J. Am. Ceram. Soc., 91 [8] 2706—2708 (2008)
DOI: 10.1111/5.1551-2916.2008.02418.x
© 2008 The American Ceramic Society

journal

Ceria- and Cu-Doped Ceria Nanocrystals Synthesized by the

Hydrothermal Methods

Jiacheng Wang, Qingfeng Liu, and Qian Liu"

State key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics,

Ceria- or Cu-doped ceria nanocrystals with a uniform diameter
of about 4-5 nm have been successfully synthesized directly via a
hydrothermal treatment of the precipitate Ce(OH); (purple)
or Cu-doped Ce(OH); in a strongly basic solution of sodium
hydroxide at 180°C for 24 h. The formation of the nanocrystals
involves the transformation of Ce (III) to Ce (IV) under
the hydrothermal conditions. The as-synthesized ceria- and
Cu-doped ceria crystalline nanoparticles have high specific
surface areas, pore volumes, and pore sizes.

I. Introduction

CERIA has been considered to be a useful material in appli-
cations for catalysts, catalytic supports, electrolytes, and
oxygen conductors in solid oxide fuel cells.' These applica-
tions of CeO, emerge from its reversible oxygen storage and
release capacity. If ceria was obtained in a nanosized form, it
should show more effective functions resulting from a nanosize
effect. To data, various methods such as template-based
homogeneous precipitation,*> hexamethylenetetramine-based
homogeneous precipitation coprecipitation,® decomposition of
oxalate precursors,’ a hydrothermal route,®'° and a mechanical
milling reaction'' for the preparation of CeQO, nanoparticles
have been found in many papers. The as-synthesized ceria
powders have a fine nanostructure (~ 10-50 nm).

Among these methods, worldwide focus has been on the
hydrothermal route because the powders synthesized using this
method possess promising characteristics including a fine size,
a narrow size distribution, high purity, and good chemical
homogeneity at low synthesis temperatures. Hirano and col-
leagues ®%'? synthesized nanocrystalline ceria powders 10-20 nm
in size using Ce(SOy),-4H,O and urea as precursors by the
hydrothermal method. Furthermore, it has been found that dop-
ing of Cu into a CeO, matrix can improve some catalytic perfor-
mances. Cu/CeO, can catalyze CO oxidation at 150°C, whereas
the same reaction occurs at a much higher temperature for
Ce0,."* Luo er al.'® have demonstrated low-temperature CO
oxidation for Cu-doped CeO, prepared by coprecipitation and
impregnations. Bera ef al." synthesized Cu-doped CeO, powders
through combustion methods. It can be assumed that Cu/CeO,
powders with a nanosized morphology will show more excellent
catalytic performance than coarse powders do. At the same time,
ceria with different morphologies of nanotubes, nanorods,
nanoparticles, etc. were prepared by different methods.!¢~%

In this communication, ceria- or Cu-doped ceria nanocrystals
with a uniform diameter of about 4-5 nm have been successfully
synthesized directly via hydrothermal treatment of the precipi-
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tate Ce(OH); (purple)- or Cu-doped Ce(OH); in a strongly
basic solution of sodium hydroxide at 180°C for 24 h. After
the hydrothermal treatment, the resulting powder is lightly
yellow, which indicates the formation of CeO,. The reaction
can be expressed as follows™”:

2Ce(OH); + 1/20, — 2Ce0; + 3H,0 (1)

1L

All reagents were analytical grade and were used without further
purification. The synthetic procedure was as follows: Specifically,
0.87 £ (0.002 mol) of Ce(NO3); - 6H,O was dissolved in 25 mL of
deionized water to obtain a Ce(INOj3); solution. Then, this so-
lution was slowly added to a 50 mL alkali solution containing
0.65 g of NaOH under stirring at room temperature. The
pH value of the colloidal precursor obtained was about 13-14.
Then, the purple colloid was poured into a stainless Teflon-lined
100-mL-capacity autoclave that was maintained at 180°C for
24 h and then air cooled to room temperature. After hydro-
thermal treatment, the resulting light yellow products were vac-
uum dried, washed with water and ethanol, and then vacuum
dried at room temperature. 5 mol% Cu-doped ceria nanocrys-
tals were prepared using 25 mL of Ce(NOj); and Cu(NOs),
mixed solution as the precursor, which contained 0.03 g
of Cu(NOs);-3H,O and 0.83 g of Ce(NO;3);-6H>O. The
percentage of CuO is 5 mol% expressed as the mole ratio
[NCuO/(NCuO+NCeO,)]. The following procedure was simi-
lar to that of CeO, nanopowder above. The resulting brown
product was named CeO,—Cu.

X-ray powder diffraction patterns were collected on a Rigaku
D/MAX-yB (Rigaku, Tokyo, Japan) instrument using CuKo
(A =0.15406 nm) radiation at 40 kV and 60 mA. The Specific
surface areas of the powders were measured by the Brunaner-
Emmett-Teller (BET) method using nitrogen as the adsorption
gas. The TEM images and HRTEM were obtained on a
JEM-2010 transmission electron microscope using an accelerat-
ing voltage of 200 KV. X-ray photoelectron spectroscopy
data were obtained using an ESCALab220i-XL electron
spectrometer from VG Scientific (Thermo Fisher Scientific.
Inc., West Sussex, England) using 300 W AlKuo radiation. The
base pressure was about 3 x 107° mbar. The binding energies
were referenced to the Cls line at 284.8 eV from carbon.

Experimental Procedure

1.

During the synthesis of CeO, nanocrystals, the color of the
mixed solution before the hydrothermal treatment was purple
due to the existence of Ce(OH);. After the hydrothermal
treatment, the precipitate was slightly yellow, which indicates
the production of CeO,. This also suggests the transformation
of Ce (III) into Ce (IV) shown in Eq. (1).

The results of the nitrogen sorption measurements of
the samples are listed in Table I. As can be seen, the CeO,
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Table I. Specific Surface Area, Pore Volume, and Pore
Diameter Measured for the CeO, and Cu-Doped CeO,

Nanocrystals
Specific *Pore
surface area Pore volume diameter
Sample (m*/g) (em’/g) (nm)
CeO, 125 0.21 53
CeO,—Cu 215 0.45 6.6

Specific surface area calculated by BET methods. ‘Pore volume and pore
diameter calculated from the desorption isotherm.
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Fig.1. The as-synthesized CeO, (a) and 5 mol% Cu-doped CeO, (b)
nanocrystals by the hydrothermal method.

nanopowder possesses a high specific surface area of 125 m?/g, a
pore volume of 0.21cm®/g and a pore diameter of 5.3 nm. The
mesopores chould have arisen from the interspace of the accu-
mulating nanoparticles. This was proved by the TEM images
discussed in the latter paragraph. The specific surface area, pore
volume, and pore diameter of the CeO,~Cu nanopowder ob-
tained by hydrothermally treating the Cu(NO3); and Ce(NO3);
mixed colloid were 215 m%/g, 0.45 cm’/g, and 6.6 nm, respec-
tively, as shown in Table I. Noticeably, the specific surface area
and pore volume of CeO,—Cu are much higher than those of the
pure CeO, sample. Conclusively, the CeO, and Cu-doped CeO,
nanopowders obtained have high BET surfaces, pore volumes,
and pore diameters, which favor the transportation of the reac-
tive molecules in them.
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Figure 1 shows the XRD patterns of the as-synthesized
CeO,- (a) and 5 mol% Cu-doped CeO, (b) nanocrystals by
the hydrothermal method. Noticeably, all peaks in Fig. 1(a) can
be indexed to a pure cubic phase [space group: Fm3m (225)] of
CeO, according to the JCPDS file No 810792. The lattice
parameter of the calcined products is calculated according to
the equation 1/d* = (P +k*+)/a® based on the crystal plane of
(111), and the calculated lattice constant is @ = 0.547 nm, which
matches well with the literature value of ¢ =0.541 nm. The
average diameter of ceria nanocrystals, evaluated by means of
the Scherrer formula, is about 4 nm. The XRD pattern of the
Cu-doped ceria sample is very similar to that of CeO, nano-
crystals. No diffraction peaks due to crystalline CuO or
Cu(OH), were observed. This demonstrates that Cu compounds
exist as highly dispersed or amorphous surface species or its
amount is low. Moreover, the diffraction peaks of the Cu-doped
ceria are evidently sharper than those of CeO, nanocrystals,
which chould be due to the doping of Cu. In the previous
papers, it was found that the starting Ce source (cerium (III)
nitrate, cerium (IV) sulfate, and cerium (IV) ammonium sulfate)
has a considerable influence on the crystallinity of the crystallite
size of CeO, particles.® In this study, it is interesting to note that
the doping of the impurity atom can also affect the resultant
product and its crystallinity.

As shown in Fig. 2, representative transmission electron
microscope (TEM) images reveal the particle size and morphol-
ogy of the as-synthesized CeO,-and Cu-doped CeO, nanocrys-
tals. Figure 2(a) shows that the as-synthesized CeO,
nanocrystals have a uniform morphology of ‘“quasi” zero-
dimensional particles ranging from 4 to 5 nm, whereas the
purple precipitate of Ce (III) compounds obtained comprised
large agglomerated particles before the hydrothermal treatment.
This reveals that the hydrothermal treatment transformed the
large particles of Ce (III) compounds into a nanometer-scale
cerium (IV) oxide. The HRTEM image of the CeO, sample
in the inset shows that there are ordered crystal-lattice fringe
patterns with different tropisms, which suggests that every CeO,
nanoparticle possesses a good crystalline structure. The calcu-
lated interference fringe spacing is about 0.31 nm, which is
consistent with the interplanar distance of the (111) plane in the
cubic fluorite structure.

Nanocrystalline ceria has been prepared using H,O, as
the oxidizer using a two-step g)recipitation process, followed
by the hydrothermal treatment.>® Here, we prepared ceria nano-
crystals directly by the hydrothermal treatment of Ce(OH); in a
strongly basic solution without using H,O, as the oxidizer. The
doping of Cu into ceria made the nanoparticle morphology of
ceria more irregular, and the size of Cu-doped ceria nanocrystals
seemed to show no change (Fig. 2(b)). The TEM micrograph
of the CeO, shows good agreement with the crystalline size
determined by XRD. Furthermore, EDS analysis of the sample
Cu-doped CeO, nanopowder identified Cu and Ce with an atom
ratio of nearly 9.2:1, which is close to the designed atom ratio of

i
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Fig.2. Representative TEM images of the as-synthesized ceria (a) and Cu-doped ceria nanocrystals (b). The inset in (a) is the high-resolution TEM

image of the ceria nanocrystals.
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Fig.3. Ce3d (a) and Ols (b) core level spectra observed for CeO, nanocrystals.

9:1, and no other elements were detected, except the carbon
peaks from the sample grid.

It is well known that the Ce (III) oxidation state is unstable
compared with the Ce (IV) oxidation state in an alkaline
solution and in the presence of air. From the Ce3d core-level
peak in the XPS spectra shown in Fig. 3(a), it can be seen that
cerium exists in a Ce(IV) oxidation state (882.8 eV), without any
impurity of the Ce (III) oxidation state. At the same time,
oxygen exists in an O®~ (529.5 eV) state shown in Fig. 3(b).
Hence, the XPS-detected binding energles of Ce3d and Ols are
in agreement with the standard CeO,.

IV. Conclusions

Ceria- or Cu-doped ceria nanocrystals with a uniform size
of about 4-5 nm have been successfully synthesized by the
hydrothermal treatment of colloidal precursors Ce(OH)s- or
Cu-doped Ce(OH); in a strongly basic solution at 180°C for
24 h. The formation of nanocrystals involves transformation
of Ce (III) into Ce (IV) under the hydrothermal conditions.
Hydrothermal treatment transformed the large particles of
Ce compounds precipitate into nanometer-scale ceria. The
as-synthesized ceria- and Cu-doped ceria nanopowders possess
high specific surface areas, pore volumes, and pore sizes, which
can be used in many potential applications. The technique used
here is a simple and low-cost method for the large-scale
production of ceria- and Cu-doped nanocrystals as well as ceria
nanomaterials doped with other elements (Zr, Tb, Pr, Er, Co,
etc.). The application study is in progress.
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