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Structural phase transformation through defect cluster growth in Gd-doped ceria
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Defect clusters with ordered structures in Gd-doped ceria have been verified by transmission electron
microscopy. Atomistic simulation validates further the ordered structures and related pathway for cluster growth.
A unique dumbbell structure formed with six oxygen vacancies in a ceria matrix has been identified as the
building block for defect cluster growth and sequentially for the evolution from a F- to C-type lattice. As such,
the phase transformation as established on the atomic scale occurs through this defect cluster growth.
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Defect clusters, originating from aliovalent dopants and
charge-compensating oxygen vacancies, are widely present
in anion-deficient compounds.1 Such defects have been exten-
sively investigated in nonstoichiometrically stabilized zirconia
or doped ceria due to their crucial roles in determining ionic
conductivity of electrolytes in solid oxide fuel cells (SOFCs),
the key technology to develop environmentally benign power
sources.2–4 The electrolyte ionic conductivity is provided by
oxygen vacancies, the most mobile defects in oxygen-deficient
oxides.5 Contrary to the anticipation that ionic conductivity
would increase monotonically with dopant concentration,
investigations have revealed a saddle-shaped conductivity
curve with the peak value at a certain critical doping level (10–
20 at.%), far before reaching the maximum dopant solubility.6

The mainstream explanation ascribes this nonmonotonic be-
havior to defect-defect interactions and defect ordering.7,8 In
stabilized zirconia, clusters that grow in ordered structures may
enhance defect interactions, inhibit the diffusion of oxygen
vacancies, and consequently decrease the conductivity.9,10

Similarly, theoretical and numerical models have been devel-
oped for distributions and interactions of defects in rare-earth-
doped ceria.11 However, previous investigations only focused
on the formation and interaction of small clusters (no larger
than two oxygen vacancies).11,12 Recently, Ye et al. proposed
a helical chain model with up to four oxygen vacancies in
Gd-doped ceria (GDC), but this model still fails to answer
some critical questions.13,14 It is well established that as the
dopant concentration increases, the fluorite (F-type) lattice will
gradually evolve through ordered fluorite-related structures
to the C-type sesquioxide.1,15 However, restricted by the low
symmetry and nonconvergence trait of such a chain structure,14

it is difficult to arrange the constituent positions and explain
this phase transformation. Therefore, it is essential to explore
with further research the interactions, ordered structures, and
the related growth pathway of defect clusters. Insights gained
from such studies can facilitate our understanding of the phase
transformation at the atomic level, and consequently improve
the physical and chemical properties of doped ceria for SOFC
applications.

To fill the aforementioned gaps, this Rapid Communica-
tion provides, through experiment and atomistic simulation,
evidences for defect cluster growth from a F- to C-type
structure in GDC. The GDC nanopowders were synthesized by
the ammonium carbonate coprecipitation method.16 Calcined
precursors were isostatically pressed and then sintered at
1400 ◦C. To explore defect cluster evolution as a function of the
dopant concentration, high-resolution transmission electron
microscopy (HRTEM), energy-filtering TEM (EFTEM), and
selected-area electron diffraction (SAED) were performed on
samples with different doping levels. Atomistic simulation
was employed to investigate the growth of defect clusters. The
simulation is based on the Born model,17 where the short-range
interactions are described by the Buckingham potential in the
form of E(rij ) = A exp (−rij /ρ) − Cr−6

ij (rij for the atomic
distances, and A, ρ, and C for adjustable parameters in Table I).
The O2− and Ce4+ ions are treated as polarizable, described
by a shell mode,18 with shell parameters Y |e| and a harmonic
spring of force constant k: Y = −2.04 and k = 419.87 eV/Å2

for O2−, and Y = −0.20 and k = 291.75 eV/Å2 for Ce4+.19,20

To calculate the intrinsic defect energy, the Mott-Littleton
two-region method was applied. Also, the binding energy Eb is
calculated to investigate the preference and stability of defect
clusters. It is described as Eb = �Eisolated − Ecluster, where
�Eisolated is the sum of the defect energy for all individual
components and Ecluster is the entire defect energy of this
cluster.

Figure 1 demonstrates the GDC microstructural evolution
as a function of dopant concentration. To ensure comparability,
all GDC samples were observed along the [110] zone axis.
Figures 1(a) and 1(d) represent a typical fluorite structure. As
the dopant concentration increases to 20 at.%, in addition to
the sharp Bragg reflections arising from the fluorite lattice,
other distinct diffuse scattering occurs [Fig. 1(e)], which
can be attributed to nanosized domain formation [marked
by the dashed lines in Fig. 1(b)]. Similar phenomena have
been widely observed in other rare-earth-doped ceria.21–23 For
the 50GDC, larger areas with microstructures different from
fluorite ceria appear [Fig. 1(c)]. Those extra diffraction spots
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TABLE I. Short-range potential parameters.

Species A (eV) ρ (Å) C (eVÅ6) References

Ce4+-O2− 1986.8 0.3511 20.40 19
Gd3+-O2− 1885.75 0.3399 20.34 19
O2−-O 22764.3 0.149 45.83 20

in Fig. 1(f) can be indexed as the C type, verified by simulated
electron diffraction patterns [Figs. 1(g) and 1(h)]. SAED
patterns thus illustrate the evolution from the F- to C-type
structure. The compositional and volume features of domains
were further characterized by EFTEM elemental mapping.
Such an investigation (Fig. 2) not only represents the inho-
mogeneous distributions of Ce and Gd in Ce1−xGdxO2−x/2

samples, but also illustrates the volume evolution of domains
as a function of dopant concentration. In lightly doped ceria
[x = 0.1, Fig. 2(a)], the compositional inhomogeneity is
negligible. In 20GDC samples [Fig. 2(b)], the average volume
ratio of domains is ∼10.6%. It increases to ∼19.1% in 30GDC
[Fig. 2(c)]. Moreover, previous reports have attested that,
as the dopant concentration increases, the level of oxygen
vacancy ordering will also be enhanced, accompanied with
domain formed in ordered structures.22,23 However, the details
of domain formation and related evolution process still remain
unclear.

In general, an oxygen vacancy occupies the first, second,
or third nearest-neighbor site with respect to the substi-
tuted dopant, separated by 〈111〉/4, 〈113〉/4, and 〈133〉/4,
respectively. The Kröger-Vink notation is used to simplify
the expression of the defect cluster. Various distributions of
defects have been considered to assess the local stability
of different configurations. For the smallest defect cluster
(1V··

O1Gd′
Ce), the defect energy with oxygen vacancy (V··

O)
located at the three nearest-neighbor sites is 48.04, 48.26, and
48.46 eV [Fig. 3(a)], indicating the first neighbor as the most
preferred site. This is a more energetically favorable result
since all dopants actually occupy the first neighbor site in

the C-type structure, the end state in the structural evolution.
The simplest neutralized cluster 1V··

O2Gd′
Ce, with the highest

binding energy, is shown in Fig. 3(b). For defect clusters
containing more than two V··

O, the adjacent V··
O−V··

O interaction
usually occurs along either the 〈110〉 /2 or 〈111〉 /2 lattice
vector.19 Figure 3(c) represents the most stable 2V··

O4Gd′
Ce

defect cluster. Calculations illustrate that the defects in any
possible defect arrangements are neither isolated nor randomly
distributed. All dopants prefer to occupy the site that is not only
the first neighbor to its corresponding V··

O, but also the first or
second neighbor to its nearby V··

O to ensure the lowest overall
defect energy. This criterion implies a spatially symmetric
relationship among all constituent defects. The much higher
binding energy of 2V··

O4Gd′
Ce than 1V··

O2Gd′
Ce also indicates

an intrinsic trend for cluster growth. The defect and binding
energy of clusters, formed by more V··

O and associated dopants,
can be calculated in a similar way. Nevertheless, we can
alternatively explain the cluster formation in terms of the
intrinsic force generated from the defect-defect interaction,
i.e., the interaction between an existing defect cluster and
another newly enrolled defect. It is found that the newly
evolved V··

O prefers to locate along 〈110〉 /2 with respect to
its nearest V··

O. Figure 3(d) represents the most stable cluster
constructed by three V··

O, which are shaped into an isosceles
triangle with two equal edges along 〈110〉 /2, forming an
interior angle of 120◦, and the lattice vector of its subtense
being 〈112〉. All dopants occupy the sites satisfying the
aforementioned criterion.

As the cluster grows to 4V··
O8Gd′

Ce, a symmetric tetra-
hedron will be formed [Fig. 3(e)]. The three faces of the
tetrahedron are constructed by three congruent isosceles
triangles [the same one as shown in Fig. 3(d)]. This suggests a
possible growth mechanism for defect clusters as a result of the
formation of isosceles triangle units in the fluorite lattice. In
other words, it is anticipated that all stable clusters, regardless
of sizes, may be constructed with the same basic structures.
This hypothesis has been verified by defect energy calculations
of clusters growing up to 5V··

O10Gd′
Ce [Fig. 3(f)]. The newly

FIG. 1. HRTEM images of (a) 10GDC, (b) 20GDC, and (c) 50GDC. (d)–(f) are the corresponding SAED patterns. Computer-simulated
diffraction patterns of F- and C-type structures observed along the [110] zone axis are shown in (g) and (f), respectively.
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FIG. 2. EFTEM elemental maps of Ce and Gd of Ce1−xGdxO2−x/2

samples with (a) x = 0.1, (b) x = 0.2, (c) x = 0.3, illustrating the
volume fraction of domains as a function of dopant concentration.

evolved V··
O will occupy the site along 〈110〉 /2 in relation to its

nearest V··
O in the existing tetrahedron structure, and meanwhile

be involved in shaping the unique isosceles triangle with the
next-nearest V··

O. If the cluster grows up to 6V··
O12Gd′

Ce, a
distinct symmetric configuration, designated as a dumbbell
structure, appears [Fig. 3(g)]. The highly symmetric dumbbell
structure cannot only be constructed from six congruent
isosceles triangles [Fig. 3(d)], but also can be described
as consisting of two congruent tetrahedrons [Fig. 3(e)],
symmetrically interlocked by sharing one tetrahedral edge.
Owing to the nonplanar separating vectors of constituent V··

O,
the two congruent tetrahedrons are twisted along the sharing
tetrahedral edge. Such a three-dimensionally symmetric and
convergent structure implies a way for defect evolution as

FIG. 3. (Color) (a) Oxygen vacancies at the first, second, and
third neighbor site with respect to a dopant cation (Gd3+) in the ceria
fluorite structure. Defect clusters of (b) 1V··

O2Gd′
Ce, (c) 2V··

O4Gd′
Ce,

(d) 3V··
O6Gd′

Ce, (e) 4V··
O8Gd′

Ce, (f) 5V··
O10Gd′

Ce, (g) 6V··
O12Gd′

Ce with
lowest defect energy and highest binding energy, compared to other
defect clusters with the same number of defects.

FIG. 4. (Color) Oxygen vacancies in a C-type lattice, with other
ions omitted for clarity. Similar dumbbell structures as those shown in
Fig. 2(g) are designated by two congruent edge-sharing tetrahedrons.

a function of cluster size. Based on the analysis of cluster
growth in the F-type structure, it is necessary to investigate the
evolution to the C-type structure to comprehensively explore
the mechanism of cluster growth and the related pathway of
phase transformation.

Figure 4 exhibits only V··
O in the C-type lattice, with all

other ions omitted for clarity. Note that any three adjacent V··
O,

the closest two V··
O aligning along 〈110〉 /2 (connected by the

blue lines), can form an isosceles triangle similar to the one
in Fig. 3(d). With more nearby V··

O, similar unique structures
as isosceles triangles, tetrahedrons, and dumbbells represented
in Fig. 3 can be observed. Note that these dumbbells can be
connected together and occupy all V··

O sites in the C-type
lattice, simply by coordinated spatial rotation due to the
nonplanar separation of 〈110〉 /2 lattice vectors. Therefore,
the dumbbell structure described here may be regarded as
the basic building block to construct the V··

O sublattice in the
C-type structure.

Quantitatively, defect clusters containing one to six V··
O are

compared in terms of the total binding energy in Fig. 5(a),
in which the binding energy tends to increase with cluster
size. This tendency suggests the higher stability of larger
clusters and thus indicates an intrinsically attractive interaction

FIG. 5. (Color) (a) Binding energy (Eb) and (b) defect energy
differences (�Eb) as a function of the number of oxygen vacancies
in defect clusters.
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among nearby defects, leading to the cluster growth. Different
configurations of clusters with the same number of constituents
have also been investigated. The defect energy difference
(�Ed ) between clusters with the lowest (structures are shown
in Fig. 3) and the second lowest defect energy (not shown
here) �Ed = E2ndlowest − Elowest was calculated [Fig. 5(b)].
When defect clusters are small (e.g., containing one or two
V··

O), there are no significant differences in the defect energy,
suggesting that all types of clusters have a similar probability
of formation within the fluorite matrix. Nevertheless, when the
cluster grows up to 3V··

O6Gd′
Ce, there is a jump in the energy

difference [denoted by the arrow in Fig. 5(b)], indicating
a strong tendency to form this unique cluster. Beyond this
critical point, the defect energy difference linearly increases
with cluster size. Thus the 3V··

O6Gd′
Ce cluster may be a critical

arrangement for cluster growth. Otherwise, a similar linear
increase as that of smaller clusters should be anticipated [see
the dashed line in Fig. 5(b)].

In light of the above analyses of cluster growth in F-type
structures and spatial distributions of V··

O in C-type structures,
the rationalization for the phase transformation from the F- to
C-type structure on the atomic scale through defect cluster
growth follows. The substitution of Gd3+ for Ce4+ in the
ceria lattice creates charge-compensating V··

O. At low doping
levels (very small deviations from stoichiometry), defects are
randomly distributed with few interactions.1,7 As the doping
level increases, the concentration of defects increases, and
defect-defect interactions are expected. As two adjacent V··

O
aggregate, they will occupy the sites separated by 〈110〉 /2.
From this nucleus, an isosceles triangle structure [Fig. 3(d)]
will be formed, with another nearby V··

O aggregating. Beyond
the critical point, defect clusters may continuously grow in
terms of the formation of the basic stable structures, following
the criterion demonstrated in Fig. 3. With up to six V··

O, a
distinct symmetric dumbbell structure will form, which can
act as the building block for larger cluster formation. Such
formation of stable and ordered structures will provide the
possible driving force for the aggregation and segregation
of dopants and V··

O, leading to domain formations.14,22,23

Since the V··
O ordering is generally associated with cation

ordering,24 the enhanced V··
O ordering in the net of dumbbell

structures will increase the ordering level of accompanied

dopants. The combination of short-range ordering of dumbbell
structures (i.e., nanosized domain) will evolve into long-range
ordering (i.e., superstructure) and subsequently develop into
the entire ordering level in fluorite ceria. This ordering
enhancement has been verified by both the appearance of
diffuse scatterings and the electron energy-loss spectroscopy
(EELS) analyses.22,23 The domain growth, in terms of the
formation of a series of dumbbell structures, will facilitate the
phase transformation and gradually evolve into similar lattice
sites of C type. The domain structure may hence be considered
as an intermediate state between the F- and C-type structures.
This mechanism may also work for other oxygen-deficient
fluorite materials in accomodating V··

O, ordering sublattice
anions and interpenetrated cation arrays, and subsequently
triggering the related phase transformation. The final point
to be emphasized here is that the interpretation of F- to C-type
phase transformation through ordered defect cluster evolution
is mainly based on the deduction process with a combination
of TEM observations and atomistic simulation analyses. Due
to the limited evidence of such a transitional process, further
studies to quantitatively characterize this phase transformation
in terms of defect cluster growth are strongly recommended.

In summary, an examination of the defect cluster formation
and evolution in the fluorite structure reveals that the binding
energy of defect clusters in GDC will increase with cluster size.
The oxygen vacancies in the fluorite lattice prefer to form a
unique isosceles triangle structure. The defect cluster will grow
in terms of the formation and combination of such unique
structures and subsequently construct a dumbbell structure,
which can act as the building block that dominates the structure
evolution from F to C type. Therefore, the phase transformation
has been established to occur at the atomic level through the
defect cluster growth.
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