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Abstract

Ce0.8(Gd0.2�xSmx)O1.90 nanopowders were successfully synthesized by a microwave-induced combustion process. The whole process takes

only 30 min. The phase identification and morphology of resultant powders were investigated by XRD and SEM. Moreover, the correlation of ionic

conductivity and thermal expansion coefficient for Ce0.8(Gd0.2�xSmx)O1.90 ceramics from microwave-induced combustion process also is

discussed in this paper. The results revealed that the bulk densities of Ce0.8(Gd0.2�xSmx)O1.90 ceramics sintered at 1450 8C for 3 h were all greater

than 95% of that in theoretical densities. The maximum electrical conductivity, s8508C = 0.051 S/cm, minimum activation energy, Ea = 0.77 eVand

minimum thermal expansion coefficient, TEC = 18.733 ppm/8C was found at Ce0.80Gd0.20O1.90 ceramic.

# 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: C. Ionic conductivity; D. CeO2; E. Fuel cells

www.elsevier.com/locate/ceramint

Ceramics International 34 (2008) 2051–2057
1. Introduction

Solid oxide fuel cells (SOFC) are attracting widespread

attention due to their high-energy conversion efficiency and low

pollution. In order to reduce the operation temperature from

1000 to 800 8C or even lower, doped ceria has been considered

as the solid electrolyte for moderate temperature solid oxide

fuel cells [1]. At present, there is considerable interest in

increasing the ionic conductivity of these materials by

decreasing the grain size into the nanometer range. Grain

boundaries have high defect densities and the atoms there have

high mobility. These are the two important factors for increased

ionic conductivity. Due to this fact, the ionic conductivity may

be significantly enhanced in nanocrystalline materials com-

pared to the microcrystalline ones [2]. Several synthesis routes

have been developed to produce nanocrystalline CeO2-based

powders, such as hydrothermal synthesis [3], coprecipitation

[4–6], sol–gel [7], and Pechini process [8]. CeO2-based

powders have been synthesized successfully by the combustion

synthesis using different complexing agents/fuel such as

glycine [9,10], and carbohydrazide [11]. With the combustion
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synthesis a desired homogeneous high-purity powder can be

produced in a short time and low cost. In this study, I also

attempted a new method, microwave-induced combustion

synthesis to produce Ce0.8(Gd0.2�xSmx)O1.90 powders. The

advantages of combustion method are (1) simple process: all

the reactions take only a few minutes, not like the other

methods that require tedious process, (2) simple equipment:

this method does not require complicated equipment, and (3)

cheap sources: chemicals used in this method are cheap, unlike

special materials needed in sol–gel process. Microwave

processing of materials is fundamentally different from the

conventional processing due to its heating mechanism. In a

microwave oven, heat is generated within the sample itself by

the interaction of microwaves with the material. In conven-

tional heating, the heat is generated by heating elements, which

is then transferred to the sample surfaces [12].

Microwave-induced combustion synthesis involves the

dissolution of metal nitrates and urea in water, and then

heating the solution in a microwave oven. The urea and metal

nitrate decompose and give off flammable gases. After the

solution reaches the point of spontaneous combustion, it begins

burning and becomes a solid, which burns at a high

temperature. Combustion is not complete until all the

flammable substances are consumed, and the resulting material

is a loose, highly friable substance exhibiting voids and pores
d.
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Fig. 1. XRD patterns of Ce0.8(Gd0.2�xSmx)O1.90 powders prepared by micro-

wave-induced combustion.
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formed by the escaping gases during the combustion reaction

[13]. The whole process takes only 30 min to yield nano-

structured Ce0.8(Gd0.2�xSmx)O1.90 powders. In this article, I

report a detail conductivity, thermal expansion, and activation

energy in the Ce0.8(Gd0.2�xSmx)O1.90 (0.0 � x � 0.2) system.

Thermal expansion is an important property, because it governs

the performance of various high temperature devices [14].

Moreover, we investigate the relationship between the average

thermal expansion coefficient and ionic conductivity of

Ce0.8(Gd0.2�xSmx)O1.90 ceramics.

2. Experimental procedures

2.1. Sample synthesis

The synthesis process involved the combustion of a redox

mixture, in which metal nitrate acted as an oxidizing reactant

and urea as a reducing one. Stoichiometric amounts of cerium

nitrate hexahydrate (Ce(NO3)3�6H2O), gadolinium nitrate

hexahydrate (Gd(NO3)3�6H2O), samarium nitrate hexahydrate

(Sm(NO3)3�6H2O), and urea (CO(NH2)2) were dissolved in

water. Ce0.8(Gd,Sm)0.2(NO3)3 nitrate solution with molar

concentration of 1.5 M was made from cerium nitrate

hexahydrate, gadolinium nitrate hexahydrate, and samarium

nitrate hexahydrate. The amount of urea, which corresponds to

ratio of fuel to nitrate in which the fuel can react completely

with nitrate, was calculated by the concepts in propellant

chemistry [15]. The stoichiometry of the redox mixture used for

combustion was determined using the total oxidizing and

reducing valences of the components, which served as

numerical coefficients for the stoichiometric balance so that

the equivalence ratio (Fe) was unity and the energy released by

combustion was maximum. According to this concept, the

valences of some elements and ions are as follows: C = +4,

H = +1, O = �2, divalent metal ions = �2, and trivalent metal

ions = �3 [16]. The valence of nitrogen is considered to be

zero. Accordingly, the oxidizing and reducing valences of the

compounds used in the combustion mixture can be calculated.

In order to have the same oxidizing and reducing valences, the

total ratio of the oxidizing to the reducing valences was one

[17]. A 15 ml of solution containing nitrates and urea was

added to a crucible. Then, the crucible containing the solution

was introduced into a microwave oven. Initially, the solution

boils and undergoes dehydration followed by decomposition

with the evolution of large amounts of gases. After the solution

reaches the point of spontaneous combustion, it begins burning

and releases a lot of heat, instantly vaporizes the entire solution

and becomes a solid, burning at a high temperature. The powder

samples prepared by microwave-induced combustion process

were pelletized and sintered at 1450 8C for 3 h. The bulk

densities of the sintered samples were greater than 95% of the

theoretical densities in all specimens.

2.2. Characterization measurements

A computer-interfaced X-ray powder diffractometer (XRD)

with Cu Ka radiation (l = 1.5418 Å) (Model Rigaku D/Max-II,
Tokyo, Japan) was used to identify the crystalline phase and

calculate crystallite size. The crystalline size, DXRD was

calculated according to Scherer’s equation [18]: DXRD = 0.9 l/

B cos u, where l is the wavelength of the radiation, u the

diffraction angle, and B is the corrected half-width of

the diffraction peak, give by B2 ¼ B2
m � B2

s, where Bm is

the measured half-width of the diffraction peak and Bs is the

half-width of a standard CeO2 with a crystal size greater than

100 nm. The reflection from (1 1 1) plane, occurring at 28.68
2u, was used to calculate the crystallite size. The morphological

features of the particle were observed using a scanning electron

microscope (SEM; Model JEOL JSM-6500F, Tokyo, Japan).

For sintered specimens, the ionic conductivity was measured by

the two-point DC method on a sintered Ce0.8(Gd0.2�xSmx)O1.90

pellet. The two electrodes were formed by applying platinum

paste to the two ends of the pellet and firing at 800 8C for 1 h.

The ionic conductivity measurements were made at various

temperatures in the range of 500–850 8C in air. Arrhenius plots

(plots of ln s vs. 103/T) were constructed and activation

energies for conduction were computed. The densities and

porosities of the sintered ceramics were measured by the

Archimedean method. The thermal expansion coefficients of

sintered Ce0.8(Gd0.2�xSmx)O1.90 pellets were measured by

dilatometer (DIL; Model Netzsch DIL 402 PC, Bavaria,

Germany) using a constant heating rate of 10 8C/min in the

temperature range of 25–850 8C.

3. Results and discussion

The X-ray diffraction patterns of the Ce0.8(Gd0.2�xSmx)O1.90

powders prepared by microwave-induced combustion process

were identified by the diffractometer. Fig. 1 shows that the

Ce0.8(Gd0.2�xSmx)O1.90 powders contain only the cubic fluorite

structure. The formation of single phase is due to the high

temperature in situ generated during combustion and to the

rapid cooling rate. Such high temperature could provide energy

to produce doped cerium oxide powder from solution during

combustion. It can be found that the XRD patterns peaks are



Fig. 3. XRD patterns of Ce0.8(Gd0.2�xSmx)O1.90 ceramics sintered at 1450 8C
for 3 h.
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quite broad and indicate the fine particle of the product. The

primary crystalline size determined from the Scherer’s equation

is about 10–20 nm in Ce0.8(Gd0.2�xSmx)O1.90 samples. When

using the Scherer’s equation, we assume that the particle size

effects are only from peak broadening; however, if the particles

are non-uniform, the particle size will be underestimated. Fig. 2

represents scanning electron micrograph of Ce0.80Gd0.20O1.90

specimens. It reveals that Ce0.80Gd0.20O1.90 powders prepared

by microwave-induced combustion have a nanostructure but

are heavily agglomerated. Similar images are also found in the

other Sm substitution powders. The particle size obtained by

SEM does not depend on the substitution amount of samarium.

The as-received Ce0.80Gd0.20O1.90 powders showed a primary

particle size from 20 to 30 nm. During the combustion

synthesis, the powders had been exposed to a high temperature

and necking between the particles seems to have had occurred.

Fig. 3 displays the XRD patterns of Ce0.8(Gd0.2�xSmx)O1.90

ceramics, which powders derived from microwave-induced

combustion process, with the fluorite structure in range of

x = 0.00–0.20. No secondary phases are found in all specimens.

It indicates a very large dopant concentration range sintered for

Ce0.8(Gd0.2�xSmx)O1.90 ceramics sintered at 1450 8C. The

introduction of Sm2O3 into gadolinium-doped ceria (GDC) can

cause a small shift in the GDC peaks. This shift is indicative of

change in lattice parameter. A distribution of different Gd-

doped concentrations within individual particles as well as

between particles would lead to distribution of 2u values. Fig. 4

shows the lattice constant of Ce0.8(Gd0.2�xSmx)O1.90 ceramics

as a function of Gd and Sm-doped concentration, x. Calculation

of the cell parameters was carried out using the four main

reflections typical of a fluorite structure material with a fcc cell,

corresponding to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) plane.

The lattice constant increased with Sm substitution amount for

Gd in Ce0.8(Gd0.2�xSmx)O1.90 ceramics. It indicates different

radii of Gd3+ (0.97 Å) and Sm3+ (1.00 Å) in an oxide solid

solution with a fluorite-type structure. Substitution Sm for Gd

in GDC lattice will induce uniform strain in the lattice as the

material is elastically deformed. This effect causes the lattice
Fig. 2. Scanning electron micrograph of Ce0.80Gd0.20O1.90 powder prepared by

microwave-induced combustion.
plane spacing to change and the diffraction peaks to shift to new

2u position. As the Sm-substituted amount increase, the lattice

constant increases linearly as a(x) = 5.39754 + 0.134x for

Ce0.8(Gd0.2�xSmx)O1.90 ceramics (x = 0.00–0.20).

The ionic conductivity of Ce0.8(Gd0.2�xSmx)O1.90 ceramics

as a function of temperature and different Sm substitution are

plotted in Figs. 5 and 6. It is found that Ce0.80Gd0.20O1.90

specimen possessed the maximum ionic conductivity, 0.051 S/

cm at 850 8C, the minimum activation energy, Ea = 0.77 eV in

the temperature range of 500–850 8C and minimum thermal

expansion coefficient, TEC = 18.733 ppm/8C in the tempera-

ture range of 25–850 8C. Similar ionic conductivity results have

been found in previous literatures [19]. This result indicated

that Ce0.80Gd0.20O1.90 ceramic derived from microwave-

induced combustion process possessed good ionic conductivity.

With temperature increasing, the oxygen ion mobility

increases, and consequently the conductivities increase. It is

found that the conductivity for Ce0.8Sm0.2O1.9 (x = 0.20) have

the highest value at low temperature range (500–650 8C) but it
Fig. 4. Lattice constant of Ce0.8(Gd0.2�xSmx)O1.90 ceramics as function of Sm-

substituted amount.



Fig. 5. Arrhenius plots for ionic conductivities of Ce0.8(Gd0.2�xSmx)O1.90

ceramics.

Table 1

The average linear thermal expansion coefficients, and activation energy, for

Ce0.8(Gd0.2�xSmx)O1.90 ceramics

Nominal composition Linear thermal

expansion

(�10�6)

Activation

energy,

Ea (eV)

Ce0.8Gd0.2O1.9 18.7336 0.7718

Ce0.8(Gd0.15Sm0.05)O1.9 19.3042 0.9373

Ce0.8(Gd0.10Sm0.10)O1.9 19.5699 1.1435

Ce0.8(Gd0.05Sm0.15)O1.9 19.8311 1.1507

Ce0.8Sm0.2O1.9 19.1391 0.8541
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becomes less than Ce0.8Gd0.2O1.9 (x = 0.00) at high temperature

range (650–850 8C). It indicates that Ce0.80Sm0.20O1.90

possessed higher ionic conductivity than Ce0.80Gd0.20O1.90

below 650 8C, whereas, Ce0.80Gd0.20O1.90 with highest ionic

conductivity is found above 650 8C. Activation energy for

conduction is obtained by plotting the ionic conductivity data

in Arrhenius relation for thermally activated conduction.

Activation energy was calculated according to following

equation. sT = s0 exp(�Ea/kT), where Ea is the activation

energy for conduction, T the absolute temperature, and s0

is a pre-exponential factor [20]. Activation energy for

Ce0.8(Gd0.2�xSmx)O1.90 ceramics are summarised in Table 1.

Fig. 7 displays the variation of the activation energy, Ea as a

function of Sm-substituted amount in Ce0.8(Gd0.2�xSmx)O1.90

ceramics in the temperature range of 500–850 8C. The

activation energy increases gradually with increasing Sm-

substituted amount and reaches a maximum, Ea = 1.15 eV for

Ce0.80(Gd0.05Sm0.15)O1.92 specimen. Further increasing the

Sm-substituted amount for x > 0.15 leads to a fall in activation
Fig. 6. Sm-substituted amount dependence of ionic conductivities of

Ce0.8(Gd0.2�xSmx)O1.90 ceramics at different temperatures.
energy. The Ce0.8(Gd0.2�xSmx)O1.90 powders synthesized by

microwave-induced combustion process can significantly

decrease the sintering temperature of Ce0.8(Gd0.2�xSmx)O1.90

ceramics, compared to that above 1550 8C required for ceria

solid electrolytes prepared by solid state reaction. Apart from

high ion conductivity, the electrolyte materials for SOFC must

have matched thermal expansion coefficient for cathode and

anode materials to avoid microcrack between anode and

electrolyte or between cathode and electrolyte at operation

temperature. The average thermal expansion coefficient of

Ce0.8(Gd0.2�xSmx)O1.90 ceramics versus Sm-substituted

amount is depicted in Fig. 8. It reveals that the thermal

expansion coefficient of Ce0.8(Gd0.2�xSmx)O1.90 ceramics

initially increases with increasing Sm-substituted amount in

range of x = 0.00–0.15. A minimum thermal expansion

coefficient is 18.733 ppm/8C for Ce0.80Gd0.20O1.90 specimen.

Further increasing the Sm-substituted amount leads to an

increase in thermal expansion coefficient and reaches a

maximum, TEC = 19.831 ppm/8C for Ce0.80(Gd0.05Sm0.15)

O1.92 specimen. A bulk thermal expansion study on

Ce0.8(Gd0.2�xSmx)O1.90 ceramics has been conducted from

room temperature to 800 8C using a dilatometer. In order to

investigate the bulk thermal expansion behavior versus

temperature for Ce0.8(Gd0.2�xSmx)O1.90 system. A typical plot

of linear thermal expansion (in percent) as function of

temperature is shown in Fig. 9. It revealed that linear thermal
Fig. 7. Variation of activation energy, Ea as function of Sm-substituted amount

in Ce0.8(Gd0.2�xSmx)O1.90 ceramics in temperature range of 500–850 8C.



Fig. 8. The thermal expansion coefficient of Ce0.8(Gd0.2�xSmx)O1.90 ceramics

vs. Sm-substituted content.

Y.-P. Fu / Ceramics International 34 (2008) 2051–2057 2055
expansion fitted as a function of temperature using a

polynomial regression. The polynomial correlations are given

as follows (temperature, T, in centigrade):
� F
Fi

of
or Ce0.8(Gd0.1Sm0.1)O1.9:

100
DL

L0

¼ �0:03239þ ð8:50966� 10�4ÞT

þ ð2:5423� 10�6ÞT2 � ð2:83766� 10�9ÞT3

þ ð1:51966� 10�12ÞT4
� F
or Ce0.8(Gd0.05Sm0.15)O1.9:

100
DL

L0

¼ �0:03347þ ð8:14722� 10�4ÞT

þ ð2:75562� 10�6ÞT2ð2:69781� 10�9ÞT3

þ ð1:35002� 10�12ÞT4
g. 9. Linear thermal expansion of Ce0.8(Gd0.1Sm0.1)O1.9 ceramic as function

temperature in the temperature range of 25–850 8C.
� F
Fi

an
or Ce0.8(Gd0.15Sm0.05)O1.9:

100
DL

L0

¼ �0:05859þ ð0:00156ÞT � ð1:5709� 10�6ÞT2

þ ð5:2394� 10�9ÞT3 � ð3:355941� 10�12ÞT4
� F
or Ce0.8Sm0.2O1.9:

100
DL

L0

¼ 0:03376þ ð8:98333� 10�4ÞT

þ ð2:0328� 10�6ÞT2 � ð1:8016� 10�9ÞT3

þ ð8:7337� 10�13ÞT4
� F
or Ce0.8Gd0.2O1.9:

100
DL

L0

¼ �0:02963þ ð8:07853 � 10�4ÞT

þ ð2:6418� 10�6ÞT2 � ð2:71294� 10�9ÞT3

þ ð1:3796� 10�12ÞT4

The average linear thermal expansion coefficients in the

temperature range of 25–850 8C for Ce0.8(Gd0.2�xSmx)O1.90

ceramics are shown in Table 1.

The correlation between thermal expansion coefficient

and the logarithm of the ionic conductivity for

Ce0.8(Gd0.2�xSmx)O1.90 ceramics is shown in Fig. 10. It

indicates that Sm-substituted GDC ceramics with higher

conductivity but possessed lower thermal expansion coeffi-

cient. According to this viewpoint, we can easily predict the

ionic conductivity property of Sm-substituted GDC ceramics

by the measurement of thermal expansion coefficient. The

thermal expansion coefficient in the range of 25–850 8C and ion

conductivity at 650 8C for Ce0.8(Gd0.2�xSmx)O1.90 ceramics

give the polynomial correlation as follows:

TEC ¼ �1940:77 � 1277:25ðln sÞ � 309:15ðln sÞ2

� 32:83ðln sÞ3� 1:29ðln sÞ4
g. 10. Correlation between thermal expansion coefficient, TEC (25–850 8C)

d ionic conductivity,s (650 8C, air) for Ce0.8(Gd0.2�xSmx)O1.90 ceramics.



Fig. 11. SEM micrographs of sintered Ce0.8(Gd0.2�xSmx)O1.90 ceramics of (a) Ce0.8Gd0.2O1.9, (b) Ce0.8(Gd0.15Sm0.05)O1.9, (c) Ce0.8(Gd0.10Sm0.10)O1.9, and (d)

Ce0.8(Gd0.05Sm0.15)O1.9.
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The correlation obtained provides an empirical evaluation

of the properties of Ce0.8(Gd0.2�xSmx)O1.90 ceramics if

the other one is known. Fig. 11 shows the morphology of

Ce0.8(Gd0.2�xSmx)O1.90 ceramics. The microstructure of

Ce0.8(Gd0.2�xSmx)O1.90 ceramics revealed that high densifica-

tion was achieved. There was little or no intergranular porosity

can be found in all specimens. In Fig. 11(a), it revealed that the

average grain size of Ce0.8Gd0.2O1.9 was about 1–2 mm, which

is associated with the superfine primary powder. These

microstructure characteristic may be in favor of improving

the grain interior conductivity [21]. The theory density of all

specimens was greater than 95%. Moreover, it is found that the

grain size increases with the amount of Sm substitution for Gd

in Ce0.8(Gd0.2�xSmx)O1.90 system for 0.00 � x � 0.15. In

Fig. 11(d), the grain boundaries tend to merge and the grains

size become larger. The grain is distributed over the range of 3–

5 mm. With regard to the grain size increases for x = 0.15 in

Ce0.8(Gd0.2�xSmx)O1.90 system, the mechanism does not

realize clearly at present stage. This behavior is related with

the thermal expansion and activation energy results. It implied

that the amount of Sm has a strong effect on microstructure and

grain size in Ce0.8(Gd0.2�xSmx)O1.90 system for 0.00 � x �
0.15. According to the thermal expansion, activation, and SEM

results, it concluded that the specimen with large grain size

possessed higher thermal expansion coefficient and activation

energy for Ce0.8(Gd0.2�xSmx)O1.90 (0.00 � x � 0.15.) system.

4. Conclusions

In this study, using cerium nitrate hexahydrate, gadolinium

nitrate hexahydrate, samarium nitrate hexahydrate, and urea as
the starting materials, Ce0.8(Gd0.2�xSmx)O1.90 nanopowders

have been synthesized successfully by microwave-induced

combustion process. Ce0.8(Gd0.2�xSmx)O1.90 ceramics were

sintered at 1450 8C for 3 h, the bulk density was over 95% of

the theoretical density. The maximum ionic conductivity,

s8508C = 0.051 S/cm, minimum activation energy, Ea = 0.77 eV

and minimum thermal expansion coefficient, TEC =

18.733 ppm/8C was found at Ce0.80Gd0.20O1.90 ceramic. It

seems to have some correlation between the thermal expansion,

grain size, and activation energy. According to experimental

results, it is concluded that the specimen with large grain size

possessed higher thermal expansion coefficient and activation

energy in Ce0.8(Gd0.2�xSmx)O1.90 for 0.00 � x � 0.15.
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