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Cerium oxide particles are a unique material that enables studying the intersection of metal oxides,
f-elements, and nanomaterials. Distinct from diverse applications in catalysis, energy, and medicine,
cerium possesses additional influence as a non-radioactive actinide surrogate. Herein, we present a syn-
thesis for sub-micron cerium particles using hexamethylenetetramine and ammonium hydroxide as pre-
cipitating agents with a Ce'" precursor. The combinatorial homogeneous precipitation approach yields
monodisperse and moderately-stable CeO, particle suspensions in ethanol, as determined by powder
X-ray diffraction, scanning electron microscopy, dynamic light scattering, and zeta potential measure-
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ments. Various additives may be used to moderate and manipulate the surface charge of the particles.
Proof-of-concept electrophoretic deposition of the particles produces a uniform layer of CeO, on graph-
ite. The synthesis and suspension properties are developed as a methodology towards future controlled
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Introduction

Ceria (CeO,) offers enhanced functionality over other ceramics
because of its opportunistic redox properties (Ce""V) and the
interplay of 5d and 4f electrons and vacancies."” The phase is
often described as the substoichiometric CeO,_,, to reflect the
ability of surface Ce atoms to toggle between Ce' and Ce™ in
the lattice.® This fundamental reactivity of ceria is inherently
based at the surface of the material." One method to increase
the accessible surface area, and thereby increase reactivity, is
to decrease the particle size into the nanoscale. Furthermore,
nanoparticles display unique physical and chemical properties
over that of the bulk material.® Cerium nanoparticles (Ce NPs)
have demonstrated widespread use in heterogeneous catalysis
and energy applications, including hydrogen generation, fuel
cells, and photocatalytic water splitting.>*>® More recently, Ce
NPs are proving to be promising candidates in many bio-
medical applications, including antioxidants, drug delivery,
and tissue engineering.””®
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actinide hydrolysis and film deposition.

Our interest in Ce NPs is as an actinide surrogate for use in
additive manufacturing (AM). Cerium is commonly used as a
stable surrogate for trivalent and tetravalent actinides in the
nuclear field. The actinides (e.g., Th, U, Np, Pu) offer similar
reactivity to Ce, albeit with 64 and 5f orbitals and even more
exotic redox character.”™* While Ce™ is stable in solution, tri-
valent U, Np, and Pu in solution are transient.’® Furthermore,
while trivalent U, Np, and Pu exist, the higher valent cations
are more stable in oxic conditions.'® Actinide nanoparticles,
particularly for Np and Pu, have largely been explored in the
context of intrinsic colloid formation, typically formed
unintentionally."*® Pu nanoparticle formation is often irre-
versible and results in small particles <5 nm in size.’®® We
are investigating the controlled synthesis of large nano-
particles (i.e., ~100 nm in diameter) for use in AM of metal
oxide films. Nanoparticle feedstocks for AM may offer the solu-
tions to several challenges with existing actinide deposition
technologies and introduce additional functionalities."
Currently, increasing deposit thickness can compromise layer
homogeneity and integrity.”® We propose that by using large
spherical nanoparticles, AM feedstocks can increase metal
content without sacrificing deposit uniformity. While reports
of Ce nano- to sub-micron particle syntheses are abundant,
none are readily deployable for the practicalities of transuranic
work, which requires scale minimization, radiological manipu-
lation limitations, and use of acidic stock solutions. To initiate
this investigation, we developed an alternative synthesis lever-
aging a Ce" precursor for the assembly of CeO, particles
which can better represent actinide systems.

This journal is © The Royal Society of Chemistry 2024
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Ce NPs may be synthesized by a “top down” (i.e., mechani-
cal milling of bulk oxide powders) or “bottom up” (i.e., hydro-
lysis of metal ions in solution) approach to achieve the desired
size and properties.”’ Thermal treatment is also a common
pathway to convert to oxides, remove assisting ligands, or
otherwise sinter the oxide products.”*>* Solution-based synth-
eses are attractive because they limit dispersibility and include
a variety of diverse approaches: precipitation, sol-gel, sono-
chemical, microwave-assisted, and hydro-/solvothermal
methods.>! Across these synthetic pathways, Ce™ precursors
are almost exclusively used to produce Ce™0, nanoparticles,
relying on in situ oxidation."**?°” Some exceptions to this
are hydrothermal synthesis reports by Hsu et al.*® and Panahi-
Kalamuei et al.®® that used Ce'" sulfate and ammonium Ce™
nitrate precursors, respectively. The dominance of Ce™ precur-
sors is unsurprising given its favorable solubility in various
reaction media, compared to Ce". Tetravalent metals generally
have lower solubilities than trivalent metals and are known to
readily form intractable hydrolysis products.’>*° Such hydro-
lytic mechanisms, however, are necessary for solution-based
oxide nanoparticle formation but must occur in a controlled
manner. Manual additions of ammonium hydroxide to a Ce"™
solution yields precipitation with little control over particle
size and morphology because of the rapid and localized intro-
duction of the base.>* Homogeneous precipitation (also known
as coprecipitation) relies on the in situ generation of the preci-
pitating agent to raise the pH uniformly and allow hydrolysis
reactions to proceed, resulting in more uniform and size-
tunable particle growth.>*

Herein, we present a modification of several previously-
reported homogeneous  precipitation  approaches.’***®
Hexamethylenetetramine (HMT) is a common alkalizer in
homogeneous precipitation reactions as it decomposes to
form ammonia.”**! Chen and Chen originally reported an
aqueous Ce NP synthesis with Ce™ nitrate, HMT, and mild
heating.>* Zhang et al.”® and Parimi et al.' prepared Ce NPs
with the same reaction constituents, but at room temperature.
Our approach relies on the combination of HMT and
ammonium hydroxide for the room-temperature assembly of
Ce particles in a mixed water and ethanol reaction solution.
We selected a bulk CeO, precursor dissolved in nitric acid, in
the style of an actinide stock solution. The resulting particle
suspensions are studied for size, dispersity, and suspension
stability as a function of pH adjustment, aging time, and
steric-stabilizing additives. Electrophoretic deposition*>** of
the Ce particles exhibits the homogeneity that can be accessi-
ble with sub-micron particle feedstocks for additive
manufacturing.

Experimental
Materials

Cerium dioxide (Fisher Scientific), nitric acid (ACS Reagent,
70%, Sigma Aldrich), ethanol (200 proof, anhydrous,
PHARMCO), hexamethylenetetramine (HMT) (99+%, Thermo
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Scientific), ammonium hydroxide (30-33% NH; in H,O, Sigma
Aldrich), acetylacetone (>99%, Sigma Aldrich), Darvan 821-A
(Vanderbilt Minerals, Inc.), polyethyleneimine (PEI) (branched,
800 MW, Sigma Aldrich), urea (ACS Reagent, 99.0-100.5%,
Sigma Aldrich), citric acid (ACS Reagent, >99.5%, Sigma
Aldrich) were used as received. Circular, 8 mm discs were
punched out of 0.5 mm graphite foil (99.8%, Alfa Aesar). Milli-
Q water (18.2 MQ cm at 25 °C) was the water source.

Methods

Synthesis. A 0.58 M Ce" stock solution was prepared by dis-
solving CeO, in concentrated HNO; (15.8 M) under mild
heating. A 0.12 M Ce" working solution was then prepared by
a 1:4 dilution with 0.5 M HNOg, to a final acid concentration
of 3.56 M HNO;. To a 20 mL glass scintillation vial, 5 mL of
both H,O and EtOH were pre-equilibrated with stirring at 800
rpm for 5 minutes. HMT was freshly dissolved in 1:1 H,O/
EtOH to yield a 0.41 M HMT solution. The HMT (1 mL) was
added to the reaction flasks and stirred for at least 5 minutes.
Then, 0.667 mL of the 0.12 M Ce working solution was added
to the flasks to produce an intense orange solution. Over the
course of 10-15 minutes of stirring, the reaction solution
changed to a pale-yellow color. The pH of the reaction solution
was adjusted with 30-33% NH,OH to the desired synthesis pH
(1.5 < pH < 7.5). The increase in pH caused particle formation,
which was evident by the solutions becoming off-white and
cloudy. The solutions were aged at room temperature overnight
with stirring at 800 rpm. The Ce particles were harvested using
centrifugation and washed three times with ethanol.
Ultrasonication was used to disperse particles in each round of
fresh solvent. This was executed in a Q500 QSonica system
with a cup horn attachment (typically two 30 s rounds at 50%
amplitude). In order to achieve well dispersed suspensions,
thorough washing was necessary to remove unreacted syn-
thesis components. Incomplete washing (e.g., only 1 round of
ethanol instead of 3) yielded aggregated suspension. The par-
ticle batches were stored as ethanol suspensions to minimize
dispersibility hazards. Syntheses at twice of the above-stated
reaction scale conducted in 50 mL glass round bottom flasks
were also successful but tended to have higher polydispersity
indexes (0.15-0.17) for the resulting Ce particle suspensions.

Powder X-ray diffraction. Cerium particles were dropcast
onto zero-background Si wafers from an ethanol suspension.
Powder diffractograms were collected on a Bruker D8 Advance
diffractometer outfitted with a Cu X-ray tube and a LynxEye
detector. The data range was 20-80° 26 with 0.02° steps and 3
s collections per step. Samples were rotated. A divergence slit
of 0.6 mm and an antiscattering slit of 2 mm were used. Cu
Ka2 contributions were subtracted from the patterns.

Dynamic light scattering (DLS) and zeta potential. Particle
batch suspensions were ultrasonicated to homogenize the dis-
persion, diluted in ethanol (e.g:, 10-40 pL added to 1 mL
EtOH), ultrasonicated again, and transferred to DTS1070
folded capillary cells. The spike aliquot of each batch was
adjusted to optimize scattering intensity for the DLS measure-
ment. The samples were immediately run on a Malvern
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Zetasizer Ultra in triplicate cycles for the size regime and 1-3
cycles for the zeta potential measurements. Error in these
measurements is reported as 2¢ for averaged replicates. For
the additive study, each additive was combined with a 100 pL
homogeneous aliquot of the Ce particle batch and ultrasoni-
cated. Quantities are provided in Table S5.f Then, 20 pL of
these suspensions were diluted with ethanol for the DLS and
zeta potential measurements as previously described.

Scanning electron microscopy. Particles were deposited onto
aluminum stubs from recently ultrasonicated ethanolic sus-
pensions. The samples were carbon-coated using a Quorum
150T ES sample coater. Micrographs were obtained from an
FEI Inspect F scanning electron microscope with an Everhart-
Thornley detector and an operating voltage of 15-20 kV.
Image] software was used to estimate particle size.** With the
size of these particles approaching the resolution limits of the
available instrumentation, we selected 100 particles with at
least 2/3 of the particle boundary visible.

Electrophoretic deposition (EPD). Ce particles were de-
posited under similar conditions as a previously reported
procedure.*>*® Briefly, our 3D printed EPD cell (Formlabs clear
resin) was outfitted with stainless steel electrodes. Graphite
foils were loaded onto the negative electrode. Particle batches
synthesized at pH ~4.5 were diluted to ~1.5 mL with ethanol
and freshly ultrasonicated before deposition. Particle suspen-
sions were flowed by syringe pump (1 mL min~"), back-and-
forth two times, through the chamber with an applied poten-
tial of 200 V. After disassembling the cell, EPD green bodies
were allowed to air dry before being calcined at 500 °C for
1.5 hours.

Results and discussion
Homogeneous precipitation

We employed a dual-alkalizer approach with HMT and
ammonium hydroxide for homogeneous precipitation of
cerium particles from a Ce" precursor. The Ce" is pre-equili-
brated with HMT to moderate the particle growth and main-
tain the Ce oxidation state; the ammonium hydroxide is added
manually to counteract the acidity of the Ce"™ stock, dictated
by the Ce™’s solubility, and accelerate hydrolytic mechanisms.
The initial formation of Ce particles is evident during the pH-
adjusting phase of the synthesis (Fig. 1A and Fig. S17). Before
any base addition, the pH of the reaction solution is approxi-
mately 1. At and above a pH of 1.5, the reaction solution
begins to look cloudy from the particle nucleation. Increases
in pH achieve further particle nucleation, but if the pH
increases above 8, then precipitation of an amorphous cerium
hydroxide phase competes with the controlled Ce particle for-
mation. The precipitate readily settles out of suspension, in
contrast with the more uniform particles, which generally
remain suspended in the reaction solution. After the
ammonium hydroxide addition, the HMT continues to hydro-
lyze and acts as an additional source of ammonium hydroxide
if the adjusted reaction solution pH is less than 5.5 (Fig. 1B).
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Fig. 1 (A) Titration curves for several Ce particle reaction solutions.
Error is contained within the data points. No initial particle formation is
observed for pH < 1.5. (B) The change in pH of reaction solutions after
~18 hours of aging as a function of the synthesis pH from adjustment
with NH4OH. The error is 0.05 for pH measurements.

This result agrees with previous findings regarding the
decomposition of HMT.** With reaction solutions that have a
pH above 6, HMT decomposition is less dominant, but the
extent of hydrolysis leads to increased consumption of OH™
from solution by olation/oxolation reactions of cerium and the
particle nucleation.” Hence, the reaction solution pH
decreases with aging overnight.

Solid-state characterization

The Ce powders are consistent with the nanocrystalline CeO,
fluorite structure, by powder X-ray diffraction (Fig. 2A) on a

This journal is © The Royal Society of Chemistry 2024
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batch synthesized at pH 7.4. The cubic lattice consists of
8-coordinate Ce metal centers with square prismatic geometry
and tetrahedrally coordinated oxygen atoms. The broad Bragg
peaks are characteristic of nanomaterials.*” Scanning electron
micrographs (Fig. 2C) on a pH 1.9 batch reveal particles of
medium-to-high sphericity, with some particles exhibiting
more ellipsoidal morphology by qualitative observation. The
particles form irregular agglomerates when concentrated on
the aluminum stub. Edge-to-edge bisecting lines of particles
through Image] analysis yield approximate particle diameters
(Table S1t). The average particle size is 108 + 41 nm and
Fig. 2B shows the resulting distribution. While we were aiming
for large nanoparticles, these particles are in the sub-micron
size regime because the average diameter is greater than the
100 nm cutoff for nanoparticles.

Suspension behavior

After proper washing and dispersion through ultrasonication,
ethanolic Ce particle suspensions were characterized by
dynamic light scattering and zeta potential measurements.
The suspensions are monomodal and show hydrodynamic dia-
meters of ~60-200 nm, according to volumetric distributions
(Fig. 3). The intensity distributions reveal Z,,, of 115-175 nm
(Fig. S4 and Table S2%). Increasing the pH of the synthesis
reaction solution does not change the resulting hydrodynamic
diameter of the particles, however there can be some size
variability as seen in the pH 3.6 batch as compared to pH 1.9,
5.0 and 6.3. Batch-to-batch variation can occur because the
localized introductions of NH,OH during the pH adjusting
step affects the particle nucleation. HMT controls the ripening
of the particles as the reaction solution ages overnight so that
the resulting particle size distribution is mostly narrow and

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Dynamic light scattering volume distributions of Ce particle
batches synthesized at the indicated pHs. Inset are the corresponding
zeta potential measurements.

can be described as monodisperse, because the polydispersity
index (PDI) is <0.1 (Table S21).*® The pH 3.6 batch has a PDI of
0.112 + 0.023, just over the threshold into moderate polydis-
persity. The number-derived hydrodynamic diameter agrees
with the particle size distribution from SEM (Fig. S51). The
slight shift to higher diameters for the hydrodynamic volume
and intensity distributions as compared to solid-state

measurements is a known bias for DLS.>*2* The overall

Dalton Trans., 2024, 53, 7376-7383 | 7379
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agreement between the hydrodynamic diameters and the par-
ticle size as evaluated from SEM indicates successful dis-
persion of the particles in suspension. Recharacterization after
1-2 weeks reveals consistency after aging (Fig. S6 and
Table S31) although there may be a ripening effect of the pH
3.6 batch, which has a ~10% increase in Z,,. Additionally,
most show a reduction in PDI, although these are still within
20 error (Table S4t). The consistency of the feedstock character-
istics, at least in the short term, enhances its utility because
batches can be prepared in advance of their use. These suspen-
sions have positive zeta potentials of 25-55 mV, indicating mod-
erate-to-good stability (Fig. 3),"® and are consistent with, if not
more stable than previous reports."**** Generally, particles with
higher charged surfaces (if it is the same sign) electrostatically
repel each other to yield more stable suspensions. Here we use
the word “stable” to describe monodisperse, unaggregated sus-
pensions that are resistant to settling. We have observed a range
of gravitational sedimentation behavior of these particles, likely
driven by the concentration of the suspension (Fig. S7t). More
concentrated suspensions have increased particle-particle inter-
actions that can lead to sedimentation, in as few as 15 minutes.
Less concentrated suspensions, however, remained dispersed
across several days. While not studied further herein, suspen-
sion aging and particle concentration are other parameters that
can be tuned to optimize the Ce particle characteristics relative
to bulk CeO, powders.

Aggregation phenomena in some of our particle batches
manifest as multiple populations as well as shifting to much
higher hydrodynamic diameter (e.g., ~1000 nm) in the DLS
results. Even in samples where the particles appear mono-
disperse in the intensity distribution, it is important to check

View Article Online
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the volume distribution, which can reveal a more complicated
suspension behavior (Fig. S8t). Such disparity can arise
between the intensity, volume, and number distribution plots
as the intensity plots are closest to what is actually measured
and are skewed by larger particles (I « 10° x d, where d is par-
ticle diameter).>>*" Volume and number distributions require
suitable data quality and several assumptions (i.e., spherical
particles, homogeneous particle density, and known refractive
index) to transform the intensity data.>” Results from PXRD
and SEM support these assumptions in our case. See Fig. S5
as an example of how intensity, volume, and number distri-
butions compare for the same sample. In our Ce particle
system, such aggregation effects can be mitigated by proper
washing to remove unreacted synthesis components and with
proper ultrasonication.

Additives are often used to stabilize particle suspensions
and/or induce additional functionality.?®3***3% We screened
the effects of acetylacetone (acac), Darvan 821-A, polyethyl-
eneimine (PEI), water, urea, and citric acid on our Ce particle
suspensions (Fig. 4). There can be some inherent variation in
DLS and zeta potential measurements as can be seen in the
Control 1 and Control 2 samples in Fig. 4A, which were
measured on different aliquots from the same batch at the
beginning and end of the experiment session, respectively.
Largely, the hydrodynamic diameters of the particles investi-
gated with the additives were unchanged from the plain Ce
particle batch, except for citric acid, which shows an increase
in Z,g (Table S6T). The zeta potential measurements reveal
modifications to the particle surface charges. The addition of
aqueous citric acid destabilized the suspension by an ~80%
reduction in zeta potential to +9.19 + 1.43 mV. The citrate
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Fig. 4 The effect of the indicated additives on a batch of Ce particles on (A) Z,,4 and (B) zeta potential measurements.
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anions were electrostatically attracted to the positive Ce par-
ticle surfaces and upon association, neutralized most of the
surface charge. This result contrasts with a previous report of
citric acid’s effectiveness as a surfactant for Ce nanoparticles,
but those particles had negative to near neutral initial surface
charges.>® PEI also reduces the suspension zeta potential by
~30%, which is still within range of what we have observed for
these Ce particles, but urea and acac maintain the positive
surface charge. Darvan 821-A, produced zeta potentials of
similar magnitude but opposite charge. Darvan 821-A is a
common dispersing agent for ceramic particles and is made of
ammonium polyacrylate. Like citrate, it is ionic in solution, but
introduces a steric bulk for stabilization. Charge flipping on the
particles could be useful in electrical applications, and nega-
tively-charged CeO, particles have a greater precedent in thera-
peutic agents;>* however, some optimization would be necessary
as the viscous additive was not fully miscible with the ethanolic
suspension. Since urea and citric acid were introduced as
aqueous spikes, we conducted an experiment with a water spike
as a control. Interestingly, water as an additive produces a
bimodal zeta potential distribution with negative (—27.4 =
4.8 mV) and positive (+56.4 = 7.1 mV) populations, with no evi-
dence of aggregation in the DLS data (Fig. S9 and S107). With
the negative population accounting for ~17% of the integrated
intensity, the overall suspension zeta potential averages to +45.0
+ 2.4 mV with water present. Even as a minor component, water
introduces proton exchange reactions with the surface of par-
ticles.”® The dissociation of water into H" and OH" radicals is
known to occur from ultrasonication and the sonochemical
reaction progresses further in alcohol/water mixtures than
either of the independent solvents.>® As the water control pro-
duced a distinct zeta potential feature, we can conclude that the
effects of the urea and citric acid additives are indeed ligand-
based and not solely a result of introducing water to the system.

Electrophoretic deposition

To demonstrate the potential of these Ce particle suspensions
as AM feedstocks, Ce layers were coated onto graphite backings
through electrophoretic deposition. The positively-charged Ce
particles deposited onto negatively-charged electrodes. Optical
microscopy reveals relatively uniform and crack-free coatings
of CeO, after calcination at 500 °C (Fig. 5). Any heterogeneous
features arise from existing texture in the graphite foil. In con-
trast, Panigrahi et al.,>® reported uneven surfaces on ceria EPD
deposits from ethanol, but their commercial CeO, particles
were larger, up to 3 um in size. We have shown preliminary evi-
dence that our narrow size range Ce particles can improve the
microstructure of Ce EPD deposits. Optimization and tuning
of the deposition conditions are underway.

Conclusions

We report a simple synthesis for sub-micron Ce particles from
a tetravalent precursor that is tuned towards application to tet-
ravalent actinides. The combination of HMT and ammonium

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Optical microscope images of calcined Ce deposits on a graph-
ite backing with magnifications of (A) 1.25x%, (B) 2.5x%, and (C) 8x.

hydroxide produces controlled particle precipitation at room
temperature. The method yields particles of a favorable size
(~60-200 nm) for an additive manufacturing feedstock; the par-
ticles are monodisperse and large enough so that the product is
recoverable by standard centrifugation, yet not so large as to
readily settle out of ethanolic suspensions. This presents a
marked improvement over typical actinide colloid suspensions,
which are notorious for being difficult to harvest and wash for
further use due to their small size. The Ce particles have positive
surface charge which can be modified by the introduction of
various additives (e.g., Darvan 821-A for charge flipping). Early
progress demonstrates the efficacy of these Ce particle feed-
stocks for producing uniform films by electrophoretic depo-
sition. This work serves as the foundation for the synthesis of
spherical sub-micron transuranic oxide particles, pending
ongoing scaling procedures and optimization appropriate for
high activity alpha-emitting radionuclides.
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