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ABSTRACT: The electronic properties of Pt nanoparticles deposited on
CeO2(111) and CeOx/TiO2(110) model catalysts have been examined
using valence photoemission experiments and density functional theory
(DFT) calculations. The valence photoemission and DFT results point to a
new type of “strong metal−support interaction” that produces large
electronic perturbations for small Pt particles in contact with ceria and
significantly enhances the ability of the admetal to dissociate the O−H
bonds in water. When going from Pt(111) to Pt8/CeO2(111), the
dissociation of water becomes a very exothermic process. The ceria-
supported Pt8 appears as a fluxional system that can change geometry and
charge distribution to accommodate adsorbates better. In comparison with other water-gas shift (WGS) catalysts [Cu(111),
Pt(111), Cu/CeO2(111), and Au/CeO2(111)], the Pt/CeO2(111) surface has the unique property that the admetal is able to
dissociate water in an efficient way. Furthermore, for the codeposition of Pt and CeOx nanoparticles on TiO2(110), we have
found a transfer of O from the ceria to Pt that opens new paths for the WGS process and makes the mixed-metal oxide an
extremely active catalyst for the production of hydrogen.

■ INTRODUCTION
Metal−oxide interfaces play a key role in a large set of
technologically important applications such as metal−oxide
contacts in microelectronics and photovoltaic devices, gas
sensors, coatings for electrochemical devices or corrosion
passivation, and oxide-supported transition-metal catalysts.1

Over the years, a large number of studies have been focused on
improving our understanding of the atomic-level structure of
metal−oxide interfaces, the electronic character of the metal
atoms that are right at these interfaces, and the energetics of
bonding and thermodynamic stability of these interfaces.1,2

These are critical issues connected to technological applica-
tions. In a classic article, Tauster et al.3a used the term “strong
metal−support interaction” to describe the drastic changes that
occur in the chemisorption properties of Pt and other group
VIII (8−10) metals when they are dispersed on surfaces of
titanium oxide. The ability to chemisorb H2 or CO was strongly
suppressed or vanished entirely when these metals were
supported on TiO2 and activated in H2 at elevated temper-
atures.3 A strong metal−support interaction had somehow
deprived these metals of one of their most characteristic
chemical properties, making them catalytically inactive.3 The
spreading of TiOx aggregates on the surface of the supported
metals could be responsible for the reduction in their chemical
and catalytic activity.3b,4 In this article, we report a completely

different type of strong metal−support interaction that
substantially enhances the catalytic activity of Pt for the
generation of hydrogen through the water-gas shift (WGS)
reaction, CO + H2O → H2 + CO2.
In industry, the WGS reaction is widely used to produce the

hydrogen necessary for many chemical processes5 and to
eliminate the CO present in feed streams for ammonia
synthesis and fuel cells.6 There is a continuous search for
new and more efficient WGS catalysts.6,7 Supported platinum
catalysts have received much interest during the past decade
because of their WGS activity at low temperatures.6−14 The
WGS has been investigated over Pt nanoparticles (NPs)
dispersed over various oxide supports: Al2O3, CeO2, ZrO2,
CeO2/ZrO2, and TiO2.

7−14 Among the oxide supports, the
CeO2 and TiO2 substrates are two of the most promising
candidates for the WGS process. The reason that the nature of
the oxide is important for the good performance of Pt-based
catalysts is a matter of debate.6−14 Furthermore, a recent study
of the WGS on Pt(111) indicates that there can be problems in
performing the reaction on extended surfaces of platinum.15

The turnover frequency of Pt(111) is initially 5 times greater
than that observed on Cu(111), a typical benchmark for the
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WGS reaction,16−18 but Pt(111) undergoes deactivation due to
the deposition of carbon by the Boudouard reaction:
2CO(surf) → C(surf) + CO2(g).

15 Thus, why is Pt/CeO2 a
very good catalyst for the WGS reaction? In this work, we used
experiment and theory to investigate the WGS reaction on well-
defined Pt/CeO2(111) surfaces and to explain the high
performance of the admetal in Pt/CeO2 catalysts. The results
of valence photoemission experiments and density functional
theory (DFT) calculations point to a new type of strong
metal−support interaction that produces large electronic
perturbations for small Pt particles in contact with
CeO2(111) and signif icantly enhances the ability of the admetal
to dissociate the O−H bonds in water. Upon going from
Pt(111) to Pt8/CeO2(111), the dissociation of water becomes a
very exothermic process. Furthermore, for the codeposition of
Pt and CeOx NPs on TiO2(110), we have found a transfer of O
from the ceria to Pt that opens new paths for the WGS process
and makes the mixed-metal oxide an extremely active catalyst
for the production of hydrogen.

■ EXPERIMENTAL AND THEORETICAL METHODS
The photoemission and catalytic studies were carried out in a system
combining an ultrahigh-vacuum (UHV) chamber (base pressure ∼5 ×
10−10 Torr) and a batch reactor.18−20 The sample could be transferred
between the reactor and the UHV chamber without exposure to air.
The UHV chamber (base pressure ∼5 × 10−10 Torr) was equipped
with instrumentation for X-ray and UV photoelectron spectroscopies
(XPS and UPS), low-energy electron diffraction (LEED), ion
scattering spectroscopy (ISS), and temperature-programmed desorp-
tion (TPD). The microscopy studies were carried out in an Omicron
variable-temperature scanning tunneling microscopy (STM) system
directly attached to a main UHV chamber equipped with optics for
LEED, instrumentation for Auger electron spectroscopy, and surface
cleaning facilities. The kinetic tests were done using CeO2(111) and
TiO2(110) single crystals cleaned following standard procedures used
in our previous studies of Au/CeO2(111) and Au/TiO2(110).

19,20 To
avoid problems with charging in the XPS and UPS experiments, films
of CeO2(111) were grown in situ onto a Ru(0001) substrate (700 K)
using a four-pocket Oxford evaporator in an O2 atmosphere (1 × 10−7

Torr). Previous studies have been devoted to understanding this
growth and the formation of well-defined (111) surfaces.21,22 The
Oxford evaporator was also used to deposit CeOx on TiO2(110).

20,23

Pt was evaporated onto CeO2(111) and CeOx/TiO2(110) at 300 K. In
the kinetic measurements, the sample was transferred to the batch
reactor at ∼300 K, after which the reactant gases were introduced (20
Torr CO and 10 Torr H2O) and the sample was rapidly heated to the
reaction temperature of 625 K. The number of molecules produced
was normalized to the active area exposed by the sample.19,20 In our
reactor, a steady-state regime for the production of H2 and CO2 was
reached after 2−3 min of reaction time.
The DFT calculations were performed using the VASP program

(version 4.6)24 and the methodology described in refs 25 and 26. We
used the PW91 exchange−correlation functional, and the description
of stoichiometric and reduced ceria was achieved within the so-called
GGA+U approach with a U value of 4 eV.27,28 The kinetic energy
cutoff was 415 eV.24 The Pt8/CeO2(111) calculations employed a slab
of three CeO2 (nine atomic) layers and a 3 × 4 surface cell. The space
between neighboring slab images was 1.5 nm.24 Complete geometry
optimizations were carried out for NP models, and only atoms in the
bottom O−Ce−O layer were kept fixed at the bulk positions during
the local-minimum search in the slab calculations.

■ RESULTS AND DISCUSSION

We start by examining the catalytic properties of Pt on
CeO2(111). Since Pt/CeO2 powder catalysts typically have
small loadings of the noble metal (<2 wt %),6 we are

particularly interested in low coverages of Pt on CeO2(111).
STM has been used to study the growth mode of Pt on
CeO2(111) films supported on Ru(0001).29 Deposition of 0.2
monolayer (ML) of Pt on CeO2(111) at 300 K produces small
metal NPs on the ceria terraces with a height of two atomic
layers. The introduction of oxygen vacancies in the oxide
surface to give CeO1.88(111) leads to a better dispersion of the
Pt, and the small metal aggregates now exhibit a height of one
or two atomic layers.29 Using XPS and He-II UPS, we
investigated the interaction of Pt with the CeO2(111) crystal.
After depositing 0.1−0.2 ML of Pt on CeO2(111), we
measured Pt 4f7/2 core-level binding energies that were 0.7−
0.9 eV higher than that found for bulk metallic Pt (71.2 eV). At
the same time, UPS spectra for the valence region of the Pt/
CeO2(111) systems (Figure 1) exhibited a density of Pt 5d

states near the Fermi level that was much smaller than that
expected for metallic Pt.30 In the case of Pt(111), a strong
photoemission signal was observed between 0 and 1 eV,30

whereas for Pt/CeO2(111) (θPt < 0.25 ML), there was a weak
signal in this region. Small metal particles can exhibit a reduced
density of d states near the Fermi edge when deposited on
oxides.1 Our results of photoelectron spectroscopy are
consistent with previous experimental and theoretical studies
that point to a Pt → ceria charge transfer when small particles
of Pt are in contact with CeO2(111).

25,26 As we will show
below, the perturbations in the electronic properties of the
supported Pt NPs lead to an important change in their chemical
properties.
Figure 2 displays the WGS activities of a large series of model

Pt/CeO2(111) catalysts. The clean CeO2(111) surface did not
have activity for the WGS reaction under the reaction
conditions investigated here. Upon addition of Pt to
CeO2(111), there was a continuous increase in the catalytic
activity until a maximum was reached at a coverage of ∼0.2 ML.
After this point, the production of H2 and CO2 decreased
drastically as the Pt coverage was raised. Postreaction surface
characterization with XPS indicated that during the WGS
process the ceria support was partially reduced, reaching a
composition of CeO1.90−1.93. Comparing these data with the
STM results reported for the Pt/CeO2(111) and Pt/

Figure 1. He-II valence UPS spectra collected before and after
deposition of 0.15 ML of Pt on a CeO2(111) surface.
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CeO1.88(111) systems,29 one can conclude that the maximum
activity in Figure 2 corresponds to catalysts that contain Pt
particles with a diameter smaller than 1.7 nm and a height less
than 0.4 nm. Furthermore, the measured catalytic activity is
correlated with the magnitude of the electronic perturbations
seen in UPS. The Pt/CeO2(111) catalysts with the highest
activity (θPt < 0.3 ML) displayed a lower density of Pt 5d states
near the Fermi level (Figure 1), while the catalysts with lower
activity (θPt > 0.8 ML) exhibited a density of Pt 5d states near
the Fermi level that was not much different from that of bulk
metallic Pt(111).30

In test experiments, we found no signs of deactivation of the
Pt/CeO2(111) (θPt < 0.3 ML) catalysts after 2 h of reaction
time. In the case of the WGS reaction on Pt(111), deactivation
by deposition of carbon is observed after reaction times of 10−
20 min.15 Using plots for H2 production versus time (Figure 3),
we calculated the corresponding reaction rates and turnover
numbers for the WGS reaction on Pt/CeO2(111). Assuming

that all of the Pt atoms deposited on CeO2(111) participated in
the reaction, we estimated turnover frequencies of 12.4 (θPt =
0.15 ML) and 11.5 (θPt = 0.25 ML) molecules Ptsite

−1 s−1 for
the highly active catalysts in Figure 2. These are much larger
than the value of 0.53 molecules Ptsite

−1 s−1 reported for
Pt(111).15 A comparison of the performance of Pt/CeO2(111)
with those of catalysts containing Ni,31 Cu,20 or Au20 dispersed
on CeO2(111) (Figure 4) indicates that the Pt-based system is

clearly the best in terms of activity and low loading of the
admetal under the conditions investigated in these studies (20
Torr CO and 10 Torr H2O at 625 K). Systems such as Au/
CeO2(111) and Cu/CeO2(111) exhibit better performance
than Pt/CeO2(111) only at large loadings of the admetal (>0.3
ML), where the Pt catalytic activity substantially decreases,
probably as a result of the fact that most of the Pt atoms are not
in contact with the ceria support. A look at data reported in the
literature for the performance of high-surface-area catalysts
during the WGS reaction under various conditions also
indicated that Pt/CeO2 shows excellent activity.

6

To enhance the interactions between Pt and ceria, we
coadsorbed NPs of both on a TiO2(110) substrate. The
properties of the CeOx/TiO2(110) mixed metal oxide have
been examined using STM and core and valence photo-
emission.19,23 At small coverages, ceria deposited on TiO2(110)
forms short wirelike nanostructures that contain dimers of
Ce2O3 and exhibit a characteristic height of 1.4 ± 0.2 Å in
STM.19 On the other hand, the deposition of small coverages of
Pt on clean TiO2(110) produces round particles with heights of
3−6 Å,32 which is considerably larger than the height of the
Ce2O3 dimers in CeOx/TiO2(110).

19 From an analysis of the
shape and height of the features in the STM image of Pt/
CeOx/TiO2(110) (Figure 5), one can identify three types of
structures. The surface contains NPs of CeOx with a wirelike
structure and a height close to 1.4 Å (labeled as “a”). On top of
or near the ceria structures, there are bright features with
heights of 4−9 Å that correspond to Pt particles in direct
contact with ceria (labeled as “b”). Finally, there are small
round features that have heights of 3−5 Å that were not seen in

Figure 2. WGS activities of model Pt/CeO2(111) catalysts as a
function of admetal coverage. Each surface was exposed to a mixture of
20 Torr CO and 10 Torr H2O at 625 K for 5 min.

Figure 3. Numbers of H2 molecules produced via the WGS reaction as
functions of time on Pt/CeO2(111) catalysts containing 0.15, 0.25,
and 1.5 ML of Pt. Each surface was exposed to a mixture of 20 Torr
CO and 10 Torr H2O at 625 K.

Figure 4. Numbers of H2 molecules produced via the WGS reaction
on catalysts generated by deposition of Pt (this work), Ni (ref 31), Cu
(ref 20), and Au (ref 20), on CeO2(111). Each surface was exposed to
a mixture of 20 Torr CO and 10 Torr H2O at 625 K for 5 min.
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STM images of CeOx/TiO2(110)
19 and probably correspond

to Pt particles on top of the TiO2(110) substrate (labeled as
“c”).32 When the CeOx coverage on TiO2(110) was raised,
STM showed the coalescence of the wirelike ceria nanostruc-
tures and the formation of three-dimensional islands.23 In
general, our STM results indicate that these ceria islands can act
as excellent nucleation centers for the growth of Pt particles.
Thus, in Pt/CeOx/TiO2(110), there is close contact between
Pt and ceria.
Ce 3d XPS data indicated Ce to be mainly in the +3

oxidation state in the CeOx/TiO2(110) and Pt/CeOx/
TiO2(110) systems. Figure 6 shows Ce 3d XPS spectra
collected after deposition of 0.1, 0.25, or 0.5 ML of ceria on
TiO2(110). Similar line shapes were found after the deposition
of Pt on the generated CeOx/TiO2(110) surfaces. The line
shapes shown in Figure 6 point to Ce3+ as the dominant cation
species in the supported ceria.33 The Ce 3d line shape for Ce4+

in stoichiometric CeO2 is quite different.33 UPS spectra taken
after deposition of small amounts of Pt (0.1−0.2 ML) on
CeOx/TiO2(110) again showed a weak density of Pt 5d states
near the Fermi level, as seen in the case of Pt/CeO2(111),
indicating the existence of electronic perturbations in the
admetal. The Pt 4f XPS spectra of Pt/CeOx/TiO2(110) (Figure
7) exhibited a line shape with an apparent inversion of the usual
ratio of intensities expected for the 5/2 and

7/2 peaks of metallic
platinum.34 This phenomenon has been seen before for the
interaction of oxygen with platinum surfaces and is consistent
with the presence of some O on the supported Pt NPs.34 This
is in agreement with recent results for Pt on nanostructured
ceria showing a migration of O from the ceria to Pt that is not
seen in the case of Pt deposited on a bulk CeO2(111) surface.

26

Figure 8 shows the WGS activity of Pt/TiO2(110) and two
sets of Pt/CeOx/TiO2(110) catalysts in which 11 or 23% of the
titania substrate was covered by ceria particles. The fraction of
the titania covered by ceria was measured using ISS19 before
deposition of the Pt. The maximum activities were seen for

catalysts containing a small amount of Pt (θPt < 0.3 ML) and
ceria (11% of the titania covered). These systems did not show
signs of deactivation with time after kinetic tests of up to 2 h.
The estimated turnover frequencies for catalysts containing
0.15 ML of Pt were 34.8 (11% of titania covered by ceria) and
28.6 (23% of titania covered by ceria) molecules Ptsite

−1 s−1. For
this small Pt coverage, the Pt/CeOx/TiO2(110) catalysts were
2.3−2.8 times more active than the corresponding Pt/
CeO2(111) catalyst. On the other hand, at large coverages of
Pt (>0.8 ML), when most of the metal adatoms are not affected
by interactions with ceria and the Pt exhibits a large density of
5d states near the Fermi level, the catalytic activities of the Pt/

Figure 5. STM image taken after deposition of ∼0.15 ML of Pt on a
CeOx/TiO2(110) surface. The deposition of Pt was done at 300 K,
with subsequent heating to 625 K. The surface contains NPs of CeOx
with a wire-like structure (a), Pt particles on top of ceria (b, bright
dots), and Pt particles on top of TiO2 (c). Conditions: Vt = 1.2 V; It =
0.05 nA.

Figure 6. Ce 3d XPS spectra collected after deposition of 0.1, 0.25, or
0.5 ML of ceria on TiO2(110). Similar line shapes were found after the
deposition of Pt.

Figure 7. Pt 4f photoemission spectra collected after deposition of
different coverages of Pt (0.1, 0.2, 0.3, or 0.5 ML) on a titania surface
precovered with 0.2 ML of ceria. The unusual ratio of the intensities of
the 5/2 and

7/2 peaks in the Pt 4f region points to the presence of some
O on top of the Pt.34
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CeOx/TiO2(110) and Pt/CeO2(111) systems are very close
and similar to that of bulk Pt.
Cu/ZnO catalysts are frequently used in industrial processes

for the production of hydrogen via the WGS reaction.5,6 Pt/
CeOx/TiO2 exhibits a WGS activity substantially higher than
those of Cu/ZnO(0001 ̅)20 and Pt/TiO2, Pt/CeO2, and clean
Pt(111).15 Pt gets activated by electronic interactions with
ceria, and these Pt ↔ CeOx interactions seem to be stronger
when one has small platinum and ceria NPs. The dissociation
of water is frequently the rate-determining step for the WGS
reaction on metal or metal/oxide surfaces.6,16−18 In TPD
experiments, we found that the Pt/CeOx/TiO2(110) surfaces
were able to dissociate water all the way to yield molecular H2.
Figure 9 displays TPD spectra acquired after dosing water onto
the catalyst with the highest activity in Figure 8 (θPt = 0.2 ML,
11% of the titania covered by CeOx). None of the features seen
in Figure 9 was observed in control experiments when water
was not dosed onto the Pt/CeOx/TiO2(110) surface. The
strong H2O peak near 180 K matches desorption temperatures
found for water on TiO2(110), CeO2(111), and Pt(111).35,36

The H2O desorption features seen between 200 and 350 K
were also observed after the molecule was dosed onto plain
CeOx/TiO2(110). On the other hand, the H2 desorption peak
from 400 to 500 K and the O2 desorption features between 550
and 700 K are all unique to the Pt/CeOx/TiO2(110) system
and come from the full decomposition of water on the
supported Pt NPs.
Our DFT calculations also point to facile dissociation of

water on small Pt clusters electronically perturbed by
interactions with ceria. We investigated the dissociation of
water on Pt(111), on free Pt79 and Pt8 particles,25,26 and at
Pt8−ceria interfaces (see the corresponding structures in Figure
10). These systems were chosen taking into consideration
previous studies showing that the activities of very small metal
clusters supported on SiO2 and MgO are very different from

that of larger clusters.37,38 The Pt79 and Pt8 particles contain
corner and edge atoms that have a coordination number
significantly smaller that that of the atoms in a Pt(111)

Figure 8. WGS activities of model Pt/TiO2(110) and Pt/CeOx/
TiO2(110) catalysts as functions of admetal coverage. Before vapor
deposition of the Pt, ceria was dispersed on TiO2(110) covering 11
and 23% of this substrate. Each surface was exposed to a mixture of 20
Torr CO and 10 Torr H2O at 625 K for 5 min. For comparison, we
have included the maximum activity found for the WGS reaction on
the Cu/ZnO(0001 ̅) system (θCu = 0.5 ML).20

Figure 9. TPD spectra collected after dosing 2 langmuir of water onto
a Pt/CeOx/TiO2(110) surface at ∼90 K. The surface contained 0.2
ML of Pt, and ∼11% of the titania was covered by ceria NPs.

Figure 10. DFT-calculated structures for (left) adsorbed H2O,
(center) the transition state (TS), and (right) adsorbed HO + H
along with the corresponding energy parameters [Eads, ΔE(TS), Ereac]
for the dissociation of water over (a) a Pt(111) surface, (b) a free Pt79
cluster, (c) a free Pt8 cluster, and (d, e) Pt8 clusters deposited on (d) a
CeO2(111) surface and (e) a Ce40O80 NP with a compact structure.26

Pt, O, Ce, and H atoms are represented as blue, red, cream, and white
spheres, respectively.
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surface.25,26 Pt8 is highly fluxional and undergoes geometrical
changes upon bonding of water or after interaction with
CeO2(111). The atoms of Pt8 in contact with the CeO2(111)
surface (Figure 10d) or with the Ce40O80 NP (Figure 10e) are
strongly bound to the oxygen sites of the oxide support with a
net Pt → ceria charge transfer.25,26 The systems studied in
Figure 10 allowed us to separate changes in reactivity due to
variations in the coordination number of the Pt atoms
[obtained by comparing the results for Pt(111) and Pt79 or
Pt8] from changes in reactivity caused by the interaction of Pt
with the ceria support [obtained by comparing the results for
free Pt8 and Pt8 in contact with CeO2(111) or the Ce40O80
NP].
Previous experimental39 and theoretical studies7,15 indicated

that Pt(111) has problems adsorbing and dissociating the water
molecule and is not a good WGS catalyst.15 The dissociation of
water on Pt(111) was calculated to be an endothermic process
(Figure 11), in agreement with recent calorimetric measure-

ments.40 The calculated exothermicity of the H2O → H + OH
reaction increased in going from Pt(111) to the free Pt79 NP
and even more in going to the free Pt8 NP. The corner atoms
present in the Pt79 and Pt8 NPs (Figure 10) facilitate cleavage
of the O−H bonds, and a small particle like Pt8 is more
fluxional than Pt79 in accommodating the reaction products
(OH + H). These results indicate that the smaller the Pt
particles, the easier the dissociation of water. This could explain
the trends shown in Figures 2 and 8 for the variation of the
WGS activity with Pt coverage. Furthermore, the DFT
calculations showed an enhancement of the ability of Pt8 to
cleave O−H bonds when this cluster is deposited on a
CeO2(111) surface or on a Ce40O80 NP. For example, the
adsorption of H2O on Pt8/CeO2(111) leads to an energy
release of ∼1 eV that can be used to overcome the barrier for
O−H bond cleavage. The resulting OH can react with CO,
eventually yielding H2 and CO2 via the WGS reaction. The key
to the chemical activity of Pt8/CeO2(111) lies in the electronic
perturbations induced by ceria on Pt8. Thus, the ceria-
supported Pt8 appears as a fluxional system that can change
geometry and charge distribution to allow better accommoda-

tion of adsorbates. Compared with other WGS catalysts such as
Cu/CeO2(111) and Au/CeO2(111),

20 the Pt/CeO2(111)
system has the unique property that the admetal is able to
dissociate water in an efficient way. This is not the case for Cu/
CeO2(111) or Au/CeO2(111), where water must dissociate on
the oxide or at the oxide−metal interface.20 Thus, small NPs of
Pt in contact with CeO2 can perform all the steps of the WGS
reaction, making this system more active than Cu/CeO2, Au/
CeO2, or Ni/CeO2 (Figure 4). In addition, for Pt/CeOx/TiO2,
the transfer of O from the ceria NPs to Pt (Figure 7 and ref 26)
opens new paths that facilitate the dissociation of water on Pt
(Oads + H2O → 2OHads),

39 and one could also easily move O
produced by the dissociation of water on ceria23 to Pt for
subsequent reaction with CO. A generally accepted mechanism
for the WGS reaction does not yet exist.5,6 Alternatives include
associative mechanisms (i.e., formation of HCOO, HOCO,
CO3, or HCO3 intermediates) and the redox mechanism.6−17

In any case, none of the traditional mechanisms takes into
consideration a transfer of oxygen from the oxide support
(ceria) to the admetal (Pt) that can affect the formation and
stability of intermediates and be an important factor in the
extremely high WGS activity of Pt/CeOx/TiO2.
In the literature of heterogeneous catalysis, it is well-known

that the reactivity of the Pt/TiO2 system can be affected by
strong metal−support interactions.3,41 These interactions
usually deactivate platinum and involve the decoration of the
surface of the Pt particles with small aggregates of titania after
reduction in H2 at very high temperature (>770 K).41 This is
completely different from the phenomena seen here, where
admetal ↔ oxide electronic interactions signif icantly enhance the
catalytic activity of Pt: Pt(111) ≪ Pt/CeO2(111) < Pt/CeOx/
TiO2(110). One must look for this type of interaction when
designing metal/oxide catalysts that contain Pt. For example,
we have found that the type of interaction that occurs on Pt/
CeO2 does not exist when Pt NPs are deposited on surfaces of
alumina or silica. Thus, the Pt/Al2O3 and Pt/SiO2 systems
exhibit WGS activities that are 10−20 times smaller than that of
Pt/CeO2 and comparable to that of clean Pt(111).

■ SUMMARY AND CONCLUSIONS

The results of valence photoemission measurements and DFT
calculations point to a new type of “strong metal−support
interaction” for small Pt particles in contact with ceria. UPS
spectra for the valence region of the Pt/CeO2(111) and Pt/
CeOx/TiO2(111) systems exhibited a density of Pt 5d states
near the Fermi level that is much smaller than that expected for
bulk metallic Pt. The Pt ↔ ceria interactions significantly
enhance the ability of the admetal to adsorb water and
dissociate the O−H bonds in the molecule. In going from
Pt(111) to Pt8/CeO2(111), the dissociation of water becomes a
very exothermic process (ΔE = −1.3 eV). Ceria-supported Pt8
appears as a fluxional system that can change geometry and
charge distribution to allow better accommodation of
adsorbates such as H2O, OH, and H. Compared with other
WGS catalysts [Cu(111), Pt(111), Cu/CeO2(111), and Au/
CeO2(111)], the Pt/CeO2(111) surface has the unique
property that the admetal is able to adsorb and dissociate
water in an efficient way. XPS spectra taken after codeposition
of Pt and CeOx NPs on TiO2(110) point to a transfer of O
from the ceria to Pt that opens new paths for the WGS process
and makes the mixed-metal oxide an extremely active catalyst
for the production of hydrogen. In TPD experiments, the Pt/

Figure 11. DFT-calculated energy profiles for the dissociation of water
on Pt(111), Pt79 and Pt8 clusters, and Pt8 on CeO2(111) or a Ce40O80
NP. Figure 10 shows the calculated structures for the dissociation
reaction.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja302070k | J. Am. Chem. Soc. 2012, 134, 8968−89748973



CeOx/TiO2(110) surfaces were able to dissociate water fully
into molecular H2 and O2.
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