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h i g h l i g h t s
� Segregation profile of Xe and trap sites near grain boundary in CeO2 are studied.
� The segregation propensity of Xe is reduced as the size of trap sites increases.
� The diffusion mechanism of Xe in CeO2 is comparable to that in UO2.
� The existence of grain boundaries in CeO2 enhances the aggregation of Xe atoms.
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a b s t r a c t

Grain boundaries (GBs) are the most abundant structural defects in nanostructured nuclear fuels and
play an important role in determining fission product behavior, which further affects the performance of
nuclear fuels. In this work, cerium dioxide (CeO2) is used as a surrogate material for mixed oxide fuels to
understand gaseous fission product behavior, specifically Xe. First-principles calculations are employed
to comprehensively study the behavior of Xe and trap sites for Xe near the S3 ð111Þ=½110� grain
boundary in CeO2, which will provide guidance on overall trends for Xe stability and diffusion at grain
boundaries vs in the bulk. Significant segregation behavior of trap sites, regardless of charge states, is
observed near the GB. This is mainly ascribed to the local atomic structure near the GB, which results in
weaker bond strength and more negative segregation energies. For Xe, however, the segregation profile
near the GB is different. Our calculations show that, as the size of trap sites increases, the segregation
propensity of Xe is reduced. In addition, under hyper-stoichiometric conditions, the solubility of Xe
trapped at the GB is significantly higher than that in the bulk, suggesting higher Xe concentration than
that in the bulk. The results of this work demonstrate that the diffusion mechanism of Xe in CeO2 is
comparable to that in UO2. The diffusion activation energies of Xe atoms in the S3 GB are lower than that
in the bulk CeO2. These results suggest that the diffusivity of Xe atoms is higher along the GB than that in
the bulk, which enhances the aggregation of Xe atoms near the GB.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Nanocrystalline (NC) fluorite-oxides (Urania (UO2), Zirconia
(ZrO2), Ceria (CeO2), etc.) with grain sizes below 100 nm are known
to exhibit improved chemical and physical properties, as well as
enhanced radiation resistance compared with their microcrystal-
line and bulk counterparts [1e8]. Due to their excellent properties,
cience and Engineering, Uni-
NC fluorite-oxides have been proposed for potential use as nuclear
fuels and inert matrix fuels in advanced nuclear energy systems
[1e3]. Many experimental studies on NC oxides have reported that
nanostructured fuels possess the ability to more efficiently relax
the interaction stresses between the cladding and fuel due to much
higher plasticity [3e6], and they are more resilient to radiation
damage than corresponding large-grained materials owing to the
complex nanostructure and enhanced defect recombination at
their multiple grain boundaries (GBs) [3,6e8]. On the other hand,
post-irradiation annealing leads to gas bubble growth near the GBs
in the NC oxides that indicates higher thermally induced swelling
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Fig. 1. The configuration of the S3 ð111Þ=½110� tilt GB (O: grey, Ce: red). The green line
represents the cation mirror plane, and the blue line is the anion mirror plane.
Numbers indicate the cation layer number for the possible cation vacancy position.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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compared to the larger-grained material due to accelerated fission
gas diffusion and higher vacancy concentration in the NC oxides at
high temperatures [3]. The uncertain role of GBs in irradiation
resistance performance indicates that many fundamental questions
on the interaction between irradiation-induced defects and GBs
still remain unsolved. An outstanding question is the nature of
defect behavior at GBs, which affects both microstructural evolu-
tion and material properties by altering the local atomic structure
and energy landscape for mass transport [10].

To elucidate the underlying cause of defect behavior in oxide
fuels, several modeling and simulation studies based on both
empirical potentials [11e18] and density functional theory (DFT)
have been performed [19e25]. Catlow and Grimes [11e14] have
conducted a series of molecular dynamics simulations to investi-
gate the stability of trap sites in the bulk and grain interior, and
concluded that the mono-vacancy (VM), di-vacancy (VM-VO), and
Schottky defect (VM-2VO) can be regarded as stable trap sites for
fission products in MO2 (M ¼ U, Th, Ce, Zr, Pu). These results are
further confirmed by DFT calculations [19e25]. Meanwhile, the
bulk-diffusion mechanism of fission products in MO2 has also been
determined, and the results indicate that the vacancy-assisted
diffusion mechanism is dominant for the fission products [19,20].
Andersson et al. [21] have further suggested that the diffusion of
trapped fission products in UO2 could be realized by binding a
second trap site. Recently, Nerikar et al. [26] have studied how the
GBs affect the segregation behavior of Xe in UO2, and they found
that the segregation of Xe is more energetically favorable in highly
disordered GBs than in the GBs with a low energy. While providing
qualitative insights, properties of these various defects near GBs,
such as the stability and diffusion behavior, are still not well
understood.

In this work, CeO2 is studied as a model compound. It is often
employed as a nonradioactive surrogate in experimental studies of
nuclear fuel systems, since it has the same fluorite-type structure
and many similar material properties, such as melting point and
thermal conductivity, as UO2 and plutonium dioxide (PuO2) [27,28].
In addition, microstructural evolution under particle bombardment
at low doses in CeO2 is also similar to that in low-burnup UO2 fuels
[29,30]. In order to better understand the influence of the inter-
action between GBs and defects on the irradiation response of NC
oxides, the behavior of native cation vacancies and vacancy clusters
near GBs, as potential trap sites for fission products, are systemat-
ically investigated using first-principles calculations. Moreover, the
segregation and solution profile of Xe, a major fission gas, on these
sites are considered. Finally, the diffusion of Xe in the GB region of
CeO2 is discussed and compared with that in the bulk region, which
lead to better understanding of high-density of gas bubbles near
the GBs [9]. Our analysis is focused on the experimentally identified
S3 ð111Þ=½110� tilt GB. Since the GB energy of S3 is lower than
other GBs in CeO2, and there is evidence that GBs with a low energy
provide a lower propensity toward impurity segregation [26,31]
and diffusion [32,33], we expect that our investigation of the
S3ð111Þ=½110� tilt GB will provide a lower bound estimate for
defect segregation and diffusion in NC CeO2.

2. Methodology and simulation details

DFT calculations are performed with the Vienna Ab-Initio
Simulation Package (VASP) code in terms of the projector
augmented wave method (PAW) [34]. The PAW potentials for Ce, O,
and Xe contains 12, 6, and 8 valence electrons (Ce: 5s25p64f15d16s2,
O: 2s22p4, and Xe: 5s25p6), respectively. The local density approx-
imation (LDA) [35], coupled with Hubbard on-site Columbic
correction [36] and spin-polarized calculation, is employed. The
effective Ueff, (U-J), is taken as 6 eV [37] to correctly capture the
localization of 4f electrons for Ce. The calculated lattice constant of
5.418 Å is consistent with the experimental value of 5.412 Å [38].
The S3 ð111Þ=½110� tilt GB is generated by mirroring and shifting
the (111) plane based on knowledge from both theoretical and
experimental results [39,40], as shown in Fig. 1. It should be noted
that the cation and anion sublattices are nearly mirror symmetrical
to the cation and anion mirror planes, respectively; and the Ce sites
within the Ce-1 layer has local atomic environments of seven-fold
coordination with oxygen ions, while they are of eight-fold coor-
dination in the bulk area of CeO2. After carefully checking for
convergence with respect to the GB energy, we confirm that the
supercell with dimensions 31.21 Å � 7.56 Å � 13.10 Å, with 240
atoms, is sufficient for convergence under the force and energy
criteria described below. Different cation layers are considered near
the GB, as labeled in Fig. 1. All computations are performed with a
Monkhorst-Pack 2 � 2 � 1 k-mesh and a plane-wave cutoff energy
of 400 eV. Errors from both the cutoff and the k-point convergence
are less than 1 meV/atom. Structures and atomic coordinates are
fully relaxed until forces on the ions converged to below 0.02 eV/Å.
The migration barriers in this work are calculated in the DFT þ U
framework using the climbing image nudged elastic band method
(CI-NEB) [41e43].

The formation energies, Ef, of different defects, which may act as
possible trap sites for Xe, have been evaluated, as described pre-
viously [10,42] using the following expression:

Ef ðdefect; qÞ ¼ ETðdefect; qÞ � ETðperfectÞ þ
X
i

nimi þ q
�
εF

þ EperfectVBM þ
�
Vdefect
av � Vperfect

av

��

(1)

where ETðdefect; qÞ is the total energy of a CeO2 supercell with one
defect in charge state q, and ETðperfectÞ is the total energy of the
host supercell. ni is the number of atoms of type i removed from
ðni >0Þ the system to form vacancies, mi is the chemical potential of
atom i. The chemical potentials for oxygen and cerium, as reported
in Table 1, are determined by the following thermodynamic limits:
(1) the limit of CeO2 stoichiometry, mCeðCeO2Þ þ mO
ðCeO2Þ ¼ mCeO2

ðbulkÞ; (2) the upper limit of the system against
decomposition into its constituent elements, mCe�mCeðbulkÞ, and
mO�mOðbulkÞ; and the lower limit is that
mCeðCeO2Þ � mCeO2

ðbulkÞ � mCeðbulkÞ, and mOðCeO2Þ � mCeO2
ðbulkÞ

�mOðbulkÞ. In this work, molecular O2 gas is simulated by putting



Table 1
The chemical potential for oxygen and cerium in CeO2 calculated using LDA þ U
under different stoichiometry conditions.

Stoichiometry mCe (eV) mO (eV)

O-poor/Ce-rich �6.89 �9.83
O-rich/Ce-poor �18.05 �4.25
Stoichiometric �12.47 �7.04
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an oxygen dimer in a vacuum box, as discussed in detail elsewhere
[42]. εF is the Fermi level measured from the valence band
maximum (VBM), which changes within the band gap, Eg ~2.64 eV,
from the VBM to the lowest unoccupied Ce 4f state. EperfectVBM is the
VBM in the perfect system. The term ðVdefect

av � Vperfect
av Þ in Eq. (1) is

the electronic potential alignment correction for the EVBM, which is
discussed elsewhere [10,42]. This alignment is necessary for finite
size supercells with defects under periodic boundary conditions,
since EVBM in a defective supercell is generally different from that in
a perfect supercell. The formation energies, EGBf , of cation vacancies
and vacancy clusters at the GB and in the vicinity of the GB are
determined as a function of the cation positions and summarized in
the Supplementary material, as shown in Fig. S1. The segregation
energy, Eseg, for these defects is thus calculated as:

Eseg ¼ EGBf ðdefectÞ � Ebulkf ðdefectÞ (2)

where the reference energy is the formation energy of the defect in
the pure bulk with the same number of atoms as that in the GB
system. Since our current work mainly focuses on the determina-
tion of the segregation profiles for these defects near the GB, and
our results in different size supercells have a similar segregation
profile, as shown in Fig. S5, we can confirm that the selection of
reference energy in the calculation of segregation energy has no
effect on our conclusions. The configuration of a Schottky defect in
the bulk is selected as VCe with two VOs along the (110) direction,
which has the lowest formation energy, as shown in Table SI
(Supplementary materials).

In order to investigate the stability of Xe trapped near the GB, we
determine the solution energies in these possible trap sites. For
reference, the energies in the bulk are also calculated. The solution
energy EsolXe is defined as the energy required to accommodate one
Fig. 2. (a) Segregation energies of VCe with different charge states, (b) the bond (Ebond)
and relaxation (Erelax) energies of VCe

0 in the S3 ð111Þ=½110� tilt GB as a function of the
cation layer as defined in Fig. 1.
Xe atom, assumed to be at infinity, to a trap site under thermody-
namic equilibrium [13]:

EsolXe ¼ ETðXe; trap site; qÞ � ETðperfectÞ � EXe þ
X
i

nimi þ q
�
εF

þ EperfectVBM þ DV
�

(3)

where ETðXe; trap siteÞ is the total energy of the system with Xe at
the trap site, EXe is the total energy of an isolated Xe atom, andDV is
the potential alignment for the system with the fission product, as
defined in Eq. (1).

3. Results and discussion

3.1. Segregation of cation vacancy

The calculated segregation energies for VCe with different
charge states at the GB and its vicinity are shown in Fig. 2. For VCe,
regardless of the charge states, a significant segregation to the Ce-1
layer is observed, with segregation energies of �0.84 eV
to �1.66 eV. Similarly, the segregation energies to Ce0 layer are also
favorable, �0.79 to �1.29 eV, suggesting the possible accumulation
of VCe in these layers that are possible nucleation sites for gaseous
fission products. The segregation energies for VCe in other layers are
close to zero, which is similar to the bulk behavior. To understand
these results, we propose the following model: the formation of
one VCe is attributed to two contributions [44,45]: breaking the
chemical bonds of a Ce atom that yields the bond energy, Ebond; and
the local geometrical relaxations that releases the relaxation en-
ergy, Erelax. Accordingly, Eseg can be written as the sum of the two
terms, Eseg¼ Ebondþ Erelax, inwhich the values of Ebond and Erelax are
referenced to their bulk values. Fig. 2 (b) shows the layer dependent
values of Ebond and Erelax for VCe

0 . The following striking features can
be perceived from Fig. 2 (b): (i) both Ebond and Erelax change simi-
larly to Eseg, with a minimum in the Ce-1 layer; (ii) Ebond has a larger
value comparedwith Erelax. These features clearly suggest that Ebond
is a more dominating term than Erelax in determining the overall
trends of the VCe

0 segregation profile. To better understand these
features, we characterize the bond strengths and analyze local
structural relaxation in different layers. It is found that the local
atomic structure near the GB is mainly responsible for the weaker
bond strength and more negative segregation energies. Detailed
information is provided in the Supplementary material, as shown
in Fig. S3 and Fig. S4.

3.2. Segregation profile of cation vacancy cluster

Cation vacancy clusters, consisting of one cation vacancy and its
nearest-neighboring VOs [21], have several different configurations
depending on the VO position near the GB; thus, it is difficult to
identify the most stable configuration. In order to determine a
general trend, we consider all the possible configurations of these
defects in different charge states. Fig. 3 (a) describes the defects in
the formal charge states i.e., VCe

4�, (VCe-VO)2-, (VCe-2VO)0. The lowest
segregation energy for vacancy clusters at different charge states,
which corresponds to the most stable configuration, are provided
in Fig. 3 (b) and (c). It is found that these cation vacancy clusters
have a similar segregation behavior as VCe, where the segregation
energies are more negative in Ce-1 and Ce0 layers. These results
suggest that, under equilibrium conditions, the existence of GBs
makes it easier for fission products to be trapped, such as Xe, in the
GB region compared with that in the bulk. In addition, our calcu-
lations show that the influence of the charge states of these trap



Fig. 3. (a) Segregation profile of cation vacancy and vacancy clusters with formal
charge states; (b) and (c) the lowest segregation energy of (VCe-VO)q and (VCe-2VO)0,
respectively, as a function of the cation layer near the S3 ð111Þ=½110� tilt GB as defined
in Fig. 1.
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sites on their segregation behavior is negligible.
3.3. Segregation and solution profile of Xe

The segregation behavior of Xe is studied by placing one Xe
atom at one of the above trap sites at the GB. Since the most
stable charge state for the trap sites, within a wide range of Fermi
levels, is the formal charge state, we will mainly focus on these
trap sites for Xe substitution, such as XeCe4�, (XeCe-VO)2-, (XeCe-
2VO)0, as shown in Fig. 4. The results show that Xe is more
Fig. 4. Segregation profile of Xe at above trap sites as a function of the cation layer near
the S3 ð111Þ=½110� tilt GB as defined in Fig. 1.
energetically favorable to substitute at the trap sites and segre-
gate to Ce0 and Ce-1 layers, suggesting that Xe prefers to reside at
the GB in certain layers, which is consistent with previous
theoretical results in UO2 [26]. These results are understandable
since the sites in these Ce layers are adjacent to the large free
volume due to the removal of one O layer in constructing the
boundary, which can provide more space for segregation than in
the bulk, as discussed in section 3.1. This uniquely structural ef-
fect is reversed as more vacancies segregate around the Xe
atoms. For example, in the Ce-1 layer, Eseg((XeCe)4-) is �2.43 eV,
Eseg((XeCe-VO)0) decreases to �1.37 eV, and Eseg((XeCe-2VO)0) is
only �0.72 eV. To avoid the finite-size effect on these results, we
have also considered defects in larger supercells, with 432 and
480 atoms, and obtained a similar trend, as shown in Fig. S6.
These results indicate that, as the size of trap sites increases, the
formation energy of a Xe atom trapped in these sites at GBs
would become comparable to that in the bulk, and thus the
segregation capacity of Xe near the GBs is decreased.

Since the segregation energy is the driving force for Xe atoms to
migrate from the bulk to more stable sites at GBs, the small
segregation energy of Xe at these large-size trap sites may restrict
the aggregation of Xe into the GB region, especially in poly-
crystalline fuels. However, in nanostructured fuels, due to the small
grain size, irradiation damage is more likely to occur near the GBs
[8], and thus fission products may directly occupy the sites at GBs,
leading to bubble formation. Besides the segregation profile of
fission products near the GBs, we have studied further the solution
profile in order to understand the stability and solubility of fission
products trapped near the GB at different stoichiometric
conditions.

The solution energy of one Xe atom in a trap site with a formal
charge state is calculated as a function of oxygen chemical poten-
tial, as shown in Fig. 5. For comparison, the solution energies for Xe
trapped in the bulk are also determined. Here, we only show the
lowest solution energies for these defects. For example, the lowest
solution energy for Schottky defects in the bulk is the (VCe-2VO)0

with VOs along the [100] direction, as shown in Table SI, which is
consistent with previous results [25]. It is observed that the solu-
tion energies, both in the bulk and GB, change dramatically in
different stoichiometric conditions, which is consistent with pre-
vious calculations in UO2 [21,23]. Under hypo-stoichiometric (Ce-
Fig. 5. Solution energies of Xe at above trap sites at formal charge states in the bulk
and at GB. Fermi level is taken to be 1.32 eV at the middle of the band gap.
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rich) conditions, the most favorable site for Xe trapping is the
Schottky defect (VCe-2VO)0; and under hyper-stoichiometric (O-
rich) conditions, it is the VCe

4�. In addition, the solubility of Xe near
the GB is higher than that in the bulk, especially under hyper-
stoichiometric conditions, which is associated with the strong
segregation property of XeCe at the GB, as discussed above.
Considering the significant segregation behavior of Xe and the
corresponding trap sites near the GB, we can reasonably assume
that under hyper-stoichiometric conditions the Xe concentration
should be higher at GBs than in the bulk, which may enhance the
formation of gas bubbles near the GB. In the following, we will
study Xe diffusion both in the bulk and at the GB to further confirm
our assumption.
3.4. Diffusion behavior of Xe

Previous theoretical investigations of fission gas in UO2 have
confirmed that when one Xe atom occupies a trap site (XeV, here
we use V to denote the possible vacancy trap sites depending on
the stoichiometry), it diffuses only by binding a second cation
vacancy to form a XeV/VU cluster [12,14,21,23,46], and Xe diffusion
in the samples is mainly determined by the diffusion of the XeV/VU

cluster [21,23,46]. In addition, based on DFT calculations, Ander-
sson et al. have reported that the rate limiting step for the diffu-
sion of XeV/VU cluster is the migration of the second VU within the
cluster, inwhich Xe spontaneously diffuses with the motion of the
second VU [21,46]. In CeO2, however, when considering the
different resistance against of oxidation of UO2 and CeO2 [20,25],
the diffusion behavior of cation vacancy and Xe atom may be
different. In order to identify the diffusion behavior of Xe in CeO2,
the following studies are carried out.

Based on previous studies [21,23,46], when a second cation
vacancy is attracted by the XeV, it either detaches from the cluster
or jumps to a new position within the cluster. In the first case, our
calculation results show that the binding energies of the XeV/VCe
cluster in CeO2 are around �1.32 eV, indicating that the bound
cation vacancy around the XeV is more stable and difficult to diffuse
away from the cluster, which is consistent with that in UO2 [21]. In
the latter case, due to the strong resistance against oxidation in
CeO2 [25], the behavior of Xe atom in CeO2 is slightly different from
that in UO2 [21], where the Xe atom doesn't diffusewith themotion
of the second VCe within the cluster, as shown in Fig. 6. However,
our calculations show that the diffusion barriers for the Xe atom
within the cluster are at least 1 eV lower than those for the diffu-
sion of cation vacancies both in the bulk and near GBs, indicating
that the rate limiting step for Xe diffusion in CeO2 is still related to
the migration of the second cation vacancy within the cluster,
which is identical to that in UO2 [21,23,46]. These results suggest
Fig. 6. Schematic picture of the diffusion mechanism associated with moving the XeV/
VCe cluster within (111) plane. The oxygen sublattices are omitted for clarification.
Arrows indicate directions where atoms will move to form the next configurations.
that, although the significant difference in oxidation resistance in
CeO2 and UO2 may differentiate the behavior of Xe atomwithin the
cluster, the diffusion mechanism of Xe in both compounds are
comparable to each other.

Moreover, the migration barriers for the VCe within the XeV/
VCe cluster in the bulk and at the GB are calculated and sum-
marized in Table 2. It is observed that the migration barriers
along the S3 GB are smaller than those in the bulk, indicating
that the mobility of the XeV/VCe cluster near the S3 GB is higher
than that in the bulk. When considering the generally significant
segregation of cation vacancies and Xe near the S3 GB, the re-
sults confirm that the diffusive of Xe along the S3 GB should be
higher than that in the bulk, which further enhances the accu-
mulation of Xe atoms near the S3 GB. Furthermore, given that
the S3 GB provides an approximate lower bound on defect
diffusion [32,33], it is reasonable to assume that other higher-
energy GBs are more likely to enhance the Xe diffusion and
bubble formation. This is consistent with previously experi-
mental results in CeO2 [9], which found that the density of
krypton (Kr) bubbles near the GBs are larger than that in the
interior grain region. Since the properties of Kr and Xe are similar
to each other, the density of Xe bubbles near the GB could be also
higher than that in the interior grain region.
4. Conclusion

In this study, we investigated the segregation properties of
cation vacancies and vacancy clusters, i.e., di-vacancy and Schottky
defects, as well as the behavior of the fission gas, Xe, near the CeO2
grain boundary. Significant segregation behavior for the VCe is
observed near the GB, regardless of the charge states. Specifically,
segregation energies in the Ce-1 layer are �0.84 eV to �1.66 eV,
followed by the energies in the Ce0 layer of about �0.79
to �1.29 eV. These results are associated with the local atomic
structure near the GB, resulting in weaker bond strength and more
negative segregation energies in these layers. For the VCe in other
layers, the energies are close to zero, approaching bulk behavior.
Similar segregation profiles can also be found for the vacancy
clusters. These findings suggest that the existence of GBs provides
more potential trap sites for fission gases, such as Xe, than in the
bulk under equilibrium conditions.

For segregation of Xe atoms, our results show that Xe is more
energetically favorable to substitute at the trap sites and segregate
near the GB, which is attributed to the larger free volume available
in the GB as compared to the bulk. As the size of trap sites increases,
the segregation capacity of Xe is reduced, i.e., the formation en-
ergies of a Xe atom trapped in these sites would be comparable in
the bulk and GB.

For Xe diffusion behavior in irradiated-ceria, the work is focused
on the VCe-assistedmechanism and compared with that in UO2. We
found that the diffusion mechanism of Xe in CeO2 is comparable to
that in UO2. Our calculations show that the diffusion activation
energies in the S3 GB are lower than those in the bulk, suggesting
that the diffusivity of Xe atom is higher at the GB than that in the
bulk, which further enhances the aggregation of Xe atoms near the
GB.
Table 2
The migration barrier, Em2, (eV) of VCe within the XeV/VCe cluster. The values in the
parentheses are the barriers in the opposite direction.

Em2(XeVCe/VCe) Em2(XeVCe-2VO/VCe)

S3 GB 3.08(3.08) 2.17(2.48)
Bulk 4.23(4.23) 4.26(5.09)
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