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Abstract

X-rays emitted by synchrotrons are great for studying the atomic structure of materials due to
their penetrative nature, as well as their sensitivity to the local and electronic structures of the
selected element. It is significantly important for f-elements, precisely actinides since
synchrotron-based methods are non-distractive. Actinides such as uranium and plutonium are
essential due to their use as a nuclear fuel in commercial nuclear reactors worldwide. Therefore
the release of uranium, plutonium and the products of their fission in the environment is of
significant concern. The chemical complexity of these elements as well as low concentrations in
the samples and/or high radioactivity demand advanced physical methods to reveal fundamental
and complicated properties of f-elements, which are needed to predict long-term release from
underground repositories of nuclear waste and contaminated sites. In this PhD thesis, the
application of various synchrotron-based methods, especially high energy resolution X-ray
spectroscopy, on systems containing f-elements is shown.

The first part is devoted to synchrotron physics. Beamline setup is discussed in detail using the
example of the Rossendorf Beamline Il (ROBL-II) at ESRF. General information about the beamline
as well as peculiarities associated with the study of radioactive materials are explained in details.
Hutch arrangement and full descriptions of experimental stations including experimental
equipment are covered.

The second part is dedicated to a detailed description of various synchrotron methods such as X-
ray diffraction, X-ray absorption near edge structure (XANES) spectroscopy, high energy
resolution fluorescence detection (HERFD) XANES, extended X-ray absorption fine structure
(EXAFS) spectroscopy and high-energy X-ray scattering (HEXS). The theoretical basis for these
methods and their underlying fundamental physics principles are considered. Special attention
is given to the HERFD method for this study. The experimental setup used in each method and
the most important characteristics are described. All methods will be applied to actinide systems,
and a real application of each method will be presented.

In particular, the formation processes of MeO, (Me = Ce, Th, U, Pu) nanoparticles (NPs) and their
characterization are discussed. The following parameters of the synthesis are varied: initial
oxidation state of the element in which it is taken for the experiment, its concentration, pH,
temperature. The structural stability of NPs in terms of time, as well as redox transformation,
and thermal sensitivity are also investigated. Pu containing NPs obtained from plutonium
solutions of different oxidation states and at various pH are probed for their structural and
electronic properties. The presence of oxidation state impurities is investigated. The
intermediate phase of Pu(V) in the course of the PuO; NPs synthesis is described, local structure
and the oxidation state of this compound are examined. Besides PuO, NPs, their analogs — UO,,
Ce0; and ThO; — have been investigated, the results are compared to PuO,. The most important
peculiarities for each system have been highlighted. The formation of UO; NPs under inert
conditions is observed, and their oxidation after time under an X-ray beam is remarked. It is found
that the properties of CeO; NPs are affected by their size and their surface is modified by drying
at different temperatures. The formation of ThO; NPs is studied, nanoparticle size was extracted
from the HEXS data. HEXS data are fitted by semi-empirical methods and fits based on real NP
structures and reveal the presence of small and medium NPs depending on the synthesis
conditions. The size effect of ThO, NPs is also determined.



Resumé

Les rayons X dégagés par les synchrotrons sont utiles dans I'étude de la structure atomique des
matériaux de par leur sensibilité aux structures locales et électroniques d’un élément donné. Ces
caractéristiques sont particulierement significatives dans le cas des éléments du bloc f,
notamment les actinides puisque les méthodes basées sur le synchrotron ne sont pas
distractives. Les actinides comme l"'uranium et le plutonium sont essentiels parce qu’ils sont
utilisés comme combustible dans des réacteurs nucléaires commerciaux dans le monde entier.
Donc, le rejet d’uranium, plutonium et de leurs produits de fission dans I'environnement pose un
probléme important. La complexité chimique des ces éléments ainsi que leur concentration
minimale dans les échantillons et/ou radio-activité forte exigent les méthodes physiques
avancées pour révéler les propriétés fondementale et complexes des éléments du bloc-f, dont la
compréhension est nécessaire nécessaire afin de pouvoir prédire le rejet a long-terme des
profonds dépdbts souterrains de déchets nucléaires et des sites contaminés. Dans cette these est
montrée ['utilisation de différentes méthodes propres au synchrotron, notamment la
spectroscopie de la haute résolution de I'énergie par les rayons X sur des systemes comportant
des éléments du bloc f.

La premiére partie de cette thése est consacrée a la physique pratiquée au synchrotron.
L'installation de la ligne est décrite en détails en prenant pour exemple la Rossendorf Beamline
(ROBL-II) a I'ESRF. Les informations générales sur la beamline ainsi que les particularités associées
avec I’étude des matériaux radioactifs sont mentionnées. La disposition de hutch et la description
complete des stations d'expérimentation ainsi que leurs équipements sont abbordés.

La deuxieme partie est dédiée a la description de méthodes synchrotron variées, comme la
cristallographie aux rayons X, la spectroscopie de structure prés du front d'absorption de rayons
X (XANES), détection de fluorescence a haute résolution d’énergie (HERFD) XANES, la
spectroscopie EXAFS (EXAFS) et la diffusion de rayons X a haute énergie (HEXS). Le fondement
théorique de ces méthodes et sous-jacent principes de la physique fondamentale sont
considérés. La méthode HERFD fait I'objet d’'une attention particuliére en tant que méthode
principale de cette thése. La configuration expérimentale utilisée dans chaque méthode et les
caractéristiques les plus importantes sont décrites. Toutes les méthodes seront appliquées aux
systemes des actinides. L'application de chaque méthode a des cas scientifiques réels sera
présentée.

Les procédures de formation de nanoparticules (NPs) MeO, (Me = Ce, Th, U, Pu) et leurs
caractéristiques sont traités. Les parametres suivants de la synthése sont variés: I'état
d’oxydation du précurseur, sa concentration, pH et la tempereature. La stabilité des NPs en
termes de temps ainsi que I'oxydation et la sensibilité thermique sont également analysés. Pu
NPs recues de précurseurs différents de plutonium de pH varié, leurs caractéristiques
structurelles et électroniques sont sondées. La présence d’ impuretés de I'état d’oxydation est
analysée. Outre les NPs PuO;, leurs analogues — UQ,, CeO; et ThO; — ont été étudiés, les résultats
sont comparés a PuO.. Les particularités les plus importantes de chaque systéme ont été mises
en évidence. La formation des NPs de UO, sous les conditions inertes est observée. On a
découvert que les NPs de CeO; sont affectées par leur taille et que leur surface est modifiée par
le séchage a différentes températures. La formation de NPs de ThO; sont analysés, la taille des
nanoparticules a été extraite des données HEXS. Les données HEXS sont adaptées par des



méthodes semi-empiriques et des ajustements basés sur des structures réelles de NP et révelent
la présence de petites et moyennes NP en fonction des conditions de synthése. L'effet de taille
des NPs de ThO; est aussi déterminé.



Introduction

The development of physical methods opened the way for the investigation of slight and precise
though important properties of materials and substances. A significant role in modern science is
played by large-scale facilities such as different particle accelerators be it betatrons, colliders or
synchrotrons. The variety of their methods, based on X-rays, allows implementing of
synchrotrons in numerous research areas, including hard-condensed matter science, chemistry,
earth sciences, medicine, life sciences, environmental studies and many others. An extremely
bright X-ray source is capable of measuring hard-to-detect quantities or properties and observing
exceedingly rapid processes. Sensitive and delicate objects of cultural heritage as well as drugs
and proteins are objects of paramount importance. To fully profit from a synchrotron radiation
source, besides properly performed experiments, careful data evaluation with implementation
of specialized software is required.

X-rays emitted by synchrotrons can be used to study the atomic structure of materials because
of their penetrative behaviour and their sensitivity to the local and electronic structure of the
selected element. It is significantly important for f-elements, as the differences even for different
elements may be subtle, and precisely for actinides since due to their radiotoxicity it is preferable
to measure low concentrations of these elements. Actinides such as uranium and plutonium are
essential due to their application as fuel in commercial nuclear reactors worldwide, although the
release of uranium, plutonium and their fission products in the environment is of significant
concern. It is still an open question - what will happen to actinides present in the environment or
nuclear waste over the years. The way to answer this question is to explore the fundamental
understanding of actinide properties with a special focus on the species they can take in different
conditions. Chemical complexity of these elements as well as low concentrations in the probes
and/or high radioactivity demand advanced physical methods to reveal fundamental and
complicated properties of f-elements, which is needed to predict long-term release from deep
underground repositories of nuclear waste and contaminated sites.

Although synchrotrons are highly useful in actinide studies, several issues appear. Due to the
radiotoxicity of actinides, special radiochemical labs are compulsory to work with this type of
materials and they are mostly set aside from synchrotrons. Thus problem of sample
transportation arises. Special transport has to be organized for safe and secure transfer. To
prevent release of the radioactive materials special sample holders must be designed. If all these
hurdles are overcome and samples successfully reached synchrotron, the great amount of useful
information can be obtained and in this thesis some highlights in this field will be reported and
discussed in details.

Organisation of the thesis

The thesis is organized as follows:

Chapter 1 contains an overview of synchrotron physics. The principal components of synchrotron
and the most important parameters are discussed. The beamline setup is described on the
example of the Rossendorf Beamline at ESRF (ROBL-II), with the description of the optics and
experimental stations.
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Chapter 2 is devoted to the methods implemented for the investigation of f-elements. XRD,
XANES, HERFD, EXAFS and HEXS techniques are analysed in details. The experimental stations
where the measurements for the current work have been performed are presented. Special
attention is given to the illustration of the above-mentioned methods. The formation of PuO,,
UO,, CeO; and ThO; NPs and their characterization are discussed in details. The influence of
different parameters such as the oxidation state and concentration of the actinide, pH, and the
temperature of post-synthesis treatment is discussed in details.

Chapter 3 shows, how the combination of several synchrotron methods can be applied to solve
the complicated scientific tasks. PuO2 NPs case is chosen to demonstrate how additional
information can be extracted from the complementary approach. The importance of this
approach is discussed.

Finally, general conclusions and perspectives of this work is outlined.
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1. Synchrotron physics

1.1. Synchrotrons

Synchrotron is a cyclic particle accelerator, in which a particle beam, being accelerated to
relativistic velocities, generates electromagnetic radiation from 0.01 eV to more than 100 keV.
One of the most popular type of synchrotron machine is a synchrotron light source. Electrons are
generated with an electron gun by thermionic emission from a hot filament and then are
accelerated in a linear accelerator (linac) to about 100 MeV. A regular supply of electrons is
needed due to their loss after collisions with gas particles in the storage ring. Afterwards
electrons are additionally accelerated in the booster ring after ejecting from the linac and then
they are magnetically injected in the storage ring, where they circulate at highly relativistic
velocities. The storage ring contains bending magnets (BMs), which are used to deflect the
electrons round the curved sections and to gain bending-magnet radiation. Besides BM, the
storage ring also includes insertion devices (IDs) — straight sections, generating the most intense
synchrotron radiation. Eventually electrons are lost due to the collisions decreasing the current.
To overcome this effect, either new set of electrons is injected (in that case beam has to be
interrupted) or frequent mini-injections are used. The last case is called top-up mode, allowing
user operation without interruption, and enhancing stable operations. A scheme of a modern
synchrotron facility is shown in Fig. 1.

Booster
ring

ID
beamline

BM
beamline

> Storage
4, ring
Bend
achromat Experimental \\ 3

hutch v-o©

Fig. 1. lllustration of the main components of synchrotron.?

The electron beam is characterized by current (mA) and kinetic energies of electrons (GeV), the
velocity of electrons is close to the speed of light. Synchrotron radiation produced by an electron
beam in turn is described with flux and brilliance. Flux is the number of photons per second per
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unit bandwidth (normally 0.1%) passing through a defined area, while brilliance is the flux per
unit source area and unit solid angle and defined by the formula:

- hotons/second
Brilliance = P /

(1)

(mrad)?(mm? source area)(0.1% bandwidth)

Brilliance shows, how flux is distributed in space and angular range. The higher the
brilliance, the more precise the information that can be obtained from the X-ray.

There are several dozens synchrotrons all over the world with different electron beam
energies, flux and brilliance, however, only a small amount of them are allowed to deal with
radioactive samples. Synchrotrons used to produce data for this thesis are listed in Table 1.

Table 1. The list of synchrotron radiation facilities, where radioactive materials from these studies
have been measured.!

Ener Current Brilliance, Methods
Synchrotron Location Ge\g/y' A " | ph/s/mrad?/mm?/0.1% used
BW
European XRD,
Synchrotron Grenoble, 20 HERFD,
Radiation Facility France 6 200 810 EXAFS,
(ESRF) HEXS
SOLEIL Paris, France 2.75 500 1-10%° HERFD
Swiss Light Source Villigen HERFD
’ 2.4 400 4-10%°
(SLS) Switzerland
Karlsruhe Research |  Karlsruhe, 25 150 101 HERFD
Accelerator (KARA) Germany '
Kurchatov Moscow XANES
Synchrotron L 2.5 300 10%°
. Russia
Radiation Source

1.2. Beamlines

Synchrotron radiation, generated with BMs or IDs, is afterwards channelled down beamlines,
located tangentially at BMs and along the axes of IDs, but in any case tangentially to the storage
ring. A beamline starts from it’s «front end» and has several essential functions: it sets apart the
storage ring and the beamline vacuum; tracks the position of the photon beam; prevents x-ray
and Bremsstrahlung radiation in further sections of beamline; it also defines the angular
acceptance of the synchrotron radiation via the aperture. Afterwards in the optic hutch the beam
focuses and monochromates and then goes to the experimental hutch where X-ray radiation is
used for the conducting the experiments. Besides X-rays, gamma-radiation and high-energy
neutrons may be generated during the measurement, therefore, all experiments should be
carried out remotely and lead shielding is absolutely required to eliminate the risks.

Depending on the perfectness of the X-ray optics at the beamline, the brilliance at the
experimental station will fall short of theory (equation 1). Table 2 gives a brief overview of some
dedicated radionuclide beamtimes.?

Beamline setup will be discussed in details on the example of Rossendorf Beamline Il (ROBL-II) at
ESRF.

13



Table 2. Overview of the dedicated radionuclide beamlines.

Beamnline ROBL-II INE ACT Mars microXAS- (Kuf;rlxtov
(ESRF) (KARA) (KARA) (SOLEIL) SLS synchrotron)
Reference 2 3 4 >6 7 STM page
1 12 2 1 11 2 1-1 12
photon | &0 720 1 5 qqu0 gy | 10 At 20 0%at | 31024t | 3.10°at 100
flux, ph/s keV and 18 keV/ keV and 12 keV and 12 keV mA
W p 200 mA 100mA | 430 mA
Energy 3.5-35 2.1-25 3.4-55 3.5-35 4-23 4.9-35
range, keV
21 x 69 300 x 300 1.0x1.0
Spot size, (focused) 1000 x 15x 15 with 10! 10 x 10
(hxv) 10000 x 500 x 500 1000 (with ph/s 5000x3000
(1m) 2000 (focused) | additional dynamic
(unfocused) KB optics) focusing
100 x LL
S per sample
E 10°
e 101 s, | o
ivi 1 B ! 18.5 GB
Activity 85MBq 200 mg for fissile 23°U ef sSa(ri Te clei?nr]?;ce
and 23°Py P P .
maximum
10 samples

1.2.1. Rossendorf Beamline Il (ROBL-II) at ESRF?

ROBL-Il is a beamline embedded within the Helmholtz Association’s program on nuclear safety
and dedicated to the study of actinides and other redionuclides. The full description of the
beamline is shown at Scheinost et al.,? in this thesis the summary is given. The beamline consists
of an optics hutch, two experimental hutches (RCH-1 and RCH-2) and a control room, from where
synchrotron X-ray experiments are remotely conducted. Four experimental stations are installed
at the experimental hutches:

1. XAFS station with fluorescence and transmission detection for X-ray absorption fine-
structure (XAFS) spectroscopy, including (conventional) X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopies.

2. XES station with a five-crystal Johann-type spectrometers for high-energy-resolution
fluorescence-detection X-ray absorption near-edge spectroscopy (HERFD-XANES), X-ray
emission spectroscopy (XES) and resonant inelastic X-ray scattering (RIXS) measurements.

3. XRD-1 station with a heavy-duty, Eulerian cradle, sixcircle goniometer for (high-
resolution) powder X-ray diffraction (PXRD), surface-sensitive crystal truncation rod (CTR)
and resonant anomalous X-ray reflectivity (RAXR) measurements.

4. XRD-2 station with a Pilatus3 x2M detector stage for single crystal X-ray diffraction
(SCXRD) and in situ/ in operando PXRD measurements.

The scheme of the ROBL-Il beamline is presented at Fig. 2.
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Fig. 2. Layout of ROBL-Il, showing from right to left the X-ray Optics hutch (blue), the two
experimental hutches (RCH-1 and RCH-2) connected by a common entrance lock room (orange),
and the control room. The X-ray beam marked by the red line enters from the right through a
port in the shielding wall. RCH-1 houses the XAFS experiment, RCH-2 a five-crystal spectrometer
(XES), a six-circle goniometer for powder and surface diffraction (XRD-1), and a Pilatus3 2M
diffractometer (XRD-2). Hutch walls are shown in light green, radiation protection equipment in
green. Figure from Scheinost et al.?

There is a combined double-crystal monochromator (DCM) and a double-multilayer
monochromator (DMM). DCM or DMM are used whichever parameter is more crucial: energy
resolution or flux. DCM allows to have monochromatic X-rays within 3 to 35 keV with energy
resolution of a few eV, while DMM gives only 100 eV resolution, though flux is about 100 times
higher. A mirror located before the monochromator collimates the beam, while mirror after the
monochromator focuses the beam and suppress higher harmonics.

A monochromator is a combination of double-crystal setups with three laterally mounted sets of
crystals with a double-multilayer setup with two laterally mounted sets of multilayers, DCM to t
DMM setups are switched by moving the monochromator upward till the multilayer crystals do
not reach the beam. Upward-bouncing first crystals are cooled by liquid nitrogen while upward-
bouncing multilayer crystals are cooled by water. The DCM setup comprises two Si(111) pairs,
oriented at 30-degree difference towards the incoming beam to deal with so-called glitches. The
third crystal pair uses the improved energy resolution of the Si(311) plane. Two multilayers from
the DMM setup cover the energy range 8.5 to 12.6 keV for the first (with the optimum of 10 keV)
and from 12.6 to 18.7 keV for the second multilayer (with the optimum of 15 keV). Optics for the
diffraction includes silicon substrate coated with Mo/B4C multilayers of two different period
thicknesses plus a ~4 nm Si cover layer for protection, rotating wihin an angle of 0.76 to 1.13°. It
yields energy resolution AE/E < 1%.

The first water-cooled mirror is 1.3 m long and is set at an upward reflecting angle of 2.5 mrad.
To collimate the white beam vertically, it is bent to ~20 km in longitude. The silicon body is coated
with two Rh and Pt 37 mm-wide stripes and with bare Si surface in between. Rh, Si and Pt surfaces
reflect differently, allowing maximize the flux across the working energy range (3-35 keV) and
minimizing the contribution of higher-order harmonics. Surface roughness for the 700 A Rh and
Pt coatings is 0.4 nm and 0.6 nm for the bare Si surface. Slope errors depend on stripe and
bending radius and vary between 0.7 and 1.1 prad.

The second downward-reflecting mirror from monocrystalline silicon is 1.2 m long. It has two
toroidal grooves (one coated with Rh and the other with Pt) each radius is 61.8 mm to focus the
beam both vertically and horizontally for the last two experimental stations, the spot size of the
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beam is about 20 um x 70 um (h x v).2 For the third station (XES) is about 100 um x 900 um and
for the fourth station (XAFS) beam is purposely out of focus to minimize the beam damage of
samples, the beam size is up to 10 mm x 2 mm. There is a Si surface without coating between
toroidal grooves used to provide a collimated beam of <14 keV for diffraction experiments,
demanding minimized divergence. Surface roughness for the 600 A Rh and Si surface is 0.3 nm
while for 600 A Pt surface it is 1.3 nm. Slope errors are 0.5, 1.0 and 1.3 prad fof Rh, Si and Pt
surfaces respectively.

Itis essentially required to have a radiochemical safety system to investigate radioactive samples.
Radioprotection design is optimized generally for alpha- and beta-emittting radioisotopes,
therefore radioisotopes with the longest half-lifes have priority. Exposure levels outside of the
glovebox are limited to <0.5 puSv h'?, in contact with the sample enclosure <15 mSv h2.

All samples which can be measured at ROBL-Il are divided in three groups:

1. Non-active samples, radioprotection treatment is not required.

2. Active samples with activities lower that 3.7 MBq for a group 1 radionuclide on solid form,
less for liquids or powders. This limit is an established for ESRF beamlines without
dedicated radiochemistry equipment.
(https://www.esrf.eu/Infrastructure/Safety/Experiments/RadioactiveSamples).

3. Highly-radioactive samples with the upper activity limit of 185MBq established for the
ROBL beamline.

All samples are inside an underpressurized glovebox with ventilation, filter and radiation
monitoring in place has an upper activity limit of 185 MBq. Samples from third group must be
constantly maintained there during the measurement.

The radiation shielding is carried out through lead shielding, covering walls, doors and roof of
two research hutches. These hutches fulfil specific requirements (tightness and ease of
decontamination) and therefore may be considered as alpha-radionuclide laboratories. Two
hutches are connected by a common entrance lock room (Fig. 2). Hand-foot monitor and body
decontamination equipment provide safety and ease of sample transfer between experimental
stations of two hutches.

The protection from accidental release of radionuclides from sample holders redundant
ventilation and filter system are installed in both hutches. It establishes a pressure gradient from
the outside ESRF experimental hall to the hutches and then to gloveboxes.

Last but not least a multistep radiation monitoring system is installed and a radiochemical signal
system (RCSS). All information from radiation monitors and ventilation, such as air flux, pressure
and temperature are registered by RCSS and warnings or alarms automatically activate in case of
any parameter deviations. Alpha/beta gamma values are presented in various places at the
beamline itself as well as at the main control room of ESRF.

Hitherto highly radioactive samples from the third group can be investigated only at the XAFS
experimental station, also equipped with gamma-spectrometer and contamination monitors in
the glovebox. For others experimental stations (XES, XRD-1 and XRD-2) due to the focused beam
the amounts of radioactive material needed is usually small enough to fulfil the activity limits of
the second group.
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There are three types of experiments in terms of radioactive safety: green, yellow and red. A
green experiment is an experiment is without any radiation risk, yellow experiments involve
samples with moderate activity (like Th, U and Tc) and red ones — for samples with substantial
radioactivity (mostly transuranium elements). A red experiment requires the 24h presence of
one user at the beamline. After the end of each radioactive experiment ESRF Radioprotection
group checks samples and experimental stations.. The RCSS informs about the correct
functioning of all radioprotection systems, and warns about any alarms or contaminations. More
detail information about beamline and dedicated stations can be found in the article of Scheinost
etal.?

2. Methods and its applications
2.1. XRD

X-ray diffraction is a coherent elastic scattering of X-rays with the interference of the secondary
waves, constructive in a few specific directions, determined by the Bragg’s law:

2dsin 8= nA

Where @is a scattering angle, d- the interplanar distance of the crystal, nis the order of reflection
and /- is the wavelength of the X-ray photons. A is the same order of magnitude as d, i.e. from
about 0.1 to 2 A (or from 100 keV to 5keV in energy). XRD is a well-established method so here |
will concentrate mostly on possibilities granted by modern synchrotron radiation facilities.

1) The availability of high X-ray energies with a low absorption coefficient gives possibility
to deeply probe samples (several centimetres), which is crucial for stress measurements.
ID15A beamline at ESRF, which will be discussed in 2.5.2 is capable of doing experiments
with an X-ray energy of 500 keV.

2) Complex structure refinement tasks demand low beam-divergence simultaneously with
high flux values that generally can be achieved only at synchrotrons. Moreover, the
determination of protein structure usually employs the phenomenon of anomalous
scattering due to the possibility of tuning X-ray energy close to the atom’s absorption
edge.

3) The high intensity of X-rays allows us to investigate even tiny amounts of samples, which
is especially important for nanomaterials, ultra-thin films and radioactive materials

4) Experiments at synchrotrons allow us to conduct time-resolved experiments and
experiments with special conditions (in-situ, high pressure or temperatures, cryocooling
etc.)

2.1.1. Pilatus diffractometer

At ROBL-Il there is a diffractometer station with a Pilatus 2M detector installed together with the
sample goniometer on a common granite table.(Fig. 3). It was desgined by Instrument Design
Technology Ltd together with SNBL/ESRF.® Diffractometer is equipped with aPilatus3 X 2M
detector (Dectris Ltd), with a photon-sensitive layer of 450 um-thick Si of an area of 253.7 mm x
288.8 mm (width x height), and a pixel size of 172 um x 172 um. The diffractometer has a fixed
position without motorized movements, therefore only the sample-detector distance could be
varied, which is still sufficient to make a precise positioning and alignment relative to synchrotron
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beam. The sample-detector distances can be varied between 140 and 600 mm. More details can
be found at Scheinost et al.2 The setup also includes a cryocooler 800 series (Oxford Cryosystems
Ltd) which controls a temperaturerange of 80-400 K. The diffractometer is operated with the
GUI-based software Pylatus.® It is possible to conduct in-situ PXRD varying temperature (both
heating and cooling) or/and under certain gas atmosphere. The furnace allows to heat up to
1000 °C in air, Oz, N2, Ar, He or vacumm (210* mbar). The measurements in transmission
geometry is possible with a capillary spinner, which is crucial for air-sensitive samples and
samples with a strong anisotropy.

| Pilatus3 x 2M

datactor | goniometer

support

Fig. 3. Pilatus diffractometer station (XRD-2).?

2.1.2. Crystal structure verification of PuO, NPs

Powder X-ray diffraction (PXRD) is used to characterise PuO, nanoparticles, obtained from
different initial precursors (Pu(lll), Pu(lV) and Pu(V) aqueous solutions) and pH. Data were
collected at room temperature at ROBL (A=0.72756 A, 26/max=59°). The measured samples were
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in a form of wet paste, and belong to the highly-radioactive samples according to ESRF rules since
they contain plutonium. Therefore, according to safety rules, all samples were enclosed in the
three Kapton capillaries (triple confinement) with outer diameters of 0.81, 1.0, and 1.3 mm
respectively. A diffractogram from an empty Kapton capillary was used in the background
subtraction procedure for the samples, the obtained diffraction patterns are shown in Fig. 4.

from Pu(1V) pH>10

from Pu(V) pH>10

Intensity, a.u.

from Pu(lll) pH 8

from Pu(V) pH 8

PuO2 reference

10 15 20 25 30 35 40 45 50 55

20

Fig. 4. Diffraction patterns of the precipitates from Pu (lll), (IV), (V) in different pH and
microcrystalline PuO; reference. All samples were measured at ROBL. (Figure from Gerber et al.,
see)

All peaks observed in the PuO; reference diffractogram are present in the patterns of the
samples. However, these peaks are much broader due to the nanoscale size of the crystallites.
To determine the average particle size, the line broadening at half the maximum intensity
(FWHM) B and positions of the peak were determined with TOPAS software® and then used in
Scherrer’s equation:

K2
~ PBcosH
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where dis the mean size of the ordered domains, K— the dimensionless shape factor (Scherrer’s
constant) — 0.9 for spherical NPs, A — the X-ray wavelength, and & is the Bragg angle. The
calculation of crystallite size was based on the FWHM of the selected peaks, for each sample, at
least six selected peaks were used. Other factors besides crystallite size (e.g. microstrain) may
cause peak broadening, however, they were not taken into account in this approximation. The
results are listed in Table 3. Structural parameters obtained from XRD.

Table 3. Structural parameters obtained from XRD.

o

Sample Mean diameter, nm a, A
from Pu(lll) pH >10 2.3(2) -
from Pu(IV) pH >10 1.6(2) 5.399(3)
from Pu(V) pH >10 2.1(2) 5.398(5)

from Pu(lll) pH 8 2.2(3) 5.404(4)
from Pu(V) pH 8 2.4(2) 5.407(6)
PuO; reference - 5.4014(3)

The PuO; nanocrystals obtained from the different starting solutions are in a narrow size range
of 1.6-2.4 nm according to calculations with Scherrer’s equation. Besides information about NP
size lattice parameters also were refined with WinCSD'° by least-squares fitting, results are also
listed in Table 3.Despite of the small size of the nanoparticles, reported lattice parameter only
differs slightly from PuO; bulk. It means that the plutonium from the initial agueous solutions
transfers to a PuO;-like structure. However, there is an equilibrium between several oxidation
states in the aqueous solution for the intrinsic colloid formation. One can suppose that the PuO;
forming from Pu(IV) in solution may cause redox reactions leading to an additional Pu(IV)
formation and finally lead to PuO; as the dominating product in the solid phase. Moreover, as
there is no significant difference between XRD data, one can conclude that neither the initial
oxidation state of the actinide nor pH affect the PuO; structure, however, it is still possible that
other oxidation state might be present. The verification of solely Pu(lV) in NPs will be done in
2.3.3.1.

2.2. XAS

The basic principle of the X-ray absorption spectroscopy is the absorption of X-rays by the sample,
leading to electron excitation (generally to the unfilled valence state) and the creation of a core-
hole. The relaxation of the system may be achieved in different ways: by emission of photons,
ejection of photoelectrons or Auger electrons or secondary electrons with lower energies. The
basic physical quantity that is measured in XAFS is the X-ray absorption coefficient u(E), which
describes how strongly X-rays are absorbed as a function of X-ray energy E. There are several
factors which may influence the value of u(E), such as chemical sample composition, sample
distribution, chemical bonding, magnetism, light polarization and the wavelength of the X-rays.
In the simplest case, Y(E) is quantified by comparing the intensity of the incident beam to that of
the transmitted beam from a sample of known thickness d, in accordance to the Beer-Lambert
law:
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I/lp=e+d

To obtain an absorption spectrum, the scan is going through a range of energies with a slight
energy change after each point and absorption is determined at every point. An example of XAS
spectrum is shown in Fig. 5.

XANES EXAFS

Intensity, a.u.
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Energy, eV

Fig. 5. XAS-spectrum of PuO,, measured at Rossendorf Beamline, ESRF.
One may pick out four different parts of the spectrum:

» Agradual trend toward lower absorption with energy. It is observed due to the decreasing
of u(E) with energy increasing. Normally this contribution to the spectrum is considered
as background.

» Asharp rise in absorption above incident energies. It is called “white line” or absorption
edge and it occurs when an electron receives enough energy from X-rays to vacate its
bound state in the atom. This energy is specific for each chemical element and each
energy state. For Pu L3 edge this energy is 18057 eV.

» Small peaks or shoulders near the white line are referred to as “pre- and post- edge
features”. One can see post-edge at Ls-edge spectrum of UO2(NOs),-6H,0(Fig. 6). There
are no pre-edge features at Ls-edge spectrum of UOz(NOs); 6H20 in that case “pre-edge”
is referred to the featureless part of the spectrum before the edge.
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» Oscillations spreading from the energy range after the white line till the end of the
spectrum, decreasing in the amplitude and increasing in width. This is called the “EXAFS
part” of the spectrum.

] edge
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Fig. 6. XANES spectrum of UO2(NOs)2:-6H,0 measured at Rossendorf Beamline, ESRF.

The whole XAS spectrum is often divided into several parts: Pre-edge, XANES (X-ray absorption
near-edge structure) and EXAFS (extended X-ray absorption fine structure). Pre-edge is either
featureless or “featureful” part of the spectrum before the white line. It is suggested to consider
that XANES region extends to ~50 eV above the absorption edge while EXAFS region extends from
~50 eV above the edge (IUCr Dictionary CXAFS Contribution).

2.2.1. XANES — Theoretical background

In X-ray absorption near-edge structure (XANES) spectroscopy, an X-ray is absorbed by an atom
with the ejection of an electron from the core-state to an empty state (Fig. 7). The core hole
which is formed after the electron excitation is eventually filled by the electron from the outer
shells, followed by either a fluorescent (characteristic for each element) photon or a secondary
electron release (Auger electron). Either inelastically scattered photoelectron or the products,
emitted after the filling of core-hole are recorded in XANES experiment.

The selection rules determine that, in the dipole approximation, the dipole matrix element is
non-zero if the orbital quantum number difference between the final and initial states is one (AL
=1 e.g. s=>p, p—>s/d, etc.) and the spin does not change (AS=0).The shape of the absorption
spectrum should reproduce the partial density of the (AL = + 1) empty states projected onto the
absorbing site and convoluted with a Lorentzian due to experimental energy broadening. The
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selection rule for quadrupole transitions is AL = £ 2. However, a quadrupole transition is more
than 100 times less intense than a dipole transition. The energy of the X-ray should be at least
equal to the binding energy of the corresponding core-level. At this energy a sharp line in the
absorption appears, which is called an absorption edge or white line. Fluorescence detected XAS
is a photon-in/photon-out process. The incident photon excites a core-electron into an empty
state and the subsequent relaxation of the core-hole emits an X-ray photon.

4 2p56dN+1
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3d
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3p M-edges
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1s K-edge

Total energy

Fig. 7. Total energy diagram and classification of the absorption transitions resulting from the
excitation of a core electron.

In accordance with conservation of energy, if the X-ray photon’s energy is higher than the binding
energy, the electron receives the energy difference as a kinetic energy (so called photoelectron).
Due to the wave—particle duality of the electron, electron waves can scatter off of nearby atoms,
returning to the absorbing atom and interfere either constructively or destructively. In the case
of constructive interference the probability of X-ray absorption is higher.

Aside from scattering elastically off of nearby atoms, photoelectrons may also scatter inelastically
off of nearby atoms and excite a valence electron or a phonon. All these processes reduce
photoelectron energy. The farther the electron path, the more likely something other than elastic
scattering will take place. The mean free path of the photoelectron is the average distance
travelled by the photoelectron before the signal is removed from the main channel.

The mean free path of photoelectrons in condensed matter depends strongly on the electron’s
kinetic energy. For XANES, where photoelectron energies are low, the mean free path is
significantly larger then for EXAFS, therefore, a variety of different absorber-scatterer distances
are available, i.e., different multiple scattering paths for the photoelectron. It makes theoretical
modelling of XANES much more complicated compared to EXAFS. XANES spectra are therefore
mostly interpreted and not quantitatively analysed, although there have been recently some
positive changes in this direction.'12
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2.3. HERFD-XANES
2.3.1. HERFD — Basics and principles

In the high-energy resolution fluorescence detection (HERFD) approach, a spectrometer
consisting of several spherically bent crystals is used and positioned to selectively detect a
specific emission line. As the experimental broadening of the spectra depends on the lifetime of
the final state core-hole, the reduced broadening and the element selectivity in absorption and
emission lines makes HERFD XAS a powerful technique to resolve additional features and
improve the accuracy in the determination of the electronic structure.

To make a HERFD measurement, one of the two main approaches can be used. First is the
scanning approach with a point-to-point focus strategy, where source of the emission,
wavelength, dispersive element and X-ray detector are all located in the Rowland circle with
radius Rc. Both the wavelength dispersive element (crystal analyzer) and the detector are moved
while the emitted energy is scanned.'® This scheme can result in Johann!* and Johansson®
geometries, depending on how crystal analyzers are bent. Besides that, these geometries are
almost identical. The common problem is that Johann/Johansson geometry still suffers from the
beam size energy resolution dependence at low Bragg angles.

Johansson crystals are bent to 2R, and the inner surface is then ground away to match the radius
equal to Rc. This results in an exact focus (Fig. 8) with a high diffraction intensity as the incident
and reflected angles are equal with a constant Bragg angle over the entire surface of the crystal.*®
Therefore, a Johansson crystal gives a better resolution over the entire spectrometer range than
the Johann crystals.’” The main drawback of Johansson crystals is that it is difficult and expensive
to produce them, therefore the use of Johansson XES spectrometers is scarce.'%18

Johann Johansson
Detector Detector
Crystal > Crystal -~
- >
Sample Sample

Fig. 8. Principal schemes of Johann and Johansson geometries. Johansson crystal, being not only
bent, but also ground to the radius of the Rowland circle, eliminates geometrical aberrations.

Johann crystals are just bent (and not ground), making their manufacturing cheaper and easier.
However, for this type of crystals geometrical abberations appear due to the slight variation in
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the Bragg angles (Fig. 8). This leads to a contribution to the overall energy resolution.
Nevertheless, in most cases, using small crystal analyzers (with diameters of 10—15 cm) posed in
a big Rowland circle (Rc = 1m) manages to obtain an overall energy resolution lower than 1 eV.*°
The detailed description of a Johann-type sprectrometer will later be shown in 2.3.2, and in
2.3.3HERFD — Examples some illustrations of measurements in this geometry.

The main advantage of the point-to-point scheme is a larger solid angle at a selected energy when
using a multi-analyzer system, resulting in a higher detection signal compared to other type of
spectrometers.

Nevertheless, for some scientific cases (such as time resolved measurements) dispersive
geometry is pivotal. It was first shown by Von Hamos?° and based on a cylindrically bent crystal
(CBC) and two-dimensional pixel detector (Fig. 9).222% The analyzer focuses the photons in one
dimension and spatially separates the different energies in the other. The different X-ray energies
are detected by a 2D detector, and by appropriate calibration, the spatial dimension can be
converted to an emitted energy scale. Besides time resolved experiments, the capability of a
simultaneous detection of a large range of emitted X-ray energies is also crucial for radiation-
sensitive samples, such as proteins .2427 In this geometry none of the components move, i.e. the
whole spectrum is acquired at once, significantly decreasing time needed to record one
spectrum. It also simplifies the procedure of normalization to the incoming X-ray flux, which is
especially beneficial, if XFEL is used as an X-ray source.?>?82° Moreover, von a Hamos setup can
be installed in a compacted manner if short curvature radiuses are used, energy resolution won’t
suffer in this case.

Johann Von Hamos

Silicon drift detector Spatially resolving pixel detector

Spherically bent crystal Sample Cylindrically bent crystal Sample

Fig. 9. Principal schemes of Johann and von Hamos geometries.

A typical disadvantage of von Hamos spectrometers is a lower energy resolution,?® however, with
a decent setup optimization even in von Hamos geometry yielding energy resolution below 1 eV
at high Bragg angles is possible.?! In addition, the detected photon flux per energy unit is very
small,?? resulting in lower signal to background ratio compared to the scanning spectrometers.
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As a final conclusion, both von Hamos and the Johann/Johansson geometries are capable to
achieve an absolute energy resolution below the lifetime of the characteristic emission lines,
making a precise analysis of spectral features possible.?! In terms of efficiency, the detected
photon flux per energy unit is very small for von Hamos spectrometers, resulting in a lower signal-
to-background ratio when compared with scanning spectrometers, though a von Hamos scheme
has better acquisition time as it does not require the scanning of the spatially dispersed
spectrum. Another practical aspect is that a Johann/Johansson spectrometer works fine with a
quite high beam size of approximately 0.5-1 mm width slits used to tune the fine resolution of
the spectrometer, while a von Hamos setup demands a tightly focused beam in the dispersion
direction (~50 pm).3°

2.3.2. The setup of Johann-type spectrometer

In general there are several types of XES spectrometers. In a Johann-type spectrometer energy
is scanning along the Bragg angle and Bragg crystal (typically a spherically bent crystal) is used to
increase the efficiency of the spectrometer in terms of fluorescence signals from the sample with
the same Bragg angle. In that case, sample, detector and crystal need to be in Rowland geometry.
The scheme of the spectrometer in this geometry is shown in Fig. 10.

Incident X-rays
TS

Detector

Sample

Rowland circle

Fig. 10. Schematic drawing of the 1-crystal Johann-type X-ray emission spectrometer.

In HERFD measurements the incident energy is scanning across the absorption edge of the
selected element at the maximum of the X-ray emission line. In XES measurements the emitted
energy is scanning with a fixed incident energy. The energy of the emitted fluorescence is
selected by the Bragg reflection of the crystal analyzer. The fluorescence transmitted through the
sample falls on the surface of the monochromator crystal and then part of the beam is reflected
at the same angle in accordance with Bragg’s law:

2dsin 8= nA

Where @is a scattering angle, d- the interplanar distance of the crystal, nis the order of reflection
and A- is the wavelength of the X-ray photons. Interplanar distance dcan be calculated from the
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Miller indices of the crystallographic planes (h, k, /) of the crystalline lattice and lattice parameter
a. For crystals with a cubic symmetry:

&

The interplanar distance for the most common Si and Ge crystals is 5.4309 A and 5.6574 A
respectively. To find the Bragg angle for any energy value (in keV) the equation can be
transformed:

_619926n
=arcsin dE

The sample, spherically bent crystal analyzer and X-ray detector located on the Rowland circle
with R radius (Fig. 10). The spherically bent (2R.) crystal analyzer reflects the fluorescence from
sample to the detector. For each energy point (i.e. new Bragg angle) the detector should be
shifted accordingly along the Rowland circle, the angle of the crystal analyzer also has to be
changed. To do this the positions of each component need to be calculated. If sample has a fixed
position during the measurements, then the distance between sample and the center of crystal
(8C) and between centers of crystal and detector (CD) must be equal:

SC=CD=2R_sin@

To keep focusing geometry the detector has to be maintained at an angle of 26. At ROBL-II
beamline the detector is equipped with a goniometer and two linear stages, that allow moving
in two orthogonal directions, DXand DZ. The positions of DXand DZ are calculated as follows:

(90 -0)r « cos (90 -0)r
180 180
90 -0)m
180

DZ =2 X SC X sin

DX = 2 X SC X sin?

The crystal analyser also has its own goniometer and another two linear stages, AXand AY. The
goniometer adjusts crystal position at an angle of 28, AXstage moves crystal in SCdirection, the
value of AXiis calculated as:

OxXm

AX =2 X R X sin( 180)

AYlinear stage might be substituted with goniometer its function is to direct the reflected X-rays
from the crystal to the detector’s center.

In order to increase the efficiency of the photons additional crystals can be used. Many
beamlines, including ROBL-II, are now equipped with five-element Johann-type X-ray emission
spectrometers.?3132 As in a previous example, all parts of the scheme are located at the Rowland
circle, however, the exact focusing requirement is met only for the central crystal, and therefore,
this optical scheme /includes aberrations (Fig. 11). There are more parameters that need to be
calculated for this scheme, namely the positions of each crystal (x; i z), the azimuthal angle of
the crystal surface normal ¢;and its polar angle . They can be found with following formulae:3?

xX; =2 X R Xsinf X cos?8 + xp; X sinf

27



y; = 2 X R X cos 8 X sin?0 — xp; X cos 6
z;=(—3)xdz

¢; = m — arctan(z;/(xp; X sin @)

\[zl-z + xp? X sin26

B; = arctan
Xp; X cos @

xp; = \[SCZ X sin?6 — z?
dzis the distance between the crystals along z

Detector

Crystals

Sample

Fig. 11. Schematic drawing of the 5-crystal Johann-type X-ray emission spectrometer.
Detector position and its orientation relative to the sample can be found as follows:
Xg =4 X R Xsinf X cos?6

Ya =4 X R X cos X sin?6

Zd:0

Pg =T

—3 20
ﬁd—zﬂ
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The XES station at ROBL-Il is able to not only conduct X-ray emission spectroscopy experiments,
but also high-energy resolution fluorescence-detection X-ray absorption near-edge structure
spectroscopy (HERFD-XANES), resonant inelastic X-ray scattering (RIXS) and/or resonant inelastic
X-ray emission spectroscopy (RXES).3373> There are two X-ray emission spectrometers at the
station, with one and five crystal analysers respectively, though the first one is used only for
specific experimental arrangements, requiring X-ray detection in particular scattering
geometries.!® The five-crystal X-ray spectrometer is used for all above-mentioned techniques
(Fig. 12). All principal components of the scheme are as follows: spherically bent crystal analyzers,
the sample and the detector are arranged in the geometry of Rowland circle. The fluorescence
signal emitted from the samples falls on the crystals where it monochromatizes (according to
Bragg’s law) and then reflected, the monochromatised signal focuses into the detector.

The final resolution is influenced by the selected Bragg angle of the analyzer i.e. by the selected
energy, reaching maximum in the backscattering geometry, where Bragg’s angle is approaching
90° due to the properties of the Johann geometry.3? Resolution can be improved by a motorized
slit in front of the detector and it has been implemented at ROBL-Il as well. The range of Bragg
angles is 65-89° for the XES experimental station at ROBL. There are two instruments used for
signal detection: an avalanche photodiode (APD) with an area of 10 mm x 10 mm for the samples
with high concentration and a Ketek detector with 10 mm diameter and 450 um Si thickness for
the diluted samples.
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Fig. 12. Schematic drawing of the five-crystal X-ray emission spectrometer.

The bending radius of crystal analyzers is either 0.5 m or 1 m, the diameter is ~100 mm),3¢ and
the material is Ge or Si. The available stripped crystal analyzers cover an energy range of 3-20
keV and nearly all elements of the periodic table in this range. To obtain more signal at low
energies the whole spectrometer can be placed into a He-filled bag in order to reduce
fluorescence dissipation at the air.

To conduct a successful energy scan, at each point the positions of sample, crystal analyzers and
detector should be according to the Rowland circle geometry.'3 To fulfil these conditions, several
motors for crystal analyzers and detector are used. Each crystal analyzer has two linear stages
for the vertical and horizontal shifts, a goniometer to focus fluorescence on to the detector and
a cradle to select the Bragg angle. The detector is mounted on two linear stages, set up
perpendicularly to move vertically and horizontally and the goniometer is used to follow the
Bragg angle reflections and to use different detector angles.
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The alignment procedure consists of several steps. First of all, the calculations of crystal, sample
and detector positions must have been done. It is better to programm these positions according
to the formulae to recalculate them automatically if the energy/Bragg angle changed. The next
step is the pre-alignment with laser. Laser is used to find a position, where the laser beam will be
backscattered, then the correct definition of 90 degrees is possible. Afterwards one need to
define bending radius in back scattering geometry to obtain the beam at crystals. Finally the
process of 5-crystals alignment on the detector is fulfilled, it is finished when the laser-signal from
each crystal is reflected to the detector’s window. When laser alignment is finished, the similar
procedure is repeated with X-rays. Average time to align the beamline and spectrometer is about
6h, and may vary depending on the Bragg angle, sample type and some other things.

The peculiarities of each technique available at the experimental station are listed in Table 4.
Special PyXES software has been developed to simplify the procedure of technique changing and
the general operating of the spectrometer by users (Fig. 13). The user chooses the chemical
element, the absorption edge (K, L, M), the emission line and the crystal analyzer set, and the
software automatically calculates positions of the motors and moves them to these positions.
Current motor positions are displayed in a separate window. It also proposes the energy ranges
for all methods, though they can be manually adjusted by the user afterwards. The software also
allows one to write scripts and macros to set the program up for automatic measuring of several
samples and/or techniques.

Table 4. The measurement parameters of the different XES techniques.

HERFD-XANES XES RXES/RIXS
Energy scan Incident Emitted Incident/Emitted
Incident edge Across the Above Below and across the
position absorption edge absorption edge
Commentary Scanning at the Incident energy is Incident and emitted
maximum of the X- fixed energies are scanned
ray emission line
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Fig. 13. Screenshot of the custom-designed PyXES software. Left: Periodic table of the elements.
After selection of the element and its absorption edge, the corresponding fluorescence lines and
the appropriate analyzer crystal is given (all mentioned things are red-bolded). Center:
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Calculation of motor positions corresponding to the previously chosen settings. Right: scan
settings for XANES, XES, and/or RIXS measurements.

2.3.3. HERFD — Examples
2.3.3.1. The confirmation of solely Pu(IV) in PuO, NPs

The plutonium system mentioned earlier in 2.1.2 is also investigated with HERFD method two
times with a time delay of three months. The purpose of the second measurement is to
investigate the possible presence of the other oxidation states in the structures of PuO; NPs
obtained from different Pu solutions as well as structural stability of NPs through the time. The
experiments were performed at ROBL, Pu L3 spectra were collected by recording the intensity of
the Pu Lq1 emission line (~ 14282 eV) as a function of the incident energy. The emission energy
was selected using the [777] reflection of spherically bent Si crystal analysers (one for the first
experiment and five for the second) (with 0.5 m bending radius3®) aligned at 75.7° Bragg angle.
The intensity was normalised to the incident flux. A combined (incident convoluted with emitted)
energy resolution of 2.8 eV was obtained as determined by measuring the full width at half
maximum (FWHM) of the elastic peak. The results are shown in Fig. 14. The normalized HERFD-
XANES experimental spectra at the Pu L3 edge of Pu NPs samples and PuO2 reference measured
at ROBL: a) in January with one crystal b) in April with five crystals.
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Fig. 14. The normalized HERFD-XANES experimental spectra at the Pu L3 edge of Pu NPs samples
and PuO; reference measured at ROBL: a) in January with one crystal b) in April with five crystals.
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The Pu L3 absorption edge refers to the minimum energy needed to excite a core 2p electron to
the empty Pu 6d states.3” The position and shape of the white line (WL) gives information about
the formal valence. One can see that the WL (shape and position) is the same for all samples and
the PuO; reference as well as pre-edge and post-edge features. It means that the dominating
oxidation state for all samples is Pu(IV). A minor WL energy shift among the samples is observed
(within 0.2-0.4 eV), which prevents exclusion of tiny amounts of other oxidation states being
present. Nevertheless, all other spectral features (pre- and post-edge) are corresponding to those
of the PuQO; reference thus one can conclude the local environment of all samples is similar to
PuO; and Pu(lV) is the dominating oxidation state. This is also proven with the comparison of the
parameters of the WL such as the area under it and FWHM, as seen in Table 5.

Table 5. Gauss fit results of the WL for the samples.

Sample Area, (+ 1) FWHM, eV
from Pu(lll) pH >10 14 13.0
from Pu(IV) pH >10 13 12.7
from Pu(V) pH >10 13 12.6
from Pu(lll) pH 8 14 12.7
from Pu(IV) pH 8 13 13.0
from Pu(V) pH 8 13 12.7
PuO, reference 14 13.0

There is a slight difference between all the samples and the reference at an incident energy of
~18090 eV (first post-edge feature). The reason is that the first post-edge feature responsive to

the changing in the local environment it was also found and explained for ThO, nanoparticles
i~ 38
in.

After 3 months, the experiment was conducted again, and this time five crystal analysers were
used instead of one. First of all, one can see that signal to noise ratio increased (Fig. 14b) though
no changes in the spectral shape were observed, also confirming the stability of PuO, NPs over
time.
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Fig. 15. Pu Ls HERFD experimental data. Data recorded for six PuO, NPs samples and compared
with a PuO; reference and theoretical calculations, using FEFF9.6. code.3° The density of states
is plotted at the bottom for clarity.

34



_pH =12 Pu¢_3d95fﬁ

1—pHS8
4.5
- —— 3d1%5f¢
4.0
from Pu(lll)

from Pu(lll)

Intensity, a.u.

0.0~

3.966 3.972 3.978
Energy, keV

Fig. 16. Pu M4 HERFD experimental data. Data recorded for six PuO, NPs samples and compared
with a PuO; reference and theoretical calculations, using Anderson impurity model (AIM)
approximation.*®

To reproduce spectral features of PuO, the calculations of the PuO, Ls edge spectra and density
of states (DOS) were performed using the FEFF9.6. code® (Fig. 15). One can see that 6d electronic
DOS determines the spectrum in the near-edge region, however, 5f DOS is much closer to the
Fermi level and therefore probing that DOS gives more electronic structure information about
system. HERFD measurements at the An M4 edge, characterized by the An 3d-5f electronic
transitions, are very powerful for oxidation state identification.3”#! Reported in Fig. 16 the My
edge spectra were measured at ID26 beamline, ESRF.*? The incident energy was selected using
the [111] reflection from a double Si crystal monochromator. Rejection of higher harmonics was
achieved by three Si mirrors at angles of 3.0, 3.5, and 4.0 mrad relative to the incident beam. The
Pu HERFD spectra at the M4 edge were obtained by recording the maximum intensity of the Pu
Mg emission line (~3534 eV) as a function of the incident energy. The emission energy was
selected using the [220] reflection of five spherically bent Si crystal analysers (with 1m bending
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radius) aligned at 66.0° Bragg angle. The paths of the incident and emitted X-rays through the air
were minimized by employing a He filled bag to avoid losses in intensity due to absorption. An
estimated energy resolution (incident convoluted with emitted) found to be an order of 0.4 eV.

Pu M4 edge spectra for NP samples and PuO; reference, as well as calculated with Anderson
impurity model (AIM) spectrum of PuO; are shown at Fig. 16. AIM fully accounts for electron
correlations and treats the inter-atomic interactions as a perturbation. This approach was already
shown to be the best for analysis of the HERFD data at the An M4 edge.3”#243 The shape and the
position of the spectral features in sample spectra are similar to those in the spectrum of the
PuO; reference. The HERFD spectrum of PuO, shows a sharp peak at ~3970 eV due to the
transitions from the 3ds/; core level to the unoccupied 5fs/; level and a shoulder at higher energy.
This splitting of the Pu M4 main edge transitions is reproduced very well by theoretical
calculations and relates to the multiplet splitting of the Pu 5f states.3” All in all, these results
confirm PuO;-like structure of NPs and show presence of solely Pu(IV).

2.3.3.2. Intermediate Pu(V) solid phase in the course of the
PuO; synthesis

Another example is devoted to the different oxidation state identification. The investigated
system was a Pu(VI) aqueous solution that was neutralized by ammonia addition. Two products
were formed during the chemical reaction that lasts longer, than in case of samples from previous
examples (several weeks and minutes respectively). During the first weeks, yellow residue
precipitated but then dissolved and green precipitation was formed after 5-6 weeks. Both phases
were investigated with HERFD method. The L; edge measurements were conducted at ROBL and
Ma edge measurements at ID26, while the spectrometer characteristics were the same.

The substantial advantage of HERFD is that it is possible to do qualitative and semi quantitative
analysis of oxidation states. Both L3 (Fig. 17 ) and M4 edge (Fig. 18) spectra unequivocally indicates
that the intermediate and final phases have plutonium in different oxidation states according to
the position of WL. Surprisingly, the intermediate phase contain Pu(V) rather than Pu(VI) which
was expected. The only component of the final phase is Pu(lV). FDMNES**#> calculations for L3
edge and AIM calculations for M4 edge allow specifying the structure of the intermediate phase
and explain spectral peculiarities. It is found that intermediate phase is NH4Pu(V)0,COs, and it is
first time it has been identified - thanks to the HERFD measurements and theoretical simulations.
More details can be found at Appendix D: Article 4. A novel meta-stable pentavalent plutonium
solid phase on the pathway from aqueous Pu(VI) to PuO, nanoparticles
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Fig. 17. Pu Ls HERFD spectra of PuO; and the Pu(V) intermediate phase formed during the
synthesis of PuO, nanoparticles from Pu(VI) precursors at pH 11. Experimental data (black lines)
are compared with FDMNES calculations for bulk PuO; and NH4PuO,COs (red lines).
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Fig. 18. a) Experimental HERFD data at the Pu M4 edge from two plutonium phases. Blue curve:
spectrum of the intermediate Pu(V) solid phase appearing during the synthesis of the PuO;, NPs;
red curve: spectrum of the final phase of PuO, NPs. The spectra of a PuO; bulk sample (grey
curve) and of KPuO,COs(s) (green curve) are also shown as references for Pu(lV) and Pu(V)
oxidation states, respectively. b) Experimental HERFD spectra of PuO, and KPuO.COs(s)
compared with the results of AIM calculations.
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2.3.3.3. Highlights of the structure—property relationship of
UOZ NPs

The UO; NPs were obtained from the U(IV) solution by adding agueous ammonia solutions in the
glovebox under a nitrogen atmosphere, the synthesis factors varied were pH and concentration
of the uranium. Special care was taken to maintain the inert conditions during the synthesis,
transport and characterisation procedures. Bulk UO2.x, x=0.001 was used as a reference. It was
confirmed by HRTEM, XRD and ED that in all cases disregarding pH and uranium concentration
small (2-3 nm) crystalline NPs were formed, and crystal structure is UO»-like. However, due to
the existence of various uranium oxides with mixed oxidation states, similarity of their diffraction
patterns and the capability of UO, to accommodate a large amount of excess oxygen makes
diffraction methods unreliable in terms of determination of a partial oxidation of UO,. It is
especially complicated for UO; in the form of NPs due to the peak broadening. On the contrary,
HERFD at M4 edge is sensitive to small impurities of different oxidation states, even if they do not
deviate the crystal structure.

The HERFD spectra at the U M4 edge were collected at the CAT-ACT beamline of the KARA facility
in Karlsruhe, Germany.® Estimated flux at the sample position was in the order of 10° ph/sec at
an incident energy of 3.8 keV.* Sample transport was done in a special argon-filled container in
order to avoid oxidation through the kapton foil during the transportation. The spectrometer
with one Si crystal analyser (bending radius is 1 m) was used. It was expected that samples might
be sensitive to the beam damage, therefore, they were tested for short-term beam damage,
making fast HERFD scan too, which was later compared with all HERFD data collected for each
sample. Experimental results are shown in Fig. 19.

Due to the similar spectral profile for UO2, NPs and bulk UQO; the structural similarity was
confirmed. As described in literature, the white line of the UO; is an asymmetric peak, though for
NP spectra it is even more asymmetric with a pronounced shoulder at higher energy. There are
two possible explanations for this effect: partial oxidation or structural distortion. According to
theoretical calculations (more details can be found in the published article*’) distortion or/and
change of the coordination numbers greatly affects the intensity of this shoulder. Nevertheless,
even if a shoulder appears due to the presence of oxidized uranium species, it is evident that
U(IV) is the dominating oxidation state for UO, NPs. It is quite surprising as it is assumed that UO;
is prone to oxidation even in the bulk form, not to mention nanoscale due to the increase of
surface-to-value ratio. Nevertheless, these results demonstrate that structural and electronic
properties of UO; NPs are similar to bulk UO; providing the maintenance of reducing or at least
inert conditions. Thereby, the properties of UO2 NPs show the same pattern as PuO, NPs (they
were discussed in 2.3.3.1). It was shown”® that no other oxidation states are present in PuO2 NPs
though it could be expected due to the stability of Pu(lV) under these conditions.

The analogy of UO; and PuO; NPs is important for environmental chemistry as both U(IV) and
Pu(lV) are mobile in their colloid forms.>”>7¢, U(IV) could act as a reference for Pu(lV) not only
because of the proximity of ionic radii and crystallochemical properties, but also because at the
deep geological repositories the reduced conditions will sustain uranium in the form of U(IV).
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Fig. 19. U M4 HERFD experimental data recorded for the four UO, NPs samples and bulk UO;
used for comparison. Inset: crystal structure of UO;

However, the comparison of NPs structural stability shows significant differences between PuO;
and UO, NPs. As was shown in 2.3.3.1, PuO; NPs remain intact after at least three months. Time
stability of UO2 NPs has been investigated and it was found that size of NPs increases to 6 nm
(calcuted from XRD and HRTEM data) and samples become partially oxidized (Fig. 20b) with time
even if samples were kept under inert conditions. The contribution of U(V) considerably
increased, though it is evident that the conversion to U409 has not been completed and the
substantial amount of U(IV) is still retained in the aged samples.

The effect of X-ray beam exposure on the fresh samples have also been investigated. To validate
that it is indeed the X-ray beam that is responsible for the sample damage, several scans were
done at the exact position of the sample, the average of the several scans at the beginning and
in the end of exposure were compared (Fig. 20a). The later the scan was done, the more
pronounced high-energy shoulder became, resulting in the end in an individual component
illustrating the partial oxidation to U(V) and U(VI). More information about UO, stability
investigations are described in the paper.*’ (Appendix B: Article 2. Insight into the structure-
property relation of UO2 nanoparticles)

Allin all, it was proven that UO, NPs are more reactive compared to PuO; NPs and it is compulsory
to take special care to avoid sample damage. It is needed to maintain inert conditions at any
stage of the experiment if it is possible. It is also crucial to do fast scans or/and changing data
acquiring position to limit beam exposure. The implementation of cryo conditions may also be a
solution, though it has not been checked yet on the UO; NPs.
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Fig. 20. HERFD M4 edge spectra: a) for 0.01M U(IV) pH >11 before and after beam damage with
U(Iv), U(IV,V) and U(VI) references. b) for fresh and 1-year-aged 0.1M samples with U(IV) and

U(IV,V) references. UO3 and U409 reference spectra have been reproduced from Leinders et
al.®

2.3.3.4. Surface hydroxyl species in CeO, NPs

Ce is an analogue of Pu under reducing conditions due to the comparable Ce(lll)/Ce(IV) and
Pu(l11)/Pu(IV) redox transitions and the resemblance of their ionic radii and crystal structure of
their dioxides. Besides that, CeO; is prominent for its antioxidant and catalytic properties. It is
known that at a nanoscale these properties are enhanced due to the increased surface-to-volume
ratio and changes in oxygen non-stoichiometry. These changes in turn determine the
Ce(IV)/Ce(Ill) ratio and therefore are perspective for the HERFD studies.

The synthetic route of CeO2 NPs preparation was similar to those ones for PuO; and UO; NPs.4748

Ce(Ill) aqueous solution was used as a precursor and mixed with ammonia aqueous solutions.
The initial precursor concentration and pH were varied. The obtained yellow precipitation
afterwards was washed and dried at different temperatures (more information in the paper*)
and characterized with XRD, HRTEM and SAXS to determine structural properties, size, shape and
spatial organization. In all cases, small crystalline particles were formed with a structure of CeO,.
It was also found that there is a direct correlation between initial concentration of the precursor
and the size of obtained NPs (Table 6).

Table 6. Concentration of the precursor and size of obtained CeO, NPs.

Ce(NOs)s concentration, M | NP size, nm
0.001 2
0.1 5
0.8 8

To find out if CeO, NPs contain Ce(lll) impurities HERFD measurement was performed. Both L3
and Ms edges were probed, L3 edge measurement was carried out at ROBL by recording the
maximum intensity of the Ce Lal emission line (4839 eV) as a function of the incident energy. Ms
edge spectra were registered at the PHOENIX beamline at Swiss Light Source (SLS) in Villigen,
Switzerland. The incoming flux (lo) was measured from the total electron yield taken from a
polyester foil (0.5 um thickness), which was coated with 50 nm of nickel. Both total fluorescence
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and total electron yield were measured on the sample, though only total electon yield is high
enough to be used. The scheme of this measurement mode is shown in Fig. 21. More
experimental details one can find in our paper.®® (Appendix E: Article 5. Towards the surface
hydroxyl species in CeO; nanoparticles)

fluorescence

incident flux detector
monitor

Monochromatic
beam [\

-
U CeO, NPs

sample

electron yield
detection

Fig. 21. The scheme of the cerium Ms edge measurement.

The L3 edge HERFD spectra show the absence of Ce(lll) even for the smallest 2 nm NPs (without
any post-synthesis treatment) due to the exceptional presence of Ce(lV) pre-edge. In contrary,
the main edge profile varies for NPs of different size. For 8 nm and even 5 nm CeO; NPs spectral
features reproduce the ones for bulk CeO; (for which relatively big 25 nm CeO2 NPs were chosen),
however, 2 nm NPs show different pattern. Main-edge are broader and the intensity of the first
one is significantly lower compared to other CeO, NPs spectra. As 5d electronic states are
responsible for these peaks, the explanation for this effect is an electron delocalization at the
surface of NPs and consequently, the decrease of the probability of 2p-5d electron transfer.
Besides that, 5d orbitals are active from chemical point of view and capable to form additional
bonds with precursor or surfactant materials, most likely, hydroxyl groups. The formation of oxo-
or hydroxo-bridged species as intermediate products in the course of the formation of CatO, NPs
(Cat = U, Pu, Ce, Th) is an essential question for f-element chemistry and will be discussed in
Conclusions later. Nevertheless, Cat(IV) in aqueous solutions is always hydrolyzed, therefore
hydroxo groups may exist on the surface of the non-dried samples.

The influence of the surface hydroxyl groups is investigated with ab initio calculations by
changing the cluster size of the original CeO, model (results are shown at Appendix E: Article 5.
Towards the surface hydroxyl species in CeO2 nanoparticles).

To further investigate the effects of the surface-to-volume ratio alteration, XAS measurements
at Ce Ms edge were carried out, the results are shown in Fig. 22. The first result was the
confirmation of an absence of Ce(lll) at the surface of NPs as spectral features are the same for
all NPs and they are reproduced in the calculated Ce(IV) system spectrum. Nevertheless, the
surface component of the spectrum increases with NP size decreasing. The small post-edge peak
at ~889 eV is related to a Ce 4f-0 2p charge-transfer, as a result of strong Ce 4f-0 2p
hybridization and configurational mixing. In conclusion, it was shown that soft and hard XAS
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results about NPs electronic properties are in a perfect agreement providing the measurements
are performed at identical conditions.
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Fig. 22. Ce Ms edge spectra of CeO2 NPs compared with calculations.

To investigate how thermal treatment affects surface hydroxylation and accordingly, electronic
structure of the NPs 24 h sample heating at 40 °C and 150 °C in air was carried out. Then
characterization of structure and electronic properties was executed. It was proven by XRD and
HRTEM that neither morphology, nor crystallinity/size distribution were altered. At the same
time, the change of Ce L3 edge spectra was observed (Fig. 23), indicating an electronic structure
modification. It is shown that the intensity of the main-edge peaks, their broadening decreasing
and this phenomenon are more pronounced in case of 2 nm NPs, though for 5 nm NPs this effect
is also observable. No effect of the thermal treatment for 8 nm NPs was detected. It is clear, that
dehydroxylation of the NP surface is responsible for the electronic structure changes. Heating
leads to the elimination of the OH groups from the surface and this process is more drastic for
small NPs as surface contribution is inversely proportional to size. The dehydroxylation process
already actively starts at 40 °C causing significant changes in the HERFD spectra of CeO, NPs.
These results are crucial for the application of CeO2 NPs as a catalyst as they demonstrate, that
OH groups and water on CeO; surface possess a long-range effect on the O, adsorption, rather
then Ce(IV)/Ce(lll) transition. It was also proven by chemiluminescent method, that the
antioxidant activity of CeO; NPs is directly related to the OH groups concentration at the surface
and is higher for 2 nm NPs compared to 8 nm NPs.
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Fig. 23. Ce L3 edge HERFD spectra before and after thermal treatment.

2.3.3.5. The influence of ThO, NPs size on their electronic

properties

Another analogue of the PuO; is the ThO,. Th being redox inactive is the simplest of the
plutonium analogs. However, it does not make this element and its compounds ordinary or
featureless. The exclusion of redox transitions allows us to concentrate on the influence of other
parameters, such as size, precursor concentration or thermal treatment on the properties of
ThO2 NPs. Some of these investigations have been already completed and published,® some
highlights are shown here.

ThO, NPs were obtained in a similar manner as previous NPs, by adding a base to a Th(IV)
solution, the concentration of the precursor and the temperature of thermal treatment (from 40
to 800 °C) were varied. As usual, XRD and HRTEM were used to obtain information about NP size
and crystals structure. The mean particle size and synthesis conditions are listed in Table 7

Table 7. Size of ThO; NPs, obtained from XRD data and synthetic conditions.

Th(IV) concentration, M | Temperature of treatment, °C | Mean particle size, nm
0.1 40 2.5
0.1 150 3.8
1 400 5.8
1 800 33.8
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Electronic properties of ThO, NPs have been investigated with HERFD at Th L3 edge. The
measurements were conducted at ROBL and ID20, ESRF,>! the experimental data are shown in
Fig. 24. 33.8 nm ThO; NPs were used as a reference due to the identity of the spectral features
with bulk ThO;. There are three post-edge features where changes were examined marked as A
(~16320 eV), B (~16342 eV) and C (~16363 eV). The spectral profile of 5.8 nm NPs was found to
be identical, but for 3.8 nm NP feature A is less pronounced and the two others are broader. In
the spectrum of 2.5 nm NPs features B and C are even broader while feature A disappears.
FDMNES simulations have been done in order to reproduce these features and their
transformation with size change, the results are shown in the inset of Fig. 24. One can see that
all features, including WL are perfectly reproduced for the calculated spectrum of bulk ThOy, in
terms of the shape, energy position and intensity. Nevertheless, there are two shoulder at the
left part of the WL, which are not resolved in the experimental spectra.

B ¢

intensity (a.u.)

:sim. bulk ThO,

L il l‘ L lE l lE L l 1
16290 16320 16350 16380
B

energy (eV)

intensity (arb. units)

—_ 2.5 nm
— 3.8 nM
— 5.8 nm
— 33.8 Nm

16290 16310 16330 16350 16370 16390
energy (eV)

Fig. 24. Th Ls edge HERFD spectrum on ThO; NPs. Inset: HERFD on 33.8 nm NPs and XANES
simulation of bulk ThO, obtained with FDMNES. Vertical lines mark the main spectral features.

However, it has become possible to observe them in the experimental spectrum when the
resolution of 0.5 eV has been achieved, as Fig. 25 proves. To understand the origins of the
features, DOS was obtained from FDMNES. It was found that it is mostlyTh d-DOS responsible for
the WL post-edge features appearance though O p-DOS also contributes to some features at WL.
It also contributes to post-edge features in a similar way with Th d-DOS, which is an indicator of
hybridization. More details about simulations can be found in our published work.38
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Fig. 25. HERFD spectrum collected with a 0.5 eV resolution (top, black line) compared with two
simulations of the Ls edge XANES of Th in bulk ThO; obtained with different convolution
parameters. At the bottom the partial DOSs of the Th absorber and of the neighbouring O
atoms are shown.

To verify, how surface atoms may affect the XANES spectra three models have been used:
spherical, tetrahedral and octahedral clusters of ThO,. The size of each cluster was chosen to be
close to 2.5 nm. Then they were used to simulate with FDMNES the resulting XANES. The details
about FDMNES calculations are shown in Appendix F: Article 6. Understanding the size effects on
the electronic structure of ThO2 nanoparticles. All models reproduce experimental data, and for
tetrahedral and octahedral this reproduction is almost quantitative. The reason is the reducing
of the coordination numbers compared to the bulk values and the specific collection of Th local
environments. Both are strongly correlated with the size and the shape of the NP. Therefore
HERFD is a valuable method to study surface interactions for ThO, NPs as well as other dioxide
NPs.

2.4. EXAFS
2.4.1. EXAFS in a Nutshell

The post-edge oscillations refer to the resulting photoelectron scattering and contain
information about local structure: bond distances, number of and type of the neighbours. This
region is associated with Extended X-ray Absorption Fine Structure (EXAFS) regime. EXAFS
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originates from the photoelectron, being ejecting from the atom after the latter absorbs X-rays.
Photoelectron scatters from surrounding atoms, the scattered waves interfere with the original
spherical photoelectron wave. The theory of EXAFS is more developed compared to XANES,
although not in the last turn because multiple scattering in XANES (in contrast to EXAFS) is more
significant. EXAFS can be modelled with the EXAFS equation: (IUCr Dictionary CXAFS
Contribution)

N;S2 L .
x(k) = k’—R;’Fj(k)eW)e-z" % sin[2kR; + ®;(k)]
j ]

The photoelectron wavenumber kcan be defined as:

= 2m  [2m,(E — Eo)
oA h2

where E’is the X-ray energy, Epis the energy of the Absorption Edge, and me.is the electron mass.

EXAFS equation can be deciphered through the physical process underlying EXAFS. The F;(k) is
the probability that photoelectron scatters (single or multiple) elastically off of a nearby atom j
at a distance 2R; from the absorber. The degeneracy (i.e. the amount of atoms of the same type)
is noted by N;. The phase shift @;(k) appears from phase changing of the photoelectron wave
after scattering, and constructive interference is taken into account by the expression
sin[ZkRj + <Z>j(k)]. Being a spherical wave, it spreads out isotropically, while the scattering
probability decreases as the square of the distance Rjz. S¢ is the amplitude reduction factor,
taking into consideration that initial and final states of the absorbing atoms are different. The
amplitude reduction factor is a constant, that depends on the element and normally takes values

—ZRj
from 0.7 to 1. The factor e*® is responsible for y(k) suppression due to the inelastic
photoelectron scattering and due to decay of the core hole. ;(k) is a mean free path of the
—ZkzajZ

photoelectron. The factor e takes into account local differences in the environment of the
absorbing atom, caused by the thermal vibration and static disorder. The ajzis the mean square

radial displacement also known as Debye—Waller factor.

Since the mean free path A;(k) is of the order of several Angstroms, EXAFS probes the local

environment of the absorbing atom, giving us information about short-range structure of
materials.

The great advantage of EXAFS is that it can give quantitative information about local environment
of the scattering atom: the radial distance and the number of atoms, neighbouring scattering
atom. However, in the vast majorities of cases it demands careful data treatment. Starting from
the raw data (Fig. 5), the first step is to separate the EXAFS signal from a slow trend towards
lower absorption referred to as background. With a background subtraction procedure the
normalization of the spectrum is usually done. Normalized spectrum has an edge-jump of unity
and this rescaling is done to facilitate the comparison between different samples and theory. The
normalized spectrum of PuO; is shown in Fig. 26.
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After the spectrum has been normalized, one should convert x(E) to x(k) using the correlation
between energy and wavenumber. According to the EXAFS equation, the amplitude goes down
with k, therefore x(k) is often multiplied by k, k? and k3 (k-weighting). For heavy elements such as
actinides k? and k3 are usually used, as a result the signal at high k becomes more distinct, the
undesirable effect of k-weighting is the increase of noise at higher k. One can see the difference

between unweighted (Fig. 27a) and weighted spectra (Fig. 27b for k, Fig. 27c for k3).
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Fig. 27. The x(k) of PuO,: a)unweighted, b) weighted by k, c) weighted by k3.

Further data treatment demands the decomposition of a function into constituent sine waves, it

involves Fourier transforms of x(k). As a result, Fourier transform (FT) magnitudes of

experimental EXAFS data are obtained (Fig. 28). Although the procedure of EXAFS analysis,
including most common curve fitting to a theoretical standard, can be done both in k-space and
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R-space, data representation in R-space form is more clear as one can obtain an important
information about sample directly due to the similarity between magnitude of the Fourier
transforms and a radial distribution function.

There are three common methods of EXAFS measurement: transmission, fluorescence and
electron yield. The measurement in transmission geometry is straightforward: the intensity
before and after the sample is recorded and then one is divided by the other. The last two
methods are based on the processes taking place after the absorption of the X-ray by the atom.
The hole, formed after the electron was ejected from the atom, can be filled by an electron from
a higher level. In that case, a characteristic photon is emitted with an energy equal to the
difference between two orbitals. This emission is called fluorescent and fluorescence can be
measured and compared with intensity upstream of the sample. However, instead of photon
emittance, core-hole filling may be accompanied by the emission of a high-energy electron, this
is called the Auger effect. In the electron yield, measurement mode the amount of emitted
electrons is compared to the initial intensity. Auger effect and fluorescence are competing
processes, the probability of characteristic X-ray emission is increases with the atomic number
of the element.

5 —

Ix(R)|, A~

R+®D, A

Fig. 28. Fourier transform (FT) magnitude of experimental EXAFS data from PuO..

2.4.2. XAFS experimental station at ROBL-II

AT ROBL-Il the XAFS experimental station is the one closest to the initial synchrotron source. It
operates with an unfocused (2 mm x 10 mm) beam achieved by locating the station out of focus
of the toroidal mirror. The beam passes through a back-side extension with Kapton windows,
samples are exposed through the glovebox, but ionization and fluorescence detectors are outside
(Fig. 29). The glovebox is equipped with two multisampling stages, one for room-temperature
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measurements (up to 8 samples) and the other one used for measurements at cryogenic
conditions (up to 6 samples). Both stages are automated, i.e., can be moved vertically by motors
to expose the current sample to the incident beam. Switching modes between measurement and
sample loading is done manually by a tray system, also in the glovebox. For cryogenic
measurements, closed-cycle He cryostat (CryoVac) is used.?

There are two detectors with electrical cooling used to collect XAFS spectra: Ge and Si multi-
element solid state detectors. For the EXAFS measurement discussed in 2.4.3, 12-element
germanium detector (Canberra) was used, the experimental details are shown at Appendix A:
Article 1. The missing pieces of the PuO; nanoparticle puzzle)

There are many inhouse data analysis tools, that can be used to derive as much information as
possible from XAFS data, such as a wavelet plot analysis, iterative transformation factor analysis
(ITFA),5%°3 Monte-Carlo simulations,*®*3 Landweber iteration for the direct derivation of the
radial pair distiribution function*®>* and artificial intelligence approaches.>®

(b)

fluorescence
detectors

ionization detectors

l refe re&
\
|

Lock Rail system for
chamber multisample holders

Fig. 29. XAFS glovebox of ROBL-II XAFS experimental section: a) design, b) conceptual drawing.

2.4.3. Investigation of the Pu-O coordination sphere in PuO,
NPs

The Pu NP system, already discussed in 2.1.2Crystal structure verification of PuO2 NPs and 2.3.3.1
was investigated with EXAFS technique to verify the local coordination of Pu. Measurement was
conducted at ROBL in transmission mode using ion chambers. Spectra were collected at room
temperature. Energy calibration was performed using the zero crossing of the second derivative
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of the K-edge of metallic Zr (~17998 eV) and measured in parallel to the sample scans for each
sample. Energy calibration and the averaging of the individual scans were performed with the
software package SIXpack.®

EXAFS data analysis was based on curve fitting to a theoretical standard using the ATHENA®” and
the WinXAS® program packages. The EXAFS was extracted from the spectra by using a
polynomial spline function to approximate the smooth atomic absorption. Eo, the origin for
calculating the EXAFS x(k)-function is fixed at the white line - peak maximum in the XAFS spectra
at~ 18062 eV. Metric parameters (neighbouring atomic distances Ri, EXAFS Debye-Waller factors
0% and coordination numbers N; for the different coordination shells i) are determined using the
FEFFIT code. All shell fits were carried out in R-space of k3 - weighted spectra (Fourier
transformed (FT) over a k-range of ~2.0 — 14 A1) using theoretical backscattering amplitudes and
phase shifts calculated with FEFF 8.25%€° on clusters (Rmax = 8 A) derived from the structure of
Pu0,.%* The amplitude reduction factor So?> was fixed at 0.95. Debye-Waller (DW) factors were
restricted to float between 0.001 and 0.010 AZ. The experimental EXAFS spectra and shell fits are
shown in Fig. 30a.

a i [—— experimental data| |y
) i shell fit ) ] — g
| |——MC-it 4

! from Pu(lll) pH >10

n(r)

{ from Pu(IV) pH >10

from Pu(lll) pH 8

FT

from Pu(lV) pH 8

from Pu(V) pH 8

Fig. 30. Pu L3-EXAFS results. a) Pu Ls-EXAFS spectra x(R) fit results, Fourier transform (FT)
magnitude of experimental EXAFS data (black) and a one Pu-0, one Pu-Pu shell fit (red), Monte-
Carlo simulations fit (green). Two dashed lines specify the area of the shell fit, b) MC simulation
output: radial particle distribution function (n(r)) for Pu-O and Pu-Pu, c) 3D structural refinement
based on bulk PuO; starting structure. The details about Monte-Carlo simulations are in Gerber
et al.*® (Appendix A: Article 1. The missing pieces of the PuO2 nanoparticle puzzle)

There are several approaches can be potentially implemented to this system and they will be
discussed in detail.*® Here, one oxygen-shell fit is considered as an example of EXAFS data
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treatment. This fit is based on the assumption of a PuO»-like structure of the samples and includes
one Pu-0 and one Pu-Pu interaction. Therefore only two single scattering paths are taken into
account during the fit. This approach turned to be successful for NPs systems, confirming the
PuO; like structure for samples. The parameters of the best fit are shown in Table 8.

Table 8. Metric parameters extracted by least-squares fit analysis of Pu Ls EXAFS spectra with one
Pu-O and one Pu-Pu paths (k range of 2.0-11.5 A*%)",

First coordination shell Further shells
Sample AEq [eV]|Y%res %
CN | R[A] | 02[A?] | cN | R[A] |o%[AY

from Pu(lll) pH>10| 7.50 | 2.31 | 0.0100 |3.6 Pu| 3.80 |0.0045| 5.1 14.0

from Pu(IV) pH >10| 7.50 | 2.30 | 0.0100 (4.3 Pu| 3.79 |(0.0071| 4.9 14.8

from Pu(V) pH>10| 7.80 | 2.31 | 0.0100 |3.8 Pu| 3.81 |0.0041| 5.1 12.3

from Pu(lll)pH8 | 7.50 | 2.31 | 0.0100 [4.5Pu| 3.81 |0.0060| 4.7 12.9

from Pu(IV)pH 8 |7.20| 2.30 | 0.0100 [4.5Pu| 3.80 |0.0065| 4.9 |155

from Pu(V)pH8 |7.70| 2.32 | 0.0100 |3.2Pu| 3.81 |0.0043| 5.2 16.5

PuO, reference |8.70 | 2.33 | 0.0068 [6.7 Pu| 3.82 Pu |0.0011 7.3 9.0

PuO; structure 80 |2.337 12 Pu |3.817 Pu

*CN: Coordination number with error + 25 %, R: Radial distance with error +0.01 A, o2: Debye-Waller factor with error +0.0005 A2.

Both Pu-Pu and Pu-O radial distances are in a good agreement with the corresponding distances
of bulk PuO;, and the number of neighboring oxygens in the first coordination shell is also
comparable for NPs and reference structure. However, other fit parameters of the NPs show
significant differences compared to PuO; reference. DW factor for the Pu-O shell is higher while
Pu-Pu CN is lower compared to bulk PuO,, indicating to a higher static disorder and to a larger
fraction of under-coordinated Pu atoms, which are clearly size effects of the samples. However,
the parameters of NPs samples do not significantly differ among each other.

EXAFS analysis of NPs is crucial, as the information about type and number of atoms as well as
the characteristic distances not only gives an idea about NP structure, but also elucidate the
mechanism of their formation — one of the most complicated chemical questions.

2.5. HEXS

High-energy X-ray scattering was used for investigation of PuO, NPs. To conduct Pu
measurements with this method, an energy of 120 keV is needed. ROBL-Il does not have the
opportunity to output this energy, therefore, these experiments were carried out at ID15A
beamline, also located at ESRF.
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2.5.1. HEXS — Basics

High-energy X-ray scattering or pair distribution function (PDF) analysis is based on the Debye
scattering equation®? and the relationship between real-space atomic pair density and the Q-
space total scattering intensity.®® Q is the scattering vector, and its magnitude can be calculated
as:

i
Q= 751719,
where 26 is the scattering angle A- is the wavelength of the incident X-ray photons. Unlike
ordinary X-ray diffraction technique, giving average structural information of crystalline materials
in a long range, high-energy X-ray scattering is capable to directly measure local and intermediate
range, i.e. gives information about disordered and nanoscale structures.®* To obtain atomic bond
lengths and coordination numbers, the total structure factor S(Q) is Fourier transformed to a real
space function, i.e. reduced pair distribution function G(r) as follows:

Gr)=1+

1 Omax
sty ), IS~ 1sin(@n)a0
Atomic form factor and atomic displacement parameters, (including thermal vibration and static
uncertainties) may cause drop in intensity at high Q, leading to the decrease of data quality.
Therefore, to obtain real space information with a sufficient resolution it is necessary to measure
S(Q) with high-flux up to the higher Q region since higher resolution in real space is achieved with
larger Qmax. Since Q is inversely proportional to A, to obtain larger Qmax, short wavelength (hence
— high-energy) is required. Therefore, development of HEXS methods became possible with the
advancement of X-ray synchrotron facilities, providing extremely high photon flux at the short
wavelength.®

The pair distribution function g(r) has a strict physical definition and defined as follows:

9@ = ——=2 %2 8(r — 1)),

ATTPoT2N

Where py is the average number density of atoms, N is the total amount of atoms, ry is the
distance between atoms rand j, and &(7-ry) is the Dirac delta function.

However, it is more convenient to use the reduced atomic pair distribution function G(r) for
computations:

G(r) = 4nrpe[g(r) — 1],

as it can be directly calculated from the total structure factor S(Q) through the formula decribed
above. S(Q) by definition is calculated by measured coherent scattering intensity /°7(Q):

1€7Q) — X il fH(Q)?
| X cif {(Q)?

¢i is the atomic concentration of the element j £(Q) is its X-ray scattering factor. To acquire
[oh(Q) total intensity /(@) needs to be measured and corrected for background, incoherent
intensity, efficiency of the detector and other factors. Therefore, from the total scattering
intensity /(Q) measurements pair distribution function g(r) can be determined, however, there

S =1+
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is a closely-related radial distribution function R(r) which can be derived from g(r) and gives
some intuitive understanding:

R(r) = 4mr?pog(r)

Intensity profiles Reduced pair distribution functions
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Fig. 31. Left: Intensity profiles of the 2D diffraction of Pu sample and PuO; reference, obtained
by HEXS, right: the corresponding reduced pair distribution functions G(r) obtained by Fourier
transformation (FT) of the data with Qmax = 26.0 A™1. Samples were measured at ID15A, ESRF.

Reduced pair distribution functions from Pu samples are shown in Fig. 31(right) and plenty of
information about structure can be obtained directly. The peak position shows the distance of
atomic pairs, the width of peaks gives information about the short-range order and random
atomic displacements. The area of peaks is related to the coordination numbers. The coherence
length of the sample can be estimated by the maximum distance of the oscillations.56¢7

The difference between convenient XRD and HEXS is that in XRD information from diffuse
scattering is lost during background subtraction procedures, while in HEXS this information plays
an important role. To obtain information from diffuse scattering, besides sample, empty sample
holder and air (or other media of the sample) should be measured. The received background
pattern must be subtracted from the total scattering pattern, the resulting pattern gives
information exclusively about the sample and consist of Bragg, diffuse and inelastic scattering
parts. Then the latter part is removed from the data in a dedicated program software PDFgetX3.%®

The experimental system for HEXS measurements will be discussed in 2.5.3. To collect the
scattering data a 2D pixel detector is used with the following correction for detector geometry,
response and transparency. Integration of 2D-diffraction with special software pyFAI®® reveals
1D total scattering function data S(Q), shown in Fig. 31 Left, which subsequently allow to
calculate G(r) through Fourier transformation, using modules from DIFFPY-CMI’® and locally
developed cleaning algorithms.

There are several advantages of HEXS method that should be noted:
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1) HEXS provides data in high Q-range with small scattering angles, giving higher real space
resolution

2) HEXS is a highly penetrative method, thus relatively thick containers can be used for
transmission geometry

3) High flux and collimation of X-rays, provided with modern synchrotrons make it possible
to conduct measurements in severe heating or pressure; time-resolved diffraction
experiments are also achievable

4) With HEXS a rigorous test of atomistic models from theoretical simulations can be
provided.

The main drawback of HEXS is its element insensitivity and therefore information on low dopant
ions (<1%) cannot be obtained.”?

2.5.2.  ID15A beamline setup’?

The experiments with total scattering technique have been conducted at ID15A beamline, ESRF.
Thanks to the 2m-long undulator with period Ay = 22 mm and maximum magnetic field of 0.82T,
ID15A is perfectly suited to exploit high-energy X-ray scattering (HEXS), capable to characterize
the atomic-level structure of polycristalline, nanocrystalline and even amorphous samples. After
the extremely brilliant source (EBS) shutdown of ESRF a 1.5 m-long in-vacuum cryogenic
permanent-magnet undulator is installed, with an increased maximum deflection parameter and
Av = 18 mm, given 20-40 times increased flux with harmonics significantly sharpened and
symmetrized, especially at high-energy. Besides that, a seven-pole wiggler with period A, = 76
mm is used for very high energy applications up to several hundred keV. Wiggler produces high
flux and either white or monochromatic unfocused beam above 150 keV.

It is essential to have a long range of g-space available for measurements, normally to 30 A or
higher to get a higher real-space resolution. A recently developed DECTRIS Pilatus3 X CdTe 2M
detector with high detection efficiency up to 100 keV allows to acquire a perfect signal in second,
as well as to conduct time-resolved experiments (operando and in-situ measurements). Some
operational parameters for the experimental configurations used in EH3 are listed in Table 9.

Table 9. Operational parameters for the experimental configurations used in EH3.

XRD-/PDF-/SAXS High-precision total
CT scattering
Energy, keV 20-140 60-140
Primary optics LLM/DMLM LLM/DMLM
Secondary optics TF/CRL/KB TF
Beam size
Vertical, um 0.3-20 100-200
Horizontal, um 0.3-50 100-200
Spatial resolution
Vertical, um >0.3 um -
Horizontal, um >0.3 um -
Detector Pilatus/Maxipix Pilatus
Goniometer HR HR/HL

The layout of the experimental hutch is shown at Fig. 32.
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Fig. 32. Experimental hutch overview (Figure from Vaughan et al.”?)

2.5.3. HEXS — Examples
2.5.3.1. The local structure and coherent size domains of PuO,
NPs.

There will be two examples dedicated to HEXS measurements, one is again devoted to the PuO;
NPs system, already investigated with XRD, HERFD and EXAFS and second one is about ThO, NP
NPs.

PuO, NPs High energy X-ray scattering data were collected at room temperature at the ID15A
beamline of the ESRF, Grenoble.”?> An incident energy of 120000 eV was selected in order to be
below the Pu K-edge at 121791 eV and to minimize absorption. Data were collected up to 30 A*!
using a Dectris Pilatus 2M CdTe pixel detector. Patterns were corrected for detector geometry,
response and transparency, and integrated using a locally modified version of pyFAI®® with outlier
filtering. F(g) and G(r) were calculated from the resulting powder diffraction patterns using
modules from DIFFPY-CMI’? and locally developed cleaning algorithms. The full profile real-space
refinement of crystal structures based on the pair distribution function G(r) was made using
PDFgui software.”® PDFgui performs a least-squares refinement of the structural model to the
G(r). The parameters refined for the NPs series were lattice parameter a, particle diameter for
the G(r) shape damping function (spdiameter), the data scale factor, and factor which accounts
for low-r sharpening in G(r) due to nearest-neighbour correlations (delta2). Parameters such as
the G(r) Gaussian dampening envelope due to limited Q-resolution and isotropic atomic
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displacement parameters (ADPs) were obtained from the fit of the experimental data of the PuO;
reference and fixed at these values for the refinements of the NPs experimental sets, in order to
minimize the number of refinable parameters and to obtain the most robust values for the
coherent domain size. Free water was also included in the model in order to reproduce the
contribution of water at the short-range order. All samples were fitted in the range from 1.7 to
20 A and the maximum wave vector Q of the data used for the generation of G(r) was settled to
26 Al The Rw value is a goodness of fit measure to show the agreement between calculated and
experimental data. Intensity profiles and corresponding reduced pair distribution function G(r)
are shown at Fig. 31.

Intensity profiles of the 2D diffraction are very similar for all NP samples and bulk PuO;, meaning
long-range structure is the same, though HEXS is capable to detect local structural deviations
from the bulk if they present in nanosized materials. There are some deviations from the bulk in
this case: peak broadening, which is typical for objects of this size, and peak at Q~2.40 A}, that
is also present in the intensity profile of an empty kapton capillary and therefore considered as a
background peak. For most samples this peak was successfully subtracted. The sharpness of
peaks in G(r), being similar for all samples and reference, leads to the conclusion that the short-
range order is also identical. The full profile real-space refinement of crystal structures was made
using PDFgui software.”® PDFgui performs a least-squares refinement of the structural model to
the G(r). The parameters refined for the NPs series are shown in Table 10. G(r) Gaussian
dampening envelope due to limited Q-resolution and isotropic atomic displacement parameters
(ADPs) were obtained from the fit of the experimental data of the PuO; reference and fixed at
these values for the refinements of the NPs experimental sets, to reduce the amount of
parameters to be refined and to obtain the most robust values for the coherent domain size. Free
water was also included in the model in order to reproduce the contribution of water at the
short-range order. All samples were fitted in the range from 1.7 to 20 A and the maximum wave
vector Q of the data used for the generation of G(r) was settled to 26 AL. The Ry value is a
goodness of fit measure to show the agreement between calculated and experimental data.

Table 10. The refined parameter values obtained from HEXS.

Sample Diameter, nm a, A Rw

from Pu(lll) pH >10 1.33(5) 5.384(6) | 0.20
from Pu(IV) pH >10 1.3(2) 5.38(2) 0.29
from Pu(V) pH >10 1.75(8) 5.388(5) | 0.23
from Pu(lll) pH 8 2.07(8) 5.402(4) | 0.18
from Pu(IV) pH 8 1.5(2) 5.39(2) 0.32
from Pu(V) pH 8 1.7(2) 5.39(1) 0.25
PuO; reference - 5.4032(3) 0.11
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Fig. 33. The results of the pair distribution functions (PDFs) fits from all samples and PuO
reference. The experimental reduced (PDFs) G(r) obtained by Fourier transformation (FT) of the

data with Qmax = 26.0 A (black dots), calculated PDFs from the refined structural model (red line)

and the difference curve (green line).

The damping of G(r) giving a visual indication of the coherence length of the PuO, NPs, can be
refined to obtain the average particle size, confirming the direct observation that the NPs
diameters are in the range of 1.3 - 2.6 nm. Strictly speaking, HEXS (and also XRD) provide
information about coherent scattering domain size and sometimes it may differ from particle size
and therefore the real particle size may be underestimated by these methods. Lattice parameter
refinement also proves similarities to the bulk PuOx.

2.5.3.2. The application of HEXS for the structural

characterisation of ThO, NPs.

PuO; NPs were comparatively simple systems to analyse with HEXS. The ThO, NPs turned to be
much more complicated. To obtain NPs, thorium nitrate pentahydrate and 3M sodium hydroxide
were mixed, precipitates were either dried in air at 40 °C (sample 1) or 150 °C (sample 2). Samples
were also measured at ID15A, measurement conditions and the process of data treatment were
the same as for Pu samples. The G(r) obtained after Fourier transform for ThO, NPs and bulk ThO;
are shown in Fig. 34.
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Fig. 34. Unscaled G(r) for ThO, samples and bulk ThO,.

All reference peaks from bulk ThO; are present in the G(r) of the samples, though the peaks are
broader. The behaviour of sample 1 is more complex, with specific Th—Th peaks showing bigger
deviations than the rest. Sample 1 presents an abrupt drop in intensity after the second peak,
corresponding to the first Th—Th distance, and remains low for the rest of the signals. This is not
the case for sample 2, for which the peak intensities decrease smoothly as r increases. According
to the oscillations damping, the upper size limit of NPs is about 4 nm for sample 1 and 6 nm for
sample 2. It is clear evidence of the nanoscale nature of the samples and it was also observed for
PuO; NPs. By direct observation one may see that PuO; and ThO; have close structural properties
such as lattice parameters, ionic radius of actinide(IV) cation and same fcc structural type of
fluorite. Therefore, one may expect that ThO, NPs will have similar behaviour compared to PuO;
analogs. However, the first refinement based on the Pu model was unsuccessful; more
parameters needed to be included, such as isotropic displacement parameters (Uiso) for thorium
and oxygen. In addition, two models were used: the single sphere model, which considers the
sample as an ensemble of identical spherical NPs, and the lognormal distribution of spherical NPs
model. The single sphere model fits the average diameter of the NPs (Psi.e) and the lognormal
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model the mean diameter (Psize) and the variance (Psig2) of the distribution. All results are listed
in Table 11 and fits with data are shown in Fig. 35.

Table 11. Fit results of the ThO, samples obtained with the semi-empirical models.”

Model | Scale | a, A | Th Uiso, A2 | O Uiso, A2 | Psize, nm | PsigZ, nm | Rw
Sample1 | 1sph | 1.49 | 5.610 | 0.011 0.0075 0.93 - 0.30
Sample1 | 1logn | 1.80 | 5.607 | 0.010 0.080 0.5 0.2 0.28
Sample1 | 2sph | 0.13 | 5.616 | 0.009 0.293 3.1 - 0.29
Sample 1 | 2logn | 0.18 | 5.616 | 0.008 0.060 1.5 0.7 0.31
Sample 2 | sph 0.96 | 5.619 | 0.008 0.059 3.6 - 0.17
Sample 2 | logn 1.13 | 5.619 | 0.008 0.063 0.8 0.6 0.12
bulk - 0.57 | 5.600 | 0.004 0.036 - - 0.11

* Psize is the NP size from the spherical model or the mean value of the lognormal distribution. P is the variance of
the lognormal distribution.
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Fig. 35. Data for the samples (black circles) and fit results (coloured lines). Residuals are shown
below the corresponding fits: a) for the sample 1, fit 1 is on the range 1.5-30 A and fit 2 — 8.3-30
A with an extrapolation to 1.5 A (residual is not extrapolated), b) for the sample 2, fit results with
the single sphere (green) and lognormal (red) models. Insets: the envelope functions (solid lines)
for all the fits and lognormal distributions (dashed lines). Top panels show are zooming the high
r range.

Both models are applicable for sample 2 (Fig. 35b), though the results show some differences.
The average size of the NPs according to the single sphere model is 3.6 nm, while for the second
model the mean size is only 0.8 nm and a variance of 0.6 nm with a wide size distribution (shown
at the inset). The envelope functions (also present at the inset) are used to modulate the signal
of the bulk and one can see that for the single sphere model there is no signal after 3.6 nm, while
for the lognormal distribution there are oscillations at the whole r range. These results in slightly
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better correspondence between fit and experimental data compared to the single sphere model
not only at low r, but also at highr.

Two fits were made for sample 1, fit 1 — for the full range (1.5 — 30 A) and fit 2 — for the shortened
range (8.3-30 A). Fit 1 (Fig. 35a, bottom) gives unsatisfactory correspondence with data at r
higher that 10 A for both models, though the lognormal fit 1 is slightly better (see Rw values in
Table 11). Fit 2 provides a satisfying similarity to data above 10 A, but an extrapolation to low r
leads to a significant underestimation of the signal below 5 A and Ry, is slightly better for the
single sphere model. The first conclusion is that neither single NP size nor single distribution can
be used to describe obtained data from sample 1. At low r once characteristic size dominates the
signal and is detected by the fit 1, considering the whole range. Each model is applicable and the
average size is below 1 nm. The presence of the larger particles (determined by the residual
above 10 A) is taken into account by fit 2, where only the signal at high r is considered. To count
the contribution of small NPs another fit model was implemented. It is based on a minimal set of
NPs cut from the bulk ThO,. More details in the work of Amidani and coworkers.”* (Appendix G:
Article 7. The Application of HEXS and HERFD XANES for Accurate Structural Characterisation of
Actinide Nanomaterials: The Case of ThO;)

As a conclusion, new fits describe data better for both samples. It is confirmed that in sample 1
most NPs are small with admixture of larges ones, while sample 2 has a more homogeneous
distribution of sizes. The small octahedral unit cut from bulk ThO; used for the fit is similar to
thorium hexamer clusters, reported earlier in literature.”>~’8 The high flexibility of this method
may help to achieve even more detailed structural information, which could be exploited in
studies on larger data sets.

3. Combinations of methods

Although each of the methods described above can give important results about the
investigated system, in reality, the advantageous approach is to use a combination of methods
to obtain a complementary information. Methods, being combined in different ways may
unravel scientific puzzles and illuminate the most complex chemical cases. Some of them will be
discussed in details in the next subchapters.

3.1. The puzzle of PuO, NPs

Actinide nanoparticles are the excellent systems to show the power of each method
indepentendtly and the power of the method combination. The nanoscience domain often
produces results more extraordinary than any other field. The peculiarities of nanoscale objects
affect their properties.” It is well-known that nanoparticles can exhibit significantly different
physical and chemical properties to their larger material counterparts.There are three
parameters, characterising each nanosystem: size distribution (or at least mean size),
composition (elements and their chemical species) and morphology (including crystallinity) of
NPs. The overview of method possibilities is listed in Table 12. Each method, described here, gives
information about one or several parameters of this classification. PuO, NPs are the perfect
example when the combination of several methods exploiting synchrotron radiation give
complementary information about structural and electronic properties. It has been found, that
so called “colloidal Pu(lV) polymers”, playing an important role in the plutonium migration
processes, are in fact aggregates of PuO; nanoparticles with diameters ~ 2 nm. The exact
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stoichiometry and structure of such nanoparticles remain questionable, especially with respect
to surface hydration and hydroxylation, as well as the purity of the tetravalent oxidation state,
considering the existence of four different oxidation states (with relatively small energy barriers
I, IV, V, and VI) under environmental conditions. Therefore, a variety of methods was used to
characterize PuO; NPs obtained from different precursors and at various pH.

Table 12. A brief summary of methods used for PuO2 NPs characterization. Reproduced from
Gerber et al.*®

Method Information obtained Comments
Local method, which hives statistics only for a
relatively small amount of particles; sample state
can deviate during measurements due to the
high vacuum and possible damage by the
electron beam
Fast measurements (from seconds to minutes
per sample); cannot easily distinguish between
elements with similar Z; atomic level structure of
amorphous substances can not be determined;
nanoparticle peak broadening complicates the
analysis
Fast measurements (from seconds to minutes
per sample); possibility to discriminate between
short-range disorder and random thermal
displacements; to distinguish amorphous,
structurally disordered, and nanocrystalline
materials;
Fast measurements (from seconds to minutes
per sample); any size of objects can be studied

Information about morphology,
particle size, elemental
composition, and crystal
structure with nano-resolution

HRTEM

Information about crystal
structure and coherent
XRD scattering domains; statistically
reliable; the ability to analyze
mixed phases

Information about the local
HEXS structure and coherent size
domains; statistically reliable;

Element selective method,
which gives information about

HERFD ) L (from nm to cm); allows determination of low An
local site symmetry, oxidation . . . S .
. concentrations; provides fingerprint information;
state, and orbital occupancy; e . .
quantitative information can be obtained;
Information about local Time consuming measurements (from minutes
structure (bond distances, to hours per sample); time consuming post- data
EXAES number and type of collection analysis; provides only semi-
neighbours), sensitive to the guantitative estimations of oxidation state
type of absorbing element, impurities; the results are severely dependent

local disorder and size effects on the data quality and may be misinterpreted;
The most straightforward reason to use two (or more) independent methods is the verification
of the results. For example, both HRTEM and XRD can obtain information about size. However,
due to the possible state deviation caused by the electron beam, an agreement between these
methods might be a proof of PuO; NPs immutability during the measurement. Besides that,
HRTEM is a local method, while XRD is statistically reliable therefore one may extend the local
information from HRTEM due to the similarity of the results obtained from local and “global”
methods. It also should be emphasized that HRTEM determines the size of the particles while
XRD gives information about crystallite size. Therefore, similar results lead to a conclusion, that
coherent diffracting crystalline domains and particle size are very close in that case.
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HEXS is another powerful method, complementary to XRD and HRTEM. Like XRD, it gives
statistically reliable information about coherent crystallite size, but its advantage is the
discrimination between short-range order and random thermal displacements. Thus, the
confirmation of bulk PuO; structure for NPs not only in the long range (given from XRD) but also
in the short range (given from HEXS) leads to the conclusion, that there are no local structural
deviations from the bulk.

However, structural information is not researchers only element of concern, especially in case of
actinide studies. The variety of Pu oxidation states and the ease of their mutual transitions
explain the necessity to probe electronic structure properties. Therefore, several methods should
be used when different types of information is required for a full characterization of the system.
HERFD is capable to detect the impurities of other oxidation states and reveal the information of
the local site symmetry. Pu M4 edge measurements on PuO; NPs confirm that regardless of initial
precursor oxidation state and pH, Pu(lV) is the only oxidation state present. This put an end to
the controversial debates around the presence of other oxidation states of the NPs. Besides that,
the spectrum profile of PuO, NPs with bulk PuO; and calculated spectrum confirm that the local
environment of all PuO; is similar to the bulk. In other words, there is no size effect, leading to
the alterations of electronic structure, which was previously observed for CeO; NPs and ThO; NPs
(more information can be found in chapters 2.3.3.4 for CeO; and 2.3.3.5 for ThO; and in the works
38,5080)  Thus it turns out that for CatO, NPs HERFD must be combined with methods, giving
information about structure and size, in order to validate and explain the results with one
another.

Finally, last but not least EXAFS was also used in this study. As HERFD, it is sensitive to the type
of the absorbing element and the local environment, and as HEXS it gives information about local
structure. The information about bond distances, number and type of neighbours, which can be
extracted from EXAFS, is crucial in the case of PuO, NPs. Several groups have investigated PuO;
NPs with EXAFS81-®7 but results are questionable and in disagreement. The key problem is the
first coordination sphere, referring to Pu-O interaction. There are three principal approaches:

1) Asingle Pu-O interaction, the same as in the PuO;
2) Several Pu-O interactions, where coordination of O is varied
3) Several Pu-O interactions, where coordination of O and Pu oxidation state are varied

The first approach is the simplest and based on the fact that PuO, NPs have a structure similar to
the bulk PuO;. In the second approach it is assumed that the first shell is splinted due to the
different Pu-O contributions and therefore several Pu-O paths must be used. The last approach
suggests that Pu(V) (or even Pu(VI)) contributions might be involved in the first coordination
sphere. All models were used in the current study. It is possible to obtain a reasonable fit with
each approach, however, it is evident that some approaches result in misinterpretation. The fit
where Pu(V)-0O interaction was added gives 15% of Pu(V), therefore, it can be easily discarded
thanks to the HERFD results, because this amount of Pu(V) would definitely appear in HERFD
spectra. It was much more difficult to choose between other two approaches. To make a right
decision, EXAFS data were analysed with the Landweber Iteration and Monte-Carlo EXAFS
simulations. The main concept of these simulations is to derive the radial particle distribution
functions directly from EXAFS without shell fit performing. It was found that one Pu-O
contribution is enough to describe the coordination of the first sphere due to the symmetric
shape of the Pu-O shell. The radial particle distribution functions were compared with HEXS
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results and allow us to unequivocally indicate the approach that should be used to define the
local environment of Pu. The full description of simulations as well as shell fit results with
different approaches are described in Gerber et al.*® (Appendix A: Article 1. The missing pieces of
the PuO2 nanoparticle puzzle)

As a final conclusion, it should be emphasized that an application of different methods makes it
possible to obtain reliable information about complex chemical systems. In case of PuO; NPs the
use of various techniques shed light on the mechanisms of the PuO; NPs formation, one of the
fundamental problem of plutonium chemistry. The significance of these results will be discussed
in the last chapter.

3.2. PuO; NPs at low pH

The most recent of our investigations also dedicated to the PuO; NPs, however, in this case it is
acidic and not alkaline media. The solubility of Pu under acidic conditions is significantly higher,
therefore, it was necessary to use higher concentration of Pu (compared to the previous studies).
In all other respects the procedure of synthesis was similar: ammonia aqueous solution was
added to Pu(lV) precursor until pH 1, 2 or 4 was reached. We managed to obtain NPs at these
c