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Cerium(IV) dioxide (ceria) based materials are attractive in
many technological fields owing to their important properties
such as ion conduction, reversible oxygen storage, and
catalytic activity.l'! Ceria-based nanomaterials can be pro-
duced through different synthesis routes including pH-
controlled precipitation, microemulsion, mechanochemical
processing, and pyrolysis.?**<d In this context, hydrothermal
and supercritical syntheses have attracted increasing atten-
tion as environmental friendly, readily adjustable one-step
routes to the production of a wide variety of crystalline
nanomaterials.”! Nanomaterial properties often depend on
their size regime,”” requiring a detailed knowledge of the
many diverse chemical processes and material changes taking
place during the synthesis, when the soluble precursor
complexes react and grow into stable nanoparticles of the
product. However, the extreme conditions of elevated
temperatures and pressure needed for hydrothermal/super-
critical synthesis necessitate the use of thick-walled reaction
chambers, making it difficult to study the chemical processes
as they occur (in situ). This can be circumvented by highly
penetrating probes such as high-energy X-rays. Here, we
present an in situ study on the hydrothermal and supercritical
synthesis of CeO, nanoparticles using a unique experimental
setup that allows direct probing of the reaction mixture with
synchrotron X-rays."

In situ X-ray scattering studies provide detailed informa-
tion on the formation and growth of inorganic nanomater-
ials.®**1 Powder X-ray diffraction (PXRD) probes the
average crystal structure as well as the microstructure of the
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sample, whereas total X-ray scattering and atomic pair
distribution function (PDF) analyses make it possible to
investigate structures without long-range order, such as
discrete clusters in solution and small nanoparticles. Thus
total scattering is ideal for insitu studies of precrystalline
processes occurring during hydrothermal synthesis. The
number of applications of total X-ray and neutron scattering
are rapidly increasing,”**<! but few have attempted to target
the highly challenging experimental conditions of hydro-
thermal and supercritical synthesis.**® Here, total scattering
is used to provide previously unobtainable structural infor-
mation about the initial transformation of molecular precur-
sor complexes into pristine nanoparticles. In addition, in situ
PXRD is used to follow the nanocrystal structure, size, and
size distributions.
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Figure 1. A) A PDF for the precursor solution and B) PDF for CeO,
nanoparticles 60 seconds after initiation of the synthesis. Molecular
complexes present in C) solid (NH,),Ce(NO;)s and D) the precursor
liquid for CeO,. E) Atomic arrangement in crystalline CeO, nanoparti-
cles, 60 seconds after initiation of the synthesis.

The initial transformation from aqueous precursor
medium to crystalline CeO, nanoparticles was investigated
at 200 °C using in situ total X-ray scattering. Figure 1 A shows
the pair distribution function (PDF) obtained for the
dissolved Ce(NH,),(NO;)¢ precursor prior to heating. The
cut-off distance of the PDF correlations is approximately 7 A
indicating the presence of local ordering only. In contrast, the
low rregion of the PDF obtained for well-ordered CeO,
nanoparticles 60 seconds after initiation of the synthesis is
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displayed in Figure 1 B. A significant structural change occurs
upon nucleation of CeO, as evidenced by the clear change in
the shortest Ce-Ce distance (Figure 1A and B). The solid-
state structure of the Ce(NH,),(NO;)s precursor is well-
known and is comprised of monomeric Ce' ions octahedrally
coordinated to six bidentate NO,  groups as shown in
Figure 1 C.”! However, in solution it takes a different form:
the PDF displayed in Figure 1 A reveals that it exists as
a structural intermediate between the dissolution of the
crystalline precursor and the nucleation of crystalline CeO,
nanoparticles. The observation of a sharp Ce-Ce peak at
around 4.16 A makes this conclusion unavoidable and
suggests a dimer structure for the complex. The structure of
this unknown precursor complex was found by fitting the PDF
and is shown in Figure 1D. The calculated PDF from this
molecular complex (black line, Figure 1 A) is clearly visible in
the PDF signal and well modeled despite being just about 7 A
in diameter and extracted from a large solvent signal. The
molecular complex corresponds to two Ce(NO;)s>~ octahe-
drons condensed to form a dimeric structure with the general
formula [(OH).(NO3)(1_)CeOCe(NO3)4;_y(OH)e ",
revealing a partial reaction between dissolved Ce(NO;)s*
complexes. The structure of the CeO, nanoparticles obtained
60 seconds after nucleation can be seen in Figure 1E for
comparison.

The gradual shift of the shortest Ce-O and Ce-Ce
interatomic distances of the precursor complex can be
observed in Figure 2A together with the corresponding
distances for CeO, at the time of nucleation. After 3 seconds
the dimer complex coexists with pristine CeO, nanoparticles
exhibiting a considerable difference in the Ce-O and Ce-Ce
distances between the two phases. As the solvent reaches the
set temperature within the first couple of seconds and
nucleation commences, the dimer structure seems to contract,
possibly because of weak dimer interactions. During the
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Figure 2. A) Evolution in the shortest interatomic Ce-O and Ce-Ce
distances, d(Ce-O) and d(Ce-Ce), for the precursor complex and CeO,.
B) Normalized time-resolved evolution in the scale factor of the
structural models for precursor and CeO, nanoparticles. C) Time-
resolved evolution in the CeO, nanoparticle diameters (dy,). D) Time-
resolved evolution in the reduced pair distribution function.
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conversion of the dimer into ceria nanoparticles no contin-
uous change in the bond distances is observed. Since the
dimer is observed after the existence of nanoparticles, the
assembly of dimers into larger clusters must be slow and rate-
determining, because the concentration of these clusters is so
low that it cannot be determined experimentally. To explain
the pathway of this dimer assembly into ceria nanocrystals
seems to to be interesting for future theoretical modeling. The
gradual conversion of the precursor material into CeO, is
quantified in Figure 2B which shows the evolution of the
structural scale factors for the precursor and the CeO,
nanoparticles based on the structural refinement of the
time-resolved PDE.'"! At 200°C the conversion of the
precursor to the nanoparticles is completed after the first
10 seconds of the synthesis, and a slower evolution takes place
over a much wider time-scale. The increase in the CeO,
nanoparticle diameter after nucleation is shown in Figure 2C
together with the time-resolved PDF in Figure 2D.

To further study the growth of the nanocrystalline
material after nucleation, in situ PXRD measurements were
performed at a pressure of 230 bar and temperatures of 200,
300 (subcritical conditions), and 400°C (supercritical water
conditions, 7>374°C, P>221bar). Figure 3A shows the
evolution in the volume-averaged crystallite diameter of the
CeO, nanoparticles, obtained from Rietveld refinement, and
this diameter is shown to be heavily influenced by the
synthesis temperature. Under supercritical conditions the
crystallite size stabilizes at a diameter of about 16 nm, this
diameter decreases to about9 nm at 300°C and about 4 nm at
200°C. Kinetic analysis of the growth curves was performed
with a size-impediment model, (D(t)*=
D o> (D ax>—DoHexp[—k(t—1,)]).'! The model parameters
include the average grain size D(¢), with D, and Dy, being the
initial and equilibrium particle sizes, respectively. The growth
rate is described by the k parameter, containing information
about the specific interface energy and grain boundary
mobility. The synthesis duration is described through time
t and the onset time f,. The growth rate can be converted to
express the interfacial energy (y) and grain boundary mobility
(M) through D,,,>k/2=4ayM, where a is a geometric con-
stant.'! The resulting equilibrium grain sizes and growth rates
are  D(200°C)=3.56(1) nm, D(300°C)=28.81(3) nm, D-
(400°C) =15.68(3) nm, k(200°C) =0.30(3) min ™", k-
(300°C)=0.102) min™', and  k(400°C)=0.65(2) min~".
Using the approximations of constant interfacial energy (y)
and equal geometric constants («) for spherical particles, the
mobility is given as M = D> k/Sconstant, or M’ = D, > k/8,
giving M’(200°C)=0.5(1), M’'(300°C)=1.0(2) and M-
(400°C) =20.0(6). Thus, the insitu data suggest a highly
nonlinear increase in the grain boundary mobility when the
synthesis temperature is increased to supercritical conditions.

The insitu PXRD data were in addition analyzed by
whole powder pattern modeling (WPPM).'"? Figure 3B
shows the evolution in the crystallite size distributions,
based on data recorded after 10s, 20s, 5 minutes, and
20 minutes. As expected the size distributions broaden and
shift towards larger crystallite sizes with increased synthesis
time. The samples synthesized at 200°C retain a relative
narrow size distribution relative to samples synthesized at
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Figure 3. A) Volume-averaged crystallite diameters determined by Riet-
veld refinement of data obtained for the synthesis of CeO, nano-
particles at T=200, 300, and 400°C. The calculated data points have
been binned in a three-to-one ratio to emphasize the growth curves.
B) Crystallite log-normal size distributions determined by WPPM of
data obtained for the synthesis of CeO, nanoparticles synthesized at
200°C (black line; 20 s, 1 minute, and 20 minutes), 300°C (red line;
10's, 20 s, 5 minutes, and 20 minutes), and 400°C (blue line; 10's,
20's, 5 minutes, and 20 minutes). The frequency (Freq.) is defined as
the percentage distribution at a given particle diameter. C) Change in
the unit cell volume [(V(D)—Viin) /Vimin 100 %] presented as a function
of volume-averaged crystallite diameter for CeO, synthesized at
T=200, 300, and 400°C (A% =volume expansion and dg, = crystallite
diameter).

400°C, where the size distribution quickly broadens and
reaches average sizes above 10 nm. The presence of a narrow
crystallite size distribution at an early stage for 7=400°C
corresponds well with an earlier study of small-angle X-ray
scattering (SAXS) size distributions of CeO, synthesized in
a continuous flow system at 7=375°C, with an effective
heating duration of about 5 seconds.™ In the case of TiO,, it
has been shown that increasing the temperature rather than
the synthesis time is most effective for improving the
crystallinity of the nanoparticles.' If this is transferred to
the case of ceria, it is likely possible to synthesize very small
but highly crystalline CeO, nanoparticles with narrow size
distribution in less than 20 s under supercritical conditions.

Figure 3C shows the evolution in the nanoparticle unit
cell dimensions based on Rietveld refinement of the PXRD
data. Insitu experiments are ideal for studies of size-
dependent structural changes as they provide large numbers
of directly correlated data, whereas ex situ data suffer from
potential systematic differences between data points. The
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in situ data show a clear enlargement of the unit cell at low
crystallite sizes (< 5 nm) whereas the unit cell dimensions are
unchanged for sizes larger than 10 nm. Through modeling of
the unit cell expansion (green curve in Figure 3C),™ it is
suggested that a unit cell volume expansion of 5% is
achievable for 1.6(2) nm nanoparticles. The synthesis of
nanoparticles with increased unit cell volumes is interesting
as in the case of ceria-based oxygen conductors it has been
speculated higher conductivities are achieved owing to
a smaller migration enthalpy of the oxygen vacancies.['®*"]

In situ total scattering studies of the hydrothermal syn-
thesis of CeO, nanoparticles gives unprecedented insight into
the structure of the precursor complexes, which transform
into pristine CeO, nanoparticles. The total scattering data
reveal that a 1M aqueous solution of (NH,),Ce(NO;), consists
of dimeric Ce'" nitrate complexes, which upon heating to
200°C transform into CeO, nanoparticles in less than
10 seconds. Insitu PXRD data show that highly crystalline
3—4 nm nanoparticles with narrow size distributions can be
obtained in seconds for both hydrothermal and supercritical
syntheses. The insitu data confirm a strong temperature
dependence on the crystallite sizes which stabilize at about
4 nm at 200°C, about 9 nm at 300°C, and about 16 nm at
400°C after 20 minutes of synthesis. The experimentally
determined growth curves suggest a nonlinear increase in
the grain boundary mobility when transcending from sub-
critical to supercritical synthesis conditions. A broadening in
the nanoparticle size distributions is observed with increasing
synthesis temperatures. The crystallographic unit cell was
observed to be much increased for small nanoparticles with
the bulk value being reached for particles >10nm. A
maximum expansion of around 1.5% was seen for about
2.5 nm nanocrystals, and the data suggest expansions of up to
5% for particles below 2 nm. The present study provides
direct evidence of the possibility to describe both atomic and
microstructural changes during the hydrothermal synthesis of
inorganic nanomaterials. The generality of the method
renders these results a showcase from which important
knowledge is obtainable for many different materials. The
gained knowledge can in effect be used for the design of
shape-tailored nanoparticles with specific properties.

Experimental Section
In situ measurements: A 1m Ce*' aqueous solution prepared from
(NH,),Ce(NO;)s (Sigma Aldrich, >98%) was used for the in situ
syntheses in a custom-made capillary reactor pressurized to 230 bar
and heated to temperatures of 200, 300, and 400°C. The in situ total
scattering PDF experiments were performed at beam line 11-ID-B at
the Advanced Photon Source in the USA. In situ PXRD experiments
were performed at beam line I711 at MAX-lab in Sweden. The
experimental setup used for both the insitu total scattering and
PXRD measurements has been described in detail by Becker et al.”!
Data treatment: The integrated total scattering data were
analyzed by the PDF method through the PDFgetX3 program
(unpublished results). Prior to the Fourier transform, the data were
corrected for background scattering using measurements in deionized
water in the same capillary at the appropriate temperatures. The
resulting PDFs were refined sequentially in PDFfit2 using PD Fgui.""!
The structural refinement of CeO, is based on crystallographic data
from ICSD-246969.!'"1 The structural refinement of the aqueous
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precursor solution is based on crystallographic data on solid cerium
oxide nitrate (ICSD-75163).1%¢!

Integrated PXRD data were modeled with the Rietveld method
in FullProf Suite.™ The instrumental contribution to peak-broad-
ening was determined by refinement of a NIST LaBg pattern. The size
broadening was described using a linear combination of cubic
harmonics giving a Lorentzian description of the Bragg peak broad-
ening.””! The strain contribution to the Bragg peak broadening was
taken into account by including a Gaussian profile parameter.

Whole powder pattern modeling (WPPM) was performed using
the program PM2K.?!! The instrumental profile components were
determined by a Cagliotti function fit to the LaBg diffraction
pattern.”?! The size contributing part was implemented as originating
from a log-normal size distribution of nanoscale scattering domains.
Dislocation strain contributions were taken into account through
a Wilkens model using the edge and screw dislocation contrast factors
and Burgers vector modulus for a ceria crystal structure.?!)
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