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Synthesis and analysis of simulated nanocrystalline nuclear fuel
Making of doped nanocrystalline SIMfuel through electrochemical reduction
JULIA BERGSTRÖM
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
In this project a procedure for the synthesis of Ce(III) and La(III) doped UO2 SIM-
fuel was tested. The methods include electrochemical reduction of aqueous U(VI),
Ln-doping, co-precipitation of nanometric doped UO2 powder, and pressing and sin-
tering of pellets. The aim was to synthesise SIMfuel with a high degree of dopant
homogeneity and a nanometric grain structure found in irradiated uranium fuel with
high burn-up structure. Four nanometric pellets were made, two with no dopants,
one with 1% La, 1% Ce and one with 1% La, 5% Ce. Reference pellets were also
made through U(VI) reduction in high temperature H2 atmosphere. Elemental com-
position, unit cell dimensions, density, porosity, grain size and dopant homogeneity
were characterised for nanometric pellets and reference pellets. Both types of pellets
were found to have good homogeneity of dopants at both doping levels. The grain
size for the nanometric pellets were found to not actually be nanometric, with a size
range of around 1-25 µm. It is assumed that the high temperature sintering caused
significant grain growth for the nanometric pellets.

Keywords: SIMfuel, Ln-doped UO2, electrochemical reduction, co-precipitation
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1
Introduction

Continued development in the �eld of nuclear chemistry is important for a multi-
tude of reasons. From further improving upon the technology of operational or new
nuclear reactors, to potential recycling of spent fuel and the �nal storage of highly
radioactive waste. Most nuclear reactors use uranium dioxide pellets as fuel in the
reactor core[1]. Over their lifetime in the reactor these fuel pellets develop new chem-
ical and physical characteristics caused by the �ssion of uranium. These changes in
characteristics include, among other things, new elemental composition, in the form
of the �ssion products created from uranium, and crystallographic changes, such as
increase in defects and reduction of grain sizes.

The large amount of various �ssion products in spent nuclear fuel makes it highly
radioactive. This in combination with other factors such as restrictions on how nu-
clear fuel shall be handled and who can use it leads to it being rather di�cult to
study. An alternative would be to create synthetic spent nuclear fuel, called simu-
lated irradiated nuclear fuel (SIMfuel). SIMfuel is made to mimic the properties of
irradiated nuclear fuels while only containing stable isotopes of �ssion products and
non-enriched uranium, making it much less radioactive and thus safer and easier to
handle. The properties sought after in good SIMfuel should represent the properties
of interest in a studied material. For this project those properties is a homogeneous
mixture of the uranium and the �ssion product dopants, as well as a grain structure
found in real fuel close to the rim.

SIMfuel is of speci�c interest to Studsvik Nuclear, a Swedish company working in
the development of sustainable nuclear solutions. Their main interest in further de-
velopment of SIMfuel is for the use as standards in laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS), which is a material analysis technique that
uses a laser on a small area of the surface of a solid sample to ablate surface atoms
for analysis. This instrument gives elemental composition of the sample with lateral
surface resolution. Furthermore, good SIMfuel could be used in general research
on spent fuel by any nuclear scientist in need. The problem lies in the synthesis
of SIMfuel, as creating doped UO2 with a similar grain structure to real fuel has
proved to be rather di�cult[2], [3].

This project aims to try a method of synthesising SIMfuel using electrochemical
reduction of aqueous U(VI) into U(IV), followed by precipitation into nanometric
UO2 particles that are dried, pressed into pellets and sintered. The uranium will be
doped with the �ssion products cerium and lanthanum in solution, before precipi-
tation. Cerium is both a �ssion product in and of itself, as well as a commonly used
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1. Introduction

analog for plutonium. Lanthanum was primarily added as a reference. Only two
�ssion products were chosen as this is primarily a test of the e�cacy of the stated
synthesis method.

The synthesised SIMfuel powders/pellets will be analysed using inductively coupled
plasma mass spectrometry, pycnometry, X-ray di�raction, light optical microscopy,
scanning electron microscopy and energy-dispersive X-ray spectroscopy. This will
yield information about elemental composition, density, open porosity, lattice pa-
rameter, dopant homogeneity and grain size in sintered pellets. Some characteris-
tics that could be important to know, but are not analysed in this project, include
UO2 particle size after precipitation and amount of oxygen relative to uranium and
dopants.

2



2
Theory

This section will go over the theory behind this work as well as describe the methods
used in the synthesis and characterisation, and describe the decisions made during
the process.

2.1 Nuclear reactors

A conventional nuclear reactor generates electricity by boiling water that in turn
spins a turbine driving a generator. The heat used to boil water originates from the
�ssion of �ssile radioactive nuclides such as U-235 and Pu-239[4] inside the reactor
core. Inside the reactor core can be found the nuclear fuel, a moderator, a coolant
and control rods. The control rods, made from a non-�ssile material with a high
neutron absorption cross section, controls the rate of �ssion in the fuel by changing
the depth of insertion into the core. When inserted into the core, the control rods
will absorb some of the neutrons instead of the fuel. The coolant cools the fuel by
carrying away the heat to in turn boil the water that will spin the turbines. The
moderator will slow down the neutrons generated by the �ssion reactions. Newly
freed neutrons have high kinetic energy and are called fast neutrons. They are
too fast to e�ectively get absorbed by �ssile nuclides and must be slowed down, or
loose kinetic energy, until they become so called thermal neutrons. This is achieved
through scattering when colliding with the light atoms of the moderator. Water is
used as both coolant and moderator in most reactors used today, like pressurized
water reactors and boiling water reactors.[1]

The fuel used in most reactors is UO2 pellets made from enriched uranium, contain-
ing 3-5% of the �ssile U-235[4]. The pellets are stacked to form rods and put inside
a cladding tube to physically separate the fuel from the coolant. Many fuel rods are
assembled into an assembly, and multiple assemblies make up the reactor core. A
single nuclear fuel pellet has a lifetime of around 3-6 years inside the core, before
it must be taken out and either be recycled or disposed of. The �ssion reactions
occurring inside the fuel pellets when in use have drastic e�ects that change the
structure and elemental composition of the pellet.
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2. Theory

2.2 High Burn-up Structure

High burn-up structure (HBS) is the name given to the unique structure exhibited by
spent UO2 nuclear fuel pellets in light water reactors. Fuel pellets inside operating
reactor cores will signi�cantly change their chemical and structural properties over
the course of their lifetimes. Figure 2.1 shows a schematic cross-section of a spent fuel
pellet exhibiting HBS. The characteristics of HBS include a reduction of grain size
with increasing distance from pellet center. Before use the pellet has a homogeneous
grain structure, with grain sizes similar to the center of the pellet in the �gure, across
the entire pellet. Over time in the reactor core the larger grains on the rim of the
pellet will break apart into smaller grains because of stress and damage from the
�ssion occurring in the pellet. The reason for a grain size gradient is twofold. The
rim of the pellet will experience more �ssion than the inside, as thermal neutrons
coming from the moderator has a higher likelihood of reacting with �ssile atoms
at the rim, with a diminishing amount of �ssion further towards the center. The
second reason for the size gradient is a temperature gradient in the pellet. UO2 is
a rather poor thermal conductor and therefor the pellet will have a much higher
temperature in the middle than on the rim, with ca. 1300-1500 K at the centre and
ca. 600-800 K at the rim[5]. This means that any smaller grains towards the pellet
centre will combine into larger grains because of the high temperature. The grain
size gradient can be seen with the 5 images in the lower left of Figure 2.1, with the
di�erent colors representing di�erent crystal planes.

Figure 2.1: Schematic cross-section of a UO2 fuel pellet with a high burn-up
structure. Figure reproduced from Mao et al. [6].

Another important property of spent nuclear fuel are the �ssion products (FP).
FP are the new elements formed during the �ssion of a �ssile elements like U-235.
Around 30 di�erent FP elements can be found in spent nuclear fuel, which can be
divided into 4 categories[7]:

ˆ Volatile FP, i.e. noble gases and halogens
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2. Theory

ˆ Metallic precipitates, e.g. Mo, Tc, Ru

ˆ Ceramic precipitates, e.g. Rb, Cs

ˆ Soluble FP, e.g. Y, La, Ce

The �ssion gases accumulate into small gas bubbles inside the pellet, while the
non-soluble solids can form metallic or ceramic aggregates. The elements that can
be dissolved in the UO2 crystal structure includes mostly lanthanides. These will,
because of the random nature of �ssion, be homogeneously distributed in the fuel
matrix at a given radial distance. Although a FP radial gradient will be present
because of the same reasons that give rise to the grain size gradient. Firstly, more
�ssion at the rim leads to a higher initial amount of FP. Secondly, the temperature
gradient present causes FP to di�use preferentially in the direction of decreasing
temperature, as di�usion increases with increasing temperature, and vice versa.

2.3 SIMfuel

Simulated irradiated nuclear fuel, or SIMfuel, is material made to mimic the char-
acteristics of real spent nuclear fuel as described above, while only containing stable
isotopes of the FP. There are a few reasons of interest in making SIMfuel. Spent
nuclear fuel is highly radioactive and therefor di�cult and potentially dangerous to
handle. It is therefor no easy task to analyze and conduct experiments on spent fuel.
SIMfuel that consists of non-enriched UO2 and stable FP isotopes is signi�cantly
less radioactive and by comparison much sader and easier to handle. In using SIM-
fuel it is also possible to study the e�ects a single, or a few, FP have on the fuel, by
selectively choosing which FP to use as dopants. SIMfuel that adequately mimics
the HBS can be used as a replacement of real fuel in experiments or as standards
for the analysis of real fuel, among other things.

It is however di�cult to mimic the properties of HBS in SIMfuel. Previous works
at Chalmers by H. Oliva[2] and I. Lundell & S. Ekman[3] have shown that getting
a su�ciently homogeneous distribution of dissolvable FP in a UO2 pellet is possible
with relatively east methods, while the nanometric (NM) grain structure of the HBS
rim is much harder to replicate. The most reasonable way to create a NM pellet
would be to make it from a NM powder. This is not possible with the primary
method used by both mentioned works, as it requires reduction of solid U(VI) into
U(IV) by heating in the presence H2, where the high temperatures would make
any NM powder grow to a larger size. Therefor another method for the making
of U(IV), or UO 2, which allows the creation of NM UO2 particles is needed. One
possible method is the electrochemical reduction of uranium in aqueous solution,
followed by slow precipitation, producing NM powder.

It was decided that three types of NM SIMfuel was to be made in this project:
undoped UO2, UO2 doped with 1% La and 1% Ce, and UO2 doped with 1% La and
5% Ce. Lanthanum was chosen primarily as an internal standard to be able to easily
compare the pellets with other doped pellets in the future. Lanthanum is also one
of the FP found in spent fuel. Cerium is also a FP in spent fuel, but it was chosen
primarily because it is often used as a non-radioactive analog for plutonium[8]. The
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2. Theory

1% cerium was chosen because that is the amount of plutonium usually found in
spent fuel[4]. Meanwhile 5% cerium was chosen because it is easier to characterize
a larger amount of dopant and to see if homogeneity and grain size is a�ected by a
higher dopant level.

2.4 Synthesis methods

2.4.1 Electrolysis

An electrochemical setup normally includes three electrodes in an electrolyte, con-
nected by wires to a power source. The electrolyte is an ion conducting liquid, often
H2O with salts or other charged species such as acids. Electrochemical reactions
occur on two of the electrodes. When a potential is applied over these electrodes
one of them will act as the working electrode (WE) and the other as the counter
electrode (CE), depending on the sign, or "direction", of the potential. Electrons
will �ow from the CE to the WE through the metallic connection (wires), while a
positive ion, often H+ , �ows from the CE to the WE through the electrolyte, thus
completing the electric circuit. At the WE, also known as the cathode, some species
in the electrolyte will pick up an electron and decrease its oxidation state, known
as reduction. At the CE, also known as the anode, another species will donate
an electron, which travels to the WE, and increase its oxidation state, known as
oxidation.

Oxidation state is essentially the same thing as the charge of an ion. For example an
ion with oxidation state 3 has a charge of +3. For metallic elements the oxidation
state is often denoted with roman numerals, e.g. Fe3+ becomes Fe(III).

A simple example of electrolysis is the reduction and subsequent oxidation of acidic
water. At the WE, hydrogen ions will be reduced and create hydrogen gas:

2 H+ + 2 e � ��! H2

While on the CE, water will be oxidised into oxygen gas and hydrogen ions:

2 H2O ��! O2 + 4 H + + 4 e �

The �rst reaction is called the reduction half-reaction and the second is called the
oxidation half-reaction. Combining the two half-reactions gives the full reaction,
called a redox reaction:

2 H2O ��! O2 + 2 H 2

Any electrochemical reaction needs a certain potential to start. Tabulated poten-
tials for reduction half-reactions are known as standard electrode potentials (E°),
where di�cult to reduce species such as Li+ have low/negative values, while easy
to reduce species such as Au+ have high positive values. This also means that the
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2. Theory

corresponding reversed oxidation half-reaction is favourable with a low E°and un-
favourable with a high E°, such as the oxidation of Li and Au respectively. Electric
potential is not an absolute value such as electric current, there is no universal 0
potential. Potential must therefor be compared to something when measured in
electrochemistry. The most common scale is called the Standard Hydrogen Elec-
trode (SHE) and sets the previously mentioned reduction half-reaction of H+ into
H2 as the zero value. Other scales can be converted between each other linearly by
adding or subtracting corresponding conversion values.

The third electrode in the setup, the reference electrode (RE), is used to measure
the applied potential. To do this a more sophisticated instrument must be used in
the place of a power source, such as a potentiostat that is able to measure and apply
speci�c potentials. The RE is added into the electrolyte together with the other two
electrodes and connected to the potentiostat. The applied potential is now relative
to the RE used. For example an applied potential of 0 V using a Ag/AgCl RE,
denoted 0 V vs Ag/AgCl, will not be the same as 0 V vs SHE, but rather equals
+0.197 V vs SHE[9].

2.4.1.1 Electrochemical reduction of U(VI)

Uranium has two common oxidation states, U(IV) and U(VI). Unless kept stable by
e.g. being in a large UO2 crystal, U(IV) will readily oxidize up to U(VI). Dissolved
aqueous U(IV) or nanometric U(IV) with large surface to volume ratio will oxidize
in the presence of oxygen.

Figure 2.2 shows an electrochemical cell used in this work. This cell consists of a
glass beaker containing the uranium solution acting as the electrolyte, a WE, RE,
a stir bar, and a vial with a porous glass frit containing the CE.

Figure 2.2: A 3-electrode electrochemical setup for aqueous uranium reduction.

The following reactions describe what happens in the cell during the reduction of
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2. Theory

U(VI) into U(IV). Equation 2.1 is the half-reaction occurring on the WE where the
uranium is reduced. Aqueous U(VI)O2+

2 species comes into contact with the surface
of the WE, receives two electrons and forms U(IV), while H+ binds with the O2 �

to form H2O. At the same time half-reaction Equation 2.2 occurs on the CE, where
H2O is oxidized, turning into H+ ions and O2 gas, while donating electrons to the
CE. If U(IV) comes into contact with the CE it will oxidize back into U(VI), therefor
the CE is separated from the bulk solution using the vial. The vial also prevents
the oxygen generated on the CE from going into the bulk solution, which would also
cause U(IV) to oxidize back into U(VI). The CE vial is capped at the end with a
porous glass frit that allows H+ di�usion from the vial into the bulk solution, thus
completing the electric circuit with H+ moving from the CE to the WE.

UO2+
2 + 4 H + + 2 e� �� *) �� U4+ + 2 H 2O (2.1)

2 H2O �� *) �� 4 H+ + 4 e� + O 2 (2.2)

2 UO2+
2 + 4 H + �� *) �� 2 U4+ + 2 H 2O + O 2 (2.3)

Finally Equation 2.3 shows the full redox reaction of the combined half-reactions.
The cell has a net loss of U(VI) and H+ , and a net gain of U(IV), H2O and O2. The
consumption of H+ means that the pH of the solution is increasing during operation,
but the total change in pH is negligible with if the uranium concentration is low
enough. The generated oxygen goes out through the top of the anode vial into
the surrounding atmosphere and, given that the setup is positioned inside an inert
atmosphere glovebox, will be removed by the glovebox's oxygen �ltering system.

2.4.2 Precipitation

U(VI) and U(IV) can be dissolved in low pH aqueous solution, while at higher
pH the U(IV) will precipitate out of solution as UO2. The precipitation of U(IV)
follows Equation 2.4, where the dissolved U(IV) reacts with OH� to form solid UO2

precipitate particles and H2O.

U4+ + 4 OH � �� *) �� UO2 + 2 H 2O (2.4)

When precipitating U(IV), the speed of pH increase will greatly determine the struc-
ture of the solid uranium precipitate. A fast pH change will lead to an amorphous
phase, while a slower increase will give a crystalline phase. If the pH is increased
slowly this will produce NM uranium particles.

Solubility lines for U(IV) and U(VI) are shown in Figure 2.3. Any U(IV) solution
with conditions between the U(IV)O2(cr) and U(IV)O 2 � H2O(am) lines will precip-
itate out crystalline UO2, while above the amorphous line the precipitates will be
amorphous. The graph also has experimental data points, with four points showing
the size of precipitated particles at the given conditions. So if the pH of a U(IV)
solution is brought into the crystalline precipitation region, the uranium will precip-
itate as UO2 nanoparticles (NPs). If however the pH is brought up further into the
amorphous region, a majority of the precipitate will be amorphous UO2. Although
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2. Theory

the pH will pass through the crystalline region, the slow speed of crystal formation
and/or growth will mean that not many UO2 crystals are formed if the pH is raised
at a fast speed. However when UO2(cr) has formed it will stay crystalline at higher
pH values.

Figure 2.3: Graph showing theoretical solubility limits, together with experimental
data, for U(IV) and U(VI) in aqueous solution. Figure reproduced from Gil et al.[10].

The base needs to be added slowly when increasing the pH value into the crystalline
region. This is because when added, the base will take some amount of time to
dissolve homogeneously into the bulk solution. Directly after addition, any U(IV)
in the temporary high pH volume surrounding the base droplet can form amorphous
UO2. To minimize the amount of amorphous UO2, the base is added one drop at
a time with a high stir speed applied to the solution. The four data points in the
graph that do show particle sizes show an increase of size with increased pH, which
is another reason to precipitate at lower pH values if NPs are desired.

Figure 2.4 shows a pourbaix diagram for both cerium and lanthanum in aqueous
perchlorate and water, respectively. It can be seen that Ce(III) remains dissolved
from pH 4 up to pH 9.5 in the water stability region (between the negative sloped
dotted lines). La(III) remains dissolved up to pH 7.5-9.5, depending on concen-
tration. Therefor when precipitating Ce and La doped uranium the pH should be
brought up to around these pH values to be sure that everything has precipitated.
Although if the Ce and La does not precipitate together with the U at pH 1-2, the
dopants will not be homogeneously distributed. Another reason for bringing up the
pH to above 7 is that the precipitated particles will start aggregate at higher values,
which will make it easier to �lter and handle when fully dried.
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Figure 2.4: Pourbaix diagram for cerium in aqueous perchlorate (left) and lan-
thanum in water (right). Unknown concentrations. Figure reproduced from Um.[11].

2.4.3 Vacuum �ltration

A method to quickly separate the bulk of a liquid from solid particles is through
�ltration. Vacuum �ltration works by pouring the supernate liquid and precipitate
particles onto a �lter paper inside a funnel. A vacuum is applied on the other side
of the �lter paper using e.g. a vacuum ejector or pump. The vacuum suck the
liquid through the �lter, leaving the particles behind, given that the �lter pore size
is smaller than the particles. The now moist particles can be taken out of the funnel
and be dried fully either in open air or inside a desiccator.

2.4.4 Pellet pressing and sintering

Powder is added into a pressing die, a cylindrical mold with two movable pressing
rods on either side of the powder. The die is put inside a pressing machine that
applies a large force on the pressing rods. Even hand-operated presses can apply
forces of multiple tons onto a pellet area of often below 1 cm. A �ne powder must
be used to press good pellets, therefor any aggregated powder must be ground down
using e.g. a mortar and pestle or grinding machine. Otherwise any larger and
harder aggregates might not break apart during pressing and form a more rough
pellet surface. After pressing at su�cient pressure the newly formed pellet will hold
together but can still break if handled too roughly.

Sintering is a technique where a solid material is heated inside a furnace at a high
temperature, which is below the melting point of the material, to increase the density
of the material. The high temperature allows the particles of the pressed pellet to
compact through surface and bulk transport, lowering their surface energy. This
means that smaller particles, which have a higher surface area compared to larger
particles of the same volume, will sinter faster.[12] The result is a reduction in
porosity and stronger binding between particles, which during sintering turn into
grains of the crystal. The sintering process will also increase the grain size.

A method for sintering UO2 is to put the pellets in crucibles capable of handling
high temperatures, and inserting into a furnace. When heating up to the maximum
chosen temperature, the rate of heating needs to be considered. NM UO2 made from
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the electrochemical precipitation method will have some amount of water bound to
the large surface area of the pressed pellet. If the temperature is raised too quickly
around 100°C the water could vaporize violently, causing cracking in the pellet.
Other impurities or possibly properties of the material, such as thermal expansion,
could also a�ect the pellet negatively if the heating rate is too fast. After reaching
the maximum temperature the furnace holds for a determined amount of time before
cooling down to room temperature at a similarly cautious rate.

A gas mixture �ow of inert and reducing gases, such as a noble gas and H2 needs to
be applied inside the furnace when sintering UO2, or anything else that can react
with O2. Even though the pressed UO2 pellet is kinetically stable to oxygen at room
temperature, it will react at higher temperatures. The H2 is added to the gas to
reduce any possible U(V) and U(VI) in the pellet.

2.5 Characterisation techniques

2.5.1 Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis spectroscopy is a non-destructive analysis technique used to gain informa-
tion about a sample's light absorption capabilities. The sample is diluted in a
liquid with low absorption, in a small glass cuvette, and placed inside the UV-Vis
spectrophotometer. Inside is a light source and a wavelength selector, capable of
emitting selective wavelengths of light from ultra violet to visible light, and often
into the near infrared region as well. The monochromatic light is shone on the sam-
ple and, optionally, a reference cuvette containing pure dilution liquid. The light
passes through both cuvettes and a detector on the other side measures the inten-
sity of the light that passes through. Thus, if a spectrum of many wavelengths are
analysed, an absorption spectrum graph can be made by plotting the inverse of the
light intensity over wavelength. The absorption spectrum from the reference sample
is subtracted from the main sample spectrum. Absorption spectra are unique for
each type of sample and can be used as identi�cation.[13] Also, di�erent oxidation
states of the same element have di�erent spectra, and thus UV-Vis can be used to
di�erentiate between U(VI) and U(IV).

The height of absorption peaks are dependent on the amount of sample in the analy-
sis cuvette, which means that UV-Vis can also be used for concentration analysis. All
absorption peaks for all types of samples have a so called extinction coe�cient which
can be used to convert absorption to concentration using Beer-Lamberts law:[13]

A = "lc (2.5)

Where A is the absorption," is the extinction/absorption coe�cient, l is the optical
path length (which is usually equal to 1), and c is the concentration. However, the
relationship between concentration and absorbance is only linear up to a certain
concentration, after which Equation 2.5 stops working.
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2.5.1.1 Uranium light absorption

Figure 2.5 shows the absorption spectra for both U(VI) (blue) and U(IV) (red). The
U(VI) "zero line" on the right is raised compared to the U(IV) zero line on the left,
because U(VI) has no reference sample. As can be seen, the two spectra are distinct
and can mostly be easily di�erentiated. The U(IV) left most peak does overlap with
the most prominent U(VI) peaks, which makes it harder to di�erentiate the two
spectra when the U(IV) absorption is higher than that of U(VI). When UV-Vis is
used to see if there is any signi�cant amount of U(VI) remaining after electrolysis,
it is therefor best to use the left most peaks of the U(VI).

Figure 2.5: Absorption spectra for U(VI) (blue) and U(IV) (red) in 1 M HClO 4(aq).
U(VI) has a concentration of 0.09 M, and no reference sample. U(IV) has a concen-
tration of 0.009 M, with a 1 M HClO4(aq) reference sample.

2.5.2 Inductively coupled plasma mass spectrometry (ICP-
MS)

ICP-MS is a sensitive mass spectroscopy technique used for the detection and quan-
ti�cation of atoms in a sample. The measured sample is most often dissolved in
a liquid, and diluted down to the range of atomic ppb, so as to not overwhelm
or damage the detector. The sample can for example be dissolved in water or an
acid such as HNO3. The sample liquid is pumped into the instrument where the
ICP breaks it down into its atomic constituents which are then also ionized. The
ICP uses an induction coil to turn argon gas into a plasma, which in turn ionizes
the sample. The ions then move into the MS, which works like an ordinary mass
spectrometer and typically consists of an ion focusing lens, a quadrupole mass �lter,
and a detector. The quadrupole �lters out the ion masses selected by the operator
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to be analyzed, which move to the detector which measures the ions in counts per
time unit. An ICP-MS is sensitive enough to distinguish between di�erent isotopes
of the same element.[14]

To turn the counts detected by the instrument into concentration of the sample,
a series of standards must be used. The standards contain a known amount of
the elements that are to be measured, with a concentration range around what
the sample is expected to have. The standards are measured at right before the
sample(s), and their counts per second (cps) results are used to graph the linear
relationship between cps and concentration.

2.5.3 Helium Pycnometry

Pycnometry is a technique used for the measurement of solid sample volume. It
measures the volume of the solid material together with the volume of any closed
pores inside the material. Closed pores are volumes of open space in the sample
which are completely closed o� from the outside. Helium pycnometry speci�cally
uses He gas to measure sample volume, using the pressure-gas relationship of Boyle's
law. The sample is placed inside a sealed container with known volume, and He gas
is pumped in. The instrument then measures the pressure in the container after
pumping in a known amount of He. The pressure is then converted into sample
volume. The reason closed pore volumes are added to the sample volume is because
the He gas can't go through the solid sample walls.[15]

The measured volume of a sample can vary from day to day. A standard with a
known volume is therefor measured before the sample(s), and the di�erence between
the measured volume and actual volume of the standard is later used to correct the
error in the sample's measured volume.

2.5.4 X-ray di�raction (XRD)

There are two general types of XRD; single crystal XRD, and powder XRD (PXRD),
which was the type used in this work. PXRD is a technique used to analyze crys-
talline powder. The information gained include the structure and size of the crystal
unit cell, presented in the way of X-ray di�ractograms. Di�ractograms show counts
per second over the measured angles,2� .

A PXRD instrument works by shooting a monochromatic (though in reality it is of-
ten a bit more than one) X-ray at the powder sample. The X-rays are re�ected on the
sample and travel up into a detector that measures the intensity of re�ected X-rays,
in the form of counts per second. The way X-rays interact with crystalline materials
means that constructive or destructive interference occurs, leading to variation in
the intensity of re�ected light reaching the detector. As such, during a measure-
ment, the angle of the X-ray source, and detector, is varied from low to high, or vice
versa. This creates the aforementioned di�ractograms, where only certain angles,
dependent on the structure of the sample, will show constructive interference and
create a peak in the di�ractogram.[16] Figure 2.6 shows two X-rays re�ecting o� of
two adjacent crystal planes at an angle which allows for constructive interference.
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Figure 2.6: Image showing Bragg re�ection from crystal planes with constructive
interference. Blue dots are atoms, d is the atomic interplanar spacing and� is the
incident angle.[17]

Constructive interference only occurs when the di�erence in path length for the X-
rays, F to G to H in the �gure, is equal to the X-ray wavelength times an integer.
An equation for where constructive interference occurs can be summarised with the
Bragg equation:[16]

n� = 2dhkl sin(� hkl ) (2.6)

Where n is and integer,� is the X-ray wavelength, d is the interplanar spacing,�
is the incident angle (or Bragg angle) and the subscripts hkl are the miller indices,
integers used to de�ne speci�c atomic planes. A second equation exists to calculate
unit cell dimension, or lattice parameter, for cubic unit cells:[16]

dhkl =
a

p
h2 + k2 + l2

(2.7)

Where a is the lattice parameter. With these two equations it is possible to use
the data from PXRD, di�raction peak angles � , to calculate the lattice parameter,
given that the unit cell is cubic and that the miller indices for each peak is known.

2.5.4.1 UO 2 unit cell

UO2 is a crystalline material with a face centered cubic fm�3m "�uorite structure"
unit cell.[18] Figure 2.7 shows the unit cell for UO2, where the gray atoms are U and
the red atoms are O. The exact lattice parameter for UO2 varies with the amount
of oxygen, as real UO2 is often slightly oxidised into UO2+ x , where x<1. There also
appears to be various studies that report di�erent lattice parameters independent of
oxygen fraction. A study claiming to have accurately measured the lattice parameter
puts it at 5.47127� 0.00008 Å at 20°C for UO2.000� 0.001.[19]
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Figure 2.7: Unit cell for UO2. Gray atoms are uranium and red atoms are oxygen.

When UO2 is doped with Ce and La, or any other dissolvable element, the lattice
parameter will change. Doped Ce or La will occupy a position normally taken by U
in the unit cell. The size of the dopants relative to U will determine if the unit cell
will expand or contract. Table 2.1 shows the ionic radii of U, Ce, La and O as they
would be in a UO2 unit cell. UO2 doped with Ce(IV) would shrink in size as Ce(IV)
is smaller than U(IV), and they have the same oxidation state. This has also been
shown experimentally.[20]

For La(III) doping the system must be charge balanced as La(III) has a lower oxi-
dation state than U(IV). This could occur through the creation of O vacancies, or
the oxidation of U(IV) into U(V) and/or U(VI). If O vacancies occur, the lattice
parameter should decrease since the size of O(-II) is larger than two times the dif-
ference between U(IV) and La(III) (one O vacancy for every two La). On the other
hand if instead U(IV) is oxidised then should the lattice parameter increase since
La(III) is larger than both U(IV) and U(VI). Experimental results show that La
doping increases the lattice parameter of UO2[21].

Ce(III) doping would likely act similar to La(III) doping, if it weren't for the fact
that Ce(III) could possible oxidise to Ce(IV). Experimental results have shown that
Ce(III) doping a�ects the lattice parameter in a similar manner to Ce(IV), that is
decreasing the parameter[22]. It is therefor possible that most Ce(III) oxidises into
Ce(IV).

2.5.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopyby Nanoscience Instruments[24] was used as source
for the following section.
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Table 2.1: Ionic radii for 8-coordinate U, Ce, La, and 4-coordinate O.[23]

Species
Ionic radii in
UO2 unit cell [pm]

U(IV) 114
U(VI) 100
Ce(III) 128.3
Ce(IV) 111
La(III) 130.0
O(-II) 124

SEM is a microscopy technique with better resolution than normal light microscopes,
down to 1 nm for the best SEMs. It is used to image small sample details and
roughly di�erentiate between di�erent elements, among other things. An SEM uses
high energy (high speed) electrons, instead of photons, to image a surface. Electrons
with su�ciently high kinetic energy, or accelerating voltage, will have a wavelength
smaller than visible light. At, for example, an accelerating voltage of 10 kV, the
electrons will have a wavelength of 0.0122 nm, compared to the 400-700 nm range
of visible light.

An electron source (or gun), which emits the electrons. There are a few types of
electron sources, including a tungsten �lament, a solid-state hexaboride crystal and
a �eld emission gun (FEG). A FEG is a tungsten wire ending in a sharp tip. An
applied electric �eld is used to accelerate electrons towards the tip, while another
�eld applied to the FEG tip extracts the electrons through electron tunneling.

A set of electromagnetic lenses reduce the diameter of the electron beam, and �nally
focuses the electrons on a small spot on the surface. Scanning coils are then used
to de�ect the beam so that it moves across the surface in a raster scan motion.

Most SEMs have two electron detectors to detect the two "important" types of elec-
trons emitted from the sample surface, backscattered electrons (BSE) and secondary
electrons (SE). BSE are electrons from the electron gun that enter the sample and
are scattered back out by �ying close enough to the nucleus of a sample to turn
around ca. 180°. Using BSE it is possible to di�erentiate between elements with
a larger mass di�erence, as an atom with more protons will scatter more electrons
than one with fewer protons. The SE come from the primary electrons knocking out
an electron from a sample atom, which then goes out of the sample. An intrinsic
di�erence between BSE and SE is that the BSE will have higher kinetic energy than
the SE. It is therefor possible to separate them by applying a �eld that will bend
the path of the SE to the side, while the path of the faster BSE is not a�ected as
much.

Because BSE have a higher energy they, manage to come back out of the sample from
a deeper inside than SE, called penetration depth. Furthermore, since the primary
electrons entering the sample spread out the further down they go, creating a droplet
shape in the sample, BSE electrons originate from a larger surface area than SE. SE
therefor give better surface resolution and topographical information than BSE. The
sample needs to be electrically conductive to some degree, as otherwise electrons will
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build up on the sample during measurement.

Finally the data collected by the detectors are sent to a computer that reconstructs
it into an image, where points with a high electron emission are colored more white
while points with low electron emission are colored more black/dark. This creates
a black and white image of the sample surface.

The last vital component of the instrument is a vacuum pump. The primary pur-
pose is to protect the electron gun, as it would be damaged if it were turned on
without a vacuum. The level of the vacuum therefor needs to increase with a higher
accelerating voltage. Another reason for the vacuum is to prevent electrons from
interacting with anything other than the sample.

2.5.5.1 Energy-dispersive X-ray Spectroscopy (EDX)

EDX, also known as EDS, is another analysis technique that is integrated into many
SEM instruments. It is used to characterise the elemental composition of the sample
surface. When a SE is emitted from an atom, an electron from a higher orbital
will fall down to �ll the vacant spot, and in the process an X-ray will be emitted.
Emitted X-rays are characteristic to whatever element emitted them, and as such
can be used to determine the elemental composition of the sample. A SEM capable
of EDX will also have a detector for X-rays, capable of di�erentiating between
di�erent wavelengths and measuring their intensity. An intensity over wavelength
graph is made for any point analysed, and peaks are compared to a database with the
characteristic wavelengths for all elements. This then gives the atomic composition
of the analysed point. Like SEM imaging, multiple points can scanned to analyse
for example single lines or an area.
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3
Methods

3.1 Pellet Synthesis

In total seven di�erent pellets were made using two methods; the electrochemical re-
duction method, yielding nanometric UO2 powders/pellets, and the standard "ADU"
method. The ADU pellets were made as a reference to compare with the nanometric
pellets made from the electrochemical reduction method.

Four NM pellets were made, two with 100% U, one doped with 1% La(III) and 1%
Ce(III), and one doped with 1% La(III) and 5% Ce(III). The three reference pellets
were made with 100% U, 1% Ce(III) doping and 5% Ce(III) doping, respectively.

The method for making the NM pellets used in this project largely follows the
methods presented in R. Jovani-Abril's dissertation on the making of NM UO2 [25].

3.1.1 Glovebox handling

The entire NM pellet synthesis up to and including pellet pressing was performed in
inert atmosphere so as to not oxidize the NM uranium. All steps, excluding pellet
pressing, were performed inside a positive pressure glovebox with an N2 inert gas
atmosphere with 0.1 ppm O2. The amount of oxygen could usually go up to 0.7 ppm
during use, and a few times went temporarily higher (maximum recorded was 10.6
ppm) because of minor incidents such as bringing in sealed containers containing
standard atmosphere.

To take items into a glovebox they must go through a vacuum airlock antechamber
to bring oxygen levels down to the same level as in the glovebox. The procedure
for items that can handle full vacuum is to bring down to "full" vacuum (-100 kPa)
and back up to glovebox pressure (�ushing) three times before bringing in the item.
For items that can not handle full vacuum or might be damaged such as liquids or
electronics, the general procedure is to �ush down to -90 kPa 7-8 times.

3.1.2 Nanometric pellets

U(VI) was reduced in a perchloric acid solution to U(IV) through electrochemical
reduction, precipitated using ammonium hydroxide, �ltered and dried, pressed into
pellets and then sintered in a tube furnace.
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3.1.2.1 Stock solutions

A 0.1 M U(VI) stock solution was prepared by adding 23.92 ml of 2.09 M UO2(NO3)2

� 6 H2O in two centrifuge tubes �lled with concentrated ammonium hydroxide (NH3(aq)).
The tubes were centrifuges at 4000 rpm for 5 min. The NH3(aq) was decanted leav-
ing the solid uranium precipitate in the tubes. The tubes were washed with MQ
water and centrifuged again at the same settings, and the water was decanted. The
precipitate was added to a beaker with 500 ml of 1 M perchloric acid (HClO4(aq)),
and was stirred and heated until it dissolved.

A 50 mM Ce(III) stock solution was made by adding 2.1870 g of Ce(NO3)3 � 6 H2O
directly to 100 ml of 1 M HClO4(aq).

A 50 mM La(III) stock solution was made by adding 2.1598 g of La(NO3)3 � 6 H2O
directly to 100 ml of 1 M HClO4(aq).

Inductively coupled plasma mass spectrometry (ICP-MS) was performed on all stock
solutions to determine more accurately the �nal concentrations. The concentrations
for the uranium, cerium and lanthanum stock solutions were measured to be 91.9
mM, 33.7 mM and 42.6 mM respectively.

All stock solutions and other liquids such as MQ water and 1 M HClO4(aq) was
bubbled with N2 gas for around 20-30 minutes depending on volume, so as to remove
dissolved O2 in the liquids, before they were moved into the glovebox.

3.1.2.2 Electrochemical reduction

A Metrohm DropSens� Stat-i 400s was used for the electrochemical reduction. A
saturated calomel electrode (SCE) was used as the reference electrode and a Pt
spiral electrode was used as counter electrode. For working electrode a reticulated
vitreous carbon electrode (or glassy carbon foam electrode) was used for the �rst
reduction but reduction batches 2-4 used a Pt spiral electrode as working electrode.
A ca. 100 ml glass beaker with accompanying lid and a stir bar was used for the
reduction. All electrodes were generally inserted as deep into the solution as possible
without hitting the stir bar. The counter electrode was furthermore put inside a
smaller glass vial with a glass frit at the end, so as to both prevent generated oxygen
from going into the bulk solution and prevent U(IV) from re-oxidising at the counter
electrode, while still allowing a �ow H+ between electrodes. Figure 3.1 shows the
setup with the two di�erent working electrodes that were used.
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Figure 3.1: Electrochemical setup with glassy carbon working electrode (left) and
platinum working electrode (right)

Di�erent applied potentials were tested to see how they a�ected reduction speed,
and the �nal general procedure ended up as: start a new batch with -0.45 V vs SCE
for ca. 3 h, change to -0.6 V for ca. 6 h and then change again to a �nal potential
of -0.65 V for ca. 8 h. Figure 3.2 shows the exact reducing potential applied over
time for each batch.

Figure 3.2: Graph showing the exact runtime with corresponding applied potential
for all NP batches. Circles indicate independent run segments.

The 4 batches reduced had three di�erent amounts of doping. Batch 1 had ca. 70
ml of U(VI) stock solution. An unknown amount of batch 1 was also thrown away
when doing UV-Vis. Batch 2 was also 100% UO2 and consisted of 65 ml of U(IV)
stock solution, although an unknown but likely smaller amount was removed when
testing di�erent electrodes. Batch 3 was doped with 1 mol% Ce and 1 mol% La
and 98 mol% U, ignoring the oxygen in the �nal powder/pellet. It consisted of 1.93
ml or 2.0254 g Ce stock solution, 1.54 ml or 1.5550 g La stock solution and 68.07
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ml or 71.5094 g U stock solution. Total volume was 71.54 ml. The lanthanum was
added after the electrochemical reduction. Batch 4 was doped with 5 % Ce and 1%
La, and consisted of 9.95 ml or 10.6399 g Ce stock solution, 1.56 ml or 1.5810 g La
stock solution and 68.53 ml or 72.29 g U stock solution. Total volume was 80.04 ml.
The reported volumes of stock solution for B3 and B4 was the amount taken with
a micropipette, which was then weighed on a scale which are the reported masses.

3.1.2.3 UV-Vis spectroscopy

UV-Vis spectroscopy was used to determine state of reduction. Since the total con-
centration of uranium is relatively high, it is impossible to use UV-Vis to determine
concentration of U(IV) when the uranium is almost fully reduced, without diluting
the UV-Vis sample. Therefor in order to avoid diluting the samples, the U(VI) peaks
in the spectra were instead used, and when their values were negligible compared to
the U(IV) peaks the reduction was deemed complete.

A VWR UV-6300PC Double Beam Spectrophotometer was used for the UV-Vis
spectroscopy. A sample of the uranium solution was added to a UV-Vis vial with
screw on lid to prevent oxidation of sample. An identical vial with pure 1 M
HClO4(aq) was used as reference. The instrument scanned wavelengths 700 nm
to 350 nm with a step size of 0.2 nm, and an instrument setting called "precision"
was set to 10 which corresponds to a scan speed of ca. 5.4 nm/s. The uranium sam-
ple was then brought back into the glovebox and added back to the bulk electrolysis
solution.

3.1.2.4 Precipitation

After full reduction the uranium was precipitated using 0.5 M and 1 M NH3(aq).
The solution was transferred to a 250 ml glass bottle. A VWR pH 1100 L pH meter
was used to measure the pH of the solution. The solution was stirred at between 500
to 800 rpm, increasing stir speed as the volume increased. The NH3(aq) was added
drop by drop so as to increase the pH slowly. For batch 1, 2 and partially 3 the
NH3(aq) was added by hand using two di�erent 1 ml transfer pipettes, and therefor
the total amount of NH3(aq) or speed of addition was not properly recorded. For
batch 4 and partially batch 3 the NH3(aq) was added using a burette. 1 M NH3(aq)
was generally used in pH ranges where the pH increased little per drop, and 0.5 M
NH3(aq) was used when the ph increased rapidly.

The pH was brought up from 0 to between 1-2 in ca. 1.5 h, and was then left to
sit for a few hours to a few days. More NH3(aq) was added over ca. 30 min to a
�nal pH of 8.5. Table 3.1 shows the pH values for each batch after the �rst addition
of NH3(aq), where the pH meter was not calibrated for B1 so the real pH value is
unknown. It also shows the pH values after reaching equilibrium, as well as the �nal
pH of the liquids.
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Table 3.1: Table showing the ph values for each batch directly after the �rst
addition of NH3(aq), after reaching equilibrium (pH stops decreasing), and after the
second/�nal addition.

Batch
pH after
�rst addition

pH after
equilibrium

pH after
�nal addition

B1 n/a 0.75 8.51
B2 1.7 1.48 8.60
B3 1.5 0.99 8.50
B4 1.93 1.66 8.54

Table 3.2 shows the exact amount of NH3(aq) added, speed of addition and the ph
values after each addition. The last two additions were performed four days later
when the solution had equilibrated, hence the big jump in pH. To precipitate batch
4 an equivalent total volume of ca. 84.5 ml 1 M NH3(aq) was used.

Table 3.2: Table showing the precipitation of batch 4, with the equivalent amount
of 1 M NH3, the corresponding drop rate and pH levels after each addition of NH3.

1 M NH 3(aq)
equivalent [ml]

Average drop
rate [ml/min]

pH before pH after

10 0.53 -0.039 0.166
25 1.39 0.166 0.759
12.5 1.04 0.759 1.310
10 1,00 1.310 1.597
10 1.11 1.597 1.928
10 0.83 1.664 7.42
7 0.58 7.37 8.576

3.1.2.5 Filtering and drying

The precipitate suspension was �ltered on a Cytiva 0.2µm nylon membrane �lter
paper to separate the liquid from the particles, using a standard vacuum �ltering
setup with a vacuum pump located outside the glovebox. Two �ltrations were carried
out per batch as there were too many particles to �lter everything in one go. The
particles were washed with MQ water two times. The particles were put inside two
plastic beakers, spread out as much as possible to increase surface area and put
inside a desiccator with silica gel for drying. They were kept inside the desiccator
until the next batch of particles were ready, which was around one week. However,
drying in the glovebox without a desiccator appeared to take about as long time.

The procedure to connect and disconnect the vacuum pump without letting oxygen
into the glovebox was as follows: connect vacuum hose to Büchner �ask, unscrew
cap nut on the outside of the glovebox, connect pump to glovebox, turn on pump,
�lter and wash the particles, disconnect hose from Büchner �ask, hold hose in the
air so as to not suck out any particles, disconnect pump from glovebox, screw on
cap nut, cap the hose end inside the glovebox with �nger, turn o� pump, and pump
out air inside hose using glovebox airlock intake.
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3.1.2.6 Powder grinding and pellet pressing

After drying, ca. 0.9 g of the aggregated particles were ground into a �ne pow-
der using a mortar and pestle. Table 3.3 shows the amount of particles used for
each pellet before grinding, together with powder/pellet dopant concentration. The
mortar was placed on a clean piece of paper, and an ad hoc paper cylinder made
from taped together paper tissues was placed around the mortar to catch particles
escaping during grinding, so that they could be added back into the mortar.

Table 3.3: NM pellet powder masses before grinding, and nominal pellet dopant
concentrations.

Pellet
Powder
mass [g]

at%
La

at%
Ce

B1 0.9043 0 0
B2 0.9150 0 0
B3 0.9808 1 1
B4 0.9357 1 5

The powder was added into a 9 mm wolfram carbide pressing die. The die, together
with a metal cylinder used to help press out the pellet from the die, was sealed in
two plastic bags before being brought out of the glovebox. The pressing die was kept
inside the bags during the whole pressing to keep an inert atmosphere. The pellet
was pressed at a force of 1.5 tons which, using Equation 3.1, equals 232 MPa. The
applied force decreased over time and needed to be continuously brought back up
to 1.5 tons for the 30 minutes it took for the pellet particles to settle. The pressed
pellets were stored in the glovebox until all were ready for sintering.

P ressure =
m � g
r 2 � �

(3.1)

Were m is the mass 'force' applied by the press, g is the gravitational acceleration
and r is the die radius.

3.1.2.7 Sintering

An Entech ETF 30-50/18 tube furnace was used for sintering, using an alumina tube
and crucible. During sintering a 1 l/min 5%H2, 95%Ar gas �ow was applied. All
seven pellets were sintered together three times at 1200°C, 1650°C and 1750°C. The
three temperature pro�les are shown in Figure 3.3. After sintering the pellets were
weighed and measured using a caliper to calculate their densities. When sintered
the pellets were stable enough to be stored and handled outside the glovebox.
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Figure 3.3: Temperature pro�les for the 3 sintering steps. First sintering was kept
at 1200°C for 4 h. Second sintering was kept at 150°C for 30 min and 1650°C for
4 h. Third sintering was kept at 1750°C for 3 h.

3.1.3 Reference pellets

Three UO2 reference pellets were made with no dopants, 1% Ce and 5% Ce, using
a method which is sometimes (erroneously) called the ADU process. No part of the
reference pellet synthesis was conducted inside the glovebox.

0.9604 g and 5.0212 g of a 0.084 M Ce nitric acid solution was added to two vials,
to make the 1% and 5% Ce doped UO2. 4 ml 2.09 M uranyl nitrate was added to
each vial. The contents were poured into two separate centrifuge vials containing
small stir bars, and was stirred on a stir plate. Over 10 ml NH3(aq) was added to
each vial to precipitate the uranium and cerium. The vials were centrifuged at 4000
rpm for 5 min. The ammonium was decanted and ethanol was added to dissolve the
solid substance. The ethanol and doped uranium was added into separate plastic
beakers and left to dry. The undoped UO2 was made by simple adding NH3(aq) to
4 ml 2.09 M uranyl nitrate and left to dry.

Almost two months later the dry powders were reduced in a tube furnace. The
powders do not require anywhere near two months to dry. The powders were added
into 3 separate alumina crucibles and the stir bars were removed before the crucibles
were put int the furnace. The temperature pro�le was 0°C to 200°C, 3 °C/min, to
1200°C, 10 °C/min, hold 3 h, back down to 0°C, 10°C/min. A 5% H 2, 95% Ar gas
with �ow rate of 1 l/min was applied inside the tube.

The reduced powders were ground by hand with mortar and pestle into a �ne powder,
which was thoroughly cleaned with ethanol between each powder. The powders were
pressed into pellets with an applied force of 1.5 ton. They were then sintered together
with the NM pellets. The amount of ground powder used for each pellet, together
with pellet dopant concentrations, is shows in Table 3.4.
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Table 3.4: Reference pellet powder masses before sintering, and nominal pellet
dopant concentrations.

Pellet
Powder
mass [g]

at%
Ce

R1 0.9324 0
R2 0.9077 1
R3 0.8963 5

3.2 Characterisation

All of the following methods were conducted outside the glovebox in normal atmo-
sphere.

3.2.1 ICP-MS

A Thermo Scienti�c iCAP Q ICP-MS was used on stock solutions and uranium
powders to ascertain their elemental composition. All measurements used 0, 1, 5,
10, 25, 50 and 100 ppb standards for the respective elements, with 1 ppb Bi internal
standard. To measure the powders a small amount from what was left after making
pellets was taken, weighed and dissolved in strong nitric acid (HNO3(aq)). Then
the solutions were diluted two times so that the concentration of analyte in the �nal
solution should lie close to 1-100 ppb. The standards were measured to later create
a line equation relating counts per minute to concentration in ppb. Excel was used
to analyze the data. For the stock solutions the concentration of the origin solution
was calculated, while for the powders only the relative quantity of U, Ce and La
after being dissolved was needed to get the atomic percentages in the powders.

3.2.2 Pycnometry

A micromeritics AccuPyc II 1340 Gas Pycnometer using helium gas was used to
measure the volume of each pellet. This instrument is blind to open porosity so the
measured volume excludes the volume of open pores in the sample. This volume was
then used to calculate a more accurate density for each pellet. Before measuring of
the pellet volume a steel ball with a known volume was measured to later calibrate
the measured volumes with regards to the pycnometers deviance. Since the pellets
were too small to get accurate measurements a small screw with a measured volume
was added together with each pellet and the screw volume was subtracted from the
total volume to get the pellet volume.

3.2.3 PXRD

X-ray di�ractograms for all pellets were taken using a Bruker D2 Phaser Tabletop
Powder X-ray Analyzer. The sintered pellets were broken into 2-4 pieces using a
�athead screwdriver and rubber mallet. The largest pieces were kept to later be
used for Light Optical Spectroscopy (LOM) and SEM. One or two smaller pieces
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of each pellet were ground down into a �ne powder using a pestle and mortar, the
equipment cleaned thoroughly with ethanol between each use.

The powders were taken into the glovebox where the instrument was kept and added
onto a zero background holder. The powder was �attened using the short side of a
glass pane to avoid selective alignment of crystal facets.

The data was analyzed using the DIFFRAC.EVA software and compared to a
database of x-ray di�raction results to ascertain unit cell and estimate lattice pa-
rameter. This is to see that the powders have the UO2 crystal structure and how
the doping a�ects the lattice parameter.

3.2.4 Pellet grinding and polishing

All pellets were �rst polished by hand but this gave unsatisfactory results when
viewing the pellets in the LOM.

To get better results from LOM and SEM the pellets were grinded and polished
using a Struers LaboForce-50 polishing instrument. To use this instrument the
pellets were �rst encased in larger epoxy pellets, which is necessary for them to �t
in the instrument, prevents them from breaking apart during grinding and helps
prevent pieces of the pellets from contaminating the LOM and SEM instruments.
All 7 pellets were encased in 4 pellets, with B1 being alone and the other NM pellets
paired with their respective reference pellets. The epoxy was made with 5:1 g resin
to hardener and left to harden over two days.

For the entire polishing the rotational speed was kept below 100 rpm, with a lower
pressing force. Struers silicon carbide sandpapers were used �rst, followed suspension
polishing. The sandpaper grits used in order were: 220, 500, 800, 1000, 1200, 2000
and 4000, in the FEPA-P scale. MQ water was used as lubricant and added so that
the papers always had a layer of water on them. After the 4000 grit sandpaper a
Struers DiaPro Dur 3 µm diamond suspension on a MD-Dur soft paper was used,
followed by DiaPro Nap B 1µm diamond suspension on MD-Nap. The �nal polishing
used OP-S NonDry colloidal silica suspension on MD-Chem. The coarser sandpapers
were used for only a few minutes until the paper was visible covered in a layer of
brown UO2 powder. The �ner sandpapers that did not remove enough material to
be visible on the paper was used for longer and the pellets were inspected until they
were noticeably smoother. The suspension polishes were used for the longest, up
to 30 min. Between the 1200, 2000 and 4000 grit papers the pellets were cleaned
with ethanol using paper tissues. Between the suspension polishes and after the
�nal silica polish, the pellets were cleaned in ethanol in an ultrasonic bath for 5
minutes to remove suspension particles. The epoxy pellet holder was also cleaned
with ethanol when changing suspension.

3.2.5 LOM

A Zeiss Axio Vert.A1 LOM was used to visually examine the polished pellet surfaces.
The LOM was used to determine success of polishing, see if there were any visible
dopant aggregates, look at pellet porosity and possibly see grain sizes. The zoom
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levels available were 5x, 10x, 20x, 50x and 100x.

3.2.6 Pellet etching

Pellet B1 was etched after polishing and initial LOM inspection. The etching so-
lution was made from 10 ml of 12 M H2SO4 and 10 ml of 10 M H2O2. A drop of
the solution was added onto the pellet surface for 10-15 s and then washed away
with MQ water. Between each etching the pellet was inspected with the LOM. The
pellet was etched four times with durations of 10 s, 10 s, 15 s and 10 s each, with a
total time of 45 s. For the �rst etching the solution was still warm from mixing.

3.2.7 SEM and EDX

A FEI Quanta 200 ESEM FEG scanning electron microscope was used to analyze
pellets B1, B3, B4, R2 and R3. It was operated at high vacuum with a voltage of 10
kV and a spot size of 3. The epoxy encased samples were mounted on a holder using
carbon tape, with copper tape connecting the uranium pellets to the electrically
conducting holder. Secondary electron, backscattered electron and something called
Mix mode were all used to look at the samples. BSE was used primarily to look at
grain structure.

EDX was also performed concurrently, using the AZtec software, to estimate homo-
geneity of the dopants in the pellets. EDX line scans were used primarily, but point
analyzes and EDX mappings were also made on some samples. The most amount of
line scans, six and four, were performed on pellets B4 and B3 respectively, as these
were of most interest to analyze homogeneity.
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Results and Discussion

4.1 Reduction of uranium

The method for electrochemical reduction of U(VI) to U(IV) was improved along
the course of the project. Batch 1 was reduced using the glassy carbon WE. This
electrode had a few drawbacks which included: being so large that only a 10 mm
stir bar could be used, limiting stirring of the liquid and in turn possibly limiting
reduction rate; the volume of the WE itself could possibly limit stirring; it was
di�cult to remove all solution stuck inside the large pores; small pieces could easily
break o�; and it prevented being able to see the CE and RE inside. Therefor a Pt WE
was also tested and compared to the glassy carbon electrode. At an applied potential
of -0.3 V the Pt electrode was better by around 1000µA, while at a potential of
-0.4 V the electrodes performed similarly. The Pt electrode had marginally higher
current, meaning higher rate of reduction, but more importantly was easier to work
with and was therefor chosen over the glassy carbon for the 3 other batches.

The maximum applied potential increased in magnitude over the course of the
project, from -0.3 V to -0.65 V. With a higher potential the total reduction time
decreased, as is shown in Figure 3.2, from above 31 h to below 18 h. Batch 3 and
4 took just over 17 h while batch 2 only took 14 h 50 min, and they all have a
similar �nal U(VI) UV-Vis peak. Batch 2 did have slightly less U stock solution
which would decrease time of reduction, but it is more likely that batch 3 and 4
was reduced longer than necessary, as the number of UV-Vis scans done on them
was much less frequent. A potential even lower than -0.65 V was never tried mainly
because the battery of potentiostat was starting to become a limiting factor in how
fast a batch of U(VI) could be reduced. For future studies even higher in magnitude
potentials could be tried to lower reduction time further, using a better potentiostat.

4.2 Sintering and density

After the �rst sintering the NM pellets had visibly shrunk while the reference pellets
appeared to still be the same size. The NM pellets had cracked a lot, especially pellet
B1 which had lost a lot of pieces that had �aked o�. B1 looked akin to a rose on
one side while the other side was uncracked. B2 and B3 had cracked in more typical
manners, while B4 had only a few barely visible cracks. Pellets B2, B3 and B4 are
shown in Figure 4.1 where, including the cracks, it can also be seen how the doping
changes the color of the pellet from a dark brown to more black.
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Figure 4.1: Pellets B2-B4, from left to right, after �rst sintering.

The pellet masses and densities after each sintering step are shown in Table 4.1. As
it was assumed a caliper could give inaccurate results or possible damage unsintered
pellets no measurements were taken before sintering or on the reference pellets af-
ter the �rst sintering. B1's dimensions were not measured as the uneven surface
wouldn't yield any good results, and doing so might have caused more material to
�ake o�.

Table 4.1: All pellet densities after each of the three sintering steps as measured
by scale and caliper. TDUO 2 =10.96 g/cm3. All pellet volumes and masses can be
seen in Table A.1.

Pellet B1 B2 B3 B4 R1 R2 R3
Mass before
pressing [g]

0.9043 0.9150 0.9808 0.9357 0.9324 0.9077 0.8963

Mass after
pressing [g]

0.8861 0.8857 0.9434 0.9008 n/a n/a n/a

Mass after 1st
sintering [g]

0.6994 0.8087 0.8654 0.8270 0.8451 0.9038 0.8930

Density after 1st
sintering [g/cm3]

n/a 7.22 6.74 8.29 n/a n/a n/a

TD UO 2 [%] n/a 65.9 61.5 75.7 n/a n/a n/a
Density after 2nd
sintering [g/cm3]

n/a 9.51 10.29 9.76 6.91 8.74 9.83

TD UO 2 [%] n/a 86.7 93.9 89.1 63.1 79.8 89.7
Density after 3rd
sintering [g/cm3]

n/a 9.65 10.19 9.55 7.02 8.97 9.95

TD UO 2 [%] n/a 88.1 93.0 87.1 64.1 81.9 90.8

After the second sintering step the cracks in B2 and B3 were still visible but had
closed up signi�cantly, while the circular cracks of B1 remained. All NM pellets
shrank further, which could be discerned with the naked eye and the di�erence in
volume is re�ected in the change in density as shown in Table 4.1. After the �rst
sintering did the mass of the NM pellets decrease with an average of 8.4%, not
counting B1 because of the �aking after sintering. The mass of reference pellets R2
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and R3 decreased with only 0.4%, not counting R1 since it was not weighed again
after being damaged before sintering. The signi�cant di�erence in mass change
between the NM and reference pellets is likely due to the NM pellets not being fully
dry, while the reference pellets had an insigni�cant amount of bound water since
they had a smaller surface area and, more importantly, had already been heated in
the furnace once before. A more detailed table with pellet masses and volumes after
each sintering can be found in Table A.1 in the appendix.

The mass of all pellets did not change much after the second and third sintering. The
reference pellets visually appeared to have shrunk during the second sintering. The
calculated density of the NM pellets increased signi�cantly, but all pellets, except
R1, remain at only around 90% of the theoretical density for UO2, using a caliper
to measure the volume.

Figure 4.2 show all pellets before and after the third sintering, showing that there
was little visible di�erence caused by the third sintering. At the top is visible all the
material that �aked o� pellet B1. The images also show the visible size di�erence
between the NM pellets and reference pellets. The surface of pellet B4 only looks
di�erent between the images because it was �ipped over.

Figure 4.2: All seven pellets (from top to bottom: B1-B4, R1-R3) after the second
sintering (left) and after the third sintering (right).

Pellet R1 was damaged before the �rst sintering and no longer had a circular shape,
so therefor the reported volumes and densities are not accurate. However the mass
of pellets R2 and R3 did not change much after sintering, so the R1 mass before
pressing, 0.9324 g, can be used instead to calculate an approximate �nal density
of 7.76 g/cm3. This density is still low compared to the other pellets, which could
indicate that it is rather porous, possibly caused by the mentioned damage, or maybe
poor powder grinding before pressing.

After the third sintering the density went up a small amount for B2 and the reference
pellets, while for B3 and B4 the density decreased by a small amount. The changes
in densities is only between 0.1-0.2 g/cm3. The mass change is low and could likely
be inaccuracy from the scale. The volume change is no larger than 0.002 cm3 for
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any pellet, which could also possibly be explained by variation in measurement with
the caliper, especially considering that most pellets were shaped more like truncated
cones rather than perfect cylinders. It is worth noting that the doped pellets could
never achieve 100% TDUO 2 as the Ce and La, being lighter elements, will lower the
pellets' maximum theoretical density.

The so called rose structure of pellet B1 after the third sintering can be seen in
Figure 4.3.

Figure 4.3: The "underside" of pellet B1 after sintering three times.

4.2.1 Pycnometry

The volume obtained from pycnometry for each pellet is presented in Table 4.2
together with calculated density and percentage of theoretical UO2 density. That
B4 and R3 have lower densities than the others is to be expected as they contain
the most amount of dopants, while B2 having such a relatively low density despite
having no dopants could be because of higher closed porosity inside the pellet. The
densities are higher for all pellets compared to the geometrically calculated densities
in Table 4.1. This means that all pellets contain open pores, with the percentage of
open porosity shown in Table 4.3. There is a possible trend of Ce doping decreasing
open porosity but the number of pellets is too low to come to any certain conclusion.
The average open porosity of the NPs and the reference pellets are 7,57% and 17,7%
respectively. This points to the NM pellet synthesis route making more dense pellets
compared to the more standard ADU process.

Table 4.2: Pellet volumes and densities obtained from helium pycnometry mea-
surements. TDUO 2 =10.96 g/cm3.

Pellets B1 B2 B3 B4 R1 R2 R3
Volume
[cm3]

0,0654 0,0738 0,0809 0,0804 0,0782 0,0847 0,0876

Density
[g/cm3]

10,67 10,29 10,66 10,23 10,78 10,65 10,15

TD UO 2

[%]
97,35 93,93 97,27 93,36 98,40 97,15 92,64
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Table 4.3: Amount of open porosity calculated from caliper measured volume and
pycnometry obtained volume.

Pellet B1 B2 B3 B4 R1 R2 R3
Open
porosity [%]

n/a 11,7 4,37 6,62 34,8 16,1 2,10

4.3 ICP-MS data

4.3.1 Stock solutions

Table 4.4 shows the concentrations of U, Ce and La in the respective stock solu-
tions as measured with ICP-MS. They all had lower concentration then the one
intended when made. For the uranium it might be that the initial precipitate was
not centrifuged enough during making. For the cerium and lanthanum solutions it
is suspected that their respective nitrate hexahydrate sources have absorbed more
water over time in storage.

Table 4.4: Concentrations of the 3 stock solutions measured with ICP-MS, together
with the wanted concentrations.

Solution U Ce La
Concentration ICP [mM] 91.91 33.68 42.62
Target Concentration [mM] 100 50 50

4.3.2 UO 2 powders

The ICP-MS derived elemental composition of the 4 NM powders, before pressing
and sintering, is shown in Table 4.5. The undoped B1 and B2 have next to no La or
Ce as expected. The negative La amounts come from the fact that �tting curves to
the standards can sometimes give a negative constant in the linear equation, which
gives negative amounts for really small input values. This can be circumnavigated
by forcing the line through the origin but that is often frowned upon. The amount
of La in B3 and B4 are really close to the desired 1%, while the amount of doped
cerium is higher than the expected values of 1% and 5% for B3 and B4. The amount
of Ce is 50% and 44% higher, respectively, than expected. The reason for this could
have been that too much was erroneously added during the synthesis. But since
the error is similar for both powders, it is also likely that it is the Ce stock solution
which has a higher concentration than what was measured with ICP-MS. Either way
these Ce concentrations are still within a reasonable interval to serve their purpose
in this project.

The Ce doping in the reference pellets, also shown in Table 4.5, is close to the desired
1% and 5%.
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Table 4.5: Relative molar percentage of La, Ce and U in all synthesized powders
as measured with ICP-MS.

Powders B1 B2 B3 B4 R1 R2 R3
U [at%] 99,94 99,93 97,37 91,77 99,96 98,89 94,61
Ce [at%] 0,09 0,10 1,50 7,19 0,03 1,11 5,38
La [at%] -0,03 -0,03 1,14 1,04 0,01 0,01 0,01

4.4 PXRD data

PXRD results for all pellets are shown in Figures 4.4 to 4.10. All di�ractograms
are unsurprisingly similar, except for B2. The amount of powder taken from B2
was not su�cient to make a smooth and even surface like the other powders. This
has decreased overall peak height, changed relative peak heights, slightly broadened
the peaks, and increased noise. In all Figures except 4.5 and 4.7 there is a smaller
peak to the left of all main peaks. When the PXRD was performed most powders
were arranged in �at top peaks, together with non-�attened powder surrounding
the peak. This more randomly strewn powder was likely the cause for the smaller
peaks seen in the Figures.

Figure 4.4: X-ray di�ractogram of B1 and UO2 reference.
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Figure 4.5: X-ray di�ractogram of B2 and UO2 reference.

Figure 4.6: X-ray di�ractogram of B3 and UO2 reference.
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Figure 4.7: X-ray di�ractogram of B4 and UO2 reference.

Figure 4.8: X-ray di�ractogram of R1 and UO2 reference.
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Figure 4.9: X-ray di�ractogram of R2 and UO2 reference.

Figure 4.10: X-ray di�ractogram of R3 and UO2 reference.

A trend can be seen with both the NM and reference pellets; the peaks of the
highly doped UO2 are shifted slightly to the right compared to the undoped UO2.
This is most noticeable for the higher angle peaks, when compared to the green
UO2 reference peaks which are at the same angles in all di�ractograms. This shift
corresponds to a contraction of the unit cell with increasing dopant level. The best
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lattice parameter match that could be found in the database for each pellet is shown
in Table 4.6. These values are only the best match from a database, so they are
not fully accurate. The table also shows lattice parameters calculated from the
di�ractogram peaks, which should be more accurate than the database parameters.
Both methods show a similar trend of parameter increase from no dopant, B1, B2
and R1, to low dopant level, B3 and R2. But at the highest dopant level, B4 and
R3, the parameter is smaller than the undoped UO2. This data implies that a
small amount of Ce and/or La doping will increase the lattice parameter, while a
relatively larger amount will decrease the lattice parameter of the crystal structure.
According to what is stated in the theory, the lattice parameter should only decrease
with increased dopant level for the reference pellets, as they only have Ce. It is likely
that the small increase from R1 to R2 is because of error in measurement. But if
the data is correct, it might possibly be that the Ce(III) in R2 did not oxidise
and increases the parameter similar to La(III). For the NM pellet, B3, it could be
possible that the lattice parameter increase caused by the La is greater than the
decrease caused by Ce.

Table 4.6: Lattice parameter for each pellet as decided by the best match in a crys-
tallographic database, as well as lattice parameters calculated using Equations 2.6
and 2.7 with the nine 2� peaks from each XRD graph. The calculated parameter for
B2 is much smaller than the database parameter because of the poor di�ractogram.

Pellets B1 B2 B3 B4 R1 R2 R3
Database lattice
parameter [Å]

5.4638 5.4638 5.4660 5.4590 5.4638 5.4651 5.4590

Calculated lattice
parameter [Å]

5.4656 5.5402 5.4669 5.4616 5.4647 5.4652 5.4610

4.5 LOM imaging

The LOM was �rst used to look at the pellets after polishing by hand. The surfaces
were deemed not su�ciently smooth and the pellets were encased in epoxy and
polished more thoroughly by machine. After machine polishing the surfaces were
smooth, as seen in Figure 4.11 showing the NM pellets, and Figure 4.12 showing the
reference pellets. All images were taken at 100x magni�cation and are a combination
of grayscale and full color. There is a noticeable correlation between the amount of
pores on each pellet surface and their respective amount of open porosity shown in
Table 4.3. Most striking is pellet R1 which has the highest open porosity of 34.8%
and by far the most pores in the LOM images. Pellet B3 had the least amount of
open porosity at 4.37% which also shows in its smooth surface in the LOM image.
Of course these images are not fully representative of each pellet, but the pellets'
porosity was rather homogeneous, with the occasional larger pores or cracks.
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Figure 4.11: Images of polished NM pellets B1-4 at 100x magni�cation. The B1,
B3 and B4 images were taken in grayscale while the B2 image is in color.

Figure 4.12: Images of polished reference pellets R1-3 at 100x magni�cation. The
R2 and R3 images were taken in grayscale while the R1 image is in color.

Furthermore the LOM images shows that neither the NM pellets nor the reference
pellets have any visible Ce or La aggregates, as such aggregates would likely show up
as bright spots as shown in Helena Oliva's Master thesis[2]. Less zoomed in images
with 5x magni�cation for pellets B1-4, shown in Figure 4.13, show that the pellets
are homogeneous throughout the surface, barring cracks and occasional larger pores.
The dark color in the cracks, especially noticeable in B2, is the epoxy.
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Figure 4.13: Images of polished NM pellets B1-4 at 5x magni�cation. The di�er-
ence in color between the pellets come from the images being taken with di�erent
�lters.

The LOM did not show any grain boundaries because of the polishing hiding them.
Therefor etching was performed on pellet B1 to see if this would reveal any grain
structure. Etching was only performed on pellet B1 as there was no precise method
available to follow, meaning it was unknown how good the results would be or
if the pellet would be etched too much. The acidic etching solution dissolve the
boundaries between grains faster than the grains themselves, creating grooves visible
in microscopy[26]. LOM images of B1 after a total of 45 s of etching is shown in
Figure 4.14, showing that the etching was successful.
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Figure 4.14: LOM images before (A) and after (B) 45 s etching at 50x magni�ca-
tion, and before (C) and after (D) etching at 100x magni�cation. Color di�erences
are because the images were taken with di�erent �lters and/or in grayscale.

The long straight lines in Figure 4.14 B and D are presumably grooves from the
polishing that have been made more visible because of the etching, while the shorter
lines that form geometric shapes are the grain boundaries of the pellet. These grain
boundaries are not visible in images A and C. The smallest visible grains in image
D have a diameter of around 5µm while the larger grains seem to be on the scale
of 30-40µm. Though, it is hard to tell where the exact boundaries of the largest
grains lie. Either way the grains are larger than what was desired, but this is not
unexpected. Behaviour of the NM pellets such as sintering at the relatively low
temperature of 1200°C con�rms that the powders were nanometric, but the higher
temperature sintering of 1650 and 1750°C must have caused the grains to grow in
size up to the micrometer scale.
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