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Abstract

The ability to control the morphology of precipitated cerium oxalate material results in
determinate evidence to its final properties. In this study, we demonstrate that surfactant free
nanostructured low water solvents have a huge potential for controlling the morphology of a
cerium oxalate powder. In this aim, an in-depth investigation of the reaction between cerium
nitrate and oxalic acid is carried out, by varying both the relative concentration of the two
reagents (around stoichiometric value), and the composition of the water / propanediol / octanol
ternary solvent (especially in the low water-content nanostructured domain). Thanks to the
complementary of observation methods: microscopy (confocal microscopy with fluorophores,
environmental SEM), and X-ray scattering (SAXS, WAXS), we evidenced the role of the
solvent on the growth kinetics and directional aggregation of the precipitates - the two major
factors determining the final morphology of the particles. Besides the possible confinement
effect in nanodroplets, compact “dense-branching” particles, achieved in low water content
solvent, unveil the strong role of the surface forces on the aggregation mechanisms. This is
consistent with the prevailing capillary forces at water / oil / solid triple points in ternary
solvents. These new results confirm the high potential of nanostructured solvents for controlling

the size and shape of hydrated precipitated particles.



Introduction

The control of powder morphology during precipitation has a huge interest due to the growing
demand of functionalized materials in many industrial sectors such as pharmacy, ceramics and
energy [1, 2]. However, while this route of synthesis is widely implemented industrially, the
powder morphology obtained by precipitation remains difficult to predict and to control.
Finding the appropriate manufacturing process, where functional performances demonstrated
at the nanometric scale from laboratory synthesis are able to be reproduced at the industrial
level, is a major technological barrier. It is especially of paramount importance today, for the
economic viability of rare-earth elements (REE) recycling processes [3]. Controlling
morphology is particularly challenging in the case of cerium-based particles for which the
electronic structure, that influences the physical and chemical properties (such as intrinsic
photoluminescence [4], biological activity [5] and catalytic properties [6]).

One of the simple, effective and low-cost CeO> synthesis routes is oxalic precipitation followed
by a calcination step [7-10]. The process takes advantage of the high insolubility of oxalate salts
to recover REEs. Ce'!" salts and oxalic acid indeed easily and instantaneously co-precipitate in
water solutions [11] following the global reaction:

2Ce(NO3)3 + 3C2H204 + 10H20 — Ce2(C204)3+ 10H20 + 6HNO3

As for any crystallization process, the obvious lever to control the particles size is to manage
the rate (ideally the mechanisms) of crystal formation. While near equilibrium, the growth of
hierarchical structures highly depends on the origin of coordination complex between the metal
and the ligand [12], randomly aggregated structures are obtained far from the equilibrium
conditions [13]. Hence, studies first considered the effect of modifying the basic conditions of
synthesis and mainly the supersaturation (changing temperature, acidity), the distance from
equilibrium conditions (changing the initial reactant concentrations, the ratio between reactants)

[14] and/or the viscosity of the reaction the medium [15, 16]. Large and high quality single



crystals have e.g., been grown by gel technique, where transport phenomena are dampened and
where morphology and size can be tuned by pH of gel or the molarity of the strong acid
solutions [17, 18].

On the other hand, monodispersed small (i.e., nano) Ce oxalate particles were obtained by
confining the reaction within water droplets in microemulsions [19, 20], where surfactant, oil
and water compositions can be seen as tunable parameters of the process. Vaidya et al.
previously evidenced that implementing the reaction of Ce'"'ions with oxalic acid in the aqueous
core of micelles results in spherical agglomerated precipitates with size similar to the micelles
(i.e., 4-6 nm) [20]. More recently, and accounting for the coordinating properties of the
bidentate oxalate ion, that forms complex oxalates with the metal ion [21], the intrinsic
properties of the solvent have been considered as a possible lever. Zhang et al. have tested
different amino-acids crystallization modifiers to control the hierarchical nanoarchitectures
[10]. Liu et al achieved the formation of 3D “flower-like” particles with high specific surface
area, adding polyvinylpyrrolidone (PVP) in the Ce salt solution before its reaction with oxalic
acid, in stoichiometric proportion [8]. Similar compact and organized cerium oxalate particles
were synthesized by Jehannin et al. in over-stoichiometric conditions, and considering a ternary
mixture of water, propanediol and octanol, with low water content [22]. One interesting feature
of this ternary mixture is its nanostructuration that was revealed by SAXS.

In the last 10 years, a growing interest has been observed for this kind of nanostructured
solvents, named as “surfactant-free microemulsions” [23], and more specifically for their Ouzo
and pre-Ouzo regions [24, 25]. However, few papers report on their use for reactivity and
nanoparticles synthesis [26, 27]. The structure of these ternary solvent (one hydrotrope in two
immiscible solvents) used in [22], consists of embedded water-rich and octanol-rich
pseudophases separated by a ultraflexible surface film [25] which is different from that of the

microemulsion commonly used for nanoparticles precipitation [28]. Jehannin et al. were the



first to experiment them as precipitation medium for cerium oxalate particles [22]. Their results
unambiguously relate the formation of various aggregated morphologies of cerium oxalate
particles (including the microflowers) to the nanostructuration of the solvent.

The aim of this paper is to better understand this correlation and to highlight the involved
mechanisms and from there to evaluate the possible tuning of the shape of precipitated cerium
oxalate particles. We will particularly investigate the relative importance, and the respective
role, of the growth and aggregation stages on the final cerium oxalate particles. Besides the
differences in physical properties (as e.qg., viscosity) likely to occur while moving in the ternary
diagram, nanostructured solvents containing small amount of water exhibit interesting features
for the control of the precipitation reaction. On one hand, the water-rich nanodomains, known
as reversed pre-ouzo [29], can act as individual precipitation reactors (i.e. nano-confined
precipitation) as in the micellar systems [20]. On the other hand, capillary forces that are
particularly strong at the water/oil/solid triple points are likely to promote the bridging of the
hydrophilic particles in the water-poor solvent, thus constraining them to form aggregates (i.e.,
capillary-induced precipitation) [22]. In this study, oil rich water / propanediol / octanol
solvents with water contents as low as 10% have been prepared and characterized by small
angle X-Ray scattering (SAXS) in order to further assess the influence of the water scarcity on
the final morphology of the particles. In order to better discriminate how the solvent
composition acts on the reaction mechanisms of cerium oxalate formation, and if possible, on
their corresponding rates, we used a combination of complementarity microscopy techniques
(optical, confocal microscopy and environmental SEM) and SAXS to characterize the
morphology and the kinetic evolution of the particles. We chose a diluted cerium salt solution
(i.e., 0.07M in the water domain, instead of 0.45M in our prior study [22]) in an attempt to

reduce the apparent rates of growth and aggregation mechanisms.



The results will be discussed in 3 steps. First, the solvent structure is introduced, and its overall
effect on the final particles’ appearance is studied. In a second part, the effect of the oxalic acid
concentration on i) the final morphology of the particles, and ii) on the course of the
precipitation is examined, while the solvent composition is fixed. In the last part, different
mechanisms are discussed to explain the proven effect of water-poor nanostructured solvents
on the precipitation of cerium oxalate.

Experimental section

Materials and solutions

The precipitation reagents, cerium nitrate hexahydrate and oxalic acid with 99.99% minimum
purity, and the solvent components, 1.2-propanediol (> 99.5%) and 3-octanol (99%) were

purchased from Sigma Aldrich.

Table 1. Composition (in mass fraction) of the tested solvents. The composition of the “oil rich solvent”,

ORS, used in [22] is reported for comparison. All cases represent monophasic ternary mixtures.

Name % water % propanediol % octanol
ORS 24.70 55.30 20.00
Ternl 17.78 60.00 22.22
Tern2 9.76 65.85 24.39

Based on previous work, we prepared oil rich phases of water (Milli-Q, Millipore)/ 1,2-
propanediol / 3-octanol [22]. We selected two different compositions with decreasing water
content, down to approx. 10% (Table 1). The mixtures remained monophasic at room

temperature.

The solutions of chosen concentration of each reagent were prepared in the same ternary
solvent. All solutions stayed stable at room temperature when water is replaced either by an

oxalic acid (at 0.070 to 0.535 M) or by a cerium nitrate water solution (at 0.070 M) (Table 2).



Table 2. Compositions of the tested reactive systems, where the concentrations for cerium salt and
oxalic acid are given in the aqueous phase that replaces the water phase in the ternary system. The molar
ratio (Ce:C,0q) is calculated for the ternary solution after mixing both reactant solutions (Ce** and

C2H204 ternary solutions) at 50/50.

2Ce(NO3)z + 3C2H204 + 10H20 — Ce2(C204)3* 10H20 + 6HNO3

[Ce**], [C2H204], Ce:C20s

M of M of molar Sample . . . .
e o . . Sedimentation  Sedimentation
initial initial ratioin Conditions name after S N

L timein Ternl  timein Tern2

aqueous aqueous the total precipitation

phase phase solution
0.070 0.070 1:1 unstoichiometric CeOxXunst undetermined -
0.070 0.105 2:3 stoichiometric CeOx ~ 2-3 days ~ 7 days
0.070 0.315 2:9 eXcess CeOxExyy undetermined undetermined
0.070 0.535 2:15 eXCess CeOxEx ~ 10 days ~ 16 days

The precipitation reaction was initiated by vortex-mixing together 50/50 volume of 500 pl of
each reagent solution, (1 with oxalic acid and 2" with cerium nitrate), during 2 minutes at the
maximum speed. The solution turned white immediately, and sedimentation was observed after
reaction, the time of sedimentation have been evaluated by eye. Additional experiments using
water only as the solvent were also performed for comparison. We considered that reaction was
completed when particles were fully sedimented at the bottom of the vessel (named as “final
state”). The “after mixing” conditions describe the analysis on the mixture just after the 2
minutes mixing by vortex. Unless otherwise indicated, the precipitants were taken directly from

the bottom of the vessel and analyzed without any washing step.
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Figure 1. Left: The composition of ternary solvent is indicated in phase diagram of water/1, 2-

propanediol/3-octanol: i/ Ternl (wt/wt/wt% 17.78/60.00/22.22) is referenced by a blue circle, ii/ Tern2
(wt/wt/wt% 9.76/65.85/24.39) is referenced by a grey square, iii/ ORS, “oil rich solvent”, used in [22]
is referenced by a snowflake. All these conditions correspond to a monophasic domain at room
temperature. Dashed line, as a guide for eyes, shows the limit between biphasic (below) and monophasic
(above) phases following the phase diagram described by Jehannin [30]. Right: SAXS patterns of Ternl

and Tern2 solutions containing an oxalic acid/water solution for excess conditions.

Optical Microscopy

An inverted microscope (Leica DM IL) was used to observe continuously the precipitation reaction
within a droplet deposited on the microscope glass slide. Images were acquired using a PIXELINK
PL-B781U 6.6 MPixels camera.

The confocal images were taken with an Olympus Fluoview FV1000 inverted confocal laser
scanning microscope. Samples of the crystals in ternary solvent (~60 pl) were placed in a quartz
cell (0.5 mm light path) and examined at room temperature. The microscope is equipped with
a laser with a wavelength of 543 nm, which excites Alexa Fluor™ 555 Carboxylic Acid, a

tris(triethylammonium) salt (Molecular probes, Invitrogen, U.S.A.) soluble in aqueous phase



(identified in pink in the pictures) but not soluble in octanol phase. The fluorophore was added

to the reactant before precipitation reaction, using the same quantity for each experiment.

Environmental Scanning Electron microscopy (ESEM)

An environmental scanning electron microscope Quanta 200 ESEM FEG (FEI Company) was
used. When using the environmental mode, it enables to observe directly the particles in the
liquid phase in which they form, by maintaining constant relative humidity around the sample.
A Peltier cooling stage was used to maintain the sample temperature to 2°C, while the water
pressure in the microscope chamber was adjusted to 708 Pa, i.e., exactly on the water liquid/gas
equilibrium curve. Furthermore, a GSED (Gaseous Secondary Electron) detector was used to
collect the electrons [31]. The images were recorded with an accelerating voltage of 6 kV.
Two different conditions were analyzed. First, the samples were prepared in advance and the
particles were studied by ESEM directly from the powder that has settled in the solution without
additional washing (named as “final state”), and secondly by depositing a fresh reactive solution
(named as “after mixing”) directly on the sample holder.

Dried particles were prepared as described in “SAXS/WAXS EX situ” part.

SAXS/WAXS

SAXS/WAXS data were acquired in SWAXSLab on a XEUSS 2.0 apparatus (XENOCS) in
SWAXS Lab equipped with a Cu microfocus X-Ray source and a Pilatus (Dectris) 1M detector.
The considered g-ranges from 0.0283 A to 1.350 A for Tern 2 and 0.0356 A to 2.300 At
for Ternl are obtained from a single sample to detector distance (45.0 cm Tern2 and 24.5 cm
for Ternl respectively). The g-ranges are calibrated with tetradecanol. The detector count is
normalized from a direct beam measurement and the Standard procedures were applied to
subtract background scattering and to normalize the intensities using an in-house extension of

an open-source Python SAXS software [32, 33].



Ex situ

Samples were prepared following the protocol described in Material and solutions part. They
were quenched by centrifugation after chosen reaction-times: 4h, 1-3days. The solvent traces
are supposed to be removed by repeating centrifugation 3 times and by washing the collected
solids with ethanol. The obtained powder was analyzed on a sticky Kapton film after being
dried at room temperature. The acquisition time is 1800 s for each powder and each

configuration.
In situ

Samples were prepared following the protocol described in Materials and solutions part. Just
after mixing, borosilicate capillaries (VIJM-Glas/Muller GmbH) of 1.5 mm thickness are filled,
sealed, and measured for different reaction times to follow the kinetic of the formation of
particles before their sedimentation, when it occurs. The acquisition time is 1800s for each

measurement, and for the two sample to detector distances.

Results and Discussion

Structure of the synthesis media and its overall effect on the appearance of the cerium oxalate

crystals

The nano-organization of the Ternl and Tern2 ternary solvents was characterized by SAXS,
that reveals different nanostructures. Figure 1 shows the SAXS patterns obtained for both
ternary systems when containing oxalic acid in excess conditions. In the large g-range, the broad
peak around 1.4 A combines the signature of the liquid alkane chains and water. The broad
peak at 0.64 A1, mainly visible in Tern2 solution is a characteristic correlation peak classically
observed for alcohols [34], here it is related to the propanediol-octanol mixture. Finally, the

signal in the small g-range is characteristic of the presence of globular domains with higher
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electronic density than alkane chains, as already evidenced in the water/propanediol/octanol
ternary mixtures [22], and typical of ternary solutions containing one hydrotrope and two
immiscible fluids [25]. The SAXS signal is slightly modified depending on whether the aqueous
phase is pure water or a cerium nitrate solution instead of the oxalic acid solution (see Figure
S1). The curves can be fitted for the water case by either a Gaussian distribution of spheres for
Tern 2 (R=4.0 A, 6= 4.0), or by cylindrical shapes with ellipsoid section (of aspect ratio AR)
for Tern 1 (R=5.7 A, AR=2.0, L= 103.0 A) (See figure S1). These domains contain the water
and OH groups from the alcohols, they are of bigger size for Ternl than for Tern2. The
differences in domain’s size mainly come from the water content in the
water/propanediol/octanol ternary system. We can conclude that if nanostructuration has an
impact on the reactivity of cerium oxalate precipitation, the water content is an important
parameter.

The synthesis of cerium oxalate in ternary system is obtained by mixing in volume-to-volume
ratio the two ternary reactant solutions containing cerium nitrate and oxalic acid (see Table 2
for composition). For the excess oxalic acid case, a simple observation by eye indicates that a
longer time is required after mixing to reach sedimentation of the particles in the ternary system
in comparison to water (10 days, 16 days and few seconds, respectively for Ternl, Tern2 and
water). The ESEM observation of the sedimented particles also indicates differences. The
particles from ternary solutions appear rather as separated units compare to those from water
solutions, and their size and branching increases as the water content is decreased (Figure S2),
while the infrared signatures of the precipitates are similar (Figure S3), meaning the
composition is the same. Going from pure water to ternary alcohol solutions modifies the
viscosity of the solution. This is associated to a reduction of the particles sedimentation rate,
and most probably aggregation between them, but also to a modification of the reactivity by

changing the local transport properties. Both phenomena are consistent with the observed
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morphology modifications. We thus turn to investigate the impact of the stoichiometry on the
final morphology achieved with the 3 solvents (Ternl, Tern2 and water) in an attempt to better

assess the role of solvent composition in reactivity and morphology.

Impact of the oxalic acid concentration on the precipitation of cerium oxalate. Case of Ternl

solvent

The range of oxalic acid concentrations considered for the synthesis of cerium oxalate in ternary

solvent Ternl is indicated in Table 2.

Final morphology

ESEM images show that the final products obtained at the end of the precipitation reaction
exhibit different morphologies, depending on the oxalic acid concentration (Figure 2). Note that
we here present the results obtained in the Ternl system, although, as it will be illustrated in

the second part of the article, the same trends were observed in the Tern2 system.

For stoichiometric conditions (Ce:C204=2:3) (Figure 2, CeOx) the reaction results into 30 um
diameter compact cross-like crystals with ~ 6 um thickness; the blocks of platelets unfold into
45° or even smaller angles by creating the shape of fans or micro-flowers, as they were named
by Liu et al. [8].

Using a complete excess of oxalic acid (Ce:C204=2:15) (Figure 2, CeOXEX) on the other hand
leads to the formation of less compact aggregates with thin and long platelets and rods. The
branches arranged themselves in a less regular pattern, creating long crosses or sort of “sea
urchins” (length = 25 um, thickness of platelets ~ 0.5 um) for the more complex assemblies,
while being connected by their center.

At intermediate over-stoichiometric oxalic acid concentration (Ce:C204= 2:9) (Figure 2,
CeOxEx1/2), a mixture of compact microflowers, observed in stoichiometric conditions, and of

the loose “sea urchins”, typical of strong oxalic excess, is found.
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For under-stoichiometric conditions (Ce:C204=1:1) (Figure2, CeOXunst), @ mixture of small
platelets, with length 1=3.5 um, and compact crosses of diameter around 18 um, is observed.
The angle at the intersections of two blocks is 90°, suggesting that the microrods could first
assemble perpendicularly or grow in two opposite directions separated by a 90° angle.

The obtained evolution of the particles shape with the oxalic acid concentration is consistent
with the previous observations where, at a oxalic acid / cerium nitrate ratio of 1.6
(Ce:C204=1:1.16), a sharp transition from compact micro-flowers, synthetized at lower oxalic
excess, to less compact aggregates (needles in the more extreme cases) at higher oxalic excess
was observed [30]. Smaller particles, but with similar morphologies were also evidenced in
PVP-aqueous solutions, where micro-flowers (2-3um) form at stoichiometric conditions,
whereas irregular branchlike microrods (7-8 um) form when oxalic acid is in excess, and two-
micron size rods crossed together precipitate for under-stoichiometric conditions [8]. Star-like
assemblies of needles have also been observed after synthesis of cerium oxalate in pure water,
at low temperature, with acidic conditions and for a specific pathway for reactant addition
(cerium salt added in oxalic acid) which correspond to an excess of oxalic acid during the
synthesis [14].

The ESEM pictures that are reported in Figure 2 indicate that in the nanostructured solvent
Ternl, as in aqueous solutions, the higher the distance from stoichiometric conditions (here
represented by the excess of oxalic acid), the higher the branching of the aggregates, and the
smaller the thickness of the “elementary” platelets and rods. This behavior is consistent with
the one known in water solvent. However, the final size achieved by the particles in structured

solvents is bigger (25um — 30um).
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Figure 2. Morphology of cerium oxalate crystals at the “final state” after their synthesis in ternary
solvent Ternl for different concentrations of oxalic acid: 0.070M (CeOxunst, Ce:C204=(1:1)), 0.105M
(CeOx for stoichiometric conditions, Ce:C,04=(2:3)) (“microflowers”), 0.315M (CeOxEx1, Ce:C.0.=

(2:9)), 0.535M (CeOXxEX, Ce:C204=(2:15)) (“’sea urchin”). Scale bars are 10pum.
Progress of the precipitation process

In Tern 1 system, for all conditions (different Ce:C,04 ratio), reaction was immediate and the
mixture instantaneously turned white as the solutions of cerium nitrate and oxalic acid got into
contact. In a view of highlighting the detailed growth mechanisms responsible for the final

achieved shape, and in particular the nature of the first “grains” responsible for the whitish

14



coloring appearing just after mixing, ESEM and optical microscopy were used to investigate
the time-evolution of the crystals (Figure 3 and Figure S4).

ESEM. Droplets of solution just after mixing or (visible powder + solution) obtained after 1
day are introduced in the microscope for observation. For stoichiometric conditions,
homogeneous size and shapes (named as “sandwiches” or brick-like) were observed just after
mixing with the following typical dimensions: length 1=3um, width w=2um and thickness
t=1.5um (Figure 3A). Homogeneity of the particles’ population is highlighted in Figure S5.
Many sandwiches exhibit protrusions getting out from the side plane (nail shape, inset of Figure
3A), which probably are prime growth sites to achieve the final cross shape of Figure 3C. Some
tiny crosses were even observed at this early stage. Zooming more, smaller platelets, with a
length 1=0.5-0.7um, were observed in coexistence with the other shape (Figure 3B, Figure S6
B), that could be the primary species for these stoichiometric conditions. Similar structures, and
particularly the nail shape, and small platelets, have been observed prior to the drying of the
solvent (see Figure S6A), hence confirming the process leading to the typical morphology

obtained for stoichiometric precipitation in Ternl appears rapidly and before the growth phase.

With an excess of oxalic acid, the elapsed time between the reactants mixing and the complete
sedimentation of the particles was significantly longer than for stoichiometric conditions,
(approximately 3 times longer regarding the sedimentation times only). Paradoxically, the
particles observed just after mixing were much larger than those synthetized in stoichiometric
conditions (Figure 3 D and E, Figure S6 C). Two types of shapes predominate: i) long crosses
folded aside by 2-3 stacked platelets, which could unfold to achieve the shape of snowflakes
(angle, where two blocks intersected, is 90°, the length of both parts was around 10 pm); and
ii) pins (length of longer part was round 10 pm, length of the shorter part was around 5 pm,
half of the diameter of the full cross) evocating the rapid growth of the ends of the sandwich-

shape with protrusions observed in stoichiometric conditions. The less compact morphology of
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these particles achieved far from equilibrium, when compared to the particles obtained under

stoichiometric conditions, can explain their slower sedimentation.

Just after mixing

CeOx

CeOxEx

Figure 3. Environmental electron scanning microscopy (ESEM) of cerium oxalate particles under
stoichiometric conditions (A, B, C) and excess of oxalic acid (D, E, F) synthetized in ternary solvent
Ternl just after mixing (A, B, D, E) and after 1 day (C, F). The same precipitant solution (CeOx and
CeOxEx, independently) was taken for the observation of the evolution of particles’ morphologies just
after mixing and after 1 day. The inset, in the white square, is a zoom to better demonstrate the
morphology of the particles. The red rectangle in A is the region of interest for the bigger magnification

presented in B. Scale bars are 10 um (A, C, D, F) and 3 um (B, E).

Optical microscopy. The observed difference in morphology was also observable after 3 hours,

directly on the reactive solutions (i.e., without the evaporation step required by ESEM), thanks
to optical microscopy. The bright field images confirmed that two different characteristics
shapes are achieved depending on the initial oxalic acid conditions (Figure S4): “crosses” and
“snowflakes” for stoichiometric ratio of reactants (Figure S4 A), and for excess of oxalic acid

(Figure S4, D), respectively, which further continue to evolve (Figure S4 B, C, E, F).
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From ESEM and optical microscopy, we can conclude that the orientation towards final
morphology is visible after mixing, materialized by thick and compact particles for
stoichiometric conditions and by thinner and branched particles for oxalic excess conditions.
Additional ex-situ and in-situ analysis were implemented to consolidate these qualitative

microscopy observations.

Complementary ex situ analysis. The particles precipitated in the Tern 1 solution were

characterized by means of ex situ SAXS/WAXS and ESEM analyses for two reaction times (4
hours and 3 days) (Figure 4). Contrary to the conditions used in Figure 3, particles have been
separated and washed before their observation. This means that under ESEM, no excess of
reactant is present during the drying process in the microscope. The reaction times were selected
to catch the morphology and structure of the particles under evolution, knowing that after 3
days, the particles have fully sedimented for the stoichiometric conditions and not completely
sedimented for the excess conditions. After 4h, the extracted crystals from stoichiometric
condition exhibit several Bragg peaks typical of cerium oxalate decahydrate crystallographic
structure (monoclinic structure with lattice parameters a = 11.34 A, b =9.630 A, ¢ =10.392 A
and B= 114.5° (JCPDS Card No 20-0268)), while for those produced in excess oxalic acid
conditions the Bragg peaks typical of cerium oxalate (0.61 A, 1.26 and 1.30 A™) are small and
in coexistence with another Bragg peak at 0.98 A and a broad peak at 1.21 A. Other crystal
structures in coexistence with the cerium oxalate are thus visible for the excess oxalic acid
conditions. The Bragg peaks at 0.98 A can be related to the (100) orientation of hydrated
oxalic acid crystals (close to expected Bragg peak from monoclinic structure with lattice
parameters a=6.12 A, b=3.61 A, ¢=12.03 A and B=106.12°). This means that oxalic acid crystals
are trapped in the cerium oxalate precipitates, as it is not removed by the washing steps,
although highly soluble in ethanol. The other broad peak at 1.21 A could be related to an

intermediate amorphous state, which is only visible for excess conditions. Therefore, for the
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excess conditions, the ex situ SAXS evidences intermediate structures (oxalic acid crystal and

an amorphous phase) in coexistence with the cerium oxalate crystal in formation.

After 3 days, the positions of the Bragg peaks are the same for the two conditions indicating
that the precipitates exhibit the same crystallographic structures typical of cerium oxalate.
However, for the excess conditions, the Bragg peak centered at 0.61 A™ and related to the (100)
facet of cerium oxalate decahydrate is the most intense contrary to the stoichiometric

conditions. The excess oxalic acid conditions favored the growth of the (100) facet.

From ESEM, we also observe differences in the particle morphologies for the 2 reaction times
(4 hours and 3 days), with compactness for stoichiometric conditions and branching for excess
of oxalic acid. These findings are in agreement with the observations on the reactive solutions
after mixing and after 1 day (Figure 3 and Figure S4), and with those on the final state after

complete sedimentation (Figure 2).
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Figure 4. WAXS data ex-situ of the cerium oxalate particles under stoichiometric conditions (CeOx)

and excess of oxalic acid (CeOxEx) in ternary solvent Ternl with the corresponding images of
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environmental electron scanning microscopy (ESEM) after (A) 4 hours and (B) 3 days after

centrifugation and washing steps. Scale bars correspond to 10 pm.

Complementary in situ analysis. In order to follow the crystal growth in the Ternl ternary

system, the ageing of the solution was monitored by SAXS after the mixing of the two reactants
considering stoichiometric (CeOx) and excess of oxalic acid conditions (CeOxEx). The SAXS
intensity due to the particles is well above the ternary solvent ones (see Figure S7), with one to
two decades of difference in intensity in the low-q region. In the large g-range, the signature of
the ternary solvent comes from the nature of its components and is defined by a correlation peak
due to water and alcohol organization. We thus have subtracted the ternary solvent signal from
each curve acquired during the Kinetic experiments, to extract the signature from particles
growth and crystallization (Figure 5 and Figure S8, S9). The high scattering signal in the low
g-range is the signature of the size (diameter, 2R) and density number (N) of the growing
constitutive particles embedded in bigger grain, while the gradual appearance of the Bragg

peaks in the large g-range is characteristic of the crystallization process of the particles.

In situ SAXS provides more indications on the course of the precipitation. For the
stoichiometric conditions, a typical trend is observed although partial sedimentation occurs
after 6 hours (by eye). Particles with typical size 14 nm (extracted from SAXS fitting) are
already formed after 2 hours while crystallization process is still in progress (Figure 5 and
Figures S12, S13). We observe on the patterns recorded between 2 and 6 hours diffraction peaks
characteristics of intermediate compounds. We attributed them to the oxalic acid and to an
amorphous phase, revealed for excess conditions in the ex-situ study (Figure 4). The Bragg
peaks centered at 0.97 A and 1.95 A (see Figure S8) (related to the oxalic acid) and a broad
peak at 1.18 A (related to an intermediate amorphous phase) appear first. Then their intensities
decrease with increasing time (Figure 5 and 6), explaining while they were not observable on

Figure 4 for ex situ conditions. Simultaneously, the peaks centered at 0.92 A, 0.94 A, and
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0.61 A (and others peaks) which are characteristic of the cerium oxalate structure appear and
their intensities increase as the time increases (Figure 5 and 6 and S12). Hence, oxalic acid and
amorphous phase present in the first stage of the precipitation are consumed during the cerium

oxalate crystal formation.

10! 0.035
A
0.030 1
100-
0.025 1
S T, T o0
o s g o020
O - =
0.015 1
10—2-
—— 4HOO : 0.010 A
— SHoO . TTTTTTT
—— 6HOO
1073 T ‘ 0.005
101 10°
g (A1
10! 0.035

0.030 1

10°4
0.025 4

0.020 A

1 (cm™1)

0.0154

CeOxEx
1 (cm™1)
8

0.010 A

10724

0.005 4

: T 0.000 = : : v : " : T
1071 10° 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

q (A q (A

1073

Figure 5. SAXS kinetics of cerium oxalate formation for (A, B) stoichiometric and (C, D) excess oxalic
conditions in Ternl solvent. (A, C) log-log scale and (B, D) linear scale with a zoom on the Bragg peak
region. The symbol (*) indicates the first visible peaks which intensities then decrease as the

characteristic peaks of cerium oxalate crystal grow over time.

For the excess oxalic conditions, the in situ SAXS kinetic only shows a slight evolution over
the monitored time (Figure 6 and Figures S12 and S13). In the low q region, the signature of
formed particles, of size 10 nm, is present with slight increase with time. In the large g-range,

intense Bragg peaks related to the intermediate compounds are visible in coexistence with low
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intensity Bragg peaks typical of the cerium oxalate crystals (Figure S9). This slow evolution is

consistent with the ex situ experiments.

For both conditions (stoichiometric and excess of oxalic acid) the particles are rapidly formed,
evidenced by both the white color appearing immediately after mixing the reagents, and the
intensity of the scattering at low ¢ in the SAXS patterns (> 3 cm™ after 1h), but the
crystallization process is slow (evolution over hours), in particular for excess oxalic acid
conditions (evolution over days) (see Figure 6, Figure S12). The particles size extracted from
SAXS fitting indicates a slight evolution of the size while crystallization progresses (Figure
S13). These observations are consistent with the formation of an amorphous phase in
coexistence with the crystal in formation, as already observed for other crystallization processes
[35]. The formation of an intermediate amorphous phase prior to the crystallization process of
cerium oxalate, was reported in water, where reaction time is typically of seconds [36, 37].
However, while in water the amorphous phase is a transient intermediate phase, in the ternary
system it is stabilized for a longer time (hours). In ternary solvent Ternl, the presence of oxalic

acid crystals in coexistence with the cerium oxalate crystals is also visible for both conditions.
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Figure 6. Bragg peak evolution versus time for Ternl and Tern2 for stoichiometric and excess

conditions. Cerium oxalate crystal formation is indicated by the peak at 0,94 A and the evolution of

the transient phase by the peak at 0,97 A,
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On the mechanisms affecting the precipitation process in water-poor ternary solvents

The amount of water in the composition of the ternary solvent is expected to impact the
arrangement of the final structure of cerium oxalate crystals [22]. Based on the ternary phase
diagram (Figure 1), we moved upward from primary ternary solvent Ternl to Tern2 by dividing
by 2 the concentration of water in the system.

Direct observations. In the case of solvent with the lower water content, Tern2, the mixture

turned into a gel several minutes after mixing the solutions containing cerium nitrate and oxalic
acid. At the end of the reaction, the gel has disappeared, and the solution is transparent with

sedimented particles at the bottom.
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Figure 7. Optical microscopy (A, C) and environmental electron scanning microscopy (ESEM) (B, D)
images of final morphology of the cerium oxalate particles under stoichiometric conditions (A, B) and
excess of oxalic acid (C, D) in ternary solvent Tern2, i.e., after total sedimentation of the powder in the
solution with 500 pl/500ul of each reagent at room temperature, i.e., ~10 days for stoichiometric

condition and ~16 days in the excess of oxalic acid, respectively. Scale bars are 50pum.

For the same reactant concentration, the morphology of the sedimented particles formed in the
Tern2 solvent (Figure 7) is not the same than the morphology of the particles formed in the
Ternl system (Figure 2). We can recognize the differences between stoichiometric conditions

and excess of oxalic acid already observed in Ternl, with the appearance of wide, compact
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elements (Figure 7 A, B) and thin, long elements in all the directions (Figure 7 C, D),
respectively. However, in Tern2 system, the final products are denser than in Ternl, suggesting
a strong effect of the water scarcity on the course of the reaction. At last, the particles grown in
Tern2 solvent are 1.5 to 2 times bigger (d = 50 pm) than the one grown in Ternl solvent (d =

30 um), and the platelets assembly exhibiting higher branching is more randomly distributed.

Localization of water in the cerium oxalate particle assemblies. The water-distribution during

the synthesis have been monitored by confocal microscopy technique using a fluorescent probe
(Alexa Fluor™ 555 Carboxylic Acid) which is soluble in water and not soluble in the octanol
phase. This probe is used to determine precisely the location of the water molecules within the

cerium oxalate particles assemblies (see Experimental section, Optical microscopy part).

For stoichiometric conditions in the Ternl system after complete sedimentation, all the oxalic
acid is incorporated in the crystal, to achieve stoichiometric proportions. The fluorophores are
visible only on the aggregated structures, while isolated crystals remain “black” (Figure 8
compare A and B).

On the contrary, in the case of an oxalic acid excess, fluorophore species remain visible
everywhere in the image revealing that hydrated compounds are homogenously dispersed in
the octanol phase. At the end of the reaction, only the unreacted oxalic acid could be found in
the octanol phase. It is likely that the colorant is bounded to hydrated oxalic acid by hydrogen
bonding or by forming a catanionic compound (between amine group from Alexa 555 and acid
function of oxalic acid). The aggregated structures in the shape of “sea urchins” or snowflakes
remain “black”, and only platelets with free facets showed the presence of fluorescent dye
(Figure 8 compare C and D). This difference could indicate a partition coefficient of the
fluorophore between free hydrated oxalic acid and hydrated cerium oxalate particles.
Analogous phenomenon was observed for Tern2 system for both stoichiometric and oxalic acid
excess conditions (data not shown).
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CeOx

CeOxEx

Figure 8. Images of confocal microscopy of the cerium oxalate particles after complete sedimentation
under stoichiometric conditions (A, B) and excess of oxalic acid (C, D) in ternary solvent Ternl.
Molecular probe Alexa 555 is soluble in water (appears in pink in the confocal pictures B, D) but not

soluble in the octanol phase. Scale bars are 50 um.

Growth kinetics of Cerium Oxalate in Tern2. In order to highlight the role of water and excess

of oxalic acid in the control of the cerium oxalate morphology, SAXS monitoring of crystal
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growth in the Tern2 system was performed for the first 19 hours after mixing of the reactive

solutions. The results are reported in Figure 9.

As for Ternl system, the residual signal from nanostructured ternary solvent was subtracted

from each curve acquired during the kinetic experiment (see Figure S7 for comparison between

nanostructured ternary solvent and reactive solution signals). The variations of the WAXS

spectra as a function of ageing time are reported in Figure 9 for the two different conditions

(stoichiometric and excess of oxalic acid) in Tern2 system. As for Ternl, a large scattering

signal is observed in the low g-range 1 hour (respectively 1h30) after the mixing of the reactant

solutions for stoichiometric (respectively excess) conditions, hence indicating the formation of

particles in the solution before their complete crystallization.
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Figure 9. WAXS data of the cerium oxalate particles in (A, B) stoichiometric conditions and (C, D)

excess of oxalic acid in ternary solvent Tern2. (A, C) log-log scale and (B, D) linear scale with zoom
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on Bragg peak region. The symbol (*) indicates the first visible peaks — (oxalic acid and amorphous

phase) which decrease over time as the characteristic peaks of cerium oxalate grow.

The slope at small angle is around 2.5 for the two curves (2.3 for CeOx and 2.7 for CeOxEXx)
but extends on a larger g domain for the CeOx case. This indicates that larger objects are formed
during the experiment performed in the CeOxEx conditions, than during the experiment
performed in the CeOx conditions. Fitting the data by a Beaucage model (see supporting
information) confirms this difference for the primary constitutive particles embedded in a
bigger grain (16 nm for stoichiometric conditions vs 20 nm for excess conditions) (Figure S13).
These small characteristic sizes compared to the particle size (> 3um) highlighted by optical
microscopy and ESEM observations indicate that the precipitates exhibit a hierarchical
structure.

In each case, the Bragg peak typical of oxalic acid at 0.97A is visible after 1 hour (Figures 9,
S10 and S11). For stoichiometric conditions, some cerium oxalate Bragg peaks are only visible
after 8h30 (mainly at 0.92 A1) and after 13 h (mainly at 0.94 A1), and they remain very smooth
while the Bragg peak at 0.97 A* slightly decreases with time after 13 h (Figure 6, Figures S10
and S12). For Tern2, the crystallization process in stoichiometric conditions is considerably
slowed down compared to Ternl (Figure 6, Figure S12), but evolves through the same
intermediate structures.

For conditions corresponding to an excess of oxalic acid, the Bragg peaks increase and become
more intense slightly faster than for the stoichiometric CeOx case (Figure 6, Figure S12). The
crystallization kinetics are faster when oxalic acid is in excess although slower than in Ternl
conditions. This kinetic behavior is opposite to the one observed in Ternl conditions, where the

excess of oxalic acid slows down the crystallization process of cerium oxalate.
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Comparison of the different effects. The final morphology of cerium oxalate particles is highly

dependent on both the composition of the ternary solvent and the stoichiometric conditions of

oxalic acid (see figure 10 for a summarized scheme of the different effects).

Regardless of the solvent used, increasing the excess of oxalic acid over the
stoichiometric condition increases the size and the branching of the particles. This
effect is exacerbated in low water solvents where the crystal morphology switches from
massive platelet, possibly assembled in compact crosses when Ce is in excess, to
regular fans and up to multibranch urchins as oxalic acid excess increases.

Whatever the reagent concentrations, the cerium oxalate precipitation passes through
the formation of an amorphous phase, the crystallization of which can take from a few
seconds [36, 37] to a few hours, or even days, depending on the stoichiometry and the
water content of the solvent.

The course of the reaction is hence modified by the water content or/and the cerium to
oxalic acid ratio. Water acts both as a solvent and as a reactant in the precipitation
reaction, therefore, decreasing the water content has a key role on the kinetics of the
reaction and on the final morphology of the particles. The comparison of Ternl and
Tern2 SAXS data indicates that reducing the water content in the ternary solvent

decreases the kinetics of the cerium oxalate crystallization reaction.

Possible mechanisms. For the synthesis in ternary system, the faces that grow are the ones

where water is adsorbed (individual platelets and fans branches, no water is observed along the

thin rods of the branched urchins). This results in compact and thick particles consisting of an

assembly of layers stacked in the direction perpendicular to the direction of anisotropic, or

consisting of a dense branching bundle of needles, depending on the oxalic acid concentration.

Indeed, when the water content in the solvent is decreased, the compactness of the particles is

increased, and this also results in larger size crystals.
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The amount of oxalic acid that is brought in the solution during the reaction has a strong impact
on the morphology. Whatever the water content, increasing the oxalic acid content to over-
stoichiometric conditions leads to the formation of multi-branched crosses or sea urchin/star-
like morphologies (Figure 2). Their formation is a slow process with first the formation of
intermediate stable structures one of which is related to the oxalic acid that coexists with the
cerium oxalate crystal in formation. It is remarkable that this intermediate compound, that is
stable in excess of oxalic acid conditions, is also present in stoichiometric conditions, although
final morphologies are different and that all the oxalic acid is supposed to be consumed during
the cerium oxalate crystals formation. This intermediate structure indicates two important
points: i/ a competition between water and oxalic acid in the precipitation process, and ii/ the

stabilization of the amorphous phase by this intermediate oxalic acid structure.

As mentioned in the Introduction part, previous studies have shown the particular role of
complex solution in modulating the morphology of cerium oxalate, either by confinement or by
chemically modifying the growing particles neighborhood. For cerium oxalate nanoparticles
synthetized through microemulsion route, He observed that the increase of the water content
and of the temperature results in bigger particles, and that particle’s formation mainly followed
the coalescence-split mechanism [19]. Sun et al. showed that the morphology of tin oxalate
changed from sphere-like aggregates to flower-like aggregates, when reducing by 4 times the
water content in the precipitation water/ethanol/PEG mixture [38]. Similar morphological
variations have been observed by Fu et al. during sodium oxalate precipitation in the presence
of different anions or polymers [39, 40]. The formation of compact structures can result from
new layers developed by branching along the growth direction and Fu et al. have identified that
the crosses morphologies are related to the penetration twins. While the multistep branching

growth has been explained by the so-called “non-crystallographic” crystal branching model
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which depends on the supersaturation, defects in the crystal, relative kinetic growth of facets

and diffusion supply [41].

Besides, biphasic solvents as water/alcohol mixtures are known to be nanostructured with a
water network embedded in the alkyl chain of the alcohol [42, 43]. This allows low water
fractions to be achieved, and can modify the reactivity and diffusion of reactive species. The
confinement of water in ternary systems restricts the reactants diffusion, and this is likely to
reduce the area of the crystals growth and confines their final morphology. In our study, the
variation in morphology is achieved by modifying the composition and the nanostructuring of
the ternary solution, in conjunction with the so-called surfactant-free microemulsions [24]
obtained by mixtures of alcohol and water. Pang et al. have already observed that the cerium
oxalate precipitation in glycol/water solvent lead to a more compact structure (bricks-like) than
reaction in glycerine/water (plate-like structure) [44]. Jehannin et al. related the structure of the
ternary alcohol solution (water/propanediol/octanol) with the particle’s morphology, with an
aggregation of particles induced by the decrease in the water fraction [22]. Complementing the
results of this previous study, we identified here the multi- twinning aspect of the particles for

lower reactant concentrations (Figure 2, 3 and 7).

Additionally, the transport properties are also affected by the solvent structuration: viscosity is
higher and correlatively, diffusion coefficient are lower. The formation of the gel in the Tern2
conditions is consistent with the appearance of pendular networks observed in solid/water/oil
systems where particles are wetted by the minority phase only (here water) [45]. The geometry
of such pendular networks consists of solid particles connected two-by-two by capillary
bridges. The only difference with typical solid dispersions in liquid/liquid systems, is that in
our case the particles are synthetized in the water poor ternary system and not introduced as
preformed particles. With the formation of the gel, the viscosity of the mixture is further

increased, and the particles are locked into the resulting sort of polymeric network [46]. This is

30



responsible for the spectacular slowdown of the precipitation reaction compared to Ternl
conditions. However, after several days, the gel has disappeared, and the solution became
transparent with sedimented particles at the bottom. Again, this result is consistent with initial
formation of a yield-stress fluid, as the strength of the capillary bridges decreases with increased

particle size [47], e.g. in our case while bigger aggregates are formed.
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Figure 10. Scheme summarizing the effects of two parameters (water and oxalic acid concentrations)
on the morphology of cerium oxalate precipitated in a surfactant free emulsion.

Conclusion

In this article, cerium oxalate particles were precipitated in ternary solvent
(water/hydrotrope/lipotrope) for stoichiometric and sub or over stoichiometric conditions.
Decreasing the water content in the nanostructured solvent increases the crystallization reaction
time and leads to the formation of compact structures of cerium oxalate particles, with a brick-
like shape embedded in a cross or fan-shape. Water constraints impose a confinement of the
growth stage of the reaction.

Oxalic acid plays a key role in the final morphology. Reaction with excess oxalic acid
conditions produces bundles of needles assembled in a sea urchin shape, with however a higher

compact organization with decreasing water content.
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For all the investigated conditions, the particles first precipitate through the same amorphous
state prior to the crystallization. Reducing the water content stabilizes the intermediate state of
the particles, whatever the oxalic acid stoichiometry. However, this amorphous state is further
stabilized under oxalic acid excess conditions, indicating a competition between water and

oxalic acid in the precipitation process.

The particles of cerium oxalate synthesized in different nanostructured solutions have different
morphologies. The obtained morphology with cross-shape (stoichiometric) and branching
(excess oxalic acid) results from intrinsic defects in the crystal. The originality here is to
modulate the morphology by a simple variation in the composition of the ternary alcohol
solution (also called surfactant free microemulsion) which opens new direction in terms of easy
manipulation, solvent recycling and morphological control (single particles to agglomerates) in

precipitation reactions.
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