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bstract

Ce1−xSmxO2−1/2x nanopowders were successfully synthesized by microwave-induced combustion process. For the preparation, cerium(III) nitrate
exahydrate, samarium(III) nitrate hexahydrate, and urea were used for the microwave-induced combustion process. The process took only a few

inutes to obtain Ce1−xSmxO2−1/2x powders. Ce1−xSmxO2−1/2x ceramics prepared by microwave-induced process sintered at 1400 ◦C for 3 h, the

ulk density of Ce1−xSmxO2−1/2x ceramics were over 95% of the theoretical density. The results revealed that Ce0.84Sm0.16O1.92 possessed the
aximum electrical conductivity was 0.0287 S cm−1 at 850 ◦C and the minimum activity energy, Ea was 0.9565 eV determined from 500 to 850 ◦C.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Nanopowders have many excellent properties suited for var-
ous applications such as ceramics, gas sensor, rechargeable
eramic batteries, ceramic fuel cells, and so on. In addition, they
an significantly enhance sintering rates, decrease sintering tem-
erature, and improve optical, electric, and magnetic properties
ompared to the micrometer size powders [1,2]. Solid oxide
uel cells are attracting widespread attention due to their high-
nergy conversion efficiency and low pollution. The high oxide
onic conducting solid electrolyte based on zirconia has been
ntensively investigated in the pass [3,4]. In order to reduce the
peration temperature from 1000 to 800 ◦C or even lower, doped
eria has been considered as the solid electrolyte for moderate
emperature solid oxide fuel cells [5].

In current research, we have attempted a new method, the
icrowave-induced combustion synthesis process to produce
e1−xSmxO2−1/2x nanopowder. The microwave-induced com-

ustion synthesis process involves the dissolution metal nitrate
nd urea in water, and then heating of the solution in a microwave
ven. After the solution reaches the point of spontaneous com-
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ustion, it begins burning and becomes a solid, which burns
t high temperature. Combustion is not complete until all the
ammable substances are consumed, and the resulting mate-
ial is a loose, highly friable substance exhibiting voids and
ores formed by the escaping gases during the combustion reac-
ion [6]. The whole process takes only a few minutes to yield
e1−xSmxO2−1/2x nanopowders.

. Experimental procedures

.1. Sample synthesis

The synthesis process involved the combustion of redox mix-
ures, in which metal nitrate acted as an oxidizing reactant and
rea as a reducing one. This was based on the total oxidizing and
educing valences of the oxidizer and the fuel using the concepts
f the propellant chemistry [7].

Stoichiometric amounts of cerium(III) nitrate hexahy-
rate (Ce(NO3)3·6H2O), samarium(III) nitrate hexahydrate
Sm(NO3)3·6H2O), and urea (CO(NH2)2) dissolved in a mini-

um quantity of water, were placed in a crucible. The crucible

ontaining the solution was introduced into a microwave oven
CEM, MDS 81D, 650 W). Initially, the solution boils and under-
oes dehydration followed by decomposition with the evolution

mailto:d887503@alumni.nthu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2006.04.053
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f large amount of gases. After the solution reaches the point
f spontaneous combustion, it begins burning and releases lots
f heat, vaporizes all the solution instantly and becomes a solid
urning at high temperature. The powder samples prepared by
icrowave-induced combustion process were palletized and sin-

ered at 1400 ◦C for 3 h. The sintered samples were over 95% of
he theoretical density in all specimens.

.2. Characterization measurements

A computer-interface X-ray powder diffractometer (XRD)
ith Cu K� radiation was used to identify the crystalline phase.
he morphological features of the particle were observed using
scanning electron microscope (SEM). For sintered specimens,

he electrical conductivity was measured by two-point dc method
n a sintered Ce1−xSmxO2−1/2x pellet. The two electrodes were
ormed by applying platinum paste to the two ends of the pellet
nd firing at 800 ◦C for 1 h. The electrical conductivity mea-
urements were made at various temperatures in the range of
00–850 ◦C in air. Arrhenius plots (plots of log σ versus 103/T)
ere constructed and activation energies for conduction were

omputed. The densities of sintered ceramics were measured by
he Archimendean method.

. Results and discussion

The X-ray diffraction patterns of the Ce1−xSmxO2−1/2x pow-
ers prepared by microwave-induced combustion process were
dentified by the diffractometer. The particle size, DXRD was cal-
ulated according to Scherer equation [8]: DXRD = 0.9λ/B cos θ,
here λ is the wavelength of the radiation, θ the diffrac-

ion angle, and B is the corrected half-width of the diffrac-
ion peak, give by B2 = B2

m − B2
s , where Bm is the measured

alf-width of the diffraction peak and Bs is the half-width
f a standard CeO2 with a crystal size greater than 100 nm.
he particle size determined from the broadening curve is

bout 14–20 nm in Ce1−xSmxO2−1/2x samples. Fig. 1 displays
he XRD pattern of Ce1−xSmxO2−1/2x ceramics prepared by

icrowave-induced combustion process in the Sm substitu-
ion in range of x = 0.04–0.20. The sintered Ce1−xSmxO2−1/2x

r
c
p
i

ig. 2. Scanning electron micrograph of Ce0.84Sm0.16O1.92 (a) powder prepared by m
h.
ig. 1. XRD patterns of Ce1−xSmxO2−1/2x ceramics sintered at 1400 ◦C for 3 h.

eramics contain only the cubic fluorite structure for all spec-
mens. Fig. 2 represents scanning electron micrograph of
e0.84Sm0.16O1.92 powders and sintered specimens. As shown

n Fig. 2(a), Ce0.84Sm0.16O1.92 powders prepared by microwave-
nduced combustion had a uniform particle sizes distribution and
ell crystalline shape. Similar images are also found in the other
m substitution for Ce1−xSmxO2−1/2x powders. The particle size
btained by SEM does not depend on the amount of samarium
opant. The van der Waals force can be responsible for the for-
ation of agglomerates of Ce0.84Sm0.16O1.92 powders. Fig. 2(b)

eveals that sintered Ce0.84Sm0.16O1.92 specimen presents uni-
orm grain size ∼ 0.4 �m, high dense microstructure with little
losed pores.

The introduction of Sm2O3 into CeO2 can cause a small shift
n the ceria peaks. This shift is indicative of change in lattice
arameter. Fig. 3 shows the lattice constant of Ce1−xSmxO2−1/2x

eramics as a function of dopant concentration, x. Calculation
f the cell parameters was carried out using the four main

eflections typical of a fluorite structure material with a fcc
ell, corresponding to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1)
lanes. The lattice constant increased with increasing samar-
um amount. It indicates different radii of Ce4+ (0.90 Å) and

icrowave-induced combustion process and (b) ceramic sintered at 1400 ◦C for
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Table 1
Relative density, electrical conductivity, and activation energy of Ce1−xSmxO2−1/2x ceramics

Composition Relativity density (%) Conductivity (S cm−1) Activation energy (eV)

650 ◦C 750 ◦C 850 ◦C

Ce0.96Sm0.04O1.98 95.22 6.57 × 10−4 2.71 × 10−3 9.72 × 10−3 1.2212
Ce0.92Sm0.08O1.96 96.71 1.83 × 10−3 8.13 × 10−3 2.38 × 10−2 1.1699
Ce0.88Sm0.12O1.94 95.58 3.28 × 10−3 1.06 × 10−3 2.67 × 10−2 1.0226
Ce0.84Sm0.16O1.92 95.84 2.87 × 10−3 1.06 × 10−2 2.87 × 10−2 0.9565
Ce0.80Sm0.20O1.90 96.87 3.42 × 10−3 1.10 × 10−2 2.61 × 10−2 0.9672
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ig. 3. Lattice constant of Ce1−xSmxO2−1/2x ceramics as a function of samarium
ubstitution.

m3+ (1.11 Å) in an oxide solid solution with a fluorite-type
tructure. When doped Sm3+ ions with larger sized in CeO2 lat-
ice, cause the fluorite-type structure swell. This effect causes
he lattice plane spacing to change and the diffraction peaks to
hift to new 2θ position. As the Sm content increases, the lat-
ice constant increases linearly as a(x) = 5.41608 + 0.1715x for
e1−xSmxO2−1/2x ceramics (x = 0.04–0.20).

Pure CeO2 ceramics is a poor oxide ion conductor. How-
ver, the ion conductivity can significant improve by increasing
he oxygen vacancies by the substitution of samarium, which
s lower than 4+ in valence and upon substituting for Ce4+ are
harge compensated by oxygen vacancies, for example,

m2O3
CeO2−→2Sm′ce + 3Oxo + V· · ·o

he electrical conductivity of Ce1−xSmxO2−1/2x ceramics as a
unction of temperature is plotted in Fig. 4. It indicates that
he maximum electrical conductivity of the sintered specimens
as 0.0287 S cm−1 at 850 ◦C for Ce0.84Sm0.16O1.92 specimen.
he ionic conductivity of Ce1−xSmxO2−1/2x ceramics initially

ncreases with increasing samarium substitution and reaches a
inimum at x = 0.16. Further increasing the samarium amount

or x > 0.16 leads to a rise in ionic conductivity.
A summary of relativity density, electrical conductivity, and
ctivation energy of Ce1−xSmxO2−1/2x ceramics sintered at
400 ◦C for 3 h is listed in Table 1. It depicts that sintered
e1−xSmxO2−1/2x samples were over 95% of the theoretical
ensity in all specimens. The Ce1−xSmxO2−1/2x powders syn-

o
u

ig. 4. Arrhenius plots for electrical conductivity of Ce1−xSmxO2−1/2x ceramics.

hesized by microwave-induced combustion process can signif-
cantly decrease the sintering temperature of Ce1−xSmxO2−1/2x

eramics, compared to that above 1550 ◦C required for ceria
olid electrolytes prepared by solid state reaction.

. Conclusions

Recently, Ce1−xSmxO2−1/2x powders have been studied
idely due to it is a very important material of solid oxide

uel cells. In this study, using cerium(III) nitrate hexahydrate,
amarium(III) nitrate hexahydrate, and urea as the starting mate-
ials, nano-size Ce1−xSmxO2−1/2x powders have been synthe-
ized successfully by microwave-induced combustion process.
he synthesized Ce1−xSmxO2−1/2x powders reveal nanodimen-
ion and high specific surface. Ce1−xSmxO2−1/2x ceramics pre-
ared by microwave-induced combustion process sintering at
400 ◦C for 3 h, the highest conductivity was 0.0287 S cm−1 at
50 ◦C and the minimum activation energy, Ea was 0.9565 eV for
e0.84Sm0.16O1.92 specimen. These Ce1−xSmxO2−1/2x ceram-

cs with high conductivity are suitable for solid oxide fuel cells
pplications.
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