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bstract

The synthesis and formation mechanism of the nano-sized Ce0.8Sm0.2O1.9 particles prepared by a urea-based low-temperature hydrothermal
rocess was investigated in this study. From ex situ X-ray diffraction and induced coupled plasma-atomic emission spectroscopy investigations,
t was found that large quantities of cerium hydroxide co-precipitated with some samarium hydroxide at the initial stage of the hydrothermal
rocess. The remaining Sm3+ ions in the solutions were further hydrolyzed and deposited on the surface of the cerium hydroxide-rich precipitates
o form a core–shell-like structure. During the hydrothermal process, the core–shell-like structure transformed to a single cubic fluorite phase
hich is due to the incorporation of the deposited samarium hydroxide into the cerium oxide-rich core. Further, the average grain size of the

ynthesized nanocrystalline Ce0.8Sm0.2O1.9 was reduced with increasing the urea concentration in the solution. The density of the disk prepared

ith the synthesized Ce0.8Sm0.2O1.9 powders was found to increase with a decrease in the grain size of Ce0.8Sm0.2O1.9. The existence of SO4

2−

nions in the SDC powders prepared at low-urea concentration may result in the SDC disks with low density due to their decomposition during
intering process.

2007 Published by Elsevier B.V.
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. Introduction

Cerium oxide-based materials were widely studied in decades
ue to their unique properties. Substitution of cerium by dopants
ith valence different from that of cerium (4+) in cerium oxide

rystalline structures leads to extrinsic oxygen vacancies. There-
ore, oxygen could be extracted from or inserted into the lattices
f cerium oxide-based materials at oxygen lean or oxygen-rich
tmosphere, respectively. It results in wide varieties of their

pplications in industries [1–4].

Depending on dopant types, the doped cerium oxides could
ehave as either oxygen ionic conductors or ionic–electronic

∗ Corresponding author at: Nano-electrochemistry Laboratory, Department of
hemical Engineering, National Taiwan University of Science and Technology,
aipei 106, Taiwan, ROC. Tel.: +886 2 27376624; fax: +886 2 27376644.
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ixed conductors. Sm3+-, Gd3+- and Y3+-doped cerium oxides
ith high-ionic conductivities have been considered as solid

lectrolyte materials for solid oxide fuel cells (SOFCs) [5–14],
specially for intermediate temperature SOFC (IT-SOFC,
00–800 ◦C) [11–14]. For example, Ce0.8Sm0.2O1.9 shows high-
onic conductivity of around 0.1 S cm−1 which is three times
igher than that of the conventional 8YSZ (8 mol% yttria stabi-
ized zirconia, 3 × 10−2 S cm−1) at 800 ◦C [9,14,15].

A membrane-electrode-assembly (MEA) of SOFC composes
f an electrolyte material and two porous electrodes. To reduce
he differences of the thermal expansion coefficients between
lectrode and electrolyte, electrodes are usually constituted
y active materials for redox reactions and the correspond-

ng electrolyte materials. In addition, with the introduction
f electrolyte materials into electrodes, the length of three-
hase boundaries (TPBs) is increased. TPB is the region where
edox reaction takes place. The higher amounts the TPBs are,

mailto:bjh@mail.ntust.edu.tw
dx.doi.org/10.1016/j.jpowsour.2007.09.005
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he better the performance is. During MEA fabrication, high-
emperature treatment is required for the better adhesion of
lectrode–electrolyte interface. Better electrode network with
ood electronic and ionic conductivity is also achieved by high-
emperature treatment. Unfortunately, the length of TPBs is
educed because serious sintering of the active electrode materi-
ls may occur during the high-temperature treatment. Therefore,
eduction of heat-treatment temperature during MEA fabrica-
ion is of great importance for the improvement of the cell
erformance of SOFCs.

Nano-sized materials possess better sintering ability than
igger ones. Dimension of the materials is determined by the
ynthesis route. Various routes have been utilized for prepar-
ng electrolyte materials in the literatures, such as solid-state
eaction, co-precipitation, sol–gel route and micro-emulsion
16], etc. Most of the methods involve a heat-treatment process
o obtain materials with desired crystalline structure. How-
ver, the heat treatment would increase the crystalline size
f the resulting materials. In hydrothermal routes, materials
ith desired crystalline structure can be achieved without high-

emperature treatment. Further, nano-sized materials are also
btained. Greenblatt and co-workers synthesized a series of lan-
hanide doped cerium oxide nanoparticles with uniform particle
ize distribution by a hydrothermal route [3,17–19]. The aver-
ge crystalline sizes of the synthesized doped cerium oxides
ere lower than 100 nm, depending on the types and concentra-

ions of the dopants in the doped cerium oxides (33–40 nm for
e1−xTbxO2−δ [3], 35–50 nm for Ce1−xPrxO2−δ [17], 7–14 nm

or Ce1−xSmxO2−x/2 [18], 41–68 nm for Ce1−xGdxO2−δ [19]).
ven Ce1−xFexO2, which is difficult to be synthesized with other
ethods, could be achieved by using a hydrothermal route with

he crystalline size distribution of 12–15 nm [20].
Cerium oxide synthesized by a urea-based hydrothermal pro-

ess has been reported in the literatures [21–25]. Hydrolysis of
rea produces hydroxyl ions to increase the pH value of the
olution, subsequently cerium oxide is precipitated. Nano-sized
atures of the synthesized CeO2 particles were revealed with
niform distribution in dimension. It was shown that the quan-
ity of the nuclei and the size of the synthesized CeO2 were
nfluenced significantly by the concentration of the urea [25].
owever, to the best of our knowledge, the doped CeO2 mate-

ial synthesized by a low-temperature urea-based hydrothermal
ethod has never been seen in the literatures.
In this study, the formation of Ce0.8Sm0.2O1.9 nanoparti-

les prepared by a urea-based low-temperature hydrothermal
denoted as LT-hydrothermal later) process was investi-
ated. Better understanding of the formation mechanism of
e0.8Sm0.2O1.9 nanoparticles by urea-based LT-hydrothermal
rocess was provided. The properties of the synthesized
e0.8Sm0.2O1.9 were also investigated.

. Experimental
.1. Synthesis of Ce0.8Sm0.2O1.9 nanoparticles

Ce(SO4)2·4H2O, Sm(NO3)3·6H2O and urea were purchased
rom Acros and used without further purification. De-ionized
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c
p
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ater was used in all experiments. The Ce(SO4)2 solution
as prepared by dissolving 8 × 10−3 mol Ce(SO4)2·4H2O into
00 ml water with stirring. 0.02 M Sm(NO3)3·6H2O solution of
00 ml was then mixed with the Ce(SO4)2 solution. Meanwhile,
he yellow and transparent solution was turned into milk-white.
ater, corresponding amount of urea was added to the solu-

ion with stirring until totally dissolved. The solution was then
oured into a round bottom flask with water-cooled condenser
nd heated in a glycerol bath at 100 ◦C. The temperature was held
ntil the solution was changed from originally milky-white to
ight orange. The light orange precipitates were collected and
ashed with distilled water for several times and then were

pray-dried at 95–100 ◦C or dried naturally in the atmosphere in
ome cases for characterization.

For preparation of the electrolyte disks, 0.1 g Ce0.8Sm0.2O1.9
anoparticles were uni-axial pressed with as oil press in
metric tonnes cm−2. The furnace temperature was raised with
heating rate of 5 ◦C min−1 up to 1000 ◦C and 2 ◦C min−1 until
400 ◦C and maintained for 5 h.

.2. Characterization

ICP-AES (Kontron S-35) was performed for analysis of the
oncentrations of Ce4+ and Sm3+ ions in the solution. The solu-
ion was sampled at the required time until end point. The
ampled solutions were centrifuged for separating solid precip-
tates from liquid, which was submitted to analyze the Ce4+ and
m3+ concentrations. FTIR spectra (Digilab FTS-3500) were
ecorded by accumulating 128 scans over the wave number range
f 4000–400 cm−1. For the sample preparation, proper amount
f materials was taken and well mixed with KBr and pressed into
isks. The spectra of the commercial CeO2 and Sm2O3 powders
ere also taken for comparison. TEM analysis of the synthe-

ized Ce0.8Sm0.2O1.9 nanoparticles was characterized by a JEOL
EM-1010 transmission electron microscope with an accelerat-
ng voltage of 80 kV. The powders were added in ethanol with
ltrasonic treatment. Then the solution was immediately sam-
led by a micropipette and dropped onto a carbon coated Cu
rid. The Cu grids were then placed in an oven at 70 ◦C for
emoving the solvent.

To identify the crystalline structures of the formed precipi-
ates during the developed process, ex situ XRD was performed
y using synchrotron radiation source (BL17A, NSRRC,
sinchu, Taiwan) with an X-ray wavelength of 1.32633 Å

9.3 keV) and 1.5 mm × 0.5 mm in beam size. The apparatus
or the hydrothermal process was the same as described in Sec-
ion 2.1. Small amounts of the precipitates were taken out and
laced into a designed Teflon holder with Kapton® tape window.
he X-ray beam went through the holder and the diffraction
atterns were recorded with image plates. Each pattern was
ollected for 10 min. A in-house Rigaku X-ray diffractometer
as utilized with a Cu K� radiation source. The data were

ollected from 20◦ to 60◦ in 2θ scale with a scan rate of

◦ min−1. The peak positions in the gained XRD pattern were
alibrated by silicon powders. The lattice parameters were cal-
ulated by the calibrated peak positions of the synthesized
owders.
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Morphologies of the sintered disks were observed by FESEM
JSM-6500F, JEOL) with the accelerating voltage of 15 kV. The
ensities of the prepared disks were measured by a densimeter
MD-200S, MIRAGE).

. Results and discussion

Formation of Ce0.8Sm0.2O1.9 nanoparticles was conducted by
n urea-based LT-hydrothermal process with urea concentration
rom 0.2 to 2.0 M. The time-dependent pH value of the solu-
ion was recorded during the hydrothermal process, as shown
n Fig. 1. The pH value of the original solution was around
.5 and increases slightly with urea concentration. It was found
hat the pH value decreases slightly with time at the beginning
ut increases abruptly after the incubation period. The incu-
ation time decreases with increasing urea concentration. The
ollowing reactions took place in the dissolved Ce(SO4)2 and
m(NO3)3 solutions.

[Ce(H2O)n]4+ + yH2O

→ [Ce(OH)y(H2O)n−y](4−y)+ + yH3O+ (1)

Sm(H2O)m]3+ + zH2O

→ [Sm(OH)z(H2O)n−z](3−z)+ + zH3O+ (2)

oth reactions (1) and (2) will generate H+ ions and result in
he decrease of the pH of the solution. However, the decomposi-
ion of urea at the temperature higher than 70 ◦C would release
yanate ions which are further hydrolyzed to form ammonium
ons, resulting in the consumption of H+ ions in an acidic solution
25]:

2N–CO–NH2 ↔ NH4
+ + OCN− (3)
CN− + 2H+ + H2O → CO2 + NH4
+ (4)

Therefore the hydrolysis of urea consumed H+ ions and
aused the increase of pH. The pH of the solution was slightly

ig. 1. Time-dependent pH values of the solutions at various concentrations of
rea during LT-hydrothermal process.
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ecreased or almost remained constant at the beginning period,
ndicating that the proton generation rate is slightly higher or
imilar compared to the proton consumption rate. After the
nduction period, the pH increases dramatically, implying that
he proton consumption rate is much faster than the proton gen-
ration rate. In the basic solution, the cyanate ions will react with
H− and produce ammonia. The reaction can be written as

CN− + OH− + H2O → CO3
2− + NH3 (5)

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

[Ce(OH)y](4−y)+

→ [CeO2]z[Ce1−z(OH)y−4z] + 2zH2O (6)

[Sm(OH)y](3−y)+

→ [Sm2O3]z[Sm1−2z(OH)y−6z] + 3zH2O (7)

During the hydrothermal process, the composition of the
olution was monitored by ICP-AES, as shown in Fig. 2. From
ig. 2(a), the concentration of Ce4+ ions in solution was only
.2% of the total Ce4+ value (stock concentration: 5604.8 ppm,
.08 M Ce(SO4)2 solution) at the beginning, indicating that the
ydrolysis reaction of the Ce4+ ions took place and was followed
y the precipitation reaction immediately. For Sm3+ ions, the ini-
ial concentration was 73% of its stock composition (1504 ppm,
.02 M Sm(NO3)3 solution), as shown in Fig. 2(b). It implies
hat 27% of Sm3+ ions were incorporated into the Ce(OH)4 pre-
ipitates via a co-precipitation process at very early stage even
hrough the pH of the solution was still lower than the required
H for the hydrolysis of Sm3+ ions. Then the concentration of
m3+ ions decreased gradually in 40 min although the pH is still

ower than the original pH of the Sm(NO)3 solution in which
he precipitation of Sm3+ ions is not observed in a pure Sm3+

olution. It implies that the precipitation of Sm3+ ions can occur
efore reaching the solubility constant in the bulk aqueous solu-
ion via a co-precipitation process or due to the existence of
recipitates [26]. After 60 min, the concentration of Sm3+ ions
rops dramatically. It was believed that the decrease of the Sm3+

oncentration was due to strong hydrolysis and precipitation
f Sm3+ ions by the increase of the pH in the solution. After
20 min, the concentration of Sm3+ ions was close to zero, indi-
ating the precipitation of Sm3+ was complete after 120 min at
he urea concentration of 0.8 M. The time required to complete
he precipitation of Ce4+ and Sm3+ ions increases with a decrease
n urea concentration.

The time-resolved XRD patterns for the precipitates obtained
t various stages were shown in Fig. 3. First, the wavelength
f the obtained XRD patterns was transformed to the wave-
ength of Cu K�. When the Sm(NO3)3 with Ce(SO4)2 solutions
ere mixed together (0 h), the precipitates formed immediately.

irano et al. [24] have proposed that Ce(OH)4 was formed at

he beginning, however, there was no clear evidence for this
ssumption. In our study, it was found that the XRD pattern for
he original precipitates was not CeO2 or CeO2−x [27]. Mean-
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Fig. 2. Time-resolved ICP-AES analysis for (a) Ce4+ concentration and (b)
Sm3+ concentration of the solution at the urea concentration of 0.8 M during
LT-hydrothermal process.

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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ig. 4. FTIR spectra of various samples (a) Sm2O3, (b)CeO2, (c) Ce-
recipitates, (d) as-synthesized Ce0.8Sm0.2O1.9, and (e) 1000 ◦C-treated Ce0.8

m0.2O1.9.

hile, the composition of the precipitates has been confirmed to
e cerium-based materials with minor samarium incorporation
rom ICP-AES analysis. Therefore it can be concluded that the
omposition of the initial precipitates would be in the form of
exSmy(OH)4x+3y. Although the concentration of Sm3+ ions in

he solution was reduced rapidly after 1 h, no peaks for Sm(OH)3
r Sm2O3 were observed. It was reasonable that the nucleation
f Sm(OH)3 was uniform on the surface of the initial precipi-
ates. Meanwhile, the initial precipitates transformed to a cubic
uorite structure after 1.5 h shown in the XRD pattern. It indi-
ated that condensation reaction of the initial precipitates was
omplete.

The FTIR spectra of (a) commercial Sm2O3 powders, (b)
ommercial CeO2 powders, (c) original precipitates (formed
n the beginning), (d) as-synthesized Ce0.8Sm0.2O1.9 nanoparti-
les and (e) 1000 ◦C-treated Ce0.8Sm0.2O1.9 nanoparticles were
hown in Fig. 4. The features of the spectra (a) and (b) were
onsistent with those of Sm2O3 and CeO2 in the literature [28],
espectively. It should be noticed that two characteristic peaks of
ig. 4(a) at 730 and 860 cm−1 were identified as the stretching
ibration of Sm–O bands [29]. For the spectra of the Ce-
recipitates (Fig. 4(c)) and the as-synthesized Ce0.8Sm0.2O1.9
anoparticles (Fig. 4(d)), the prominent peaks at around 3400
nd 1640 cm−1 were H–O stretching and H–O–H bending
ibration, respectively. The shoulder at 2100–2150 cm−1 was
ssigned to water association band. It indicates that water or
ydroxyl groups still existed in the Ce-precipitates and as-
ynthesized Ce0.8Sm0.2O1.9 nanoparticles by the evidence of
hree peaks (1640, 2100–2150 and 3400 cm−1) in the FTIR anal-
sis. Further, it was clear that peaks at 730 and 860 cm−1, which
an be taken as the evidence of the incorporation of Sm3+ ions
nto the final precipitates, were only observed in the later one.
oreover, the characteristic peaks of Sm2O3 originating from
m–O band were found in the range of 1250–1500 cm−1 of the
pectrum (d), indicating Sm oxides or hydroxides exist in the
s-synthesized precipitates.
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that the grain size of the synthesized materials decreased dramat-
ically when the urea concentration in the solution increased from
Fig. 5. Proposed formation mechanism of nano-sized Ce0.8Sm0

Comparing Fig. 4(d) and 4(e), the feature of the 1000 ◦C-
reated synthesized Ce0.8Sm0.2O1.9 was almost the same as that
f the as-synthesized one except for disappearance of peaks at
640, 2100–2150 and 3400 cm−1. The absence of these peaks
esults from the loss of water or hydroxyl groups by the heat
reatment.

To determine the lattice parameters of Ce0.8Sm0.2O1.9
anoparticles, XRD patterns were recorded from the synthesized
aterials mixed with Si powders for calibration. It was found

hat the lattice parameter expanded obviously (a = 5.444 Å)
ompared to that of the pure CeO2 (a = 5.411 Å, PDF no.: 75-
120) and close to that of JCPDS-ICDD file (Ce0.8Sm0.2O1.9,
= 5.45 Å, PDF no.: 75-0160). It indicated that Sm3+ ions
ere indeed incorporated into the CeO2 matrix to form the
e0.8Sm0.2O1.9 solid solution (Sm3+: 1.098 Å, Ce4+: 1.010 Å).

Based on the time-dependent pH value of the solution, com-
osition of the solution and the ex situ XRD analysis of the
recipitates, the formation mechanism of Ce0.8Sm0.2O1.9 was
roposed and shown in Fig. 5. At the early stage, the initial
recipitates were believed to be the mixture of cerium and samar-
um hydroxides via the co-precipitation of Ce4+ ions in major

nd Sm3+ ions in minor (step 1). Further, the extensive precip-
tation 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 Ce0.8Sm0.2O1.9 nanoparticles.

0
u

F
c

particles prepared by the urea-based LT-hydrothermal process.

rystalline structure of individual samarium hydroxides after the
recipitation of samarium ions. It was proposed to form small
m(OH)3 clusters on the surface of the initial precipitates. The
ore–shell-like particles with cerium hydroxide-rich in core and
amarium hydroxide-rich in shell formed at this stage. Samarium
ydroxides in the shell diffuse into the cerium-rich core in step
. The doping process was proposed to be caused by diffusion
f the samarium from the samarium-rich shell into the defects
f the cerium-rich core hydroxides. The formation of the cubic
uorite Ce0.8Sm0.2O1.9 crystalline structure was caused by full
ondensation of the mixed hydroxide (step 4).

TEM image of the synthesized Ce0.8Sm0.2O1.9 nanoparti-
les was shown in Fig. 6. The spherical and nano-sized grains
ith highly uniform distribution were observed, indicating the

dvantages of the LT-hydrothermal route. From the images, it
as clear that the grain sizes of the nanoparticles were around
nm. In Fig. 7, the average grain sizes of the synthesized mate-

ials calculated by Scherrer equation with FWHM (full width at
alf maximum) of the XRD patterns were shown. It was obvious
.2 to 0.6 M. However, the size almost remained unchanged for
rea concentration higher than 0.6 M. Basically speaking, grain

ig. 7. Calculated grain sizes of the as-synthesized Ce0.8Sm0.2O1.9 nanoparti-
les.
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ig. 8. SEM morphologies of the 1400 ◦C-sintered SDC disks prepared by the
000× and (b) 20,000×; 0.8 M: (c) 5000× and (d) 20,000×; or 1 M: (e) 5000×

ize strongly depends on the formation of the nuclei formed at
he very early stage. If the amounts of the nuclei decrease, the
umber and the size of the final produced particles decreased and
ncreased, respectively. In our study, the number of the nuclei is

elevant to the concentration of urea in the solution. When the
rea concentration is high, the number of the formed nuclei at
he very early stage increases. However, if the concentration of
he nuclei is too high, the formed nuclei start to aggregate. It is

t

s
f

esized Ce0.8Sm0.2O1.9 nanoparticles at various urea concentrations: 0.4 M: (a)
(f) 20,000×.

uggested that the concentration of the nuclei formed at the solu-
ion containing 0.4 M urea reaches the critical value at the early
tage of the hydrothermal process. Thus, the size of the synthe-
ized Ce0.8Sm0.2O1.9 nanoparticles was almost unchanged with

he solution containing 0.4 M urea or higher concentrations.

The disks made of the Ce0.8Sm0.2O1.9 nanoparticles synthe-
ized at different urea concentrations were sintered at 1400 ◦C
or 5 h. The surface morphologies of the sintered disks were
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Table 1
Relative density of the sintered-SDC disks

Urea concentration (M) Relative density (%)

0.4 87.7
0
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bserved by FESEM and shown in Fig. 8. The images showed
hat the porosity of the sintered disks decreased with an increase
f urea concentration and the size distribution of the grains in
he disks was quite uniform. According to Ostwald ripening pro-
ess, heat treatment of the materials with uniform distribution in
rain size should result in uniform grain growth. It again supports
he advantage of the urea-based LT-hydrothermal method. It was
ound that the grain size of the sintered samples was independent
f urea concentration in the range of 0.6–1.0 M. This is consis-
ent with the line broadening analysis of the XRD data. Although
he grain size is similar for the samples prepared at the urea con-
entration of 0.4, 0.8 and 1.0 M, the porosity of the sintered
amples decreases with urea concentration. The TGA measure-
ents have been performed for the SDC powders prepared at

he urea concentration of 0.4 and 1.0 M, as shown in Fig. 9.
rom the TGA results, the SDC powders synthesized at low-
rea concentration (0.4 M) shows considerable weight loss after
00 ◦C. However, the SDC powders synthesized at urea con-
entration of 1 M exhibits no obvious weight loss after 700 ◦C.
o understand the reason for this difference, the TGA analy-
is for the precursor of Ce(SO4)2·4H2O was also performed.
uring heating of Ce(SO4)2·4H2O, crystalline H2O molecules
ould vaporize first, followed by the decomposition of SO4

2−
nions. Before 340 ◦C, the weight loss for Ce(SO4)2·4H2O is
round 17.8 wt.%, almost the same as the weight ratio of the
ater content in Ce(SO4)2·4H2O (17.8 wt.%). The rest of the
eight loss after 340 ◦C should be attributed to the decomposi-

ion of the SO4
2− anions. The data show similar trend of weight

oss after 700 ◦C for the SDC powders synthesized at the urea
oncentration of 0.4 M, indicating the incorporation of SO4

2−
nions takes place during the process. It is suggested that the
xistence of the SO4

2− anions in the SDC powders is responsi-
le for the low-density SDC disk due to the decomposition of
O4

2− anions during sintering process. The relative densities of

he disks prepared by the powders synthesized at different urea
oncentrations were listed in Table 1. It was apparent that the
elative density increased with an increase in urea concentration.
t was consistent with the observation from the SEM images.

ig. 9. TGA of Ce(SO4)·4H2O and the synthesized SDC powders prepared at
arious urea concentrations.

(
2
M
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.8 92.7

.0 99.9

. Conclusions

The Ce0.8Sm0.2O1.9 nanoparticles with unifrom particle size
istribution have been successfully synthesized by the developed
ow-temperature hydrothermal route. The formation mecha-
ism of the developed route for the desired cubic-fluorite
tructure has been proposed. During the process, the cerium
ydroxide-rich precipitates formed at the early stage. Then
amarium hydroxides precipitated on the surface of cerium
ydroxide-rich precipitates, the core–shell nanoparticles with
erium hydroxide-rich in core and samarium hydroxides-rich in
hell were formed and the cerium-rich core was transformed to
ubic fluorite structure. Further aging the solution, samarium
as incorporated into the cerium oxide-rich core. The forma-

ion of Ce0.8Sm0.2O1.9 crystalline structure was evidenced by
he expansion of lattice constant. In addition, it was found that
he sintering ability of the synthesized Ce0.8Sm0.2O1.9 increases
ith urea concentration in the process, which is possibly resulted

rom the degree of dehydration of the powders during the sin-
ering process. The developed process is easily controlled and
eproducible, which could be also applied to other systems where
oped oxide nanoparticles are desired.
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