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Abstract—Peculiarities of CeO, nanoparticle coarsening during hydrothermal treatment in a neutral medium
are determined by small-angle neutron scattering, powder X-ray diffraction, low-temperature nitrogen adsorp-
tion, and transmission electron microscopy. Coherent intergrowth of individual CeO, crystallites is the main

scenario of nanoparticle coarsening.
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One popular way to prepare oxide powders during
the last decades is hydrothermal synthesis, which
accomplishes chemical reactions in aqueous solution at
temperatures above 100°C and pressures above 1 atm.
Varying hydrothermal treatment parameters, including
the temperature schedule and duration, concentration
and acidity (pH) of solutions treated, and system’s pres-
sure, offer a means for synthesizing a wide range of
inorganic materials with the desired micromorphology
and structure-sensitive properties [1].

The first works on the hydrothermal synthesis of
ultrafine and nanodisperse ceria powders were pub-
lished in the early 1980s—1990s [2, 3]. Tani et al. [2]
showed that increasing treatment temperature and dura-
tion or adding mineralizers (KF, LiCl, LiBr, K,CO;,
LiNO;, Li,SO,, and NaOH) is useful to enhance ceria
particle growth.

Hirano and Kato [4, 5] were the first to systemati-
cally study the effect of the hydrothermal treatment
temperature (within 120-200°C) and time (5—40 h) on
ceria particle sizes. They showed that the hydrothermal
treatment of slurries having the nitrate history for 5 h at
temperatures up to 180°C does not alter CeO, crystal-
lite sizes (~2 nm). When cerium(IV) sulfate is used as
the precursor, the particle size depends on both the syn-
thesis parameters (time and temperature) and the solu-
tion concentration.

Lakhwani and Rahaman [6] also studied the effect
of hydrothermal treatment parameters on the CeO, par-
ticle coarsening dynamics. They found that the CeO,
particle growth kinetics obey the parabolic law; in their
opinion, this indicates that particle coarsening during
hydrothermal treatment follows the Ostwald ripening
model according to the Lifshits—Slyozov—Wagner dis-
tribution. However, they found the CeO, particle
growth rates to differ considerably depending on

whether samples had a chloride or nitrate history; the
CeO, particle sizes synthesized from cerium(III) nitrate
ranged from 9 to 20 nm, whereas the CeQO, particles
synthesized from cerium(IIl) chloride had their sizes
virtually unchanged (13.5-15.5 nm). Lakhwani and
Rahaman [6] do not specify the reasons for these dis-
tinctions, but their results are at variance to the dissolu-
tion/crystallization model they use, because in this case
the CeO, nanoparticle growth dynamics should be con-
trolled by particle size solely, rather than by their his-
tory.

Presumably, the aforementioned distinctions arise
from the fact that, actually, hydrothermal growth of
CeO, nanoparticles can obey the oriented crystallite
attachment scenario, which was first described by Penn
and Banfield [7]. The essence of this phenomenon is as
follows: when two or more crystalline nanoparticles
collide in a liquid medium and stick together, they can
rotate so that their faces with identical crystallographic
indices are parallel to each other, followed by coherent
intergrowth of nanoparticles to form single-crystal par-
ticles or polycrystals separated by twin boundaries or
other planar defects. Another argument in favor of the
above suggestion is provided by the extremely low
water solubility of ceria in the absence of mineralizers
[8], which makes unlikely CeO, particle growth by the
dissolution/crystallization mechanism.

Therefore, this work studies CeO, particle size vari-
ation trends during hydrothermal treatment (120—
210°C) in a neutral medium and determines the major
particle growth mechanism.

EXPERIMENTAL

The precursor nanodisperse ceria was prepared as
described in [9]. A vigorously stirred solution of
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cerium(IIl) nitrate (0.08 mol/L) in water/isopropanol
(1: 1) was rapidly added to aqueous ammonia
(3 mol/L) taken in a fivefold molar excess and allowed
to stand for 3 h at room temperature. A precipitate was
carefully washed with distilled water until the mother
solution acquired neutral pH, centrifuged at 8 000 rpm,
and dried for 24 h at 60°C.

Microwave-hydrothermal (MW-HT) treatment of
ceria slurries in distilled water was carried out on a
Berghof Speedwave MWS-3+ setup for 3 h at 120, 150,
180, and 210°C and for 15 min at 120 and 210°C.
100-mL polytetrafluoroethylene autoclaves were used;
their fillage was 50%. The slurry temperature was mon-
itored using an IR pyrometer (at 150°C the temperature
determination error was =1 K). After an experiment was
over, autoclaves were taken from the furnace and
cooled to room temperature. Products were recovered
by centrifugation, repeatedly washed with distilled
water, and dried for 2 h in air at 60°C.

Powder X-ray diffraction analysis was carried out
on a Rigaku D/MAX 2500 diffractometer (Cuk, radia-
tion); the goniometer rotation speed was 2°26/min. Dif-
fraction peaks were identified with reference to the
JCPDS database. Coherent scattering lengths for ceria
samples were determined from the Scherrer relation-
ship

K\
B (20)cos(6y)’

where 6, is the peak position; A is the CuK,, radiation
wavelength, equal to 0.154056 nm; and [3,,,(26) is the
true physical broadening of the diffraction peak. The
Scherrer constant (K) was set equal to unity.

The physical broadening was calculated from
B =B s, (2

where [ is the full width at half-height of the X-ray dif-
fraction peak and s is the instrumental broadening
(0.09° £ 0.01°20). The contribution from microstresses
to peak broadening was ignored. A sapphire single
crystal was used as a reference to apply correction for
instrumental broadening.

Dy =

ey

The B value was calculated after subtraction back-
ground using the pseudo-Voigt function fit of the (111)
and (200) peak profiles within 20°—40°20:
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Here, ®; and o are, respectively, the Lorentzian and
Gaussian parameters (0, = ®; = [3), A is the scaling fac-
tor, and c is the relative contribution of the Lorentz
function to the overall reflection intensity.
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The Dy, values calculated from [3,,,(26) and 3,,,(20)
differed by no more than 0.2 nm. The arithmetic mean
between D,;; and D,,, was used as the coherent scatter-
ing length (crystallite size).

The Rietveld refinement of the unit cell parameters
for ceria samples was carried out using JANA2000 soft-
ware [10]. Peak profiles were fitted to pseudo-Voigt
functions in the range 15°-90°20 including the non-

monochromaticity of CuK, and Cuk, radiations.

Background lines were fitted to 15th-order Chebyshev
polynomials.

Microstructure was observed using transmission
electron microscopy (TEM) on a Leo912 AB Omega
electron microscope at an accelerating voltage of
100 kV (magnification x500000).

Specific surface areas of CeO, powders were mea-
sured by low-temperature nitrogen adsorption using an
ATX-06 analyzer. The carrier gas was helium (type A).
Before measurements, test samples were degassed for
30 min at 150°C in air. The nitrogen partial pressure
was determined using a katharometer whose tempera-
ture was adjusted to 45.00°C. The instrument was cali-
brated before measurements to improve the pressure
determination accuracy. The results of the measure-
ments were used to calculate the eight-point Brunauer—
Emmet—Teller (BET) specific surface area

Small-angle neutron scattering (SANS) was mea-
sured on a SANS-1 setup (FRG1 reactor, GKSS
Research Centre, Geesthacht, Germany) at the neutron
wavelength A = 8.19 A (AMA = 10%) at four sample—
detector distances (SD = 0.7, 1.8, 4.5, and 9 m), which
allowed neutron scattering intensities to be measured in
the range of momentum transfer 4.5 X 107 < ¢ < 2.5 X
10-1 A-1. Scattered neutrons were detected by a *He
position-sensitive area detector.

CeO, nanopowder samples were placed to quartz
glass cells 1 mm thick. Initial spectra for each g range
were corrected for the scattering from the setup hard-
ware, cell, and ambience using a standard procedure
[11]. The thus-obtained two-dimensional isotropic
spectra were azimuthally averaged and reduced to
absolute magnitudes via scaling to the vanadium inco-
herent scattering cross section with account for the
detector efficiency [11] and bulk density p, for each
sample. All measurements were carried out at room
temperature.

The SANS intensity I(g) was determined in this
work as

I(q) = I(q) — TIy(q), “)

Here, I(g) and I(q) are the ¢ distributions of scattering
neutrons behind the sample and the beam without sam-
ple, respectively; and T is the transmission coefficient
for transmitted neutrons:

T=1I/I,=eD, )
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where X =0, + G, is the integral cross section, including
the nuclear scattering ¢, and absorption G, and L is the
sample thickness.

The SANSFIT program [12] was used to transform
SANS curves to particle-size distribution functions.

RESULTS AND DISCUSSION

Powder X-ray diffraction demonstrates that the
MW-HT treatment of CeO, slurry samples having a
nitrate history at 120-180°C does not increase the crys-
tallite sizes (Dcg;, = 5 nm) in good agreement with the
Hirano and Kato results [4, 5]. An insignificant increase
in Dcg; (to 6 nm) is observed only when the treatment
temperature and duration increase to 210°C and 3 h,
respectively (table). The specified trend is verified by
the analysis of the CeO, init cell parameter. The table
shows a noticeable decrease in the unit cell parameter
indicating CeO, nanoparticle coarsening [13] only for
sample Ce-210-180.

Low-temperature nitrogen adsorption indicates that
the specific surface area of ceria nanopowders is virtu-
ally unaffected by the MW-HT treatment parameters
and reaches 130-150 m%/g.

Small-angle neutron scattering was used to high-
light more structural features of ceria samples, and Fig-
ure 1 displays representative log—log plots of scattering
cross sections dX(q)/dQ) for the as-synthesized CeO,
sample obtained and for samples experienced MW-HT
treatment at 210°C for 15 min and 3 h.

The examination of the SANS curves is useful for
the restoration of the size distribution function for scat-
tering inhomogeneities (particles):

Dy(R) = D\(R)V, (6)

Here, Dy(R) is particle-radius distribution density func-
tion and V is particle volume. We used an indirect Fou-
rier transformation [12, 14] for estimating the D(R)
function; this transformation is less sensitive to a break
at small radii that occurs in real systems. Figure 2 dis-
plays the resulting particle-size distribution functions
Dy(R) for samples synthesized using various MW-HT
treatment temperatures and durations.

The above data imply that all CeO, sampl tested are
characterized by a bimodal particle size distribution.
The second peak position corresponds to a doubled par-
ticle size for the first distribution peak.

Noteworthy, the MW-HT treatment of the as-syn-
thesized ceria sample at 120°C for 15 min or 3 h does
not considerably change particle-size distributions
(Fig. 2a). The 15-min treatment at 210°C increases the
volume fraction of larger particles but decreases the
fraction of fine particles corresponding to the first dis-
tribution peak (Fig. 2b). Increasing MW-HT treatment
duration at this temperature to 3 h enhances the
decrease in the first peak height and the proportional
increase in the second distribution peak height (Fig. 2c).
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Crystallite sizes and unit cell parameters for ceria samples
prepared by MW-HT treatment

Sample |[MW-HT treatment tem- | Dy, | Dagg, 2
E . a, A

notation perature and duration | nm | nm
Ce-1 (untreat- - 5.0 | 4.8 |5.4235
ed sample)
Ce-120-15 120°C, 15 min 5.0 | 49 |5.4208
Ce-120-180 120°C, 180 min 5.0 | 49 |5.4209
Ce-150-180 150°C, 180 min 5.1 ] 5.0 54210
Ce-180-180 180°C, 180 min 52 | 5.1 {54203
Ce-210-15 210°C, 15 min 52 | 5.0 [54188
Ce-210-180 210°C, 180 min 6.1 | 59 |54123

The aforementioned evolution of the CeO, powder
micromorphology in response to increasing hydrother-
mal treatment temperature and duration cannot be
interpreted in terms of the Ostwald ripening model (in
particular, the dissolution—crystallization scenario).
Indeed, if particles were grown by this scenario, the
particle size distribution peak would have shifted
toward larger sizes, which is actually not observed in
the case at hand. At the same time, the trends of the par-
ticle size distribution curves are well fitted by the ori-
ented attachment particle growth model. The following
arguments are in favor of this model: (a) the constancy
of the first distribution peak position, (b) the specifics
of the mutual arrangement of the first and second distri-
bution peaks (particle size doubling), and (c) the
change in relative contributions from the first and sec-
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Fig. 1. SANS cross section dX(g)/d2 vs. momentum transfer
q for samples (/) Ce-1, (2) Ce-210-15, and (3) Ce-210-180.
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Fig. 2. Particle size distribution functions Dy(R) for sam-

ples synthesized by MW-HT treatment with various temper-
atures and durations. Panel (a): samples (/) Ce-1, (2) Ce-
120-15, and (3) Ce-120-180. Panel (b): samples (/) Ce-120-
15 and (2) Ce-210-15. Panel (c): samples Ce-120-180 and
(2) Ce-210-180.

ond distribution peaks caused by increasing MW-HT
treatment temperature and duration.

Ceria micrographs verify the above inferences made
from SANS data. TEM micrographs show that CeO,
particles can be mutually oriented relative to one

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 54

IVANOV et al.

Fig. 3. Micrographs of sample Ce-210-180.

another to form plane-parallel boundaries (Fig. 3a) and
grow together to form elongated irregularly shaped par-
ticles (Fig. 3b). Noteworthy, anisotropic ceria particles
cannot form by the dissolution/crystallization scenario,
because this compound crystallizes in cubic system.

In summary, we have studied for the first time the
specifics of ceria nanoparticle coarsening during micro-
wave-hydrothermal treatment using a set of analytical
methods. We have shown that the oriented attachment
of individual CeO, crystallites is the main scenario of
CeO, particle coarsening.
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