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Radiation Chemistry Provides Nanoscopic Insights into the Role of
Intermediate Phases in CeO, Mesocrystal Formation

Zhuofeng Li*, Diana Piankova®, Yi Yang, Yuta Kumagai, Hannes Zschiesche, Mats Jonsson,

Nadezda V. Tarakina, and Inna L. Soroka*

Abstract: The role of intermediate phases in CeO, mesocrystal
formation from aqueous Ce™ solutions subjected to y-radia-
tion was studied. Radiolytically formed hydroxyl radicals
convert soluble Ce™ into less soluble Ce". Transmission
electron microscopy (TEM) and X-ray diffraction studies of
samples from different stages of the process allowed the
identification of several stages in CeO, mesocrystal evolution
following the oxidation to Ce": (1) formation of hydrated Ce'"
hydroxides, serving as intermediates in the liquid-to-solid
phase transformation; (2) CeO, primary particle growth inside
the intermediate phase; (3) alignment of the primary particles
into “pre-mesocrystals” and subsequently to mesocrystals,
guided by confinement of the amorphous intermediate phase
and accompanied by the formation of “mineral bridges”.
Further alignment of the obtained mesocrystals into supra-
crystals occurs upon slow drying, making it possible to form
complex hierarchical architectures.

Introduction

Ceria (CeO,) based nanomaterials are of great impor-
tance in numerous applications such as catalyst supports,!!
catalysts,””! materials for solar cells® and potential pharmaco-
logical agents'”) mainly due to the capacity of ceria to store
and release oxygen. The extensive applications of ceria
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require materials having well-defined composition, structure
and morphology. This required full control of the synthesis
procedure in order to tune the properties of CeO, based
nanomaterials. To achieve this, one needs to have a funda-
mental understanding of ceria formation and crystal growth
processes.

Different routes to synthesize CeO, nanomaterials in
cerium precursor solutions have been reported. These include
thermal decomposition,! sonolysis!®! and sol-gel methods.!
As shown in the literature, several steps in ceria nanoparticle
formation from Ce™ can be identified: (i) oxidation of a Ce*"
salt by an oxidizing agent (H,0,, O,, etc.); (ii) precipitation of
intermediates, such as Ce™-hydroxide, and (iii) CeO, crystal-
line particle formation.®'? It has also been demonstrated
that, depending on synthesis conditions, CeO, particles may
form mesocrystals, highly-ordered nanoparticle superstruc-
tures, which diffract as a single crystal.'*'" In other words,
mesocrystals constitute a special case of colloidal crystals,
implying 3D translational order of various nanocrystals
(primary particles).”™ Formation of mesocrystals is an
example of a non-classical crystallization pathway. Non-
classical crystallization occurs via the formation of a sequence
of metastable phases of increasing density."*? Such sequen-
tial precipitation is often preferable since it requires to
overcome smaller activation energy barriers as compared to
the one-step crystallization route explained by Oswald
ripening in the classical theory.”?! Although the general
non-classical crystallization pathway proposed a while
ago,*?! describes the formation of mesocrystals, empirical
evidence is still required to verify the particular stages of
growth (e.g. mechanism of three-dimensional mutual align-
ment of the nanoparticles and the role of intermediates) as
well as the individual features in the formation of a specific
compound. Due to several mutually influencing parameters
which arise during synthesis, distinguishing the different
stages of mesocrystal formation is difficult. To control the
process of mesocrystal formation and perform the reaction
without additional additives at elevated temperatures we
fabricated CeO, mesocrystals by means of y-radiation in-
duced synthesis.

Aqueous radiation chemistry, i.e., chemical change in-
duced upon absorption of ionizing radiation in water, has
proven to be a versatile path enabling controlled manufactur-
ing of both organic and inorganic nanomaterials.”>*! Inor-
ganic nanomaterials, including metals and metal oxides, are in
general synthesized by reducing or oxidizing a soluble
precursor to the desired oxidation state. Upon exposure to
ionizing radiation, water is decomposed with the formation of
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oxidants (OH", H,0,, HO,) and reductants (e,, , H,, H,),
some of which are very reactive. Through the addition of
selective radical scavengers, the redox conditions of irradiated
aqueous solutions can be controlled, and it is therefore
possible to selectively induce one-electron reduction or
oxidation. As the radiation chemical yields (or G-values) of
all the radiolysis products are well-known,** it is also possible
to control the radiation-induced reactions in a more quanti-
tative way by varying the total absorbed dose and the dose
rate (i.e., the radiation intensity).

In the current study, for the synthesis of CeO, from Ce™,
we utilize the hydroxyl radical since this is the only radiolytic
oxidant that will oxidize Ce™ to Ce' at a sufficiently high rate.
By saturating an aqueous solution with nitrous oxide, N,O, we
can convert the hydrated electron (e,, ) to a hydroxyl radical
according to the following reaction:®”

€yq +N,O+H,O— OH +OH +N, !
k; =9.1 x10°s ' mol™! dm** @

As a result, the effective G-value for hydroxyl radicals in
y-radiolysis is doubled from 0.28 umolJ ! to 0.56 pmol J~1.P¢!
In a solution continuously exposed to y-radiation at a constant
dose rate, the concentrations of radicals will rapidly reach
steady-state levels. The low and mostly constant concentra-
tion of radicals provides a stable and controllable way of
converting soluble Ce™ salts into Ce" with a minimum of
added chemicals. The steady-state concentrations of the
short-lived radiolysis products can be fine-tuned simply by
altering the intensity of the y-radiation. Therefore, given the
high level of process control we used aqueous y-radiolysis to
initiate the synthesis of CeO, mesocrystals, with the aim of
experimentally resolving the different formation stages of
ceria mesocrystals at the nanoscopic level.

Results and Discussion

Nanocrystalline ceria was synthesized by y-radiation-
induced oxidation of Ce™ to Ce' by hydroxyl radicals in
aqueous solutions containing 5 mM CeCl; x 7H,0, according
to the following reaction:!

Ce"' + OH' — Ce" + HO™ ,
k; =3.0 x 10°s7 ! mol~! dm*" @

To enhance the efficiency of the process, the solutions
were saturated with N,O to convert e, into OH’, see
reaction (1). The dose rate of the y-source is 0.125 Gys ™' and
the total absorbed dose is controlled by the irradiation time.
To investigate the CeO, formation at different conversions,
the total dose was varied from 0.04 kGy (5 min) to 10.8 kGy
(24 h). The higher dose yields a total amount of hydroxyl
radicals sufficient for the complete conversion of 5 mM Ce™
to Ce" in the absence of competing reactions. A sample
synthesized at 29 kGy is used as a reference. After the
reaction of Ce™ with OH', a yellow precipitate containing
CeO, particles is formed.
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The structure and morphology of the obtained precipitate
were first characterized by X-ray diffraction (XRD). The
XRD patterns recorded from the precipitates obtained at
total doses in the range 1.35-10.8 kGy are shown in Figure 1.
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Figure 1. X-ray powder diffraction patterns of CeO, produced via
radiolytic oxidation of Ce" in aqueous solution obtained at total doses
from 1.35 kGy to 10.8 kGy. The peaks are indexed in cubic CeO,, space
group Fm3m. The average lattice constant and particles diameter
calculated from the XRD patterns are denoted. Miller indices and the
total absorption doses are labelled on the graph.

At doses lower than 1.35kGy the amount of formed
precipitate was insufficient to perform XRD measurement.
As seen in the Figure, only the diffraction peaks that belong to
the crystallographic planes of CeO, are present in the 20
range from 20° to 90°. Analysis of the XRD patterns confirms
that CeO, nanoparticles crystallize in a cubic lattice, space
group Fm3m, and can be described by the fluorite type (CaF,)
structure. Unit cell parameters calculated from recorded
XRD patterns are given in Figure 1. Within the given dose
interval, the lattice parameter of ceria is independent of
absorbed dose. The observed unit cell parameter is larger than
the lattice parameter found for bulk CeO, (a=5.412 A) for
samples measured under ambient conditions.*" Tt is well
known that the lattice parameters for nanomaterials can
differ from those in the bulk.*'** Two main models explain-
ing the variation of lattice parameter in cerium oxide
nanoparticles were proposed in the literature: (1) formation
of the oxygen vacancies, and thus a change in the oxidation
state of smaller nanoparticles™ and (2) difference in the
coordination of atoms in the surface and in bulk which creates
surface stress; this stress increases for smaller particles.*’!

In order to get further insights into the structure and
morphology of the obtained nanoparticles and to catch the
early stages of the particle formation and growth, we
performed ex-situ dose (time) dependent TEM investigations.
Precursor solutions were exposed to gamma radiation for
different times and in each case the obtained reaction mixture
was drop-casted onto a TEM grid and dried directly after
irradiation. The analysis of the initial precursor solution
(0 kGy, Figure 2) showed the formation of amorphous drops
of high contrast, which is typical for quick drying of a salt on
a TEM grid. Analysis of the specimen synthesized at 0.11 kGy
(15 min) revealed the presence of two morphologically
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Figure 2. High Resolution Transmission Electron Microscopy, HR-

TEM, images taken after CeCl; x 7H,0 solution was exposed to

different total doses. Insets show the corresponding FFT patterns.
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different phases: (1) a network of needle-like agglomerates,
which appear to be amorphous and most probably form a gel
in hydrated state with (2) denser areas incorporated in this
network which appear to be loose nanoparticle assemblies. As
shown below, the nanoparticles within the assemblies will
subsequently undergo self-organization and form mesocrys-
tals. Since there is no clear definition in the literature
describing at which degree of primary particle-misalignment
we can consider their assembly to be a mesocrystal we refer
these assemblies as “pre-mesocrystals” until a clear single
crystal-like Fast Fourier Transforms (FFT) pattern is obtained
from such agglomerate.™!

The sample synthesized at 0.23 kGy (30 min) consists of
two phases as well; however, the amount of the “pre-
mesocrystal” phase is higher. The “pre-mesocrystals” have
a more defined shape as compared to that in the sample
synthesized at 0.11 kGy, and some of them are no longer
incorporated into the amorphous needle-like network but
found to be surrounded by an amorphous matrix (shown with
white arrows in Figure 2). The primary particles within the
“pre-mesocrystals” are not yet perfectly aligned to each other,
forming arcs instead of dots in the FFT patterns. Starting from
0.45 kGy only FFT patterns corresponding to the mesocrystal
phase are observed. Moreover, FFT analysis reveals that the
samples synthesized at higher doses than 0.45 kGy, are less
disordered. The FFT patterns obtained from the images with
mesocrystals can be indexed in a face-centered cubic lattice of
CeO,. As seen in Figure 2, mesocrystals increase in size and
develop a more defined morphology, from a star-like/pentag-
onal shape in projection (sample obtained at 0.45 kGy)
toward a truncated square shape in projection (at higher
doses).

The non-spherical morphology of the synthesized meso-
crystals is confirmed by the bi-modal size distribution
obtained from HR-TEM images and illustrated in Fig-
ure 3(a). The trends for the diameter as a function of dose
within the given dose-range for both mesocrystals and
primary particles display similar tendencies. Sizes of both
primary particles and mesocrystals increase with dose and
reach a plateau, at 1.35 kGy and 2.7 kGy, respectively, see
Figure 3 (b). To verify if the self-assembly of particles is driven
by radiation or by the residence time in the solution,
additional experiments have been performed. A set of
samples was irradiated at doses 1.35, 2.7, 9.0 and 10.8 kGy
and were kept in solution for several days after irradiation.
Thereafter, the morphology of these samples was compared
to that of the samples prepared immediately after irradiation.
No significant difference in primary particle size or meso-
crystal size between these sets of samples was observed. We
also compared the size of the primary particles of the
mesocrystals obtained from Ce precursor solutions of differ-
ent concentrations (Figures S1, S2 and Table S1), no signifi-
cant differences in primary particle size as a function of initial
Ce*" concentration have been found. It is worth mentioning,
that for samples synthesized at high doses (>29 kGy), the
mesocrystal diameter increases; in different samples it varies
between 50 and 80 nm and does not show correlation with the
total dose. At the same time, the diameters of the primary
particles remain unchanged even at such high doses ( ~ 3 nm).
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Figure 3. a) Lognormal size distributions of mesocrystals obtained at
different doses. The total absorbed doses are given in the Figure;

b) The average diameters of primary particles and mesocrystals
calculated from HR-TEM images and plotted vs. total absorbed doses.

Further growth may happen due to the aggregation of the
mesocrystals.[*!

To deepen our understanding of the early events of the
process, we analyzed the electron radial distribution functions
obtained from zero-loss energy filtered electron diffraction
patterns (EF-eRDF). Figure 4 (b) shows the evolution of the
EF-eRDFs with respect to the absorbed dose. The signal
starts to differ from that of the pure carbon support at doses
>0.23 kGy, probably due to the low amount and the weak
scattering power of the needle-like agglomerates mainly
found at low doses. The samples obtained at 0.23 and
0.90 kGy demonstrate structural correlations of 20 A and
24 A, respectively. At these doses primary particles grow and
the needle-like phase disappears. Intensity ratios of the peaks
in the first and the second coordination spheres are different
compared to those in the samples obtained at higher doses (>
1.35 kGy) which can be explained by low crystallinity of “pre-
mesocrystals” and/or by the presence of the amorphous
needle-like phase. The samples synthesized at doses
>1.35kGy have almost the same structural correlation as
the sample synthesized at 29 kGy (used as a reference CeO,
sample); the cut-off distances of the eRDFs are 29 A and
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30 A, respectively. Starting from the 0.23 kGy sample, all
obtained EF-eRDFs can be described using the cubic CeO,
structure, see Figure 4(a). Analysis of EF-eRDFs clearly
shows that primary nanoparticles are fully formed already
after 3 hours (1.35 kGy) of irradiation, which together with
the TEM results indicates that at higher doses processes of
oriented attachments and growth of mesocrystals are domi-
nant.

Further details of the oriented attachment and growth of
mesocrystals were clarified with an explicit analysis of
HRTEM at 1.35kGy and 5.6-6.1 kGy, see Figure5 and
Figure 6. The sample obtained after 3 hours irradiation
(1.35 kGy) shows that within each mesocrystal there are
regions of 5-10nm in which primary particles are well
aligned, giving almost single-crystalline FFTs (Figure 5,
dashed circles). Several such regions interconnect, but in
most cases, they are not yet perfectly aligned to one
mesocrystal. The mesocrystals, in general, appear to form
a very loose network, connecting through primary particles.
Figure 5(b) shows several primary particles forming a bridge
between two mesocrystals. They are all oriented along
different directions with respect to the beam, however the
[1-10] axis of these three neighboring particles (FFTs of
which are marked with green, yellow and blue colors in
Figure 5 (b)) is pointing to the same direction, giving guidance
to further alignment. The corresponding projections of CeO,
unit cells are shown in Figure 5(c), highlighting the almost
parallel alignment of the (1—10) planes in three neighboring
particles.

Mesocrystals formed at 5.6-6.1 kGy are larger (of about
30 nm) and have much more defined shapes. They still form
a network through bridges of primary particles. The pentag-
onal symmetries are dominant for the mesocrystals at this
stage but many particles also start to have a cuboid morphol-
ogy (Figure 2 and Figure 6). In general, primary particles are
better aligned and the majority of the mesocrystals show
single-crystalline FFT patterns, with a slight degree of
misalignment of the primary particles, however in some cases
different areas of the mesocrystals can have different
orientations, which indicates that the process of the alignment
is not yet completed at this stage.

In general, the radiolytic formation of CeO, from Ce™ in
aqueous solution should proceed via the following steps:
(1) oxidation of Ce™ to Ce" according to Reaction 2,
(2) hydration and hydrolysis of Ce, (3)aggregation of
hydrated Ce"-hydroxides, forming gel and finally (4) con-
densation of the aggregated Ce"-hydroxides into CeQ,.["**!
The overall reaction Scheme is depicted in Figure 7.

The latter two steps are often referred to as olation and
oxolation, respectively. The hydrolysis ratio for a given metal
cation is pH-dependent!*! and it is interesting to note that the
solution pH changes significantly during irradiation in this
case. This is illustrated in Figure 8 (a).

As a result of the decreasing pH with increasing dose,
Ce™-hydroxide will contain more OH™ at low doses than at
higher doses.*”! In general, the solubility of metal hydroxides
(and oxides) increases with decreasing pH."! In other words,
the solubility should increase during the early stages of
irradiation and thereafter remain more or less constant at

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. a) CeO, crystal structure (Fm3m), with main distances marked. Electron radial distribution functions obtained from zero-loss energy
filtered diffractions (EF-eRDFs) obtained at different doses; b) Enlargement of the EF-eRDFs in the range of 1-10 A with main interatomic

distances marked.

Figure 5. a) HR-TEM image of the sample obtained at 1.35 kGy. The solid line shows the area enlarged in (b). Dashed circles define areas from
which FFTs (in circles) were taken. b) Enlargement from (a). Colored squares mark the areas and the corresponding FFTs. c) Crystal structure of
CeO, showing the orientation of the individual primary particles, marked with colors on (b), with respect to each other. The (110) plane in the

crystals is marked in red.

higher doses. In the present system, with continuous irradi-
ation, the processes mentioned above will occur in parallel
since Ce' is being formed continuously. In addition, the
formation of mesocrystals is also occurring in parallel with the
other processes. The gradual initial increase in hydroxide

solubility is expected to lead to a shift in the steady-state
conditions towards a higher steady-state concentration of
metal hydroxide at around 3 kGy. The accumulation of
hydrated Ce"™-hydroxides eventually leads to the formation
of large aggregates. However, with the continuous formation

Angew. Chem. Int. Ed. 2022, 61, €202112204 (5 of 9) © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. a,b) HR-TEM images of CeO, sample obtained at a total dose of 6.1 kGy; c,e) Enlargement of area C and the corresponding FFT;
d,f) Enlargement of area D and the corresponding FFT. Arrows marks directions of the unit cell.

H,0 Y €,q + N;,O—°OH
—/\/\/\-I;__‘.o; Ce(lll) — [Ce(OH, )]+ [Ce(OH),(OH,)y ]+ . CeO,

Figure 7. Basic reactions pathway for the radiation induced synthesis of CeO,.
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Figure 8. a) pH of precursor solutions as a function of total dose;
b) Difference in Ce species concentration in solution before (Ci)
and after (Cy,,) irradiation as a function of total dose. G-value for
consumption of Ce upon Yy-irradiation, determined from the slope is
labelled.

of Ce™-hydroxides there will be aggregates of all sizes present
in the system at all times. The smaller fractions of these
aggregates cannot be separated from the solution by centri-
fugation which can partly explain the low apparent conver-

Angew. Chem. Int. Ed. 2022, 61, €202112204 (6 of 9)

sion yields for Ce™, shown in

Figure 8(b). During TEM sam-
ple preparation, the solvent
evaporates leaving CeO, as
well as aggregates of hydrated
Ce™-hydroxides on the sur-
face.”"! The latter appear as an amorphous phase in the
TEM-images.

The previously mentioned transition from loosely coordi-
nated aggregates of primary particles to mesocrystals at
around 0.45 kGy and the subsequent increase in mesocrystal
size up to around 2.7 kGy may be attributed to the change in
pH that could drastically affect the surface properties. As seen
in Figure 8(a), the major pH-change occurs below 3 kGy.
Hence, the formation and size control of mesocrystals would
appear to be largely governed by pH.

As mentioned above, the cut-off distances of the EF-
eRDFs of the primary particles do not appear to change after
reaching a dose of 1.35 kGy. As the pH-change between 1.35
and 2.7 kGy is relatively small, the initial change in cut-off
distance may also be a pH-effect. This could very well be
coupled to the initially increasing steady-state concentration
of metal hydroxide. It has been shown that metal oxide
crystallization from solutions may occur through the forma-
tion of an intermediate hydroxide phase, and the process of
oxide crystallization is attributed to a de-hydration of the
hydroxides.*” In our case, the crystallization (via possible de-
hydration) is initiated by irradiation because the mesocrystal
size varies with the total dose but does not depend on the
residence time of particles in solution, which means that the
formation of mesocrystals ends when irradiation stops.

The formed mesocrystals, when in solution, are mainly
randomly oriented relative to each other. However, upon
slow drying at ambient conditions, these particles start to
assemble and form an ordered microscopic structure: supra-
crystals (Figure 9).

One can see that large (up to mm in size) ordered
structures are formed. The SEM images clearly show that
supracrystals consist of particles of about 27-30 nm in size,
which are aligned with respect to each other. The size of
nanoparticles coincides with the size of mesocrystals obtained
at this dose. The FFT patterns obtained from several areas of

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 9. Supracrystals, obtained from the sample exposed to 6.14 kGy and then left to dry for several months. a) Optical image, b,c) Scanning
electron microscopy (SEM) image, obtained using secondary electron detector. White lines are guidance for the eye to show different alignment of
mesocrystals. Inset shows the FFT pattern obtained from the middle area of the image.

supracrystals (from the SEM images) can be described within
the tetragonal unit cell. It is important to mention that these
supracrystals fall apart into separate units (mesocrystals)
when immersed in water and ultrasonicated for a few minutes.
This indicates that while drying, adsorbed water molecules
leave the surface of the particles, leading to the changes of the
surface properties.”>>! Capillary forces guide the formation
of the supracrystals but no strong bonding is formed between
individual mesocrystals.

The different stages of CeO, formation observed in the
current study are schematically depicted in Figure 10. As
shown in the figure, oxidation of Ce™ to Ce' results in Ce'"-
hydroxides formation. Thereafter, CeO, primary particle
nucleation and growth followed by their self-assembly into
mesocrystals, take place inside an intermediate Ce"-hydrox-
ide phase. This intermediate phase may form continuously
either until all Ce*" is consumed in solution (at doses
<11 kGy) or until irradiation is stopped. The composition
of the intermediate is most probably variable since the de-
hydration of the earlier-formed and hydrolysis of the later-
formed hydroxides occurs simultaneously. At the early stages
of the formation of CeO, mesocrystals, assemblies of primary
particles (“pre-mesocrystals”) are found inside an amorphous
phase, which suggests that this Ce™-hydroxide phase helps to
guide oriented attachment by providing a constrained envi-
ronment. In the particular case of the studied reaction, we
found that mutual alignment of particles to mesocrystals is
complex and is guided by different mechanisms,"*** including
(i) particle alignment inside the constrained environment of
the intermediate phase based on simple geometric arguments
and (ii) the formation of so-called “mineral bridges”.">>*!

The mechanism proposed here is different from the
mechanism for radiation-induced synthesis of metal clusters,
where the formation of nanoparticles induced by radiolytic
reduction of soluble metal precursor ions can often be
described as Ostwald ripening.””*! The formation of an
oxide is in general more complex than the formation of
a metal, and therefore comparison to the mechanism of oxide
formation is more relevant. In a recent study by Sutherland
et al.,’! the mechanism of radiation-induced formation of
iron-oxide nanoparticles was investigated by using an ap-

Angew. Chem. Int. Ed. 2022, 61, €202112204 (7 of 9)

proach similar to this work. It was found that the iron-oxide
particle size at a given absorbed dose increases with increas-
ing initial Fe*' concentration. This is attributed to the
adsorption of Fe*" onto the solid phase primarily formed
through radiolytic oxidation of Fe*" to Fe*" and the subse-
quent hydrolysis to form hydroxide. The structural investiga-
tion of iron-oxide also shows that the particle size increases

Y H,0 CeCl;x7H,0

HO* + [Ce(OH,)\J**

[Ce(OH,)]*

Ce(IV)-hydroxide

Primary
particles

Pre-
meso
crystals

Meso
crystals

p » H,0
[ Z= 3 »
CeO, Supracrystals

Figure 10. Schematic of CeO, mesocrystals formation in solution
driven by y-radiation.
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with absorbed dose and the aggregation into mesocrystals
does not occur. As mentioned above for the case of CeO,,
experiments using different initial Ce** concentrations do not
reveal any significant differences in primary particle size as
a function of initial Ce*" concentration. Also, the conversion
of Ce*" to Ce* at a given dose does not display any
dependence on initial Ce*" concentration. Hence, the growth
mechanism of CeO, primary particles does not involve
adsorption of Ce®" onto the Ce'V-phase, in sharp contrast to
what was observed for the iron-oxide. Judging from the results
presented in this work and the comparison given above, we
conclude that the radiation-driven step in the formation of
CeO, mesocrystals is solely the oxidation of Ce*" leading to
the formation of an amorphous Ce™-hydroxide phase within
which nucleation of CeO, primary particles and the subse-
quent aggregation of primary particles into mesocrystals
occur without direct influence from radiolysis. The maximum
primary particle size that can be achieved through this
mechanism is limited by the amount of amorphous phase in
each gel particle divided by the number of nuclei formed. The
subsequent formation of mesocrystals seems to occur within
each gel particle (i.e., not between different gel particles)
which thereby limits the mesocrystal size. The fact that the
primary particles as well as the mesocrystals are uniform in
size implies that also the Ce™-hydroxide gel particles are
uniform in size. This size could possibly be dependent on the
dose rate.

Upon slow drying, CeO, mesocrystals form ordered
supracrystals. Their formation is guided by capillary forces
and provides a promising way to apply a bottom-up approach
to design artificial solids or films with unique transport,
optical and magnetic properties.[*!!

It is important to mention that in many systems particle
assembly requires presence of mediates!'®* at the surface,
and indeed, these mediates in the form of surfactants,
polymers and complexing agents are often added to different
systems.'*13¢11 Additional chemicals contribute to the com-
plexity of the chemistry and physics of crystal growth. In our
case no additives are required which allowed us to separate
the sequential stages of the CeO, mesocrystal formation in
solution. The proposed crystallization pathway might be
a general route for the formation of oxide particles in aqueous
reaction systems.

Conclusion

We investigate the formation of CeO, mesocrystals in
aqueous CeCl; x 7H,O solution using y-radiation induced
synthesis. Since hydroxyl radicals formed as a result of water
radiolysis are the main reactive species responsible for the
conversion of soluble Ce'™ to less soluble Ce', and no other
reactants are added, the proposed reaction system can serve
as an ideal model for studying the formation of mesocrystals
in solutions. Our time-dependent studies of structure, mor-
phology and composition of the obtained yellow precipitates
revealed that the formation of CeO, mesocrystals occurs via
several stages and follows a non-classical crystallization
pathway. The formation of the amorphous intermediate
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(hydrated Ce™-hydroxides) is an important part of the
process, since the nucleation of CeO, primary particles and
their subsequent alignment into mesocrystals take place
inside the intermediate hydroxide phase. The primary CeO,
particles reach a final size of 3 nm at the early stages of the
reaction (<1.35 kGy), at which a rapid decrease in the pH
value is observed. Mutual alignment of the primary particles
into mesocrystals is guided by confinement of the amorphous
intermediate phase and is accompanied by the formation of
“mineral bridges”. Further alignment of the obtained meso-
crystals into supracrystals is possible upon slow drying.
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