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ABSTRACT: This study presents in situ observations of studtite (UO,0,(H,0),- ., Particle growth vs Time
2H,0) crystal growth utilizing liquid phase transmission electron microscopy (LP- " 3 partice2
TEM). Studtite was precipitated from a uranyl nitrate hexahydrate solution using | * ;iies
hydrogen peroxide formed by the radiolysis of water in the TEM electron beam. The

hydrogen peroxide (H,0,) concentration, directly controlled by the electron beam
current, was varied to create local environments of low and high concentrations to
compare the impact of the supersaturation ratio on the nucleation and growth
mechanisms of studtite particles. The subsequent growth mechanisms were observed in
real time by TEM and scanning TEM imaging. After the initial precipitation reaction, a
post-mortem TEM analysis was performed on the samples to obtain high-resolution 7
TEM images and selected area electron diffraction patterns to investigate crystallinity as T T T & & o o
well as energy-dispersive X-ray spectroscopy spectra to ensure that studtite was Time (min)

produced. The results reveal that studtite particles form through various mechanisms
based on the concentration ratio of uranyl to H,O, and that studtite is initially produced
through an amorphous intermediary prior to formation of the crystalline material commonly reported in the literature.
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Bl INTRODUCTION It is even considered to be one of the primarily degradation
pathways of UO, fuel exposed to moisture in a long-term waste
repository.'”'® Commercially, studtite is prepared by adding
hydrogen peroxide to uranyl solutions.'”'® In waste, radiolysis
of water results in the formation of hydrogen peroxide and
subsequent formation of studtite.”'”*® The morphology of the
studtite has a major impact on a nuclear fuel's performance and
the migration rates of uranium in the environment.”'
Unfortunately, mechanisms explaining how studtite particles
are formed is missing. Previously, Buck et al. performed in situ
liquid cell scanning electron microscopy experiments to

Controlling particle morphology is of great importance to
many industries including semiconductors, nanomaterials, and
steel fabrication.'* Levlev et al. showed that a mechanistic
understanding of nucleation and growth mechanisms can lead
to improved modeling of material properties and future
material discovery.” In the nuclear industry, particle morphol-
ogy can impact the environmental transport of uranium,
nuclear fuel performance in reactors, long-term storage of
spent nuclear fuel, and support nuclear forensics and nuclear

safeguards in identifying the processing history of nuclear o .2 —
radiolytically produce studtite.” They started from an initial
materials."*” Prior studies have identified many variables yticaly p U

. ) . . o solution of ammonium uranyl carbonate, performed extensive
including pH, temperature, reaction time, and calcination . . .
. . 6—10 modeling of the electron beam radiolysis, and used bromide
temperature that impact the final particle morphology. . 2 11
) . ; . . solutions to control the amount of H,0O, produced.” Using in
Advancements in particle segmentation and machine learnin N o .
o 11 situ liquid phase transmission electron microscopy (LP-TEM),
enable quantification of even subtle morphology changes. . . . .
. : we aim to expand this early work to probe studtite particle
The challenge, however, has been in understanding the

fund I orinciol h It i . ol formation mechanisms.
un ament.a principles that resu t in unique part1.c € Previously, in situ LP-TEM has been used to study complex
morphologies based on the chemical and physical processing

o . o o nonclassical growth mechanisms. LP-TEM allows for the high
conditions. In situ liquid phase transmission electron

microscopy can help reveal the underlying mechanisms of
particle formation, particularly when the impacts of radiolysis
can be mitigated.l"”14 In the case of studtite, electron beam
radiolysis of uranyl solutions enables the controlled in situ
precipitation of particles under different reaction conditions.
Studtite is a highly important uranyl precipitate that is
routinely made in uranium mining and nuclear fuel processing.
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spatial resolution imaging of bulk nucleated particles observed
with a standard with electron microscopy while also having the
temporal resolution to capture the early stages of crystallization
pathways that are too fast for similar in situ techniques, like
scanning probe microscopy'® Obtaining direct evidence of
complex crystallization mechanisms in real time has signifi-
cantly advanced with the development of more intricate liquid
cell designs that accommodate various nucleation and growth
event triggers.14

In the case of precipitating studtite (UO,0,(H,0),-2H,0),
there are two methods to trigger precipitation events. In the
most traditional LP-TEM setup, a liquid flow cell would be
used to mix a solution of UNH and hydrogen peroxide in the
viewing area. However, this poses a number of experimental
challenges due to the high-energy electrons used to image the
system. The electron beam will irradiate the aqueous solution
forming radiolytic species including e,,”, H, OH, H,, H,0,,
H*, and OH".** With hydrogen peroxide also produced
through radiolysis, it would be very challenging to discern
which precipitated studtite particles were formed from the
hydrogen peroxide provided by the precursor solution or were
produced via radiolysis.

To overcome these limitations, the second LP-TEM method
foregoes the use of a flow cell, instead using a static cell relying
solely on the electron beam to produce the hydrogen peroxide
needed for studtite precipitation. By using a static cell, the
preparation and execution of the precipitation are simplified
and it allows the local hydrogen peroxide concentration to be
directly controlled by the electron beam.”* Using this method,
we performed the first in situ LP-TEM precipitation of studtite.
The local hydrogen peroxide concentration was controlled
using the current of the TEM beam and then varied to
determine the effect that it has on the overall studtite growth
mechanism. It is then demonstrated that under the
experimental conditions, studtite does not nucleate and grow
in a classical crystalline fashion. Instead, it goes through an
amorphous precursor phase before inevitably crystallizing
when dried.

B EXPERIMENTAL SECTION

Preparation of Starting Chemicals. One gram of A-UO;
was dissolved in 30 mL of 8 M nitric acid and subsequently
boiled off at 95 °C three times for approximately 24 h. The
resulting uranyl nitrate crystals were dissolved in 18 MQcm
water and diluted to form a 1 M UNH solution. Studtite was
then synthesized by titrating (1 mL/min) a total of 30 mol %
excess of 30 wt % H,O,. The solution was allowed to react for
30 min. The studtite was then vacuum filtrated with five 40 mL
18 MQcm water washes. After a 24 h drying period in a room
temperature vacuum storage chamber, the studtite was
calcined to A-UO; at 400 °C for 8 h under a 500 mL/min
flowing N, atmosphere. The first precipitation and subsequent
calcination were done to ensure the purity of the starting
solution.”> Uranyl nitrate was then synthesized again by the
same hydrothermal process described above. Last, a balance of
18 MQcm water was used to make the 10 mM UNH solution
(pH 2) used in the in situ experiment.

In Situ TEM Analysis. TEM analysis was done using a
JEOL JEM 2800 Scanning Transmission Electron Microscope
in the Electron Microscopy and Surface Analysis Lab at the
University of Utah. A Poseidon Select: TEM Liquid
Microscopy Cell with a corresponding silicon nitride (SiN)
static liquid cell E-chip set consisting of a 550 X S0 pm

window bottom chip and a 4 X 8 array of 20 X 20 X 0.17 ym
well microwell top chip (Protochips Inc., Morrisville, NC) was
used. The electron transparent SiN viewing windows are 30
nm-thick. The real-time imaging was acquired with a Gatan
Microscopy Suite/Gatan Micrograph (Gatan Ametek, Pleas-
anton, CA) and recorded using Open Broadcaster Software
(OBS) Studio (developed by OBS Studio Contributors). The
videos were then imported to VLC Media Player (developed
by VideoLAN project) and Image] (National Institutes of
Health), which were used for video and particle analysis,
respectively. The SAED patterns were analyzed using both
Gatan Micrograph and Single Crystal (CrystalMaker Software
Limited, Oxforshire, UK).

To prepare the E-chips for the experiments, the photoresist
was removed and the chip was washed in an acetone bath for
10 min followed by an ethanol bath for 10 min. The E-chips
were subsequently dried using compressed air, plasma cleaned,
and finally loaded into the Poseidon Select in situ holder with a
1 pl aliquot of the 10 mM UNH starting solution. Promptly,
the vacuum seal was fully assembled and the chamber was
inspected for leaks and cracks in the chamber. After the leak
check, a final plasma cleaning of the reaction chamber was
done before it was placed into the TEM column.

The TEM was operated at 200 keV with a 1 nm probe and 1
nA probe current. The STEM settings were a 1.2 us dwell time
with a 1024 X 1024 pixel area leading to approximately 1.7191
s per frame as reported by Gatan Micrograph software. After
the in situ precipitation experiment, the microchips were kept
and dried in a room temperature vacuum storage chamber.
Post-mortem analysis was performed to obtain selected area
electron (SAED), energy-dispersive X-ray spectroscopy (EDS/
EDX), and HRTEM data.

Concentration and Dose Rate Calculations. A kinetic
model developed by Schneider et al. was used to estimate the
H,O0, concentration produced by radiolysis. The necessary
parameters were the starting solution chemistry, G-values for
the given radiation type and energy, and approximate dose
rate. More details on the model as well as access to the model
script are available in ref 24. To calculate the dose rate for a
thin liquid layer in TEM mode, the following equation from
Schneider et al.’s work was used:

%-1051
pD=%

2
a

where D is the dose rate (Gy/s), dE/dx is the density-
normalized stopping power of an electron in water, a is the
beam radius, 10° is a conversion factor, and I is the probe
current. However, the equation must be adapted to consider
STEM imaging.

LS
m 10 Ip

A

D =

Instead of the beam radius, the total image area or STEM
scan area (A) is used to avoid beam broadening issues and
sampling errors due to magnification changes.””*® The probe
current is changed to approximated probe current I,. The
approximated probe current is calculated by multiplying the
probe current by a ratio of 1 s to the frame time 7. The
approximated probe current was used to account for the fact
that STEM imaging has a lower temporal resolution than TEM
imalging.13’23
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The STEM videos produced in this study had a total scan
time of 1.719 s per frame, which means that over the course of
1 s, the beam has deposited electrons equivalent to the probe
current but only in a small portion of the viewing area. This
creates an inconsistency in the dose rate calculation for the
kinetic model because only 58% of the viewing area has had
direct interaction with the beam, while 42% of the viewing area
has only been exposed to diffused electrons and radiolysis
products. Using the approximated probe current, however,
provides an estimate of the effective current received by the
entire viewing area during a portion of the STEM scan, which
will better represent the H,0, concentration calculated by the
kinetic model. To calculate the dose rate per frame seen in the
STEM sequences, the beam current is multiplied by the frame
time and divided by the total scan area and the elemental
charge constant: (I-7)/(C-A).”® The dose rates for the TEM
images were calculated in a similar fashion by replacing the
frame time with exposure time.

Particle growth vs Time
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Figure 1. Plot of the effective radius of the four circled particles from
sequence 1 over the course of 17 min.

B RESULTS AND DISCUSSION

Precipitate Formation through Radiolysis. Studtite was
precipitated under three electron dose rates to vary the ratio of
hydrogen peroxide to uranyl. In the first STEM image
sequence, a low H,0, concentration of approximately 3 mM

was achieved using an electron dose rate of ~20.1 e /(A f)
(Figure 2). It is important to note that these are estimates of
the hydrogen peroxide concentration; many other radicals will
be formed during radiolysis. Buck et al. summarized all
radiolysis species, and our H,O, concentration is similar to
their modeling estimates.”” In their 15 keV beam at 0.25 Gy/s,
they estimated approximately 3 uM of H,0, to be produced at
the steady state. In this study, we estimate 3 mM H,O, for a
200 keV beam at 3.1 X 10" Gy/s at the steady state.

The first signs of visible particle formation occur after 30 s of
constant irradiation with a large number of seemingly low-
density spherical particles. Due to the relatively simple and
stable growth of the particles, it was possible to quantitatively
analyze the mechanisms involved by measuring the effective
radius of four random particles at 30 s intervals for a duration
of 17 min (Figure 1).

The effective radius growth was fitted with a power law
model using the SciPy library in Python. The resulting fitted
curves show the r.g o< t /% By assuming the Lifshitz—Slyozov—
Wagner (LSW) kinetic model under these precipitation
conditions, a #/? growth rate suggests that the growth
mechanism is reaction-limited.””~>° This is consistent with
the reactant concentration ratio of uranyl nitrate to H,O, being
~3.3:1.

The second STEM sequence was initially taken at the same
magnification (e.g., dose rate) as Video 1 (Figure 3). However,
the nucleation of particles against the surface of the SiN well
began almost immediately, which is representative of
heterogeneous nucleation. The solid well wall provides a
stable nucleating surface, effectively reducing the energy
needed to precipitate out of solution.”*”*" The homogeneous
nucleation took slightly longer compared to the particles
nucleated on the wall with the first signs of precipitation
occurring at 19 s. At 30 s, the magnification was increased,
resulting in an electron dose rate of approximately 87.5 e~ /(A”
f) and a H,0, concentration of ~5.6 mM. During this increase
in magnification, there was no noticeable change in growth
mechanisms as compared to sequence 1.

Figure 2. Time sequence of STEM images depicting the growth of studtite with an approximate electron dose rate of 20.1 e”/(A? f) corresponding

to a H,O, concentration of 3 mM.
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Figure 3. (a—h) Second time sequence of STEM images at variable electron dose rates (~20.1—124 e™/(A* f)) resulting in local H,O,

concentrations between 3 and 6.5 mM.

At 45 s, the magnification was increased again corresponding
to an electron dose rate of ~124 e /(A* f) and a H,0,
concentration of 6.5 mM. The higher magnification was held
for 17 s, and during this time, the growth of the particles
changed drastically. Instead of small spherical particles
similarly seen in the first sequence, the particles were thin
and elongated, promoting aggregation between particles
nearby and forming nondistinctive low-density masses. Then,
as seen in Figure 3d, small, high-density nuclei form within the
elongated low-density masses. Under these conditions, it is
reasonable to assume that the low-density masses provided a
stabilizing environment to facilitate the formation of higher-
density particles.

Similar behavior has been observed in the calcium carbonate
system.””’ Nielson et al. showed that calcium carbonate, a
naturally occurring mineral, has unique crystallization pathways
that can rely on a bulk amorphous precursor.”” The
amorphous phase is thermodynamically metastable; however,
the free energy barrier is smaller than the stable more
crystalline phase, allowing it to form first.”"** The amorphous
phase then acts as a secondary nucleation site, lowering the
nucleation energy barrier of the stable phase. The amorphous
precursor pathway is commonly referred to as the Ostwald step
rule.”*** Another similar phenomenon has been seen in gold
nanoparticle formation and protein nucleation, suggesting that
the precipitation event may be described by a two-step
mechanism.>***~* The two-step mechanism assumes that the
nucleation is split into an initial formation of a “dense droplet”
solute-enriched secondary liquid phase followed by the
crystallization taking place within the enriched phase.’”**
The liquid phase forms due to a liquid—liquid spinodal
decomposition or, similar to the Ostwald step rule pathway, a
metastable liquid embryo is kinetically more favorable. When
showing that gold nanoparticles may follow the two-step
method via in situ atomic force microscopy (AFM) imaging,
Mikhlin et al. suggested that the interactions between the
system, the HOPG support, and the cantilever can indicate the
phase. The HOPG flattened the products, and the cantilever
would easily stretch them, which may indicate a liquid droplet
or at least a soft matter.>® However, an AFM study is difficult

48339

due to the time-intensive nature of AFM combined with the
relatively short life of the precipitated phase. Therefore, more
experimental methods must be explored to verify these
hypotheses in the studtite system.

After formation of high-density nuclei, the particles began to
coarsen and shrink, reverting back to oblong oval-shaped dense
particles (Figure 3e). The newly condensed particles grew
primarily through agglomeration and Ostwald ripening. Figure
3f shows the beginning of the formation of shells, surrounding
the condensed particles, of newly precipitated solutes, creating
an expansive interconnected network between the larger
denser particles. In Figure3gh the web-like network seemed
to facilitate the agglomeration and Ostwald ripening, resulting
in a significant reduction in the number of particles with most
being dissolved into three main particles after 6.5 min. This
behavior may again be indicative of the two-step mechanism
with similar globule shells forming around the condensed
solute clusters. It has been suggested that these globules form
in part due to the stability of the anion complexes as well as the
low local activities of molecular species involved in the
reactions.>**’ Relating it back to the studtite precipitation, the
17 s increased magnification and subsequent reduction in
magnification spurred the formation of larger particles and
reduced the activity of H,0,, resulting in a lower concentration
of studtite monomers. This created an environment where the
globule shell can form.

The third STEM sequence (Figure S2 and SI Video 3) was
initially imaged with a STEM electron dose rate of
approximately 87.5 e”/(A? f), similar to the majority of the
second video. The nucleation and growth were similar to the
process seen in the first sequence where there was an initial
mass nucleation followed by growth primarily through solute
diffusion with some agglomeration. However, due to window
dewetting, quantitative particle growth measurements could
not be obtained. To avoid losing the recorded region, it was
necessary to zoom out and reset the image.

With the image reset, magnification was increased
corresponding to an electron dose of approximately 224 e~/
(A? f), resulting in a H,0, concentration of ~8.2 mM. Thus,
the H,0, is almost equimolar in the system with a ratio of
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uranyl to H,O, of 1.21:1. Similar to the growth event in
sequence 2, the precipitated particles thinned and elongated,
forming the low-density masses that quickly condense into the
stabilized dense oblong particles. After about 1.5 min, there
was a burst of nucleations and growth of these interconnected
elongated chains that eventually swallowed the dense particles
and covered the entire imaged region. This may be evidence of
a direct crystallization pathway. Similar to calcium carbonate
which has been observed to follow both the Ostwald step
mechanism crystallizing indirectly through an amorphous
phase and also crystallizing directly during precipitation.*>**
The higher supersaturation due to the magnification in
combination with a high local uranyl ion concentration may
have facilitated large-scale immediate precipitation that
bypassed any precursor phase.

TEM Imaging of Precipitates. To verify the formation of
studtite in the STEM videos above, an in situ experiment was
performed again but using only TEM imaging to obtain SAED
data and help identify the composition of the crystalline
phases. As seen in the SAED patterns (Figure 4), all of the

Figure 4. (a—c) TEM images with their corresponding SAED
patterns showing the initial amorphous studtite forms before
eventually crystallizing.

particles are primarily amorphous with small amounts of
varying crystallinity. These results do not conclusively show
that studtite is formed, but combined with the post-mortem
results, it does show that studtite can form through an
amorphous phase/precursor phase before eventually crystalliz-
ing into the known studtite most commonly reported in the

literature.”” Based on the chemical species present, particularly
uranyl nitrate hexahydrate and hydrogen peroxide, it is
reasonable to assume the precipitated phases are most likely
studtite.”> Furthermore, it is obvious that STEM and TEM
imaging modes have differing effects on the growth of the
particles. Figure 1 again shows how the precipitated particles
grow during STEM imaging at an approximate H,O,
concentration of 3 mM. Figures 4 and S show the particle

Figure 5. TEM mode captured sequence showing the amorphizing
nature of the electron beam over the course of 30 s.

growth during TEM imaging at a maximum approximate H,O,
concentration of ~3.9 mM. According to sequences 2 and 3, a
similar growth mechanism to sequence 1 should be seen up
until ~6.5 mM. However, the TEM imaging caused the
particles to reshape and expand into amorphous masses that
lack the defined boundaries seen in sequences 2 and 3.

Solid studtite has been reported to completely amorphize
under a 200 keV TEM beam at a dose rate between ~5.1 and
15.4 e=/A? and partially amorphize beginning at 0.5 e /A2
The dose rate seen in Figure S is ~4.93 e~ /A? f and increases
only when taking the diffraction pattern. There is no clear
reason behind the difference in amorphizing seen in the STEM
and TEM images.

Typically, imaging in TEM mode will result in a higher
cumulative dose due to the higher exposure time.”” However,
because the same current was used in both imaging modes, the
cumulative dose was similar enough not to justifiably explain
the difference. For example, the electron dose per angstrom
squared over a 30 s time interval in sequence 1, which has the
lowest magnification and lowest dose, was 351 e”/A?, while in
Figure S, it was 296 e /A% It is possible that the increased
amorphization in TEM mode arises because of its nonlocal
parallel beam. The TEM beam provides constant direct
irradiation to precipitates, while the STEM beam only directly
irradiates a particle for a few microseconds every 1.7 s. This
disparity in direct irradiation time could result in more
specimen damage and inevitably the drastic precipitate
evolution seen during imaging in TEM mode.

It has been shown that the inelastic scattering producing
radiolysis effects will change the structure and potentially
remove mass from a solid specimen.*’ The radiolysis effect on
the precipitate is especially prevalent because studtite’s
structure contains a significant amount of oxygen species.
For example, crystalline SiO, radiolysis is known to create
amorphous specimen through Frenkel-type defects, creating
peroxy species and oxygen vacancies with continuous
irradiation causing complete order loss."**> The beam
electrons will excite an oxygen bond resulting in configura-
tional instability, allowing the oxygen to move and complex
with nearby neighbors.46 In terms of studtite, this can manifest
with the uranyl oxygens complexing with peroxy oxygens,
nearby waters bonded to the uranium core, ionized oxygens
being attacked by protons in the acidic solution, or peroxy
bonds being split. The split peroxy oxygens will also increase
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the oxygen gas production, which was a constant issue during
imaging in TEM mode. Initial bubble formation can be seen in
Figure 4c. All of these radiolysis degradation eftects reduce the
stability of the studtite, letting it easily be redissolved into the
acidic solution. The newly dissolved studtite can then be
immediately reprecipitated out of solution due to the
consistent hydrogen peroxide concentration produced from
constant beam irradiation. This may explain the rapid
expansion of the particles under the TEM beam.

Despite the discrepancy between imaging modes, it is
evident from the SAED patterns collected that studtite will
initially precipitate in an amorphous phase within solution.
Images shown in Figure 4a,b were formed outside of the
viewing window via the diffusion of imparted electrons and
radiolysis products. Their formation shows that without a
direct electron beam interaction facilitating particle amorphiza-
tion, UNH and H,0, will still precipitate an amorphous
studtite phase. The significant production of solid uranyl oxide
phases outside the irradiated area is in agreement with the
results that Buck et al. re7ported during a similar experiment
implementing lc-SEM.”**

Post-mortem Analysis of Precipitates. According to
both the Ostwald step and two-step mechanisms, the
amorphous phase and dense liquid droplets are stable or
metastable precursors for the crystalline phase.””**** Once the
solution is taken out and given time, the free-energy barrier will
decrease to a point where the precipitate will favor the
conversion to the crystalline phase. Therefore, a post-mortem
analysis on the STEM imaged microchips was performed.
Most of the dried particles exhibited a kinetically rounded,
platelet shape as expected.

The SAED patterns (Figure 6a,b) show that some dried
particles kept their amorphous nature, which is in line with

Figure 6. (a, b) Post-mortem high-resolution TEM images and SAED
patterns of studtite particles after drying.

being produced through a kinetically dominated reaction.””
Other particles, however, were almost completely reordered
into a single crystal configuration, most likely through post
attachment phase transformation.””***' Through the corre-
sponding SAED pattern and EDS scans, the precipitates were
confirmed as studtite with no contaminations.*”

B CONCLUSIONS

In this study, the in situ observation of studtite precipitation
via LP-TEM was successfully performed for the first time. It

has been shown that depending on the H,0, concentration,
various growth mechanisms can occur and that under the
experimental conditions, studtite goes through an amorphous
precursor phase before eventually crystallizing. At lower
concentrations, the system seemed to follow classical
mechanisms falling under a reaction-limited regime described
by the LSW kinetic model. Once the H,0, concentration
reached ~6.5 mM, the growth mechanism drastically changed,
forming a secondary low-density phase that stabilized the
formation of a high-density core, indicating that to some
extent, studtite may follow the two-step mechanism. It was also
observed that at almost equimolar reactant concentrations,
studtite may also have a direct crystallization pathway similar
to its naturally occurring mineral counterpart calcium
carbonate.
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