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Neutron total scattering was used to investigate defect accumulation mechanisms in CeO2 and ThO2

irradiated with 2.2 GeV Au ions. Pair distribution function (PDF) analysis was applied to characterize the

local structural evolution and irradiation-induced defects as a function of irradiation fluence. CeO2

exhibits a greater amount of disorder than ThO2 under the same irradiation conditions. The local

structures of the two materials evolve differently as a function of ion fluence, even if similar defects are

produced. The PDF analysis indicates that oxygen dimer and/or peroxide defects with hO–Oi distances

of �1.45 Å are formed in CeO2, while irradiation-induced defects in ThO2 result in a change in the mean

O–Th–O bond angle and a distortion of local ThO8 polyhedra. Understanding how bound oxygen

defects, such as peroxide, affect bulk oxygen transport in CeO2 will aid in better predicting and

improving properties of fluorite structure materials for fast ion conductor applications.
1. Introduction

Fluorite-structure oxides, such as CeO2 and ThO2, exhibit
excellent structural stability under a wide range of temperatures
and chemical environments, making them attractive candidates
for an array of engineering applications, including industrial
catalysts,1,2 oxygen sensors,3 nuclear fuels,4–6 and solid oxide
fuel cell (SOFC) electrolytes.7,8 The resilience of uorite-type
oxides for several of these applications is largely attributed to
the relatively open structure that can accommodate high
concentrations of defects. Consequently, numerous investiga-
tions have focused on improving physical and chemical prop-
erties by exploiting the formation and distribution of defects in
the uorite defect-structure. For example, the strategic incor-
poration of defects in CeO2 can lead to increased oxygen
conductivity, allowing for lower operating temperatures in
advanced SOFCs.9 Improved oxygen ion mobility is typically
achieved through doping9–11 or the manipulation of grain
boundaries12 and strain.13 However, several investigations
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suggest that ionic conductivity can also be enhanced via the use
of external perturbations, such as high-energy irradiation with
swi heavy ions.14–16

Swi heavy-ion irradiation is a valuable tool for manipu-
lating the structure of materials at the nanoscale. During irra-
diation, these ions of specic energy of �1 MeV u�1 or above
deposit substantial quantities of energy to the electronic system
of the target material over sub-picosecond timescales. This
results in electronic excitation and ionization processes, which
modify interatomic forces and lead to permanent atomic
displacement when the relaxation from the perturbed state is
sufficiently rapid, and recovery kinetics are sufficiently slow as
to preclude recovery to the initial structure.17 The primary result
of swi heavy ion irradiation is the formation of spatially-
conned, cylindrical damage zones of a few nanometers in
diameter, called ion tracks, along the linear trajectory of the
ions.18 Depending on the specic material and on the genera-
tion, recovery and distribution of defects, the ion track region
can undergo a variety of modications, such as densication,19

phase transformations,20 or amorphization.21 In CeO2, ion
tracks have lower atomic density than the surrounding bulk and
exhibit high concentrations of oxygen vacancies and small
vacancy clusters.22 Thus, disordering of the anion sublattice
(i.e., the incorporation of oxygen vacancies) using ion beams
may be used to enhance the oxygen conductivity of undoped
CeO2 and ThO2, which otherwise do not exhibit particularly
high levels of oxygen conductivity.

A major challenge in understanding and predicting
irradiation-induced modications in these binary oxides,
however, lies in probing the anion sublattice in the presence of
high Z cations. Oxygen ions in CeO2 and ThO2 outnumber
J. Mater. Chem. A
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Fig. 1 Schematic of the sample holders for ion irradiation. Powders of
CeO2 and ThO2 (yellow) were uniaxially pressed into 75 mm deep, 1 cm
diameter cylindrical indentations that were machined into thin
aluminum plates (grey). Nine sample holders were fixed on a 5 cm �
5 cm aluminum plate for ion irradiation (top left). The cutaway side
view (right) shows the orientation of the holder during ion irradiation.
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cations 2 : 1, yet the high Z-contrast between oxygen and the
cations renders oxygen atoms nearly invisible by conventional
X-ray or electron scattering techniques. For example, small-
angle X-ray scattering (SAXS), which is uniquely capable of
detecting the dimensions of ion tracks,19 is insensitive to
density uctuations specic to the anion sublattice, such that it
is not useful for characterizing oxygen-decient ion tracks in
CeO2. This is due to the strong X-ray scattering by cerium atoms,
relative to that of oxygen atoms (ZCe ¼ 58 vs. ZO ¼ 8). High
resolution transmission electron microscopy (TEM) and
Raman spectroscopy are valuable alternatives; however, these
techniques are spatially limited to areas of interest (TEM) or
yield data that are difficult to interpret quantitatively
(Raman). Neutron total scattering provides a unique means
of analyzing bulk-averaged information from both the Bragg-
and diffuse-scattering components by simultaneously
probing the long- and short-range structure of a given
material. Using neutrons, the scattering is only weakly
proportional to Z and the cation-to-anion coherent scattering
ratios are improved to approximately 0.83 and 1.78 for CeO2

and ThO2, respectively. This means that the cation and anion
sublattices can be probed simultaneously, and modications
to each subsystem can be distinguished.

Neutron scattering has rarely been applied to the study of
ion irradiation-induced defects, primarily due to the chal-
lenge of obtaining sufficiently large irradiated sample
volumes. Neutron scattering experiments typically require
large sample masses (>1 g) owing to the relatively weak
intensity of neutron sources as compared to with X-ray
sources. In addition, ion beams typically have short pene-
tration depths in irradiated materials (several nm to mm),
even when using ions with hundreds of MeV of kinetic
energy. In this study, a unique ion irradiation scheme was
employed in order to investigate the defect accumulation
mechanisms in swi heavy ion irradiated CeO2 and ThO2.
The irradiated samples were characterized using neutron
total scattering measurements that were collected as a func-
tion of irradiation uence. The pair distribution function
analysis reveals the presence of small oxygen defects and
distorted ThO8 polyhedra in CeO2 and ThO2, respectively.
These results provide valuable insight, not only for the
continued development of uorite structure SOFC electro-
lytes, but also for elucidating the structural behavior and
evolution of CeO2 inert matrix fuels and ThO2 nuclear fuel
concepts under ssion-fragment-like irradiation.4–6,23,24

2. Experimental
2.1 Ion irradiation

Special sample holders were designed to homogenously irra-
diate sufficient sample powder (�100 mg) for neutron total
scattering measurements. In order to avoid ions stopping in the
material and to yield near-constant energy loss within the
samples, the surface area exposed to the beam was maximized
and the sample thickness was minimized. The maximum
sample thickness required to ensure full penetration of ions was
determined using energy loss calculations. The calculations
J. Mater. Chem. A
were performed with the SRIM-2008 code25 and the density
correction factor from Lang et al.26 The sample densities were
assumed to be 60% theoretical density because this value
represents the maximum sample density achieved from cold,
uniaxial compression under similar loads.27 The ion ranges
calculated based on these assumptions are 91 mm and 89 mm for
polycrystalline CeO2 and ThO2, respectively. Therefore, the
samples prepared for ion irradiation were made approximately
75 mm thick.

The CeO2 and ThO2 samples were prepared with micro-
crystalline powders obtained from Alfa Aesar (99.9% purity)
and IBILabs (99.99% purity), respectively. The powders were
uniaxially pressed into 1 cm diameter, 75 mm-deep circular
indentations that were machined into small aluminum
plates (Fig. 1). The lled aluminum holders were tightly
wrapped with 10 mm-thick aluminum foil for secure handling
and subsequent shipping. Nine sample holders of each
compound were affixed to a 5 cm � 5 cm aluminum plate and
simultaneously irradiated to the desired ion uences (5 �
1011, 1 � 1012, and 5 � 1012 ions per cm2). The irradiation
was performed at room temperature and under vacuum at the
X0 beamline of the Universal Linear Accelerator (UNILAC) at
the GSI Helmholtz Center for Heavy Ion Research in Darm-
stadt, Germany with a defocused beam of 197Au ions with
initial kinetic energy of 2.2 GeV. The kinetic energy was
approximately 2 GeV at the sample surface aer the ions
passed through the Al foil. The energy loss in this specic
energy regime is primarily electronic with negligible nuclear
energy loss (ESI Fig. 1†). The linear electronic energy loss
calculated using the SRIM code and averaged over the entire
sample thickness is 41.3 � 6.6 keV nm�1 for CeO2 and 41.9 �
7.1 keV nm�1 for ThO2. The uncertainty values represent the
upper and lower bounds to the linear energy loss over the
sample thickness.
This journal is © The Royal Society of Chemistry 2017
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2.2 Neutron total scattering

Irradiation-induced disorder in the CeO2 and ThO2 samples
were characterized by neutron total scattering measurements.
Aer irradiation, the samples were removed from the
aluminum sample holders with a blunt-tipped needle and
loaded into thin-walled quartz tubes (0.01 mm and 0.38 mm
wall thickness for CeO2 and ThO2 samples, respectively).
Neutron scattering data were collected at room temperature at
the Nanoscale-Ordered MAterials Diffractometer (NOMAD)
beamline28 at the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory. The collection time for each sample was 60
minutes.

The neutron scattering data were analyzed by structural
renement of both diffraction patterns and pair distribution
functions (PDFs). The NOMAD detectors were calibrated using
scattering from diamond powder, and silicon powder was used
to derive the instrument parameters required for Rietveld
renement. Rietveld renement of diffractograms was per-
formed using GSAS.29 The diffractograms were t using the
uorite structure model (Fm�3m) with the cations and anions
occupying the 4a and 8cWyckoff sites, respectively (ESI Fig. 2†).
In total, seven parameters were used for Rietveld renement:
the scale factor, isometric unit cell parameter (a¼ b¼ c), atomic
displacement parameters (ADPs), site occupancies, and the zero
point. The ADPs were, according to symmetry constraints,
isotropic, i.e., U11 ¼ U22 ¼ U33 and U12 ¼ U23 ¼ U13 ¼ 0, and one
ADP parameter was assigned to each Wyckoff site. The diffrac-
tion patterns from three detector banks (66�, 122�, and 154�

scattering angles) were t simultaneously for each sample
during Rietveld renement.

In order to obtain the structure factor, S(Q), the scattering
intensity was normalized to the scattering from a solid vana-
dium rod and the background was subtracted using an empty
quartz tube with the same wall thickness as the sample tube.
The PDF, G(r), was calculated by the Fourier transform of S(Q)
with Qmin ¼ 0.1 Å�1 and Qmax ¼ 31.4 Å�1:

GðrÞ ¼ r

 
1

2p2rr
P

b2

ðQmax

Qmin

Q½SðQÞ � 1�sinðQrÞdQ
!

¼ rðgðrÞ � 1Þ
where Q is the scattering vector (dened as Q ¼ 4p/l sin q), l is
the neutron wavelength, q is the scattering angle, r is real space
distance in angstroms, r is the experimentally determined
sample density, and b is the elemental coherent scattering
length of each of the sample's constituent elements. The total
correlation function, T(r), was dened as:

T(r) ¼ 4pr2rg(r)

Small-box structural renement of the PDFs was performed
with the PDFGUI soware30 using the uorite structure model
(ESI Fig. 3†). In total, ve parameters were rened: the scale
factor, isometric unit cell parameter (a ¼ b ¼ c), correlated
motion parameter, and the ADPs. The ADPs were isotropic and
This journal is © The Royal Society of Chemistry 2017
one ADP parameter was assigned to each Wyckoff site. No
renements resulted in highly correlated parameters.
2.3 X-ray diffraction

Synchrotron X-ray diffraction (XRD) measurements were per-
formed in order to obtain more accurate unit cell parameters
and to directly compare the irradiated samples to XRD data
from the literature. The XRD samples were prepared according
to the procedure outlined by Lang et al.26 The XRD experiments
were performed at the High Pressure Collaborative Access Team
(HPCAT) 16-BM-D beamline at the Advanced Photon Source
(APS) at Argonne National Laboratory using a monochromatic
29.2 keV (l ¼ 0.4246 Å) beam. Debye–Scherrer rings were
measured in transmission geometry using a Mar345 area
detector. The calibration of the detector, the integration of the
XRD images, and the determination of the instrument param-
eters were performed with a CeO2 NIST standard and GSAS-II.31

The Rietveld renements of the integrated diffraction patterns
were also performed GSAS-II (ESI Fig. 4†). Unlike the neutron
diffractograms, only the scale factor, unit cell parameter, cation
ADP, and zero point were rened for the XRD patterns. The
oxygen ADP and site occupancy values were taken from the
neutron diffraction results, as XRD data do not provide suffi-
cient signal from the anion sublattice to accurately rene these
parameters.
3. Results and discussion

The samples were rst characterized by inspection of the
average structure. The neutron (ESI Fig. 2†) and X-ray (ESI
Fig. 4†) diffraction data show that the Bragg diffraction peaks
are retained up to the highest uence achieved (5 � 1012).
Closer inspection reveals that the Bragg peaks shi and
undergo subtle broadening at higher ion uences as a result of
increased atomic disorder and the incorporation of heteroge-
neous microstrain. Plotting the rened unit cell parameters as
a function of ion uence (ESI Fig. 5†) shows that the evolution
of volumetric swelling is similar to the trend obtained for CeO2

and ThO2 irradiated with 945 MeV Au ions.32 Despite these
similarities, the diffraction measurements do not reveal any
information regarding the types of defects that are incorporated
because damage accumulation in swi heavy ion (SHI) irradi-
ated CeO2 and ThO2 typically proceeds through the production
of point defects and does not result in long-range structural
modications, such as phase transformations or amorphiza-
tion.22,32–40 In order to better probe the defect structure, the local
structure of the material was probed using pair distribution
function analysis.

The T(r) functions of CeO2 and ThO2 are shown in Fig. 2 for
different irradiation uences. Peaks in the T(r) functions arise
from atomic correlations that occur at characteristic distances
in real space, r. The position of a correlation represents the
mean distance between an interatomic pair with a coordination
number that is proportional to the peak area. Notable inter-
atomic pairs from the uorite structure are labelled. As the ion
uence increases, the intensities of the correlations decrease
J. Mater. Chem. A
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Fig. 2 The total correlation functions, T(r), of CeO2 (top) and ThO2

(bottom) for various ion fluences. Notable intra-unit cell correlations
are labelled. The legend corresponds to both CeO2 and ThO2. As the
fluence increases, the intensity of the atomic correlations (peaks)
decreases, which signals the loss of coherent scattering intensity from
atoms located at ideal sites in the fluorite lattice. The loss of peak
intensity as a function of ion fluence is much greater in CeO2

compared with ThO2. With the exception of the emergent correlation
at r � 1.45 Å, the loss of coherent scattering intensity and the increase
of inter-peak background intensity suggest that irradiation-induced
interstitials are distributed over many distinct sites in the structure, i.e.,
they do not give rise to new atomic correlations.
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and intensities in the inter-peak regions generally increase.
These changes are much smaller in the case of ThO2 than for
CeO2. The diminishing peak areas are consistent with
a decrease in average coordination numbers and an increase in
vacancy concentration.36 The decrease of peak intensities is not
heavily weighted at the high-r region, indicating that the
materials maintain long-range periodicity, as conrmed by the
diffraction data. This suggests that damage accumulation in
these materials proceeds via point defect accumulation in
which atoms are displaced from ideal sites to interstitial posi-
tions in the structure. The interstitials are either distributed
over many distinct sites in the structure or are too few in
concentration, such that the interstitials do not give rise to new
atomic correlations in the high-r range, i.e., they do not undergo
long-range ordering.

These observations are consistent with TEM studies by
Takaki et al. and Yasuda et al., which note that structural
modications in SHI-irradiated CeO2 primarily consist of anti-
Frenkel pairs and extended defects, such as interstitial-type
dislocation loops, line dislocations, and vacancy clusters.22,33

Looking in detail at the T(r) functions, it is evident that the rate
of damage accumulation also differs between the two materials.
J. Mater. Chem. A
The T(r) functions at F ¼ 1 � 1012 and F ¼ 5 � 1012 ions per
cm2 nearly overlap for CeO2, but not for ThO2. This suggests
that the damage accumulation rate may be slowing in CeO2 at
higher uences. Indeed, the diffraction data (ESI Fig. 5†) show
that the relative change in unit cell parameter for CeO2 is close
to the saturation value of �0.06% reported for similar irradia-
tion conditions.32 This is in contrast to ThO2 for which the
relative change in unit cell parameter is further from the satu-
ration value of �0.05% reported for highly energetic ion irra-
diation.32 Both materials also show a higher rate of change in
unit cell parameter as compared with the results from Tracy
et al.;32 however, data from higher uences, at which saturation
of the unit cell expansion is expected to occur, are needed for
direct comparison.

Difference curves were constructed in order to better
compare and elucidate the evolution of the CeO2 and ThO2

PDFs as a function of irradiation uence. A difference curve is
obtained by taking the difference between a PDF and the PDF at
the prior uence (see Fig. 3 caption). The intensity of a differ-
ence curve at a given value of r corresponds to the change
between the two PDFs at that interatomic spacing. These
differences arise from peak shis, changes in peak shape, and
changes in peak intensity. The difference curves thus illustrate
how the PDF of a material evolves (stepwise) as a function of
irradiation uence. Fig. 3 shows the PDFs of the pristine
samples alongside difference curves corresponding to the
different irradiation uences. The amount of local-structure
distortion is greater in CeO2 as compared with ThO2, which is
consistent with the data representation shown in Fig. 2. This
conrms that ThO2 is more structurally stable than CeO2 under
the identical irradiation conditions.

The rate at which local distortions accumulate also differs
between the two materials. In CeO2, the largest distortion
occurs at the lowest uence, F ¼ 5 � 1011 ions per cm2, with
subtler structural modications occurring at the higher u-
ences. In ThO2, the structural disorder accumulates almost
linearly as a function of ion uence. The large initial distortion
observed in CeO2 but not in ThO2 may be attributed to the
introduction of Ce3+ through irradiation-assisted redox
effects.32 Cerium has a variable charge state (Ce4+, Ce3+) whereas
thorium exhibits a single charge state (Th4+) in the oxide form.
The incorporation of Ce3+ causes microstrain due to the large
size mismatch between Ce3+ and Ce4+ (1.14 Å and 0.97 Å,
respectively41). This mechanism provides a means for the rapid
accumulation of local distortion in the structure. The redox
changes of CeO2 may also facilitate the formation of more
complex defect structures because it provides an additional
charge compensation mechanism.

The ThO2 difference curves show that one of the largest
distortions, at any uence, occurs between 0 < r < 5 Å, which is
centered at around the rst nearest neighbor hTh–Oi and hO–Oi
correlations. Based on TEM analysis22 and molecular dynamics
(MD) simulations,42 the disorder in SHI irradiated uorite
oxides occurs primarily on the anion sublattice. Therefore, it is
not surprising that the oxygen correlations exhibit the largest
change, as compared with hTh–Thi correlations. The distortion
in CeO2 among the rst coordination shells is of lower relative
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Pair distribution functions, G(r), of the pristine samples (black) and the difference curves, DG(r), for different fluence steps (colored). DG(r)
for fluence 5� 1011 cm�2 is defined as G(r) (5� 1011) � G(r) (pristine); DG(r) for fluence 1 � 1012 cm�2 is defined as G(r) (1� 1012) � G(r) (5� 1011),
and DG(r) for fluence 5� 1012 cm�2 is defined as:G(r) (5� 1012)� G(r) (1� 1012). The dotted outlines are guides to the eye. The difference curves
demonstrate a large amount of structural distortion of CeO2 at the lowest fluence, with weaker modifications occurring at the higher fluences. In
ThO2, structural modifications occur at different length scales and are subtler relative to CeO2.

Fig. 4 Relative change of the goodness-of-fit parameter, DRw, as
a function of binned r-space range for fitting of the Fm�3m structure to
the pair distribution functions. The data are normalized to the Rw

values of the pristine samples, as represented by the DRw ¼ 0 baseline.
Negative DRw values represent an improvement in the fit (green
shaded area) and positive DRw values represent a worsening of the fit
(red shaded area). As the fluence increases, the short-range structure
(low r) and the intermediate-range structure (higher r) exhibit the
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magnitude compared to those of the higher coordination shells;
however, it is unclear whether this variation is an inherent
difference in radiation response between CeO2 and ThO2 or an
artifact of the difference curve construct. Difference curves are
inuenced by both unit cell expansion (peak shis) and local
structure disordering (changes in peak shape and relative
intensity). Thus, the high-r intensities and lack of low-r intensity
observed for CeO2 can be attributed to either greater swelling,
more complex defect clusters, and/or larger defect concentra-
tions. It is difficult to ascribe the cause from the difference
curves alone because the peaks shis are more heavily weighted
at the higher-r region.

In order to circumvent this problem, the PDFs were rened
using the boxcar method. Boxcar tting is a technique by which
small bins of r-space are individually rened to reveal distor-
tions that might otherwise be undetected in full-prole rene-
ments.43 The PDFs were binned into ve 10 Å ranges that were
individually rened with a uorite structural model. This
enabled the separation of the unit cell expansion from defect
disordering contributions to the PDF modications. As a result,
discrepancies between the Fm�3mmodel and the tted PDF arise
only from atomic disordering and not changes in the unit cell
parameter.

The discrepancies between the uorite-structure model and
tted PDFs were quantied by the t agreement factor, Rw:

Rw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

uðriÞ
�
GobsðriÞ � GcalcðriÞ

�2
Pn
i¼1

uðriÞGobs
2ðriÞ

vuuuuut
where Gobs is the measured PDF, Gcalc is the tted PDF, and u is
a weighting factor. This approach allows the determination of
the spatial distribution of disorder. Fig. 4 shows the relative
change in Rw of the irradiated samples, normalized to the Rw

values of the unirradiated samples, as a function of r-space bin
position. The results show that disorder accumulates primarily
in the low-r region (i.e., the short-range structure) of CeO2 at
This journal is © The Royal Society of Chemistry 2017
intermediate uences. Upon reaching the highest uence, the
disorder is accrued equally throughout the r range. ThO2

exhibits a different trend in which disorder accumulates
primarily in the higher-r bins (i.e., the intermediate-range
structure). In contrast to CeO2, the discrepancy in DRw

between the low- and high-r regions increases as a function of
uence for ThO2.

The small improvement in the t in the low-r region may be
attributed to the recovery or rearrangement of intrinsic defects
in the starting material, such as oxygen defects44 and F-centers45

that have been observed in unirradiated ThO2 single crystals.
The preferential accumulation of distortion at high-r can
be explained by changes in the domain size, which is repre-
sentative of the average crystallite size. Inspection of the PDFs
shows that the intensity of the PDF at high-r decreases as the
uence increases. This, coupled with the information from
Fig. 4, indicates that ThO2 undergoes a slight decrease in
largest distortion in CeO2 and ThO2, respectively.

J. Mater. Chem. A
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domain (crystallite) size aer irradiation. Similar behavior is
observed for CeO2; however, the changes in domain size (high-r)
are dwarfed by changes in the short range structure (low-r) at
intermediate uences. Swi heavy ion irradiation-induced pol-
ygonization of CeO2 crystallites into smaller sub-grains has
been observed by TEM and is attributed to the formation of
dislocation networks following the accumulation and agglom-
eration of interstitials.33 Similar behavior has been reported in
uorite-structured UO2 and yttria-stabilized zirconia, suggest-
ing that it is a general response of oxides with this structure.46,47

The stark difference in defect accumulation behavior
between CeO2 and ThO2 suggests that the two materials
accommodate defects very differently. To this end, inspection of
the short-range structure provides further insight. Fig. 5 and ESI
Table 1† show that the rst nearest neighbor (1-NN) cation–
oxygen and cation–cation spacings in both materials increase
aer irradiation to 5 � 1012 ions per cm2. The hCe–Oi peak
broadens symmetrically whereas the hTh–Oi peak broadens
asymmetrically at higher r. Likewise, the hO–Oi peaks also show
different behavior. In CeO2, the hCe–Oi and hO–Oi distances
both decrease before eventually increasing aer the highest
uence. In ThO2, the hO–Oi peak shows an overall shi to lower
r. These changes provide clues as to how defects, specically
vacancies, are incorporated into the two oxides.
Fig. 5 PDF peak evolution of the first nearest-neighbor (1-NN)
cation–oxygen, oxygen–oxygen, and cation–cation correlations for
various ion fluences. Black arrows indicate the overall trend for the
peak shift with increasing fluence.

J. Mater. Chem. A
In CeO2, the incorporation of an oxygen vacancy involves the
removal of the attractive interaction between a cation and one of
its eight surrounding anions. This promotes the relaxation of
the remaining nearest-neighbor oxygens towards the central
cation and results in the shortening of the mean cation–oxygen
distance. More recently, Muhich48 has shown that the contrac-
tions of the hCe–Oi distance can be explained by considering
non-counterpoised forces. By similar argument, it can be shown
that the mean hO–Oi distance should also increase. The relax-
ation of 1-NN oxygens surrounding an oxygen vacancy is larger
than the relaxation of second nearest-neighbor (2-NN) oxygens.
The hO–Oi distance among the 1-NNs decreases whereas the
hO–Oi distance between the 1-NNs and 2-NNs increases. The 2-
NN oxygens outnumber the 1-NN oxygens 2 : 1; therefore, the
result is an overall increase in the hO–Oi distance. This behavior
has been reported for CeO2 doped with trivalent lanthanides to
produce vacancies by charge equilibrium effects.49,50 The
increase of the 1-NN hCe–Cei distance is consistent with the
incorporation of Ce3+ and unit cell expansion, which results
from defect accumulation.

Moreover, it has also been shown32,34 that dense electronic
excitation from ion irradiation can result in the reduction of
cerium atoms, although the relative concentration of Ce3+ is
expected to be low.51 The steady incorporation of Ce3+ into the
CeO2 structure increases the mean hCe–Oi distance because
hCe3+–Oi distances are larger than hCe4+–Oi distances on
account of decreased Coulomb interactions and the increased
ionic radius of Ce3+ compared to Ce4+.52 This may explain why
the hCe–Oi peak broadens at the intermediate uences and
eventually shis to higher r at the highest uence, i.e., the
effects of redox-driven disorder are larger at the higher ion
uences. Rietveld analysis suggests a more gradual increase in
cerium reduction with increasing ion uence. The oxygen
content at the 8c site determined from analysis of the neutron
diffraction patterns shows a steady decrease with increasing ion
uence: occupancy ¼ 1.0000, 0.9954, 0.9925, and 0.9914, cor-
responding to x ¼ 0, 0.009, 0.015, 0.017 in CeO2�x for unirra-
diated, 5 � 1011, 1 � 1012, and 5 � 1012 samples, respectively.
However, the 8c site occupancy alone may not be sufficient to
quantify the amount of reduction owing to the very heteroge-
neous defect structure that is formed in ion irradiated CeO2.

Takaki et al.22 showed that ion tracks in CeO2 consist of an
oxygen-decient core region and an oxygen-rich halo region.
Within these two regions, and especially at the interface
between these regions, the behavior of rst nearest-neighbor
atom distances is not easily predicted. As described in other
studies,48,53 the reduction of ceria leads to competing effects of
lattice contraction and expansion on different length scales.
Simple models may not be easily applied to understand ion
irradiated CeO2 because of the defect concentration gradients
associated with irradiation-induced atomic displacement. The
use of spectroscopy techniques, such as in-track electron
energy-loss spectroscopy (EELS),16 are necessary to more accu-
rately assess the spatial extent of reduction in irradiated CeO2.

Regarding ThO2, the PDFs show that the hTh–Oi peak
broadens asymmetrically and shis to higher r. The asymmetric
shi to higher r is unexpected because it suggests that ThO2
This journal is © The Royal Society of Chemistry 2017
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may exhibit non-ionic character contrary to the behavior of
CeO2 described above, i.e., the atom relaxation behavior cannot
be explained by assuming fully ionic defects. A deviation from
ionic character is unexpected considering that ThO2 exhibits
less covalency as compared with CeO2.54 One possible expla-
nation for the unexpected peak evolution is that irradiated ThO2

has mostly charged defects. The preferential accumulation of
charged vacancies, for example, may alter the process of atom
relaxation. The production of charged defects can be rational-
ized as a charge compensation requirement considering that
thorium presumably has a high 5th ionization energy owing to
the lack of non-stoichiometry in air in the Th–O phase
diagram.55 Positively charged vacancies are predicted to exist in
hypostoichiometric ThO2,56 and F-centers have been observed
in single crystal ThO2.57 Of these examples, positively charged
vacancies are noteworthy because it has been proposed that
swi heavy ion irradiation of ThO2 may result in the formation
of local, non-stoichiometric regions.40 Thus, the formation of
local regions of hypo- and hyper-stoichiometry within a nomi-
nally stoichiometric ThO2 sample provides a mechanism for the
formation of charged defects. This would explain the divergent
behavior of ThO2 and CeO2 with respect to cation coordination
distance due to irradiation, as oxidation state changes of Ce
provide an alternate means of charge compensation not acces-
sible to Th.

Alternatively, the unique peak evolution in the PDFs of ThO2

can be explained by a distortion of local polyhedra. The
minimal change in the hTh–Oi and hTh–Thi correlations, in
conjunction with the highly modied hO–Oi correlation,
suggests that a largely undistorted cation sublattice coexists
with a relatively-distorted oxygen sublattice. The large decrease
in the hO–Oi distance and the relatively small change in the
hTh–Oi distance are indicative of a decrease in the mean O–Th–
O bond angle. This change can result from the replacement of
cubic ThO8 units by distorted ThO8 units in the simple cubic
oxygen sublattice that are caused by defects and/or irradiation-
induced changes in bonding.

Finally, signatures of short-range interstitial species were
identied by examining atomic correlations at low r. For CeO2,
inspection of the low r region in Fig. 2 reveals the emergence of
a small peak at around r � 1.45 Å following irradiation. The T(r)
functions of ThO2 exhibit a similar feature aer irradiation;
however, the PDFs of the ThO2 samples exhibited more noise
compared with the CeO2 samples, which makes the interpre-
tation of the new peak speculative. The correlation at r � 1.45 Å
in CeO2 bears a striking resemblance to a peak observed in an
ab initio MD investigation by Xiao et al.58 of electronically
excited titanate pyrochlores, which are ternary f-block element-
bearing oxides with uorite-derived structures. Xiao et al.58

attributed this correlation to an O2-like defect that forms aer
irradiation; however, the correlation in the present study can be
attributed to oxygen dimer and/or peroxide defects.59

The peroxide ion is a bound state of two oxygen interstitials
with a hO–Oi bond length of�1.49 Å and an overall charge state
of �2.60 The hO–Oi spacing of peroxide more closely matches
the observed correlation position at r � 1.45 Å than does the
bond length of �1.24 Å exhibited by charge-neutral O2
This journal is © The Royal Society of Chemistry 2017
molecules. The presence of other interstitial dimer congura-
tions is also possible,35 although the hO–Oi distance of these
defects typically ranges from �1.35–1.45 Å depending on the
material and charge state of the defect.61 The presence of
peroxide is also conceivable when considering cation redox.
Unlike UO2, the cations of CeO2 and ThO2 cannot easily oxidize
to accommodate excess negative charge from oxygen intersti-
tials. Cerium typically reduces to the Ce3+ state whereas thorium
is typically xed in the 4+ state as an oxide. Peroxide molecules
are unique from split di-interstitials and O2 molecules in that
they exhibit a charge state identical to anions ([O–O]2�

compared to O2�) and cause minimal displacement of nearby
atoms.59 Thus, peroxide ions can be accommodated more easily
in the structure without the need for further charge compen-
sation mechanisms, such as cation oxidation.

Analogous to the case of UO2+x, in which oxygen defect
cluster formation is established as a dynamic competition
between repulsive Coulomb- and attractive orbital hybrid-
ization effects,62 the large difference in the local structural
distortion between CeO2 and ThO2 indirectly illustrates the
inuence of electronic structure on the radiation response
under swi heavy ion irradiation. The local structural
distortions observed in CeO2 are largely explained by the
incorporation of vacancies whereas the disorder in ThO2

appears more driven by the incorporation of interstitials. In
both cases, interstitial formation is accommodated by effi-
cient interstitial agglomeration, as indicated by the presence
of peroxide in CeO2 and domain-size reduction in ThO2. The
observation of peroxide in CeO2 supports the notion that
displaced oxygen interstitials are largely bound and remain
in the system instead of leaving grains via diffusion to grain
boundaries and/or O2 molecule formation.61 Peroxide
formation is not only an efficient mechanism for incorpo-
rating excess oxygen in these systems, but it may also
promote further reduction if, under certain conditions, the
formation of peroxide or superoxide (O2

�) frees electrons to
localize on the 4f band of nearby cerium atoms.

The identication and attribution of the small hO–Oi
correlations in the CeO2 PDFs to peroxide is also notable
because recent studies have predicted the formation of
peroxide defects in a variety of oxide systems, such as
perovskites,63 CeO2,59 and nuclear fuel materials, such as
ThO2 (ref. 56 and 59) and UO2.64–67 In the latter system it has
been shown that certain oxygen defect clusters exhibit fast
diffusion pathways68,69 that directly inuence predictions of
bulk transport properties when incorporated in multi-scale
engineering models.70 Therefore, it is conceivable that
similar concepts may apply to other uorite structure
systems, especially when considering that the migration
energies for peroxide defects (0.79 and 0.89 eV in CeO2 and
ThO2, respectively59) are comparable to the calculated
migration energies of O2� interstitials (0.80 and 1.04 eV in
CeO2 and ThO2, respectively61). Obtaining a better under-
standing of the role of peroxide and analogous defects in
bulk transport in CeO2 systems will enable more accurate
prediction of properties and design of fast ion conductor
materials.
J. Mater. Chem. A
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4. Conclusions

Defect accumulation mechanisms in swi heavy ion irradiated
CeO2 and ThO2 were investigated using pair distribution func-
tion analysis (PDF) of neutron total scattering measurements.
The total correlation functions, T(r), PDF difference curves, and
small-box renement results demonstrated that CeO2 exhibits
more disordering than ThO2 under identical irradiation
conditions. A comparison of the shis of the rst nearest-
neighbor cation–oxygen, oxygen–oxygen, and cation–cation
correlations showed that the response of the local structure is
different between isostructural CeO2 and ThO2, even if similar
defects are formed. The distortion of the local structure of CeO2

appears to be driven by the accumulation of vacancies. The T(r)
functions revealed that a small correlation appears at r � 1.45 Å
in CeO2 aer irradiation. This new correlation was attributed to
the formation of peroxide and/or oxygen dimers. In contrast to
CeO2, the structural distortion of ThO2 may be driven by the
formation of charged defects or larger defect aggregates. A
change in the mean O–Th–O angle with uence suggests that
irradiation results in the distortion of local ThO8 polyhedra.
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