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A computer simulation study of the Ce4+/Ce3+ reduction process in CeO2-MO (M ) Ca,
Mn, Ni, Zn) and CeO2-M2O3 (M ) Sc, Mn, Y, Gd, La) mixed oxides is presented. Calculations
satisfactorily reproduce the observed structural parameters of the solid solutions over a wide
range of compositions. On energetic grounds, the Ce4+/Ce3+ reduction process is enhanced
with increasing dopant content, with the enhancement being more pronounced for divalent
dopants. For a fixed dopant level, the reduction of cerium is more favorable for larger dopant
ions. The results are explained in terms of the higher oxygen vacancy concentration and
the larger dopant size being effective in accommodating the greater relaxation or elastic
strain associated with forming the larger Ce3+ species upon reduction.

Introduction

The ability of ceria (CeO2) to reversibly exchange
oxygen is a key feature in its applications. The process
can be represented with the following equation:

which shows that this material can behave as an oxygen
buffer, absorbing or releasing oxygen in response to the
oxygen partial pressure of the surroundings. This is one
of the reasons ceria-based mixed oxides are currently
receiving great attention in the field of catalytic con-
verters for the treatment of vehicle exhaust gases. For
optimum catalytic activity, the air-to-fuel ratio in the
exhaust mixture must be as close as possible to the
stoichiometric value.1

Reaction 1 is sensitive to the presence of dopants in
the fluorite-type structure of ceria. For instance, a great
deal of experimental evidence indicates that the Ce4+/
Ce3+ reduction is greatly enhanced when zirconia (ZrO2)
is mixed with ceria to form a solid solution.2-4 Temper-
ature-programmed reduction (TPR) experiments also
indicate a large bulk participation in the reduction
process.5 In previous studies6-9 we have used compu-
tational techniques to elucidate the fundamental aspects

of this promotion in Ce1-xMxO2 solid solutions, where
M represents the isovalent cations Zr4+, Th4+, and Hf 4+.
Our reduction energies are consistent with the observa-
tion that the catalytic activity is enhanced by the
introduction of Zr into CeO2, which is associated with
increased reducibility of the bulk mixed oxide.

Active research is presently devoted to improving the
oxygen buffering ability of ceria. One of the followed
strategies consists of doping ceria with tri- or divalent
cations:10-13 the consequent creation of oxygen vacancies
in the material14 is thought to favor its reducibility.15,16

In addition to catalytic applications, acceptor-doped
ceria (especially Gd-doped ceria) has attracted consider-
able interest for use in electrochemical devices such as
solid oxide fuel cells (SOFCs).17-22 It is known that ceria-
based electrolytes may allow lower-temperature opera-

* To whom correspondence should be addressed. E-mail: balducci@
univ.trieste.it.

† Universita’ degli Studi di Trieste.
‡ University of Surrey.
(1) Taylor, K. C. In Catalysis - Science and Technology, Vol. 5;

Anderson, J. R., Boudart, M., Eds.; Springer-Verlag: Berlin, 1984.
(2) Putna, E. S.; Bunluesin, T.; Fan, X. L.; Gorte, R. J.; Vohs, J.

M.; Lakis, R. E.; Egami, T. Catal. Today 1999, 50, 343.
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tion of SOFCs, although there can be problems associ-
ated with electronic conductivity.20

The present paper is a contribution to the further
understanding of the influence of aliovalent dopants
upon the Ce4+/Ce3+ reduction process in ceria. For this
purpose, we have made use of computer simulation
techniques to examine the energetics of Ce4+/Ce3+

reduction in doped systems of the type Ce(1-x)MxO2-x/(v-1),
where M is either divalent (v ) 2; M ) Mn, Ni, Zn, Ca)
or trivalent (v ) 3; M ) Mn, Sc, Y, Gd, La). It should be
noted that our investigation complements previous
computational work on oxygen ion migration and
dopant-vacancy association,6,23-25 which is not the focus
of this paper.

Computational Methods

The atomistic simulation of ionic materials is a well-
established computational tool for which comprehensive
accounts can be found in the literature.26-28 For this
reason, only a concise description will be given here.

The constituent ions of the solid are treated as
classical charged particles interacting with each other
through long-range (Coulombic) and short-range pair
potentials. The short-range interactions are represented
by suitable analytical functions of the interatomic
separation; in this work, the Buckingham function was
employed:

in which the interaction energy Φij involving ions i and
j at distance rij depends on three empirical parameters
Aij, Fij, and Cij. The parameters describing the Ce4+‚‚‚O2-,
Ce3+‚‚‚O2-, and O2-‚‚‚O2- short-range interactions were
those already used in our previous work,6 in which the
observed CeO2 structure was correctly reproduced. The
potential parameters for the dopants (M) were taken
from the work of Lewis and Catlow29 (Table 1). A
potential cutoff of 15 Å was used in all cases.

Ionic polarizability was taken into account for the
Ce3+, Ce4+ and O2- species through the shell model,30

in which an ion is represented as a massive core
connected to a massless shell by a harmonic spring. The
formal ionic charge is suitably partitioned between the
core and the shell, which can move relative to each other
under the effect of the electric field generated by the
surrounding crystal, thus simulating an induced dipole

moment. The dopant ions were assumed to be unpolar-
izable: indeed, recent atomistic simulations of similar
systems indicate that cationic polarizability has little
influence on the results.23 We have carried out similar
preliminary calculations on our doped systems, which
also indicate negligible influence on the overall results.

Defects were treated with a two-region methodology
in which the crystal is partitioned into two spherical
regions. The inner region 1 is centered on the defect and
here the ions are relaxed individually under the defect
perturbation. In the outer region 2, which extends
theoretically to infinity, the larger distance from the
defect allows the treatment of ionic relaxation by using
approximate Mott-Littleton quasi-continuum proce-
dures.31 For this kind of treatment to work, it is crucial
that proper convergence of the defect energies upon
increasing the size of region 1 is achieved. In our case,
this criterion was fulfilled when the number of ions
contained in region 1 was greater than 750.

The different compositions of the systems investigated
were simulated with a “mean field” approach, in which
the solid solution Ce(1-x)MxO2-x/(v-1) is modeled as an
AB2 system of the same fluorite structure, with A and
B being a “hybrid” cation and anion, respectively. The
oxygen vacancies, which compensate for the lower
charge of the aliovalent dopant in the real system, are
modeled with a lower fractional occupancy of the anionic
sites in the hybrid system. The properties of the hybrid
species are averages of those of the pure species, ac-
cording to the corresponding site occupancies. The in-
teraction potential between any two crystallographic
sites becomes scaled by the fractional occupancies. For
example, the cation-anion short-range potential ΦA,B
is

The above computational methodologies are imple-
mented in the GULP code,32 which was used throughout
this work.
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Table 1. Potential Parameters Used to Model the Solid
Solutions

Short-Range Potential Parameters

i - j Aij(eV) Fij(Å) Cij(eV Å6) ref

O2--O2- 22764.3 0.149 27.89 44
Ce4+-O2- 1986.83 0.35107 20.4 45
Ce3+-O2- 1731.6181 0.36372 14.433 45
Mn2+-O2- 832.7 0.33720 0.00 29
Ni2+-O2- 641.2 0.33720 0.00 29
Zn2+-O2- 700.3 0.33720 0.00 29
Ca2+-O2- 1227.7 0.3372 0.00 29
Mn3+-O2- 1257.9 0.3214 0.00 29
Sc3+-O2- 1299.4 0.3312 0.00 29
Y3+-O2- 1345.1 0.3491 0.00 29
Gd3+-O2- 1336.8 0.3551 0.00 29
La3+-O2- 1439.7 0.3651 0.00 29

Shell Model Parameters: Ecore-shell(r) ) 1/2k2r2

iona shell charge (e) k2(eV Å-2) ref.

O2- -2.077 27.29 44
Ce4+ 7.7 291.75 45
Ce3+ 7.7 291.75 45

a All M dopants were treated as rigid ions.29
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Results and Discussion

Structural Modeling. Because many dopants are
able to dissolve into ceria to give true solid solutions
retaining the fluorite structure up to quite large x
values,10,14,15,33-36 we have performed simulations for
0.1 e x e 0.5. We are aware, however, that the highest
x values may not be attained by some of the dopant
species considered in this work.

The reliability of the potential parameters used for
the simulations was assessed by comparing the calcu-
lated lattice constants of the solid solutions as a function
of composition with the available experimental values.
The results are summarized in Figures 1 and 2.

The figures reveal a satisfactory agreement over a
wide range of compositions for the La, Y, Gd, and Sc
dopants, for which several sources of experimental data
are available in the literature. This agreement is despite
the significant scatter of some of the experimental
lattice parameter data, which probably reflects varia-
tions in the distribution of the dopant ions caused by
different thermal conditions during the synthesis pro-
cedure.17 Moreover, for all the dopants considered, the
calculated lattice constant varies with dopant content
in close accord with the empirical formula of Kim,37

which, for the present case of Ce(1-x)MxO2-x/(v-1) solid
solutions, reads

where d is the lattice parameter of the solid solution in
nanometers, ∆r is the difference between the ionic
radius of the dopant and that of Ce4+, and ∆z ) v - 4.

Figure 2 shows the percentage error of the calculated
lattice parameter with respect to Kim’s prediction as a
function of composition. The relative error is within 1%
in all cases, except for Ni, where 3% is reached. We
attribute this to the uncertainty in the ionic radius of
Ni2+, which was estimated for coordination number 8
from the corresponding value for coordination number
6 from Shannon,38 with a procedure similar to that used
by Minervini et al.23 Finally, we note that the experi-
mental value of 5.3954 Å reported for the lattice
constant of the Ce0.9Zn0.1O1.9 system39 compares well
with our calculated value of 5.4027 Å.

Ce4+/Ce3+ Reduction. The ability of cerium to switch
between the +4 and +3 oxidation states is a key feature
of ceria. This redox process in ceria-based oxides is
crucial not only for its oxygen buffering capabilities, but
also for its catalytic activity in a number of reac-
tions.10,16,40,41 In addition, it has been known for many
years that the reduction process in ceria-based electro-
lytes to form Ce3+ localized electronic defects introduces
electronic conduction (involving a small polaron hopping
mechanism).20 When the reductant is the lattice oxygen
(eq. 1), the detailed description of the Ce4+/Ce3+ reduc-
tion process is as follows:

where we use Kröger-Vink notation for the Ce3+

(Ce′Ce) and oxygen vacancy (VO
••) defects. When ceria is
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Figure 1. Comparison of calculated lattice parameter (a) as
a function of composition (x in Ce(1-x)MxO(2-x/(v-1))) with avail-
able experimental data. Graph A refers to the Ce(1-x)LaxO(2-x/2)

system: the solid line shows calculated values; symbols
indicate experimental values taken from the following
sources: 046 947 O48 b49 415 214 3.34 Graph B refers to the
Ce(1-x)YxO(2-x/2) system: the solid line shows calculated values;
symbols indicate experimental values taken from the following
sources: 047 948 O49 b50 4.51GraphCreferstotheCe(1-x)GdxO(2-x/2)

system: the solid line shows calculated values; symbols
indicate experimental values taken from the following
sources: 046 947 O48 b49 4.14 GraphDreferstotheCe(1-x)ScxO(2-x/2)

system: the solid line shows calculated values; symbols
indicate experimental values taken from reference 23.

Figure 2. Percent error of the calculated lattice parameter
with respect to the value predicted by Kim’s empirical for-
mula37 as a function of the composition for the divalent (upper)
and trivalent (lower) dopants.

d ) 0.5413 + (0.022∆r + 0.00015∆z)100x (3)

2CeCe
× + OO

× ) 2Ce′Ce + VO
•• + 1

2
O2(g) (4)
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doped with a di- or trivalent cation, a mean field
description of the resulting solid solution is adopted. The
reduction energy can then be evaluated across the
composition range by combining the formation energies
of the component defects (Ce′Ce and VO

••) and taking into
account the hybrid species in the mixed oxide. The
procedure has been detailed in ref 8, and the appropri-
ate dissociation and ionization energy contributions are
reported in Table 2. The merit of our simulation ap-
proach is that it includes detailed estimates of lattice
polarization (relaxation) and Coulomb energies, which
are difficult to make from other sources.

The present study complements previous simulation
work on oxygen migration and dopant-vacancy associa-
tion in these doped systems.6,23-25 This early work
showed that the binding energy for dopant vacancy
clusters correlates with ion size with the lowest energy
for Gd3+ (leading to optimum oxygen ion conductivity).
It should be stressed that we consider solid solutions of
the type Ce(1-x)MxO2-x/(v-1) with a homogeneous distri-
bution of dopant ions and oxygen vacancies, rather than
isolated defect clusters, in which defect interactions are
implicitly included in the calculations.

The results of our calculations of reduction energies
as a function of divalent and trivalent dopant content
are shown in Figure 3 (and listed in Table 2 for the
lowest and highest dopant levels).

Two main points emerge. First, we note that in each
case the Ce4+/Ce3+ reduction energy decreases signifi-
cantly with increasing dopant content, with the decrease
being more pronounced for the divalent dopants. The
magnitude of the values are very similar for the divalent
dopants. Although it is difficult to make direct compari-
sons with measurements, our calculated energies are
consistent with values of 4.7-5.0 eV for the relative
partial molar enthalpy per oxygen atom in bulk ce-
ria.19,42 We should also note that the calculated reduc-
tion energies are likely to be lower at the surfaces of
the doped systems, as found in previous simulation work

on the (110), (111), and (310) surfaces of pure ceria and
CeO2-ZrO2 solid solutions.7 This is a topic for future
investigation.

Second, there is a trend with ionic size: for the same
dopant concentration, larger dopants are more effective
in promoting the Ce4+/Ce3+ reduction. These results may
be rationalized in terms of the increase in ionic size
associated with the Ce4+/Ce3+ reduction (rCe4+ ) 0.97 Å,
rCe3+ ) 1.143 Å38). The oxygen vacancies generated by
acceptor doping may assist in accommodating the
greater relaxation or elastic strain associated with
forming the larger Ce3+ species. This explains the
overall decrease of the reduction energy with increasing
dopant concentration. The lower reduction energies
obtained for the divalent ions as compared with the
trivalent ions for the same dopant level are the result
of divalent dopants inducing twice the number of oxygen
vacancies, as can be seen by plotting the reduction
energy as a function of the oxygen vacancy concentra-
tion. Moreover, for a fixed dopant or oxygen vacancy
concentration, an increase in the ionic size of the dopant
produces a lattice expansion which is also effective in
relieving the stress caused by the Ce4+/Ce3+ reduction.
This is reflected also by the average relaxation of the
nearest-neighbor oxygen ions away from the Ce3+ center
as a function of the dopant size: for instance, it amounts
to about 0.1 Å for 50% CaO doped ceria, but increases
to about 0.15 Å for NiO doped ceria at the same dopant
level.

We note that there is some evidence that if the dopant
oxide exhibits redox properties both the kinetics and the
extent of CeO2 reduction are strongly influenced, which
warrants further investigation.

The promotion of cerium reducibility by acceptor
dopants has been reported in several experimental
studies.16,33,39,40 For example, Steele17,43 found that for
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Table 2. Calculated Reduction Energy (eV) for Divalent
and Trivalent Dopants in Bulk Ceria at 10% and

50% Levelsa

ionic radius (Å) 10% 50%

Divalent Dopants
Ni 0.813 6.99 4.42
Zn 0.90 6.98 4.34
Mn 0.96 6.98 4.20
Ca 1.12 6.94 3.85

Trivalent Dopants
Mn 0.766 7.38 7.00
Sc 0.87 7.31 6.58
Y 1.019 7.27 6.02
Gd 1.053 7.22 5.75
La 1.16 7.08 5.15

a For each dopant, the ionic radius (in Å) has been reported.38

The ionic radii of Ni2+ and Mn3+ for coordination number 8 was
estimated with a procedure similar to that reported in reference
23. The detailed procedure for the calculation of the Ce4+/Ce3+

reduction energy is outlined in ref. 8. The needed ionization and
dissociation energy contributions are as follows. Fourth ionization
potential of cerium, 36.26 eV; first and second electron affinity of
oxygen, 7.29 eV; bond dissociation energy of dioxygen, 2.58 eV per
oxygen atom.

Figure 3. Ce4+/Ce3+ reduction energy as a function of
composition (x in Ce(1-x)MxO2-x/(v-1)) for the series of divalent
(v ) 2, upper) and trivalent (v ) 3, lower) dopants.
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CeO2-rare-earth solid solutions it becomes easier to
reduce Ce4+ to Ce3+ as the rare-earth concentration
increases (at a given oxygen partial pressure and
temperature). Our calculations support these observa-
tions, thereby providing relative trends based on quan-
titative calculations as opposed to qualitative argu-
ments.

In a recent paper, de Carolis et al. studied the (110)
surface of the Ce0.875Ca0.125O1.875 solid solution with
molecular dynamics (MD) and ab initio simulation
techniques.40 Their calculations indicate that the trans-
fer of one electron from a neighboring oxide ion to a Ce4+

cation is significantly favored by doping, as a result of
the reduced coordination number of the cerium ion due
to the presence of oxygen vacancies. Our results gen-
eralize these findings for a whole series of dopants and
indicate that the creation of oxygen vacancies in the
fluorite structure of doped cerias is effective in promot-
ing the reducibility of cerium not only dynamically, but
also at a purely energetic level.

Concluding Remarks

Computer simulation techniques have been used to
investigate the energetics of the Ce4+/Ce3+ reduction
process in CeO2-MO (M ) Ca, Mn, Ni, Zn) and CeO2-
M2O3 (M ) Sc, Mn, Y, Gd, La) solid solutions. Our
atomistic approach has generated quantitative esti-

mates of the relative reduction energies, which provide
a useful systematic examination of the reducibility for
different dopant species. (1) Calculated structural lattice
parameters are in satisfactory accord with the available
experimental determinations over a wide range of
compositions. (2) The Ce4+/Ce3+ reduction process is
enhanced with increasing dopant content, in accord with
observation. The enhancement is more pronounced for
divalent dopants; i.e., for significant dopant levels, it is
easier to reduce divalent-doped than trivalent-doped (or
undoped) ceria. (3) For a fixed dopant level or oxygen
vacancy concentration, the reduction of cerium is more
favorable for larger dopant ions (e.g., Ca2+, La3+). This
result may be explained in terms of the larger dopant
size being effective in accommodating the greater re-
laxation or elastic strain associated with forming the
larger Ce3+ species upon reduction.

These calculated trends in reduction energetics are
of relevance to oxygen storage in automotive three-way
catalysts and to fuel cell applications. Because reduction
is less favorable for trivalent ions on energetic grounds,
our results also suggest that trivalent-doped ceria (e.g.,
Sc, Gd) is preferred over divalent-doping for use as
SOFC electrolytes to minimize Ce3+ formation and
contributions from electronic conductivity.
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