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ABSTRACT: Experimental techniques and state-of-the-art DFT calculations have been combined to study the effect of the metal-
substrate interaction in the Cu/CeO,/TiO,(110) system for the water-gas shift reaction. Experiments demonstrate that OH groups
are easily produce in the CeO,/Ti0,(110) and the importance of highly dispersed Cu clusters in the performance of the catalyst. The
apparent activation energy was also calculated and is in agreement with the higher activity of this system compare to other families
of catalysts. DFT calculations indicate that CeO, are the preferential nucleation sites for the Cu nanoparticles, improving the
dispersion of the metal phase and making available the reservoir of OH groups dissociated in the CeO, clusters. The minimum
energy path for the WGS reaction on the new highly active catalytic system Cu/CeO,/TiO,(110) has been predicted by state-of-the-
art theoretical calculations. Main steps as adsorption-dissociation of water, and *OCOH carboxyl intermediate formation-
deprotonation have been characterized. In this very particular system, water dissociation is no longer the rate-limiting step since the
energy barrier for this process is only 0.04 eV. One important insight of the present work is to show that easy full-hydration of the
ceria particles strongly lowers the reaction barrier for the deprotonation of the *OCOH intermediate and facilitates the evolution of
the WGS reaction. For the first time, it has been found a system on which the WGS reaction is able to work with all the involved
energy barriers below 0.5 eV. This extraordinary behavior makes the Metal/CeO,/TiO, family an outstanding candidate for
industrial application as catalysts in the WGS reaction.

INTRODUCTION

In the past years, there has been an increasing global concern about the environmental pollution. A huge research effort has been
carried out by the scientific community and by the whole society in the searching for new, clean, and renewable sources of
energy.">*** One of the strategies to reach this goal is to use hydrogen as source of energy. The reaction of H, with O, in the
proper way may produce electricity and just H,O as byproduct. However, the regular and massive sources of H, (usually as a sub-
product from the refineries) very often contain CO, which poisons and collapses the fuel cell electrodes. The usual way to remove
all CO from the H, source is by coupling a reactor containing H,O steam and a convenient catalyst to foster the so-called water-gas
shift reaction (WGS): H,O + CO - H, + CO,, in which CO is removed and more H, is produced.3’4’5’6’7 This purified source of H,

is then introduced in the fuel cell.

The WGS reaction has received much attention due to its important technological applications. Many catalytic systems, usually
based on metal particles supported on an oxide, have been studied from theory and experiment, to improve the performance of the
WGS reaction,>*> $H OIS The main conclusion from those studies is that the WGS catalyst is bi-functional: a metal phase
(usually supported nanoparticles) is needed for CO adsorption,'®'”"*'” while a reducible oxide phase (usually TiO, or CeO,) is
necessary for the adsorption and dissociation of water.***'****** There are some exceptions to this usual behavior. For instance, it
has been found that the barrier for water dissociation in Ni/CeOy is also very low in the metal (2.3 kcal/mol).” Low stable
intermediates, which easily evolve to products, would be formed at the interface, avoiding the formation of the high stable
intermediates, which stop the reaction (observed usually on the pure oxide).”” It is interesting to note that neither pure metal,***” nor



pure oxide can carry out by itself the WGS reaction in an effective way,” but together they achieve great activity, being present
therefore a remarkable synergy between them. Thus, to optimize the activity of a metal/oxide WGS catalyst, one must improve the
performance of both the metal and oxide phases.

There is an extensive literature about the effect of the reducibility of the oxide and the presence of reduced M*" in the catalytic
activity of the sample. In the case of CeO,, a direct correlation between the amount of reduced species Ce’” and the WGS catalytic
activity has been found,” showing the importance of the reducibility of the oxide for the dissociation of water®**!#2%2%30313233 4
in general, for the reactivity of CeO, surfaces.” However, some new findings suggest that the capacity to form oxygen vacancies is
not the main reason of the activity of these catalysts.”® Recently, some papers by Rodriguez et al. have shown, from
experiment”***" and theory,”® a new generation of highly active WGS-catalysts, in which the amount of the active reduced species
Ce’” on the surface of the support is highly increased with respect to the conventional oxide supports. This new oxide phase
consists of a mixed-metal oxide at the nanometer level: really small CeO, particles (in fact dimers) are formed on the TiO, surface,
being the interaction between them so high that the geometric and electronic properties of the CeOj particles are strongly modified,
increasing the reducibility of Ce, and consequently improving the catalytic activity. Moreover, it has been experimentally shown
that the presence of the CeO, particles on the TiO, surface increases the dispersion and the resistance to the thermal agglomeration
of the metal particles on the TiO, surface pointing to a CeO,-induced higher metal-support interaction.*® This strong metal-support
interaction decreases the size of the metal particles, increasing thus the catalytic activity. The performance of different metal
particles on these new catalytic systems, show the sequence Pt~Cu>>Au (Figure 1).** The CeO,/TiO, system clearly displays a
superior performance with respect to plain TiO,. Among the supported metals, platinum is only slightly more active than copper,
being copper a truly non-expensive metal. Therefore, Cu is a very good candidate as metal phase for these catalytic systems when
considering the possibility of an industrial-massive production.

C\'IE WGS Pt nano Figure 1. Amount of H, produced by the WGS reaction on catalysts
G 20 A — generated by depositing 0.15 monolayer of Au, Cu or Pt on CeO,/TiO,(110)
% Cu nano surfaces in which 12-14% of the titania was pre-covered with CeO
3 _— nanoparticles. For comparison, data for the deposition of the metals on
S 15 7 plain TiO,(110) is also included. The reported values for the production of
1S H, were collected after exposing the catalysts to 20 Torr of CO and 10 Torr

~ of H,O at 625 K for 5 minutes. Reprinted with permission from ref. 36.
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3 54 The previous study for the Cu/CeO,/TiO,(110) system had a
% limited scope,’* and many fundamental questions remain unsolved.
o o ’—‘ It seems that the nature of the metal substrate interaction is the key

because of the different size and morphology of the metal
nanoparticles compared to other catalysts. However, the
explanation for this behavior and its implications in the catalytic cycle are completely unclear. Questions about the nature of the
metal-support interaction, the influence of that interaction in the geometry and electronic structures of the metal particles and, more
interestingly, the reaction pathway on these new systems (including the nature and stability of the intermediates), have to be
addressed in order to rationalize the performance of this catalyst and the future design of new catalyst with higher activity. The
purpose of the present work is to understand the influence of the metal-support interaction in the catalytic activity of the
Cu/Ce0,/TiO, system combining a series of experimental studies and state-of-the-art DFT calculations.

TiO, CeO,/TiO, TiO, CeO,TiO, TiO, CeO,/TiO,

EXPERIMENTAL AND THEORETICAL METHODS

The Cu/CeO,/TiO,(110) catalysts were studied in a set-up that combines a Ultra-High Vacuum (UHV) chamber for surface
characterization (base pressure ~5x107' Torr) and a batch reactor for catalytic tests.!"?*** The sample could be transferred between the
reactor and the UHV chamber without exposure to air. The UHV chamber was equipped with instrumentation for x-ray photoelectron
spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), low-energy electron diffraction (LEED), ion-scattering spectroscopy
(ISS), and thermal-desorption mass spectroscopy (TDS).'***** The Cw/TiO,(110) and Cu/CeO,/TiO,(110) were prepared following the
methodology described in references ***. For both type of catalysts the copper coverage was changed in a systematic way.

In the catalytic tests, the sample was transferred to the reactor at ~ 300 K, then the reactant gases, 20 Torr of CO, and 10 Torr of
H,0,"**3* were introduced and the sample was rapidly heated to the reaction temperatures (500-625 K). Product yields were analyzed by a
mass spectrometer and/or a gas chromatograph.'**** The amount of molecules (H, or CO,) produced in the catalytic tests was normalized
by the active area exposed by the sample and the total reaction time. The kinetic experiments were done in the limit of low conversion (<
5%).

The DFT calculations were performed using the plane-wave-pseudopotential approach within the projector augmented wave
method (PAW)* * together with the GGA exchange correlation functional proposed by Perdew et al.*' (PW91) as implemented in
the VASP 4.6 code.”>™ A plane-wave cutoff energy of 400 eV was used. We treated the Ti (3s, 3p, 3d, 4s), Ce (4f, 5s, 5p, 5d, 6s),
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Cu (3d, 4s), Ag (4d, 5s), Au (5d, 6s), Pt (5d, 6s) and O (2s, 2p) electrons as valence states, while the remaining electrons were kept
frozen as core states. To obtain faster convergence, thermal smearing of one-electron states (kgT = 0.05 eV) was allowed using the
Gaussian smearing method to define the partial occupancies. The energy was estimated at the gamma point.

We chose a (6x2) surface model with the aim to have isolated CeO, dimers and metal clusters on the TiO,(110) surface (see
Figure 2). The slab was 12 atomic layers thick or four TiO,-trilayers, as it is known that thicker supercell models gave comparable
results in a similar study** In all cases, the two lower TiO, trilayers were kept frozen while the rest of the atoms were allowed to
fully relax their atomic positions (see Figure 2). The supercell slab model is separated from their images by a vacuum of 15 A,
considered enough to avoid interaction between the slabs. For building the supercell model we used the optimized lattice
parameters for the bulk a =4.1616 A, ¢ = 2.974 A, and u = 0.304 A. On the nomenclature used to call the surface atoms see Figure
2c¢.

Figure 2. Supercell slab model used for representing the TiO,(110) surface. (a) Side view. The solid line indicates the supercell and the dashed line
shows the atoms kept fixed at their bulk positions. (b) Top view of the supercell, showing the 6x2 surface cell. (c) Different atoms present in the
TiO,(110) surface.

In order to represent adequately the electronic structure of Ce (in particular the 4f level of the Ce®” species) we used the GGA+U
formalism. The Hubbard U term was added to the plain GGA functional employing the rotationally invariant approach proposed by
Dudarev et al.,45 in which the Coulomb U and exchange J parameters are combined into a single parameter U.s=U-J. For Ce we
have used the Uy of 4.5 eV which was self-consistently calculated by Fabris et al.** using the linear-response approach of
Cococcioni and de Gironcoli*’ and which is in the range of values usually proposed in the literature (4.5-5.5 eV) for GGA+U
calculations,*4%30319233:34333¢ 1o the 3d states of Ti we also chose a Uy parameter of 4.5 eV as it reproduces the experimental
values of the gap between the Ce’” 4f and Ti** 3d levels observed in the valence photoemission spectra of Ce/TiO,(110) system.”
Although lower values for U have also been proposed for a balanced description of bulk CeO, and Ce,0; oxides,”™* the set of
parameters we have selected allows for a correct description of the gaps observed in the experimental photoemission spectra of our
systems consisting of CeO, clusters supported on the TiO,(110) surface.”” The presence of Ce’" species was indicated by a
characteristic 4f peak in the band gap and later confirmed by the magnetization of the Ce atoms (higher than 0.9 electrons) found in
the calculations. In the same way the presence of Ti’" species was indicated by a characteristic 3d peak in the band gap and later
confirmed by the magnetization of the Ti atoms (higher than 0.8 electrons) found in the calculations. These U parameters for Ce
and Ti have been used successfully for the CeO,/TiO,(110) systems in previous papers>>***

The adsorption energy for a given species X, (where X stands for metal cluster, H,O, CO, etc.) has been calculated as:

Eu (X) - E(X/C€OX/T102)_ E(X) - E(CeOX/TIOZ)Where E.4s(X) is the adsorption energy of X on CeO,/TiOy(110),
E(X/CeO,/Ti0,) is the total energy of the system in which X is adsorbed on the CeO,/TiO,(110) surface, E(X) is the energy of the
isolated X species and E(CeO,/TiO,) is the energy of the slab model of the surface consisting of a Ce,O; dimer deposited on
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TiO,(110). For more details of the structure of the CeO,/TiO,(110) see Ref. 22,36,38. Obviously, when the molecules H,O or CO
are adsorbed on the Metal/CeO,/TiO, system, the calculation of the adsorption energy is modified accordingly:

Eads(X): E(X/M/CeOX /Tioz)_E(X)_E(chox/TiO2)Where E.(X) is the adsorption energy of X on
Metal/CeO,/TiO,(110), E(X/M/CeO,/Ti0,) is the total energy of the system in which X is adsorbed on the M/CeO,/TiO,(110)

surface, E(X) is the energy of the isolated X species and E(M/CeO,/Ti0,) is the energy of the slab model of the surface consisting
of a metal cluster and a Ce,O3 dimer on TiO,(110).

Transitions states have been calculated by using the climbing image version of the nudged elastic band (NEB) algorithm™ and in
all cases, after a vibrational analysis, a single imaginary frequency has been obtained for these structures.

RESULTS AND DISCUSSION
Adsorption and dissociation of water.

The rate determining step for the WGS reaction on clean copper surfaces is the dissociation of water.?*** Figure 3
shows the enhancement in the formation of surface OH groups when going from Cu(111) to 0.4 monolayers (ML) of
copper supported on TiO,(110) or on a CeO,/TiO,(110) surface (6¢c. ~ 0.1 ML). On the extended surface of copper, using
XPS, we did not detect the deposition of OH groups after dosing 5 langmuir (L) of water at 300 K, in
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Figure 3. O 1s XPS spectra collected after dosing 5L of water at 300 K to Cu(111), TiO2(110), Cu/TiO2(110), CeO,/TiO,(110), and
Cu/CeO4/TiO2(110). Ocs ~ 0.4 ML, Oc.~ 0.1 ML.

agreement with previous studies.”** As shown in Figure 3, the Cu/TiO,(110) system dissociates water better than Cu(111)

or TiO,(110, but an even larger rate of OH formation is seen for the Cu/CeO,/TiO»(110) surface. In Figure 3, the O 1s
features near 531.5 eV, which correspond to adsorbed OH,**** are much more intense for Cu/CeQ,/TiO,(110) than for
any other surface in the graph. In this aspect, there is a clear synergy between the supported copper and ceria. It is
known that the barrier for water dissociation on CeO,/TiO,(110) is very close to zero.* As we will see below, the same
is valid for Cu/CeO,/TiO,(110). In principle, the water molecules could dissociate on sites of ceria or on the ceria-copper
interface. Then, the surface species could migrate to the copper particles producing a reservoir of OH groups on the
surface. These OH groups are ready for reaction with CO and the production of hydrogen through the WGS reaction.

Catalytic activity of Cu/CeO,/TiO, and Cu coverage effects.

Figure 4 shows a systematic comparison of the catalytic activity of the Cu/TiO,(110) and Cu/CeO,/TiO,(110) (6¢. ~ 0.1 ML)
catalysts as a function of copper coverage. The bare oxide substrates do not exhibit any catalytic activity until copper is deposited.
Then, the rates for the production of H, and CO, increase until a maximum is found at a copper coverage of 0.4-0.5 ML. After that,
there is a continuous decrease in the catalytic activity. Small copper particles dispersed on a CeO,/TiO,(110) substrate display
optimum performance. At the peak of maximum activity the Cu/CeO,/TiO,(110) system is ~ 3 times better than Cu/TiO,(110).
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Figure 4. CO, and H, production at different Cu coverages for Cu/TiO,(110) and Cu/CeO,/TiO,(111) catalysts. P(CO)= 20 Torr; P(H,O)= 10 Torr, T= 625
K, 5 minutes of reaction.

Figure 5 shows Arrhenius plots for the rate of hydrogen production on Cu/TiO,(110) and Cu/CeOx/TiO,(110) catalysts which
have a coverage of 0.4 ML of copper. For comparison we add previous results for two common standards in studies of the WGS
reaction, Cu(111) and Cu(100).2*%*®! I the range of temperatures investigated, Cu/CeOx/TiO,(110) is by far the best catalysts.
The apparent activation energy for the WGS process decreases from 18 kcal/mol on Cu(111) to 10 kcal/mol on Cu/TiO,(110) and 7
kcal/mol on Cu/CeOx/TiO,(110). There is a clear correlation between the

Cu/Ce0,/TiO,(110)

E5= 7 kcal/mol

Cu/TiO,(110)
1 Ea= 10 kcal/mol

Ea= 15 kcal/mol

Cu(100)
E4= 18 kcal/mol

Ln {rate/(lO15 molecules cm™ s'l)}
o

Cu(111)

21 WGS reaction

1.55 1.60 1.65 1.70 1.75
1000 K/T

Figure 5. Arrhenius plots for rate of production of hydrogen through the WGS reaction on Cu/CeOx/TiO,(110), Cu/TiO,(110), Cu(100) and Cu(111).
P(CO)= 20 Torr; P(H20)= 10 Torr.

increase in the rate of water dissociation seen in Figure 3 and the drop in apparent activation energy shown in Figure 5. Bellow this
correlation will be explained in detail using DFT calaculations.

To understand the outstanding catalytic activity of the Cu/CeO,/TiO»(110) system is important to compare it with previous
generations of Cu based catalyst (see Figure 6). Cu/ CeO,/TiO, is more than three times more active than the previous generation
of catalyst based on Cu supported on different oxides (ZnO, CeO, and TiO,)">** and ten times more active than metallic Cu based
catalysts. This unprecedented activity has been can be linked to a better dispersion of Cu nanoparticles on the CeO,/TiO,(110)
catalyst34 but it also reflects synergistic effects at the copper-ceria interface that facilitate the dissociation of water and the
transformation of OH and CO into H, and CO,.
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Figure 6. Comparison of the production of molecular hydrogen through the WGS reaction on a series of Cu-containing catalysts. The data for Cu(111),
Cu(100), Cu/ZnO(0007) were taken from refs '**. P(CO)= 20 Torr; P(H,0)= 10 Torr, T= 625 K, 5 minutes of reaction.

Adsorption of Cu nanoclusters on CeO4-modified TiO,(110)

To model a system similar to the experimental conditions, different Cug clusters were adsorbed on the CeO,-modified TiO, (110)
surface. This cluster size is close to the 0.4-0.5 ML coverage on the surface slab and its diameter is below 2nm. The most stable
cluster is 0.93 eV and 2.22 eV more stable than the other models and agrees with the geometry obtained in a previous paper where
we analyzed the electronic and catalytic properties of the Cu/TiO,(110) catalyst.”’ It consisted of a 3D Cug nanocluster, with a

truncated pyramid shape formed by 5 atoms in the layer in contact with the surface. It was found that the Cug cluster mainly binds
to the O atoms of the TiO, surface.

The Cug nanocluster was added to the CeO,-TiO,(110) model surface exploring several possible sites, and we found that Cu
clusters adsorb stronger near the CeOy particles. The adsorption energy at this site is -3.50 eV, while on the perfect surface is of -
3.02 eV. Moreover, as could be expected since 5 Cu atoms from the 8 of the cluster are in contact with the surface, there is a larger
electron transfer (~ 1.4 e). However, the averaged oxidation state of these 5 Cu atoms is Qc, ~ 0.3, the 3 Cu atoms at the top of the
metal particle remaining almost neutral. A view of the model is reported in Figure 7.

Figure 7. Supercell slab model used for representing the Cu nanoclusters on CeOx-modified TiO,(110) surface. Ti (white), O (red), Cu (blue), Ce (grey).

Reaction Mechanism for the WGS on Cu/CeOx/TiO2



Let us now analyze the mechanism for the WGS reaction on the CeO,/TiO, surface. In previous studies Rodriguez et al. have
shown that the reaction for a metal/metal-oxide catalyst happens at the metal-titania interface. It has been suggested that it takes
place via a carboxyl OCOH intermediate, and involves the steps described in Scheme 1.%

Water adsorption is the first step of the mechanism and preconfigures the profile of the catalytic cycle. In principle, because of
the high strength of the OH bond in water, it is assumed that the dissociation of water is the rate limiting step and the most
important barrier to overcome. How WGS catalysts could be modified in order to improve adsorption and dissociation of H,O has
long deserved much attention, and some previous results are reported in Table I for the sake of comparison. Compared to the
Cu(111) surface,” there is an increase of adsorption energy and a decrease of the activation barrier in metal/TiO,” catalysts due
to the easier adsorption of water molecules on oxide vacancies or in areas close to the metal cluster. We have recently characterized
CeOy nanoparticles on TiO,(110) surface, which exhibited low coordinated Ce™ ions?*® We found that these ions act as active
sites where water molecules are adsorbed and then dissociated with almost no apparent barrier (E,= 0.92 kcal/mol) in a strong
exothermic process (AE=-16.83 kcal/mol).*®

H,0(g) e H,0' )
CO(g) & CO’ @
H,0'—S2 50l + H' 3)
CO"+ OH"—" OCOH" @)
OCOH' —B5€0; + H' (5)

CO; — CO,(g) (6)

2H > H,
.(8) )
Scheme 1. Main steps for the WGS reaction via a OCOH intermediate.

Table 1. Adsorption energy (Eads), activation energy (Ea) and reaction
energy (AE) for water dissociation. Second water molecule dissociation
are in parenthesis for Cu/CeO,/TiO,. Values for the first dissociation are
in the presence of the second molecule.

Catalyst Eags Eq AE
(kcal/mol) (kcal/mol) (kcal/mol)
Cu(11D)* -4.15 31.36 8.53
Cu/TiOy(interface)®  -25.13 11.99 -0.92
Cu/TiOy(vac)* -16.6 8.07 3.2
Au/TiO,(oxide)? - 13.84 13.83
AW/TiO,(metal)® - 29.98 2.07
AWTiO,(interface)” - 12.91 -2.07
CeO,, (111)% -18.45 0.92 -30.9
CeO,/TiO,* -16.83 0.92 -16.14
Cu/Ce0,/TiO, -14.99 0.92(9.22)  -18.68(0.46)

The presence of the Cug nanocluster does not significantly alter these values, the process being practically barrierless with an
adsorption energy of -14.99 kcal/mol. As can be seen in Figure 8, water molecule adsorbs on top of a Ce*" ion, and since still there
is one more Ce’  ion available we checked adsorption of a second water molecule. This process was also found favorable, the
adsorption energy being almost the same than for the first molecule. This is not the case for dissociation energies since while the
first dissociation barrier is of only 0.92 kcal/mol and strongly exothermic, for the second dissociation the activation energy is of
9.91 kcal/mol, and the process is practically thermoneutral. The energy profiles for these steps are gathered in Figure 9. The model
shows therefore, that for a Ce,O, surface dimer we would find 2 adsorbed water molecule, one of them always dissociated and the
other either dissociated or not, with the same likelihood, Figures 8b and 8c.



20H +2H

Figure 8. Side view of the supercell model for the adsorption and dissociation of water on the CeO,-modified TiO,(110) surface. (a) 2H,O" (b) H,O" + OH"
+H" (c) 20H" + 2H". Ti (grey), O (red), Cu (brown), Ce (white).
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Figure 9. Reaction profile for the adsorption and dissociation of water on the CeOx-modified TiO,(110) surface.

Next steps in the mechanism are the CO adsorption and the formation of the carboxyl intermediate. For M/TiO, based catalyst in
which the water dissociation barrier is lowered, the formation of OCOH species should become the rate-limiting step, as shown in
Table II. Starting from the structure where both water molecules are dissociated, we first adsorb a CO molecule on the catalyst
model. One can expect that CO will preferentially adsorb on low coordinated metal atoms of the cluster, especially in the second
layer, edges and corners, so we have combined this fact with positions in which CO and OH are close enough to produce carboxyl
species (see Figure 10a). The carboxyl species is reached by a shift of an OH group initially bound to a Ce’" ion as indicated in
Figure 10b. The activation energy obtained is 11.76 kcal/mol, significantly smaller than that reported for the Cu/TiO, catalyst
(18.68-20.52 kcal/mol).”* Moreover this step is only lightly endothermic, which do not penalize the formation of the carboxyl
intermediate compared to other catalysts where the reaction is a highly endothermic process (see Table II). The energy profile
describing these steps is depicted in Figure 11. On the other hand, after the formation of the carboxyl intermediate, a Ce’ ion is
accessible for the adsorption of a new water molecule that could be easily dissociated again. This will be the starting point for the
next step in which a deprotonation of the carboxyl intermediate takes place. This step is one of the easier steps in the mechanism,
and has been analyzed several times. For Cu(111), Mavrikakis et al. have reported an activation energy of 9.69 kcal/mol, and the
deprotonation was found to be assisted by an hydroxyl group to yield a water molecule.”” In M/TiO, type catalyst the values for
activation energy fluctuated between 1.15 to 11.53 kcal/mol, and an oxygen atom of the oxide surface also assists the process. In all
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these cases this is not the rate limiting of the reaction. In the present study, for the Cu/CeO,/TiO, catalyst, we have obtained an
activation energy of 8.99 kcal/mol, the step being exothermic by 5.07 kcal/mol. These values grossly agree with the calculations
reported for Cu/TiO,(110) even though this step was split into two: a first cis-trans isomerization of the carboxyl intermediate,
followed by OH dissociation. Finally, H, formation and products desorption take place.

Table II. Adsorption energy (E.q), activation energy (E,) and
reaction energy (AE) for carboxyl intermediate formation.

Catalyst %g;l /mol) gqacal /mol) AE(kcal/mol)
Cu(111)% -2.08 14.07 0.46

Cu (cluster)® -13.84 ~26.52 ~23.06
Aw/TiO,(interface)” - 19.83 8.76
Cw/TiO,(interface)”® - 18.68 16.14
Cuw/TiO,(interface)®  -20.99 20.29 13.84
Cu/Ce0,/TiO, -11.53 11.76 7.35

P99,

XX X
Ve N\ \N -1,.\.,.

CO," +H,0+OH" +3H"

Figure 10 Side view of the supercell model for the adsorption of CO and formation of CO, via OCOH intermediate on the CeOx-modified TiO,(110)
surface. (a) CO™+ 20H" + 2H" (b) OCOH" + OH" + 2H" (c) OCOH" + 20H" + 3H" (d) CO," + H,0" +OH" + 3H". Ti (grey), O (red), Cu (brown), Ce
(white).

The gross energetic changes associated to these steps are also schematized in Figure 11. The energy profile obtained provides an
adequate interpretation of previous experimental results, which demonstrates the high performance of this catalyst (Figure 1).*
CeO, nanoparticles increase adsorption energy, decrease the activation energy for water dissociation and increase the exothermicity
of the process. The released energy can be used to overcome the energy barriers for the following steps. The CeO, dimer also
facilitates the formation of carboxyl species, because hydroxyls are more accessible to CO molecules adsorbed on metal cluster.
Although the redox mechanism has been identified as preferential in Pt/CeO, systems, the characterized microstructure of
Cu/CeO,/TiO, reduces the activation energy for carboxyl formation. All these improvements lead to a reaction pathway in which all
barriers are below 11.53 kcal/mol, the lowest value reported as far as we know. Moreover, this value is close to the experimental
activation energy (6.91 kcal/mol). This profile ensures that the reaction can be carried out under mild conditions and low
temperatures using one of the most inexpensive noble metals as copper.
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Figure 11. Reaction profile for the adsorption of CO and formation of CO, via OCOH intermediate on the CeO,-modified TiO,(110) surface.

CONCLUSIONS

In this work we have analyzed the nature of the metal-support interaction of Cu on CeO,-modified TiO,(110) surfaces, and the
WGS reaction pathway on the Cu/CeO,/TiO,(110) three-component catalyst. The CeO,-TiO, interface is an excellent place for the
growth of 3D highly dispersed Cu particles. CeOy partciles acts as preferential nucleation sites for 3D Cu clusters.

To elucidate the mechanism of the WGS reaction, we have studied the main steps involved in the whole process: adsorption-
dissociation of water and formation-decomposition of the *OCOH intermediate. We have found that water dissociation is no longer
the rate-limiting step in this system, since it has an energy barrier of only 0.92 kcal/mol. On the other hand, we have proposed a
reaction path in which all the involved energy barriers are below 11.53 kcal/mol. To the best of our knowledge it is the first time
that such a low-barrier path has been found for the water gas shift reaction. The key to get the system working under so low barriers
is the hydration/hydroxylation of the cerium oxide particle. This hydration is an exothermic and low barrier process which,
furthermore, allows an easy deprotonation of the *OCOH carboxyl intermediate that finally may lead the reaction to the final
products CO, and H..

The size and the site of the Cu cluster, which are determined by the nature of the metal-support interaction, are crucial for the
high activity of the system. The preferential growth of the Cu NPs close to CeOy clusters makes possible the absortion of CO close
to the dissociated water moles on top of the CeO,. Moreover, the preferential 3D shape do not block the O,. on the TiO, surface
which play an important role in the deprotonation of water molecules and formation of CO,. All these findings may contribute to a
deep understanding of the extraordinary catalytic activity of the new family of catalysts Metal/CeO,/Ti0,, and may foster further
research in order to find new and better WGS reaction catalysts
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