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Abstract

Solvothermal reaction of cerium metal in 2-methoxyethanol at 20023G0elds a transparent colloidal solution containing crystallized
ultrafine (2—6 nm) ceria particles. High-surface area ceria powder (1§3%is obtained by heat treatment at 1@of the product recovered
by coagulation of ceria particles in the colloidal solution. However, the surface area of the ceria powders abruptly decreased by calcinations
at high temperatures (the sample calcined at’&DBbave a surface area of 2.7 gr! with the crystallite size of 21 nm). When a non-ionic
surfactant was added to the recovered ceria powder, it maintained a high-surface arég(j@&wen after calcination at 60C.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction powders recovered from the solution by coagulation are
reported.
Ceria is used as oxygen ion conductors, automotive cata-
lysts[1], ultraviolet radiation blocking materia[&] and so
on. Synthesis of fine crystals of ceria having high-surface 2. Experimental
area together with high thermal-stability is important for the
practical use as catalysts. The process for the synthesis of the ceria nanoparti-
In our laboratory, various inorganic materials were synthe- cles is illustrated inFig. 1 Cerium metal (2g) and 2-
sized by using organic solvents at temperatures higher thanmethoxyethanol (80 mL; bp, 124°€; T, 324.5°C[7]) were
their boiling points under autogenous pressure in an auto-placed in a test tube, which was then set in an autoclave
clave. This method is called solvothermal method because of(200 mL). In the gap between the test tube and the autoclave
the use of solvent in the place of water for the hydrothermal wall, an additional 40 mL of 2-methoxyethanol was placed.
reaction. After completely purged with nitrogen, the autoclave was
Hydrothermal oxidation of metals has been examined and heated to a desired temperature at the rate of@i®in and
the obtained products were reported to have unique proper-kept atthe temperature for 2 h under the autogeneous pressure
ties[3]. However, solvothermal oxidation of metals has been of the solvent and evolved hydrogen (ca. 3.5 MPa at°Z50
scarcely examinefl]. ca. 7.5MPa at 300C). When the autoclave was cooled at
In the present paper, we examine solvothermal oxidation room temperature, the produced mixture was centrifuged,
of cerium metal. This reaction yields a transparent colloidal and a dark brown transparent supernatant was obtained. To
solution of ultrafine ceria particlds,6]. Properties of ceria  the supernatant, a small amount of agueous ammonia was
added. The solution became turbid and a yellow precipitate
was formed. The product was centrifuged at 3500 rpm. The
* Corresponding author. Tel.: +81 75 383 2478; fax: +81 75 383 2479.  precipitate was washed with distilled water, dried in air, and
E-mail address: inoue@scl.kyoto-u.ac.jp (M. Inoue). calcined at various temperatures for 1 h.
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Fig. 1. Flow chart of solvothermal oxidation of cerium.

Pluronic 123 (BASF Co.), a non-ionic surfactant ((2§)
(PO)70(EO)0), was added to the precipitates with distilled
water and stirred until the surfactant was dissolved. The mix- _ ) _ _ _
ture was calcined as mentioned above Fig. 2. Transparent colloidal solution of ceria (6.3 g ceria/L) obtained by

. . ) solvothermal reaction of cerium metal.

For comparison, a ceria sample was prepared by the pre-
cipitation method; 7.73 g of Ce(N£s-6H>0O was dissolved _ _ _ _
in 400 mL of water and 30 mL of 1N NaOH was added to the Metal with the solvent at high temperature is essential for the

solution. The precipitate was centrifuged and washed with formation of the colloidal solution. _
distilled water. When the colloidal solution was kept standing for several

X-ray powder diffraction (XRD: Model XD-D1 Shi- weeks with slow evaporation of the solvent, gelation took
madzu) was performed with a CwKradiation. The crys- place and the gel gradually shrank while remaining transpar-
tallite size was estimated from line broadening of the 220 €nt. Onthe other hand, when the solution was keptin a closed
diffraction peak by Scherrer equatid8]. Specific surface  bottle, it was stable for at least several months.
area was calculated using the BET single-point method Addition of salt solutions such as aqueous NaCl to the
based on M uptake measured at 77 K. Nitrogen adsorption transparent solution caused the formation of gelatinous pre-
isotherm was measured using a volumetric gas-sorption sys-CIPitates.
tem, Autosorb-1 (Yuasa lonics).

3.2. Properties of the colloidal particles

3. Results and discussion The colloidal particles were coagulated by addition of
aqueous NHto the colloidal solution. The precipitate sepa-
3.1. Properties of the colloidal solution rated by centrifugation and dried in air was obtained as yellow

powder. The XRD patterns of the powder obtained by the

After the reaction, a pale yellow precipitate and a dark reaction at various temperatures are showfiin 3.
brown transparent solution were obtained. The XRD pattern  Although these powders exhibited broad peaks, the XRD
of the precipitates showed characteristic peaks of ceria andprofile coincided with the fluorite type structure of ceria. The
the crystallite size of the precipitates calculated by the XRD crystallite size of the particles was about 2 nRig( 3(a)),
line broadening was over 100 nm. The precipitate was derivedwhich is in agreement with the particle size observed by
from the ceria superficial layer on the cerium metal chips,
because the property of the precipitate was not altered by the
reaction conditions.

Addition of distilled water to the transparent solution 200 o
obtained as the supernatant after centrifugation of the prod- © 222
uct did not lead any change except for dilution of the
color of the solution. When laser beam was irradiated to
the colloidal solution, Tyndall phenomenon was observed
(Fig. 2.

When cerium metal was kept in 2-methoxyethanol for 10
days at room temperature, the solvothermal reaction gave
ceria powders with a crystallite size of 11 nm (bigger than 0 : " ' R
colloidal particles) and colloidal solution was not obtained. 20/ deg (CuKo)

These results indicate that the superficial layer on the cerium

metal chips 5|0W|_y reacts ‘_Nith 2-methoxyetha}nol and t_hat Fig. 3. XRD patterns of the powders prepared by the reaction at (£)200
the burst nucleation of ceria caused by reaction of cerium (b) 250°C and (c) 306C.
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111 Table 1
20, Surface area and crystallite size of the ceria powders prepared by the
200 solvothermal oxidation
() 222 - — -
Reaction Calcination Crystallite BET surface
(e) NN temperature®C)  temperature°C) size (nm) area (Mg?)

= &M_, 200 Room temperature 2.4 -
gz 100 25 183
R KO 200 3.8 126
f 400 6.7 42

@) | 600 19 17

10 30 50 70 250 Room temperature 2.8 -
20/ deg (CUK(!) 100 29 152
200 35 131
Fig. 4. XRD patterns of the powders prepared by coagulation of colloidal 300 58 85
particles formed by the reaction at 28D. Calcination temperatures are (a) 400 7.4 50

25°C, (b) 100°C, (c) 200°C, (d) 300°C, (e) 400°C and (f) 600°C. 600 21 2.7

TEM. Itis noted that a spherical ceria particle with a diameter 3°° fo%om temperature A 2'5 150
of 2nm contains about 200 cerium atoms. The size of ceria 200 49 147
nanoparticles increases at a reaction above’@5® nm by 300 5.1 140
the reaction at 300C). When the particles were calcined, 400 6.4 124
the XRD peaks became gradually shafm( 4), but no other 600 9.4 88

phases appeared.

Fig. 5shows the change inthe crystallite size of the ceria by
calcinaton. In comparison with the ceria powder prepared by
precipitation, the crystal growth of the ceria powders prepared

. e The surface area and crystallite size of the ceria powders
by solvothermal method easily took place by calcination at . .
) calcined after Pluronic 123 was added to the coagulated gel
relatively low temperatures. It must be noted that the crystal-

o . . : re shown imable 2 The ceria powder calcined with the sur-
lite size sharply increased when the ceria powder was calcine oo o ;

factant maintained smaller crystallite size and higher surface
at a temperature above 600.

L . area than that without the surfactant.
Surface area and crystallite size of the ceria powders pre- Fig. 6shows N adsorption isotherms anelots[9]. The
pared by the solvothermal method are summarizédiie 1 g. P i

: : 1 . latter plot provides conclusive evidence for the presence or
High-surface area ceria powders (183gn?) were obtained absence of micro- or meso-pore systems. FRign&(a), it is
by the heat treatment of the coagulated ceria particles at P y X '

. . . vident that th ri wders directl Icined has microp-
100°C. When ceria powder was calcined at high tempera- evide atthe cena pov ders directly calc §d as microp
A res. The average pore size was calculated tofhd@cause
tures, surface area decreased and crystallite size mcreaseé?ne articles have hiah-surface enerav. the ceria particles are
The surface area of ceria powders calcined at“@D@as P g . P

2.7 gL and the crystallite size was about 21 nm. strong_ly coagulated and mlcr.opore.systems are formed in
the void between the small ceria particles. Consequently, this

coagulation facilitates the crystal growth of ceria particles.

As shown inFig. 6(b), on the other hanehplot of the ceria
powders calcined after addition of the surfactant exhibited a
straightline going through the origin, indicating that the pow-
ders have not apparent pore systems. This result shows that
addition of the surfactant prohibits the strong coagulation of
the ceria particles and the powders are only loosely floccu-

3.3. Effect of surfactant

100 -
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Table 2

Surface area and crystallite size of the ceria powders calcined after addition
of Pluronic 123 to the coagulated gel

Crystallite size /nm

20

Calcination temperaturéC) Crystallite Surface area
0 ! ! ) L 1 J size (nm) (m2 g_l)

0 200 400 600 800 1000 1200 300 5.0 137

Temperature / °C 400 6.7 98
600 11 76
Fig. 5. Effect of the calcination temperature on the crystallite size of the The ceria powders were obtained by coagulation of ceria particles in the
ceria powder prepared by a precipitation from Ceg\@sH,O (H) and by colloidal solution prepared by the solvothermal oxidation of cerium metal
coagulation of colloidal particle formed by the solvothermal react® ( at 250°C.
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Fig. 6. Np adsorption isotherm (upper) anglot (lower) of ceria powders calcined at 300 without the surfactant (a) and ceria powders calcined at @00
with the surfactant (b).
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