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In situ synchrotron powder X-ray diffraction (PXRD) measurements have been conducted to
follow the nucleation and growth of crystalline Ce Zr; - O, nanoparticles synthesized in supercritical
water with a full substitution variation (x = 0, 0.2, 0.5, 0.8, and 1.0). Direction-dependent growth
curves are determined and described using reaction kinetic models. A distinct change in growth
kinetics is observed with increasing cerium content. For x = 0.8 and 1.0 (high cerium content), the
growth is initially limited by the surface reaction kinetics; however, at a size of ~6 nm, the growth
changes and becomes limited by the diffusion of monomers toward the surface. For x = 0 and 0.2, the
opposite behavior is observed with the growth initially being limited by diffusion (up to ~3.5 nm) and
later by the surface reaction kinetics. Thus, although a continuous solid solution can be obtained for
the ceria—zirconia system, the growth of ceria and zirconia nanoparticles is fundamentally different
under supercritical water conditions. For comparison, ex situ synthesis has also been performed using
an in-house supercritical flow reactor. The resulting samples were analyzed using PXRD, small-angle
X-ray scattering (SAXS), and transmission electron microscopy (TEM). The nanoparticles with x =
0, 0.2, and 0.5 have very low polydispersities. The sizes range from 4 nm to 7 nm, and the particles
exhibit a reversibly pH-dependent agglomeration.

Introduction

The complex crystallographic behavior observed when
mixing ceria and zirconia is well-known, and the mixed
solid-state materials exhibit massive potential in a wide
range of technologies such as ceramics,’ catalysis,*?
solid-state fuel cell technology,*> and gas sensor applica-
tions.®” Conventional synthesis of Ce.Zr;_,O, usually
involves methods such as high-temperature solid-state
synthesis,® high-energy vibratory ball milling,” and co-
precipitation with aging of solutions.'® However, for fast
synthesis and product control, these methods are not the
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most favorable.!" On the other hand, hydrothermal tech-
niques have experienced rapid growth, including sol-
vothermal batch synthesis of Ce,Zr,_,0,."? Large-scale
production of nanoparticles in high-volume batch reac-
tors without the use of organic stabilizers has a tendency
to produce particles that are rather polydisperse.'® On the
other hand, continuous flow synthesis has the capability
to produce large quantities of nanoparticles with low
polydispersity and excellent control over the particle
size.'® Indeed, flow synthesis of the entire nanoceramic
phase diagram of ceria, yttria, and zirconia was recently
reported.'* In the case of yttria, continuous flow synthesis
in supercritical water has also been reported.'” Poliakoff
and co-workers have studied the flow synthesis of
Ce.Zr;_,0, in water under subcritical conditions,'"*!®
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and, for a thorough discussion of the Ce, Zr;_, O, system,
we also refer to the work of Di Monte and Kaspar.'’

Until recently, the understanding of supercritical flow
reactions has been obtained from ex situ studies, where
the details of the chemical process leading to nanoparticle
formation and growth were inferred from the properties
of the acquired product. Using high-intensity synchro-
tron radiation as a probe, we have developed in situ
reactors capable of opening the “black box™ and studying
the reactions as they happen.'® The main challenge has
been to develop reactors that can sustain the high pres-
sures and temperatures involved for supercritical water,
while allowing sufficient penetration of the X-rays to
provide adequate signal-to-noise ratios on dilute suspen-
sions of nanoparticles. The in situ information gained by
combined synchrotron SAXS/WAXS studies of super-
critical fluid reactions, for example, has led to the devel-
opment of a procedure for large-scale synthesis of
superparamagnetic magnetite nanoparticles.'” Here, we
report on synchrotron in situ studies of the synthesis of
nanocrystalline Ce,Zr;_,O, solid-state solutions in
supercritical water. The experimental setup was con-
structed to simulate the conditions of the in-house con-
tinuous flow reactor. The data provide fundamental and
direct information on the nucleation and growth of the
primary particles. To complement the in situ study, we
have conducted ex situ synthesis of Ce.Zr;_,O, solid-
state solutions, where the samples were comprehensively
characterized by powder X-ray diffraction (PXRD),
transmission electron microscopy (TEM), and small-an-
gle X-ray scattering (SAXS).

Experimental Section

Synthesis. Synthesis in supercritical media requires a specia-
lized synthesis apparatus, which is capable of handling high
temperatures and high pressures, and, furthermore, possesses
high resistance to corrosion. The continuous flow synthesis
apparatus used in the present study has been described by Hald
et al.'® In the continuous flow synthesis mixtures of zirconium
acetate (Zr(ac)y, from Sigma—Aldrich) and ammonium cerium
nitrate ((NH4],Ce[NOjs]s, from Lancaster Synthesis) were used
as received. Five synthesis runs were conducted with [Zr:Ce]
ratios of [0:1], [0.2:0.8], [0.5:0.5], [0.8:0.2], and [0:1] and a total
(Zr+Ce) concentration of 0.11 M. The synthesis conditions were
held at 375 °C and 230 bar, which is slightly above the critical
point of water (7¢c = 374 °C and P = 221 bar).

The in situ syntheses were performed using sapphire capil-
laries (1.6 mm in diameter), which were pressurized to 230 bar
and heated to 375 °C using a HPLC pump and a heated air flow,
respectively.'® The conditions for synthesis in the in situ study
are similar to the flow synthesis apart from a slightly different
heating rate and an increase in the total (Zr+Ce) concentration
to 0.20 M to get a stronger signal of the WAXS data.
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Characterization. For the nanoparticles synthesized ex situ
using continuous flow, PXRD data were recorded on a STOE
StadiP powder diffractometer. A Ge(111) single-crystal mono-
chromator was used to produce Cu Ko, radiation, which was
detected with a 40° position-sensitive detector. The PXRD data
were used to qualitatively monitor the degree of crystallinity in
the samples, identify crystalline phases, and estimate the vo-
lume-averaged particle sizes using the Scherrer method.?® The
diffraction peaks were fitted using a pseudo-Voigt profile func-
tion. The average particle size determined by PXRD is tradi-
tionally termed a volume-averaged size. One can define a
number size distribution n(D) that describes the number of
particles with a diameter between D and D + dD. The volume-
averaged particle size is given by

2 (D*)
<D >vol = @
where (D) is the mth moment of the number size distribution
and is given as?!

(DY" = / D"n(d) dD

Representative samples from the synthesis runs were investi-
gated by TEM analysis, using a Phillips Model CM20 TEM
microscope working at 200 kV.

All ex situ synthesis products were investigated by SAXS
using a Bruker nanoSTAR instrument.>> A fractal model,?’
assuming polydisperse spherical particles, was used to fit the
data and a Schulz—Zimm function was employed to model the
number size distribution n(D). A fractal dimension and a para-
meter describing the size of the fractals were included to take
agglomeration phenomena into account. Volume-weighted size
estimates were derived from the SAXS distributions using the
expression previously given. In the numerical integration over
the number size distribution, 100 points were used and the
distribution was truncated at the average size plus 4 times the
standard deviation of the distribution.

The in situ synchrotron data were measured at beamline
1711,%* at MAX-lab, Sweden, using a home-built sample stage
and a Mar165 CCD detector. The single-crystal monochroma-
tor was adjusted to produce a wavelength of 0.9496 A and the
detector had a time resolution of 11.35 s per frame. All the
synchrotron diffraction data were corrected for instrumental
broadening using a LaBg¢ standard. The anisotropic size broad-
ening of the diffraction peaks was described using a linear
combination of spherical harmonics.?’

A A
“D,cos6  cos O mp Yimp (@, P
P DjcosO  cos 9;‘” p Yimp (@, ©r)

For the x = 0.0 and 0.2 diffractograms, the sizes were described
using the real spherical harmonic function Yyo(6,¢), whereas,
for the x = 0.5and 0.8, the function Y,((6,¢) was also included.
The x = 1 diffractograms were described using the cubic harmo-
nics Koo(e,(p) and K41(0,({)).

(20) Langford, J. I.; Louer, D. Rep. Prog. Phys. 1996, 59, 131-234.
(21) Becker, J.; Hald, P.; Bremholm, M.; Pedersen, J. S.; Chevallier, J.;
Iversen, S. B.; Iversen, B. B. ACS Nano 2008, 2, 1058-1068.

(22) Pedersen, J. S. J. Appl. Crystallogr. 2004, 37, 369-380.

(23) Teixeira, J. J. Appl. Crystallogr. 1988, 21, 781-785. .

(24) Cerenius, Y.; Stahl, K.; Svensson, L. A.; Ursby, T.; Oskarsson, A.;
Albertsson, J.; Liljas, A. J. Sync. Rad. 2000, 7, 203-208.

(25) Jarvinen, M. J. Appl. Crystallogr. 1993, 26, 527.



1816  Chem. Mater., Vol. 22, No. 5, 2010 Tyrsted et al.
100
I'" 5 10
CeO . \. g 1
2 —
= S ./_J. ; 0.1
o Ceuszrozoz g /'/ \:\. g 0.01
‘E, ol S /././ L Ees AN,
2 S Vo1E4
5 Ce, Zr, O ] 7 W
@ 05052 5 / \ Q&Y 0
2 S
= Ceo.zzru.aoz ng_- ,‘1‘
./
i
ZrO /1
3 oﬂ/ “/ < T
20 30 40 50 60 70 80 90 0O 1 2 3 4 5 6 7 8 9 10 11 12

26 (degrees)

Particle size (nm)

Figure 1. (a) PXRD data of the Ce,Zr|_,O, samples synthesized in water at 375 °C and 230 bar from mixtures of Zr(ac), and [NH4],Ce(NOs3)4 precursors.
(b) Size distributions and corresponding SAXS data (inset) of the as-synthesized Ce,Zr,—,O, powders (—) x = 0.0, (M) x = 0.2, (@) x = 0.5, (a) x = 0.8,

and (@) x = 1.0).

Table 1. Sizes and Size Distribution Parameters of Ce,Zr;_,0, Nanoparticles Obtained from PXRD and SAXS Data

Diffraction Data

X angle 205 (deg)” (hkD® PXRD (D)o SAXS (D)yor" SAXS polydispersity, z
1.0 28.512 111) 6.3 8.5 0.66
0.8 28.882 (101) 6.5 7.8 0.58
0.5 29.296 (101) 4.0 4.0 0.18
0.2 29.742 (101) 3.8 4.7 0.21
0.0 30.134 (1o1) 4.0 5.3 0.26

@20y is the Bragg diffraction angle of the peak. ® The (hk/) indices correspond to the cubic phase for x = 1.0 and the tetragonal phase for the remainder
of the samples. “ The parameter PXRD (D), is the volume-averaged PXRD size estimate, which includes correction for instrumental broadening with a

Gaussian model for the peak widths ¥ (where Wiowe = W,

purliclez + Winst). “The parameter SAXS (D), is the volume-averaged particle diameter,

derived from the number-size distributions displayed in Figure 1b.  The SAXS polydispersity z is given by z = 0/dyean, Where diean is the number-
average size and o is the width (square root of variance) of the number size distribution displayed in Figure 1b.

Results and Discussion

Ex Situ Data. The Ce,Zr;_ 0> phase diagram is highly
complex; it contains a monoclinic phase (x < 0.1), several
tetragonal phases, and a cubic fluorite-type phase (x >
0.8), as well as several other phases at specific composi-
tions.?® Based on this, the Ce, Zr;_,O, samples discussed
here should consist of various tetragonal phases (x = 0.2
and 0.5), the cubic phase (x 1.0), and supposedly a
mixture of the two at x = 0.8. PXRD patterns of the
Ce,Zr;_, O, powders prepared in the continuous-flow
reactor are shown in Figure la. All samples were synthe-
sized in water at 375 °C and 230 bar from mixtures of
Zr(ac)4 and [NH4],Ce(NO3)g precursors. The steady pro-
gression of the peaks toward smaller angles (expanding
unit cell) is evidence of cerium entering the ZrO, struc-
ture. The sizes of the Ce, Zr,_,O, particles were obtained
from the diffraction peak widths using the Scherrer
formula (see Table 1).° The diffraction peaks of the
x = 0.2 and x = 0.5 samples were difficult to fit, because
of peak overlap, and the sizes may be underestimated.
The size estimates obtained from the PXRD data are in
good agreement with the SAXS-estimated particle sizes
The SAXS values are generally larger than the Scherrer
results, which may be ascribed to an amorphous outer
layer on the particles.

The Ce,Zr,_,0, powders for x = 0, 0.2, and 0.5 are
very homogeneous, as can be seen from the SAXS-

(26) Adschiri, T; Yukiya, H.; Arai, K. Ind. Eng. Chem. Res. 2000, 39,
4901-4907.

determined size distributions (see Figure 1). This is sup-
ported by the TEM image shown in Figure 2a for the x =
0.5 sample, and it has previously been observed that
particles with this composition are highly resistant to-
wards sintering.'' This can be explained by the fact that
particles of almost-identical sizes are resistant to Ostwald
ripening, because it is not energetically favorable for any
particle to grow at the expense of the others.

The TEM image in Figure 2b reveals that the pure CeO,
sample contains particles of two different size regimes.
The majority of these particles are in excellent agreement
with the PXRD estimate, but a small fraction of the
particles are in the range of 16—20 nm. This situation
explains the wider size distributions of the x = 0.8 and
x = 1 powders. The occurrence of the observed two
particle size regimes seems to be caused by particle
agglomeration during the synthesis (see below). The
TEM image in Figure 2¢ reveal that the as-synthesized
CeO, powder consists of large agglomerates. The parti-
cles seen in Figure 2b were not observable until these
agglomerates were dispersed. The agglomeration seems
to grow stronger as the value of x increases (compare
Figures 2a and 2¢). This suggests that the agglomeration
phenomenon is linked to the pH value of the synthesis
medium, because the decomposition of the nitrate cerium
precursor yields nitric acid in solution, which reduces the
pH value of the synthesis medium as the value of x
increases.

To test the pH-dependence hypothesis, the x = 1 sample
was washed thoroughly with water until neutral pH was
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.
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Figure 2. (a) TEM micrograph of as-synthesized Ce 5Zr 5O, particles. (b) TEM micrograph of washed CeO, (pH 7) particles. (¢) TEM micrograph of as-

synthesized CeO, (pH 1) particles.

achieved. The impact on the degree of agglomeration
is remarkable, as displayed by the difference between
Figures 2b and 2c. The two size regimes of the CeO,
particles observed in Figure 2b suggest that the agglo-
meration occurs on the walls on the inside of the hot flow
reactor. The thermal environment causes the agglo-
merated particles to fuse and form the observed larger
crystallites.

When cerium is introduced in the ZrO, matrix, the
polydispersity increases (see Table 1). The increasing
polydispersity toward higher values of x is an effect of
the increasing degree of particle agglomeration and the
corresponding greater tendency toward separate particle
size regimes. Therefore, the high polydispersity value of
0.66 for x = 11iscaused by the 16—20 nm crystallites. The
impact of this on the size distributions determined from
SAXS data is seen in Figure 1. The size distributions for
x = 0.8 and 1 are much broader and more skewed, com-
pared to those of the other samples. This is due to the
monomodal Schultz—Zimm function trying to mimic the
gap between the two size regimes of the particles (6—7 nm
and 16—20 nm, respectively). Despite this, the fit to the
SAXS data is good and we can conclude that we do not
have resolution to separate the two components of the
size distribution. Since there is a connection between the
pH value and the degree of agglomeration, it is expected
that if the syntheses are conducted under mild alkaline
conditions, the homogeneity of the resulting particles can
be much improved, and the polydispersities, correspond-
ingly, can be greatly reduced.

In Situ Data. The in situ WAXS studies were performed
under conditions similar to the supercritical flow synth-
esis, i.e., at 375 °C and 230 bar. To obtain a good
diffraction signal from the synthesis, the precursor con-
centration (Ce + Zr) was increased to 0.20 M. An over-
view of the different synthesis series is shown in Figure 3,
which contains diffractograms measured after 15 min of
reaction time.

Similar to that observed for the continuous-flow synth-
esis samples, there is a steady progression of the peaks
toward smaller angles as the Ce/Zr ratio increases. The
diffraction pattern for ZrO, corresponds to a pure mono-
clinic phase. A tetragonal phase is present very early in the

Intensity (arb. u.)

20 (degrees)

Figure 3. In situ PXRD data of the Ce, Zr;_,O, samples synthesized in
water at 375 °C and 230 bar. All the data were taken 15 min after initiation
of the experiments.

synthesis, but it transforms to the monoclinic phase 30 s
after initiation of the reaction. The diffractograms for the
x = 0.2, 0.5, and 0.8 samples all exhibit the tetragonal
phase whereas the ceria particles are most likely to be
phase-pure cubic. Because of the size broadening of the
diffraction peaks, it is difficult to distinguish between the
very similar tetragonal and cubic polymorphs.'’

The time-resolved PXRD data have been analyzed
using sequential Rietveld refinement. To extract the
growth of the primary particles, the broadening of the
diffraction peaks is modeled using spherical harmonic
functions to account for the anisotropy of the Bragg
peaks at different diffraction angles, which originates
from nonspherical particle shape. Because the majority
of the samples have ellipsoidal particle morphology, the
growth is divided into two graphs. Figure 4 shows the
growth along the a/b unit-cell axes, which are equivalent
for all particle shapes (sphere, ellipsoid, cubic), while
Figure 5 shows the growth along the ¢ unit-cell axis. In
the case of the monoclinic ZrO,, the c-direction denotes
the direction orthogonal to the (a,b)-plane. The gray lines
plotted on top of the measured data points for each series
is the modeled growth curves described below.

The results shown in Figures 4 and 5 reproduce the
general trend in particle size found from PXRD of the
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continuous-flow synthesis (see Table 1). The particles are
split into two size regimes, where the series with x = 0,
0.2, and 0.5 are equivalent in size and generally smaller
than the particles from x = 0.8 and 1.0. The same trend
was observed by Poliakoff et al., with one exception: their
particle size for the pure zirconia is slightly bigger than
that for lightly doped zirconia.'! With the insight gained
from the in situ study, it is possible to compare the kinetics
in the cerium-doping series. The size in the a- and b-
directions for the ceria-rich x = 0.8 and x = 1 phases
reaches equilibrium ~2 min earlier than the less-ceria-
doped phases (x = 0, 0.2, and 0.5). The same trend is
observed for growth in the c-direction, where the x = 0.5
series requires more than 30 min before it converges to a
size of 7 nm (not shown in Figure 5). Generally, a couple
of minutes are required before the pure zirconia starts to
nucleate, because it could be observed during the experiment

Tyrsted et al.

Table 2. Parameter Values for the N-Exponential Model for Particle
Growth in the a- and b-Directions

D(1) = Dy +k(t—15)"

First Period Second Period
X Iy N to N
1.0 0.189 0.504 2.841 0.354
0.8 0.189 0.477 1.323 0.345
0.5 0.189 0.523 0.568 0.559
0.2 0.189 0.320 6.061 0.611
0.0 2.476 0.302

thatitinitially forms a hydrogel, which then transforms to
individual ZrO, nanoparticles.

The growth of the nanoparticles often proceeds via
several mechanisms, depending on the specific system and
the local concentration of monomers in the solvent
medium. Under these circumstances, an applicable way
to extract semiquantitative information about the me-
chanisms is to fit the growth curves with a generalized N-
exponential growth model:D(r) = Dy + k(r —t9)" where
D is the diameter of the particle and ¢ is the time.?’
Through the known values of Dy and ¢, it is possible to
extract useful information from the value of the para-
meter N, which is given by the fits to the growth curves. If
the surface reaction between the monomers and the
growing particles is fast, the growth is usually limited by
diffusion of additional monomers from the surroundings
to the particle surface. In this scenario, the Lifshitz—
Slyozov—Wagner (LSW) theory® states that the volume
of the particles should increase linearly with time, i.e., N~
'/;in the present nomenclature. If, on the other hand, the
surface reaction kinetics represents the limiting factor, the
surface of the particles should increase linearly with time,
ie., N~ '/,.%7 Although different growth kinetics may
influence the final size of the particles, it is usually quite
easy to assign the dominant process in different domains
of the growth curves. No emphasis is placed on the size of
parameter k, which is heavily dependent on the micro-
environment probed and has no direct influence on the
parameter N. For each fit, the start parameters for Dy and
to have been fixed by the actual points on the growth
curves and k and N have had no constraint other than the
necessity for the values to be greater than zero. The fits are
shown on top of the growth curves in Figures 4 and 5. A
closer examination reveals that all fits lie within the error
bars of the measured data, except for at a few diverging
points, and, therefore, the uncertainties on the N para-
meters are rather limited. None of the values for N are
equal to '/, or '/5, but a value within 10% of these
predictions is a clear indication of how the growth
mechanism is at this time period. The exact values of N
for the fits in Figures 4 and 5 are shown in Tables 2 and 3,
respectively. Except for the x = 0 series, the growth in all
the other series are best modeled by splitting the growths
into two separate time domains, abbreviated here as first
period and second period, beginning at ¢, (also given in

(27) Rao, C. N. R.; Muller, A.; Cheetham, A. K. Nanomaterials
Chemistry— Recent Developments and New Directions; Wiley—VCH
Verlag GmbH: Weinheim, Germany, 2007.

(28) Lifshitz, I. M.; Slyozov, V. V. J. Phys. Chem. Solids 1961, 19, 35-50.
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Figure 6. Cross-sectional images of (a) the (a,b)-plane for particles with x = 0.5, (b) the (a,c)-plane for particles with x = 0.5, and (c) the (a,b)-plane for

particles with x = 1.0.

Table 3. Overview Parameter Values for the N-Exponential Model for
Particle Growth in the c-Direction

D(1) = Do+ k(i —15)"
First Period

Second Period

X I N to N
1.0 0.189 0.504 2.841 0.354
0.8 0.189 0.512 1.326 0.352
0.5 0.189 0.515 0.568 0.635
0.2 0.189 0.320 6.061 0.611
0.0 2.476 0.302

Tables 2 and 3). This is done because a single fit cannot be
applied to the entire growth curve if large changes in the
growth characteristics occur. For pure ZrO,, the entire
process can be assigned as being diffusion-limited with
N =~ 0.3. When the doping concentration of cerium is
increased to x = 0.2, the FIRST period of growth is
limited to diffusion; however, after this time period, a new
fit with N & 0.6 gives better correspondence with the data.
This is a sign of the surface incorporation of monomers
becoming the limiting factor, even though the value is
rather far from the required N = '/,. From this point
forward, when increasing the cerium content, an apparent
inversion in the growth process begins to appear. The
growth of the x = 0.5 series seems to be constituted by
two similar, but not equal, surface-limited processes. The
two cerium-rich series x = 0.8 and x = 1.0 both exhibit
similar trends where the growth is first controlled briefly
by the surface reaction, until a certain size is reached and
diffusion becomes the limiting factor.

The results for the x = 0.8 and x = 1.0 series fit the
general perception for particle growth very well. The
growth of particles right after nucleation is usually not
limited by diffusion, because the monomer concentration
at the particle surface is still high. When the particles have
reached a certain size, the concentration in the vicinity of
the particle surface will have decreased sufficiently for the
further growth to be limited by the diffusion of new
monomers. Therefore, it is surprising that the x = 0.2
series exhibits the exact opposite behavior. This may be
due to an amorphous layer that may be starting to grow
on the crystalline particles, which would change the sur-
face kinetics. However, without certain proof of this, we
can only state that some sort of change in the growth
mode occurs during the growth of the x = 0.2 particles.
Aside from the natural change in crystal structure from
one series to the next, the changes in growth chara-
cteristics between the series may also be explained by
the increasing acidity of the solution from the cerium

precursor causing agglomeration, which affects the ki-
netics.

The change in cerium doping not only influences the
overall particle size and growth characteristics, but also
the shape of the particles. Indeed, the specific morphol-
ogy of nanoparticles is often critical for their application.
The spherical harmonic functions used to describe the
anisotropic peak broadening can be used to visualize the
particle morphologies (here, using the GFOURIER pro-
gram part of the Fullprof Suite).?’ The anisotropy of the
Bragg peaks for the zirconia-rich series x = 0 and 0.2 are
negligible and the particle shapes are, consequently, best
described as spherical. For the intermediate phases (x =
0.5 and 0.8), the anisotropy is significant and was mod-
eled with a prolate spheroid particle morphology, where
the size in the c-direction is longer than the equivalent a,b-
directions. The size ratio (c¢/a) for these two series in-
creases slightly from 1.21 to 1.27 when increasing the ceria
content. In Figure 6, the particle shape is shown for x =
0.5 in the (a,h)-plane and (a,c)-plane. For pure CeO, the
particles exhibit a cubic morphology in fine correspon-
dence with earlier studies (see Figure 6¢).>° As such, there
is a trend in the particle morphology when changing
the Ce/Zr ratio, similar to that which has been shown
for the general sizes in Figures 4 and 5. The pure zirco-
nia particles exhibit no preferred direction of growth.
This changes when the doping of ceria increases. As
explained previously for x = 0.5 and 0.8, the growth is
faster in the longer unit-cell-axis c-direction before the
pure ceria particles distinguish themselves with a cubic
morphology.

Conclusion

Continuous-flow synthesis of Ce,Zr;_,0O, for x = 0,
0.2, and 0.5, in supercritical water, produces nanocrystal-
line particles with a narrow size distribution of ~2—3 nm
(full width at half maximum (fwhm), as shown by small-
angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM)). Samples with x = 0.8 and 1.0 have
considerably higher polydispersity, because of the occur-
rence of bimodal size distributions. TEM images reveal a
pH-dependent agglomeration, which increases with in-
creasing amounts of the acidic ceria precursor. The agglo-
meration is a reversible process, and the soft agglomerates

(29) Rodriguez-Carvajal, J. Physica B 1993, 192, 55.
(30) Ge, M. Y.; Wang, H.; Liu, E. Z,; Liu, J. F.; Jiang, J. Z.; Li, Y. K.;
Xu, Z. A.; Li, H. Y. Appl. Phys. Lett. 2008, 93, 062505.
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can be dispersed by increasing the pH level. At high
cerium concentrations, the average particle size increases
from ~4 nm to ~6 nm. In situ synchrotron WAXS
measurements reveal that the particle growth is anisotro-
pic with increasingly ellipsoidal particles (the c-axis is
longer than the a- and b-axes) as x increases. At x = 1
(i.e., pure Ce0O,), the particle shape becomes cubic. Reac-
tion kinetics derived from fits to the experimentally
determined nanoparticle growth curves reveal a funda-
mental change in growth mechanism when going from
zirconium-rich to cerium-rich phases. In the cerium-rich
part of the phase diagram, the particle growth is initially
limited by surface reaction kinetics; however, at a size of
~6 nm, the growth changes and becomes limited by the
diffusion of monomers to the surface. In the zirconium-
rich part of the phase diagram, it is observed that the
initial growth of small particles is limited by diffu-
sion. The growth mechanism changes at a particle size

Tyrsted et al.

of ~3.5 nm, where the growth becomes limited by the
surface reaction kinetics. The latter may be due to the
formation of an amorphous surface layer, which limits
the crystalline growth monitored by PXRD. The differ-
ences in initial growth kinetics of the CeO, and ZrO,
phases may also be the origin of the much-faster initial
growth of CeO, nanoparticles, compared to ZrO, nano-
particles in supercritical water.
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