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Abstract

The effects of noble metal (NM) dopants (NM = Pt, Rh) on the structural and electronic
properties of ceria are studied using a density functional theory (DFT) method, with the
inclusion of on-site Coulomb interaction (DFT + U). It is found that these NM dopants give
rise to large perturbations of the atomic and electronic structures of ceria and induce
metal-induced gap states at the Fermi level suitable for accommodating extra electrons, thereby
lowering the reduction energy of ceria and making the NM-doped cerias more reducible than
pure ceria. This mechanism for facilitating the reduction of ceria is different from that of
Zr-doped ceria where the increased reducibility is largely due to the structural distortions and

not to electronic modifications.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the past few decades, environmental protection has become
an increasing worldwide concern. Automobile exhaust is a
major cause of air pollution. Three-way catalysts (TWC)
which can eliminate CO, HCs (hydrocarbons), and NO,
simultaneously have been used to control exhaust emissions
for decades. A conventional TWC usually contains noble
metal(s) (NM: Pd, Pt, and/or Rh) and CeO, on an Al,O;
support. A good deal of information is available in the
literature for Pt/CeO, [1-10], Pd/CeO, [8, 11-17] and
Rh/CeO, [1, 12, 18-24]. CeO, and related compounds have
attracted much attention [6-8, 25-32] thanks to its favorable
redox properties [33, 34]. An increase in the number and
mobility of oxygen vacancies in ceria has been found to
enhance its oxygen storage capacity as well as its catalytic
activity [35].
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Due to the large number of lattice defects, ceria can
provide a large number of active sites for gas—solid catalysis,
especially if doped with other metal atoms of lower oxidation
state. Structurally, a dopant can introduce stress into the
lattice of an oxide host, inducing in this way the formation
of defects to fulfill charge neutrality and modifying the
chemical reactivity. On the other hand, the oxide host
lattice can impose nontypical coordination structures for the
dopant with subsequent perturbation of the dopant’s chemical
properties. For all these reasons, it is important to gain a better
understanding of the behavior of metal-doped CeO,.

Some experimental results [8, 32, 36] have given
indications of NM diffusion into the ceria support. Bernal
et al [8] suggested that metal decoration phenomena occur
on the three NM/CeO, catalysts. Zhou et al [20] suggested
the migration of Rh into ceria to form a strong metal oxide
interaction. Imamura et al [32] showed that Pt interacts very
strongly with ceria, indicating the possibility of the formation
of Pt—O—Ce bonds and the penetration of Pt into the bulk ceria.

© 2008 IOP Publishing Ltd  Printed in the UK
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The combination of Pt with CeO, has been found to make the
TWC highly active for the oxidation of CO and H,. Sun et al
[36] reported the observation that Pd particles sank into the
ceria—zirconia support after reduction.

Besides our recent paper dealing with a Pd dopant in
ceria [37], we are not aware of any other electronic structure
calculations of NM-doped ceria in the literature and the effects
of NM diffusion as dopants into the ceria support are not clear
yet. Although surface properties are also highly relevant to the
redox properties of ceria and ceria-based materials, and have
been studied theoretically [38—40], in this paper, we present
first-principles study on the Pt, Rh-doped bulk ceria and focus
on the effects of Pt, Rh dopants on the properties of ceria.

2. Methodology

There are different theoretical approaches used for modeling
defects in solids, including ‘the periodic supercell approach’,
‘the cluster in Vacuo’ and ‘the embedded cluster’ models,
etc [41, 42], and references therein. In the present paper we
use the periodic supercell approach, which has become quite a
standard and popular method in modeling defects and surfaces.
For all calculations reported in this paper, we have used a
large 96-atom supercell, i.e. a 2 x 2 x 2 supercell built from
the conventional 12-atom cubic unit cell of CeO, to reduce
the dopant—dopant and the vacancy—vacancy interactions that
are a consequence of the periodic boundary conditions. Very
recently, this kind of supercell has been successfully used to
study reduced ceria [25] and ceria with dopants [37, 43, 44].
The dopant—dopant and the vacancy—vacancy distances in our
96-atom cell are as large as about 10.96 A. As will be seen
in the results section, the atomic structural and electronic
perturbation from the dopant and vacancy are found to be
quite localized around the dopant and vacancy centers and
the calculated vacancy formations energies are found to be
converged with this separation. The supercell we use thus
appears quite reasonable to model the NM-doped ceria.

The NM-doped ceria was modeled by introducing one
NM dopant atom to substitute one Ce atom in the supercell,
corresponding to a dopant concentration of 3%. The doped
systems were assumed to keep the cubic structure, while the
cell parameter and atomic positions were optimized.

Starting from the relaxed pure and the NM-doped
structures, oxygen vacancies were introduced by removing one
of the oxygen atoms from the supercells. The systems were
then allowed to relax again with the lattice parameter fixed.
For the pure ceria, the position of the vacancy is unique, while
for the doped ceria, there are different possible sites to create
a vacancy in the supercell. Our previous paper [43] using a
similar model for the Zr-doped ceria found that the vacancy
is preferred to be created at the nearest neighbor (NN) site of
the dopant. Test calculations for the present systems also show
the same trend. Here, we have in all cases placed the oxygen
vacancy at the NN site of the dopant.

For all the systems, spin-polarized calculations were
performed using the first-principles density functional theory
within the projector augmented wave (PAW) method [45, 46]
as implemented in the Vienna Ab initio Simulation Package

(VASP) [46, 47]. The Perdew—Burke-Ernzerhof (PBE)
functional [48] was used for the exchange correlation.
Recently, it was shown that conventional generalized gradient
approximation (GGA) DFT calculations fail to give the correct
electronic structure for reduced ceria [17, 39, 43]. However,
the DFT + U method [49, 50] is able to reproduce the general
features of the atomic and electronic structure of reduced
ceria [25, 37, 39, 40, 43, 51, 52]. In the DFT + U method,
a Hubbard parameter U is introduced for the Ce 4f electrons
to describe the on-site Coulomb interaction; this helps to
remove the self-interaction error and improves the description
of correlation effects. It has been shown that by choosing
an appropriate U parameter to account for the strong on-site
Coulomb repulsion among the localized Ce 4f electrons, it is
possible to consistently describe structural, thermodynamic,
and electronic properties of CeO,, Ce, 03, and CeO,_,, which
enables modeling of redox processes involving ceria-based
materials [25]. Recently, Da Silva e al [26] applied hybrid
functionals to the rare-earth oxides (including ceria) and
correctly predicted Ce, O3 to be an insulator as opposed to the
ferromagnetic metal predicted by the local spin density (LDA)
and generalized gradient (GGA) approximations. This shows
another possibility of using hybrid functionals (other than the
DFT + U method used here) to reduce the improper self-
interaction. In this paper, the DFT 4+ U method [49, 50] is
used. We have chosen a value of 5 eV for the U parameter
for all calculations presented herein. This is in agreement with
the value suggested by [25, 39, 40], which suggested that for
U > 5 eV, the electronic structure was essentially converged.

In our calculations, the Ce 5s5p5d4f6s, O 2s2p, Pt 5d6s,
and Rh 4d5s are treated as valence electrons. An energy cutoff
of 30 Ryd was used for the plane wave expansion of the PAWSs.
The Monkhorst—Pack (MP) method was used for Brillouin
Zone sampling [53]. A MP grid of (2 x 2 x 2) was used for
the 96-atom cells. For all structures, the ionic positions were
allowed to relax until the Hellmann—Feynman forces were less
than 0.02 eV A™". These values have been found to give good
convergence of all quantities under consideration in the present
study.

3. Results and discussion

3.1. Structural properties

Our calculated undoped CeO; bulk supercell has an optimized
lattice constant of 10.960 A, which corresponds to a unit
cell lattice constant of 5.480 A. The experimental value is
5.411 A [54]. Upon doping with one Pt or Rh atom, the relaxed
supercell shows a very small decrease in the lattice constants.
The optimized lattice constant is 10.95 A for Pt-doped CeO,
supercell and 10.94 A for Rh-doped CeO, supercell. The
smaller ionic radii of P&* (0.86 A) and Rh’" (0.75 A) as
compared to the Ce*" radius (0.97 A) essentially explain the
decrease in the cell parameters.

It should be stressed that our periodic supercell model
for NM-doped ceria corresponds to solid solutions of the type
Cep.97NMj.030,_, with a homogeneous distribution of dopant
ions and oxygen vacancies, rather than an isolated defect
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Figure 1. The relaxed structure for the unreduced systems: (a) Ceg 97Ptg 0302, and (b) Cep97Rhy,030,. Here and in the following figures,

yellow, purple, red, green and black spheres represent the Ce**, Ce*

vacancy.

using the cluster models [41, 42]. The large supercell we
use effectively reduces dopant—dopant and vacancy—vacancy
interactions, as mentioned above.

For the unreduced, doped systems, the displacements of
the ions around the dopants are shown in figure 1. The metal-
induced displacements for the oxygen anions are about 0.07 A
and 0.11 A; and the displacement for the cerium cations about
0.009 A and 0.02 A for the Pt- and Rh-doped ceria systems,
respectively. We can see that in the unreduced systems, the Rh
dopant causes a larger perturbation to the structure than the Pt
dopant. The larger structural perturbation caused by Rh doping
as compared to Pt doping can be explained by the smaller ionic
radii of Rh as compared to Pt and Ce (0.97 A for Ce*t,0.86 A
for P*" and 0.75 A for Rh*™).

For the reduced systems, the displacements of the ions
around the oxygen vacancy for the undoped and doped systems
are shown in figure 2. The vacancy induces a nonsymmetric
structural relaxation for undoped ceria (shown in figure 2(a))
which is essentially the same as our published results in [43].
The nearest neighbors of the vacancy are two Ce*™ ions
and two Ce®' ions. Thus all cerium ions neighboring the
effectively ‘positive’ vacancy site move outwards by 0.14—
0.18 A, and some of the vacancy’s next nearest neighbor
(NNN) oxygen atoms move inwards (namely those with at
least one Ce*t neighbor; they move by 0.12 and 0.27 A)
while others move outwards (namely those with two Ce*"
neighbors, which move outwards by 0.04 A). The vacancy-
induced displacements shown in figures 2(b) and (c) for the
NM-doped systems with an O vacancy located next to the NM
dopant reveal relaxation patterns that are distinct from that of
the undoped systems. Specifically, all nearest neighbor (NN)
Ce cations move away (by about up to 0.16 and 0.15 A for
Pt- and Rh-doped systems, respectively) while the Pt and Rh
dopant cations move toward the center of the vacancy (by
0.08 A). The next nearest neighbor O anions move toward
the center of the vacancy, with the two O anions that are
close to the dopants having larger movement (by about 0.36
and 0.23 A for Pt- and Rh-doped systems, respectively). The
vacancy-induced displacements (of the oxygen anions) in the

, O, Pt and Rh ions, respectively. The blue sphere shows the position of a

NM-doped systems have been perturbed more than those in the
undoped system. The perturbation patterns also show that Pt
has a more pronounced effect than Rh for the reduced systems.
These differences are also reflected in the electron localization
patterns which will be discussed in section 3.3.

The ions in the vicinity of the ‘NM dopant-O vacancy’
pair are strongly perturbed compared to the partially reduced
undoped system. Moreover, the perturbation is larger for the
Pt-doped system than for the Rh-doped system. This can be
rationalized from the formal charges of the metal ions and
the resulting changes in the local electric field next to the
vacancy,with and without the presence of the NM dopants. Ptis
nominally in a 2+ state compared to a 44 state for Ce, whereas
Rh is in a 34 state in the doped and reduced ceria systems. As
discussed in [43], large perturbations to the structure may be
also rationalized in terms of the changes in the ionic sizes of
Ce*t and Ce*" associated with the reduction. In NM-doped
ceria, the ionic radii of the NM dopants (0.86 A for Pt>* and
0.75 A for Rh*") are smaller than that of Ce** (0.97 A, eight
coordinated [55]). It is the combined effects of the electric field
and the difference in atomic sizes that results in the structural
rearrangement, where the Ce cations move away from the
vacancy, while the NM dopants (Pt and Rh) and the O anions
are attracted to it. One may expect that such a large structural
perturbation induced by the NM dopant will have large effect
on the redox properties of ceria. This will be discussed in the
next section.

3.2. O vacancy formation energies

As mentioned in the introduction, doping may lead to an
increase in the ability of CeO, to take up and release oxygen.
The formation of a Ce(97NMj 030, solid solution by doping
Pi2t, Rh*t ions into a CeO, lattice would generate even
more oxygen vacancies due to charge balance requirements,
resulting in more favorable redox properties and oxygen
storage capacity. The O vacancy formation energy (Ey,.) can
be calculated from

Eyoe = E(Cellyye) + 1/2E(0O,) — E(Cell) (1
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Figure 2. The relaxation caused by the O vacancy. The spheres show the atomic positions in the relaxed reduced systems: (a) ceria,

(b) Pt-doped ceria, and (c) Rh-doped ceria.

where E(Celly,) and E(Cell) are the total energies of the
optimized supercells with and without an O vacancy, and
E(0O3) is the total energy for the ground state of an optimized
oxygen molecule in the gas phase (calculated with the same
supercell size and method as the solids). A positive value for
E,,c means that energy is needed to create an O vacancy and
the lower the value is, the easier it is to create a vacancy.

The calculated value of E,,. for the undoped ceria system
is 2.99 eV per vacancy which is in agreement with [43], and
the O vacancy formation energies are 0.96 eV and 1.37 eV for
the Pt- and Rh-doped systems, respectively. Thus, the dopants
lower the reduction energy by as much as 2.03 eV (for the Pt
dopant) and 1.62 eV (for the Rh dopant), which shows that it is
easier to reduce NM-doped ceria than pure ceria and suggests
the possibility of increasing the oxygen storage capacity by
dissolving NM into ceria. We find that Pt-doped ceria is easier
to form O vacancies than Rh-doped ceria. This may explain
the experimental observation [32] that the combination of Pt
with CeO, makes the TWC highly active in the oxidation of
CO and H,.

Our vacancy formation energy results are consistent with
the analysis of the variation in the displacements of the ions
around the oxygen vacancy as discussed above, and with the
details of the electronic structure of reduced NM-doped cerias
as given below.

The mechanism for the large reduction in the vacancy
formation energy can partly be explained by simple
electrostatic arguments. The Pt>* and Rh*" dopants are lower
in formal charge than Ce**, and it is easier to form an oxygen
vacancy from next to Pt>* than next to Rh®* than next to Ce**.
On the other hand, the reduction in the vacancy formation
energy can also be explained by the modifications of the
electronic structure as induced by the NM dopants; this will
be discussed in the following section.

3.3. The electronic properties

Since NM doping has such a large effect on the properties
of ceria, it is essential to understand the mechanism. To this
end, we have analyzed the electronic structure of doped and
undoped, with and without O vacancies. In particular, the total
density of states (TDOS) (figures 3 and 4), spin charge density
distribution (figure 5) and partial electron density distribution
(figure 6) will be discussed.

Figure 3(a) shows the TDOS for the unreduced ceria
which shows that undoped CeO; is an insulator. The valence
band has mostly O 2p character with some contribution from
Ce 4f5d. The sharp peak in the gap is from the Ce 4f states
and the states (not shown) above the empty Ce 4f states are
due to Ce 5d and 6s. The TDOS for the NM-doped unreduced
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Figure 3. Total density of states (TDOS) for the unreduced systems:
(a) ceria, (b) Pt-doped ceria, and (c) Rh-doped ceria. Here and in
figure 4, both the DOSs for the majority spin (solid lines) and
minority spin (dotted lines) are shown. The vertical dashed line at
E = 0 eV represents the Fermi energy.

ceria shown in figures 3(b) and (c), by contrast, is obviously
affected by the doping. It shows that a feature corresponding
to the metal-induced gap states (MIGS) appears below the
empty Ce 4f states and the Fermi level is pinned in the gap
states. By analyzing the partial density of states (PDOS) for
the NM-doped unreduced ceria, we find that the MIGS are
composed mainly of Pt 5d (Rh 4d) and O 2p states. From
the spin charge density of the NM-doped ceria in figure 5, we
are able to identify where the net spin resides. It is mainly
localized on the dopants and their NN oxygen anions, residing
in NM-O bonding (solid lines) and antibonding (dotted lines)
states, with large Pt 5d (Rh 4d) and O 2p contributions. Thus,
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Figure 4. Total density of states (TDOS) for reduced systems:
(a) ceria, (b) Pt-doped ceria, and (c) Rh-doped ceria.

the MIGS are the result of the NM-O bonding. It is these
partially occupied MIGS, as shown in figures 3(b) and (c),
that potentially offer states suitable for accommodating extra
electrons and therefore make the reduction easier. Indeed,
we find that the MIGS acquire electrons left by the removed
oxygen upon reduction, leading to a large reduction in the
O vacancy formation energies in the NM-doped cerias as
compared with the nondoped ceria. Comparing Pt- and Rh-
doped ceria, we find that Pt doping results in a MIGS peak with
higher DOS intensity at the Fermi level than does Rh doping,
consistent with the different activities of the two NM-doped
cerias.

In principle, there are a number of ways a dopant can
increase the activity of an oxide and for the Pt/Rh-doped
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(b) Unreduced Rh-doped ceria

pp) distributions for the unreduced systems: (a) Pt-doped ceria, and (b) Rh-doped ceria. The
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Figure 6. The partial electron density distributions that correspond to the new gap states at the Fermi level (in the energy range from —0.4 to
0 eV as shown in figures 4(b) and (c)) for the reduced NM-doped ceria: (a) Pt-doped ceria, (b) Rh-doped ceria. The isosurface value used is

0.01e A’

ceria systems we observe several. Electronic states from the
metal appear in the gap, resulting in the metal-induced gap
states or MIGS. A Bader-type AIM analysis [56] give net
charges of +1.48 for the Pt ions and 41.60 for the Rh ions,
respectively, in the NM-doped ceria systems. We also observe
large structural perturbations around the doping centers. As
seen above, the differences in the electronic properties of the
Ce|_NM, O, systems as compared with the undoped system
have a strong impact on the activity of these mixed oxides.

Figure 4(a) shows the TDOS for the reduced ceria: a new
peak appears in the O 2p—Ce 4f gap, with the Fermi level
located in the gap between this new peak and the empty Ce 4f
band. As discussed in [43], the electrons that occupy the new
gap states are exactly localized on two Ce cations neighboring
theqoxygen vacancy, making the two Ce*" cations reduced to
Ce’*.

The TDOS for the O-deficient NM-doped ceria are shown
in figures 4(b) and (c). Compared to unreduced NM-doped
ceria, the MIGS features of the NM-doped cerias move directly
below the Fermi level, which are obviously induced by the
presence of the O vacancy. This is because the gap states (the
mixed Pt 5d or Rh 4d with O 2p) acquire some of the electrons
left by the removed oxygen. This confirms the conjecture
that NM dopant offers states suitable for accommodating extra
electrons. Figures 4(b) and (c) also show that a new peak
appears in the MIGS—Ce 4f gap, with the Fermi level located in
the new peak. This new peak is also induced by the formation
of the oxygen vacancy and corresponds to the reduction of
cerium cations close to the vacancy. By analyzing the PDOS
for the reduced NM-doped ceria, it is found that, with the
formation of an oxygen vacancy, the 4f states of the Ce
NNNs of the oxygen vacancy acquire electrons in Pt-doped
reduced ceria, while it is the 4f states of the Ce NNs of the
oxygen vacancy which acquire electrons in the case of Rh-
doped reduced ceria. By plotting the partial electron density
(figure 6) that corresponds to the new gap states at the Fermi
level of the reduced NM-doped ceria, we find that the partial
electron density of the Pt-doped ceria is mainly localized on
six Ce NNNs of the O vacancy, while for Rh-doped ceria the

partial electron density is located on three Ce NNs of the O
vacancy. Therefore, in the Pt and Rh-doped reduced ceria
systems, the dopants and the Ce cations all offer states suitable
for accommodating extra electrons, which makes the doped
ceria more easily reducible.

Comparing with Zr-doped ceria [43], we observe that
the NM dopant utilizes a different mechanism to lower the
reduction energy. For Pt and Rh, both structural distortions and
the electronic modification (e.g. the appearing of the MIGS)
contribute. For Zr, on the other hand, there are no new MIGS,
and the electronic modification is unimportant. Therefore, the
effect on E,,. is smaller, and is largely due to the structural
distortions and subtle differences between Ce-O and Zr-O
bonding.

4. Conclusions

The effects of noble metal (Pt and Rh) dopants on the atomic
structure, electron distribution and reduction properties of
ceria are studied using the first-principles density functional
theory (DFT) method, with the inclusion of on-site Coulomb
interaction (DFT + U). It is found that (1) these NM dopants
give rise to large perturbation of the ceria structure, and induce
MIGS at the Fermi level suitable for accommodating extra
electrons left on oxygen vacancy formation, and therefore
lower the reduction energy of ceria; (2) upon reduction, in
addition to the NM dopants, some cerium cations close to the
vacancy are partially reduced; (3) the O anions in the vicinity
of an NM doping center display larger displacements than O
anions in undoped ceria; (4) the major reason why the effect
of Pt and Rh dopants on the oxygen vacancy formation energy
is different from that of a Zr dopant is largely the difference
in their electronic structures. The structural distortions are
the most important factor for the Zr-doped material while the
electronic modification is unimportant. For the NM-doped
cerias both effects matter, making ceria more easily reducible
than both pure ceria and Zr-doped ceria. It is also found that Pt
and Rh display differences as dopants in ceria, e.g. the O anion
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relaxation in the vicinity of the Pt dopant is higher than in
the vicinity of the Rh dopant and Pt has the larger effect in

lowering the reduction energy of ceria.
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