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g r a p h i c a l a b s t r a c t
� Synthesis of 4, 8, 10 and 15wt% Gd2O3

doped UO2 nanoparticles.
� Crystallite sizes around 100 nm and
rounded morphology.

� 90% Gd distribution homogeneity
between particles for the less
concentrated sample.

� High Statistic X-ray Rietveld analysis
determined an U1�xGdxO2�d fcc
structure.

� Phases with similar crystal structure
and symmetry, but different lattice
parameter.
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a b s t r a c t

UO2 nanoparticles doped with 4, 8, 10 and 15 wt% Gd2O3were synthesized by a reverse strike method.
Crystal structure and chemical homogeneity were evaluated using a combination of X-ray diffraction and
microscopy tools. An exhaustive study of the composition and its homogeneity at the micro and at the
nanometer level was carried out in this nuclear fuel material. Field Emission Gun Scanning and Trans-
mission Electron Microscopy images revealed the presence of micrometer scale agglomerates of nano-
particles, with rounded morphology and an average crystallite size of 100 nm. Rietveld refinements of
high-statistic X-ray Diffraction data determined the crystal structure and composition. Furthermore,
Energy Dispersive Spectroscopy using a 2 nm2 spot on the sample surface determined a Gd concentration
variation around the average of ±5% in different spots of a single crystallite and of ±10% between
different crystallites. However, when measuring large amounts of nanoparticles the concentration av-
erages, producing a homogeneous composition distribution at the micrometer scale.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The study of actinide nanoparticles (NPs) has attracted the
attention of the scientific community [10] not only because the lack
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ati).
of information about their ecotoxicological effects but also because
their potential use for the nuclear energy production. On the one
hand, biogeochemical effects of nano-particulated nuclear fuel
materials is still controversial due to the enhanced reaction ex-
pected by the larger surface area of the particles, their increased
mobility and their different redox chemistry when compared to
micrometer scale material. Indeed, the chemical reactivity of acti-
nides in the environment depends strongly on the particle
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Abbreviations

NPs Nanoparticles
HBS High Burn up Structures
SEM Scanning Electron Microscope
TEM Transmission Electron Microscope
STEM Scanning Transmission Electron Microscope
FEG Field Emission Gun
EDS Energy Dispersive Spectroscopy
XRD X-ray Diffraction
ADU Ammonium Diuranate
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characteristics such as its grain size and biological availability,
demanding the development of NPs for testing this topic. On the
other hand, it was demonstrated that high burn up at low tem-
peratures produces re-crystallization of UO2 grains generating
nanometer size particles at the periphery of the nuclear fuel, called
High Burn-up Structures or HBS [11,19]. These HBS NPs exhibit
closed porosity with better fission gas retention and radiation-
tolerance, ameliorated mechanical properties, and less detriment
of the thermal conductivity upon use [4,25], making them an
interesting option for new nuclear fuels [18].

Recent efforts have been focused in finding different methods to
produce and characterize actinide NPs, especially regarding the
uranium species. The radiation chemical synthesis was one of the
preferred methods to produce UO2 NPs. This chemical route uses
reducing (or oxidizing) agents, obtained by exposing the precursor
solvents to ionizing radiation. Reducing agents force the reduction
of U(VI) into U(IV) species, which coalesce to produce UO2 particles
with nanometer size. For example, ~80 nm and ~9 nm UO2 NPs
were synthesized from an uranyl-nitrate solution in presence of 2-
propanol by using Co-60 g and 6 MeV electrons irradiation,
respectively [16]. Depleted UO2, U-metal and Uelanthanide alloy
NPs have been successfully synthesized from aqueous acidic salt
solutions by g radiation at temperatures as low as 500e600 �C
[13,14]. The authors studied the reaction dependence of solution pH
and reaction dose on the shapes, sizes, yield, and properties of the
products. Other organic-phase synthesis method uses oleic acid,
oleyl amine and 1-octadecene for producing size-controlled, nearly
mono-dispersed, colloidal UO2nano-crystals by thermal decom-
position of uranyl acetyl acetonate [24,25]. In addition, ultrathin
U2O3nanoribbons and U3O7 nano wires were produced from ura-
nium acetate by a similar type of organic synthesis [9]. Further,
oxalate precipitation was used to get nano-grained UO2 powders
with high crystallinity and particle sizes of about 10 nm [21]. Laser
evaporation methods have been reported to produce UO2 particles
with tunable sizes and shapes [17]. Besides these chemical and
radiolysis methods, uranium NPs were also produced by biological
methods. For example, uraninite of around 3 nm was produced
from uranyl acetate by Shewanellaoneidensis MR-1 cells [3].

Once a route has been selected for the actinide NPs synthesis,
appropriate tools of the materials science are needed to fully
characterize physical and chemical properties at the sub-
micrometer scale level. Because of its excellent spatial resolution
one of the best candidates for this kind of analyses is the Trans-
mission Electron Microscopy (TEM) technique, where an electrons
beam with energies around hundreds of keV passes through a thin
sample (<100 nm), interacting with the material and providing a
set of complementary information. In addition, by focusing the
electron beam with a Field Emission Gun (FEG), the TEM can be
used in scanning mode (STEM) and has high enough current to
perform elemental analyses even at an atomic scale resolution [26].
Thus, many characteristics of the NPs, such as morphology, grain
size, signs of stress and degradation, crystal defects induced by
synthesis, thermal treatment or radiation damage, among other
parameters can be found through transmission images in Bright
Field (BF), Dark Field (DF) or High Resolution (HR) modes [22].
Moreover, the analysis of Selected Area Electron Diffraction (SAED)
patterns allow identification of crystal phases, signs of degradation
or amorphization and presence of precipitates and, when coupled
to an Energy Dispersive Spectroscopy (EDS) detector, the trans-
mission microscope provides local information about the chemical
composition even in volumes of only some nanometers in size.

In this work, we investigated Gd-doped U nanoparticles. Thanks
to its large neutron absorption cross-section and the fact that its
activation product does not absorb neutrons, Gd is used as a
burnable poison that helps to control the reactivity at the beginning
and at the end of fuel cycle [2,8]. We synthesized 4, 8,10 and 15wt%
Gd2O3 doped UO2 NPs by the well known “Reverse Strike” co-
precipitation method [6,15]. We used a FEG-SEM, a FEG-TEM/
STEM and a TEM equipped with a LaB6 filament, all of them
coupled with EDS analysers and capable of determine the compo-
sition, microstructure and morphology of the sample, down to the
nanometer level. In addition, we determined the crystalline phases
present in the bulk as well as in single nano-crystallites by using
both, Electron and X-ray diffraction. Thus, this work resulted in a
detailed analysis of crystal structure and composition homogeneity
at the nanometer scale in four UeGd solid solutions, supplyingwith
a set of well characterized NPs, which will be the raw material for
future research in nuclear fuel development, eco-toxicology and
environmental impact assessments.
2. Materials and methods

2.1. Material synthesis

UO2 doped with 4, 8, 10 and 15 wt% Gd2O3 were prepared by the
“Reverse Strike” co-precipitation method [6,15]. This is a wet
chemical route were Uranium and Gadolinium oxides are dissolved
in 65% HNO3 under continuous stirring and react drop by drop with
NH4OH at constant temperature (60 �C) and pH (9) in an aqueous
solution. As a result, a mixture of Ammonium Diuranate (ADU) and
Gd(OH)3 is obtained. The product suspension (approximately a
volume of two liters) was then filtered, washed several times with
milliQ water and let dry overnight at 100 �C. Subsequently, the
material was calcined at 800 �C in air for 4 h. The obtained product
(around 100 g) was reduced in Noxal atmosphere (5 vol % H2:Ar) at
650 �C to obtain an (U,Gd)O2 solid solution.

From these reduced precipitates two batches of samples were
prepared (Table 1):
2.1.1. Batch N (N4, N8, N10 and N15)
The as reduced powders weremanually crashed andmilledwith

an agate mortar for some minutes, with no further treatment.
Samples N have nanometer scale grain sizes and are the target of
this study.
2.1.2. Batch S (S4, S8, S10 and S15)
In these case, samples provided by Batch N were compacted

with an uni-axial press (50 kN for 30 s) and further sintered at
1700 �C in Noxal atmosphere for 2 h, resulting in samples with
micrometer scale grains size which allows the comparison with
already published data.



Table 1
Nano and micrometer scale samples studied in this work. (a) Composition obtained by averaging three SEM-EDS measurements in a 20 � 20 mmwindow (average ± standard
deviation, using UM and GdL lines for quantification (semi-quantitative); SEM operation V ¼ 20 keV). (b) Composition obtained by averaging five TEM-EDS measurements in a
200 � 200 nm window (average ± standard deviation, using UL and GdL lines for quantification (semi-quantitative); TEM operation V ¼ 200 keV).Temperatures used for
oxidation in air (Ox), and reduction (Red) and Sintering (Sint) in 5 vol % H2:Ar.

Nominal composition Name Measured concentration Gd [at%]b Temperature [�C]

Gd2O3 [wt%]a Gd [at%]b U1�xGdxO2�d SEM-EDS(a) TEM-EDS(b) Ox Red Sint

4.0 5.8 U0.94Gd0.06O2-d N4 6.9 ± 0.7 8 ± 2 800 650 e

S4 7.0 ± 0.3 5 ± 2 800 650 1700
8.0 11.5 U0.89Gd0.11O2-d N8 14 ± 1 14 ± 1 800 650 e

S8 12.5 ± 0.5 11 ± 1 800 650 1700
10.0 14.2 U0.86Gd0.14O2-d N10 16.2 ± 0.5 16 ± 1 800 650 e

S10 16.0 ± 0.5 15.6 ± 0.4 800 650 1700
15.0 20.8 U0.79Gd0.21O2-d N15 21.7 ± 0.2 23.7 ± 0.8 800 650 e

S15 22.6 ± 0.1 23.5 ± 0.9 800 650 1700

a The nominal contents for Gd2O3 [wt%] are conventionally reported as weight percentage of the oxide (Gd2O3) to the sum of UO2 and Gd2O3.
b The nominal contents for Gd [at%] are conventionally reported as atomic percentage of Gd to the sum of U and Gd atoms.
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2.2. Transmission Electron Microscopy (TEM)

Samples N were prepared for TEM analysis. For that, a homo-
geneous suspension of some milligrams of powdered material in
1 ml isopropyl alcohol was prepared by ultrasonication during
5 min. A drop of the obtained suspension was transferred to a gold
TEM grid (ultra-thin carbon film type A, 300M, Ted Pella®) and then
allowed to dry in air. Two transmission microscopes were used for
the analysis: A Philips CM200 Ultra Twin with LaB6 filament and a
FEI TECNAI F20 FEG-TEM/STEM operated at 200 keV. Both micro-
scopes are coupled to EDS systems for elemental quantification: the
first one is equipped with a EDAX-Genesis Si(Li) detector and the
second one with a EDAX-Apolo Silicon Drift Detector (SDD). TEM
images were acquired using CCD cameras and the commercial
softwares Digital Micrograph© and Item©. The crystallite sizes were
characterized by their longest dimension (i.e. the diameter in case
of a quasi spherical morphology). The crystallites size distribution
was fitted with a Log Normal function and the characteristic size
was calculated as the arithmetic average ± (standard deviation/
√n), where n is the number of measured crystallites.

Sample N4 was scanned in the nano-probe mode by combining
the High-Angle Angular Dark Field (HAADF) and the EDS detectors.
For that, a convergent electron beam of 2 nm2 (on the sample
surface) was used. The EDS spectrawere integrated during 200 s, on
the 0e20 keV energy range, with a counting rate of at least 500 cps
and a dead time of less than 20%. Posterior data and images
treatments were done both with the commercial programs TEAM©

and Digital Micrograph©, respectively. Only the La X-ray emissions
were used for quantification (GdLa ¼ 6.05 keV and
ULa ¼ 13.615 keV, respectively). Using these conditions, the less
concentrated sample signal to noise ratio is 3 for GdLa and 50 for
ULa. Indeed, the detection limit for Gd in this matrix and with this
experimental setup could be considered at half of the measured
concentration (i.e. 2.0 wt%; details of a typical spectrum are given in
Fig. 6C). Nevertheless, the quantification performed here should be
considered semi-quantitative, because no standards were
measured for direct calculation. The local composition (Gd/
(U þ Gd) at%) was calculated for each crystallite as the mathe-
matical average obtained in five different points of each single
crystallite. Then, the composition variation between different
crystallites was compared to find the homogeneity at a nanometer
level in the less concentrated (4 wt%) Gd2O3 doped UO2 matrix.
2.3. Scanning electron microscopy (SEM)

Nanoparticles morphology and agglomeration in samples N
were studied with a Nova Nano SEM 230 equipment, operated
between 2 and 20 keV with a Schottky FEG and equipped with a
SDD Genesis EDAX-EDS spectrometer for semi-quantitative
composition analyses and elementary mapping. For the FEG-SEM
analyses the powder was directly mounted on a conductive tape
and gold sputtered. The FEG-SEM-EDS element mappings were
performed on the surface of a pressed pellet that was previously
sputtered with Gold to avoid charge accumulation. The images
were obtained at a magnification of 25000X with a resolution of
256 � 350 pixel and a dwell time of 1000 ms. UM and the GdL X-ray
emission lines were used for the compositional analysis.

2.4. X-ray diffraction (XRD)

Diffraction patterns of the powdered samples were measured at
room temperature in a PANalytical Empyrean® device with C
monochromator (CuKa) and a PixCel3D detector, using a Bragg-
Brentano configuration. Scans were measured in the 20�e130� 2q
rangewith a step of 0.02� and an acquisition time of 150 s/step. The
present phases were identified with the program Xpert® and the
average crystallite size was determined using the Scherrer equa-
tion. High statistic XRD patterns were collected and analyzed by the
Rietveld method using the Fullprof Suite software [5].

The structural models used as input in the Rietveld refinements
were based on the well-known UO2 structure [23]. This choice was
based on the similarity between the XRD patterns of UO2 and Gd-
doped UO2 indicating that structure symmetry should be the
same (Fm-3m space group), and the assumption that Gd is incor-
porated into the structure in the same crystallographic site than U
(Wyckoff position 4a), but randomly distributed. Peak profiles were
fitted using Thompson-Cox-Hasting functions [20] with axial
divergence in order to directly include micro-strain and size effects
as refinable parameters. Additionally, the site-specific isotropic
atomic displacement parameters were also incorporated into the
refining process.

A stability test of the NPs was performed in order to evaluate
possible phase degradation or re-oxidation after the thermal
treatment at 700 �C in 10 vol% H2:He atmosphere. For that, sample
N8 was placed into an Anton Paar HTK1200 high temperature
chamber with a continuous flux of 10 vol% H2:He, andmeasured in-
situ as temperature followed 25�Ce700 �Ce 25 �C cycle (10 �C/min,
8 h of dwell time).

3. Results

3.1. Morphology and crystal size of the (U,Gd)O2 nanoparticles

TEM images show that all N samples (Fig. 1) correspond to



Fig. 1. TEM images of N samples (left) showing the typical diffraction pattern (centre) and the crystallite size histogram (right). The average crystallite sizes remain around 100 nm.
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particles with crystallite sizes in the nanometer range (<300 nm),
while S samples have crystallites that are larger than one micron
(Fig. 2). A characteristic length (Lc) histogram (Fig. 1, right column)
was reconstructed from the data measured in different TEM and
STEM images of the NPs. Using a Log Normal distribution for the
statistical analysis, it was verified that the crystallite size in the
Gd2O3 doped UO2 materials results around 100 nm. Furthermore,
the comparison of the histograms shows that the N8 and N10
samples possess smaller crystallite sizes with narrower
distributions than the two extreme samples (N4 and N15) of the
series studied here.

TEM images acquired in scanning mode show that the Gd2O3
doped UO2 nanoparticles, synthesized by the reverse strike
method, agglomerate forming micrometer scale aggregates
(Fig. 3A). The single crystallites (Fig. 3B) are recognized by their
homogeneous gray tone and defined outline. Besides, SAED of the
agglomerates show concentric circles (Fig. 3C), supporting the poly-
crystalline nature of the sample. The diffraction patterns can be



Fig. 2. TEM images of S samples (left) showing the typical diffraction pattern (right). Average crystallite sizes are larger than 1 mm.
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indexed correctly with the cubic structure of UO2. In addition, the
SAED of a single crystallite (Fig. 3D) shows a mono-crystal pattern
corresponding to a fluorite structure (axis zone: 242). This indicates
that each of the observed crystallites within an agglomerate are
single-crystal domains.

TEM bright/dark field contrast (Fig. 4) is also useful to identify
the single crystallites in an agglomerate. Single crystallites are
clearly observed as white particles in DF-TEM images (Fig. 4A) and
as black/gray particles in the BF-TEM mode (Fig. 4B). Furthermore,
HR-TEM images (Fig. 4C and D) allow us to determine predominant
atomic directions in each particle. The particles that form the ag-
glomerates are all well crystallized single domains, because each
one has a unique atomic orientation. In addition, the atomic planes
are very well defined up to the particle border and no amorphous
zones can be detected at the crystallites boundaries or inside them.
The smallest crystallites observed are between 10 and 30 nm, while
only few particles reach more than 200 nm.

3.2. Chemical composition of the (U,Gd)O2 nanoparticles

Fig. 5 shows an example of the FEG-SEM secondary electrons
micrographs obtained from the lowest doped sample (N4). Similar
results were observed for all other compositions. In agreement with
TEM images, agglomerates of crystallites with rounded forms can
be observed at low magnifications (Fig. 5A). Higher magnifications
(Fig. 5B) allow detection of sub-micrometer scale structures. A
backscattered electronsmicrograph of the powder sample is shown
in Fig. 5C. Despite the appreciable difference between the U and the



Fig. 3. STEM images of sample N4 showing an agglomerate (A) and a group of nanoparticles (B). SAED of an agglomerate (C) and of a single crystallite (D). The diffraction patterns
show a fluorite structure. The same indexation was obtained for the other N samples (see Fig. 1).

Fig. 4. BF-(A) and DF-TEM (B) images of N4 nanoparticles obtained using the objective aperture N�3. HR-TEM images showing the atomic planes in different crystallites (C and D).
The arrow in D shows a <10 nm crystallite.
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Gd atomic masses, no clear Z contrast can be observed in this im-
age, suggesting a solid solution with homogeneous composition at
this scale. Fig. 5D shows the surface of a (U,Gd)O2 pellet. The nano-
crystallites can be distinguished at the magnification used there.
However, EDS maps of the elements U (Fig. 5E) and Gd (Fig. 5F)
achieved at the same magnification do not detect any
heterogeneity in the composition. This could be a result of both, a
real homogeneous distribution of the Gd in the UO2 matrix or a
composition averaging due to the resolution of the FEG-SEM-EDS
instrument and the nanometer scale of the particles. In order to
solve this issue, a technique with better spatial resolution is needed
and therefore discussed in the following section.



Fig. 5. Micrographs obtained by FEG-SEM and elemental maps obtained by FEG-SEM-EDS for the sample N4. Image of secondary electrons (5 keV) of the (U,Gd)O2 nanoparticles,
obtained using the TLD lens to reach higher magnifications (AeB). Image of backscattered electrons (15 keV) at the highest possible magnification with this microscope, performed
with the GAD detector; no differences in composition can be detected with this technique (C). Surface of a (U,Gd)O2 pellet, performed with secondary electrons (20 keV) using the
ETD detector (D). EDS map of composition showing the elements Uranium (E) and Gadolinium (F); these maps were performed using 20 keV electrons for excitation.

1 The instrumental uncertainty was calculated measuring 5 times the same point
in one nano-crystallite. This value is related to the TEM-EDS equipment and to the
Gd detection limit at the concentration analyzed here.
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3.3. Sample homogeneity at the nanometer level

With the aim of evaluating the homogeneity of the NPs, down to
the nanometre level, the composition in one of the samples was
analyzed by FEG-STEM-EDS. In this case, sample N4 with an ex-
pected nominal composition of (Gd/(U þ Gd) ¼ 5.8 at%) was
selected for the analysis because it is the less concentrated sample,
and allows to identify the detection limits of the techniques applied
here. A total of 14 crystallites were analyzed. At each crystallite, 5
EDS spectra were obtained at different points, and a mean value for
each element was calculated. The points were preferably selected
well distributed over the crystallite (Fig. 6A). Thus, each point
shown in Fig. 6B represents the average composition of a single
crystalline domain. Typical spectra obtained are shown in Fig. 6C.

The analyses showed the presence of U and Gd in all points of all
measured nano-crystallites. This result was expected after using
the reverse strike method for the synthesis because the precursor
oxides are dissolved in nitric acid, forming a homogeneous solu-
tion. However, the FEG-STEM-EDS experiment revealed variations
in the Gd distribution at the nanometer level that are compensated
at themicroscopic level by averaging a large number of NPs. Indeed,
the absolute mean concentration value resulted in (8.2 ± 1.7) at%
(Fig. 6B), which is larger than the expected nominal composition
(5.8 at%) but is consistent with the mean composition found by
TEM-EDS averaging five windows of 200� 200 nm2 (8 ± 2) at% and
is within the uncertainty interval of the composition measured by
FEG-SEM-EDS (6.9 ± 0.7) at% averaging 200 � 200 mm2 areas
(Table 1). Moreover, the mean standard deviation (SD) found inside
the nano-crystallites was ±15%. In comparison, the composition
dispersion found between the different crystallites was ±20%. It is
worth to note here that 10% of the standard deviation corresponds
to instrumental and measurement uncertainties (SDi).1 The other
part of the variance (i.e. (SD-SDi)¼ 5% for single crystallites and 10%
between different crystallites) should be related to the intrinsic
composition heterogeneities of the samples at the nanometre scale.
This value can be used as indicator to characterize the Gd compo-
sition heterogeneity or best, its complement, the homogeneity



Fig. 6. Example of a FEG-STEM-EDS analysis in a nano-crystallite of sample N4,
showing the specific points where the EDS probes were performed. Each area analyzed
is around 2 nm2(A). Gd concentration measured as Gd/(U þ Gd) at% at different nano-
crystallites(B). The error bar in each point shows the standard deviation of 5 mea-
surements in different places of a single crystallite. Typical EDS spectrum (C): Au signal
is originated from the TEM grid and Co and Fe are interference signals of the micro-
scope, and are independent of the sample. The inset shows the GdL peak used for semi-
quantification.
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Fig. 7. X-ray diffractograms showing the oxide precursors used for the synthesis
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around the average concentration.
3.4. Crystalline phases

XRD measurements at different steps of the NPs synthesis
showed the transition from the precursors UO2 and Gd2O3 (Fig. 7)
to the final N and S compounds, passing through intermediate
states with characteristic peaks associated to ADU and U3O8. The
final product can be identified with a unique crystalline phase with
cubic Fm-3m structure and cell parameters slightly shifted from the
UO2 reference sample (Powder Diffraction Card N 01-075-0420,
International Centre for Diffraction Data, Newtown Square, PA). In
addition, the presence of Gd2O3, as a segregated phase, was not
detected in the final product.

The lattice parameters and the crystal structure of the UO2
precursor and of samples N and S, were calculated by Rietveld
analysis with the Fullprof Suite software, and are shown in Figs. 8
and 9, and in Table 2.

The sintered samples present a linear decrease of the lattice
parameter with increasing Gd concentration (Fig. 9), as was ex-
pected by the Vegard's law. The XRD diffractogram can be
completely reproduced by modeling an U1-xGdxO2.00 system with
the nominal composition, and a unique phase with fcc structure
and Fm-3m space group. In this structure the Gd3þ atoms are
replacing the U4þ atoms in the same crystallographic site.

In opposition, the NPs XRD diffractograms cannot be modeled
with a single phase. This is clearly observed, for example, by
comparison of the residues between the measured and the calcu-
lated curves (Fig. 8B) considering only one homogeneous phase
(right) or two phases (left). In the cases of N4, N8 and N10 two
phases were necessary to fit the diffractograms successfully, while
three phases were needed to reduce the chi square function of the
N15 fit (Fig. 8 and Table 2). The additional phases have the same
structure, crystallographic positions and symmetries, but they
differ in the lattice parameter values.

For N4 and N10, one of the phases has the same lattice param-
eter than the partner S samples (called “phase 2”) and the other
phase possess lower values. For N8 the two phases have a different
lattice parameter: in one case is higher and in the other case is
lower than the sintered S8. In the case of N15 one phase has a lattice
parameter that coincides with the sintered partner S15 (“phase 2”),
one possess a higher value and other a lower one.

From the lattice parameters of each individual phase, a charac-
teristic Gd concentration (called “individual concentration” in
Table 2) was determined by using the linear regression published
by Baena, Cardinaels et al. [1]. Then, an “average” Gd concentration
was determined for each sample taking into account the proportion
of each individual phase and its corresponding individual



Fig. 8. (A) Lattice parameters obtained from XRD Rietveld refinements for the different
phases found in the nanometer sized samples. The average was calculated taking into
account the phase proportions indicated in Table 2. (B) Rietveld refinement of sample
N4 using for the calculation two phases (left) or one single phase (right), showing that
this latter is not sufficient to fit the diffractogram adequately (observe the residues
between the experimental and the calculated intensity).

Fig. 9. Average lattice parameters obtained from XRD data for the precursor UO2, the
nano-particulated (N) and the sintered (S) samples. Data of sintered samples extracted
from literature are plotted in open symbols for comparison. Error bars are smaller than
the point used.
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concentration. In the same way, individual and average lattice pa-
rameters were calculated for each phase or sample respectively,
and are shown in Fig. 9 (and Table 2), together with the lattice
parameters obtained for the sintered batch of samples and for data
reported in the literature.

A lattice contraction parameter can be calculated for both U1-

xGdxO2.00 systems, by linear regression of each batch of samples.
On one hand, the sintered samples have a lattice contraction
parameter of �16.7 (R2 ¼ 0.999), which follows the Vegard's law
and is in agreement with previously reported data on (U,Gd)O2
synthesized by the reverse coprecipitation method (See Ref. [1] and
references cited there). On the other hand, the nanometer sized
samples have a lattice parameter contraction that, as expected from
the Rietveld results, is lower and more dispersed than that
measured for the sintered partners showing a lattice parameter
contraction of �15.6 (R2 ¼ 0.918). NPs data, however, are very close
to the data presented in the work of [6].

4. Discussion

The lattice parameter contraction in the UO2-Gd2O3 solid solu-
tion system was already studied by many authors [1,6,7,12]. These
studies were carried on in samples obtained by mechanical milling
and/or using a co-precipitation method similar to the one used
here; but, in all those works the samples were sintered around
1700 �C in a reducing atmosphere yielding micrometer scale size
particles. For those cases, the presence of U1-xGdxO2 with a unique
fcc fluorite-phase (and the absence of peaks corresponding to
Gd2O3 phases) were reported for x in the range 0 < x < 0.5.
Furthermore, the authors observed a linear lattice parameter
contraction with the increase of Gd concentration and proposed
that the Gd3þ ions are replacing the U4þ atoms in the UO2 fluorite
structure, due to the conversion of U4þ to U5þ and U6þ to
compensate charge. The Rietveld analyses support this scenario for
the samples sintered at 1700 �C in this work, but not exactly for the
NP material.

A possible explanation to this is that a post-synthesis oxidation
process may have occurred in the NPs. Such processes are
commonly favored by the NPs higher surface area and the fact that
these samples were stored in air during some months. To test this
hypothesis, an XRD in situ experiment was performed with the
high-temperature Anton Paar chamber. Sample N8 was further
treated in a reducing atmosphere (10 vol% H2:He) at 700 �C for
eight hours, with a 10 �C/min heating/cooling ramp. The dif-
fractograms acquired at 0, 3 and 7 h of treatment, and after the
cooling, were refined with the Rietveld method and compared. No
changes were observed (data not shown), indicating that the
samples were not oxidized with the time.

Another hypothesis that could explain the difference between
both batches is that the NPs may have slightly differences in
composition, oxygen stoichiometry or speciation of the Uranium
atom (U4þ, U5þ or U6þ), which homogenize after the sintering
treatment at higher temperatures in a reducing atmosphere. The
hypothesis that different particles may have different Gd concen-
trations was already observed in other cases. For example, frac-
tionation of Gd in rich/depleted doped UO2 oxides was reported in
micrometer scale size particles obtained by inhomogeneous me-
chanicalmilling, for a Gd/(GdþU) concentration ratio of 8wt% [12].
In addition, the TEM, STEM and SEM coupled EDS analyses per-
formed in this work also support slight differences in composition,
even inside one NP. Regrettably, the quality of the present labora-
tory XRD data is insufficient to make better approximations with
the Rietveld method, that would allow to identify different oxida-
tion states of Uranium or oxygen hyperstochiometry. Synchrotron
experiments would be necessary to undoubtedly resolve the
structure in the nanometer scale samples, but are out of the scope
of the present work.



Table 2
Lattice parameters and goodness-of-fit parameters obtained from the Rietveld refinements of U1-xGdxO2-d series. (I) Average lattice parameters were calculated as the
mathematical average of each individual lattice parameter weighted by the proportion of the corresponding phase. (II) The Gd concentrations of each phase was calculated
from the individual lattice parameters using the curve presented by Baena, Cardinaels et al. [1]. (III) The average Gd concentration for each sample was calculated as the
mathematical average of each individual concentration weighted by the proportion of the corresponding phase. (IV) Crystallite sizes were calculated from the Scherrer
equation on the (200) reflection for the nanometer scale samples.

Name Rietveld
phase

Lattice parameter [Å] Gd conc.II [%at] Cryst. size IV Goodness of fit parameters

# [%] Individual AverageI Individual AverageIII [nm] Rwp Re c2

N4 1 61 5.45373(2) 5.4569(1) 9.8 (1) 8.03(8) 140 11.8 7.81 2.292
2 39 5.46186(2) 5.3(1)

S4 1 100 5.46135(5) 5.46135(5) 5.54(3) 5.54(3) - 12.2 8.02 2.300
N8 1 70 5.44301(2) 5.4473(2) 15.8(1) 13.35(9) 81 10.5 8.20 1.635

2 30 5.45756(2) 7.7(1)
S8 1 100 5.45161(5) 5.45161(5) 10.98(3) 10.98(3) - 11.9 7.64 2.430
N10 1 46 5.43553(2) 5.4411(1) 20.0(1) 16.86(8) 72 10.4 7.88 1.738

2 54 5.44584(2) 14.2(1)
S10 1 100 5.44681(5) 5.44681(5) 13.66(3) 13.66(3) - 11.5 7.49 2.348
N15 1 15 5.39752(2) 5.4341(1) 41.2(1) 20.76(7) 74 10.5 8.09 1.678

2 57 5.43765(2) 18.8(1)
3 28 5.44649(2) 13.8(1)

S15 1 100 5.43631(5) 5.43631(5) 19.53(3) 19.53(3) - 12.4 7.67 2.598
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Regarding the composition of the samples, the lattice parameter
obtained from XRD Rietveld refinements can be used to calculate
the metal fraction in the solid solutions. The concentrations ob-
tained in this way (Table 2) resulted in agreement with the EDS
analyses performed by SEM and TEM/STEM (Table 1 and Fig. 6),
inside the uncertainty interval of those measurements, validating
all three experimental procedures.
5. Conclusions

This work demonstrated that the reverse strike method is a
useful synthesis route to obtain (U,Gd)O2 NPs for scientific and
technological uses. SEM, TEM and STEM imaging showed that the
material obtained is composed of agglomerated nano-crystallites
with rounded morphology and characteristic lengths around
100 nm. X-ray and Selected Area Electron diffraction coincidedwith
a fcc structure (Fm-3m), where Gd atoms are replacing the U atoms
in the fluorite structure. In addition, Rietveld refinements of X-ray
diffraction patterns helped to identify different phases that could
be easily overlooked otherwise due to their similarities in crystal-
lographic symmetry and structure. Besides, FEG-STEM-EDS ana-
lyses showed that the Gd concentrations distributes around the
average in an interval of ±10% between nano-particles and of ±5%
in single crystallites for the less concentrated samples (4 wt%).
However, FEG-SEM-EDS studies on this material demonstrated that
this difference in the Gd distribution at the nanometer scale aver-
ages when probing a large number of nanoparticles. Thus, these
NPs have a homogeneous composition at the micrometer scale.
Ongoing studies will help to evaluate the implications of the ob-
tained grain size, morphology, chemical and structural variability in
the thermal properties, porosity, plasticity, radiation damage, long-
term stability, fission gas retention, eco-toxicity, etc. This infor-
mationwill help to determine whether these NPs are advantageous
as nuclear fuels, from the performance as well as from the envi-
ronmental point of view.
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