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Formation of the cerium orthovanadate CeVQO,: DFT+U study
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We report density functional theory calculations of the structural, electronic, and thermodynamic properties
of cerium orthovanadate (CeVO,) employing the local density approximation (LDA), generalized gradient
approximation (GGA-PBE), LDA+ U, and GGA-PBE+ U functionals. The LDA+ U, GGA-PBE+ U, LDA, and
GGA-PBE equilibrium volumes deviate by —2.4%, +3.6%, —7.4%, and —0.8%, respectively, from experimental
results. DFT+ U (DFT) predicts an antiferromagnetic (ferromagnetic) insulating (metallic) ground state, which
is in agreement with experimental observations. DFT+ U yields Ce and V ions in the III+ and V+ oxidation
state, respectively. CeVO, can be obtained by the reaction between Ce,03 and V,05 [%C6203(S)+%V205(S)
—CeVOy(s)] under an inert atmosphere, which is described as exoenergetic (JAH|=1.6—1.8 eV) by all
functionals. The reaction %C6203(s)+%VZOS(S)HCeOz(sHVOZ(s) is exoenergetic with |AHy|=0.75, 0.25,
1.70, and 1.24 eV for LDA+U, GGA-PBE+U, LDA, and GGA-PBE, respectively. Hence, VV* is more easily
reduced to VIV* than CeV* to Ce'™, but the difference is small as obtained with DFT+U, PBE+U, in
particular. The variation of this reaction energy is due to the different performance of the various approaches
for the description of the change in oxidation state of cerium, IV+ to IlI+ [J. L. F. Da Silva et al., Phys. Rev.
B 75, 045121 (2007)]. The small difference between the VV and Ce!¥ reducibilities may have consequences

for the use of CeO, as support of V,05 catalysts in selective oxidation.
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I. INTRODUCTION

Several reactions are heterogeneously catalyzed by vana-
dium oxides.! Although unsupported vanadia is an active
catalyst, supported vanadium oxides are widely used. Activ-
ity, selectivity, and stability of such catalysts can be modified
by varying the support.>~* Among the different supports, e.g.,
Zr0O,, TiO,, Al,O5, SiO,, CeO,, and Nb,Os, ceria shows a
significant promoting effect. Hence, much effort has been
directed toward characterizing vanadia and/or ceria catalysts
(see, e.g., Refs. 5-9).

In situ spectroscopic studies of V,05/CeO, catalysts
show clear indications that cerium orthovanadate (CeVO,)
forms upon calcination and its abundance rising in propor-
tion to the vanadia loading on the CeO, support.”® CeVOy, is
also present in used V,05/CeO, catalysts for oxidative de-
hydrogenation reactions and is associated with some loss of
activity.”? As vanadia coverage increases, the product distri-
bution for V,05/CeO, and for pure CeVO, catalysts are
quite similar. These results indicate that the same active site
may be present on both catalysts, and the question of the
nature of the Ce-O-V bonds in CeVO, is particularly rel-
evant.

The formation of CeVO, is also of importance in the
functioning of gas turbines. The burning of low-quality fuels,
i.e., containing, for example, vanadium impurities, has a cor-
rosive effect on the ceria-stabilized zirconia ceramics used as
blade coatings while removing the stabilizer from zirconia
and forming CeVO,.'" In addition, CeVO, has attracted at-
tention due to its potential applications as a counterelectrode
in electrochromic windows,'"1? gas sensors, and components
of solid oxide fuel cells.'?

CeVO, can be synthesized by solid state reactions be-
tween cerium compounds and V,0s. The reaction between
cerium oxides with Ce in the I+ oxidation state (Ce,O3)
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and V,0s is represented by %CeZO3(s)+%V205(s)
—CeVOy,(s), which requires an inert atmosphere due to
the instability of the Ce™ compounds in air at high
temperatures.'* Furthermore, CeVO, can also be prepared by
the conventional solid state reaction of CeO, with Ce in the
IV+ oxidation state and V,0s in air, i.e., CeO,(s)
+%V205(S)—>CeVO4(s)+4]-102(g).15’16 In both reactions, (s)
and (g) indicate solid and gas phases, respectively. Further-
more, aiming at controlling the size of the synthesized
CeVO, particles, different techniques such as the sol-gel
route,'? microwave irradiation processing,'” and hydrother-
mal methods'® have been used.

As mentioned above, the Ce atoms are in the III+ and IV+
oxidation states in the CeO, and Ce,O; oxides,
respectively.'® Because also vanadium exhibits multiple va-
lences, the cerium oxidation state in CeVQ, is not obvious.
X-ray absorption spectra indicated that the oxidation state of
Ce atoms in CeVOy, is Ce™* 2% It was further found that it
was possible to create Ce'¥* by adding persulfate as an oxi-
dant. This implies that cerium is reduced during the solid
state reaction of CeO, and V,05 and that vanadium remains
in the VV* oxidation state. So far, CeVO, has only been
studied by means of a DV-X, embedded cluster (CeV,0,)
with frozen geometry calculation.?!

The determination of the electronic structure of CeVO,
appears desirable, and it can also provide useful information
leading to a better understanding of ceria supported vanadia
systems. Therefore, in the present work, we report a theoret-
ical investigation of the structural, electronic, and magnetic
properties of bulk CeVO, and discuss the cerium and vana-
dium oxidation states. Furthermore, we present results for
the CeVO, atomization energy, heat of formation, and reac-
tion energies for solid state reactions yielding CeVO,. As
required for the evaluation of the thermodynamic properties,
calculations were also performed for V,0s, while the total
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energies of the CeO,, Ce,03, and O, systems were calcu-
lated using the equilibrium parameters reported in Ref. 22
(see the Appendix).

II. THEORETICAL APPROACH AND
COMPUTATIONAL DETAILS

It is known that density functional theory?*** (DFT)
within the local density approximation® (LDA) or the gen-
eralized gradient approximation?® (GGA) often yields quali-
tatively incorrect results for f electron systems in which the
f orbital overlaps are small, the f bands narrow, and the f
electrons nearly localized.”” For example, DFT-LDA/GGA
calculations yield a ferromagnetic (FM) metallic ground state
for Ce,03, which is in contrast with experimental observa-
tions, i.e., Ce,0O5 is an antiferromagnetic (AFM) insulator.
This particular discrepancy is due to the localized behavior
of the Ce4f states (Ce'™) in Ce,05, which is incorrectly
described by DFT-LDA/GGA. However, DFT-LDA/GGA
yields the correct ground state (nonmagnetic insulator) for
CeO, due to the delocalized nature of the Ce4f states
(Ce™*) in Ce0,.?? The correct ground state for Ce,05 has
been obtained by DFT+U (Refs. 22, 28, and 29) and DFT
with hybrid functionals.?> There is not firm evidence for ei-
ther the localized or the delocalized character of the Ce 4f
states in CeVQy, which is crucial to determine the oxidation
state of the Ce atoms. Therefore, calculations employing
both DFT and DFT+U have been performed in the present
work.

The implementation of the DFT+ U method, the underly-
ing functional (LDA or GGA), in particular, has been found
to have some influence in the description of cerium com-
pounds with Ce™ ions (see, e.g., Ref. 30). Hence, both
LDA+U and GGA+U functionals are considered and dis-
cussed. V,0s, however, is described using plain DFT only.
Mainly because DFT+ U calculations of reaction energies for
solid state reactions yielding CeVO, requires the total energy
of V,0s, both LDA and GGA (PBE formulation, see Ref. 26)
calculations of V,05 are performed.

In DFT+U, a Hubbard U term corresponding to the
mean-field approximation of the on-site Coulomb interaction
is added to the LDA or GGA-PBE functionals. The rotation-
ally invariant approach proposed by Dudarev et al3! was
employed, where an effective parameter U.;=U—-J is intro-
duced. U and J are the Coulomb and exchange parameters,
respectively. The Hubbard term was added only to the Ce 4f
states in the CeVO,, CeO,, and Ce,05 systems, and values
of 530 and 4.50 eV were used in the LDA+U and
GGA-PBE+U calculations, respectively. These values were
calculated self-consistently by Fabris et al.3? using the linear-
response approach of Cococcioni and de Gironcoli,>® and
they were employed in previous calculations on CeO, and
Ce203'22,32

The Kohn-Sham equations were solved using the pro-
jected augmented wave (PAW) method,3*-3¢ as implemented
in the Vienna ab initio simulation package (VASP).’’-% In the
PAW method, the interaction between the ions and electrons
are described by the standard frozen-core potentials provided
with the VASP package, which were generated according to
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FIG. 1. (Color online) Bulk structures of CeVOQy,, CeO,, Ce,0s,
and V,0s. The Ce, V, and O atoms are indicated with their coordi-
nation as a superscript in parentheses. The dotted lines in the V,05
structure indicate the weak bond between the V,05 crystal layers.

the procedure outlined in Ref. 35. For Ce, V, and O atoms,
the (5s,5p,6s,4f,5d), (3s,3p,4s,3d), and (2s,2p) electrons
were treated as valence, respectively, while the remaining
electrons were kept frozen in the core. A plane-wave cutoff
energy of 400 eV was chosen for all calculations, except for
the stress tensor calculations for which we used a cutoff en-
ergy of 800 eV due to the slow convergence of the stress
tensor with the number of basis functions. The augmentation
charges were evaluated using an additional grid, which con-
tained eight times more points than the grid for the wave
functions determined from the cutoff energy. The projection
operators were evaluated in reciprocal space.

The Brillouin-zone integrations were performed using
Monkhorst-Pack grids,> namely, (6 X6 X 6) and (2 X 6 X 6)
for CeVO, and V,O0s, respectively. The equilibrium volumes
Vy were calculated by minimizing the stress tensor and all
internal degrees of freedom. The bulk moduli B, were ob-
tained by fitting the calculated total ground-state energies for
13 relaxed structures with fixed volumes to Murnaghan’s
equation of state.** All atom positions were relaxed until the
forces were smaller than 0.01 eV/A.

III. RESULTS AND DISCUSSION
A. Equilibrium volumes and bulk modulus

CeVO, has two polymorphs. The stable phase has a
zircon-type body-centered-tetragonal structure with space
group D),-14,/amd,'>*' whereas the metastable one (stable
above 400 °C) has a monoclinic huttonite-type structure
(C§,1—P21/n).'5 We consider only the zircon-type structure.
The conventional zircon-type unit cell, as shown in Fig. 1,
has 4 f.u., whereas the primitive unit cell used in the actual
calculations has 2 f.u. The Ce and V atoms are located at
(0,3/4,1/8) and (0,3/4,5/8) on the 4a and 4b Wyckoff
sites, respectively. The O atoms occupy the 164 Wyckoff
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TABLE 1. Bulk properties of CeVO,. Equilibrium lattice constants, a, and ¢, (in A), oxygen internal parameters (¢ and vg), nearest-
neighbor distances (in A), bulk modulus, B, (in Mbar), and total magnetic moment in uy per primitive unit cell, m (per cerium atom in
parentheses). FM and AF indicate ferromagnetic and antiferromagnetic spin configurations, respectively.

Spin ag Co uo vo Ce-O Ce-O V-0 By m

LDA+U FM 7.35 6.43 0.0708 0.2053 241 2.50 1.71 2.00 (0.96)
LDA+U AF 7.35 6.43 0.0708 0.2053 241 2.50 1.71 1.20 0.00 (0.96)
GGA-PBE+U FM 7.51 6.54 0.0720 0.2066 248 2.55 1.73 2.00 (0.96)
GGA-PBE+U AF 7.51 6.54 0.0721 0.2065 248 2.55 1.73 0.92 0.00 (0.96)
LDA FM 7.20 6.36 0.0668 0.2008 2.33 2.46 1.72 1.26 2.00 (0.70)
LDA AF 7.20 6.37 0.0664 0.2010 2.33 2.46 1.72 0.00 (0.43)
GGA-PBE FM 7.37 6.50 0.0687 0.2025 2.40 251 1.74 0.90 2.00 (0.76)
GGA-PBE AF 7.36 6.49 0.0682 0.2029 2.40 2.52 1.74 0.00 (0.65)
Expt.? 7.35 6.49 0.0716 0.2067 2.43 2.52 1.71

Expt.b¢ 7.40 6.50

aReference 41; x-ray diffraction (XRD) of Ce(V(.9rAS003)O4-
PReference 16; XRD of polycrystalline CeVO,.
‘Reference 13; XRD of single-phase powders of CeVOy.

sites (0,uq,vq), where ug and vg are internal parameters.
Thus, four parameters (ag, by, ug, and vg) determine the
complete CeVO, structure, namely, all atomic positions in
the supercell and the equilibrium volume V. The Ce, V, and
O atoms are eight-, four-, and threefold coordinated, respec-
tively. The eight O nearest neighbors of Ce are divided in
two groups of four atoms each, between which the bond
lengths differ slightly (0.09-0.13 A).

The calculated structural properties are shown in Table L.
The available experimental lattice parameters of CeVO,
have been determined by means of x-ray (powder)
diffraction;!>1%4! (XRD) however the internal parameters,
which determine the oxygen atomic positions, are reported
only in Ref. 41. The composition of the sample used in
Ref. 41 did not correspond to pure CeVO, but to
Ce(V.92A80,08)O4-

The equilibrium volume of CeVO,, which corresponds to
the AFM compound with LDA+ U and GGA-PBE+ U and to
the ferromagnetic (FM) one with LDA and GGA-PBE, devi-
ates by —2.4% (LDA+U), +3.6% (GGA-PBE+U), —7.4%
(LDA), and —0.8% (GGA-PBE) with respect to most recent
experiments.'>!® The LDA value is far from being satisfac-
tory, and that obtained using GGA-PBE does not reflect the
overestimation expected for GGA functionals.*>** This is in
line with recent results for Ce,O5 for which the equilibrium
volume is underestimated by 8.9% (LDA) and 2.7%
(GGA-PBE)?? and provides a hint that the description of the
electronic structure using the LDA and GGA-PBE function-
als might not be correct, as in the case of Ce,0O;.

For DFT+U, the equilibrium volume depends signifi-
cantly on the description of the plain DFT part (LDA versus
GGA-PBE). The inclusion of the Hubbard U term to LDA
and GGA-PBE increases the volume of CeVO, by about 5%
and 3%, respectively. Hence, LDA+ U yields an equilibrium
volume closer to the experimental result than the
GGA-PBE+U functional. This is again similar to the de-
scription of Ce,O5 with a volume increase by up to 6% with
the inclusion of U; however, the volume of CeO, changes

only slightly (=2%).?*> Also, for the internal parameters u
and v, the LDA+ U results are in better agreement with the
experimental values*' than the GGA-PBE+ U results. Thus,
the LDA+U yielded the best description of the lattice and
internal parameters for CeVO,.

Incorporation of a Hubbard U term acting only on the
Ce 4f states increases the Ce-O bond lengths by up to
0.08 A, but the V-O bond by 0.01 A only. This result once
more resembles the description of Ce,05 with an increase of
the average Ce-O bond length by 0.05 A on inclusion of U,
which is a reflection of the localization of the Ce 4f states by
the DFT+ U approach.?

Furthermore, the average experimental Ce-O bond length
of the eightfold coordinated Ce atoms in CeVO, of 2.48 A
(4X2.43 and 4x2.52 A) is closer to the value of 2.50 A in
Ce, 05 than to the 2.34 A in CeO,. In CeO,, the Ce atoms are
eightfold coordinated with a Ce-O bond length of
2.34 A, *47 whereas in Ce,0s;, the Ce atoms are sevenfold
coordinated with Ce-O bond lengths of 3X2.34, 1X2.43,
and 3 X2.69 A.*4 The increase in Ce-O bond lengths from
CeO, to Ce,O3 accompanies the change in the oxidation
state from Ce!V* to Ce'"™*.?2 Hence, the similarity of the av-
erage Ce-O bond length in CeVO, and Ce,0O5 might be taken
as indication that Ce''™ is present in both compounds.

Vanadium pentoxide is a nonmagnetic layered system
with a soft direction perpendicular to the V,0s5 layers (see
Fig. 1). Strong covalent bonding occur between the V and O
atoms in the layers, whereas weak van der Waals (vdW)
interactions exist between the layers. V,0s5 has an ortho-
rhombic structure with space group Déz-Pmmn.SO The primi-
tive unit cell comprises 2 f.u. with four crystallographically
inequivalent atoms, one vanadium and three oxygen atoms.
The oxygen atoms, usually denoted O<1), 0(2), and O(3>, have
different coordination. The vanadyl oxygen O, the bridging
oxygen O, and the O®) oxygen atoms are one-, two-, and
threefold coordinated, respectively (see Fig. 1). Vanadium is
coordinated to five oxygen atoms within a layer (O, O,
3xX0W), and there is a weak coordination to the O'") oxygen
of the layer beneath.
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TABLE I1. Bulk properties of V,0s. Equilibrium lattice constants, aq, bp, and ¢, (in A), nearest-neighbor distances (in A), bulk modulus,

PHYSICAL REVIEW B 76, 125117 (2007)

By (in Mbar), and V and O atom positions. The Wyckoff positions are given in brackets.

ag by co V-0 V-0 V-0 v-03") V-0 By
LDA 11.70 3.54 3.93 1.61 1.77 1.85 2.03 232 0.70
GGA-PBE 11.56 3.58 4.86 1.60 1.79 1.89 2.04 3.26 0.08
Expt.® 11.51 3.56 437 1.58 1.78 1.88 2.02 2.79

V [4f] (x.y,2)

O [4/] (x,y,2)

0@ [24] (x,y,2)

0% [4f] (x,y,2)

LDA (0.1021,1/4,0.8999)
GGA-PBE (0.1016,1/4,0.8906)
Expt.2 (0.1011,1/4,0.8917)

(0.1013,1/4,0.4908)
(0.1061,1/4,0.5619)
(0.1043,1/4,0.5310)

(1/4,1/4,-0.0113)
(1/4,1/4,-0.0009)
(1/4,1/4,+0.0010)

(~0.0676,1/4,0.0032)
(~0.0683,1/4,0.0082)
(~0.0689,1/4,0.0030)

4Reference 50.

Table II shows the optimized lattice parameters, ag, by,
and ¢, and the fractional coordinates using the LDA
and GGA-PBE functionals and compares them with
experiment.’® The deviations of the calculated values from
the observed ones are in agreement with those published pre-
viously using LDA3'"3? and GGA functionals.’>>*-7 LDA
underestimates the V,05 equilibrium volume and ¢, by 9.1%
and 10.1%, respectively, whereas GGA-PBE overestimates
them by 12.3% and 11.2%, respectively. LDA and GGA-
PBE yield also very different values for the (weak) bond
between the V atoms and the O oxygen of the layer be-
neath (cf. Table II). The LDA result is shorter than the mea-
sured value by ~17%, whereas the GGA-PBE is larger by
the same amount. As discussed before,’®57 the LDA and
GGA-PBE deviations in the equilibrium volume and ¢ lat-
tice constant are a consequence of the poor description of the
vdW interactions between the V,0s5 layers, which are not
properly taken into account in DFT within local and
gradient-corrected functionals.’

In Fig. 2, we show the LDA and GGA-PBE potential
energy surfaces of V,05 as a function of the interlayer sepa-
ration ¢ for the unrelaxed (equilibrium geometry) and re-
laxed internal degrees of freedom, with the a and b lattice
parameters held fixed at their equilibrium values, a, and b,
respectively. One can see that for both functionals, there is a
minimum. We obtain with LDA an interaction energy be-
tween the V,0Oj5 layers of 1.78 and 1.40 eV for the unrelaxed
and relaxed geometries, respectively, whereas with GGA-
PBE, we find 0.23 and 0.21 eV, respectively.

As already mentioned, the coordination of V in CeVOy, is
tetrahedral, which is a characteristic of all vanadate crystals.
AIVO,, in particular, has been recently studied in order to
get insight into the nature of the Al-O-V bonds as vanadia
and/or alumina catalysts possess such bonds.®® AIVO, and
CeVOy, are not isostructural. The unit cell of the former is

triclinic with space group P1.°! The system contains two-
and threefold coordinated O atoms, five- and sixfold coordi-
nated Al atoms, and fourfold V atoms. The AIVO, structure
possesses three symmetry-inequivalent VO, tetrahedra. The
experimental V-O bond length in CeVO, of 1.71 A lies in
the 1.62—1.84 A range of the values reported for AIVO,
with average values of 1.72, 1.73, and 1.74 A for the three
VO, tetrahedra.!

The calculated bulk modulus of CeVO, is 1.26 and
0.90 Mbar with LDA and GGA-PBE, respectively. Inclusion
of the Hubbard U term yields changes of approximately —5%
and +2%, respectively. A similar change has been found for
Ce, 03 in going from LDA to LDA+ U, whereas GGA-PBE
+U yields a 3% smaller value than GGA-PBE.?? For V,0s,
we find the usual combination of overestimated (underesti-
mated) equilibrium volumes and underestimated (overesti-
mated) bulk moduli, typical of GGA-PBE (LDA) (see, e.g.,
Ref. 43). These correlations are certainly not to be expected
for CeVO, (and Ce,03) in line with the underestimated equi-
librium volume of CeVO, (and Ce,03) by both functionals.
The large difference of about 0.6 Mbar between the GGA-
PBE and LDA bulk modulus for V,Os is related to the strong
(LDA) and weak (GGA-PBE) binding between the crystal
layers (cf. Table II). The corresponding difference for CeO,
is about 0.3 Mbar (2.01 and 1.72 Mbar for LDA and GGA-
PBE, respectively).?
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FIG. 2. (Color online) Unrelaxed and relaxed potential energy
surfaces of V,0j5 as a function of the interlayer separation between
the V,05 layers. ag and b, were kept fixed at their equilibrium
values.
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FIG. 3. (Color online) CeVOy total and local densities of states,
TDOS and LDOS, respectively; just the main Ce f, Vd, and O p
components of the TDOS are shown. The zero energy corresponds
to the top of the valence band. Only the spin-up component of the
FM (AF) spin solution for LDA and GGA-PBE (LDA+U and
GGA-PBE+U) is shown.

B. Magnetic and electronic properties

The total and local densities of states (DOSs) for CeVO,
and V,05 are summarized in Figs. 3 and 4, respectively.
DFT+U yields a magnetic insulating ground state for
CeVO,, which is in agreement with experimental studies that
characterized CeVO, as a p-type semiconductor by the See-
beck effect.'® However, the LDA and GGA-PBE functionals
incorrectly predict a magnetic metallic ground state with the
Fermi level intersecting the 4f band. Therefore, as shown by
the DOS, the inclusion of the Hubbard U term in the LDA
and GGA-PBE functionals yields a narrow (occupied) 4f
band located about 1.0 and 1.3 eV, respectively, below the
bottom of the conduction band, which is formed predomi-
nantly by V 3d states and Ce 5d+4f states.

DFT+U leads to AFM solutions that are lower in energy
by 2 meV (LDA+U) and 1 meV (GGA-PBE+U) than the
FM ones. As for the Ce,05 system,?? the AFM and FM mag-
netic states are nearly degenerated in energy. The LDA and
GGA-PBE functionals predict a FM metallic ground state,
which is 61 meV (LDA) and 64 meV (GGA-PBE) lower in
energy than the AFM solution. The occupation of the Ce 4f
states is almost one electron per Ce atom, which gives rise to
a spin magnetic moment of =1.0 ug per Ce atom. This result
is consistent with the measurement of the inverse suscepti-
bility versus temperature of a slightly reduced sample
(CeVO;943), which exhibits an AFM interaction and an ef-
fective magnetic moment of w.=1.29 ug per Ce atom."
For neither AFM nor FM solutions from the DFT+U func-
tionals, we find any contribution from the V 3d states to the
total magnetic moment. In contrast, LDA and GGA-PBE
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FIG. 4. (Color online) V,0s5 total and local densities of states,
TDOS and LDOS, respectively; just the main V d and O, O®@),
and O© p components of the TDOS are shown. The zero energy
corresponds to the top of the valence band.

predict that both the Ce 4f states and V 3d states contribute
with almost 70% and 30%, respectively, to the total magnetic
moment of 1.0 ug per Ce atom of the FM ground states (see
Table 1), i.e., the spin-polarized electrons are delocalized
over the cerium and vanadium atoms.

As already mentioned, CeVO, forms upon calcination of
V,05/CeO, catalysts or during hydrocarbon oxidation reac-
tion, and x-ray photoelectron spectroscopy® and electron
paramagnetic resonance measurements’ hinted the presence
of Ce!™ and VV*, respectively. The present DFT+U results
for CeVO, support this assignment. The narrowness and oc-
cupation of the Ce 4f states constitute a clear proof for the
localized character of these states with concomitant existence
of Ce™ ions.

For V,05, LDA and GGA-PBE lead to a nonmagnetic
insulating ground state (see Fig. 4), which is in agreement
with previous theoretical studies using local and gradient-
corrected functionals,’'3 as well as with experiment
results.52%3 The calculated band gaps are 1.38 eV (LDA) and
2.06 eV (GGA-PBE). Experimentally, an optical band gap of
~2.3 eV is observed.®>3 We obtain the expected underesti-
mation of band gaps using plain DFT. However, depending
on the functional, there are significant differences in the size
of the band gap and the width of the valence band of pre-
dominantly O 2p character (see Fig. 4). We ascribe these
differences to the large discrepancy between the GGA-PBE
and LDA results for the equilibrium volume, the interlayer
spacing between the V,0s layers (cf. chA'P BE ckDA
=0.93 A), in particular. The shorter interlayer spacing yields
a larger bandwidth and a smaller band gap. LDA and GGA-
PBE calculations performed for the experimental equilibrium
volumes yield band gaps of 2.21 and 2.27 eV, respectively,
and similar valence bandwidths of ~5eV. The latter matches
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well with values obtained from angle-integrated® and angle-
resolved ultraviolet photoemission spectroscopy for crystal-
line V,05.% A closer look at the local density of states
(LDOS) of the oxygen atoms labeled by OV, 0@, and O®)
reveals differences, which reflect their different coordination
(cf. Fig. 1), as earlier noticed.”'~>3

C. Thermodynamic properties

The following energy differences will be discussed: (i)
atomization energies E,, (ii) heats of formation AHj, and
(iii) reaction energies AH, involved in the formation of
CeVO,. To calculate E,, AH{, and AH|, and for the discus-
sion below, the total energies E,, of CeO,, Ce,0O3, V,0s,
VO,, bulk Ce, bulk V, and O, and the Ce, V, and O atoms are
required (see the Appendix).

The total energies of the free Ce, V, and O atoms were
obtained from spin-polarized calculations using an ortho-
rhombic box (12X 13 X 14 A%) with no constraint on the oc-
cupation of the electronic states. The total energies of CeO,,
Ce,03, VO,, bulk Ce, bulk V, and O, were calculated em-
ploying the equilibrium parameters reported in the Appendix
(Table V), which were obtained using the same procedure
and computational parameters as those used for CeVO, in
the present work. The equilibrium parameters reported in
Table V for CeO,, Ce,03, bulk Ce, and O, are discussed
elsewhere,?> whereas the structural properties of VO, and
bulk V have been discussed early in the literature and will
not be discussed in this work. For the particular case of O,
the atomization energy was computed using also a hard O
PAW potential with a cutoff energy of 1000 eV because of
the small bond distance in O,. In the following, when the O,
atomization energy is used for the calculation of other energy
differences, the value obtained with the hard PAW O poten-
tial is to be understood. Zero-point vibrational energy contri-
butions and temperature effects were not included in our cal-
culations.

1. Atomization energies and heats of formation

The Hubbard U term was added only to the Ce 4f states in
CeVO,, Ce0,, and Ce,0s3, i.e., it was not added to the cal-
culations of the free Ce atoms. Hence, the discussion of the
atomization energies and heats of formation is based only on
LDA and GGA-PBE results. For example, for CeVQy,, the
atomization energy is given by the following equation:

ngvo“ =EC 4+ EY 4+ 4EC — ECVOs. (1)

tot tot tot tot

where ESE/ V/0 s the total energies of the free Ce, V, and O
atoms, respectively, while Etcofvo“ is the total energy of the
bulk CeVO,. The atomization energies of CeVO, and V,05
are summarized in Table III. The heats of formation and
reaction energies, which will be discussed below, can be cal-
culated using atomization energies; hence, we report the cal-
culated E, values for all relevant systems in Table III.

For all systems, the LDA atomization energies are larger
than the GGA-PBE results, which have been commonly ob-
tained in DFT studies (see, e.g., Refs. 43 and 66). To the best
of our knowledge, experimental E, values for CeVO, and
V,05 are not available. For bulk Ce, the GGA-PBE and

PHYSICAL REVIEW B 76, 125117 (2007)

TABLE III. Atomization energies E, and heats of formation
AH,. All results are given per f.u.

Ey (V) AHy (eV)

System LDA  GGA-PBE LDA GGA-PBE
CeVO, 46.93 40.84 -19.61 ~17.80
V,0s5 50.29 43.30 ~18.00 ~15.70
CeO, 24.55 21.15 ~11.49 -10.36
Ce,05 40.41 34.96 ~18.07 -16.49
VO, 22.50 19.22 -8.24 -6.98
Bulk Ce 5.51 4.58

Bulk V 6.71 6.04

0, 7.51 6.11

o! 7.55 6.21

LDA E, values deviate by 0.26 and 1.19 eV/Ce, respec-
tively, from the experimental value of 4.32 eV/Ce.%” For O,,
similar deviations from the experimental value (5.25 eV/O,,
Ref. 68) are obtained, namely, 0.96 (GGA-PBE) and
2.30 (LDA) eV/0,. The O, atomization energy increases by
100 and 40 meV/O, if a harder O PAW potential is used
with GGA-PBE and LDA, respectively.

The heat of formation of CeVO,, for example, is given by

eVO, _ -CeVO, _ pbulk Ce _ pbulk V 0,
AH? - Elot - Etot - Etot - 2Et0[’ (2)

where Ebulk Ce/bulk V/O,

ot are the total energies of the bulk Ce,
bulk V, and of the O, molecule, respectively. AH?VO4 can
be calculated using the atomization energies in which
Elta:;lk Celbulk VIO ¢y6u1d be replaced by — Egtulk Cefbulk VIOy The
LDA and GGA-PBE heats of formation of CeVO, and V,05
are summarized in Table IIl. As a consequence of the larger
overestimation of E, by LDA compared to GGA-PBE, the
LDA heats of formation are also larger than the correspond-
ing GGA-PBE results. For the case of V,05, the GGA-PBE
(~=15.70 eV) result is close to the experimental result of

-16.07 eV,>® while the LDA result differs by =2 eV.

2. Reaction energies

As mentioned in the Introduction, CeVO, can be synthe-
sized by solid state reaction between Ce,0O5; and V,0s, i.e.,

1 1
EC6203(S) + 5V205(S) — CCVO4(S) . (3)
The reaction energy for this reaction can be obtained by

Another route to obtain CeVO, involves CeO, and V,Os,
ie.,

CeOy(s) + %V205(s) — CeVO,(s) + iOz(g), (4)

for which the reaction energy is given by
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TABLE IV. Reaction energies (AH, in eV).

Equation No. Reaction LDA GGA-PBE  LDA+U  GGA-PBE+U
3) 3Ce;03+5V,05—CeVO, -1.58 -1.71 -1.61 -1.78

) Ce0,+3V,05—CeVO,+30,  +0.88 +0.41 -0.10 —0.66
(5)=@ —(3) CeO,— 1Cer03+30, +2.46 +2.11 +1.51 +1.12

(6) 1V,05—V0,+350, +0.76 +0.87

(1) =(6) = (5)  3Ce,03+3V,05—Ce0,+VO, —1.70 -1.24 -0.75 -0.25

_ 7CeVOy 0, _
_Etot + Etot

Ang (4) EC602 VZOS . (4 r)

tot tOt

The reaction energies are summarized in Table IV.

All functionals predict the first reaction [Eq. (3)] to be
exoenergetic within a 0.2 eV energy range, which suggests a
fortuitous error cancellation between the required total ener-
gies. Those of CeVO, and Ce,O5 correspond to the FM me-
tallic and AFM insulating ground state with plain DFT and
DFT+U, respectively. The second reaction [Eq. (4)], how-
ever, is described as endoenergetic with LDA and GGA-PBE
and as exoenergetic with DFT+U. Note that Ang' @ values
lie within a ~1.5 eV energy range.

The experimental reaction energies corresponding to Eqs.
(3) and (4) are not known. However, the reduction energy of
CeO, to Ce,03, i.e.,

1 1
Ce0s(s) — 5 Cex05(s) +, Ose). (5)
given by

2EC602, (5/)

1
Ce,03 0, _
E + —F ot

Angs tot 2 tot
is (not very accurately) known (1.79-2.02 eV).%70 AHE9?
equals Ang'4—Ang'3 (cf. Table IV). This reaction corre-
sponds to the cerium oxidation state change from Ce!V* to
Celll+

We have recently calculated AHEq ) and have found that
LDA and GGA-PBE overestimates the AHEq ®) reaction
energy?> by about 0.10-0.44 eV compared to the most
recent experimental data (2.02eV).” LDA+U and
GGA-PBE+U underestimate AH™" ' by 05eV and
0.89 eV, respectively. Thus, Ang‘ ©) values (also) lie within
a fairly wide energy range (~1.3 eV). As argued in Ref. 22,
these deviations are largely related to a different description
of the binding of the O, molecule for the LDA and GGA-
PBE functionals; the relatively small deviation for the GGA-
PBE case is most likely due to a fortunate cancellation of
errors and not to a proper description of cerium oxides.

If we make use of the experimental value of 2.02 eV for
AHEq ©) and estimate the reaction energy between CeO, and
V205 as AHEq (3)+AH§CL€(5) we obtain an endoenergetic re-
action with all functionals (AH,, o 4 _0.24-0.44 eV). These
results, together with the discussion in Secs. III A and III B
on the Ce and V oxidation state in CeVQ,, indicate that out
of the two reactions between cerium oxides and vanadium

pentoxide, only the reaction is exoenergetic for which the
oxidation state of Ce (and V atoms) in the reactants
and product is the same, i.e., %Cezlll+03+%V2V+05
N CGIII+VV+O4.

When V,05 supported on CeO, is used as a catalyst in
selective oxidation reactions, it is assumed that VV* is re-
duced to VIV* (or V™). The reducibility of V,0s can be
described by the reaction

1 1
£V205(S) — VOz(S) + ZOz(g), (6)
with a reaction energy given by

1 1
VO O V,0 ’
=E "+ 4Et0% EElO% 5. (6")

AHEq (6) _
Instead of the VV* — VIV* reduction, Ce’V* may be reduced
to Ce'™, which, as already mentioned, is described by Eq.
(5). The reaction

1 1

5C€203 + EV205 — CCOZ + VOz, (7)
with corresponding reaction energy at zero temperature
given by

_ CeO2 VO, _
=L, *+E

lECe2O3 _ lEt\;%OS, (7/)

AH gq' @ o Ttot )

describes the relative reducibility of CeO, and V,0s.
Ang' D equals Ang' (6)—AH§q' ®) Table TV shows that
this reaction is exoenergetic with 1.70, 1.24, 0.75, and
0.25 eV for LDA, GGA-PBE, LDA+U, and GGA-PBE+U,
respectively. Hence, VV* is more easily reduced to VIV* than
CeV* to Ce'™, but the difference is small as obtained with
DFT+U, GGA-PBE+U, in particular. The variation in the
magnitude of this reaction energy is due to the already men-
tioned different performances of the various approaches for
the description of the change in oxidation state of cerium,
IV+ to III+. A small difference between the VV* and Ce'V*
reducibilities such as ~0.2 eV may have consequences for
the catalytic activity of vanadia supported on ceria. There-
fore, the comparison of reactions (3) and (7) indicates that
formation of the CeVO, phase will strongly favor the
Ce™VV* direction.

IV. SUMMARY

We have investigated the structural, electronic, and ther-
modynamic properties of CeVO, by DFT calculations using
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TABLE V. Equilibrium parameters (in A).

TABLE VI. Total energies in eV/f.u.

PHYSICAL REVIEW B 76, 125117 (2007)

LDA GGA-PBE System LDA GGA-PBE LDA+U  GGA-PBE+U
System ay Co ay o CeVO, -57.4698  -52.8259  -56.4640 -52.2515
CeO, —28.9003  -26.2761 -26.9181 —24.6363
CeO, 5.37 5.47
) Ce,0; -47.6329  -43.3319  -45.5614 —42.0403
CeO, 5.40* 5.49*
V,05 —64.1551 —-58.9066
Ce,04 3.77 5.88 3.83 6.08
. ) ) ) VO, -28.6902  —-26.0832
Ce,04 3.86% 5.96* 3.922 6.18%
: Bulk Ce  —-6.8984 -5.9351
VO, 4.52 2.77 4.60 2.85
Bulk V —-9.9380 -9.1252
Bulk Ce 451 473
0, -10.4750 —9.8785
Bulk V 2.93 3.00 "
0, -10.7213  -10.0501
0, 1.22 1.23
h O atom —-1.4821 —1.8864
0, 1.21 1.22 A
O" atom  -1.5873 -1.9206
“These results were calculated with DFT+ U. Ce atom  —1.3872 ~1.3567
V atom -3.2275 -3.0868

the LDA, GGA-PBE, LDA+ U, and GGA-PBE+ U function-
als. V,0s, a reactant in the solid state reactions yielding
CeVO,,">!% has also been considered in detail, whereas the
other reactants, namely, CeO, or Ce,05, were calculated us-
ing the structures reported in Ref. 22.

For CeVO,, the equilibrium volume deviates by —2.4%
(LDA+U), +3.6% (GGA-PBE+U), -7.4% (LDA), and
-0.8% (GGA-PBE) with respect to the most recent
experiments.'>!® DFT+U yielded larger equilibrium vol-
umes than DFT, which is explained as a consequence of the
localization of the Ce4f states in CeVO, with DFT+U.
Similar trends were obtained for Ce,05.2> We found that the
average Ce-O bond length in CeVO, and Ce,O5 are compa-
rable and shorter by ~0.15 A than that in CeO,. Thus, these
structural similarities hint at Ce atoms having the same oxi-
dation state in CeVO, and Ce,0;, namely, Ce™.

DFT+U yielded an AF insulating ground state (only the
Ce 4f states contribute to the total magnetic moments),
which is in agreement with experimental observations.!>%By
contrast, LDA and GGA-PBE predict a FM metallic ground
state. Moreover, the DFT+ U LDOS indicates that the high-
est occupied band is formed mainly by Ce 4f states, which
are strongly localized. These findings resemble those for
Ce,035 in Ref. 22, which provides further support to our oxi-
dation state assignment of Ce™ in CeVO,.

The structural properties of V,05 are in good agreement
with experimental results®® with the exception of the inter-
layer distance between the V,05 layers, which is largely un-
derestimated (overestimated) by LDA (GGA-PBE). We at-
tribute the shortcoming to the improper description of the
weakly interacting V,05 layers by the LDA and GGA-PBE
functionals.”®

The reaction of Ce,O3 with V,0s5 is predicted to be ex-
oenergetic by all functionals (|AH,|=1.6—1.8 eV). For the
reaction of CeO, with V,0s, however, the different function-
als yield results in a wide energy range of ~1.5 eV. Since
the experimental energies are not known, comparison is not
possible. Notably, for the CeO2—>%CeZO3+}‘O2 that de-
scribes the Ce'v* — Ce!'"™ change in cerium oxidation state, a
similar performance of the various functionals has been ob-
served with LDA+U yielding a better account for most
properties.??

The DFT + U calculated structural, electronic, and thermo-
chemical properties of CeVO, provide sound arguments in
favor of the III+ and V+ oxidation states of Ce and V ions,
respectively, and support the values inferred from
experiment.®® Furthermore, we argue that the CeVO, phase
forming in V,05/CeO, catalysts is most likely to contain
Ce™ and VV* cations. Thus, the present study provides an
important tool for obtaining insight into the possible changes
occurring to ceria supported vanadia catalysts during prepa-
ration and/or reaction.

We conclude that DFT + U, in particular, LDA+ U, yields
a better account than DFT for most of the CeVO, properties.
It is, however, also clear that shortcomings remain, in par-
ticular, in the description of the reaction energies, which il-
lustrates the theoretical difficulties arising from electron lo-
calization. For ceria, it has been shown that further
improvements are possible with hybrid functionals that in-
clude a percentage of the exact exchange.??
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APPENDIX

Table V summarizes the equilibrium parameters of CeO,
(fluorite type, Fm3m), Ce,O5 (sesquioxide A type, P3m1),
VO, (rutile), bulk Ce (face-centered cubic), bulk V (body-
centered cubic), and of the O, molecule, which were em-
ployed in the total energy calculations required in Sec. III.
The respective total energies are summarized in Table VI.
They were obtained using standard PAW potentials provided
within VASP and 400 eV for the cutoff energy, except for the
0% and 0", which were calculated using hard PAW and oxy-
gen PAW potentials and 1000 eV for the cutoff energy.

125117-8



FORMATION OF THE CERIUM ORTHOVANADATE CeVOy: ...

*Present address: National Renewable Energy Laboratory, 1617
Cole Blvd., Golden, CO 80401; juarez_dasilva@nrel.gov

fvgp@chemie.hu-berlin.de

*js@chemie.hu-berlin.de

I'B. M. Weckhuysen and D. E. Keller, Catal. Today 78, 25 (2003).

2A. Khodakov, B. Olthof, and A. T. Bell, J. Catal. 181, 205
(1999).

3M. A. Baiiares, M. V. Martinez-Huerta, X. Gao, J. L. G. Fierro,
and 1. E. Wachs, Catal. Today 61, 295 (2000).

1. E. Wachs, Catal. Today 100, 79 (2005).

3J. M. Vohs and G. S. Wong, Catal. Today 85, 303 (2003).

ST. Feng and J. M. Vohs, J. Catal. 221, 619 (2004).

7W. Daniell, A. Ponchel, S. Kuba, F. Anderle, T. Weingand, D. H.
Gregory, and H. Knozinger, Top. Catal. 20, 65 (2002).

8B. M. Reddy, A. Khan, Y. Yamada, T. Kobayashi, S. Loridant,
and J.-C. Volta, J. Phys. Chem. B 107, 5162 (2003).

9M. V. Martinez-Huerta, J. M. Coronado, M. Fernandez-Garcia, A.
Iglesias-Juez, G. Deo, J. L. G. Fierro, and M. A. Baiares, J.
Catal. 225, 240 (2004).

10R. L. Jones and C. E. Willians, Surf. Coat. Technol. 32, 349
(1987).

1G. Picardi, F. Varsano, F. Decker, U. Opara-Krasovec, A. Surca,
and B. Orel, Electrochim. Acta 44, 3157 (1999).

12U. 0. Kragovec, B. Orel, A. Surca, N. Bukovec, and R. Reisfeld,
Solid State Ionics 118, 195 (1999).

BE. V. Tsipis, M. V. Patrakeev, V. V. Kharton, N. P. Vyshatko, and
J. R. Frade, J. Mater. Chem. 12, 3738 (2002).

141, H. Brixner and E. Abramson, J. Electrochem. Soc. 112, 70
(1965).

I5M. Yoshimura and T. Sata, Bull. Chem. Soc. Jpn. 42, 3195
(1969).

16 A. Watanabe, J. Solid State Chem. 153, 174 (2000).

I7H. Wang, Y.-Q. Meng, and H. Yan, Inorg. Chem. Commun. 7,
553 (2004).

I8F Luo, C.-J. Jia, W. Song, L.-P. You, and C.-H. Yan, Cryst.
Growth Des. 5, 137 (2005).

19 A. Trovarelli, Catal. Rev. - Sci. Eng. 38, 439 (1996).

20R. F. Reidy and K. E. Swider, J. Am. Ceram. Soc. 78, 1121
(1995).

2IE W, Kutzler, D. E. Ellis, D. J. Lam, B. W. Veal, A. P. Paulikas,
A.T. Aldred, and V. A. Gubanov, Phys. Rev. B 29, 1008 (1984).

227 L. F. Da Silva, M. V. Ganduglia-Pirovano, J. Sauer, V. Bayer,
and G. Kresse, Phys. Rev. B 75, 045121 (2007).

23P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).

24W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).

23], P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992).

265 P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

27V. 1. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev. B 44,
943 (1991).

28C. Loschen, J. Carrasco, K. M. Neyman, and F. Illas, Phys. Rev.
B 75, 035115 (2007).

2D. A. Andersson, S. I. Simak, B. Johansson, I. A. Abrikosov, and
N. V. Skorodumova, Phys. Rev. B 75, 035109 (2007).

30M. V. Ganduglia-Pirovano, A. Hofmann, and J. Sauer, Surf. Sci.
Rep. 62, 219 (2007).

31S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys,
and A. P. Sutton, Phys. Rev. B 57, 1505 (1998).

328, Fabris, S. de Gironcoli, S. Baroni, G. Vicario, and G. Balducci,
Phys. Rev. B 72, 237102 (2005).

PHYSICAL REVIEW B 76, 125117 (2007)

3M. Cococcioni and S. de Gironcoli, Phys. Rev. B 71, 035105
(2005).

34P. E. Blochl, Phys. Rev. B 50, 17953 (1994).

3G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).

360, Bengone, M. Alouani, P. Blochl, and J. Hugel, Phys. Rev. B
62, 16392 (2000).

37G. Kresse and J. Hafner, Phys. Rev. B 48, 13115 (1993).

3G, Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169 (1996).

39H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).

40F, D. Murnaghan, Proc. Natl. Acad. Sci. U.S.A. 50, 697 (1944).

41C. Baudracco-Gritti, S. Quartieri, G. Vezzalini, F. Permingeat, F.
Pillard, and R. Rinaldi, Bull. Mineral. 110, 657 (1987).

42M. Fuchs, J. L. F. Da Silva, C. Stampfl, J. Neugebauer, and M.
Scheffler, Phys. Rev. B 65, 245212 (2002).

#J. L. F. Da Silva, C. Stampfl, and M. Scheffler, Surf. Sci. 600,
703 (2006).

4S.J. Duclos, Y. K. Vohra, A. L. Ruoff, A. Jayaraman, and G. P.
Espinosa, Phys. Rev. B 38, 7755 (1988).

L. Gerward and J. S. Olsen, Powder Diffr. 8, 127 (1993).

40, Nakajima, A. Yoshihara, and M. Ishigame, Phys. Rev. B 50,
13297 (1994).

4TL. Gerward, J. S. Olsen, L. Petit, G. Vaitheeswaran, V. Kanchana,
and A. Svane, J. Alloys Compd. 400, 56 (2005).

48H. Pinto, M. H. Mintz, M. Melamud, and H. Shaked, Phys. Lett.
88A, 81 (1982).

Oy, Bérnighausen and G. Schiller, J. Less-Common Met. 110, 385
(1985).

S0R. Enjalbert and J. Galy, Acta Crystallogr., Sect. C: Cryst. Struct.
Commun. 42, 1467 (1986).

SV, Eyert and K.-H. Hock, Phys. Rev. B 57, 12727 (1998).

52X Yin, A. Fahmi, A. Endou, R. Misura, L. Gunji, R. Yamauchi,
M. Kubo, A. Chatterjee, and A. Miyamoto, Appl. Surf. Sci. 130,
539 (1998).

S3A. Chakrabarti, K. Hermann, R. Druzinic, M. Witko, F. Wagner,
and M. Petersen, Phys. Rev. B 59, 10583 (1999).

547, S. Braithwaite, C. R. A. Catlow, J. D. Gale, and J. H. Harding,
Chem. Mater. 11, 1990 (1999).

3G. Kresse, S. Surnev, M. G. Ramsey, and F. P. Netzer, Surf. Sci.
492, 329 (2001).

0V, Brazdova, M. V. Ganduglia-Pirovano, and J. Sauer, Phys. Rev.
B 69, 165420 (2004).

STM. V. Ganduglia-Pirovano and J. Sauer, Phys. Rev. B 70, 045422
(2004).

S8H. Rydberg, M. Dion, N. Jacobson, E. Schréder, P. Hyldgaard, S.
I. Simak, D. C. Langreth, and B. I. Lundqvist, Phys. Rev. Lett.
91, 126402 (2003).

SNIST Chemistry WebBook, edited by P. J. Linstron and W. G.
Mallard (National Institute of Standards and Technology, Gaith-
ersburg, MD, 2001), http://webbook.nist.gov.

%0V, Brazdovéd, M. V. Ganduglia-Pirovano, and J. Sauer, J. Phys.
Chem. B 109, 394 (2005).

O1E. Arisi, S. A. Palomares Sanchez, F. Leccabue, B. E. Watts, G.
Bocelli, F. Calder6n, G. Calestani, and L. Righi, J. Mater. Sci.
39, 2107 (2004).

©2N. Kenny, C. R. Kannerwurf, and D. H. Whitmore, J. Phys.
Chem. Solids 27, 1237 (1966).

637. Bod6 and I. Hevesi, Phys. Status Solidi 20, K45 (1967).

64S. Shin, S. Suga, M. Taniguchi, M. Fujisawa, H. Kanzaki, A.
Fujimori, H. Daimon, Y. Ueda, K. Kosuge, and S. Kachi, Phys.
Rev. B 41, 4993 (1990).

125117-9



DA SILVA, GANDUGLIA-PIROVANO, AND SAUER

5B. Tepper, B. Richter, A. C. Dupuis, H. Kuhlenbeck, C. Hucho, P.
Schilbe, M. A. bin Yarmo, and H. J. Freund, Surf. Sci. 496, 64
(2002).

607, Paier, M. Marsman, K. Hummer, G. Kresse, I. C. Gerber, and J.
G. Angyén, J. Chem. Phys. 124, 154709 (2006).

67C. Kittel, Introduction to Solid State Physics, Tth ed. (Wiley, New
York, 1996).

PHYSICAL REVIEW B 76, 125117 (2007)

%8 G. Herzberg, Molecular Spectra and Molecular Structure I: Spec-
tra of Diatomic Molecules, 2nd ed. (Krieger, Melbourne, FL,
1989).

9 A. Trovarelli, Catalysis by Ceria and Related Materials, 1st ed.
(World Scientific, Singapore, 2002).

7OM. Zinkevich, D. Djurovic, and F. Aldinger, Solid State Ionics
177, 989 (2006).

125117-10



