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Abstract—Particle coarsening trends at high temperatures (200 to 700°C) in CeO, nanoparticles having vari-
ous chemical histories are determined by powder X-ray diffraction (XRD), low-temperature nitrogen adsorp-
tion, transmission electron microscopy, and small-angle neutron scattering (SANS). Intergrowth of individual
CeO, crystallites is the main scenario of nanoparticle coarsening.
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Nanocrystalline ceria is a unique multipurpose
material widely used in industries. In particular, ceria is
used in protective coatings for absorption and redistri-
bution of UV radiation, as the main component of pol-
ishing compositions and abrasives, including those
used for chemomechanical surface treatment of silicon
wafers in micro- and nanoelectronics, in catalytic sys-
tems, in trace gas sensors, in protective coatings for
metals and alloys, and in other fields [1-5].

Ceria-based materials, including oxygen sensors
and car emission converters, in some cases perform at
temperatures above 600°C because of substantially
higher oxygen mobilities in crystal lattices at these tem-
peratures. Cerium ions have relatively moderate diffu-
sive mobilities at these temperatures; in particular, the
volume diffusion of cerium ions is not observed when
thin-film CeO, samples are heated to 627°C [6], unlike,
for example, titanium(IV) ion diffusion in titania thin
films. Nonetheless, in spite of low cation mobilities, the
high-temperature performance of CeO, nanomaterials
is inevitably accompanied by noticeable particle coars-
ening and reduction in the specific surface area of the
material (see, e.g., [7, 8]). Presumably, ceria particle
coarsening under heating is due to cooperative mass
transfer processes involving mutual movement and
rotation of CeO, crystallites as a whole more than due
to thermally activated diffusion processes. In particular,
a similar compaction scenario was earlier observed in
the shrinkage of so-called reactive metal powders with
linear particle sizes on the order of 100 nm at moderate
temperatures [9]. However, direct experimental evi-

dence for particle coarsening mechanisms in CeO, nan-
opowders has been lacking until now.

This work studies particle-size variation trends in
ceria nanopowders having various chemical histories
upon heating within 200-700°C and determines the
prevalent scenario of CeO, particle coarsening.

EXPERIMENTAL

Rapid and homogeneous hydrolysis processes
described below were used to prepare ceria nanopow-
der samples.

Rapid hydrolysis involved precipitating CeO, by
addition of aqueous ammonia to aqueous—isopropano-
lic solutions of Ce(NOj5); [10, 11]. Cerium(III) nitrate
(0.08 mol/L) solutions in aqueous isopropanol with
water/isopropanol (vol/vol) ratios of 1 : 1, 1 : 3, and
1:19 were rapidly added with vigorous stirring to
aqueous ammonia (3 mol/L) taken in a fivefold molar
excess and kept for 2 h at room temperature. Precipi-
tates were washed with isopropanol three times and
dried at 60°C for 2 h.

Homogeneous hydrolysis in the presence of urea
involved the reaction of ammonium hexanitratocer-
rate(IV) (NH,),[Ce(NO3)s] with ammonium hydroxide
generated by hydrolysis of aqueous urea solutions.
Aqueous solutions of (NH,),[Ce(NO;)¢] and urea were
mixed in the ratio 1 : 2 (mol/mol) (the ammonium hex-
anitratocerrate(IV) concentration was 0.05, 0.15, and
0.4 mol/L) and brought to boiling in a Linn High Therm
laboratory microwave furnace at the 800 W power;
then, the heating power was reduced to 300 W, and the
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Synthesis parameters and notations of ceria samples

Sample notation Synthesis parameters

Annealing temperature, °C Annealing time, h

Ce-1-1 Rapid precipitation by aqueous ammonia from | 200, 300, 400, 500, 600, 700 2,4,6,8

Ce(NO,); - 6H,0

an aqueous—isopropanolic (1 : 1) solution of

Ce-1-2 Rapid precipitation by aqueous ammonia from | 200, 300, 400, 500, 600, 700 2

Ce(NO,); - 6H,0

an aqueous—isopropanolic (1 : 3) solution of

Ce-1-3 Rapid precipitation by aqueous ammonia from | 200, 300, 400, 500, 600, 700 2

Ce(NO3)3 . 6H20

an aqueous—isopropanolic (1 : 19) solution of

Ce-1-4 Rapid precipitation by aqueous ammonia from | 200, 300, 400, 500, 600, 700 2

an aqueous solution of Ce(NOs); - 6H,O

Ce-1-5 Rapid precipitation by aqueous ammonia from | 200, 300, 400, 500, 600, 700 2

an aqueous solution o Ce(NO;); - 6H,0
lowed by freeze drying

Ce-2-1 Homogeneous microwave hydrolysis of
ence of urea
Ce-2-2 Homogeneous microwave hydrolysis of
ence of urea
Ce-2-3 Homogeneous microwave hydrolysis of

of urea

(NH,),[Ce(NO3)¢] (0.05 mol/L) in the pres-

(NH,),[Ce(NO3)¢] (0.15 mol/L) in the pres-

(NH,),[Ce(NO3)¢] (0.4 mol/L) in the presence

fol-

400, 500 2

300, 400, 500, 700 2,4,6,8

300, 400, 500, 700 2

boiling mixture was kept for 0.5 h. The volume of the
treated solution was 450 mL in all experiments. The
resulting precipitates were washed with water three
times, centrifuged, and dried at 60°C for 2 h.

For the recognition of trends of ceria nanoparticle
coarsening during heat treatment, the samples prepared
by rapid and homogeneous hydrolysis were annealed in
air at 200, 300, 400, 500, 600, and 700°C for 2 h at each
temperature (table). Some samples were additionally
annealed at the same temperatures for 4, 6, and 8 h. The
samples were brought to the isothermal exposure tem-
perature at a rate of 5 K/min.

In addition, experiments were carried out to prepare
ceria with the use of freeze drying. A ceria pulp precip-
itated by aqueous ammonia from an aqueous
cerium(IIl) nitrate solution was washed with distilled
water three times and divided into two parts. One part
was freeze dried. The other (serving as a blank) was
dried at 60°C for 2 h. Freeze drying was carried out in
a Labconco FreeZone freeze drier with gradual temper-
ature elevation from —30 to +30°C at 1 kPa pressure.
Both sets of samples were then annealed at 200, 300,
400, 500, 600, and 700°C for 2 h.

Powder X-ray diffraction analysis was carried out
on a Rigaku D/MAX 2500 diffractometer (CuK,, radia-
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tion); the goniometer rotation speed was 1 deg/min.
Diffraction peaks were identified with reference to the
JCPDS database. Fine crystal structure parameters for
ceria were determined by X-ray diffraction. Coherent
scattering lengths dg s were determined from the Sely-
akov—Scherrer relationship

A
des, = Bcoso’ (1)

where A, = 1.54178 A and B is physical broadening of
the (111) diffraction peak from ceria. A sapphire single
crystal was used as a reference to apply correction for
instrumental broadening.

Microstructure was observed using transmission
electron microscopy (TEM) on a Leo912 AB Omega
electron microscope at an accelerating voltage of
100 kV. Test samples were placed on polymer-film-
coated 3.05-mm copper grids.

Specific surface areas of CeO, powders were mea-
sured by low-temperature nitrogen adsorption using a
QuantaChrome Nova 4200B analyzer. Before measure-
ments, test samples were degassed for 5 h in a drying
compartment at 40°C under vacuum. Surface analysis
was carried out using the multipoint (28 points)
Brunauer—-Emmet-Teller (BET) method. Pore-size dis-
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tributions were calculated from nitrogen desorption
isotherms using the Barrett-Joyner—Halenda (BJH)
method. The Neimark—Kiselev method [12, 13] was
used in surface fractal analysis.

Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) were carried out on a Perkin
Elmer TG7 thermal analyzer in a polythermal mode
(heating in air at 5 K/min to 1150°C).

Small-angle neutron scattering (SANS) was mea-
sured on a SANS-2 setup (FRGI1 reactor, GKSS
Research Centre, Geesthacht, Germany) at the neutron
wavelength A = 5.8 A, AMA = 10%. The experiments
were carried out at four sample—detector distances
(SD =1, 3,9, and 20.7 m), which allowed neutron scat-
tering intensities to be measured in the range of
moment transfers1.7 x 103 < ¢ < 2.5 x 10~ A-1. Scat-
tered neutrons were detected by a *He position-sensi-
tive area detector.

CeO, nanopowder samples were placed to quartz
cells 1 mm thick. Initial spectra for each g range were
corrected using a standard procedure [14] for the scat-
tering from the setup hardware, cell, and ambience. The
thus-obtained two-dimensional isotropic spectra were
azimuthally averaged and reduced to absolute magni-
tudes via scaling to the vanadium incoherent scattering
cross section with account for the detector efficiency
[14] and bulk density py; for each sample. All measure-
ments were carried out at room temperature.

The SANS intensity /,(g) was determined as

I(q) = I(q) — TIy(q), 2

Here, I(g) and I)(q) are the ¢ distributions of scattering
neutrons after transmission through the sample and the
beam without test samples, respectively; and T is the
transmission coefficient for neutrons transmitted
through the sample:

T=1,=e™=D, (3)

where ¥ =0, + G, is the integral cross section, including
the nuclear scattering 6, and absorption G,, and L is the
sample thickness.

The SANSFIT program [15] was used to transform
SANS curves to particle-size distribution functions.

RESULTS AND DISCUSSION

Analysis of As-Synthesized (Unannealed)
CeO, Samples

All samples prepared by rapid or homogeneous
hydrolysis were identified as single-phase ceria with
fluorite structure using powder X-ray diffraction. The
coherent scattering lengths in CeO, _, calculated from
(111) diffraction peak broadening were 3.5 nm for the
samples prepared by homogeneous hydrolysis in the
presence of urea and 4.5 nm for the samples prepared
by rapid hydrolysis. Thus, the preparation process only
insignificantly affects CeO, particle sizes.
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Transmission electron microscopy shows that the
samples prepared by rapid or homogeneous hydrolysis
are heavily aggregated powders with particle sizes of
4-5 nm (rapid precipitation) and 2-3 nm (homoge-
neous hydrolysis in the presence of urea).

TGA weight loss curves recorded upon heating for
CeO, samples prepared from aqueous isopropanol are
virtually the same regardless of isopropanol concentra-
tions; the overall weight loss reaches 15%. Adsorbate
water is eliminated in the range 25-100°C with an
endotherm. Heating to higher temperatures does not
give rise to any considerable heat effect.

For the ceria samples prepared by rapid hydrolysis
in the presence of urea, the weight loss curves upon
heating are also virtually the same; most weight loss
(reaching 15%) is observed within 250-300°C; DTA
curves show a well-defined exotherm, whose appear-
ance can be assigned to the decomposition of residual
cerium compounds, including cerium(IIl) hydroxocar-
bonate, and simultaneous CeQO, crystallization.

Low-temperature nitrogen adsorption shows that, as
the isopropanol percentage in the starting solutions
increases from 50 to 95%, the specific surface area of
CeO, nanopowders decreases from 220 to 110 m%/g.
For the samples prepared by homogeneous hydrolysis
in the presence of urea, specific surface areas are almost
unaffected by the starting solution composition and
range from 85 to 96 m?%/g.

Analyses of CeO, Samples after High-Temperature
Annealing

Annealing of the samples prepared by rapid hydro-
lysis at 200-700°C for 2 h gives rise to a systematic
increase in CSL size from 3—4 to 22-24 nm as shown
by powder X-ray diffraction. The CeO, powders pre-
pared by hydrolysis in the presence of urea behave in a
similar way; in this case, however, the final CSL sizes
are 19-20 nm (Fig. 1).

Examination of the CSL size versus annealing time
curves measured at fixed temperatures for ceria sam-
ples having different chemical histories (Fig. 2) indi-
cates that the particle size is time-independent to the
measurement error over the range of the temperatures
studied (up to 700°C).

The observed constancy of CSL sizes at fixed tem-
peratures appreciably differs from the classical diffu-
sive ripening model, which obeys the parabolic law

D*- D =k, “)

and is driven by the excessive surface energy, the latter
being a function of particle curvature radii. Similar
results gave the study of grain-growth dynamics in
CeO, and Ce 15Gd; 5,0 g9 thin films prepared by aero-
sol pyrolysis [16]. Presumably, the constancy of parti-
cle sizes regardless of increasing treatment time and
their coarsening in response to increasing annealing
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Fig. 1. Ceria particle size in samples with various chemical 20 -
histories vs. annealing temperature. Samples: (/) Ce-1-1,
(2) Ce-1-3, (3) Ce-2-1, (4) Ce-2-2, and (5) Ce-2-3. 16
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angle and low-angle boundaries. Various types of stop-
pers (surface defects, contacts with other particles, and
so on) inhibit a free movement of crystallites relative to
one another; as temperature elevates, stopper thresh-
olds are crossed, the proportion of mutually aligned
particles at each temperature being determined by both
the starting state of the powder and the heat energy sup-
ply. Roughly, the scenario is as follows: at relatively
low temperatures, the rotation of particles with the least
misalignment occurs; at higher temperatures, mutual
movement of more strongly misaligned crystallites
occurs, and so on. Subsequent merging of aligned par-
ticles to a larger particle occurs via surface (grain-
boundary) diffusion.

For ascertaining apparent diffusion coefficients, we
carried out additional short-term anneals of sample Ce-
1-1 at 700°C for 5, 10, 20, and 60 min.

The results of these anneals show that particle coars-
ening at the chosen annealing temperature has the high-
est rate during the first ten minutes and then CSL sizes
change only insignificantly. The description of the
coarsening dynamics using the relaxation function
employed in [16, 17] for analysis of the self-confined
coarsening of nanoparticles, allowed the relaxation
time to be determined as T, = 7 min. This is roughly 30
times smaller than the respective value determined for
Ce(73Gdy»,0, nanocrystalline films during 700°C iso-
thermal annealing [16]. In turn, a value of 2.2 X 107" m?%s
was calculated for the apparent diffusion coefficient
from this relaxation time, as in [16, 17], exceeding the
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Fig. 2. CSL size vs. annealing time for (a) sample Ce-2-3
annealed at (/) 300, (2) 400, and (3) 500°C and (b) sample
Ce-1-1 annealed at (1) 400, (2) 500, (3) 600, and (4) 700°C.

value found in [16] by more than two orders of magni-
tude. Taking as the basic hypothesis that crystallite
coarsening occurs via mutual attachment and subse-
quent intergrowth, we may infer that strong contacts
between particles and the substrate in films hinder par-
ticle realignment and slows down nanoparticle growth
rates compared to CeO, nanopowders.

Recall that different versions of nanocrystalline
ceria synthesis yield samples with different specific
surface area values. Presumably, such samples will
behave differently during high-temperature annealing.
To check this presumption, we carried out isothermal
anneals of samples prepared by rapid precipitation
from aqueous—isopropanolic solutions of cerium(IIl)
nitrate with various isopropanol proportions (1 : 1 and
1 : 3). Figure 3 displays the resulting S, versus anneal-
ing temperature curves.

The elevating annealing temperatures systemati-
cally decrease the specific surface areas of both sam-
ples; the S,(T) trend is substantially dictated by the
sample history. Inasmuch as particle sizes in the as-syn-
thesized samples were practically the same, we can
infer that, to a considerable extent, the aggregation and
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Fig. 3. Specific surface area vs. isothermal annealing tem-
perature for samples with various chemical histories. Sam-
ples: (/) Ce-1-2 and (2) Ce-1-1.

mutual arrangement of particles determine the particle
coarsening dynamics.

Low-temperature nitrogen adsorption indicates that
sample Ce-1-1 contains a far greater percentage of
small-size pores; this implies a greater contribution
from low-angle grain boundaries to the overall porosity
of the CeO, sample. The Neimark—Kiselev analysis of
low-temperature nitrogen adsorption data indicates that
this sample has a greater value of fractal surface dimen-
sion in the range from 0.2 to 3.5 nm (D =2.66 and 2.57
nm for samples Ce-1-1 and Ce-1-2, respectively). This
is another piece of evidence in favor of the greater con-
tribution of small-size pores, which are generated by
low-angle contacts of particles, to the overall porosity.

The differential pore volume versus annealing tem-
perature curve plotted in Fig. 4 for sample Ce-1-2
implies that relatively small pores (with diameters less
than 0.25 nm) are the first to disappear upon heat treat-
ment, whereas the position and height of the second
pore-size distribution peak are far less changed. Thus,
high-temperature annealing primarily eliminates low-
angle boundaries between CeO, particles, in good
match with the above-described particle coarsening
model.

TEM images of samples Ce-1-, Ce-1-2, and Ce-1-3
show that annealing at temperatures below 400°C does
not considerably change nanoparticle sizes or their
aggregation character. Average particle sizes increase
systematically upon annealing at 500-700°C, and this
increase well correlates with the particle size versus
annealing temperature relationship derived from X-ray
diffraction data. We should mention that X-ray diffrac-
tion gives slightly overestimated particle size values.

The as-synthesized samples and the samples
annealed at low temperatures (below 400°C) typically
have sufficiently narrow particle size distributions. In
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Fig. 4. Differential pore volume vs. annealing temperature
for sample Ce-1-2. Temperatures in degrees Celsius are
indicated at the plot.

turn, the samples annealed at high temperatures
(500-700°C) are distinguished by polydisperse distri-
butions. Comparison of the micrographs of the as-syn-
thesized and annealed samples shows that particles
whose sizes coincide with or insignificantly exceed the
particle sizes in as-synthesized CeO, samples are con-
served inside aggregates even for the highest annealing
temperatures (Fig. 5). This fact is at variance with the
Ostwald ripening model, which states that particle size
coarsening is driven by the different surface curvature
radii of particles. However, such the behavior of the
system matches the oriented attachment model of par-
ticle coarsening; indeed, in terms of this model, consid-
erable misalignment can hinder particle intergrowth
even at high temperatures.

More support to the influence of particle aggrega-
tion on the high-temperature annealing behavior of
samples was provided by a comparative study of the
particle coarsening dynamics in ceria samples precipi-
tated by aqueous ammonia from aqueous cerium(III)
nitrate solutions and afterwards either dried in air (set
a) or dehydrated by freeze drying (set b). Figure 6 dis-
plays the relevant XRD data for set a and set b samples.

X-ray diffraction shows equal particle sizes for the
as-synthesized samples of both sets and for the samples
annealed at temperatures below 500°C. When the
annealing temperature increases to 600°C and 700°C,
the particle sizes in the samples of the cryochemical set
become noticeably smaller than for the reference sam-
ples. Transmission electron microscopy verifies the dif-
ferent particle coarsening dynamics (Fig. 7).

In our opinion, different aggregate structures of
as-synthesized powders are responsible for different
particle coarsening dynamics. Indeed, when wet
CeO, - xH,0 powders are dried in an ordinary manner
in air, water elimination from interparticle pores causes
particles to come more closely to one another and gen-
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(a) 20 nm

erates low-angle boundaries. During freeze drying in
the absence of a liquid phase, crystallites remain more
disordered, which inhibits their subsequent inter-
growth.

Small-angle neutron scattering was used to high-
light more structural features of the as-synthesized
ceria samples and the samples afterwards annealed at
various temperatures. Figure 8 displays the log-log
curves of scattering cross sections dx(q)/dCQ2 for the
CeO, samples obtained by annealing sample Ce-1-1 at
60-700°C.

The examination of the SANS curves shown in
Fig. 8 is useful for the restoration of the size distribu-

DCSL’ nm
30

25 /
20

»
.

0 100 200 300 400 500 600 700 800
t,°C

Fig. 6. CSL size vs. annealing temperature for (a) sample
Ce-1-4 and (b) sample Ce-1-5.
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ol
Fig. 5. Micrographs of samples prepared from aqueous—isopropanolic (1 : 1) solutions of cerium(III) nitrate and annealed at (a)
400°C and (b) 600°C.

tion function for scattering inhomogeneities (particles):
Dy(R) = Dy(R)V, 5)

Here, Dy(R) is particle-radius distribution density func-
tion and V is particle volume.

Direct modeling of scattering curves using the form-
factor of individual noninteracting spherical particles
with account for the log-normal particle distribution
function (which is usually used in practice) does not
give reliable results, indicating a considerable polydis-
persion of particles in the system. Therefore, we used
an indirect Fourier transformation [15, 18] for estimat-
ing the Dy(R) function; this transformation is less sen-
sitive to a break at small radii that occurs in real sys-
tems. Figure 9 displays the resulting particle-size distri-
bution functions D(R) for samples annealed at various
temperatures. A good fit to experimental data is shown
by the scattering curves restored from the D(R) distri-
butions (Fig. 8).

The above data imply that an as-synthesized sample
is characterized by a sufficiently narrow monomodal
particle size distribution. Annealing at 200°C gives rise
to a shoulder on the distribution curve, evidently,
because of a partial dehydration of residual cerium
hydroxo compounds and the associated systematic
increase in CeQ, particle size. The decomposition of
the hydroxo compounds completely finishes at 400°C
as probed by TGA; the particle size distribution again
becomes monomodal, and the peak position on the dis-
tribution curve is displaced by~0.6 nm toward higher
values from its position in the as-synthesized sample.
Subsequent heat treatment at high temperatures (600—
700°C), where particle coarsening is reliably detected
by both XRD and TEM, gives rise to a bimodal particle-
size distribution. The first peak on the distribution curve
virtually retains its position, but the proportion of the

No. 11 2009
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Fig. 7. Micrographs of ceria samples annealed at 700°C for 2 h. Samples: (a) Ce-1-4 and (b) Ce-1-5.

relevant particles decreases. The second peak shifts
toward larger sizes and becomes more diffuse as tem-
perature increases.

Small-angle neutron scattering shows that CeO, par-
ticles are grown via consecutive intergrowth rather than
via Ostwald’s ripening. Indeed, the occurrence of the

dS(q)ldW (cm?*/g)

0.1 1 1

g, nm-

Fig. 8. SANS cross section dX(q)/dQ for CeO, samples

annealed at various temperatures vs. momentum transfer gq.
For better illustration, the curves are multiplied by 10 (for
200°C), 100 (400°C), 1000 (600°C), and 10 000 (700°C).
Solid lines are the best-fit curves corresponding to the scat-

tering particle size distribution Dy(R) (see Fig. 9).
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first particle-size distribution peak in the samples
annealed at 600 and 700°C means that small particles
whose sizes correspond to the particle sizes of the as-
synthesized samples survive even after a high-tempera-
ture annealing of CeO,, but their proportion decreases.
We should note that, if Ostwald’s ripening operated, the
main (first) particle-size distribution peak would have
shifted and become diffuse, which is not actually
observed.
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