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The water-gas shift (WGS, CO+H,0—CO,+H,) is an
important reaction frequently used in the chemical industry
for the production of clean H,."" Oxide-supported copper
catalysts show significant water-gas shift activity but their
performance is not fully understood and is highly dependent
on the synthesis conditions or the nature of the oxide
support.' Either metallic Cu or Cu" cations have been
proposed as active sites for the WGS.™® In addition, the
oxide support may not be a simple spectator and may play a
direct role in the catalytic process."*° Extended surfaces and
nanoparticles of metallic copper are able to catalyze the
WGSE>61011 and Cu(111) has become a benchmark surface
for studying the WGS.F>U Specific rates, activation
energies, and reaction orders are consistent with data
reported for ZnO-supported Cu catalysts.> '3 The rate-limit-
ing step for the WGS on Cu(111) seems to be the dissociation
of water,'"™! and it is affected by the presence of surface
modifiers such as S, O, or Cs.[]

Herein, we investigate the WGS reaction on Cu(111)
surfaces partially covered with ceria nanoparticles. Bulk ceria
is a well known oxide support for WGS catalysts."*%° The
CeO,/Cu(111) system allows us to study in detail the role of
the oxide in the catalytic process and, furthermore, catalysts
with an inverse oxide/metal configuration have some advan-
tages for practical applications."™ Figure 1 shows images of
scanning tunneling microscopy (STM) acquired after dosing
Ce to Cu(111) at 650 K under an atmosphere of O, (p ~5 x
1077 Torr). The reaction of O, with the Cu(111) substrate
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Figure 1. STM images recorded after dosing Ce to Cu(111) at 650 K
under an atmosphere of O, (p~5x10~" Torr). The two differentiated
images at the top were taken with V,=3.1 V and 1,=0.03 nA. The
height image at the bottom right, showing the inside of a ceria island,
was taken at imaging conditions of 2.7 V, 0.05 nA. The scheme (bot-
tom left) was composed using the line profile indicated by the green
line shown near the middle of the top right image.

leads to formation of a layer of copper oxide which exhibits
domains of different reconstructions of a Cu,O(111) sur-
face.l'®! On top of the layer of copper oxide, there are two
types of ceria features. These features were not seen in blank
experiments for the adsorption of O, on Cu(111). In Figure 1,
small islands of ceria (2-5 nm in size, CeO,-I) appear on the
terraces of the copper substrate, whereas large islands of ceria
(30-50 nm in size, triangular shape, CeO,-II) are embedded in
the substrate step edges. Inside the large ceria islands, a moiré
pattern can be seen with a separation of approximately 5 nm
in between the depressions. The large ceria islands have a
morphology different from that seen for the two most stable
surfaces of bulk ceria: CeO,(111) and CeO,(110). An analysis
of the structure of these islands reveals that they essentially
have a height of 0.31 nm, which is consistent with a single
layer of cerium sandwiched in between two layers of
oxygen.'"”? An O-Ce-O-Cu(interface) stacking is likely. The
oxide nanoparticles in CeO,/Cu(111) display a morphology
quite different from that found before for the growth of ceria
nanoparticles on a Au(111) substrate using the same depo-
sition methodology."”! In the CeO,/Au(111) systems there
were only large oxide islands at the step edges and these were
exposing the (111) face of bulk ceria.'”! The interactions of
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the copper substrate with the ceria nanoparticles are much
stronger allowing the existence of small oxide nanoparticles
on terraces of the surface (CeO,-I) and forcing a unique
morphology on the large oxide particles (CeO,-II).

Figure 2 displays typical Ce 3d X-ray photoelectron spec-
troscopy (XPS) and Cu L;VV Auger spectra for a CeO,/
Cu(111) system in which 15-20 % of the copper substrate was
covered by ceria. For comparison, we also include the
Ce 3d XPS spectra for nanoparticles of CeO, and Ce,0;
dispersed on a Au(111) substrate.'”-'¥l There are clear differ-
ences in the Ce 3d XPS line-shapes of the Ce* and Ce*"
oxidation states.”” The as-prepared CeO,/Cu(111) surface
exhibits a Ce 3d XPS line shape where the features for Ce**
dominate with some features for Ce*" also present. Ce*" sites
are stable in unsupported ceria nanoparticles.’” Density
functional (DF) calculations for the deposition of a layer of
CeO, on Cu(111), see below, point to a Ce*"—Ce** reduction
as a result of electronic interactions with the metal substrate.

Ce 3d XPS

CeOy/Au(111)

Cen03/Au(111)
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Ce0,/Cu(111) + WGS

QéO 9;0 9(IJO 85;0 85;0
Binding Energy / eV

Cu L3V Auger

11)

"CeO,/Cu(111)

"CeO,/Cu(111) + WGS

T | T | T
908 912 916 920 924
Kinetic Energy / eV

Figure 2. Top: Ce 3d XPS spectra acquired before and after exposing a
CeO,/Cu(111) surface to the reactants of the WGS (20 Torr of CO,

10 Torr of H,O at 625 K for 5 min). The CeO,/Cu(111) surface was
prepared by dosing Ce to Cu(111) at 650 K under an atmosphere of O,
(p~5x107" Torr). The ceria covered 15-20% of the copper substrate.
The Cs 3d XPS spectra for CeO,/Au(111) and Ce,O;/Au(111) were
taken from Ref. [18]. Bottom: Corresponding Cu L;VV Auger spectra
taken before and after exposing the CeO,/Cu(111) surface to the
reactants of the WGS.
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Thus, the oxide nanoparticles in CeO,/Cu(111) have a large
concentration of Ce*" sites, which makes them quite attractive
for chemical and catalytic applications.””

The Cu L;VV Auger spectra for the CeO,/Cu(111)
systems showed a line-shape (see bottom of Figure 2) that
denoted the oxidation of the copper substrate.?!! The O,
molecules present in the chamber environment during the
deposition of Ce did oxidize the copper substrate, but we
found that the layer of copper oxide formed could be reduced
by reaction with CO at 550-650 K. After doing this, the
recorded Cu L;VV Auger spectra matched that of clean
Cu(111) and in the Ce 3d XPS spectra there was a decrease in
the amount of Ce*" present. Figure 3 displays STM images for

300 x 300 nm?

100 x 100 nm?

Figure 3. STM images taken after exposing a CeO,/Cu(111) surface to
7.5x1077 Torr of CO for 30 min at 650 K. STM parameters: V,=—1.2V,
;=1 nA. The two images were smoothed with a Gaussian filter.

a CeO,/Cu(111) surface reduced in CO. The structural
features characteristic of a layer of Cu,O on Cu(111)1¢
have disappeared. On the other hand, the small CeO,-I and
large CeO,-II particles of ceria are still attached to the copper
substrate.

Figure 4 shows the activities of Cu(111) and a CeO,/
Cu(111) system in which approximately 20 % of the copper
surface was covered by ceria. This was found to be the optimal
ceria coverage for WGS activity. Copper surfaces with smaller
or larger ceria coverages were less active. Furthermore, CeO,/
Cu(111) systems in which the copper substrate was totally
covered by ceria displayed negligible WGS activity. The CeO,
nanoparticles supported on Cu(111) generated a catalyst that
was 8-times (at 650 K) to 23-times (at 575 K) more active than
the clean Cu(111) substrate. The data in Figure 4 were
collected at temperatures of 575, 600, 625, and 650 K. Using
the In of the reaction rates, we constructed Arrhenius plots for
CeO,/Cu(111) and Cu(111). For comparison, we include
results obtained under the same reaction conditions for
Cu(100), and 0.5 ML of Cu deposited on CeO,(111) and
ZnO(0001) surfaces.”” The WGS on Cu(111) has an apparent
activation energy of 0.78 eV, which is 0.1-0.2 eV larger than
that found on Cu(100) and Cu(110).°! In contrast, the
apparent activation energy for the WGS on CeO,/Cu(111) is
only 0.31 eV. This value is also smaller than the corresponding
values found for Cu nanoparticles supported on ZnO(0001),
0.54 eV, or CeO,(111), 0.39 e V.2 Thus, CeO,/Cu seems to be
the best catalyst in terms of activity or apparent activation
energy.

It must be pointed out that the ceria nanoparticles
dispersed on Cu(111) do not have the same structure or
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Figure 4. Arrhenius plot for the WGS reaction rate on clean Cu(111)
and on a copper surface approximately 20 % covered by ceria. The
CeO,/Cu(111) surface was prepared by dosing Ce to Cu(111) at 650 K
under an atmosphere of O, (p~5x 107’ Torr). The data for Cu(100)
and 0.5 monolayer (ML) of Cu deposited on CeO,(111) and
ZnO(0007) surfaces were taken from Ref. [22].

electronic properties than the oxide support in Cu/
CeO,(111).%2 Figure 2 shows a typical Ce 3d XPS spectrum
for a CeO,/Cu(111) surface after performing the WGS
reaction. The dominant oxidation state for cerium in a
CeO,/Cu(111) catalyst is “+3”. This is not the case for a
Cu/CeO,(111) catalyst, where there are only a few O
vacancies in the oxide support.”? CuL,VV auger spectra
taken after the WGS reaction, see bottom of Figure 2 for an
example, indicated that metallic Cu formed part of the active
phase of CeO,/Cu(111). An identical result was found for Cu/
CeO, catalysts.*??! When considering the catalytic activity of
metallic copper, DF calculations show a substantial gain in
WGS activity when going from extended surfaces to small or
medium size nanoparticles.'”) The corner and edge atoms
present in the copper nanoparticles facilitate the dissociation
of water and the formation of key reaction intermediates in
the WGS.P1 In spite of this feature, CeO,/Cu(111) is more
active than Cu/CeO,(111), probably because of the special
chemical properties of the ceria nanoparticles.

DF calculations were used to study the WGS reaction on
CeO,/Cu(111). The catalyst surface was represented by the
model shown in Figure 5. Strictly speaking, this is a model for
the small oxide particles seen in the STM images (CeO,-I in
Figure 1 and Figure 3). The model contains six atoms of Ce
and 13 atoms of O. Since most of the oxygen atoms are shared
between Ce and Cu, the average oxidation state of the Ce

Figure 5. Model for a small Ce;O,; particle on Cu(111).
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atoms was close to “+3” as seen in plots for the density of
occupied states. Thus, from an electronic viewpoint, the
cerium cations in our model can be used to study the
reactivity of the Ce’" sites in small ceria particles (CeO,-I) or
in the interface between large ceria nanoparticles (CeO,-1I)
and the copper substrate.

The partial dissociation of water (H,O,4—OH, 4+ Hags)
on Cu(111) was studied using the DF approach with different
GGA functionals.""*?! The reaction is endothermic (AE=
0.2-0.6eV) with a large activation energy (E,=0.9-
1.4 eV)." 2 1t is the rate determining step for the WGS on
Cu(111).1" Our DF calculations for the dissociation of H,O
on the CesO,5/Cu(111) system of Figure 5 gave an exothermic
AE value of —0.33eV and point to an activation energy
smaller than 0.35 eV. Thus, the oxide nanoparticles favor the
energetics for the dissociation of water. This prediction has
been verified by photoemission experiments in which we
observed the partial dissociation of H,O on CeO,/Cu(111)
surfaces at 300 K.

For the Cu(111) and CeO,/Cu(111) systems in Figure 4,
analysis of the surface after the WGS reaction showed weak
or negligible XPS signals for formate and carbonate species.
In a recent DF study for the WGS on Cu(111), a HOCO
intermediate was seen as a transient species.'!! Figure 6
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Figure 6. Reaction profile for the WGS on Ce4O,;/Cu(111). Step 1:
adsorption of water; Step 2: dissociation of water; Step 3: adsorption
of CO; Step 4: approach of CO and OH; Step 5: formation of HOCO
intermediate; Step 6: evolution of CO, and H,.

displays a calculated reaction profile for the WGS on the
Ces0O,3/Cu(111) model system. The chemisorption of CO and
the dissociation of water realease energy which can be used
for the formation of HOCO and the final release of CO, and
H,. Although the dissociation of water occurs on the oxide
nanoparticle the other steps of the reaction take place at the
metal/oxide interface.

The CeO,/Cu(111) system illustrates the important role
that an oxide can play in the water-gas shift reaction. When
optimizing the performance of copper-based WGS catalysts,
the major emphasis is usually in controlling the oxidation
state and morphology of the copper within the catalytic
system.l'’>*#22l The oxide is frequently seen as a simple
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support for copper or as a secondary player in the catalysis.
This is certainly valid in the case of Cu/ZnOP7?? a common
catalyst for industrial applications.!! However, as a “support”
for catalysts, ceria is more active than zinc oxide.[**2231 A
comparison of the WGS activities of CeO,/Cu(111) and Cu/
CeO,(111) shows that an optimization of the physical and
chemical properties of the oxide component is as important as
the optimization of the properties for the metal component.
The key to the high catalytic activity of CeO,/Cu(111) is in the
nano size of the ceria particles and the effects of the metal/
oxide interface. Powder catalysts with such an oxide/metal
configuration can be synthesized using microemulsion tech-
niques!™> and in principle can be used in practical applica-
tions.

Experimental Section

The microscopy studies were carried out in an Omicron variable
temperature STM system.!"s! W tips were used for imaging. Addi-
tional characterization studies were carried out in a system which
combines a batch reactor and a UHV chamber.'®?? The UHV
chamber (base pressure~1x 107" Torr) was equipped with instru-
mentation for X-ray photoelectron spectroscopy (XPS), low-energy
electron diffraction, ion-scattering spectroscopy (ISS), and thermal-
desorption mass spectroscopy. XPS and Auger spectra were acquired
using Mg, radiation. The Cu(111) surface was cleaned by several
cycles of Ne* sputtering (1 keV, 30 min) and annealing (900 K, 5 min).
Ce was deposited on Cu(111) using a metal evaporator.!" The area of
the copper surface covered by ceria was estimated using STM images
or a combination of ISS and XPS. Before the ISS measurements, the
CeO,/Cu(111) surfaces were exposed to CO or CO/H,0O mixtures to
remove the Cu,O and expose the fraction of the copper surface not
covered by ceria. The CeO,/Cu(111) sample could be transferred
between the UHV chamber and reactor without exposure to air.
Typically, it was transferred to the batch reactor at ca. 298 K, the
reactant gases were introduced (20 Torr of CO and 10 Torr of H,0),
and then the sample was rapidly heated to the reaction temperature
(575, 600, 625, or 650 K). Product yields were analyzed by a gas
chromatograph.®**2 The amount of molecules produced was
normalized by the active area exposed by the sample. In our reactor,
a steady-state regime for the production of H, and CO, was reached
after 2-3 min of reaction time.

Periodic DFT+ U calculations were performed with the VASP
code®! using a 4v/3 x 4v/3 four-layer thick supercell to model the
Cu(111) surface. The adlayer and first two layers of the copper 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 Cu(3d4s), Ce(4f,Ss,
5p,5d,6s), C(2s,2p), O(2s,2p), and H(1s) electrons as valence states,
while the remaining electrons were kept frozen as core states.
Following previous studies,?**! we utilized a U,y parameter with a
value of 4.5 eV for Ce. This value is close to those used in studies for
bulk ceria.’” The introduction of the U parameter in the DFT
calculations was found to be essential to correctly reproduce the
position for the occupied Ce 4f levels of ceria nanoparticles in the
valence region.”” (Additional details in Supporting Information.)
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