Ce and O on
TiO2(110) were almost the same with or without the Ueff parameters.

Results

A. Structures of CeOx on TiO2(110). Less than 0.1 monolayer
of Ce atoms was deposited on a clean TiO2(110) surface at room
temperature in UHV to investigate the interactions between Ce
and titania; see Figure 1A. The bright spots are evenly
distributed on the terrace without an apparent preference to the
steps, and their average height was determined to be 1.4 ( 0.2
Å. In measurements of XPS and UPS (data not shown),16 the
oxidation state of the Ti cations changed from +4 to +3 and
Ce was found in a +3 oxidation state. The adsorption of Ce
partially reduced the TiO2 surface by donating electrons to Ti
cations. Since the Ce atoms most likely interact with surface O
anions rather than Ti cations, we correlated the bright spots in
Figure 1A to CeOx species on TiO2(110). Figure 1B displays
the calculated adsorption geometry for a Ce adatom. On its most
stable adsorption site, Ce interacts with two bridging and one

in-plane O atom of the TiO2(110) surface. This type of bonding
configuration is consistent with our images of STM. Since the
heats of formation of cerium oxides are larger than those of
titanium oxides,34 the titania substrate is forced to share its
oxygens with the Ce adatoms. The calculated oxidation state
for Ce is 3+, in perfect agreement with the experiment. The
fact that three electrons move from high to lower energy levels,
Ce(5d16s2) f 3Ti(3d1), leads to a very high adsorption energy
(-7.23 eV) for Ce on TiO2(110).

The presence of O2 in the background drastically affected
the growth mode of ceria and the morphology of the surface.
In Figure 2A, Ce atoms were deposited at room temperature
under an atmosphere of O2 (∼1 × 10-7 Torr) to avoid the
surface reduction of the titania substrate. Three different types
of new features were found, nonrelated to the ideal TiO2(110)
surface, which were designated as type A, type B, and type C
based on their apparent heights (type A, 0.3 ( 0.1 Å; type B,
1.3 ( 0.2 Å; type C, 1.9 ( 0.3 Å). The type A (tiny bright
spots) can be correlated with oxygen adatoms (Oad). Several
recent publications have showed O2 dissociation on O vacancies
of TiO2(110), and we also confirmed their results in a separate
control experiment (data not shown).35-37 Upon O2 exposure
to the surface, an O2 molecule can be dissociated at the bridging
oxygen vacancy in two oxygen adatoms. One oxygen atom heals
the vacancy, and the other is deposited on Ti atomic rows, which
appear to be tiny bright spots in STM images. The type B (bright
spots) can be attributed to CeOx, after comparison with the shape
and height of the bright spots in Figure 1A. Finally, the type C
features (very bright spots) correspond to TiOx islands on
TiO2(110) induced by O2 chemisorption.38 They are a conse-
quence of the migration of Ti interstitials from the bulk to the
surface of the titania crystal induced by oxygen adatoms. The
morphological shape and reported height of the type C features
(2.2 Å) are very close to our observations.38
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Figure 1. (A) STM image of Ce atoms deposited on a clean TiO2(110)
surface at 298 K in UHV (Vt, 1.5 V; It, 0.05 nA). (B) Lowest energy structure
obtained in DF calculations for the adsorption of a Ce atom on TiO2(110).

Figure 2. (A) STM image taken after the deposition of Ce atoms on a
clean TiO2(110) surface under an O2 atmosphere (PO2

, 1.0 × 10-7 Torr) at
room temperature (Vt, 1.7 V; It, 0.06 nA). The bright features are classified
as types A-C on the basis of their apparent heights (see text). (B) STM
image obtained after heating the surface in part A at 600 K for 10 min in
UHV (Vt, 1.6 V; It, 0.07 nA).
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Figure 2B shows an STM image recorded after heating the
surface in Figure 2A at 600 K for 10 min in UHV. The type A
features due to O adatoms disappeared, and there was an
agglomeration of the individual CeOx nanoparticles (type B
features) and TiOx clusters (type C features) into bigger clusters.
The number density of the nanoparticles decreased by ∼70%.
This result suggests that CeOx particles are mobile at elevated
temperature, and deficiency of O2 leads to disordered surface
structures of CeOx, implying that oxygen atoms play an
important role in the formation of ceria-titania mixed oxides.

On the basis of the results in Figure 2, we decided to prepare
the CeOx/TiO2(110) surfaces at high temperature. Ce was
deposited on the titania surface at 600 K in O2 (∼1 × 10-7

Torr), and the sample was subsequently annealed to 900 K still
under an O2 environment. The images in Figure 3 were taken
after cooling the sample to room temperature and removing the
O2 from the background. Two different types of features were
observed on the terraces: diagonal arrays of small bright spots
(see solid arrow) and bigger ones (see dashed green arrow). To
assign these features, a control experiment was performed by
repeating the same experiment without depositing Ce on the
surface (Figure 3B). From the control experiment, the bigger
clusters in Figure 3A can be correlated with TiOx islands, which
resulted from reaction of oxygen gas with interstitial Ti from
the reduced bulk.38 The height of the TiOx islands now increased

to 3 Å, which is close in height to one atomic step on the TiO2

surface and comparable to the results in refs 38 and 39. Now
we can easily correlate diagonal arrays with CeOx nanoparticles.
The average height is 1.4 Å, which is close to the average height
we obtained in Figures 1A and 2 for the CeOx features.

The insets in Figure 3 show STM images at the steps,
indicating that the CeOx nanoparticles also decorated these
surface sites. A very interesting observation in Figure 3A is
that the relatively small CeOx nanoparticles (short white arrows)
with a height around 1.2 Å do not form diagonal arrays and are
mostly located at the end of diagonal arrays or isolated on the
terrace. To better understand the structures of the CeOx

nanoparticles, a bias-dependent STM measurement was per-
formed, as shown in Figure 3C. 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 +1.2 V, and the angle of the diagonal array is
close to 42° with respect to the [1 -1 0] direction. When this
feature was imaged at +0.4 V, the individual bright features
appeared as dimers. Each ceria dimer is located between two
rows of oxygens protruding from the surface. Ce 3d XPS spectra
indicated that the oxidation state of the Ce atoms in the dimers
was essentially +3. On the other hand, in the Ti 2p XPS region
we saw mainly Ti 4+ with a small amount (<5%) of Ti 3+

comparable to that found on clean TiO2(110).28b Thus, the
presence of O2 in the background during the deposition of Ce
did prevent the reduction of the titania support.

Using DFT calculation, we investigated the bonding config-
uration of the ceria dimers on TiO2(110), as shown in Figure 4.
Starting with the structure in Figure 1B, the dissociation of an
O2 molecule near the adsorbed Ce is a highly exthothermic
process and an energy of 6.88 eV is released. At this point, the
oxidation state of Ce is +4. If a second Ce atom is deposited
on this surface, the CeO2 monomer would be an excellent
binding site to create a dimer since one of the three electrons
released by the new adatom does not go to a high-energy 3d
level of Ti but rather goes to the 4f level of the first Ce atom.
The second cerium either goes next to the ceria nanoparticle
by sharing two oxygens, forming a horizontal dimer, or to a
diagonal position by sharing one oxygen and bonding an extra
oxygen atom, forming a diagonal dimer. The DFT calculations
indicate that the diagonal dimer has a formation energy 2.6 eV
more exothermic than the formation energy of the horizontal
dimer. At the end, the ceria dimer adopts a configuration
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Figure 3. (A) STM image of CeOx on the TiO2(110) surface after depositing
Ce atoms at 600 K in O2 (PO2

, 1 × 10-7 Torr) and subsequent annealing at
900 K in O2 (PO2

, 1 × 10-4 Torr; Vt, 1.2 V; It, 0.07 nA). (B) STM image
of a clean TiO2(110) surface after dosing O2 (PO2

, 1 × 10-4 Torr) to the
sample at 750 K and subsequent annealing at 900 K. Insets in A and B
show magnified STM images at the steps of each surface (Vt, 1.1 V; It,
0.06 nA). (C) Bias-dependent STM images of a diagonal array of CeOx

nanoparticles taken at the imaging bias of 1.2 V, 0.06 nA (top) and 0.4 V,
0.06 nA (bottom). Ce atoms were dosed at 600 K in O2 (PO2

, 5 × 10-5

Torr), and subsequently the sample was annealed to 900 K.

Figure 4. Most stable geometries and energy changes (∆E) for the
formation of a Ce2O3 dimer on TiO2(110). The top view of the surface
Ce2O3 dimer is also shown for comparison with the model obtained from
the STM images. Colors: white (Ti); dark gray (Ce); red (O).
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comparable to STM images in Figure 4C and have an oxidation
state of +3, without the generation of Ti3+ species, as seen in
the XPS measurements.

On the basis of our STM, XPS, UPS, and DFT results, we
can construct a model for diagonal arrays of CeOx nanoparticles
on TiO2(111) (Figure 5). The big bright spots are TiOx islands,
as we discussed in Figure 3A,B. Each bright spot from the
diagonal arrays of CeOx nanoparticles corresponds to one CeOx

dimer. The diagonal arrays of CeOx have specific orientations
of 0, 24, and 42° with respect to the [1 -1 0] direction. These
angles exactly match the diagonal angles of zero, one, and two
unit cells of TiO2(110). When the diagonal angle is 0°, four
cerium atoms will be oriented like a zigzag by sharing seven
bridging oxygen atoms (red circles) and six newly bonded
oxygen atoms to Ti atomic rows (yellow circles). 42° with

respect to the [1, -1, 0] direction would have a linear
distribution of cerium atoms sharing a total of 13 oxygen atoms.
Likewise we can build 24° diagonal arrays of CeOx nanoparticles
as well. The relatively small CeOx nanoparticles that are located
at the end of diagonal arrays or isolated are probably CeOx

monomers since they are in lack of additional Ce atoms to share
neighboring oxygens.

At high coverages of ceria on TiO2(110), the STM images
showed quite complex structures and a morphology very
different from that of the titania substrate. Typical results are
shown in Figure 6. The CeOx/TiO2(110) surface exhibits two
types of terraces. In one type (Figure 6A), one has a morphology
that is not very different from that observed in Figures 3 and 5
with linear arrays of ceria dimers and TiOx clusters. However,
in the second type of terrace (Figure 6B), there is a compact

Figure 5. (A) High-resolution STM image for a low coverage of CeOx on TiO2(110). (B) Ball models for the arrays of CeOx nanoparticles on the titania
surface. Here, we are showing possible orientations of the CeOx dimers based on the bias-dependent STM images, XPS, and DFT results (see text for more
details).

Figure 6. STM images obtained after depositing 0.7 monolayer of Ce atoms on TiO2(110) at 600 K in O2 and subsequent annealing at 900 K in O2 (PO2
,

1.0 × 10-7 Torr; Vt, 1.1 V; It, 0.06 nA): (A) an area having a morphology similar to that obtained for low coverages of ceria on titania; (B) an area having
a higher coverage of Ce adatoms where the CeOx nanoparticles form rectangular domains; (C) overview of a 200 nm × 200 nm region of the CeOx/
TiO2(110) surface.
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array of ceria particles with structures that do not match the
structures of CeO2(111) or CeO2(110). At high coverages of
ceria, one can speculate that all of the Ce adatoms cannot
generate diagonal arrays of CeOx nanoparticles due to the limited
surface area of TiO2(110). They are forced to share the oxygens
with next neighboring Ce adatoms, producing rectangular arrays
of CeOx nanoparticles (Figure 6B). The terraces in Figure 6A,B
alternate in a complex way, and titania surfaces with a high
coverage of ceria had a very rough morphology (Figure 6C).
As the fraction of the titania covered by ceria increased from
0.3 to 0.7 (as measured by ISS), the line shape of the
corresponding Ce 3d XPS spectra pointed to a changing mixture
of Ce3+ (80-40%) and Ce4+ (20-60%). In general, Ce3+ was
the dominating cation only at low or medium coverages of ceria.

B. Deposition of Au, Cu, and Pt Nanoparticles on CeOx/
TiO2(110). Previous studies have examined the growth mode
of Au, Cu, and Pt nanoparticles on clean TiO2(110).28,29,40 On
this surface, the metals grow forming three-dimensional par-
ticles. Gold exhibits very weak interactions with the ideal
terraces of the titania surface29 and mainly binds to defects or
step sites.28a,40 Cu and Pt interact well with TiO2(110)29,41 and
disperse on terraces of the surface.28,29 In the case of Pt/
TiO2(110), encapsulation of the Pt particles by TiOx clusters is
observed upon annealing to temperatures above 700 K.28,42

In this work, we investigated the deposition of Au, Cu and
Pt nanoparticles on TiO2(110) surfaces partially (10-15%)
covered with ceria, which are relevant for applications in
catalysis.6 These CeOx/TiO2(110) systems were prepared fol-
lowing the procedure used to obtain the surface shown in Figure
3A. Our results of XPS indicated that the Au, Cu, and Pt
nanoparticles remained in a metallic state after their deposition
on the CeOx/TiO2(110) surfaces. Figure 7 shows STM images
acquired before and after depositing ∼0.1 monolayer of Cu on
a CeOx/TiO2(110) surface at 300 K. The same region was
imaged in situ to identify the nucleation sites of Cu. As discussed
above, Figure 5A, the oxide surface exposes CeOx nanoparticles
and TiOx clusters. Each of these has a particular height and
configuration on the TiO2(110) substrate. In Figure 7B, Cu
particles are distributed randomly on terraces, nucleating on both
TiOx islands and CeOx nanoparticles. The average Cu cluster
height is 0.3 ( 0.1 nm. Apparently, the Cu atoms do not migrate
on the oxide surface to form relatively big Cu nanoparticles;
instead they are trapped at TiOx and CeOx sites.

In Figure 8, we compare the morphologies obtained after
depositing 0.1 monolayer of Cu on CeOx/TiO2(110) and
TiO2(110) surfaces at 300 K with subsequent annealing at 625
K for 10 min. At room temperature, the Cu particles are well-
dispersed on the terraces of TiO2(110) and clearly there is no
preference for nucleation on the steps. The average Cu cluster
height is 0.5 ( 0.2 nm. This is higher than the average height
of 0.3 ( 0.1 nm found for the same Cu coverage on the CeOx/
TiO2(110) surface at 300 K. Thus, the presence of CeOx favors
the dispersion of Cu on the oxide support: The size of the
admetal particles decreases, and there is a larger number of these
particles on the terraces. Upon annealing to 625 K, one sees
the formation of large Cu particles at the step sites of the Cu/
CeOx/TiO2(110) and Cu/TiO2(110) systems. The large Cu
particles in Cu/TiO2(110) have an average height of 2.3 nm and
a diameter of 10.9 nm. In the case of Cu/CeOx/TiO2(110), the
large Cu particles have an average height of 0.9 nm and a
diameter of 5.5 nm. Again the CeOx favors the dispersion of
Cu, and a substantial number of Cu particles remain on the
terraces of Cu/CeOx/TiO2(110) at 625 K.

The trends seen in Figures 7 and 8 for Cu/CeOx/TiO2(110)
are similar to those found after depositing 0.1 monolayer of
Au on CeOx/TiO2(110).16 The CeOx sites were essential for the
nucleation of small particles of Au on terraces of the oxide
support.16 In the opposite extreme, we have Pt which binds well
to terrace sites of TiO2(110).28,41 Figure 9 shows STM images
collected after depositing 0.1 monolayer of Pt on CeOx/
TiO2(110) at 300 K (part A) followed by annealing at 625 K
(part B). The dispersion of the Pt particles is quite high at room
temperature. It decreases upon heating to 625 K, but it remains
much higher than that seen for Cu nanoparticles (Figure 8) or
Au nanoparticles16 under similar conditions. The average height
of the Pt nanoparticles in Figure 9B is 0.6 nm and the diameter
4.5 nm.

We also investigated the deposition of Au, Cu, and Pt on
TiO2(110) surfaces precovered with large coverages of ceria,
as seen in Figure 6. In these systems, the CeOx provides a big
diversity of nucleation sites not found in the case of TiO2(110).

(40) Valden, M.; Lai, X.; Goodman, D. W. Science 1998, 281, 1647.
(41) Iddir, H.; Öğüt, S.; Browning, N. D.; Disko, M. M. Phys. ReV. B 2005,

72, 081407(R). Phys. ReV. B, 2006, 73, 039902(E).
(42) Dulub, O.; Heberstreit, W.; Diebold, U. Phys. ReV. Lett. 2000, 84,

3646.

Figure 7. STM images of the same area before ((A) Vt, 1.6 V; It, 0.08 nA)
and after ((B) Vt, 2.1 V; It, 0.07 nA) depositing Cu on a CeOx/TiO2(110)
surface at 300 K.

Figure 8. STM images obtained before and after heating metal/oxide
surfaces at 625 K for 10 min: (A) 0.1 monolayer of Cu on CeOx/TiO2(110)
(Vt, 2.1 V; It, 0.06 nA); (B) 0.1 monolayer of Cu on TiO2(110) (Vt, 2.3 V;
It, 0.04 nA). The Cu was deposited on the oxide surfaces at 300 K.
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However, they will not be discussed here, since they are of
limited interest for catalytic applications,6 as we will show
below.

C. Water-Gas Shift Reaction on M/CeOx/TiO2(110) (M )
Au, Cu, Pt) Surfaces. The developing of new catalysts for the
water-gas shift (WGS) reaction is critical for the production of
pure hydrogen gas.6–8 Many studies have tested the catalytic
activityofmetalnanoparticlessupportedonTiO2andCeO2.

6–14,17,18

We have found that TiO2(110),29 CeO2(111),10 and CeOx/
TiO2(110)16 are not able to catalyze the WGS reaction. Water
readily dissociates on the O vacancies of these oxide surfaces,
but, upon reaction of adsorbed OH with CO, very stable formate
(HCOO) or carbonate (CO3) species are produced which make
it very difficult to establish a catalytic cycle.10,29 The dispersion
of Cu nanoparticles on TiO2(110) and CeO2(111) produces
excellent WGS catalysts which have similar activities with the
one for Cu/TiO2(110) being slightly higher.19,20,43 What happens
when CeOx/TiO2(110) is used as a support for metal nanopar-
ticles during the WGS?

Figure 10 shows the amount of H2 produced by the WGS
reaction on catalysts generated by depositing 0.15 monolayer
of Au, Cu, or Pt on CeOx/TiO2(110) surfaces in which 12-14%
of the titania was precovered with CeOx nanoparticles. For

comparison, we also include the corresponding data for the
deposition of 0.15 monolayer of the admetals on plain
TiO2(110). It is clear that the nature of the oxide support strongly
affects the catalytic activity. The catalysts containing CeOx/
TiO2(110) display an activity that is 2.5-3.8 times higher than
those containing plain TiO2(110)29 or CeO2(111).10 When
compared to Cu(111), a typical benchmark in studies of the
WGS,23–25 or Cu/ZnO, a common WGS catalyst for industrial
applications,7,10,23 the M/CeOx/TiO2(110) systems are 5-15
times more active. The catalytic activity increases following
the sequence: Au/CeOx/TiO2(110) < Cu/CeOx/TiO2(110) < Pt/
CeOx/TiO2(110). Although Au is the admetal with the lowest
catalytic activity in Figure 10, it is the one most affected by
coupling to CeOx/TiO2(110), because neither extended surfaces
of Au nor Au nanoparticles are able to catalyze the WGS.19

The behavior of Cu/CeOx/TiO2(110) is remarkable. Supported
copper exhibits a WGS activity somewhat smaller than that of
Pt, but it is much less expensive.

Figure 11 displays the catalytic activity of the M/CeOx/
TiO2(110) systems (ΘM ∼ 0.15 monolayer) as a function of
the fraction of TiO2(110) covered by CeOx. For the three
admetals, an increase in the amount of CeOx present in the oxide
surface leads to a reduction in the catalytic activity. At the lowest
coverages of CeOx (12-14% of the titania covered), postreaction
surface analysis with XPS20 showed that only Ce3+ cations were
present in the oxide support. In contrast, for the largest coverages
of ceria (64-71% of the titania covered), postreaction surface
analysis gave a mixture of Ce3+ and Ce4+ cations in the Ce 3d
XPS spectra, and after curve-fitting20 we found that the ratio
Ce3+/Ce4+ ∼ 0.45. As the ceria overlayer adopts a more compact
structure, see Figure 6, and a higher cerium oxidation state, +4,
the catalytic activity of the M/CeOx/TiO2(110) systems decreases
and gets closer to that seen for the metals on CeO2(111).10

(43) Rodriguez, J. A.; Liu, P.; Wang, X.; Wen, W.; Hanson, J.; Hrbek, J.;
Pérez, M.; Evans, J. Catal. Today 2009, 143, 45.

Figure 9. STM images taken before ((A) Vt, 2.1 V; It, 0.05 nA) and after
((B) Vt, 1.2 V; It, 0.05 nA) heating 0.1 monolayer of Pt on a CeOx/TiO2(110)
surface at 625 K for 10 min. The Pt was deposited on CeOx/TiO2(110) at
300 K.

Figure 10. Amount of H2 produced by the WGS reaction on catalysts
generated by depositing 0.15 monolayer of Au, Cu, or Pt on CeOx/TiO2(110)
surfaces in which 12-14% of the titania was precovered with CeOx

nanoparticles. For comparison, we also include data for the deposition of
the metals on TiO2(110). The reported values for the production of H2 were
obtained after exposing the catalysts to 20 Torr of CO and 10 Torr of H2O
at 625 K for 5 min. The number of H2 molecules produced is normalized
by the sample surface area.

Figure 11. Effect of ceria coverage on the WGS activity of M/CeOx/
TiO2(110) (M ) Au, Cu, Pt) catalysts. The catalysts were generated by
depositing 0.15 monolayer of the admetals on the CeOx/TiO2(110) surfaces.
The reported values for the production of H2 were obtained after exposing
the catalysts to 20 Torr of CO and 10 Torr of H2O at 625 K for 5 min. The
number of H2 molecules produced is normalized by the sample surface area.
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For the unsupported metals, the WGS activity increases in
the following order: Au , Pt < Cu,19,22–24 a trend that does
not match the ones seen in Figures 10 and 11. In principle, the
oxide substrate can modify the chemical properties of the
supported nanoparticles and/or participate directly in the WGS
reaction. Theoretical calculations show a very weak interaction
of Au with TiO2(110) and a negligible charge transfer.29,44

Stronger electronic perturbations are observed for Au on
CeO2(111)45 and for Cu and Pt on TiO2(110).29,41 The ceria
nanoparticles in Figures 3 and 5 interact well with admetals
and improve their dispersion on the titania surface. For the
M/CeOx/TiO2(110) systems in Figure 10, the average height and
diameter of the metal particles have a reverse order with respect
to the catalytic activity [Pt/CeOx/TiO2 (H,0.6 nm; D, 4.5 nm) <
Cu/CeOx/TiO2 (H, 0.9 nm; D, 5.5 nm) < Au/CeOx/TiO2 (H, 1.3
nm; D, 5.9 nm)], suggesting a crucial role of the particle size
in the performance of the catalysts.

Extended surfaces of Au, Cu, and Pt are not very efficient
for the dissociation of water.19,22–24 For example, DF calcula-
tions show that the partial dissociation of water (H2O(ads) f
OH(ads) + H(ads)) on Cu(111) is an endothermic process (∆E
) 0.2-0.6 eV) with a large activation energy (Ea ) 0.9-1.4
eV).19,24,46 Our DF calculations for the dissociation of water
on the Ce2O3/TiO2(110) system of Figure 4 showed an
exothermic process (∆E )-0.7 eV) with a very small activation
energy (Ea ) 0.04 eV). The final geometry of the [H + OH]/
Ce2O3/TiO2(110) system is shown in Figure 12. In photoemis-
sion experiments, we saw the facile dissociation of water at
300 K on CeOx/TiO2(110) surfaces in which 10-15% of the
titania was precovered with CeOx nanoparticles. The increase
in the stability of the Ce3+ oxidation state leads to an enhance-
ment in the chemical and catalytic activity of the ceria
nanoparticles. The M/CeOx/TiO2(110) are bifunctional catalysts:
The adsorption and dissociation of water take place on the oxide,
CO adsorbs on the admetal nanoparticles, and all subsequent
reaction steps occur at the oxide-admetal interface. The
interaction of an OH group bound on the oxide and a CO
molecule bound on a metal site easily can lead to the formation
of a HO-CO intermediate,20,29 which does not have the high

stability of a formate or a carbonate19,22,24 and, therefore, is
ideal for the subsequent generation of CO2 and H2.

The results in Figures 10 and 11 illustrate the tremendous
impact that a tuning or optimization of the chemical properties
of nanoceria can have on the activity of a WGS catalysts.
Powder catalysts of ceria-modified titania can be prepared for
practical applications.6 The key issue is to take advantage of
the complex interactions that occur in a mixed-metal oxide at
a nanometer level. The titania substrate imposes on the ceria
nanoparticles nontypical coordination modes, enhancing their
chemical reactivity. This phenomenon leads to a larger disper-
sion of supported metal nanoparticles and makes possible the
direct participation of the oxide in catalytic reactions.

Summary and Conclusions

At small coverages of ceria on TiO2(110), the CeOx nano-
particles have an unusual coordination mode which favors a
+3 oxidation state. Scanning tunneling microscopy and density-
functional calculations point to the presence of Ce2O3 dimers,
which are located between the rows of bridging oxygens in
TiO2(110) and form diagonal arrays that have specific orienta-
tions of 0, 24, and 42° with respect to the [1 -1 0] direction of
the titania substrate. At high coverages of ceria on TiO2(110),
the surface exhibits two types of terraces. In one type, one has
a morphology that is not very different from that observed at
low ceria coverage with diagonal arrays of ceria dimers.
However, in the second type of terrace, there is a compact array
of ceria particles with structures that do not match the structures
of CeO2(111) or CeO2(110).

CeOx nanoparticles drastically affect the growth mode of
metals on TiO2(110). At 300 K, metal adatoms do not migrate
on CeOx/TiO2(110) to create large particles in the steps; instead
they are trapped at CeOx sites in the terraces. Annealing to 625
K induces some sintering, but metal particles remain attached
to CeOx sites. Gold, copper, and platinum exhibit a quite
different dispersion on the CeOx/TiO2(110) surfaces after
annealing, with the average height and diameter of the metal
particles increasing in the following order: Pt < Cu < Au.

The M/CeOx/TiO2(110) surfaces display an extremely high
catalytic activity for the WGS reaction. The catalytic activity
increases following the sequence Au/CeOx/TiO2(110) < Cu/
CeOx/TiO2(110) < Pt/CeOx/TiO2(110). For low coverages of Cu
and CeOx, Cu/CeOx/TiO2(110) is 8-12 times more active than
Cu(111) or Cu/ZnO industrial catalysts. In the M/CeOx/
TiO2(110) systems, there is a strong coupling of the chemical
properties of the admetal and the mixed-metal oxide: The
adsorption and dissociation of water probably take place on the
oxide, CO adsorbs on the admetal nanoparticles, and all
subsequent reaction steps occur at the oxide-admetal interface.
The extremely high catalytic activity of the M/CeOx/TiO2(110)
surfaces reflects the unique properties of the mixed-metal oxide
at the nanometer level.
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Figure 12. Initial and final geometries for the dissociation of a H2O
molecule on Ce2O3/TiO2(110). The corresponding reaction energy is -0.7
eV with an activation barrier of only 0.04 eV.
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