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The effect of defect interactions on the reduction
of doped ceria†

Steffen Grieshammer abc

Doped cerium oxide is known for its reduction properties that are utilized in catalytic applications as

well as in thermochemical cycling to produce solar fuels. Upon reduction of the lattice, oxygen

vacancies and polarons are formed leading to a highly concentrated solution of defects in which the

interactions of defects cannot be neglected anymore. In this study, the effect of defect interactions on

the free energy of reduction for doped ceria with composition Ce1�x�yRExZryO2�x/2�d was investigated

by large scale Metropolis Monte Carlo multi-stage sampling simulations based on first-principles

calculations. The simulations allowed the prediction of the relation between oxygen partial pressure and

non-stoichiometry for the highly interacting, non-ideal system. The results show that the non-ideality

observed in experiments can be traced back to the interactions of defects and allow prediction of the

reduction behavior for various dopant types, dopant fractions, temperatures, and non-stoichiometries.

Introduction

Cerium oxide (ceria) is an essential material in various applications
such as solid oxide fuel cells, industrial and automotive catalysis,
and more recently the production of solar fuels.1–5 One of the most
prominent properties of ceria is its high oxygen storage capacity
(OSC) that is utilized in catalytic reactions and the two step process
to produce hydrogen from water. The OSC is based on the
reduction equilibrium given in eqn (1) in Kröger–Vink-notation,
where the release of oxygen gas leads to the creation of oxygen
vacancies and polarons, i.e. localized electrons.

2Ce�Ce þO�O Ð 2Ce0Ce þ
1

2
O2ðgÞ þ V��O (1)

An even higher OSC is achieved by doping the material with
rare-earth oxides (RE2O3) or zirconium oxide (ZrO2).6–10 While
aliovalent rare-earth doping (eqn (2)) leads to the formation of
oxygen vacancies, isovalent Zr4+ introduces no additional
defects (eqn (3)) but modifies the material’s properties due to
the smaller size of the Zr-ions and the corresponding lattice
distortions.

RE2O3 ���!CeO2
2RE0Ce þ V��O þ 3O�O (2)

ZrO2 ���!CeO2
Zr�Ce þ 2O�O (3)

As the OSC and reduction behavior directly influence the
efficiency of the catalytic reaction and production of solar fuels,
understanding the impact of doping and defect interactions on
these properties is crucial.

For an ideal, non-interacting system, the classical mass
action law for eqn (1) can be expressed in terms of the molar
fractions by,

K0ðTÞ ¼
V��O
� �

Ce0Ce
� �2

O�O
� �

Ce�Ce
� �2pO2

1=2 ¼ exp �Drh
�

kBT
þ Drs

�

kB

� �
(4)

where Drh1 and Drs1 are the standard enthalpy and entropy of
reduction, respectively. This approach implies an ideal behavior of
the defects without any defect interactions which is only true for
the diluted case. In contrast, experimental investigations show a
clearly non-ideal reduction behavior10–15 and computational
studies have proven the influence of defect interactions on the
energy of reduction.16–18

Therefore, the term Drg
int has to be considered, which is the

contribution of defect interactions to the Gibbs energy of
reduction per formula unit CeO2. Neglecting volume changes
in the solid, the approximation Drg

int E Drf
int is applicable. The

deviation from the ideal reduction behavior can then be
expressed by an excess term with the derivative of Drf

int for d
(see ESI† for details):

KintðT ; dÞ ¼ exp �@Drf
intðT ; dÞ
@d

1

kT

� �
(5)
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For the general composition Ce1�x�yRExZryO2�x/2�d, we can
write the charge and site balances as follows:

V��O
� �

¼ Ce0Ce
� �

þ RE0Ce
� �� �

=2 ¼ dþ x=2

O�O
� �

¼ 2� V��O
� �

¼ 2� x=2� d

Ce�Ce
� �

¼ 1� RE0Ce
� �

� Zr�Ce
� �

� Ce0Ce
� �

¼ 1� x� y� 2d

(6)

Inserting in eqn (4) and combining with eqn (5) results in

K0ðTÞKintðT ; dÞ ¼
4d2ðdþ x=2Þ

ð2� x=2� dÞð1� x� y� 2dÞ2pO2

1=2 (7)

Rearranging yields the relationship between oxygen partial
pressure pO2

and non-stoichiometry d.

pO2
¼ ð2� x=2� dÞð1� x� y� 2dÞ2

4d2ðdþ x=2Þ K0ðTÞKintðT ; dÞ
� �2

(8)

It is noted that K0(T) solely depends on the temperature
whereas Kint(T,d) depends on temperature and non-stoichiometry
as well as dopant type and fraction.

Using the Metropolis Monte Carlo algorithm, the simulation of
the defect distribution in equilibrium and the estimation of the
internal energy is possible. As the direct evaluation of the free energy
contribution is not possible, Valleau and Card19 suggested a multi-
stage sampling approach which connects the desired distribution
(T = Tmin) with the random distribution (T = N) by a series of
consecutive distributions i with the temperature factor ai = Tmin/Ti.
This approach allows the evaluation ofDrf

int with respect to the ideal
solution and was successfully applied in the description of the
non-ideal behavior of pure and Gd-doped ceria before.17 More
details are given in the ESI† and the according references.

In this paper, the effect of defect interactions on the free
energy of reduction is investigated for various dopants and
compositions in Ce1�x�yRExZryO2�x/2�d using Metropolis Monte
Carlo multi-stage sampling simulations based on density functional
theory calculations. With the results, the deviation of the relation
d vs. pO2

from the ideal behavior is investigated.

Simulation setup

Simulations were performed with the program MOCASSIN
using the built in multi-stage sampling routine as described in
the ref. 2 and 21. The interactions of defects, i.e. oxygen vacancies,
polarons and dopant ions, were evaluated as a sum over the
number of interactions Nd

ij and the corresponding pair interaction
energies ed

ij for defect pairs ij at distance d.

Eint ¼
X
d;i;j�i

Nd
ij e

d
ij (9)

The pair interaction model is an approximation that neglects many-
body interactions. Nevertheless, previous simulations have demon-
strated the predictive power of this approach in ceria17,22–24 and the
inclusion of many-body clusters would considerably increase the
amount of DFT calculations taking into account the possible
permutations of the polaron, rare-earth, and zirconium defects.

The relevant pair interaction energies from density functional
theory (DFT) calculations were taken from ref. 16 and 18 as listed
in the ESI.† These energies were obtained with the PBE functional
with an on-site Coulomb interaction on cerium f-orbitals of
Ueff = 5 eV. It is noted that the choice of the functional influences
the values of the interactions but significant changes are not
expected.24,25 Therefore, the general results of the simulations are
expected to be widely independent of the applied functional.

In this study, typical rare-earth dopants for ceria were included
which are distinguished by their ionic radii (Fig. 1). In addition, Zr4+

was included as a typical dopant and impurity in ceria.
The most relevant energies are the interactions between the

oxygen vacancies and the dopant ions or polarons which are
represented in Fig. 1. All interactions are negative implying attrac-
tion between the cation defects and oxygen vacancies. While the
interaction in next nearest neighbor (2NN) position is similar for all
cations, the interaction in nearest neighbor (1NN) position depends
on the ionic radius. The strength of the 1NN interaction decreases
with increasing cation radius which can be explained by the
tendency of smaller cations to favor a lower coordination number.
This results in a strong attraction for Zr�Ce�V��O and Sc0Ce�V��O pairs
that weakens for the other dopants. It is noted, that up to Sm3+ the
1NN position is energetically favorable compared to the 2NN
position, whereas for Nd3+ both positions are energetically equal.
For the polaron and for La3+ the 2NN position is most favorable.

Simulations were conducted in 12 � 12 � 12 supercells with a
total of 20 736 lattice positions. The dopant ions were randomly
distributed and considered as immobile due to their low
diffusivity.26 In contrast, polarons and oxygen vacancies are
highly mobile and Ce�Ce

	
Ce0Ce and V��O

	
O�O pairs were thus

swapped during the simulations to obtain their equilibrium
distribution. The temperature factor a was varied with a step size
of 0.01 between 0 and 1 with Tmin = 773 K.

The interaction contribution Dru
int to the internal energy of

reduction was obtained from the simulation average of the
energy states in thermodynamic equilibrium. The interaction con-
tribution Dr f int to the free energy was obtained from the energy

Fig. 1 Interaction energy edDVO
between an oxygen vacancy and a dopant

ion or polaron in the nearest (1NN) and next nearest (2NN) neighbor
position taken from ref. 16 and 18.
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distributions collected in the multi-stage sampling approach (see
ref. 17 or the ESI† for details). The entropy term Drs

int was calculated
according to the relation S = (U � F)/T. All contributions were
referenced to the stoichiometric case, thus reflecting only the
contributions of defect interactions to the reduction of the lattice.

The non-stoichiometry was varied with a step size of 0.002 in the
range dA [0.001. . .0.009] and 0.01 in the range dA [0.01. . .0.12]. For
each simulation, 107 cycle steps were performed for equilibration of
the lattice and energy states were recorded over 108 cycle steps.
Twelve independent simulations with different dopant distributions
were averaged for each data point. These simulation parameters are
in accordance with previous simulations.17

Results and discussion
Energy contributions

The simulated interaction contributions Dru
int, Drf

int, and Drs
int

per formula unit CeO2 are given in Fig. 2. Internal energy Dru
int

and free energy Dr f int contributions are negative due to the
attractive interactions between the oxygen vacancies and cation
defects. The energy values become more negative with increasing
non-stoichiometry as the amount of defects and thus the number of
defect interactions increases. This implies that Kint 4 1 according to
eqn (5), thus facilitating the reduction of the lattice.

The absolute value of the free energy is smaller than the
absolute value of the internal energy, corresponding to the negative
values of the entropy contribution. This is in accordance with
the fact that any kind of interaction leads to an ordering of
defects and thus a loss of configurational entropy compared to
the ideal solution model.

Two different groups of dopants can be identified from the
energies in Fig. 2 in correspondence with Fig. 1. The values are

similar for the RE-dopants Lu3+, Y3+, Gd3+, Sm3+, Nd3+, and La3+

but considerably more negative for Sc3+ and Zr4+. Previous
investigations revealed that the lowering of the energy during
reduction is mainly due to the attractive interaction between
the polarons and oxygen vacancies in 2NN position that is
independent of the dopant type.16 A secondary effect is the
interaction between the dopant ions and the oxygen vacancies
introduced through reduction. This effect is less important for
Lu3+, Y3+, Gd3+, Sm3+, Nd3+, and La3+ and consequently the
results in Fig. 2 are similar. In contrast, the effect is more
pronounced for Sc3+ due to a considerably stronger Sc0Ce�V��O
interaction. For Zr4+, this effect is even more pronounced due
the fact that no oxygen vacancies are present in the stoichio-
metric case. This leads to the formation of favorable Zr�Ce�V��O
pairs during reduction and a strong decrease of the energy.18

It should be noted at this point that the composition
Ce0.9Sc0.1O1.95�d is a hypothetical case as the Sc-concentration
is above the solubility limit of a few percent.23

Dependence of non-stoichiometry on oxygen partial pressure

The relations between oxygen partial pressure and non-stoichiometry
in doped ceria were obtained from eqn (8) with the respective
values Kint from eqn (5) and the experimentally determined
values Drh1 = 5 eV and Drs1 = 17kB for the diluted case as
described in the literature.11,17 The results for the various
dopants at 1073 K are presented in Fig. 3 together with the
values for pure ceria and the ideal curves for pure ceria and
Ce0.9RE0.1O1.95�d according to eqn (4). Compared to the ideal
behavior, all curves are shifted by 4 to 15 orders of magnitude to
higher partial pressures for a given non-stoichiometry. This
implies a higher reducibility due to the existence of defect inter-
actions. As the slopes of Dr f int in Fig. 2 are negative, Kint 4 1
according to eqn (5) leading to higher values of pO2

for a given
value of d according to eqn (8).

Again, the two groups of dopants can be distinguished. The
RE-dopants Lu3+, Y3+, Gd3+, Sm3+, Nd3+, and La3+ with medium

Fig. 2 Interaction contributions per formula unit to internal energy (top),
free energy (center), and entropy (bottom) at 1073 K in Ce1�x�yRExZryO2�x/2�d
for various dopants.

Fig. 3 Relation between oxygen partial pressure and non-stoichiometry
in Ce1�x�yRExZryO2�x/2�d at 1073 K. The ideal behavior for CeO2�d (dashed)
and Ce0.9RE0.1O1.95�d (solid) according to eqn (4) is indicated by the black
line. Simulated values for pure ceria (squares) are taken from ref. 17.
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interactions show similar results while the Sc3+ and Zr4+ lead to
reduction at considerably higher partial pressures. This reflects the
finding, that doping with Sc3+ and Zr4+ leads to lower values of Drf int.

In addition, the slopes for Sc3+ and Zr4+ are flattened
compared to the other dopants, meaning that the effect of inter-
actions is more pronounced at low non-stoichiometries while the
curves approach the other RE-dopants at high non-stoichiometries.
This effect is likely to originate from a saturation effect: The strong
attraction between vacancies and dopants leads to an ordering of
vacancies close to the dopant ions even at low non-stoichiometry. At
high non-stoichiometries, these favorable positions are already
occupied and additional vacancies do not increase the number of
favorable interactions considerably.

Fig. 3 also shows the effect of co-doping zirconia doped ceria
with a rare-earth oxide. Comparing Ce0.9Zr0.1O2�d with Ce0.8-
RE0.1Zr0.1O1.95�d, it is apparent that the co-doping with Y2O3 or
Gd2O3 leads to a shift of the curves to lower partial pressures, i.e.
lower reducibility. This phenomenon can be attributed to two
effects, which are due to the introduction of oxygen vacancies
through RE-doping in the stoichiometric case. 1. The minor effect
is that the overall fraction of vacancies is increased and the fraction
of oxygen ions is decreased leading to a smaller non-exponential
factor in eqn (8). 2. The more important effect is that the oxygen
vacancies order at the Zr-ions already in the stoichiometric,
co-doped case, thus blocking these favorable positions and making
the further creation of vacancies by reduction less favorable.

From the position of the curves in Fig. 3, an increase of the
reducibility in the order pure ceria o RE-doped o Zr/RE-co-
doped o Zr-doped can be inferred. This is well in line with
experimental findings.7,27

The influence of the dopant fraction is illustrated in Fig. 4
for Ce1�xGdxO2�x/2�d at 1073 K. In general, the curves are
shifted to higher oxygen partial pressures with increasing dopant
fraction as expected for an increasing amount of favorable inter-
actions. However, above 20 at% doping, the effect seems to
diminish and furthermore, the curves approach each other at
high non-stoichiometries. Both observations are likely due to the
saturation effect mentioned above: As the number of defects

increases, the energetically favorable configurations are already
occupied, leading to a diminished effect for the further reduction.

The temperature influence for Ce0.9Gd0.1O1.95�d is illustrated
in Fig. 5. While all curves shift to higher partial pressures with
increasing temperature, the differences between ideal and
corrected curve diminish. This is due to the fact that high
temperatures decrease the ordering of defects and thus the
number of interacting pairs lowers. As a consequence, the
impact of the defect interactions on the reduction of ceria is
especially pronounced at low temperatures.

In the presented simulations, the dopant ions were distributed
randomly, corresponding to the situation that can be expected
for the slowly diffusing cations after quenching from high
sintering temperatures. Nevertheless, long operation at elevated
temperatures could lead to ordering of the dopant ions. Therefore,
simulations were conducted with the dopant ions mobile, i.e. the
ions are swapped during the simulations and allowed to reach
their equilibrium distribution. The results are shown in Fig. 6 for

Fig. 4 Relation between oxygen partial pressure and non-stoichiometry in
Gd-doped ceria at 1073 K for different dopant fractions. The ideal behavior
for Ce0.9Gd0.1O1.95�d according to eqn (4) is indicated by the black line.

Fig. 5 Relation between oxygen partial pressure and non-stoichiometry
in Ce0.9Gd0.1O1.9�d for different temperatures. The ideal behavior accord-
ing to eqn (4) is indicated by the respective lines.

Fig. 6 Relation between oxygen partial pressure and non-stoichiometry in
Ce0.9Gd0.1O1.9�d and Ce0.9Zr0.1O2�d at 1073 K and 1756 K. Symbols represent
the results for ordered Gd (spheres) and Zr (diamonds); lines represent the
results for the random distribution of Gd (dashed) and Zr (dotted).
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Ce0.9Gd0.1O1.9�d and Ce0.9Zr0.1O2�d at 1073 K and 1756 K. It is
apparent that the ordering has no effect on the reduction behavior
of Gd-doped ceria. The same is true for Zr-doping except for a little
deviation at high non-stoichiometries. Overall, the ordering of
defects seems to have only little effect on the reduction, indepen-
dent of temperature and dopant type.

Conclusions

The impact of defect interactions on the reduction behavior of
doped ceria with the general composition Ce1�x�yRExZryO2�x/2�d
was investigated by large scale Metropolis Monte Carlo multi-stage
sampling simulations based on DFT energies. The contributions of
defect interactions Dr f int to the free energy of reduction were
estimated and the relation between oxygen partial pressure and
non-stoichiometry for the non-ideal system was predicted. The
results show a clear enhancement of the reduction due to defect
interactions, leading to a shift of the partial pressure to higher
values by orders of magnitude. In line with experimental results,
an enhancement of the non-stoichiometry in the order pure
ceria o RE-doped o Zr/RE-co-doped o Zr-doped is found and
the following conclusions can be drawn:
� For a wide range of RE-dopants (Lu3+ to La3+) the effect on

the reduction is similar as the main influence is the interaction
between polaron and oxygen vacancy.
� For Sc3+ the effect is more pronounced as the strong

Sc0Ce�V��O interaction plays a more important role.
� The effect is even more pronounced for Zr4+ where the

formation of oxygen vacancies during reduction leads to favor-
able Zr�Ce�V��O pairs.
� The effect of interactions is especially pronounced at low tem-

peratures, leading to stronger reduction compared to the ideal case.
� Additional co-doping of Zr-doped ceria with Gd2O3 or Y2O3

decreases the reducibility due to the vacancies introduced in
the stoichiometric composition.
� Above d 4 0.1, the reduction of the lattice seems to

become progressively harder irrespective of the type of dopant
or the dopant fraction.
� The ordering of dopant ions seems to have only little effect

on the reduction behavior.
The simulation approach allows the prediction of the deviation

from the ideal reduction behavior for a broad set of dopant types,
dopant fractions, temperatures, and non-stoichiometries. Although
the approach, based on pair interaction energies, is relatively
simple, the simulations are in good agreement with the experi-
mentally measured trends and values.
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Energy Fuels, 2013, 27, 6068–6078.

10 Y. Hao, C.-K. Yang and S. M. Haile, Chem. Mater., 2014, 26,
6073–6082.

11 R. J. Panlener, R. N. Blumenthal and J. E. Garnier, J. Phys.
Chem. Solids, 1975, 36, 1213–1222.

12 S. Wang, Solid State Ionics, 1998, 107, 73–79.
13 S. R. Bishop, K. L. Duncan and E. D. Wachsman, Electro-

chim. Acta, 2009, 54, 1436–1443.
14 M. Kuhn, S. R. Bishop, J. L. M. Rupp and H. L. Tuller, Acta

Mater., 2013, 61, 4277–4288.
15 G. Zhou, P. R. Shah, T. Kim, P. Fornasiero and R. J. Gorte,

Catal. Today, 2007, 123, 86–93.
16 S. Grieshammer, M. Nakayama and M. Martin, Phys. Chem.

Chem. Phys., 2016, 18, 3804–3811.
17 S. Grieshammer and M. Martin, J. Mater. Chem. A, 2017, 5,

9241–9249.
18 S. Grieshammer, J. Phys. Chem. C, 2017, 121, 15078–15084.
19 J. P. Valleau, J. Chem. Phys., 1972, 57, 5457.
20 S. Eisele and S. Grieshammer, J. Comput. Chem., 2020, 41,

2663–2677.
21 S. Eisele, F. M. Draber and S. Grieshammer, Phys. Chem.

Chem. Phys., 2021, 23, 4882–4891.
22 S. Grieshammer, S. Eisele and J. Koettgen, J. Phys. Chem. C,

2018, 122, 18809–18817.
23 S. Grieshammer, B. O. H. Grope, J. Koettgen and M. Martin,

Phys. Chem. Chem. Phys., 2014, 16, 9974.
24 P. A. Zguns, A. V. Ruban and N. V. Skorodumova, Phys.

Chem. Chem. Phys., 2017, 19, 26606–26620.
25 S. Grieshammer, Phys. Chem. Chem. Phys., 2018, 20,

19792–19799.
26 C. L. Perkins, M. A. Henderson, C. H. F. Peden and G. S.

Herman, J. Vac. Sci. Technol., A, 2001, 19, 1942–1946.
27 D. Arifin, A. Ambrosini, S. A. Wilson, B. Mandal, C. L. Muhich

and A. W. Weimer, Int. J. Hydrogen Energy, 2020, 45, 160–174.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 5
:2

8:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp00925g



