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Introduction 

High-grade hydrogen for use in fuel-cell powered devices 
appears to be the answer to future energy demands. Active and 
inexpensive catalysts for the low-temperature water-gas shift (WGS) 
reaction (CO+H2O→H2+CO2) −used to decrease the CO 
concentration in the H2 produced from steam hydrocarbon 
reforming− are sought. Ni-CeO2 systems were shown to be active 
and selective catalysts for the WGS and ethanol reforming (ESR) 
reactions.1-3 The difficulties in characterizing the surface structure of 
powder catalysts and in identifying the active sites −essential for 
rational catalysts design− have motivated the preparation/creation of 
experimental/theoretical model Ni/CeO2(111) catalysts at low Ni 
loadings.3-5 

Here, the emphasis is put on theoretical density-functional 
theory (DFT) studies and special attention is given to the effects of 
ceria as catalyst support. We compare Ni adatoms on CeO2(111), 
pyramidal Ni4 particles with one Ni atom not in contact with the 
support, and extended Ni(111) and CeO2(111) surfaces. We discuss 
the chemisorption properties for C, CO, and H2O and the activation 
barriers for H2O dissociation as a crucial step in the WGS reaction. 
The theoretical results are combined with ambient-pressure X-ray 
photoelectron spectroscopy (AP-XPS) and catalytic tests for WGS. 

 
Models and Methods 

We created theoretical models of Nin (n=1 and 4) particles 
supported on CeO2(111). Spin-polarized density functional theory 
with the DFT+U approach and periodic boundary conditions were 
used. The VASP code was employed. The adsorption of C, CO and 
H2O on Nin/CeO2(111) is compared to Ni(111) and CeO2(111). The 
transition-state (TS) structures for the considered H2O dissociation 
reaction paths were located by employing the nudged elastic band 
(NEB) algorithm using five images along each pathway.  

The Ni/CeO2(111) experimental model catalysts (ΘNi≈0.15 
ML) were prepared following procedures reported in the literature.3 
AP-XPS studies were performed at the Advanced Light Source in 
Berkeley. The O1s region was probed with a photon energy of 700 
eV and an energy resolution of 0.2–0.3 eV. The catalytic activity of 
the Ni(111) and Ni/CeO2(111) samples was studied in a system 
which combines an UHV chamber and a batch reactor.3 Turnover 
frequencies (TOFs) were estimated assuming that all the Ni atoms 
deposited on ceria participated in the catalytic reaction. 

 
Results and Discussion 

We find evidence of a strong metal-support interaction. In the 
case of the Ni1/CeO2(111) system, nickel is stabilized in the +2 
oxidation state, by transferring two 4s electrons to the empty 4f ceria 

band and thus creating two Ce3+ ions. For the Ni4 particles which 
have a pyramidal form, the three base atoms are positively charged 
whereas the one at the top is essentially neutral; there are two Ce3+ 
ions. Thus, there is a rapid weakening in the strength of the metal–
oxide interactions when Ni moves away from the oxide support.  

Figure 1a compares the calculated energy barriers for H2O 
dissociation on the various systems considered which clearly shows 
an enhanced reactivity of the Ni2+ species. The barriers for the 
reaction on-top of a supported Ni4 cluster and on the Ni(111) surface 
are very close in energy. This result reveals that an atom present in a 
small Ni4 cluster already resembles the reactivity of extended 
surfaces when it is not in contact with the oxide substrate. Thus, 
Ni2+ sites (generated by strong metal–support interactions) are 
essential for the fast dissociation of water.  This is consistent with 
the differences observed between the O1s XPS spectra for a 
Ni/CeO2(111) surface with a small coverage of electronically 
perturbed Ni (ΘNi≈0.15 ML) under a water pressure of 200 mTorr at 
300 and 500 K and that for the bare support. At 300 K, there is a 10-
25% enhancement in the signals for H2O and OH for Ni/CeO2(111)  
with respect to those for CeO2(111) . However, as shown in Figure 
1b, the amount of OH present on Ni/CeO2(111) at 500 K, 0.37 ML, 
is about a factor of two larger than on CeO2(111), 0.20 ML. This 
larger coverage of OH should facilitate the WGS and ESR reactions.  
 

 
 
Figure 1. a) Reaction energy profile for H2O dissociation on the 
CeO2-x(111), Ni1/CeO2(111), Ni4/CeO2(111), and Ni(111) surfaces. 
b) O1s XPS spectra for CeO2(111) and Ni/CeO2(111) under 200 
mTorr of water at 500 K (ΘNi≈0.15 ML). c) Calculated CO and non-
oxidative C adsorption energies, and CO/system → C/system + ½ 
O2 (g) reaction energies. d) TOFs for the production of hydrogen 
through the WGS reaction on Ni/CeO2(111) (ΘNi≈0.15 ML), 
Ni(111), and Cu(111). T=625 K, p(CO)=20 Torr and p(H2O)=10 
Torr. 
 
The stabilization of C on the surface, the CO adsorption energy, and 
the binding strength of the C−O bond are critical issues for the WGS 
and methanation reactions. A small (large) decrease in the C−O 
bond strength upon adsorption favors the WGS (methanation) 
reaction. The C produced by the dissociation of CO can lead to coke 
formation on the surface of the catalyst. Figure 1c shows that the CO 
adsorption energy does not vary strongly among the Nin/CeO2(111) 
and Ni(111) systems, but the CO/system → C/system + ½ O2 (g) 
reaction energy −a measure of the C−O bond strength− does. The 



C−O bond strength follows the Ni1/CeO2(111) < Ni4/CeO2(111) ≈ 
Ni(111) trend, that is, the inverse trend of the non-oxidative C 
adsorption. The presence of Ni2+ sites not only favors the 
dissociation of O−H bonds but also makes more difficult the 
cleavage of C−O bonds. The stronger C−O bond provides an 
explanation of why on Ni/CeO2(111) catalysts at low Ni loadings  
the WGS reaction does not compete with the CO methanation 
reaction. 
 
Finally, Figure 1d compares turnover frequencies (TOFs) for the 
WGS reaction on Ni(111) and on a Ni/CeO2(111) surface with 
ΘNi≈0.15 ML). The results are compared to those for Cu(111) −a 
commonly used benchmark in studies of the WGS reaction. 
 
Significance 

The importance of metal-support interactions in the 
stabilization of Ni2+ species on CeO2(111) at low Ni loadings has 
been revealed. These species play an important role in the activity 
and selectivity of Ni/CeO2 catalysts for the water-gas shift reaction. 
Upon CO adsorption on these species, the C≡O bond is less 
weakened than on less oxidized Ni species. This is consistent with 
the inability of Ni2+ species to catalyze the CO methanation reaction. 
Moreover, Ni2+ species possess unique activity for the cleavage of 
O−H bonds. 
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