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1. INTRODUCTION

Oxidation of carbon monoxide (2CO þ O2 f 2CO2) over
copper catalysts is significant for understanding fundamental
processes associated with methanol synthesis, the water-gas
shift reaction, the reforming of alcohols, the operation of fuel
cells, and automotive exhaust controls, to mention a few major
applications in the area of catalysis.1-5 In automotive exhaust
emission control, the complete oxidation of carbon monoxide is
of prime importance to meet increasingly stringent environmen-
tal regulations in a practical way.5,6 Furthermore, since the classic
studies of Langmuir, CO oxidation on metal and oxide surfaces is
often viewed as an ideal reaction for fundamental investigations
in heterogeneous catalysis.7 For a long time, precious metals have
been used as catalysts for CO oxidation.7-10 These systems can
undergo rapid deactivation due to the presence of small amounts
of impurities. Owing to the high cost and less abundance of noble
metals, noble metal-free catalysts have been explored lately.5,6

Especially, copper and copper-based catalysts have been the
focus of much attention because of their superior catalytic activity
toward the oxidation of CO in regular and hydrogen-rich
(PROX) streams.2,5,6,11-13

Ceria, CeO2, is widely used as a support for current state-of-
the-art CO oxidation catalysts.2,5,11,13 In general, the high activity
of CuO/CeO2 catalysts for the oxidation of CO is attributed to
strong interaction between CuO and the CeO2 support but the
exact role of ceria in these systems is not known.5 Ceria exhibits
two features that make it an interesting material for use as a
support in redox catalysts.14 First, it has the ability to shift easily

between Ce4þ and Ce3þ oxidation states depending on whether
it is present in an oxidizing or reducing atmosphere. And second,
it contains numerous oxygen vacancies within its structure
leading to high oxygen mobility.14 A recent study has shown
the superior performance of an inverse CeO2/CuO powder
catalyst during the oxidation of CO.12 As shown in Scheme 1,
an inverse oxide/metal catalyst exposes oxide nanoparticles, NPs,
to the reactants. Defect sites present in the oxide are not covered
by metal particles, as in the case of a traditional metal/oxide
catalyst.7c,d,15-17 In the inverse catalyst, the reactants can inter-
act with defect sites of ceria NPs, metal sites of the support, or the
metal-oxide interface.15 Thus, one can gain activity due to the
active participation of ceria in the catalytic reaction.7c,d,15-17

In this article, we use well-defined CeOx/Cu(111) surfaces to
investigate the behavior of inverse CeO2/CuO catalysts. Scan-
ning tunneling microscopy (STM) allows us to monitor changes
in the morphology of the CeOx/Cu(111) surfaces before and
after reaction with CO and O2. It is known that exposure of
Cu(111) to O2 induces the formation of a distorted Cu2O(111)-
like layer,18-20,22 which has the same honeycomb structure as
that of the (1 � 1)-Cu2O(111) surface, but with coordinatively
under-saturated Cu atoms removed.18-21 The present studies
indicate that CeOx nanoparticles deposited on Cu(111) have
special structural and electronic properties that facilitate the
dissociation of the O2 molecule. Oxygen spills from the ceria
nanoparticles onto the copper substrate forming films of Cu2O

Received: September 29, 2010

ABSTRACT: A Cu(111) surface displays a low activity for the oxidation of carbon monoxide
(2CO þ O2 f 2CO2). Depending on the temperature, background pressure of O2, and the
exposure time, one can get chemisorbedO onCu(111) or a layer of Cu2O that may be deficient in
oxygen. The addition of ceria nanoparticles (NPs) to Cu(111) substantially enhances interac-
tions with the O2 molecule and facilitates the oxidation of the copper substrate. In images of
scanning tunneling microscopy, ceria NPs exhibit two overlapping honeycomb-type moir�e
structures, with the larger ones (H1) having a periodicity of 4.2 nm and the smaller ones (H2)
having a periodicity of 1.20 nm. After annealing CeO2/Cu(111) in O2 at elevated temperatures
(600-700 K), a new phase of a Cu2O1þx surface oxide appears and propagates from the ceria
NPs. The ceria is not only active for O2 dissociation, but provides a much faster channel for oxidation than the step edges of
Cu(111). Exposure to CO at 550-750 K led to a partial reduction of the ceria NPs and the removal of the copper oxide layer. The
CeOx/Cu(111) systems have activities for the 2CO þ O2 f 2CO2 reaction that are comparable or larger than those reported for
surfaces of expensive noble metals such as Rh(111), Pd(110), and Pt(100). Density-functional calculations show that the supported
ceria NPs are able to catalyze the oxidation of CO due to their special electronic and chemical properties. The configuration of the
inverse oxide/metal catalyst opens new interesting routes for applications in catalysis.



3445 dx.doi.org/10.1021/ja1087979 |J. Am. Chem. Soc. 2011, 133, 3444–3451

Journal of the American Chemical Society ARTICLE

and Cu2O1þx. Although Cu(111) has a poor catalytic activity for
the oxidation of CO, the CeOx/Cu2O1þx/Cu(111) surfaces are
more catalytically active than surfaces of noble metals such as
Pt(100) and Pd(110).

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Microscopy, Photoemission, and Catalytic Tests. The
STM experiments were carried out in a ultrahigh vacuum (UHV)
chamber with a base pressure <1 � 10-10 mbar and equipped with an
Omicron variable-temperature STM, surface cleaning facilities, and a
Focus e-beam metal evaporator.16,17 The copper substrate temperature
was measured by a K-type thermocouple, which was installed on a linear
motion feedthrough and pressed against the top of the sample surface.17

A resistive heater positioned at the back of the sample could increase the
sample temperature up to 1000 K. The Cu(111) sample was cleaned by
repeated cycles of Ne sputtering (2 keV, 40 min) and annealing (800 K,
10 min).16 Chemically etched W tips were used for imaging the surface.
Ce atoms were evaporated by e-beam heating Ce foils (>99.9% purity)
housed in a Ta crucible. In these experiments, Ce atoms were always
evaporated onto the Cu(111) surface in an oxygen atmosphere, typically
5 � 10-7 mbar O2, to prevent the alloying between Cu and Ce
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 region,
and 325 eV to collect the Ce 4d and valence regions. In a separate UHV
chamber, we acquired XPS spectra (Ce 3d, O 1s, and Cu 2p regions) and
UPS spectra (valence region) using Mg KR and He-I radiation,
respectively. The core-levels of Ce display quite different features for
Ce3þ and Ce4þ oxidation states.16,23 Curve-fitting of the Ce 3d XPS
spectra16 allowed us to determine the ratio of Ce3þ/Ce4þ in the ceria
overlayers. The area of the copper surface covered by ceria was estimated
using STM images or a combination of ion scattering spectroscopy (ISS)
and XPS.17 Before the ISS measurements, the CeOx/Cu(111) surfaces
were exposed to CO in order to remove the Cu2O and expose the
fraction of the copper surface not covered by ceria.17

The catalytic studies were carried out in a system which combines a
batch reactor and a UHV chamber.8,16,17 The sample could be trans-
ferred 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 (20 Torr of CO and 10 Torr of O2). The
catalytic activity for CO oxidation was measured at 475-575 K.24

Product yields were analyzed by gas chromatography or mass
spectroscopy.8,16,17 The amount of molecules produced was normalized
by the active area exposed by the sample. In our reactor, a steady-state
regime for the oxidation of CO was reached after 2-3 min of
reaction time.
2.2. Density Functional Calculations. Theoretical calculations

have been performed using the plane-wave density functional theory,
DFT, approach within the projector augmented wave method (PAW)25

together with the GGA exchange correlation functional proposed by
Perdew et al.26 as implemented in the VASP 4.6 code.27,28 A plane-wave
cutoff energy of 400 eV was used. We treated the Cu (3d, 4s), Ce (4f, 5s,
5p, 5d, 6s), C (2s, 2p), O (2s, 2p), andH (1s) electrons as valence states,
while the remaining electrons were kept frozen as core states. To obtain

faster convergence, thermal smearing of one-electron states (kBT=0.05 eV)
was allowed using the Gaussian smearing method to define the partial
occupancies. To represent adequately the electronic structure of Ce (in
particular the 4f level of the Ce3þ species), we used the DFTþU
formalism. The HubbardU term was added to the plain GGA functional
employing the rotationally invariant approach proposed by Dudarev
et al.,29 in which the Coulomb U and exchange J parameters are
combined into a single parameter Ueff = U - J. For Ce, we have used
the Ueff of 4.5 eV which was calculated self-consistently by Fabris et al.30

using the linear-response approach of Cococcioni et al.,31 and which is in
the range of values usually proposed in the literature (4.5-5.5 eV) for
GGA calculations.32-40 We have used successfully this value for
supported NPs of CeOx in our previous work.8,17

To describe the Cu(111) surface, a four-layer thick model slab was
used. To avoid lateral interactions, the calculations were carried out
using a relatively large (4

√
3 � 4

√
3) supercell (192 Cu atoms)

including a vacuum 15 Å thick. Following our previous work,17 we
modeled the CeOx NPs supported on Cu(111) using clusters of 6 Ce
atoms that we added to only one side of the slab. In the geometry
optimizations, two Cu layers of the bottom were kept frozen at the
optimized bulk positions.

3. RESULTS AND DISCUSSION

3.1. Reaction of O2 with Cu(111). Figure 1 shows STM
images recorded after adsorbing different amounts of oxygen on
Cu(111). Depending on the temperature, background pressure
of O2, and the exposure time, one can get chemisorbed O on
Cu(111) or a layer of Cu2O that may be deficient in oxygen.18-22

In the first stages of oxidation, Figure 1B, one finds the formation
of an O-deficient Cu2O(111) layer. The brightest dots in
Figure 1B denote the presence of O vacancies in the Cu2O
surface oxide. This is followed by the formation of the so-called

Scheme 1

Figure 1. STM images of structures for the Cu2O oxide film formed
during the oxidation of Cu(111). (A) Clean Cu(111); (B) O-deficient
Cu2O(111), formed by annealing Cu(111) in 5 � 10-7 Torr O2 at
600 K for less than 10 min; (C) a ‘44’ structure of Cu2O surface oxide,
formed by annealing Cu(111) in 5� 10-7 Torr O2 at 600 K for 20 min;
and (D) a ‘29’ structure of Cu2O surface oxide, formed by annealing
Cu(111) in 5 � 10-7 Torr O2 at 700 K for 20 min.
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“29” and “44” structures.19-21 Figure 1C displays the structure
of a Cu2O surface layer which has unit cell vectors of 2.20 and
1.18 nm. Since the unit cell of the surface oxide is 44 times larger
than the (1 � 1) unit cell of Cu(111), this oxide surface layer is
often referred to as the “44” structure in previous studies on the
oxidation of Cu(111).18-22 A structural model for this Cu2O/
Cu(111) system has been proposed by Jensen et al.19,20 and
Matsumoto et al.18 These authors suggest that the “44” structure
originates from a distorted Cu2O(111)-like layer grown epitaxi-
ally on the Cu(111) substrate. The Cu2O(111)-like layer has the
same honeycomb structure as that of the (1 � 1)-Cu2O(111)
surface, but with coordinatively under-saturated Cu atoms
(cus-Cu) removed.18-20 The structure in Figure 1C was
formed by annealing Cu(111) in 5 � 10-7 Torr of O2 at
550-650 K for 20 min (see caption with the corresponding
exposure times). Exposure to O2 at higher temperatures (700-
750 K) leads to formation of the “29” structure in Figure 1D.
The formation of the ordered “44” and “29” structures marks
the end of the surface oxidation of Cu(111) with PO2 < 10-5

Torr.22 Further oxidation in the same temperature range does
not lead to changes of surface morphologies. Correspondingly,
XPS measurements showed that the O 1s intensity reached a
maximum value at 650 K and g600 L O2 exposure. The
existence of a saturation in surface oxygen coverage is con-
sistent with previous studies of Auger electron spectroscopy
(AES)20,41 on the oxidation of Cu(111).
3.2. Reaction of O2 with CeOx/Cu(111): Ceria Promoted

Oxidation of Copper. The addition of ceria NPs to Cu(111)
enhances interactions with the O2 molecule and facilitates the
oxidation of the copper substrate. Nano-sized ceria islands
supported on the Cu(111) surface were synthesized by vapor
deposition of cerium atoms in O2 onto the Cu(111) surface at
elevated temperatures.17 The first panel in Figure 2 shows a ceria
island deposited in 5 � 10-7 Torr O2 at 550 K. The ceria NP is
located at an ascending step edge and surrounded by Cu2O
surface oxides. In region A, the Cu2O surface oxide has a
hexagonal lattice with a periodicity of 0.60 nm, which corre-
sponds to the structure of the ordered (1 � 1)-Cu2O(111)
phase. Further away from the ceria island, region B, the structure
of the Cu2O surface oxide is characteristic of the structure of the
O-deficient Cu2O(111) phase, and large bright spots denote
oxygen vacancies, which has been observed and identified in our
studies on the oxidation (Figure 1B) and reduction of Cu-
(111).22 The smaller O coverage further away from the ceria
island suggests that O2 dissociation occurs at the ceria sites.
Dioxygen dissociation also occurs on Cu(111) at elevated

temperatures.18,20,22 Matsumoto et al.18 have shown that Cu2O
surface oxides grow from the steps of Cu(111) at above 500 K.
Since the formation of a Cu2O surface oxide is limited by the rate
of O2 dissociation, we could use surface areas of the Cu2O surface
oxide as a reference to compare the rate of O2 dissociation at ceria
sites with that at the step edge of Cu(111). In Figure 2, while the
Cu2O oxide growing from the step covers a small portion of
surface, the majority of the Cu(111) surface terraces has been
covered by the Cu2O surface oxide growing from around ceria
islands. Therefore, Figure 2 illustrates that ceria NPs are not only
active for O2 dissociation, but provide a much faster channel than
the step edges of Cu(111) for the dissociation of O2. As we will
see in section 3.5, this is a consequence of the unique electronic
and chemical properties of the ceria NPs.
Interestingly, the presence of ceria on Cu(111) leads to the

formation of a novel surface oxide phase of Cu2O at extended O2

exposure. Figure 3 shows that, after annealing the CeO2/Cu-
(111) surface in 5 � 10-7 Torr O2 at 700 K, a new phase of
Cu2O1þx surface oxide appears. Previous oxidation studies of
Cu(111) had shown that an ordered Cu2O-like layer is formed
on Cu(111) in <10-4 Torr O2, with a characteristic “29”
structure at 700 K (Figure 1D).18-22 In the presence of ceria
NPs, we observed the formation of the “29” structure, as well as a
few other intermediate structures, which eventually transformed
into a newCu2O1þx surface oxide phase. The height of the bright
rows in Figure 3A suggests that there is an overlayer oxide
growth, as opposed to the single layer of Cu2O surface oxide
observed in Figure 1. This is consistent with the fact that the
intensity of the O 1s signal in XPS was substantially (∼3 times)
larger after dosing O2 to the CeOx/Cu(111) surface. As shown in

Figure 2. STM images of ceria promoted surface oxidation of Cu(111). The first panel shows a CeO2/Cu(111) surface that was exposed to 5� 10-7

Torr O2 at 550 K for 5 min. The ceria grows forming islands which have triangular shape.17 Two phases of a Cu2O oxide are present at the surface and
marked as “A” and “B”. “A” represents the ordered Cu2O(111) surface. “B” represents the O-deficient Cu2O phase. Image sizes are 80� 80 nm2 and 10
� 10 nm2.

Figure 3. STM images of ceria promoted surface oxidation of Cu(111).
(A) A novel structure of a copper oxide was formed by heating a CeO2/
Cu(111) surface in the presence of 5 � 10-7 Torr O2 at 700 K for 20
min (image size: 80 � 80 nm2). The structure of this copper surface
oxide is magnified in (B) (image sizes 10 � 10 nm2).
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Figure 3B, both the bright overlayer oxide rows and the lower
oxide surface have a rectangular unit cell. The detailed structure
of this Cu2O1þx surface oxide is still under study. Nonetheless,
the growth of the Cu2O1þx surface oxide clearly suggests the
availability of additional atomic oxygen spilling over from ceria.
The question now comes to the nature of ceria sites that

facilitates the dissociation of O2. In Ce 3d XPS spectra, the
prepared ceria islands showed the typical line-shape of Ce4þ.16,17

The as prepared or oxidized ceria islands exhibit two overlapping
moir�e structures, shown in Figure 4. Panels A and B show two
honeycomb-type moir�e structures, the larger ones (H1) having a
periodicity of ∼4.2 nm and the smaller ones (H2) having a
periodicity of 1.20 nm. The inset of Figure 4B shows that H2

consists of bright dots with∼0.40 nm spacing, corresponding to
the lattice of CeO2(111). The formation of moir�e structure is
regularly seen in the growth of ultrathin (or two-dimensional)
films or nanostructures on a metal surface.42-44 Because of the
lattice mismatch between the supported nanostructure and
the substrate, the height of each atom in the supported nano-
structure is modulated in order to accommodate it with respect to
the substrate lattice and to relief interfacial strain. Consequently, the
nanostructure displays a moir�e pattern with a periodicity dictated
by the coincidence lattice between the supported nanostructure
and the substrate. On the oxidized ceria islands, the formation of
overlapping moir�e structures suggests the existence of two coin-
cidence lattices and thus the presence of a buried phase.
We attribute the buried phase to a thin layer of Cu2O(111),

that is, a O-Cu-O trilayer structure. Figure 2 shows that an
ordered (1 � 1)-Cu2O(111) surface oxide is formed at the
vicinity of ceria islands upon ceria growth at 550 K. The
formation of an ordered (1 � 1)-Cu2O(111) interfacial layer
explains the measured lattice constants of H1 and H2. Consider-
ing the Cu(111) surface lattice, dCu-Cu = 0.256 nm, the Cu2O-
(111) surface lattice, dO-O = 0.604 nm, and the CeO2(111)
lattice, dCe-Ce = 0.389 nm, a coincidence lattice between the

Cu2O(111) and the CeO2(111) yields a periodicity of 1.208 nm
(3 � dCe-Ce = 2 � dO-O) if we allow 3.5% expansion of the
CeO2(111) lattice. The contrast modulation of H2 is thus created
by the interference between the Cu2O(111) interfacial layer and
the CeO2(111) layer, as shown in Figure 4C. Similarly, as the
layers of Cu2O(111) and CeO2(111) are superimposed onto
Cu(111), the lattice mismatch between the Cu(111), Cu2O-
(111), and CeO2(111) structures creates another contrast
modulation, H1, at the surface of CeO2(111) (Figure 4D). Note
that the crystalline quality of the interfacial Cu2O(111) layer is
dependent on the preparation temperature and O2 pressure. A
defective interfacial Cu2O(111) layer could cause the distortion
of moir�e structures, as evidenced in Figure 4B.
3.3. Reaction of CO with CeO2/Cu2O1þx/Cu(111). From

previous studies, it is known that ceria nanoparticles enhance the
adsorption rate of CO on Pt(111) and Rh(111).7c,d Figure 5
shows XPS spectrum acquired before and after reducing CeO2/
Cu2O1þx/Cu(111) with CO. After reduction in 5 � 10-6 Torr
of CO at 750 K for 1 h, the Ce 3d XPS spectrum shows that the
Ce cations in the supported ceria NPs have been mostly
converted into Ce3þ.16 In the STM images of Figure 6, the
moir�e pattern characteristic of the supported CeO2 nanoparticles
disappeared after reduction in CO and there was a removal of the
copper oxide present in areas not covered by ceria in the CeO2/
Cu2O1þx/Cu(111) system. In Figure 6A, the height difference
between the reduced ceria islands and the lower copper terrace is
∼3 Å, which corresponds to the height of a “O-Ce-O” trilayer
and points to the removal of the Cu2O layer underneath the ceria
islands. Furthermore, under oxidative conditions, the ceria NPs
exhibit moir�e patterns which are modulated by the interfacial
Cu2O(111) layer. Upon reduction by CO, these patterns dis-
appear, suggesting that the interfacial Cu2O(111) layer under the
ceria NPs was removed. Figure 6B shows that upon reduction
ceria NPs exhibit a flat surface with a hexagonal lattice. The lattice
spacing is measured at 0.39 nm, corresponding to the lattice of

Figure 4. The structure of the oxidized CeO2(111) nanostructures. (A) STM image of supported CeO2(111) nanostructures prepared by Ce
deposition on Cu(111) in 5� 10-7 mbar O2 at 650 K. The surface of CeO2(111) nanostructures presents a honeycomb-network-type moir�e structure
(labeled H1), with a periodicity of∼4.2 nm. The structure underneath H1 is magnified in (B), showing another hexagonal moir�e structure (H2) with a
spacing of 1.2 nm. The structure of H2 is zoomed in the inset of (B). Image sizes are: (A) 80� 80 nm2; (B) 20� 20 nm2 (inset: 3� 3 nm2). (C and D)
The structural illustration of the two moir�e structures observed on the oxidized CeO2(111) nanostructures. The small moir�e pattern is caused by the
modulation from the underneath Cu2O(111) layer. The large moir�e pattern is modulated by both the underneath Cu2O(111) layer and the Cu(111)
substrate. The blue circles represent Ce atoms in the CeO2(111) layer. Each vertex of the green hexagons represents oxygen atoms in the
Cu2O(111) layer.
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CeO2(111). It is evident now that the ceria on the copper
substrate exposes the (111) face. The reduction of the CeO2

NPs by CO could involve the existence of subsurface oxygen
vacancies, which have been observed in multilayer CeO2-x(111)
islands in our experiments and in previous studies of bulk
CeO2(111).

45

XPS studies showed that the reduced ceria NPs could be
reoxidized back into Ce4þ by reaction with O2 and reduced again
to Ce3þ upon further reaction with CO. The corresponding
STM study, see Figure 7, found reversibly switching structures
for the ceria NPs and the copper oxide layer during redox cycles
of exposure to CO and then to O2. After reoxidation with O2, the
ceria NPs exhibited moir�e patterns of the type seen before
reduction in CO, with a relative height with respect to the
oxidized copper substrate equal to that seen in the initial CeO2/
Cu2O1þx/Cu(111) systems. Experiments of XPS revealed that at
400-600 K the rate of O2 dissociation on CeOx/Cu(111)
surfaces produced by the reduction of CeO2/Cu2O1þx/Cu(111)
was 3-5 times faster than on Cu(111). Figure 8 compares the
oxygen uptake on Cu(111) and on a surface in which ceria
covered∼15% of the copper substrate. After a dose of 10 L of O2,
all the Ce3þ initially present in the CeOx/Cu(111) surface was
transformed into Ce4þ. Any additional oxygen that was adsorbed

ended on the copper forming an oxide layer. These data clearly
support the idea that ceria NPs enhance the dissociation of O2

and the formation of a Cu2O1þx layer which is not seen for the
O2/Cu(111) system. Since the processes of oxidation in O2 and
reduction in CO are reversible, one may be able to establish a
catalytic cycle for the 2CO þ O2 f 2CO2 reaction on CeOx/
Cu(111) or CeO2/Cu2O1þx/Cu(111).
3.4. CO Oxidation on an Inverse CeOx/Cu(111) Catalyst.

Figure 9 shows Arrhenius plots for CO oxidation on Cu(111)
and on a surface in which ceria covered ∼18% of the copper
substrate (i.e., a system in which O2 reacts fast with the surface as
shown above). In the case of Cu(111), one can estimate turnover
frequencies (TOFs) by dividing by the copper surface atom
density (1.77� 1015 atoms cm-2).46 Thus, one obtains TOFs of
0.05 at 475 K and 3.35 at 575 K. These are substantially smaller
than TOFs found for CO oxidation on Pt(100), Pt(111),
Pd(110), Ir(111), Rh(111), and Ru(0001).24,47 The inverse
CeOx/Cu(111) catalyst have CO oxidation activities that on a
per area basis are 20-60 times higher than those of Cu(111). If
one takes into consideration that the active sites at the oxide or
metal-oxide interface in CeOx/Cu(111) are at the most 20% of
the total number of sites present in Cu(111), then one can
estimate TOFs of 6 at 475 K and 990 at 575 K for the oxidation of
CO on the inverse CeOx/Cu(111) catalyst. These TOFs are

Figure 6. The structure of the reduced CeO2(111) nanostructures. (A)
STM image after reducing the oxidized CeO2(111) nanostructures in 5
� 10-6 Torr CO at 750 K for 60 min. (B)Magnified surface structure of
the reduced CeO2(111), showing a hexagonal lattice with a spacing of
0.39 nm.

Figure 7. STM image of supported ceria nanostructures after reoxidiz-
ing the CeO2-x(111) nanostructures in Figure 6 in∼1� 10-6 Torr O2

at 750 K for 10 min.

Figure 5. XPS spectra of ceria NPs deposited onto the Cu(111) surface
in ∼5 � 10-7 Torr O2 at 650 K, followed by annealing in ∼5 � 10-7

Torr O2 at 650 K for 20 min (black line), and after reduction in ∼5 �
10-6 Torr CO at 750 K for 60 min (red line).

Figure 8. Oxygen uptake on Cu(111) and on a surface in which ceria
covered∼15% of the copper substrate. The CeOx/Cu(111) surface was
initially prepared by reducing a CeO2/Cu2O1þx/Cu(111) system with
CO at 700 K. The Cu(111) and CeOx/Cu(111) surfaces were exposed
to O2 at 500 K.
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comparable or larger than those reported for surfaces of expen-
sive noble metals such as Rh(111), Pd(110), and Pt(100).24,47

For example, CeOx/Cu(111) is a much better catalyst for CO
oxidation than Pt(100) or Pt(111).24 Furthermore, we found
that CeOx/Cu(111) is a good CO oxidation catalyst at relatively
low temperatures (325-375 K) where the noble metals do not
work well. At these temperatures, the TOFs for CO oxidation on
CeOx/Cu(111) were 4-9 times larger than those measured on
Pt(100), Pt(111), and Rh(111).
In Figure 9, the trace for CeOx/Cu(111) is well fitted by a

single straight line that gives an apparent activation energy of 27
kcal/mol. This value is very close to that observed on a Rh(111)
catalyst.48 Postreaction characterization of CeOx/Cu(111) with
XPS and Auger electron spectroscopy showed the presence of
CeO1.92-1.96 and CuO0.4-0.55 on the surface of the catalyst. This
agrees with other studies that propose Cu1þ cations as an active
species during the oxidation of CO in regular and hydrogen-rich
(PROX) streams.2,6 However, Cu2O also can be generated on
Cu(111) but the system does not have high catalytic activity.
Thus, the excellent performance of the inverse CeOx/Cu(111)
catalysts is a consequence of the existence of ceria NPs dispersed
on a copper oxide support (Figure 7).
3.5. Interaction of O2 and CO with CeOx/Cu(111): DFT

Studies. In the STM images, triangular CeOx particles on
Cu(111) are shown in both oxidizing and reducing conditions
(Figures 4 and 6). Therefore, it seems reasonable that our
starting point to build a CeOx model is a triangular particle
made from a CeO2(111) adsorbed structure on Cu(111).
Figure 10 displays our model system. It contains a variable O/
Ce ratio depending on interactions with O2 (oxidative con-
ditions) and CO (reducing conditions). Small particles like this
were seen in STM, and our model is also a good representation of
the edges of big ceria particles. To avoid the self-interaction of the
adsorbed CeOx particles due to the periodicity, we chose a (4

√
3

� 4
√
3) Cu(111) surface model. The most stable structure that

we found in reducing conditions (as the ones in reaction with
pure CO) is a Ce6O13 particle, shown in Figure 10a, where 10
oxygen atoms are in the interface between the plane of Ce atoms
and the Cu(111) surface and 3 oxygen atoms are above the Ce
plane. The formation energy is þ0.57 eV/Ce-atom with respect
to the CeO2 bulk formation energy, but -0.71 eV/Ce with
respect to the formation energy of Ce2O3 bulk. It is a particle
more stable than the bulk of Ce2O3 but less stable than the CeO2

bulk. The fact that it is more stable than the bulk of Ce2O3, due to
interactions with the copper substrate, helps to explain the facile
reduction in CO and the reversibility of the reduction/oxidation
cycles seen in the experiments.
To better understand the interaction between the ceria particle

and the support, we performed first a Bader analysis of the
charge. There is a charge transfer of 3.96 e from the Cu slab to the
particle, with 90% of the charge coming from the surface layer.
So, there is an oxidation of the Cu surface and a reduction of the
particle. The Bader oxidation state of Ce in the particle isþ2.00.
Since we calculated the Bader charge of Ce in CeO2 and Ce2O3

to be þ2.27e and þ2.02e, respectively, and we know the formal
oxidation states þ4 andþ3, respectively, we can extrapolate the
Bader oxidation state of Ce in the particle to obtain a formal
oxidation state ofþ2.93. Moreover, there is a high magnetization
∼0.9 in the 4f band of all the Ce atoms. Therefore, despite of the
high ratio O/Ce in the particle, we can conclude that all the Ce
atoms are formally Ce3þ. This is a consequence of oxidation of
the Cu atoms at the interface, which means that the O atoms at
the interface are shared by Cu and Ce. Therefore, CeOx/CuOy

represents a real mixed-metal oxide with shared oxygens and
unique catalytic properties.
We analyzed also the density of states (DOS) of this system

and compared it with the DOS of CeO2, Ce2O3, and Cu2O bulk
(Figure 11). If we compare the DOS projected on Ce and O
atoms of the systems CeOx/Cu(111) and CeO2 and Ce2O3 bulk,
we can see that it is a great similarity between the electronic
structure of the Ce2O3 bulk and that of the CeOx particle on
Cu(111). The 4f band corresponding to Ce3þ is stabilized in the
particle (moving ∼0.7 eV to lower energies) with respect to the
Ce2O3 bulk structure, which means that the Ce3þ species are
more stable in the supported particle than in the Ce2O3 bulk and
agrees perfectly with the fact that the formation energy of the
supported particle is -0.71 eV/Ce-atom with respect to the
formation energy of the Ce2O3 bulk. If we compare now theDOS
of the CeOx/Cu(111) system with the DOS of the Cu2O and
Ce2O3 bulk, we can see that the DOS projected on the O atoms
at the interface CeOx/Cu (O1, O2, O3 in the Figure 11) lies in
energies just in between the energies of the DOS projected on O
atoms in Cu2O and Ce2O3 bulk. We can say properly that these
O atoms at the interface have an intermediate electronic

Figure 10. Top view of the optimized structures of the particles (a)
Ce6O13, (b) Ce6O16, and (c) Ce6O19. The energies involved in the
interconversion by oxidative-reductive cycles with O2 or CO are
shown. Atom colors: Ce (white), O (soft-red), and Cu (gold).

Figure 9. Arrhenius plots for the 2CO þ O2 f 2CO2 reaction on
Cu(111) and on a surface in which ceria covered ∼18% of the copper
substrate. PCO = 20 Torr, PO2 = 10 Torr. The fraction of Cu(111)
covered by ceria was determined using ISS after fully reducing CeOx/
Cu(111) in CO and removing all the CuOx present.
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structure between the Cu2O and Ce2O3, as we could expect for a
mixed-metal oxide (Cu,Ce)Ox. This agrees with the fact that
oxygen atoms are interacting simultaneously with oxidized Cu
and Ce atoms. At the interface, the presence of a mixed-metal
oxide film (Ce,Cu)Ox is seen at the electronic level. However, the
projected DOS (PDOS) for the O atoms which are above the Ce
plane (O4 in the Figure 11) is more similar to PDOS for the O
atoms in the Ce2O3 bulk. This is completely coherent with the
fact that they are interacting only with Ce3þ atoms. Finally, the
PDOS on Cu in the CeOx/Cu and in Cu2O systems are similar.
Only the Cu band is slightly stabilized in the CeOx/Cu interface
with respect to the Cu2O bulk phase, moving to lower energies.
Now, we can consider the cycle of oxidation-reduction of our

particle. For that, we use the following particles: Ce6O13, Ce6O16,
Ce6O19. In the Ce6O16 case, we considered two possibilities for
the accommodation of the incoming three O atoms starting from
the structure of Ce6O13: on the Ce in the three vertexes or in the
Ce in the middle of three sides of the particle. Accommodating
the incoming three O atoms in the vertexes of the particle was
1.45 eV more stable than in the middle of the edges. From now
on, the particle Ce6O16 will be the one with the extra O atoms in
the vertexes of the particle. In the optimization process of the
most oxidized one, the particle was rotated itself with respect to
the support. The most stable structures found for the 3 particles
are shown in the Figure 10. The formation energy of the three
particles Ce6O13, Ce6O16, Ce6O19 with respect to the CeO2 bulk
are: þ0.57, þ0.05, -0.52 eV/Ce-atom. So it is obvious that the
stability of the supported particle increases with the number of
oxygen atoms, becoming even more stable than the CeO2 bulk.
The oxidation states of the Ce atoms are 6 Ce3þ in Ce6O13, 3
Ce3þ and 3 Ce4þ in the Ce6O16, and 6 Ce

4þ in the Ce6O19. To
ensure the stability depending of the oxidizing-reducing condi-
tions, we calculate the energy involve in the oxidation processes
of the Ce6O13þ 3/2O2fCe6O16, Ce6O16þ 3/2O2fCe6O19

and in the reduction processes of Ce6O19 þ 3COf Ce6O16 þ
3CO2, Ce6O16 þ 3COf Ce6O13 þ 3CO2. We summarize the
results in Figure 10. The dissociative adsorption of O2 is a very

exothermic process. Under a dynamic flow of O2, one can expect
dissociation of a molecule on the ceria, and then the O adatoms
can spill over to the copper substrate while their initial place in
ceria is covered by the dissociation of a second molecule. By this
mechanism, ceria NPs can promote the oxidation of Cu(111).
Furthermore, in Figure 10, the reduction with CO in all cases is

much more favored than the oxidation with O2. This makes
possible the closure of a catalytic cycle for CO oxidation. Owing
to their special electronic and chemical properties, the supported
ceria NPs alone could catalyze the oxidation of CO. However, in
the actual process, one could have interaction of adsorbed CO
with oxygen directly on top of ceria or on the copper substrate
after spillover of the oxygen. The place of reaction will be
determined by the rate of adsorption of CO on ceria, copper
oxide, or the interface of the oxides. The configuration of the
inverse oxide/metal catalysts opens new interesting routes for
applications in catalysis15,49 and it is possible to use it with high-
surface area powders.12 CeOx NPs also can be added to noble-
metal surfaces to enhance their activity for CO oxidation,7c,d but
these systems seem to behave in a different way with respect to
the CeOx/Cu(111) system where ceria is very efficient for the
dissociation of O2 and accelerates the oxidation of the copper
substrate.

4. SUMMARY AND CONCLUSIONS

Cu(111) displays a low activity for the dissociation of O2 and
the oxidation of carbon monoxide. After exposing the surface to
O2, one can get chemisorbed O on Cu(111) or a layer of Cu2O
(the so-called “29” and “44” structures). The addition of ceria
NPs to Cu(111) substantially enhances interactions with the O2

molecule and facilitates the oxidation of the copper substrate.
The ceria provides a much faster channel for oxidation than the
step edges of Cu(111). After annealing CeO2/Cu(111) in O2 at
elevated temperatures (600-700 K), a new phase of a Cu2O1þx

surface oxide appears and propagates from the ceria NPs. In
images of STM, the ceria NPs are located at ascending step edges
surrounded by regions of Cu2O and Cu2O1þx. As a consequence
of the lattice mismatch between the supported NPs and the
copper substrate, the ceria NPs exhibit two overlapping honey-
comb-type moir�e structures, with the larger ones (H1) having a
periodicity of 4.2 nm and the smaller ones (H2) having a
periodicity of 1.20 nm.

Exposure to CO at 550-750 K led to a partial reduction of the
ceria NPs (Ce4þ f Ce3þ) and the removal of the copper oxide
layer. The reduced ceria islands could be reoxidized back into
Ce4þ by reaction with O2 and reduced again to Ce3þ upon
further reaction with CO. Since the processes of oxidation in O2

and reduction in CO are reversible, one is able to establish a
catalytic cycle for the 2CO þ O2 f 2CO2 reaction on CeOx/
Cu(111). The CeOx/Cu(111) systems have activities for the
2CO þ O2 f 2CO2 reaction that are comparable or larger than
those reported for surfaces of expensive noble metals such as
Rh(111), Pd(110), and Pt(100). CeOx/Cu(111) is a good CO
oxidation catalyst even at relatively low temperatures (325-375
K) where the noble metals do not work well. Density-functional
calculations show that the supported ceria NPs are able to
catalyze the oxidation of CO due to their special electronic and
chemical properties. The inverse CeOx/Cu(111) catalyst illus-
trates the important role that ceria can play in CO oxidation
processes.

Figure 11. DOS projected on Ce andO atoms of the systems (from top
to bottom): CeO2 bulk, Ce2O3 bulk, Ce6O13/Cu(111) and Cu2O bulk.
O1, O2, O3 are the O atoms of the Ce6O13 particle located at the
interface CeOx/Cu(111). O4 are the O atoms located on top of the
Ce6O13 particle. The Cu projected DOS in the CeOx/Cu system refers
to the electronic density of the Cu atoms just under the particle that are
sharing the O atoms of the CeOx particle at the interface. When the R
and β electronic densities are represented separately, they are labeled as
R and β, respectively (for example, Ce(R) or Ce(β)).
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