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A low-temperature synthesis method for AnO,
nanocrystals (An = Th, U, Np, and Pu) and
associate solid solutions
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Production of actinide oxide powder via dry thermal decomposition of corresponding oxalates is currently
carried out on the industrial scale at temperatures exceeding 500 °C. Although it is simple, this method
presents some disadvantages such as high decomposition temperature with a direct effect on the surface
area, pre-organised morphology of the nanoparticles affecting the sintering behaviour, etc. We have recently
proposed the decomposition of An'V-oxalates under hot compressed water conditions as a straightforward
way to produce reactive actinide oxide nanocrystals. This method could be easily applied at low tempera-
tures (95-250 °C) in order to generate highly crystalline nano-AnO,. We present here the formation condi-
tions of AnO, (An = Th, U, Np, and Pu) and some associated solid solutions, their stability, and grain growth
during thermal treatment. The involvement of water molecules in the mechanism of the oxalate decomposi-
tion under the hot compressed water conditions has been demonstrated by an isotopic exchange reaction
during the thermal treatment of the hydrated oxalate in H,[*O] through MAS-NMR and Raman techniques.

1. Introduction

Oxalate precipitation is a versatile process often applied in
the nuclear fuel cycle for different purposes (e.g. isotopic sep-
aration and preconcentration,' quantitative recovery of acti-
nide ions from waste solutions,” fuel production,® spent fuel
treatment and reprocessing,”” etc.). By precipitation with oxa-
lic acid, the actinides form micrometre-sized hydrated oxa-
lates, independent of the oxidation state of the actinide. Such
oxalates can be converted to their corresponding oxides and
gaseous products by thermal treatment, and thus the final
products are free of impurities except eventually some resid-
ual carbon.® Since the decomposition temperature is usually
mild (500-800 °C), the final oxide is normally nanosized.”®
However, the final powder consists of plate-like agglomerates,
as a consequence of the pseudomorphic oxalate-to-oxide con-
version. This morphology of the actinide oxalates may be al-
tered by changing the basic precipitation conditions, as re-
cently demonstrated in the thorium case.’ Another possibility
would be to modify the decomposition conditions. For this
purpose, we have recently proposed the conversion of the acti-
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nide oxalates under hot compressed water as an alternative to
thermal decomposition of the oxalates. This method has been
successfully applied to synthesize nanometric ThO,, UO,, and
PuO,," and associate U;_,Th,0, solid solutions.™

The attack of the oxalates under the hot compressed water
conditions takes place between 95-250 °C, and thus, the
AnO, crystallites are even smaller than those in the conven-
tional thermal route. This new route proved to be uncompli-
cated, fast, versatile, close to quantitative, and reproducible.
It has fewer procedural steps than typical oxalate
precipitation-thermal decomposition processes, thus allowing
for production using a single vessel and under continuous
flow. But the main achievement consists of the destructuring
of the plate-like agglomerates specific to thermal conversion,
with a direct effect on the sintering behaviour of the obtained
nanomaterials.

With respect to other thermal methods employing organic
solvents,">** the hydrothermal decomposition of oxalates
presents the advantage that the material obtained is free of
any residual carbon impurities possibly blocking the NCs
surface.

In this paper, we extend our first report on the synthesis
and characterisation of AnO, (An = Th, U, and Pu) nano-
crystals (NCs) formed by hydrothermal decomposition of
An(C,0,4),-nH,0 in batch reactors towards the actinide series
Th, U, Np, and Pu, including synthetic trials for mixed oxide
production. NpO, NCs were characterised in detail by using

This journal is © The Royal Society of Chemistry 2018
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spectroscopic and microscopic techniques. The influence of
pressure on the crystallite size is also addressed. Moreover,
the involvement of water molecules in the oxalate hydrother-
mal decomposition mechanism has been proven by studying
the isotopic exchange reaction during the thermal decompo-
sition of An(C,0,),nH,O in H,['’O] through MAS-NMR and
Raman techniques. In order to assess the densification be-
haviour of AnO, (An = Th, U, Np, and Pu) in more detail, we
present here the growth of the particles as a function of
temperature.

2. Experimental
2.1 Sample preparation

2.1.a Synthesis procedure. All work has been carried out
in certified laboratories licensed for handling actinides, with
respect to the German radioprotection regulations.

The decomposition of An"-oxalates under the hot com-
pressed water conditions has been recently proposed by our
group as a low-temperature method for the preparation of
nano-AnQ,. As starting materials, we have used Th" (1.9 M
in 8 M HNO;), U" (0.47 M, obtained by electroreduction of a
UO,(NO;), solution in 4 M HNO; containing 0.5 M of hydra-
zine), Np" (0.6 M in ca. 2 M HNO,), and Pu" (0.8 M in ca. 4
M HNO:;). The other reagents (oxalic acid anhydrous, hydra-
zine hydrate, ceric ammonium nitrate, cerous nitrate hexahy-
drate, and H,[""0]) were of analytical grade and used as sup-
plied by Merck or Sigma-Aldrich.

The oxalates An(C,0,),-nH,0 were firstly produced by di-
rect precipitation of the An" solution in nitric acid with a
stoichiometric amount of the oxalic acid 1 M solution.™° A
similar method was applied for different mixed oxalates. A
possible alternative approach for the production of mixed ox-
ides is to start from oxalate end-members. The obtained pre-
cipitates were washed several times with distilled water in or-
der to remove any trace of nitrate, which induces the
oxidation of U" to soluble U"' under the working tempera-
ture conditions.

Most of the experimental trials were performed in 25 ml
Teflon-lined hydrothermal synthesis autoclave reactors. The
heating stages were performed by using a heating mantel
preheated at the requested temperature while the tempera-
ture was controlled using thermocouples. As compared to
classical thermal oxalate decomposition, this method em-
ploys not only temperature, but also autogenic pressure to
achieve the conversion into the oxide. For this purpose, small
amounts of water were added to the powder. Hence, inside
the autoclave, the increasing temperature caused the forma-
tion of water vapour and other gases which raised the pres-
sure in the vessel. The following general reaction occurs
(eventually with dehydration steps):

An(C,0,),-nH,0 — AnO, + 2CO + 2CO, + nH,0 (1)
For the Pu-containing compositions, the formation of the

Pu'-oxalate intermediate might be possible.>**" Finally, the
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resulting NCs were washed with water, ethanol, and acetone,
in order to gradually decrease the polarity of the solution. In
the case of the uranium-containing samples, the work was
performed under argon and using minute amounts of hydra-
zine, in order to limit the oxidation of U".

The influence of the pressure on the NC sizes of ThO, and
UO,(;,) was studied by using 25 ml Paar high pressure/high
temperature vessels made out of stainless steel. Thus, 25 mg
of An"-oxalate was decomposed in the presence of different
volumes of water (1-10 ml) for 30 min at 400 + 15 °C
(preheated system) without stirring.

Nano-CeO, used as a reference for the study of the ther-
mal behaviour was obtained by thermal decomposition of
Ce-oxalate.

2.1.b VO-enrichment. In order to understand the role of
water in the actinide oxalate decomposition under the hot
compressed water conditions, the '°0-'70 isotopic exchange
system has been studied using the reaction:

Th(GC,['°0]4),-2H,['°0] + H,['70] — Th[***”0], + 2C[**70]
+ 2C[16,17()]2 + 3H2[16'17O] (2)

Thorium has been chosen in this experiment because of
its resistance to oxidation (in contrast to nano-UO, and asso-
ciated solid solutions, nano-ThO, does not oxidise as a func-
tion of time) and its low radioactivity. Thus, parallel experi-
ments were performed by decomposing 50 mg of Th(C,0,),
-2H,0 in the presence of 0.5 ml H,[*°0] or H,[*’O] for 18 h at
250 °C.

2.2 Physicochemical characterisation

2.2.a Thermogravimetric measurements. The thermal be-
haviour was investigated using a Netzsch STA 449C DTA/TG,
using an alumina crucible in an argon atmosphere. The tem-
perature was controlled using a Pt-PtRh (10%) thermocouple.
The applied heating and cooling rates were 10 °C min™".

2.2.b X-ray diffraction (XRD) characterisation. Room tem-
perature XRD analyses were performed on a Rigaku Miniflex
600 diffractometer for the obtained ThO, and UO, NCs,
whereas the specimens containing transuranium elements
have been analysed on a Bruker D8 diffractometer mounted
in a Bragg-Brentano configuration with a curved Ge (1,1,1)
monochromator and a ceramic copper tube (40 kV, 40 mA)
and supplied with a LinxEye position sensitive detector. For
high-temperature XRD measurements (up to 1000 °C), all the
data were collected under vacuum on another Bruker D8
X-ray diffractometer equipped with an Anton Paar HTK 2000
chamber.

2.2.c Microscopic characterisation. Transmission electron
microscope (TEM) analyses were performed using a TecnaiG2
(FEI™) 200 kV microscope equipped with a field emission
gun, modified during its construction to enable the examina-
tion of radioactive samples. The samples for the TEM investi-
gations were prepared by dropping suspended samples on a
TEM grid and evaporating the solvent. Electron energy loss

CrystEngComm, 2018, 20, 4614-4622 | 4615
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spectroscopy (EELS) has been used to calculate the ratio be-
tween the different actinides present in the samples. The
study of the branching ratio between M5 and M4 edges ob-
served by EELS provides information on the oxidation state
of the elements, as the size of each of these edges is directly
related to the occupancy on the final f-levels, which changes
with the element and its oxidation state.>” The relative size of
the M5 edges for each element also provides information
about their relative abundance;* this is used to assess the el-
emental composition of each sample.

A Philips XL40 scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spectroscope (EDS)
was used. The sample grains were deposited on the usual car-
bon sticker and covered with carbon to avoid charging.

2.2.d Spectroscopic characterisation. Raman measure-
ments were performed on the polycrystalline samples at room
temperature using a Horiba Jobin-Yvon T64000 spectrometer
with a 647 nm Kr+ laser excitation source. A 50x objective was
used to irradiate the sample and collect the back-scattered
light. Extreme care was taken to avoid sample damage or
laser-induced heating. Measurements were performed at 4-10
mW incident power. No significant change in the spectra was
observed when varying the laser power in this range.

Infrared measurements were performed on the solid sam-
ples using a Bruker Alpha Platinum spectrometer using a
horizontal ZnSe ATR (attenuated total reflection) crystal.

The O MAS NMR spectra were acquired on a Bruker 9.4 T
at a Larmor frequency of 54.25 MHz.>* As 70 is a quadrupolar
nucleus (I = 5/2), a very short pulse®® of 1 us was used to ac-
quire the spectrum using a single pulse experiment. The
spectrum was referenced at 0 ppm to liquid H,"’O.

3. Results and discussion

3.1 Synthesis of AnO, (An = U, Th, Np, and Pu) and
associated solid solutions through the decomposition of the
oxalates under the hot compressed water conditions

As can be seen from the XRD data shown in Fig. 1, well de-
fined NCs (fluorite structure, cubic Fm3m (225) space group)
are formed in all cases which is reflected by the appearance
of broad peaks at up to high angles in the diffractograms. No
significant weight loss potentially associated with the solvent
adsorbed onto the NCs surface has been detected.

The particle sizes were calculated from the XRD data
based on the full width at half maximum of at least six se-
lected peaks in the 260 range between 25 and 100°. In some
cases, the crystallite sizes were also assessed by direct TEM
observation (Table 1). The results obtained from the two
characterisation techniques are usually in good agreement.

The temperature of the particle formation increases from
Pu to Th, ie. (i) ThO, NCs can only be obtained at reaction
temperatures of 250 °C; (ii) UO, NCs are nicely formed at
temperatures above 150 °C; (iii) for the formation of the
NpO, NCs, a temperature of 160-200 °C was applied (the re-
action temperature is not yet optimised); and (iv) the PuO,
NCs are already formed at 95 °C after several days.

4616 | CrysttngComm, 2018, 20, 4614-4622

View Article Online

CrysttngComm

T T T T T T T T
——PuO,
——NpoO,
1 —— U0,

——Tho,

Relative intensity, a.u.

T T T T T T T T
20 30 40 50 60 70 80 90 100 110

2 theta, °

Fig. 1 XRD patterns of nanocrystalline AnO, (An = Th, U, Np, and Pu)
obtained by decomposition of the corresponding oxalates under the
hot compressed water conditions.

Due to the low-temperature decomposition, the size of the
PuO, NCs is smallest, which is obvious from the increased
line broadening observed in Fig. 1. In the case of the ura-
nium dioxide NCs, it turned out that it is of real advantage to
work in anoxic conditions, as otherwise (especially at low
temperatures and long reaction times), even complete oxida-
tion of all the U™ to UY" might proceed; UO,(OH), was found
at the bottom of the yellow solutions as the crystalline prod-
uct in some experiments. No sign of oxidation of uranium
has been detected in the freshly prepared urania samples, ad-
ditionally confirmed by the absence of the characteristic IR
band at 740 em™" specific to the stretching vibrations of the
—-U-0-U-O- chain.?® Furthermore, it is essential, in order to
control the size of the uranium dioxide NCs, to work in a
non-oxidising environment.

Here, one has to note the divergent decomposition behav-
iour of the plutonium and cerium oxalates. In both cases, it
was reported that the reduction of the tetravalent ion to the
trivalent one occurs during the oxalate precipitation.>”*® O
results indicate that the decomposition of the plutonium oxa-
late hexahydrate under the hot compressed water conditions
leads to the formation of PuO, NCs. At least in this particular
case (reaction conducted at 95 °C), transformation occurs
with no evidence of change in the oxidation state since we do
not reach temperatures of 150-220 °C, potentially needed for
the reduction of Pu"™- to Pu™-oxalate in the presence of car-
bon monoxide.>’ On the other hand, the product of the ce-
rium oxalate decomposition at 400 °C/250 bar is hexagonal
Ce(CO;3)(OH), in which cerium has a trivalent oxidation state.
Ce(CO3)(OH) is isostructural with the hydroxylbastnésite-(Ce)
mineral®® and several other lanthanide hydroxocarbonates.*'

The TEM analysis indicates that the typical spherical ag-
glomerates of mixed oxides resulted from the decomposition
of the mixed oxalates with about 100-200 nm in size,
reaching 600 nm in some rare cases, which in general do not
keep the plate-like morphology specific to the pseudomor-
phic thermal conversion of oxalate (Fig. 2). In a previous

ur
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Table 1 Typical reaction conditions used for the production of AnO, NCs. For a full range of U,Th;_,O, compositions, we refer to our previous paper

(Balice et al)*

a lattice

Compound Reaction conditions used for An(C,0,),-nH,0O decomposition parameter, A Particle size, nm Colour
ThO, 3.5 h/250 °C, 3 ml water, 2000 rpm 5.611(1) 6.1 + 0.7 (XRD)/5.5 + 0.9 (TEM) White
ThO, 3 h/250 °C, 5 ml water, 2000 rpm 5.610(1) 6.8 + 1.1 (XRD) White
ThoO, 18 h/250 °C, 4 ml water, 2000 rpm 5.613(1) 7.1+ 0.9 (XRD)/6.6 + 1.2 (TEM) White
UOy(1x) 18 h/250 °C, 20 pl (NH,),, 3 ml water, 2000 rpm 5.454(2) 5.5+ 0.5 (XRD)/5.2 + 0.6 (TEM) Black
UOy(:) 4 h/250 °C, 100 pl (NH,),, 5 ml water, 2000 rpm 5.461(2) 6.3 £ 0.6 (XRD)/5.9 + 0.7 (TEM) Black
UOy(1x) 3 h/250 °C, 50 pl (NH,),, 5 ml water, 2000 rpm 5.467(2) 7.2 + 0.8 (XRD) Black
UOy(4x) 3.5 h/170 °C, 10 ul (NH,),, 3 ml water, 2000 rpm 5.463(2) 7.8 + 0.9 (XRD) Black
UO, (14 4 h/170 °C, 1000 pl (NH,),, 7 ml water, 25 bar, no stirring 5.459(2) 4.5 + 0.5 (XRD) Black

(Paar autoclave)
PuO, 120 h/95 °C, 5 ml water, no stirring 5.397(1) 3.7 +1.0 (XRD)/2.6 + 0.5 (TEM) Green
NpO, 18 h/160 °C, 3 ml water, no stirring 5.433(1) 9.6 + 1.8 (XRD) Beige
NpO, 18 h/200 °C, 5 ml water, no stirring 5.441(1) 7.5 + 1.6 (TEM) Beige
Thy ,Up 50, 4 h/170 °C, 70 ul (NH,),, 3 ml water, 2000 rpm 5.504(2) 3.8 + 0.5 (XRD) Black
Thy5Uo.50, 18 h/250 °C, 15 pl (NH,),, 4 ml water, 2000 rpm 5.542(2) 6.4 + 1.1 (XRD) Grey
Tho.5Uo.50, 18 h/250 °C, 20 pl (NH,),, 2 ml water, 2000 rpm 5.541(1) 3.1 £ 0.4 (XRD) Grey
Thy.44PUg 560, Mixture of the two end members, 70 h/170 °C, no stirring 5.481(4) 4.4 £ 0.9 (XRD) Greenish
Npo.33PUg.670> 18 h/200 °C, 5 ml water, no stirring 5.411(1) 8.4 + 1.6 (XRD)/6.6 + 2.5 (TEM) Light grey
Thy 70Up.15NPo.150, 18 h/200 °C, 5 ml water, no stirring 5.530(1) 7.0 + 2.5 (XRD)/6.7 + 1.1 (TEM) Brown
Thy 60NPo.20PU0.2002 18 h/200 °C, 5 ml water, no stirring 5.520(2) 5.0 + 1.1 (XRD)/5.1 + 1.4 (TEM) Light green
Fig. 2 Increasing magnification images on typical aggregates of NCs as seen on every sample.

work (Balice et al.),"" we potentially attributed the morphol-
ogy of the agglomerates (i) to the stirring applied during the
decomposition process under the hot compressed water con-
ditions or (ii) to a different reaction mechanism while pro-
ceeding in water. The present results clearly indicate that
similar shaped reaction products are obtained independent
of the stirring process (Table 1); thus, the first hypothesis
may be excluded at this point.

A NpO, sample has been extensively characterised by
TEM. The size of the observed crystallites has been statisti-
cally studied, obtaining an average value of 7.5 + 1.6 nm. In
the same manner as the other nanoparticles already studied,
the crystallites are not colloidal, but agglomerated into quasi-
spherical groups with sizes of 0.3(1) um. These aggregates
consist of crystallites with low relative angle orientations, as
shown in Fig. 3. Some of these agglomerations present quasi-
monocrystalline diffraction, as shown in the high resolution
micrograph, which is an indication of the fact that the pro-
cess of nano-restructuring has not been completed, and the

This journal is © The Royal Society of Chemistry 2018

newly created crystallites remain attached to their original po-
sitions. For the case of NpO,, the expected oxidation state is
IV, corresponding to an f-occupancy of 3; the EELS calcula-
tions done on the collected spectra showed an average oxida-
tion of +3.73 + 0.50 (f-occupancy of 3.27), which is slightly
lower than expected; due to the nanocrystalline nature of the
sample, it is likely that variations on the oxidation state be-
tween the bulk and the surface of the sample are to be found.
For this reason, the oxidation state obtained may vary
depending on where exactly the measurement was performed.

For the solid solutions we report here, the lattice parame-
ter agrees fairly with the expected theoretical values (Table 1).
In the special case of several compositions containing tho-
rium (Th-Np and Th-U-Pu), a mixture of two cubic phases
has been obtained, because of the reduced reactivity of
thorium.****

The studied mixed oxide crystallites do not arrange ran-
domly on these agglomerates, but rather maintain part of
their former orientation in the same manner as what

CrysttngComm, 2018, 20, 4614-4622 | 4617
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(a)

Fig. 3
proving the nano-restructuring of a larger single crystal.

happened on the NpO, sample, as proved by the non-
uniformly distributed diffraction spots around the centre of
the electron diffraction patterns (Fig. 4a): the electron diffrac-
tion of the crystallites on each agglomerate form a small an-
gle with each other, in the same manner as observed for
NpO,, indicating again an incomplete nano-restructuring
process. The elemental quantification performed on each
sample by means of the second derivative method on the col-
lected EELS spectra showed no difference in composition be-
tween all the studied agglomerates (Fig. 4b).

Raman spectroscopy measurements performed on the
Npo.33PU0.6702, Thg70Uo.15NPo.1502, and Thy 6oNpPo.20PU.2002
compositions confirm the formation of a fluorite-structured
mixed dioxide. This can be promptly deduced from the obser-
vation of a dominant T,, Raman mode in the spectral region
between 460 cm ™' and 480 cm™'.** It is seen in Fig. 5 that all
spectra present asymmetry at the low energy part of the T,
band for selected compositions, in agreement with earlier
work.*® In order to estimate the ThO, crystal size, we fitted
the T,, line to a Lorenzian band and projected the obtained
full-width at half maximum value in the FWHM vs. crystal

View Article Online

CrysttngComm

10nm

(b)

(a) Different agglomerates showing small angle relative orientations of the NpO, crystallites within them. (b) High resolution micrograph

size curve already obtained on ThO, by Cappia's work.*® Ac-
cordingly, for a FWHM (T,g) = 11 + 2 cm ', a crystal size of L
=10-18 nm is calculated, not in fair agreement with the data
obtained from XRD and TEM (Table 1). The discrepancy
might arise mainly from the considered spherical dispersion
of (LO1, TO1) and the fact that their splitting over the
Brillouin zone is neglected in the present analysis.

The position of the T,, band in the Raman spectra of the
mixed oxide specimens varies slightly but consistently
depending on the sample composition (Fig. 5). As compared
to the pure actinide dioxides, in which the T,, spectral posi-
tions are well established (e.g. 464 cm™ for ThO,, 467 cm™
for NpO,, and 478 cm ™! for PuOZ),e'6 a decrease of the T,
intensity and band broadening is observed for the mixed
solid solutions in the Raman spectra. The observation that
the T, band of the mixed solid solutions has its maximum
at an intermediate composition results from the convolution
of the single metal-oxygen bond vibrations. More precisely,
one can resolve two absorptions, by fitting the mixed oxide
Raman spectra, attributed to the presence of two-mode be-
haviour, where each single mode arises from one specific

Intensity (Arbitrary units))

3300

1 ] [T —Th
—U
—Np
i —Pu
e I s o o e R A
3400 3500 3600 3700 3800 3900
Energy (eV)

(b)

Fig. 4 (a) Details on the low-angle alignment of the crystallites on each aggregate observed on every sample. Each electron diffraction pattern
has been obtained exclusively from the adjacent aggregate. (b) Example of an EELS spectrum with the 2nd derivative and the windows used for

the integration of each peak.
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Fig. 5 Example Raman spectra recorded on three of the present
samples, in the T,q line spectral region, using a laser wavelength of
647 cm™.

anion-cation vibration.”” Independently, the current T,y
peaks signify the presence of mixed solid solutions with com-
positions in reasonable agreement to the ones obtained by
other analytical methods.

3.2 The role of water in the decomposition of the oxalates
under the hot compressed water conditions

In order to explore the role of water more in detail, we
performed an experiment for the thermal decomposition of
Th(C,04),-2H,0 in more than 90% enriched H,[*’O] and then
analysed the product via Raman spectroscopy and compared
it with the product obtained in normal water. Fig. 6 shows
the Raman spectra of the two forms of thorium dioxide
(Th[**0], and Th[*’O},) recorded with an excitation energy of
E; = 1.91 eV (647 nm). Up to 1200 cm™ ", the spectra are domi-
nated by the T,, ~ 460 cm ' Raman feature for the spectrum
of fluorite.

10 -1 M 1 M T 1 1
T29 1 ]
:: 0.8 4 E Th(170)2 _
© 2 \ ]
- K%}
‘é‘ 0.6 £
2 - 2 01 P
9 a ]
£
- 0.4+ 400 450 500 . 550
3 Th("0), Raman shift,cm” |
©
g 0.2 16
o Th(~0),
P
0.0+

1 M T M 1 1
200 400 600 800 1000

Raman shift, cm™

1200

Fig. 6 Raman spectra of Th[**0], and Th[YOl,. Insert shows the
asymmetric nature of the T,; mode (red symbols) fitted together with
the asymmetric Lorentzian function.
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In addition to the phonon confinement feature (discussed
above), the T,, mode of the Raman spectrum of an 7O
enriched sample shows a downshift of ~11 ecm™, as com-
pared to that of *°O. If we consider the one phonon excita-
tion, the vibration frequency is expected to vary proportion-
ally to the square root of the mass:

ao/ _, [m20]
Y= [ %_X)m[lgo}ﬂ[l;oﬂ )

where w; is the frequency of the T,, mode. According to this
simple 1-phonon approximation, an enrichment value x[*’O]
of 0.91 was found. This value agrees perfectly with the one
predicted from the reaction conditions, which then confirms
an almost complete substitution of 7O in ThO,. The relative
intensity and the FWHM remains the same as those of the
Th[*°0], sample, probably because the grain orientation and
nanoparticle size is not affected by the 7O substitution.

As V70 is the only NMR active oxygen isotope, this tech-
nique is very appropriate and complementary to Raman
spectroscopy in determining whether the 7O coming from wa-
ter has been incorporated in the ThO, matrix. There is good
agreement (Fig. 7) between the 7O MAS NMR spectra of crys-
talline (bulk) ThO, (main peak at 576 ppm) and of nano-ThO,
(main peak at 575 ppm). Thus, the samples possess very simi-
lar chemical shifts underlining a similar local environment,
but the full width at half maximum (FWHM) of the main peak
increases from 3 to 7 ppm, respectively. This FWHM increase
is the spectral print of the nanomaterials as observed previ-
ously.*® This further supports the results discussed above.

3.3 The thermal behaviour of the AnO, NCs

NCs offer the possibility to study the sintering behaviour of
AnO, in more detail, e.g. the growth of the particles as a func-
tion of temperature or the temperature dependence of the
lattice parameters (Fig. 8). This examination contributes to

LN B LR LA DL R B A L LA L L |

bulk ThO,
nano-ThO, 1

Relative intensity, a.u.

AN I L LA LA LA B B B T 1 1T 7
700 680 660 640 620 600 580 560 540 520 500 480 460
17 . .

O chemical shift, ppm

Fig. 7 YO MAS NMR spectra of the bulk and nano-Th[*’Ol, acquired
at 50 kHz.
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Fig. 8 Variation of the lattice parameters (empty symbols indicate the values after cooling) (a) and of the particle size (b) of AnO, NCs as a
function of temperature. (c) TEM images of the original NpO, used in this experiment, indicating the size of the agglomerates. (d) SEM image of
the same NpO, specimen after heating at 1000 °C; note that the grain size fits well with the dimensions of the agglomerates in the original

powder.

the knowledge on how fast particles can change their shape
in nuclear fuel in which temperatures up to 1500 °C are eas-
ily reached in the centre of the fuel. In particular, when the
particles are small, significant growth can be detected already
at much lower temperatures.

The very limited crystallite growth of ThO, below 1000 °C
compared to UO,y) (ref. 39) is in agreement with the lower
self-diffusion of Th' already discussed in our previous paper
(higher melting point and higher sintering temperature)."*
The initial urania powder used during this experiment was
hyperstoichiometric (UO, ;,), so several processes are possi-
ble during heating till 800 °C, until the powder turned into
fully stoichiometric UO, oo. The grain growth of NpO, NCs is
also very limited in the studied temperature range, with a di-
rect effect in the formation of monophasic Np-containing
mixed oxides. However, it can be seen that all the dioxides

4620 | CrysttngComm, 2018, 20, 4614-4622

show particle growth by increasing temperature, but the
obtained particle size for each given temperature differs from
one oxide to the other (Fig. 8b). The largest particles are
obtained for CeO, followed by UO,, PuO,, NpO,, and ThO,,
which showed only very little particle growth.

By analysing the graph for the lattice parameters as a
function of temperature (Fig. 8a), one can see that of course
thermal expansion takes place in all cases leading to a con-
stant increase of the cell parameter a. This is well reflected in
the curve obtained for ThO,. However, the shapes of the
curves are not identical. Whereas for ThO,, one can see a
constant increase in the lattice parameter a; for UO,, PuO,,
and NpO,, two different parts in the curves can be identified
like there would be a step in between. This step is observed
at different temperatures, it can be assigned to UO, at ca.
600 °C, to PuO, at ca. 750 °C, and to NpO, at ca. 850 °C. After

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Variation of the particle size of AnO, NCs as a function of
pressure at a temperature of 400 + 15 °C.

this jump, the growth proceeds linearly due to thermal ex-
pansion like before (nicely seen for UO, and PuO,, Fig. 8a).
This observation is somehow in agreement with the tempera-
ture at which particle growth is started to be observed; there-
fore, we correlate it to a kind of sintering of very small crys-
tallites with still surface-controlled properties (Fig. 8d). At
higher temperatures, the crystal lattice parameter does not
show any surface dependency anymore and the materials be-
have more like the bulk.

3.4 Influence of the pressure on the crystallite size

Besides the effect of temperature, the dimensions of the NCs
can be influenced as well by pressure. Accordingly, we
studied, for example, the size of the particles of UO, and
ThO, formed during the synthesis as a function of pressure
at a given temperature of 400 °C. However, only on a very
limited range between ambient pressure and close to 300 bar
could be studied due to the limitations of the reactor (Fig. 9).
In the pressure range of up to 300 bar, no pressure effect
on the size of the ThO, particles can be observed. In contrast,
the particles size of urania increased from 5.5 nm (10 bar) to
9 nm (250 bar). These findings are in agreement with the
ones described before for the temperature influence on the
particles size. UO,, NCs agglomerate more easily than the
ThO, ones which correlates to their sintering properties.

4. Conclusions and perspectives

We present here an effective and easy way of producing small
NCs of AnO, (size typically less than 10 nm) on the laboratory
scale by decomposition of An(C,0,),:nH,O under hot com-
pressed water conditions at temperatures usually lower than
250 °C. This method presents several advantages compared
with the thermal conversion of oxalates (lower particle size
and avoiding the plate-like morphology) or the (mild) hydro-
thermal attack on other actinide compounds in non-aqueous
solutions (the graphite layer on the surface of the NCs).
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This approach exhibits a key step forward towards the pro-
duction of sinterable nanosized AnO, powders (pure end
members and mixed oxides) since the process exhibits poten-
tial for scale-up. This method could be potentially used for
the incorporation of tetravalent americium in nanocrystalline
mixed oxides. This method is versatile and can easily be ap-
plied for the synthesis of mixed oxides which are accessible
by co-precipitation of the oxalate followed by treatment under
hot compressed water afterwards. A possible alternative ap-
proach is to start from oxalate end-members. However, this is
yet to be evaluated more in detail.
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