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Abstract

The synthesis and formation mechanism of the nano-sized CeygSmg,0; ¢ particles prepared by a urea-based low-temperature hydrothermal
process was investigated in this study. From ex situ X-ray diffraction and induced coupled plasma-atomic emission spectroscopy investigations,
it was found that large quantities of cerium hydroxide co-precipitated with some samarium hydroxide at the initial stage of the hydrothermal
process. The remaining Sm>* ions in the solutions were further hydrolyzed and deposited on the surface of the cerium hydroxide-rich precipitates
to form a core—shell-like structure. During the hydrothermal process, the core—shell-like structure transformed to a single cubic fluorite phase
which is due to the incorporation of the deposited samarium hydroxide into the cerium oxide-rich core. Further, the average grain size of the
synthesized nanocrystalline CeggSmg,0;9 was reduced with increasing the urea concentration in the solution. The density of the disk prepared
with the synthesized CeygSm,0;9 powders was found to increase with a decrease in the grain size of CegSmg,0; 9. The existence of SO,>~
anions in the SDC powders prepared at low-urea concentration may result in the SDC disks with low density due to their decomposition during

sintering process.
© 2007 Published by Elsevier B.V.
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1. Introduction

Cerium oxide-based materials were widely studied in decades
due to their unique properties. Substitution of cerium by dopants
with valence different from that of cerium (4+) in cerium oxide
crystalline structures leads to extrinsic oxygen vacancies. There-
fore, oxygen could be extracted from or inserted into the lattices
of cerium oxide-based materials at oxygen lean or oxygen-rich
atmosphere, respectively. It results in wide varieties of their
applications in industries [1-4].

Depending on dopant types, the doped cerium oxides could
behave as either oxygen ionic conductors or ionic—electronic
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mixed conductors. Sm3*-, Gd>*- and Y>*-doped cerium oxides
with high-ionic conductivities have been considered as solid
electrolyte materials for solid oxide fuel cells (SOFCs) [5-14],
especially for intermediate temperature SOFC (IT-SOFC,
600-800 °C) [11-14]. For example, Ceg §Smg 201 .9 shows high-
ionic conductivity of around 0.1 Scm™! which is three times
higher than that of the conventional 8YSZ (8 mol% yttria stabi-
lized zirconia, 3 x 1072 S cm_l) at 800°C [9,14,15].

A membrane-electrode-assembly (MEA) of SOFC composes
of an electrolyte material and two porous electrodes. To reduce
the differences of the thermal expansion coefficients between
electrode and electrolyte, electrodes are usually constituted
by active materials for redox reactions and the correspond-
ing electrolyte materials. In addition, with the introduction
of electrolyte materials into electrodes, the length of three-
phase boundaries (TPBs) is increased. TPB is the region where
redox reaction takes place. The higher amounts the TPBs are,
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the better the performance is. During MEA fabrication, high-
temperature treatment is required for the better adhesion of
electrode—electrolyte interface. Better electrode network with
good electronic and ionic conductivity is also achieved by high-
temperature treatment. Unfortunately, the length of TPBs is
reduced because serious sintering of the active electrode materi-
als may occur during the high-temperature treatment. Therefore,
reduction of heat-treatment temperature during MEA fabrica-
tion is of great importance for the improvement of the cell
performance of SOFCs.

Nano-sized materials possess better sintering ability than
bigger ones. Dimension of the materials is determined by the
synthesis route. Various routes have been utilized for prepar-
ing electrolyte materials in the literatures, such as solid-state
reaction, co-precipitation, sol-gel route and micro-emulsion
[16], etc. Most of the methods involve a heat-treatment process
to obtain materials with desired crystalline structure. How-
ever, the heat treatment would increase the crystalline size
of the resulting materials. In hydrothermal routes, materials
with desired crystalline structure can be achieved without high-
temperature treatment. Further, nano-sized materials are also
obtained. Greenblatt and co-workers synthesized a series of lan-
thanide doped cerium oxide nanoparticles with uniform particle
size distribution by a hydrothermal route [3,17-19]. The aver-
age crystalline sizes of the synthesized doped cerium oxides
were lower than 100 nm, depending on the types and concentra-
tions of the dopants in the doped cerium oxides (33—40 nm for
Ce;_xTb,Oo_s [3], 35-50 nm for Ce|_,Pr,Oy_s [17], 7-14 nm
for Ce1_Sm,O,_» [18], 41-68 nm for Ce;_,GdOr_s [19]).
Even Cej_,Fe,O,, which is difficult to be synthesized with other
methods, could be achieved by using a hydrothermal route with
the crystalline size distribution of 12—15 nm [20].

Cerium oxide synthesized by a urea-based hydrothermal pro-
cess has been reported in the literatures [21-25]. Hydrolysis of
urea produces hydroxyl ions to increase the pH value of the
solution, subsequently cerium oxide is precipitated. Nano-sized
natures of the synthesized CeO, particles were revealed with
uniform distribution in dimension. It was shown that the quan-
tity of the nuclei and the size of the synthesized CeO, were
influenced significantly by the concentration of the urea [25].
However, to the best of our knowledge, the doped CeO, mate-
rial synthesized by a low-temperature urea-based hydrothermal
method has never been seen in the literatures.

In this study, the formation of CepgSmg>0O;9 nanoparti-
cles prepared by a urea-based low-temperature hydrothermal
(denoted as LT-hydrothermal later) process was investi-
gated. Better understanding of the formation mechanism of
Cep.§Smg 2019 nanoparticles by urea-based LT-hydrothermal
process was provided. The properties of the synthesized
Cep.8Smg 2019 were also investigated.

2. Experimental
2.1. Synthesis of CepgSmg20;.9 nanoparticles

Ce(S504)2-4H,0, Sm(NO3)3-6H,0 and urea were purchased
from Acros and used without further purification. De-ionized

water was used in all experiments. The Ce(SO4); solution
was prepared by dissolving 8 x 1073 mol Ce(SO4),-4H,0 into
100 ml water with stirring. 0.02 M Sm(NO3)3-6H>O solution of
100 ml was then mixed with the Ce(SO4), solution. Meanwhile,
the yellow and transparent solution was turned into milk-white.
Later, corresponding amount of urea was added to the solu-
tion with stirring until totally dissolved. The solution was then
poured into a round bottom flask with water-cooled condenser
and heated in a glycerol bath at 100 °C. The temperature was held
until the solution was changed from originally milky-white to
light orange. The light orange precipitates were collected and
washed with distilled water for several times and then were
spray-dried at 95-100 °C or dried naturally in the atmosphere in
some cases for characterization.

For preparation of the electrolyte disks, 0.1 g Cep.gSmg 2019
nanoparticles were uni-axial pressed with as oil press in
1 metric tonnes cm~2. The furnace temperature was raised with
a heating rate of 5°C min~! up to 1000 °C and 2 °C min~! until
1400 °C and maintained for 5 h.

2.2. Characterization

ICP-AES (Kontron S-35) was performed for analysis of the
concentrations of Ce** and Sm>* ions in the solution. The solu-
tion was sampled at the required time until end point. The
sampled solutions were centrifuged for separating solid precip-
itates from liquid, which was submitted to analyze the Ce** and
Sm>* concentrations. FTIR spectra (Digilab FTS-3500) were
recorded by accumulating 128 scans over the wave number range
of 4000-400 cm™". For the sample preparation, proper amount
of materials was taken and well mixed with KBr and pressed into
disks. The spectra of the commercial CeO, and Sm,O3 powders
were also taken for comparison. TEM analysis of the synthe-
sized Cep.gSmg 201 ¢ nanoparticles was characterized by aJEOL
JEM-1010 transmission electron microscope with an accelerat-
ing voltage of 80kV. The powders were added in ethanol with
ultrasonic treatment. Then the solution was immediately sam-
pled by a micropipette and dropped onto a carbon coated Cu
grid. The Cu grids were then placed in an oven at 70 °C for
removing the solvent.

To identify the crystalline structures of the formed precipi-
tates during the developed process, ex situ XRD was performed
by using synchrotron radiation source (BL17A, NSRRC,
Hsinchu, Taiwan) with an X-ray wavelength of 1.32633 A
(9.3keV) and 1.5mm x 0.5 mm in beam size. The apparatus
for the hydrothermal process was the same as described in Sec-
tion 2.1. Small amounts of the precipitates were taken out and
placed into a designed Teflon holder with Kapton® tape window.
The X-ray beam went through the holder and the diffraction
patterns were recorded with image plates. Each pattern was
collected for 10 min. A in-house Rigaku X-ray diffractometer
was utilized with a Cu Ka radiation source. The data were
collected from 20° to 60° in 26 scale with a scan rate of
2°min~!. The peak positions in the gained XRD pattern were
calibrated by silicon powders. The lattice parameters were cal-
culated by the calibrated peak positions of the synthesized
powders.
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Morphologies of the sintered disks were observed by FESEM
(JSM-6500F, JEOL) with the accelerating voltage of 15 kV. The
densities of the prepared disks were measured by a densimeter
(MD-200S, MIRAGE).

3. Results and discussion

Formation of Ceg §Smq 201 9 nanoparticles was conducted by
an urea-based LT-hydrothermal process with urea concentration
from 0.2 to 2.0 M. The time-dependent pH value of the solu-
tion was recorded during the hydrothermal process, as shown
in Fig. 1. The pH value of the original solution was around
1.5 and increases slightly with urea concentration. It was found
that the pH value decreases slightly with time at the beginning
but increases abruptly after the incubation period. The incu-
bation time decreases with increasing urea concentration. The
following reactions took place in the dissolved Ce(SO4), and
Sm(NOj3)3 solutions.

[Ce(H,0),1*" + yH,0

— [Ce(OH),(H20),—,1“™F 4 yH;0™ (1)
[Sm(H,0),,1*" + zH,0

— [Sm(OH),(H20),—.]® 7% + zH;0™ )

Both reactions (1) and (2) will generate H* ions and result in
the decrease of the pH of the solution. However, the decomposi-
tion of urea at the temperature higher than 70 °C would release
cyanate ions which are further hydrolyzed to form ammonium
ions, resulting in the consumption of H ions in an acidic solution
[25]:

H,N-CO-NH; <> NH4" +OCN~ 3)
OCN™ +2H" +H,0 — CO, +NH, ™" 4)

Therefore the hydrolysis of urea consumed H* ions and
caused the increase of pH. The pH of the solution was slightly
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Fig. 1. Time-dependent pH values of the solutions at various concentrations of
urea during LT-hydrothermal process.

decreased or almost remained constant at the beginning period,
indicating that the proton generation rate is slightly higher or
similar compared to the proton consumption rate. After the
induction period, the pH increases dramatically, implying that
the proton consumption rate is much faster than the proton gen-
eration rate. In the basic solution, the cyanate ions will react with
OH™ and produce ammonia. The reaction can be written as

OCN™ +OH™ +H,0 — CO3%> + NHj (5)

The condensation reaction following after the reactions (1)
and (2) happened during the hydrothermal process.

[Ce(OH)y](4_y)+
— [CeO2];[Ce1-,(OH)y—4.] + 2zH20 (©)

[Sm(OH), ]G+
— [Smy03];[Sm|_2.(OH), ] + 3zH20 (7)

During the hydrothermal process, the composition of the
solution was monitored by ICP-AES, as shown in Fig. 2. From
Fig. 2(a), the concentration of Ce** ions in solution was only
3.2% of the total Ce** value (stock concentration: 5604.8 ppm,
0.08 M Ce(SO4)2 solution) at the beginning, indicating that the
hydrolysis reaction of the Ce** ions took place and was followed
by the precipitation reaction immediately. For Sm3* ions, the ini-
tial concentration was 73% of its stock composition (1504 ppm,
0.02M Sm(NO3)3 solution), as shown in Fig. 2(b). It implies
that 27% of Sm>* ions were incorporated into the Ce(OH), pre-
cipitates via a co-precipitation process at very early stage even
through the pH of the solution was still lower than the required
pH for the hydrolysis of Sm* ions. Then the concentration of
Sm>* ions decreased gradually in 40 min although the pH is still
lower than the original pH of the Sm(NO)3 solution in which
the precipitation of Sm3* ions is not observed in a pure Sm>*
solution. It implies that the precipitation of Sm3* ions can occur
before reaching the solubility constant in the bulk aqueous solu-
tion via a co-precipitation process or due to the existence of
precipitates [26]. After 60 min, the concentration of Sm>* ions
drops dramatically. It was believed that the decrease of the Sm>*
concentration was due to strong hydrolysis and precipitation
of Sm3* ions by the increase of the pH in the solution. After
120 min, the concentration of Sm3* ions was close to zero, indi-
cating the precipitation of Sm>* was complete after 120 min at
the urea concentration of 0.8 M. The time required to complete
the precipitation of Ce** and Sm3* ions increases with a decrease
in urea concentration.

The time-resolved XRD patterns for the precipitates obtained
at various stages were shown in Fig. 3. First, the wavelength
of the obtained XRD patterns was transformed to the wave-
length of Cu Ka. When the Sm(NO3)3 with Ce(SO4); solutions
were mixed together (0 h), the precipitates formed immediately.
Hirano et al. [24] have proposed that Ce(OH)4 was formed at
the beginning, however, there was no clear evidence for this
assumption. In our study, it was found that the XRD pattern for
the original precipitates was not CeO; or CeO;_, [27]. Mean-
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Fig. 2. Time-resolved ICP-AES analysis for (a) Ce** concentration and (b)

Sm3* concentration of the solution at the urea concentration of 0.8 M during
LT-hydrothermal process.
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Fig. 3. Time-resolved XRD patterns of the precipitates at the urea concentration
of 0.8 M during LT-hydrothermal process.
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Fig. 4. FTIR spectra of various samples (a) SmyO3, (b)CeO,, (c) Ce-
precipitates, (d) as-synthesized CepgSmg201 9, and (e) 1000 °C-treated Ce g
Smg01.9.

while, the composition of the precipitates has been confirmed to
be cerium-based materials with minor samarium incorporation
from ICP-AES analysis. Therefore it can be concluded that the
composition of the initial precipitates would be in the form of
Ce,Smy(OH)4y43y. Although the concentration of Sm3* ions in
the solution was reduced rapidly after 1 h, no peaks for Sm(OH);3
or SmpO3 were observed. It was reasonable that the nucleation
of Sm(OH)3 was uniform on the surface of the initial precipi-
tates. Meanwhile, the initial precipitates transformed to a cubic
fluorite structure after 1.5 h shown in the XRD pattern. It indi-
cated that condensation reaction of the initial precipitates was
complete.

The FTIR spectra of (a) commercial SmyO3 powders, (b)
commercial CeO, powders, (c) original precipitates (formed
in the beginning), (d) as-synthesized Ceg gSmg 201 9 nanoparti-
cles and (e) 1000 °C-treated CepgSmg 01 9 nanoparticles were
shown in Fig. 4. The features of the spectra (a) and (b) were
consistent with those of SmyO3 and CeO5 in the literature [28],
respectively. It should be noticed that two characteristic peaks of
Fig. 4(a) at 730 and 860 cm™! were identified as the stretching
vibration of Sm—O bands [29]. For the spectra of the Ce-
precipitates (Fig. 4(c)) and the as-synthesized CepgSmg201.9
nanoparticles (Fig. 4(d)), the prominent peaks at around 3400
and 1640cm~! were H-O stretching and H-O-H bending
vibration, respectively. The shoulder at 2100-2150cm™! was
assigned to water association band. It indicates that water or
hydroxyl groups still existed in the Ce-precipitates and as-
synthesized CepgSmg>019 nanoparticles by the evidence of
three peaks (1640,2100-2150 and 3400 cm™! )in the FTIR anal-
ysis. Further, it was clear that peaks at 730 and 860 cm™!, which
can be taken as the evidence of the incorporation of Sm>* ions
into the final precipitates, were only observed in the later one.
Moreover, the characteristic peaks of SmyO3 originating from
Sm-0 band were found in the range of 1250—1500 cm™" of the
spectrum (d), indicating Sm oxides or hydroxides exist in the
as-synthesized precipitates.
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Fig. 5. Proposed formation mechanism of nano-sized CepgsSmg >0 ¢ particles prepared by the urea-based LT-hydrothermal process.

Comparing Fig. 4(d) and 4(e), the feature of the 1000 °C-
treated synthesized CepgSmg 201 9 was almost the same as that
of the as-synthesized one except for disappearance of peaks at
1640, 2100-2150 and 3400 cm™!. The absence of these peaks
results from the loss of water or hydroxyl groups by the heat
treatment.

To determine the lattice parameters of CegSmp2019
nanoparticles, XRD patterns were recorded from the synthesized
materials mixed with Si powders for calibration. It was found
that the lattice parameter expanded obviously (a=5.444A)
compared to that of the pure CeO; (a=5.411 A, PDF no.: 75-
0120) and close to that of JCPDS-ICDD file (CegSmg 2019,
a=545A, PDF no.: 75-0160). It indicated that Sm3* ions
were indeed incorporated into the CeO, matrix to form the
Ce( gSmg 201 9 solid solution (Sm3*: 1.098 A, Ce**: 1.010 A).

Based on the time-dependent pH value of the solution, com-
position of the solution and the ex situ XRD analysis of the
precipitates, the formation mechanism of CepgSmg2019 was
proposed and shown in Fig. 5. At the early stage, the initial
precipitates were believed to be the mixture of cerium and samar-
ium hydroxides via the co-precipitation of Ce** ions in major
and Sm>* ions in minor (step 1). Further, the extensive precip-
itation of samarium ions occurred after the incubation period
(step 2). No other peak in the XRD pattern was referred to the

Fig. 6. TEM image of the as-synthesized Ce g§Smg 20O 9 nanoparticles.

crystalline structure of individual samarium hydroxides after the
precipitation of samarium ions. It was proposed to form small
Sm(OH); clusters on the surface of the initial precipitates. The
core—shell-like particles with cerium hydroxide-rich in core and
samarium hydroxide-rich in shell formed at this stage. Samarium
hydroxides in the shell diffuse into the cerium-rich core in step
3. The doping process was proposed to be caused by diffusion
of the samarium from the samarium-rich shell into the defects
of the cerium-rich core hydroxides. The formation of the cubic
fluorite Cep gSmg 201 9 crystalline structure was caused by full
condensation of the mixed hydroxide (step 4).

TEM image of the synthesized CeggSmg2019 nanoparti-
cles was shown in Fig. 6. The spherical and nano-sized grains
with highly uniform distribution were observed, indicating the
advantages of the LT-hydrothermal route. From the images, it
was clear that the grain sizes of the nanoparticles were around
3nm. In Fig. 7, the average grain sizes of the synthesized mate-
rials calculated by Scherrer equation with FWHM (full width at
half maximum) of the XRD patterns were shown. It was obvious
that the grain size of the synthesized materials decreased dramat-
ically when the urea concentration in the solution increased from
0.2 to 0.6 M. However, the size almost remained unchanged for
urea concentration higher than 0.6 M. Basically speaking, grain
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Fig. 7. Calculated grain sizes of the as-synthesized CepgSmg 2019 nanoparti-
cles.
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Fig. 8. SEM morphologies of the 1400 °C-sintered SDC disks prepared by the synthesized Ce gSmg 201 9 nanoparticles at various urea concentrations: 0.4 M: (a)
5000x and (b) 20,000x; 0.8 M: (c) 5000x and (d) 20,000x; or 1 M: (e) 5000x and (f) 20,000 x.

size strongly depends on the formation of the nuclei formed at
the very early stage. If the amounts of the nuclei decrease, the
number and the size of the final produced particles decreased and
increased, respectively. In our study, the number of the nuclei is
relevant to the concentration of urea in the solution. When the
urea concentration is high, the number of the formed nuclei at
the very early stage increases. However, if the concentration of
the nuclei is too high, the formed nuclei start to aggregate. It is

suggested that the concentration of the nuclei formed at the solu-
tion containing 0.4 M urea reaches the critical value at the early
stage of the hydrothermal process. Thus, the size of the synthe-
sized Ceg gSmg 01 9 nanoparticles was almost unchanged with
the solution containing 0.4 M urea or higher concentrations.
The disks made of the CepgSmg 201 9 nanoparticles synthe-
sized at different urea concentrations were sintered at 1400 °C
for Sh. The surface morphologies of the sintered disks were
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observed by FESEM and shown in Fig. 8. The images showed
that the porosity of the sintered disks decreased with an increase
of urea concentration and the size distribution of the grains in
the disks was quite uniform. According to Ostwald ripening pro-
cess, heat treatment of the materials with uniform distribution in
grain size should result in uniform grain growth. It again supports
the advantage of the urea-based LT-hydrothermal method. It was
found that the grain size of the sintered samples was independent
of urea concentration in the range of 0.6—1.0 M. This is consis-
tent with the line broadening analysis of the XRD data. Although
the grain size is similar for the samples prepared at the urea con-
centration of 0.4, 0.8 and 1.0 M, the porosity of the sintered
samples decreases with urea concentration. The TGA measure-
ments have been performed for the SDC powders prepared at
the urea concentration of 0.4 and 1.0 M, as shown in Fig. 9.
From the TGA results, the SDC powders synthesized at low-
urea concentration (0.4 M) shows considerable weight loss after
700 °C. However, the SDC powders synthesized at urea con-
centration of 1 M exhibits no obvious weight loss after 700 °C.
To understand the reason for this difference, the TGA analy-
sis for the precursor of Ce(SO4)2-4H,0O was also performed.
During heating of Ce(SO4)2-4H>0, crystalline HO molecules
would vaporize first, followed by the decomposition of SO4>~
anions. Before 340 °C, the weight loss for Ce(SO4),-4H>0 is
around 17.8 wt.%, almost the same as the weight ratio of the
water content in Ce(SOg4)2-4H,O (17.8 wt.%). The rest of the
weight loss after 340 °C should be attributed to the decomposi-
tion of the SO4%~ anions. The data show similar trend of weight
loss after 700 °C for the SDC powders synthesized at the urea
concentration of 0.4 M, indicating the incorporation of SO4%~
anions takes place during the process. It is suggested that the
existence of the SO42~ anions in the SDC powders is responsi-
ble for the low-density SDC disk due to the decomposition of
S04%~ anions during sintering process. The relative densities of
the disks prepared by the powders synthesized at different urea
concentrations were listed in Table 1. It was apparent that the
relative density increased with an increase in urea concentration.
It was consistent with the observation from the SEM images.

100 4
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Fig. 9. TGA of Ce(SO4)-4H,0O and the synthesized SDC powders prepared at
various urea concentrations.

Table 1
Relative density of the sintered-SDC disks

Urea concentration (M) Relative density (%)

0.4 87.7
0.8 92.7
1.0 99.9

4. Conclusions

The Ce gSmg 019 nanoparticles with unifrom particle size
distribution have been successfully synthesized by the developed
low-temperature hydrothermal route. The formation mecha-
nism of the developed route for the desired cubic-fluorite
structure has been proposed. During the process, the cerium
hydroxide-rich precipitates formed at the early stage. Then
samarium hydroxides precipitated on the surface of cerium
hydroxide-rich precipitates, the core—shell nanoparticles with
cerium hydroxide-rich in core and samarium hydroxides-rich in
shell were formed and the cerium-rich core was transformed to
cubic fluorite structure. Further aging the solution, samarium
was incorporated into the cerium oxide-rich core. The forma-
tion of CeogSmp201.9 crystalline structure was evidenced by
the expansion of lattice constant. In addition, it was found that
the sintering ability of the synthesized Cep gSmg 01 ¢ increases
with urea concentration in the process, which is possibly resulted
from the degree of dehydration of the powders during the sin-
tering process. The developed process is easily controlled and
reproducible, which could be also applied to other systems where
doped oxide nanoparticles are desired.
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