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Abstract Systematic density-functional calculations have
been performed to address an important issue for CO
oxidation on redox ceria: the role of lattice oxygen. One
major findings is that CO easily grasps one lattice oxygen
atom to form CO, and CO, on CeO, (111) and
Cep.75Z19250, (111) with small activation energies. Zr
dopants facilitate the reduction of Ce™ to Ce™ and hence
weaken the Ce—O bonds, which benefit the direct formation
and release of CO,.

Keywords Density-functional theory (DFT) - CO
oxidation - Zr-doped ceria - Vienna ab-initio simulation
package (VASP)

1 Introduction

Rational design of robust nanocatalysts for CO oxidation
and NOy reduction is crucial for many important applica-
tions such as pollution control and energy production.
Owing to its particular redox properties, ceria has been
extensively utilized in catalytic converters [1, 2].
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Significantly, its redox performance can be further
enhanced by the presence of various dopants, such as Zr*™,
Ca*" and some noble metal [3-6]. This offers a great
opportunity to control the activity and selectivity of oxide
catalysts with the aid of innovative nanofabrication tech-
niques. One of the most important tasks for fundamental
research is to attain a clear understanding of mechanisms:
(1) how lattice oxygen atoms contribute toward chemical
reactions and, (2) how dopants modify surface activity. It is
widely believed that CO directly combines with lattice
oxygen atom on ceria, through the Mars—van Krevelen
mechanism [7]. However, the relevant reaction dynamics
has not been satisfactorily unravelled. Shapovalov and
Metiu [8] recently investigated the effects of noble metal
dopants (Au, Ag and Cu) on the energetics of CO oxidation
on CeO, (111). Their density functional calculations indi-
cate that bonds between lattice oxygen and metal atoms
in oxide are significantly weakened by the presence of
dopants and hence the doped CeO, (111) surfaces become
much more active in both releasing CO, and healing
vacancies. Chen et al. [9] also found that Au adsorption on
Ce-vacancies activates O atoms nearby. In particular,
releasing and restocking oxygen through the redox pro-
cesses on ceria involve the Ce**/Ce®" transformation and
therefore it is crucial to study the effect of irreducible
dopants (e.g., Zr** and Ca®" dopants) on the charge state
of Ce.

The present paper reports results of systematic density
functional studies on the formation of CO, through direct
combination of CO and lattice oxygen on the clean and
doped ceria. Interestingly, we found a bent CO,, .4 structure
as the transition state for the reaction: CO + oxide —
CO,,q4s + deficient oxide, on the clean ceria (111) surface.
Zr-dopants further weaken the Ce—O bonds in the substrate
and therefore facilitate direct formation of CO + O —
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CO,,4a5- These findings provide clear evidence of lattice
oxygen contribution toward CO oxidation on ceria,
imperative for understanding of catalytic properties of
oxides.

2 Methodology and Computational Details

We used the Vienna ab-initio simulation package (VASP)
[10] to solve the spin-polarized Kohn—Sham equations. The
exchange and correlation interaction among electrons were
described at the level of the generalized gradient approxi-
mation (GGA), using the Perdew—Burke—Ernzerhof (PBE)
formula [11]. The Ce-5s5p5d4f6s, O-2s2p, C-2s2p, and
Zr-4s4p5s4d were treated as valence electrons while the
ionic cores were represented by the projector augmented
wave (PAW) potentials [12, 13]. To appropriately describe
the on-site Coulomb repulsion among Ce 4f electrons,
we introduced a Hubbard parameter, U, according to the
GGA + U scheme [14-17]. The value of U was chosen to
be 5 eV, for the best fitting against experimental results of
the bulk CeO, and CeO, _ , [15, 16]. An energy cutoff of
400 eV was used for the plane wave expansion. The
Monkhorst—Pack method [18], e.g., with (4 x 4 x 4) grids
for the bulk CeO,, was adopted for the Brillouin zone
sampling. The lattice size and atomic positions were opti-
mized with a criterion that requires force on each atom to
be less than 0.02 eV/A. The climbing image nudged elastic
band method (CI-NEB) [19] was employed to investigate
the transition states and minimum energy paths (MEP) for
adsorption and oxidation of CO on CeO, (111).

The calculated lattice constant for the bulk CeO, is 5.48
fA, a value that agrees well with the experimental data, 5.41
A [20]. The bulk Cey75Zrp,50, was constructed by
substituting one Ce in the 12-atom cubic cell of ceria with
Zr, and its optimized lattice size is 5.42 A, also in good
accordance with previous theoretical value, 5.39 A [21].
For the free CO and CO, molecules, it is known that GGA
leads to somewhat overestimated bond lengths but appro-
priate formation energies. Here, the calculated formation
energies of CO and CO, molecules are 258.9 and
202.5 kcal/mol, respectively, in good agreement with the
experimental values of 259 and 191.2 kcal/mol. (c.f. [22]
and references therein) Apparently, the computational
approach and parameters are adequate for the description
of both reactants and substrates.

We chose the (111) and (110) surfaces of clean and
Zr-doped ceria to demonstrate the orientation dependence.
They are two stable low index surfaces and have been
extensively studied [23, 24]. It is known that CO takes the
Ce site on the clean CeO, (111) surface but the adsorption
energy is very small, 3.9 kcal/mol [25] from GGA
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calculations and 4.2 kcal/mol from the present GGA + U
calculations. Therefore, CO molecules are highly mobile
on this substrate under ambient condition. In contrast, CO
tends to strongly bind to CeO, (110) at the O-bridge site
[25, 26]. Studies of these two surfaces thus cover extremes
of ceria toward catalyzing CO oxidation.

The CeO, (111) and Ceq 75Zr¢ 250, (111) surfaces were
modeled with periodic slabs consisting of 12 layers of
Ce(Zr) and O atoms and a vacuum region of 13 A thick
in the between. Atoms in the bottom six layers were fixed
at their bulk-like positions whereas those in the top six
layers were fully relaxed. The CeO, (110) and
Ce 75210250, (110) surfaces were modeled with slabs of
6 layers of Ce(Zr) and O atoms and a vacuum region of
13 A thick. The two bottommost layers were fixed in the
structural optimization procedure. Large unit cells in the
lateral plane were used to mimic cases with small CO
coverage.

3 Results and Discussion

It is known that CO weakly interacts with the clean CeO,
(111) surface, with an adsorption energy of 3.9 kcal/mol
and the preferential adsorption site is on top of Ce. How-
ever, this ground state adsorption geometry might not be
directly relevant to the redox process of CO on oxides
depicted as: CO + Op, — COg,g,s + di.. Here, O, and dp.
represent lattice oxygen atom and lattice deficiency left on
the substrate after the reaction, respectively. Obviously,
one crucial step is the onset of the formation of O-C-Oy,
bonds. To explore this possibility, we investigated various
metastable adsorption geometries for CO on CeO, (111).
As a result, we found an important configuration shown in
Fig. 1a that has a bent CO,,,q structure, formed with CO
and a lattice O atom. Here, the two C-O bonds are 1.24 A
and 1.37 A long and the O—C-O bond angle is 125.5°,
indicating strong binding between CO-Op. Through the
Bader charge analysis [27], we found that the total number
of valence electrons in the bent CO,,,4 group is 17.2, which
is one electron more than that of a free CO, molecule. We
hence call this charged bent COs,,q structure CO; species
below. Using the ground state adsorption configuration, the
bent CO,,,q group and CO,,q,s + dy as initial-final geom-
etries, the reaction path and adsorption energy were
obtained through the CI-NEB approach. In Fig. 2, it is
interesting to find out that the formation of the CO; species
is actually very close to the transition state. The activation
energy, which directly determines the reaction rate, is
about 14.6 kcal/mol. Therefore, this reaction has a high
probability to occur under typical reaction conditions.
Furthermore, total energy calculations indicate that the
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reaction pathway COgyy — COyq — CO,/CeO, (111) —
COy,0as + di. is exothermic, with an energy gain of
9.5 kcal/mol. Clearly, the CO; species prefers to desorb as
a group from the CeO, (111) substrate for the completion
of CO oxidation, after overcoming a very small energy
barrier (~ 1.0 kcal/mol). One may perceive a reaction
dynamics that CO pulls out one lattice O from the CeO,
(111) surface and directly oxidize in gas phase. Shapovalov
and Metiu [8] also found the bent CO, structure for CO on
CeO,(111) but they didn’t mention the charge state. The
presence of charge in CO; is essential for its bent shape
since it should behave like a NO, molecule which has an
O-N-O bond-angle of (132° £ 3°) [28]. If we add an
electron to a free CO, molecule, the O—-C-O bond-angle
also changes from 180° to 151°. The curves of density of
states (DOS) of ideal, bent and adsorbed CO, molecule are
shown in Fig. 3. Unlike a neutral CO, molecule, the bent
CO, structure has a much smaller gap between the
S5¢ — 2n* states. The energy difference between the
HOMO and LUMO states changes from ~6.5 eV for a
neutral CO, molecule to ~2.5 eV for a bent CO, structure.
This makes it much easier to host additional electrons in
the 2n* state, such as in CO; . On CeO,(111), the 27* state
further splits to two peaks ~ 1.0 eV apart, because of the
effect of the substrate. On the other side, the formation of
CO-Or, — CO,; also donates one electron back to oxide.
Note that the single state charge density also displays
contributions around the Ce atoms in Fig. 1a. This triggers
complete Ce*™ — Ce*" transformation for one Ce atom if
the local symmetry is broken, and will reduce the barrier of
the desorption of CO; and neutral CO, for the completion
of CO oxidation.

More dramatic effect is found when Zr dopant is intro-
duced. Zr is irreducible and thus may substantially change
the local chemistry. On the Ceg75Zr9,50, (111) surface,
neutral CO, molecule can be directly (non-activated)
formed when CO is adsorbed on top the surface O atoms
that are adjacent to the Zr dopant. As shown in Figs. 1b and
4a, a straight O—C-O geometry is the most stable adsorp-
tion configuration for CO on the Ce( 75721y 50, (111) sur-
face, with an adsorption energy of 18.5 kcal/mol. The C-O
bond length and the O-C-O angle are 1.20 A and 179.7°,
already very close to those of a free CO, molecule, 1.20 A,
and 180°, respectively. The Bader analysis [27] shows that
the CO, species has 16.01 valence electrons, and thus is
neutral. The first reaction step for CO oxidation on
Ceg 75219250, (111) can be depicted as: CO,q + O —
COja4 — COjgas + di. The energetics for the three
reaction steps are given in Fig. 4a, where it is obvious that
CO oxidation may take place easily since CO,q + O —
CO,,aq has zero energy barrier and CO,,,q = COp,g55 + di
only requires a small desorption energy, 6.5 kcal/mol.
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Fig. 1 Optimized structures with the density of states near the Fermi
level and the distribution of the excess electrons for CO adsorbed on
a C802 (111), b Ceo‘752r0‘2502 (111), and ¢ CCO‘75ZI'0A2502 (110) All
the calculations were done with spin polarization. In Fig. la and b,
only the majority spin states are shown since the systems converged
to nonmagnetic states. In panel ¢, the solid and dashed curves
represent results in the majority and minority spin channels,
respectively. Here and in the following figures, yellow, red, green
and brown spheres represent the Ce, O, Zr, and C atoms, respectively

Apparently, Zr dopants strongly change the reaction
mechanism of CO oxidation on the ceria (111) surface.
Unlike the clean CeO, (111) surface, Ceg75Zry250, (111)
efficiently attract CO molecules from the gas phase, as
suggested by the sizable adsorption energy of 18.5 kcal/
mol. On the other hand, Zr dopants reduce the energy cost
for the formation of oxygen vacancy [4, 29] and thus
increase the mobility of lattice oxygen atoms nearby [30].
If we define the formation energy of an O vacancy as:
Eyac = E(celly,e) + 1/2E(O,) — E(cell), where the E
(celly,.) and E (cell) are total energies of the optimized
surfaces with and without an oxygen vacancy, and E (O,) is
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Fig. 2 The calculated energy change along the optimized reaction
path for CO oxidation on CeO, (111) obtained through the NEB
approach. Insets also show the atomic structures of CO adsorption
state, transition state and the final state. Red balls are for oxygen, grey
balls are for carbon and white balls are for Ce, respectively

10 t
| —free CO,
— bent CO,
|
4
' ——bentCO,” on CeO,(111)
— 1
> |
Q@ |
I |
Q |
© |
o 5] !
2] |
O 1
(a] 1
|
! N
| N
1 HA
| I
0 T T ‘7|—A
4 3 4 5 8

EV)

Fig. 3 The density of states (DOS) for a CO, molecule in gas phase
(thin solid line), a bent CO, molecule (thin dashed line), and a bent
CO;, 2Llspecies on the CeO, (111) surface (thick solid line)

the total energy of an oxygen molecule in the gas phase, the
calculated value of E,,. for the undoped CeO, (111) sur-
face is 2.87 eV per vacancy. By contrast, E,,. of the
Ceg.75Z19250, (111) surface is reduced by approximately
20% to 2.35 eV. From the DOS curve plotted in Fig. 1b,
the gap state localizes on two of the Ce cations around the
vacancy, indicating that the two surface Ce*" cations are
already reduced to Ce*" cations. The surface structure is
therefore somewhat distorted. In Fig. 1b, the surface Ce-O
distances near the adsorption site elongated by 0.06 A as
compared to those before Zr-doping. Since the size of Ce>™
is larger than that of Ce*", the CO; 4 group is somewhat
“pushed” outward for the accommodation of Ce’™.
Meanwhile, Zr** is smaller than Ce**, and hence provides
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Fig. 4 Sketches of energy diagrams for CO adsorption and oxidation
on a Ce0_75Zr0_2502 (1 1 l) and b Ce0,752r0_2502 (1 10) “GS” denotes
the ground state for each system. “CO + Ceg 7521250, (111)” and
“CO + Ceg.75Zr0250, (110)” refer to the states of free CO molecules
with clean unreduced substrates before adsorption, while “CO, +
Ceo.75Zr02502 — x (111)” and “COg gos + Ceg.75Zr02502 — « (110)”
represent the states of free CO, molecules with reduced substrates
after CO, desorption

more space and releases the stress for the creation of Ce®"
cations. Note: The radius of Zr*" (0.84 A) is smaller than
those of Ce** (0.97 A) and Ce** (1.19 A).

It was believed that CeO,(110) surface is possibly more
active than the CeO, (111) surface. In recent calculations
[15, 31], it was found that O-vacancy may form more easily
on the (110) surface than (111) surface of ceria and the
departure of a neutral O atom leads to Ce*™ — Ce&*™
transformation of two Ce atoms on CeO, (110) [15].
However, no metastable CO, configuration was found for
CO on CeO; (110) and CO takes strong adsorption at the O-
bridge site as reported before. Therefore, the conjecture that
correlates the formation energy of dp to the activity of
oxides is questionable. The presence of Zr dopant promotes
the Ce*t — Ce*' reduction and hence should assist the
release of O, as attested by the reduction of the formation
energy of oxygen vacancy. The calculated E,,. values are
2.30 and 0.94 eV for CeO, _ , (110) and Ceg 7571950, _ «
(110), respectively. Indeed, a bent CO, ™ species was found
on Ceq 75219250, (110), as shown in Fig. lc. It has C-O
bonds of 1.26-1.28 A long and the O—C-O bond angle of
136.1°; and it possesses 16.8 valence electrons according to
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the Bader analysis. Nevertheless, as shown in Fig. 4b, the
total energy of the CO, ™ /Ceq 75219250, (110) configuration
is 71.5 kcal/mol higher than that of the ground state (i.e. the
O-bridging carbonate configuration) of CO/Ce 75Zrg 250,
(110). Moreover, the reaction COyq + Op — COs,g,¢ + di.
on the Ceg757Zry250, (110) surface is endothermic and the
energy cost is 17.5 kcal/mol if di is created at the Ce—Zr
bridge site. Therefore, we believe that Ceg 757150, (110)
is still inactive for direct CO oxidation, although it is
somewhat better than CeQO,(110). We found that CO,/
Ceg.75Z10.250; (110) is spin polarized, with a net magnetic
moment of 1.98 ug/cell. There are two pronounced peaks in
the band gap, shown in Fig. lc. The peak in the majority
spin channel contains about one electron and its wave
function localizes around the surface Ce cation. The peak
in the minority spin channel represents the HOMO of the
bent CO,~ species, the 2n* orbital.

Note that no NEB calculation is needed for processes
shown in Fig. 4a and b since (1) the formation of the
ground state CO,,,q structure on Ceg75Zr9,50, (111) is
direct and exothermic; and (2) the bent CO,,,q structure is
much higher in energy as compared with the adsorption
state for CO/Ceg75Zr5,50, (110) so the chance to this
structure is negligible.

4 Conclusion

In conclusion, we addressed an important issue for CO
oxidation on redox oxides: the role of lattice oxygen,
through systematic first principles studies. Unlike tradi-
tional density functional calculations, we explored meta-
stable geometries, in particular, those with the CO, 4
groups. It is intriguing that CO directly forms CO, with the
lattice O on CeO, (111) and Ceq75Zrp,50, (111) and
desorbs easily afterward from the deficient substrate. Zr
dopant can facilitate the CO oxidation process. This can be
attributed to several factors: (1) the smaller size of Zr*t
than Ce4+, which releases stress for the creation of Ce”;
(2) the smaller reduction energy [4, 29]; and (3) the higher
oxygen mobility of the Zr-doped ceria as compared with
the pure ceria [30]. Since the binding energies of CO are
rather high on the clean and Zr-doped CeO, (110), the
reaction can be easily poisoned and the (110) surfaces
remain inactive. We believe that the simple model here
captures the main step of the Mars—van Krevelen mecha-
nism of CO oxidation. Our findings satisfactorily explain
experimental observations [5] and give indispensable
insights for rational manipulations of composition and
structure of nanocatalysts that involve oxides.
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