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bstract

olecular dynamics simulation of CeO2 doped with M3+ (a trivalent cation) with ionic radii ranging from 1.019 Å (Y3+) to 1.160 Å (La3+) were
erformed to examine the effects of the dopant cation size on ionic conductivity. Interatomic potential parameters were empirically fitted with
quilibrium properties and energy barriers from ab  initio  calculations. Vacancy trapping and edge blocking mechanisms were studied. Analysis

n vacancy trapping showed that the effect was more pronounced in La- and Y-doped ceria than those doped with Gd and Sm. Analysis of the
dge blocking effect showed that larger-sized dopants would limit the available pathways for vacancy hopping. The combined effects satisfactorily
xplained the influence of the dopant cation size on the ionic conductivity of heavily doped ceria.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Ceria (CeO2) has drawn much attention lately as it has
ecome a promising choice for an electrolyte in intermediate-
emperature solid oxide fuel cell (IT-SOFC).1–5 For fuel cell
pplications, ceria is often doped with accepter oxides to
nhance its ionic conductivity. In general, the ionic radius of
opant cation is considered to be a critical factor for the selective
opant in ceria and related fluorite oxides.2 For traditional M3+

trivalent cation) doped CeO2, the ionic conductivity increases
ith an increase of the radius of the trivalent dopant ion,

(M3+) until the radius reaches its maximum value, M = Gd or
m. After a crossover of the size occurs, the ionic conductiv-

ty decreases.2,3 Thus, it is very important to understand the
nderlying mechanisms of the r(M3+) dependency; such under-
tanding will help us design novel multiple-doping ceria or
imilar ionic conductive systems in the future.

The dependency of ionic conductivity on a dopant cation can

e reasoned from various perspectives. In some earlier studies,
he ionic conductivity was simply attributed to the change of
attice constant after doping.3,4 For larger-sized dopant cations,
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he lattice of ceria tends to expand, whereas for smaller-sized
opants, the lattice tends to contract. Gd2O3 and Sm2O3 were
ationalized as the optimized oxides since they led to a mini-
um change of the lattice constant. Recent atomistic simulation

tudies have provided a more detailed understanding based on
tomic-scale defect chemistry.5 Two different mechanisms for
opant-size dependency have been suggested. The first is related
o the difference in the association effect between the counter-
harged oxygen vacancy (VO

••) and the substituted trivalent
opant (M′

Ce). Several atomistic calculations suggested that the
ssociation energy of the associated defects, {MCeVO} • and
2MCeVO}, reached a minimum value when M is Gd.6–9 The
econd mechanism is related to the edge blocking effect revealed
rom detailed ab  initio  calculations.9–11 It suggests that the hin-
rance of oxygen hopping occurs when large-size solute ion is
resent at the midway of the hopping path. From the viewpoint
f edge blocking, a large M′

Ce should not be favorable for oxygen
iffusion.

Most of the aforementioned atomistic simulations were per-
ormed based on energy minimization techniques (0 K). The
alculated results are usually based on a minimum number

f defects, i.e., generally within a dilute dopant concentra-
ion. It is conceivable that in such dilute concentration of
efects, the influence of defect association should overwhelm
hat of edge blocking due to its long-range electrostatic nature.

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.029
mailto:dchen@ntu.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2011.05.029
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Fig. 1. (a) The crystal structure of a CeO2 unit cell. (b) Illustration of oxygen
hopping into an adjacent vacant site in the CeO2 lattice. Models I, II and III
represent different local structures for oxygen hopping. It should be noted that,
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owever, doped ceria in a concentrated range (for example,
e1−xMxO2−x/2 at x > 0.08) is much closer to practical usages.12

t had been reported that the edge blocking alone can sig-
ificantly affect the composition–conductivity relationship in
imilar zirconia-based systems.13–15 Consequently, in order to
orrectly model the ion conduction in heavily doped ceria, a
imulation scheme taking both mechanisms into consideration
s required. To date, the ion conduction behavior in heavily doped
eria has not been studied in detailed atomistic simulations.

Generally speaking, molecular dynamics (MD) simulation
s a preferred tool for simulating atomic diffusion and conduc-
ion process. In MD simulations, motions of ions are actually
esolved, and direct calculation of atomic diffusivity from atomic
rajectory can be performed. Therefore, MD simulation bears

 closer resemblance to experimental conditions, and can be
roperly used to study ionic conduction in various composi-
ions. Although several MD simulation studies of doped ceria
re available,16–18 comparative studies of the effect of different
opant types using MD simulation are rare. In fact, the only rel-
vant work to our knowledge is the study by Hayashi et al.17

n Y-, Gd- and La-doped ceria. From their results, Gd-doped
eria exhibited the highest oxygen diffusivity, in agreement
ith experimental observations. However, the underlying mech-

nisms relating to ionic size dependency were not analyzed in
epth.

In this study, we examine the effect of dopant cation radius
n ionic conduction process and analyze the underlying mecha-
isms using MD simulations. Four trivalent dopants (Y, Gd, Sm,
nd La) with ionic radii ranging from 1.019 Å (Y3+) to 1.160 Å
La3+) are investigated. The dopant level corresponding to max-
mum conductivity and activation enthalpies are analyzed. The
onic conductivities at a wide composition range (within con-
entrated dopant level) and their temperature dependency are
resented.

. Methodology

.1.  Parameterization  of  interatomic  potentials

The crystal structure of CeO2 is fluorite, with the space group
m3m. Fig. 1(a) shows the unit cell of CeO2, which consists of
our Ce atoms residing at the 4a sites and eight O atoms at the
c sites. The interatomic potentials adapted were electrostatic
n combination with a Buckingham type short-range potential.
he potential parameters for Ce4+–O2− and O2−–O2− pairs
ere taken from Inaba et al.18 For the M3+–O2− potentials, we

djusted the parameters suggested by Hayashi et al.17 in order
o correlate with measured lattice constants of Ce1−xMxO2−x/2
nd energy barriers from ab  initio  calculations. A few candi-
ates of the M–O potential parameters could be found to predict
he measured lattice constants. We then used energy barriers
rom ab  initio  calculations (described below) as the benchmark

o find the desirable set of the M–O potential parameters. The
nergy barriers for oxygen hopping under specific atomic con-
gurations are adopted; these configurations are illustrated in
ig. 1(b).

5
O
w
a

he unit cell shown here is only for illustration. For NEB calculation we used a
 × 2 × 3 supercell.

The new potential parameters are listed in Table 1. Calculated
attice constants from these parameters gave excellent agree-
ent with the experimental measurements19 (Fig. 2). Table 2

hows the comparison of the calculated energy barriers from the
iterature,10 independent ab  initio  calculations performed herein
nd MD with the new potential parameters. Again, calculated
nergy barriers from these parameters gave excellent agreement
ith those from ab  initio  calculations. Finally, we remark that

lthough the new potential parameters perform very well for a
e1−xMxO2−x/2 system, they do not perform equally well for

he bulk M2O3 phase.

.2.  Molecular  dynamics  simulation

To perform MD simulation, a supercell consisting of
 ×  5 ×  5 unit cells of pure CeO , with total 500 Ce and 1000
2

 atoms, was used as the initial model. The Ce1−xMxO2−x/2
as then generated by replacing the 500x  of Ce4+ with M3+

nd by removing 250x  of oxygen atoms as vacancies. For
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Table 1
Potential parameters used in the present study.

Electrostatic potential E(r) = − qiqj

4πε0r

Species Charge (elementary charge)

O −1.35
Ce 2.7
Y, La, Sm, Gd 2.025

Short-range potential with Buckingham’s form: S(r) = A exp
(−r

ρ

)
− C

r6

Pair A (eV) ρ (Å) C (eV Å6)

Ce–O 30887.45 0.2114 0.00
O–O 980.06 0.332 17.384
La–O 1442.0 0.3144 0.00
Sm–O 1578.0 0.2953 0.00
Gd–O 1385.0 0.298 0.00
Y–O 2500.0 0.2685 0.00

Note: The Ce4+–O2− and O2−–O2− short-range potential parameters were
taken from Hayashi et al.17 The parameters originally appeared in Busing
approximation of Born–Mayer–Huggins form and have been converted to the
Buckingham’s form herein.

Fig. 2. Lattice constants of Ce1−xMxO2−x/2 (298 K, 1 ns) from calculations and
from experimental measurements.19.

Table 2
Calculated energy barriers for oxygen hopping, with the reported simulation
result.

ab initio Nakayama and
Martin10

Present MD
simulation

Model I (eV)
0.488 ∼0.482 0.480

Model II (eV)
M = Y 0.523 ∼0.533 0.519
M = Gd 0.570 0.564
M = Sm 0.637 0.631
M = La 0.827 0.819

Note: Models I and II refer to the hopping under different atomic configurations,
as illustrated in Fig. 1.

Table 3
The effect of cell size on calculated oxygen diffusivity of Ce0.8Gd0.2O1.9 at
1273 K for 2 ns.

Cell size # of atoms Oxygen diffusivity (m2/s) Stdev

5 × 5 × 5 1500 2.45 × 10−11 1.19 × 10−12

6 × 6 × 6 2592 2.33 × 10−11 5.24 × 10−13

7 × 7 × 7 4116 2.38 × 10−11 5.20 × 10−13

8 × 8 × 8 6144 2.46 × 10−11 1.99 × 10−13

Note: for each cell size, five simulations with different randomly assigned initial
configurations of M′

Ce and V••
O were performed. The oxygen diffusivity is the
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verage and stdev is the standard deviation.

 heavily doped ceria structure, the geometric distribution of
opant cations used in Hayashi et al.17 and Inaba et al.18

as adapted in which a random distribution of M3+–M3+

airs was assumed. In this study, five random models with
ifferent distributions of dopant cations and oxygen vacan-
ies were generated for all compositions. Finite size effect
as investigated by systematically increasing the size of the

imulation box. Table 3 lists the calculated oxygen diffu-
ivity for different cell sizes. It appeared that the predicted
alue of oxygen diffusivity was not sensitive to the cell
ize.

In order to obtain adequate time sampling, the simulation time
as prolonged to 5 ns, within which 1 ns is for equilibrium run

nd 4 ns is for production run and data collection. During the sim-
lation, the Hamiltonian converged quickly (∼50 ps) and did not
uctuate dramatically for the rest of simulation time. All MD cal-
ulations were performed using the DL POLY code20 under the
–P–T (constant particle number, hydrostatic pressure and tem-
erature) ensemble. The time-step was 2 fs (2 ×  10−15 s), and the
osé–Hoover algorithm with 0.5 ps thermostat relaxation time

nd 0.8 ps barostat relaxation time was used to effectively control
he temperature and pressure.21,22 An Ewald Sum was applied
o calculate the electrostatic energy with a 1.3 nm real-space cut
ff.

.3. Ab  initio  calculation  of  the  energy  barrier

The Vienna ab  initio  simulation package (VASP)23,24 was
sed to find the energy barriers of the atomic configurations
epicted in Fig. 1(b). VASP provides fast and efficient algorithms
o find the electronic ground state of the system. The generalized-
radient approximation suggested by Perdew et al.25 was applied
o calculate the exchange correlation energy. The effects of
ore electrons were treated by the projector-augmented wave
ethod.26,27 A supercell consisting of 2 ×  2 ×  3 unit cells of
eO2 was built at first. Single oxygen was then removed to form

 single - VO
•• system; this was followed by substituting 0/1/2

eighboring cerium with trivalent dopant to conform to the mod-
ls for oxygen hopping (Model I/II/III as shown in Fig. 1(b)).
he 3 × 3 × 2 Monkhorst-Pack k point mesh28 and a 400 eV
ut-off energy for plane wave were used for ab  initio  calcula-

ions. For all trivalent lanthanide elements, localized 4f electrons
ere treated as part of inner-shell electrons, which is a con-
entional scheme for compounds with fully ionized lanthanide
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Fig. 3. (a) Illustration of the five images used for NEB calculatio

lements and favors the convergence of electronic configura-
ion calculations. All the ab  initio  calculations were performed
nder the constant volume constraint. The cell parameters were
etermined from an independent calculation of a defect-free

 ×  2 ×  3 supercell, for which cell and atoms were relaxed
imultaneously.

Energy barriers of the hopping process based on ab  ini-

io calculations were evaluated by the nudged elastic bands
NEB) method.29 The NEB was performed with five images
s depicted in Fig. 3(a), in which Model I was used for illustra-

i
o
e

) The obtained energy profile of the 5-image NEB calculations.

ion and only a fraction of the supercell was shown. It should
e noted that the first and the fifth images are the initial and
nal states, which were fully relaxed prior to the NEB cal-
ulations. In order to locate the saddle point, the climbing
mage modification of the NEB method30 was adopted. Fig. 3(b)
hows the obtained energy profile, in which the energy bar-
ier was defined as the energy difference between the third

mage (for which the oxygen actually located at the midpoint
f hopping), and the initial image. We finally remark that the
nergy barrier for MD was determined from potential energy
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urface by moving an adjacent oxygen atom into a vacant site.
he operation and calculations were supported by the GULP
ode.31

.  Results  and  discussion

.1.  Oxygen  diffusivity  and  ionic  conductivity

The ionic conductivity (σ) was evaluated from the self diffu-
ivity of oxygen ions, described by the Nernst–Einstein (N–E)
elation:

 = nq2D

kT
,  (1)

here n  is the concentration of a mobile charged species, q  is the
harge it carries, and D  refers to its self diffusivity. It is worth
oting that the N–E relation is strictly valid only in a dilute
efect concentration. Our evaluation of conductivity is based on
he assumption that the conductivity correlation effect can be
gnored. The approximation is valid as our system exists in the
bsence of external fields and thus should not be far from the
quilibrium state.32 In the MD simulation, D  of any species can
e related with its motion via  Einstein’s equation:

1

N

N∑
i=1

[ri(t) −  ri(0)]2 =  6Dt.  (2)

The left-hand side is also known as the mean-square displace-
ent (MSD), where ri represents the position of an atom i, and

 corresponds to the total number of the species of interest.
Eq. (2) shows that atomic diffusivity is associated with the

lope of MSD–time plot. Care must be taken that an essential
inearity of MSD–time is required for reasonable evaluation of
he diffusivity. For example, the MSD–time plots of Gd- and Y-
oped CeO2 are shown in Fig. 4. The straight lines were linearly
tted, corresponding to the data points beyond 1000 ps (1 ns). It
as found that the coefficient of determination R2 values were

arger than 0.95 for all compositions. Thus, the diffusivities at
 ≥  1073 K could be accurately calculated from the data beyond

 ns.
Fig. 5(a) plots the calculated ionic conductivity versus r(M3+)

nd the experimental results reported in the literature. In our cal-
ulations, Gd–CeO2 exhibited the highest conductivity. Some
iscrepancies are noted between different sets of experiments:
mong the four types of dopants, Sm–CeO2 exhibited the high-
st conductivity in the studies by Eguchi et al.33 and Balazs and
lass,34 whereas Gd–CeO2 exhibited the highest conductivity

n Vanherle et al.35 The discrepancies between the measured val-
es indicated the possible interference of microstructures.36 The
onductivity of La-doped CeO2 reported by Balazs and Glass34

as apparently lower than that measured by Eguchi et al.33 The
eason for such disagreement was because the La–CeO2 sam-

34
le prepared by Balazs and Glass was not fully densified and
ess homogeneous in phase content. Consequently, the La-doped
eO2 conductivity value reported by Balazs and Glass34 should
e discarded.

o
w

a

tting corresponds to the data points between 1000 and 5000 ps. The coefficient
f determination R2 values of the fittings are also shown in the figure.

With the above assessment, we observed that the simulated
alues agreed very well with experimental measurements qual-
tatively but were consistently lower than the measured values.
his was counter-intuitive since the existence of grain boundary
nd impurity in the experimental samples should be detrimental
o the ionic conductivity and the values obtained from theoretical
alculations should be higher than the measured ones. The rea-
on for the contrary results is yet to be clarified. One possibility is
hat the proposed interatomic potential may not be good enough
o give a precise prediction on the interaction between vacancy
nd trivalent cation which will affect the calculated ionic con-
uctivity. To quantify such effect requires the binding energy of
O–MCe pair, but such calculations are currently difficult to be
btained directly from ab  initio  simulations. These calculations

ill be a subject of future studies.
The variation of ionic conductivity with composition was also

nalyzed. In Fig. 5(b), the x value associated with the highest
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Fig. 5. Simulated ionic conductivity at 1073 K vs (a) r(M3+) in Ce0.8M0.2O1.9
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tionship between σ  and r(M ) was investigated. The association
ith experimental data26–28 (b) composition (x) in Ce1−xMxO2−x/2 (the arrows
ndicate the composition associated with xM).

onic conductivity in Ce1−xMxO2−x/2 is marked and denoted as
M. We observed that the predicted xM ranged between 0.16 and
.20 for Gd-, Sm- and Y-doped CeO2, and was around 0.13 for
a-doped CeO2. For M = Gd, Zhang et al.37 suggested an xM of
.20, and Guan et al.38 reported a value of 0.15, while Steele39

rgued that xM should occur at 0.1. Zhan et al.40 measured a xM

alue of 0.2 for M = Sm. Values of 0.16–0.2 for M = Y and La
ave also been reported.34,41,42 The best dopant values xM for
our elements predicted from the simulations ranged from 0.1
o 0.2, which were consistent with the experimental findings.

The temperature dependency of ionic conductivity is depicted
n Fig. 6(a) using an Arrhenius plot. The ln(σT) −  1/kT  plots
re essentially linear, as an indication that only one mechanism
ominates the ionic conduction for all doped ceria in this temper-

ture range. Consequently, the slope, i.e., the activation enthalpy
equired for conduction under this mechanism, was calculated.
he activation enthalpies versus r(M3+) of Ce0.8M0.2O1.9 calcu-

c
b
i

ig. 6. (a) Arrhenius plots of simulated ionic conductivities of Ce0.8M0.2O1.9.
b) Calculated activation enthalpies vs r(M3+) in comparison with experimental
esults and the ab initio simulation results reported by Andersson et al.9.

ated at 1073–1323 K in comparison with experimental results
re shown in Fig. 6(b). Although considerable variations exist
n our simulation results, the trend is in general agreement with
xperimental results. The ab  initio  simulation predicted a mini-
ized activation enthalpy9 for the dopant with an atomic number

etween Pm and Sm (61 ≤  z ≤  62), which is also consistent with
ur MD prediction.

.2. Vacancy  trapping  effect

The defect association mechanism accounting for the rela-
3+
an be thought of as oxygen vacancies being trapped in the neigh-
oring sites of M′

Ce. The diffusivity of cations in fluorite oxides
s about 9–10 orders lower than that of oxygen.43 Since cations
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Fig. 7. Illustration of (a) a slice of the simulation cell (blue, red and green spheres
represent the Ce4+, O2− and M3+ atoms, respectively) used for the subsequent
analysis of oxygen density distribution and (b) contour plot of time–averaged
oxygen distribution in the slice (the cell corresponds to Ce0.8Y0.2O1.9 at 1073 K
and data were collected during a 5 ns simulation run). The closed and open
triangles represent the M3+ at the top and bottom cation planes, respectively.
N
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Table 4
Linear regression result based on the model of Ce0.8M0.2O1.9. The errors were
given as ±1 standard deviation, which is calculated from the results of 5 simu-
lation cells with different intial vacancies and M3+ distributions.

Doped element r(M3+) (Å) �1 �2

Y 1.019 −0.07562 ± 0.00143 −0.00044 ± 0.00084
Gd 1.053 −0.05518 ± 0.00123 −0.01326 ± 0.00072
Sm 1.079 −0.03116 ± 0.00140 −0.01873 ± 0.00082
L

o
w
a
o

n
d
t
a
v
m
M
i

a
n

a
(

w
a

O

w
t
β

r
w
t
n
T
t
β

β

o
o
f
W
t
n

f
l

ote that the view is along the c-axis. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of the article.)

re virtually immobile, vacancy trapping results in a decrease in
xygen mobility.

The vacancy-trapping phenomenon can be visualized by ana-
yzing the time–averaged distribution of oxygen ions at the
elected sites in the simulation cell. Fig. 7(a) shows a slice of

 simulation cell (colored part) used for the subsequent analy-
is of the oxygen density distribution. The atom positions were
nalyzed per 1000 time steps (2 ps). The oxygen density in a
olume was defined by dividing the number of oxygen atoms
t a particular site by the total number of records. The contour
lot of the oxygen density distribution projected on the slice is
hown in Fig. 7(b). The darker points in the figure indicate the
egular oxygen sites in a CeO2 lattice. We observed that several
nion sites exhibited lower oxygen densities. The oxygen sites
urrounded by triple Y ions tended to be less occupied (e.g. the
xygen sites with coordinates about (9.5,4.7) and (12,12)). This

mplies that possible vacancy-trapping sites occur close to the

Ce clusters. This vacancy-trapping phenomenon is indepen-
ent of the initial configuration of cation impurities. Finally, the

t
f
H

a 1.160 −6.0 × 10−5 ± 0.00185 −0.04150 ± 0.00109

xygen distribution of the Gd, Sm and La doped ceria systems
ith an identical spatial distribution of M3+ was investigated,

nd shown in the Fig. 8. The geometric relationship between
xygen density and M3+ ions differs for differently doped ceria.

Two types of {MCeVO} • associative defects, the first-
eighbor and second-neighbor associations, have been widely
iscussed in the literature.5 In heavily doped ceria, a high frac-
ion of the oxygen sites are surrounded by trivalent cations at first
nd/or second-neighbor distances. In order to identify the type of
acancy-trapping mechanism in differently doped ceria, the geo-
etric relationship between oxygen occupancy and number of
3+ within the first- or second- neighbor shell was investigated

n the following.
The numbers of M3+ at the first- and second-neighbor shell

round a given oxygen site were identified and denoted as n
f
i and

s
i . We subsequently performed a two-variable linear regression
nalysis to find the correlation of the oxygen density at site i
Oi) to n

f
i or ns

i . The regression was based on a statistical model,

hich showed the oxygen occupancy (Oi) as a function of n
f
i

nd ns
i :

i =  β0 +  β1n
f
i +  β2n

s
i +  εi, (3)

here the oxygen occupancy (Oi) was calculated by integrating
he oxygen density over the volume of the oxygen site.44 β0,
1 and β2 were the coefficients of the regression model and εi

epresented a random variable following a normal distribution
ith a zero mean. If β1 and β2 were negative, this implied that

he formation of oxygen vacancies was likely located in the
eighborhood of M′

Ce sites. The results of regression are listed in
able 4. All of the β1 and β2 values were negative, implying that

he vacant site i was surrounded by trivalent cations. Meanwhile,
1 became more negative as r(M3+) decreased, while for M = La,
1 was obtained with little relevancy. These results indicated that
xygen vacancies for smaller-sized M-doped ceria preferred to
ccur at the sites with a greater n

f
i . For β2, a reversed trend was

ound: β2 was more negative and significant as r(M3+) increased.
e thus conclude that for M = Y, Gd and Sm, first-neighbor

rapping of VO
• by M′

Ce is preferred, while for M = La, second-
eighbor trapping is preferred.

Kilner5 has recently reviewed the first-/second-neighbor
avored vacancy-trapping for differently doped ceria. In a static
attice simulation by Minervini et al.,7 it was suggested that for

he defect {MCeVO} •, the second-neighbor binding energies
or M = La was higher than the first-neighbor binding energies.
owever, for M = Y and Gd, the first-neighbor binding was more
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Fig. 8. Time-averaged oxygen density in a slice of (a) Ce0.8Gd0.2O

nergetically preferred. Similar results were also reported by
ndersson et al.9 using ab  initio  studies on lanthanum series

ons. MD simulation results by Hayashi et al.17 and Cheng
t al.16 and a calorimetric study by Navrotsky et al.45 also
uggested that for M = Y and Gd, first-neighbor trapping was
referred. It is interesting to note that our results on second-
eighbor favored vacancy-trapping for La agree with those from
inervini et al.7 and Anderson et al.9 These findings contradict
ith those from Hayashi et al.17 and Navrotsky et al.45 where

he oxygen vacancies were found to favor the sites locating at
he first-neighbor in La-doped ceria. As our findings agree with
hose from ab  initio  simulations by Andersson et al.,9 this also
ives evidence that the potential derived in this study is superior
o that from Hayashi et al.17

The result of the Table 4 also suggests the existence of
multiple M′

Ce–single VO
•] defect clusters. Indeed, we found

hat an oxygen site surrounded by more dopants at either
rst neighbor or second neighbor tended to be more vacant.
or example, in Y-doped CeO2, a site surrounded by four
rst-neighbor Y was found to have an average occupancy of
nly 0.02. This should give evidence for the presence of a
4Y −  V ]′′ defect complex. Furthermore, a site with seven
Ce O
econd-neighbor La was also found to exhibit only 0.006 aver-
ge occupancy; this can also be regarded as formation of a
7LaCe −  VO]5− complex.

T
v

d (b) Ce0.8Sm0.2O1.9 (c) Ce0.8La0.2O1.9 5 × 5 × 5 cell at 1073 K.

In addition to the geometries of vacancy trapping, it is also
mportant to quantify the effect on ionic diffusion process. In
rder to quantify vacancy trapping, an analysis of the distribution
f Oi was performed. This was achieved by collecting the data
alue of Oi of all oxygen sites. For the ensemble with a constant
umber of particles, the integration over all the oxygen sites
hould be a constant for a given composition, i.e.,

∑N
i (1 −  Oi)

N
= [VO

•]S,  (4)

here N  is the total number of oxygen sites in our simulation
ell and [VO

•]S is the averaged site fraction of oxygen vacancy.
n Ce1−xMxO2−x/2, [VO

•]S is related to the composition (x) as:

VO
•]S =  1 −

(
1 − x

4

)
= x

4
.  (5)
hus, [VO
•]S is 0.05 for Ce0.8M0.2O1.9. By defining a threshold

alue of occupancy, Ot, as a criterion for a “deep-trapping site”,
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Table 5
Calculated d(Ot) and percentage of strong vacancy-trapping sites (sites with
Oi < Ot) of Ce0.8M0.2O1.9 at 1073 K. The errors were given as ±1 standard
deviation, which is calculated from the results of 5 simulation cells with different
intial vacancies and M3+ distributions.

Dopant (M) d(Ot) (%) Percentage of strong
vacancy-trapping sites (%)

Y 21.82 ± 8.06 2.22 ± 1.51
Gd 9.98 ± 4.00 0.78 ± 0.36
S
L
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m 9.90 ± 4.90 0.78 ± 0.37
a 33.60 ± 8.46 2.36 ± 0.55

he percentage of deep-trapped vacancy can be quantified as a
unction d(Ot):

(Ot) =

∑
Oi<Ot

(1 −  Oi)

N∑
i

1 −  Oi

×  100% =

∑
Oi<Ot

(1 −  Oi)

N[VO
•]S ×  100%(6)

In this study, Ot for a composition with x  = 0.2 was chosen
s 0.5, since this value was significantly lower than the average
ccupancy, 0.95. The calculated d  values are listed in Table 5.
aking M = Y as an example, 1.68% of strong vacancy trapping
ites existed in the lattice, these sites actually trapped 21.8% of
otal oxygen vacancies. In comparison, the d(Ot) for Gd/Sm-
oped ceria was significantly lower than that of the M = Y/La
ases. This indicates that the vacancy-trapping effect is more
ronounced in Y/La-doped ceria than that in Gd/Sm-doped ceria.

Based on the aforementioned analyses, oxygen vacancies
end to be trapped at the first-neighbor of M′

Ce in Y-, Gd- and
m- doped ceria, while for M = La, second-neighbor trapping is
referred. In addition, the vacancy-trapping is more prevalent
n higher d(Ot) and leads to the negative correlation between
(Ot) and conductivity. In other words, the ionic conductiv-
ty in lower d(Ot) (M = Sm/Gd) is higher than those in higher
(Ot) (M = La/Y). We performed a few analyses with varying Ot

0.5–0.8) and found that the order of d(Ot) (La > Y > Sm �  Gd)
as insensitive to the choice of Ot. As it is not possible to differ-

ntiate the order of d(Ot) for Sm– and Gd–CeO2, this suggests
hat the vacancy trapping effect alone is not sufficient to explain
he highest conductivity of Gd–CeO2.

.3. Edge  blocking  effect

The term “edge blocking” refers to oxygen hopping (or
xygen-vacancy exchange) hindrance when a larger dopant
ation resides in the hopping path. As illustrated in Fig. 1(b),
n oxygen ion passes through the sharing edge of two tetrahe-
ra and preferentially hops to the nearby vacant site. In several
b initio  studies on zirconia and ceria systems,9,14,46 the energy
arrier for the hopping is found to increase when one (or both)
f the host cations on the edge is substituted by larger trivalent
ation(s). The same trend was observed in this study (Table 2).

he energy barriers of hopping based on model II increased with
n increase of r(M3+). Similar trends were found for model III
n which both cerium ions at the edge were replaced by dopants. c
ig. 9. Count of effective hopping recorded in Ce0.8M0.2O1.9 during a 5 ns sim-
lation, run at 1073 K. The simulated ionic conductivity (log(σT)) is also shown
or comparison.

From the images of the NEB calculations and MD trajecto-
ies, the oxygen hopping path was found to be very close to a
traight line. The 3rd image of the NEB calculations is related
o the peak of energy profile with the hopping oxygen located
t the midpoint of the two edge cations. From the atomic relax-
tion configurations of this image, we observed that the two edge
ations slightly relaxed in an opposite direction toward 〈1 1 0〉  to
nlarge the distance in-between. Taking Model III as an exam-
le, we found that the relaxation of larger-sized dopants on the
dge was more apparent and the order of barrier height for dif-
erent dopants before/after relaxation remained unchanged. This
mplies that the barrier height should mainly result from the fact
hat the larger dopant will yield a greater degree of electron cloud
verlapping to discourage hopping.

We performed and analyzed oxygen hopping processes in
etails to assess the overall edge-blocking effect in MD sim-
lation. By analyzing the trajectories of atoms, the oxygen
vacancy) hopping events were recorded. In order to correlate
he count of hopping with ionic conductivity, we excluded the
ack-and-forth jumpings since they did not contribute to the
verall displacement. The rest of jumping events were then
efined as “effective hopping”. The counts of effective hopping
vents for all the investigated ceria are shown in Fig. 9. We
bserved that the fraction of hops across Ce–M and M–M edges
or the larger dopant cases (La and Sm) were significantly less
han those for the smaller dopant size cases (Y and Gd). This
nding was consistent with the energy barrier results shown in
able 2. The decrease of the counts of M–Ce and M–M edge-
rossing became noticeable in the M = Sm case. This implies
hat the number of available hopping paths has been restricted as
(M3+) > r(Gd3+). Thus, the defect association analysis together
ith the edge-blocking effect gives a plausible interpretation for

he best conductivity being found when M = Gd.

. Conclusions
In the present work, the effect of four dopants (M3+) on ionic
onduction behavior of Ce1−xMxO2−x/2 was studied. MD simu-
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ations of Y-, Gd-, Sm- and La-doped ceria with r(M3+) ranging
rom 1.019 to 1.160 Å were conducted. The calculated results
f several important characteristics of ionic conductivity, e.g.,
og(σT) −  r(M3+) relationship and optimal dopant level, were
n general agreement with experimental results. In contrast to
he earlier simulation studies, which were performed under 0 K
nd low dopant concentration,9–11 we modeled Ce1−xMxO2−x/2
t various compositions and temperatures and investigated the
tomistic mechanism of ionic conduction. The major observa-
ions from our calculations are summarized below:

. From the analysis of vacancy trapping, oxygen vacancies
in Ce1−xMxO2−x/2 were found to be trapped at the first-
neighbor of dopant cations for M = Y, Gd and Sm. However,
the tendency of the second-neighbor trapping appeared to be
more pronounced as r(M3+) increased. For M = La, second-
neighbor trapping of vacancies to M3+ was preferred over
first-neighbor trapping.

. For the cases where M = Y and La, the deep-trapping sites
(with occupancy ≤  0.5) trap more oxygen vacancies (23%
and 34%, respectively) than those where M = Gd and Sm
(∼10% for both). The trapping analysis supports our pre-
diction that Gd and Sm dopants results in higher ionic
conductivity than Y and La dopants.

. It was found that even at high dopant levels, the vacancy-
trapping mechanism still gives better interpretation to the
overall order of ionic conductivity over the edge-blocking
mechanism. However, the results that Gd–CeO2 exhibits the
highest conductivity can only be satisfactorily explained by
consideration of the interplay of vacancy trapping and edge-
blocking effects.
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