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Abstract

The structure, thermal expansion and electrical conductivity of Ces(Gd;_,Bi,)92019 (x=0.1-0.5), prepared by coprecipitation were investigated.
Ce(.5(Gd;_,Bi, )09 ceramics was sintered in the range of 1350-1450 °C for 6 h; the bulk density of Ceg(Gd;_,Bi,)g20;9 ceramics was over
95% of the theoretical density; the maximum electrical conductivity, oy oc =0.078 S/cm with minimum activation energy, E, =0.638 eV was
found for the Ce3(GdsBigs)0201.90 ceramic. The gadolinium-doped ceria ceramics preparation by coprecipitation can reduce the sintering
temperature by addition of bismuth. The thermal expansion coefficient of Ceyg(Gd;_,Bi,)0,0;9 covers the range of 20.132-20.478 ppm/°C. The
ceramic has a fracture toughness in the range of 1.28-2.60 MPam'? for dense Ce(g(Gd,_Bi,)y,0;9 ceramics. The value of fracture toughness
increased with Bi content. It indicated that the mechanical properties of gadolinium-doped ceria ceramics could be improved by addition of

bismuth.
© 2007 Published by Elsevier Ltd.
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1. Introduction

A solid oxide fuel cell (SOFC) is a highly efficient
power-generation system for future application. A typical high
temperature SOFC uses 8 mol% yttria-stabilized zirconia (YSZ)
as an electrolyte, which needs to operate at high temperatures of
800-1000 °C, where the ionic conductivity reaches the required
high level. However, such high temperatures can to reaction
between the components, thermal degradation or thermal expan-
sion mismatch.! In order to reduce the operation temperature
from 1000 to 800 °C or even lower, doped ceria has been con-
sidered as a promising solid electrolyte for moderate temperature
solid oxide fuel cells.> The conductivity maximum in zirconia
has been correlated with the minimum dopant level necessary to
stabilize the high temperature face-centered cubic (fcc) phase.
In contrast to pure zirconia, CeO;_g, has the fluorite structure
and oxygen vacancies (V,**) as the predominant ionic defect.3-
Pure CeO;, is a poor oxide ion conductor. However, the ion con-
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ductivity can be significantly improved by the substitution of
gadolinium, compensated by oxygen vacancies,

Gdr03 %26’ ce + 30%0 + V,*°

It is well known that ceria-based ceramics are difficult to
densify below 1500°C. For cost effectiveness, lowering sin-
tering temperature for solid electrolyte is desirable since the
co-firing with the anode and cathode materials is possible.
Ceria-based ceramics, however, have a sintering temperature,
which varies from 1500 to 1700 °C, depending on the dopant,
the starting powders and sintering method. This can lead to
considerable grain coarsening and therefore poor mechanical
properties.® In order to overcome the above-mentioned prob-
lem, bismuth can be added to reduce sintering temperature and
grain growth. Chemical precipitation is a simple and feasible
technique for synthesizing ultra fine ceramic powders with high
sinterability. In the current research, we present the results of a
systematic study of the structure, thermal expansion, mechani-
cal and electrical properties of Ce g(Gd;—xBiy)p201.9 prepared
by coprecipitation process.
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Table 1

Crystallite size of Cegg(Gd;_,Biy)o20;.9 powders prepared by coprecipitation
process

Composition Crystallite size* (nm)

X=0.1 11.7

X=02 14.9

X=0.3 12.3

X=04 12.4

X=0.5 13.1

54104~ =
5.408 - )
5.406 -
5.404 - =

5.402 4

4 Crystallite size measured from XRD line broadening.

2. Experimental procedures
2.1. Sample synthesis

Solid solution Ceg(Gd;_,Biy)p2019 (x=0.1-0.5) were
synthesized by a coprecipitation method in this study.
Stoichiometric amounts of cerium nitrate hexahydrate
(Ce(NO3)3-6H,0), gadolinium nitrate hexahydrate (Gd(NO3)3
-6H70) and bismuth nitrate hexahydrate (Bi(NO3)3-6H,>0)
were dissolved in distilled water. Then the ammonia (NH4OH)
solution was added to nitrate solution, precipitates were form
until pH 10. The resulting precipitate was vacuum-filtered,
washed three times with water and ethanol, respectively, and
dried at 90 °C in an oven. The coprecipitation hydrate powder
decomposed to a polycrystalline oxide by heating to 600 °C
for 2h. The oxidation of Ce** to Ce** occurred during this
stage. The powder sample were palletized and sintered at
1350-1450°C for 6 h with a programmed heating and cooling
rate of 5°C/min. The sintered samples were over 95% of
theoretical density in all specimens.

2.2. Characterization measurements

A computer-interface X-ray powder diffractometer (XRD,
Rigaku D/Max-1II, Japan) with Cu Ka radiation (A =0.15418 nm)
was used to identify the crystalline phase and determine mean
crystalline size (Dxrp). Dxrp was calculated according to
Scherer equation: Dxrp =0.91/B cosf, where A is the wave-
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Fig. 1. XRD patterns of Ceg g(Gd;—_,Bix)0201.9 ceramics.

5.400

Lattice constant (A)
n

5.398 4

4 .
5.396 E

| 1 1 " | |
0.1 0.2 0.3 0.4 0.5
X

Fig. 2. Lattice constant of Ceg g(Gd|_xBiy)0201.9 ceramics as a function of x.

length of the radiation, 6 is the diffraction angle and B is the
corrected half-width of the diffraction peak, given by B? =
B2 — B2, where By, is the measured half-width of the diffraction
peak and B is the half-width of a standard CeO, with a crys-
tal size greater than 100 nm. The reflection from (11 1) plane,
occurring at 28.60 26, was used to calculate the crystallite size.
The particle size determined from the broadening curve is about
11.7-14.9 nm in Ceg g(Gd|_,Biy)0201.9 samples. When using
the Scherer equation, we assume that the particle size effects
are only source of peak broadening; however, if compositional
non-uniformity occurs in the particles, the particle size will be
underestimated.

The morphological features of Cegg(Gdi_xBiy)0201.9
ceramics were observed using a scanning electron micro-
scope (SEM, Jeol JSM-6500F Japan). After sintering, the
Ce.8(Gd;—xBiy)p201.9 samples were polished with diamond
paste to 1 wm finish. They were then subjected to thermal etch-
ing by heating at 100 °C below sintering temperature for 1 h. For
sintered specimens, the electrical conductivity was measured
by two-point DC method on a sintered Ceg g(Gd;—xBiyx)p201.9
pellet. The electrical conductivity measurements were made
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Fig. 3. Arrhenius plots for electrical conductivity of Cepg(Gd;—Biy)0201.9
ceramics.
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Fig. 4. Bi amount dependence of the electrical conductivity of

Ce.3(Gd|_xBiy)0201.9 ceramics at different temperatures.

at various temperatures in the range of 500-800°C in air.
Arrhenius plots (plots of logo versus 10°/T) were constructed
and activation energies for conduction were computed. The
densities of sintered ceramics were measured by the Archi-
mendean method. The thermal expansion coefficients of sintered
Ce(.8(Gd;—xBiy)p201.9 pellets were measured by dilatometer
(DIL, Netzsch DIL 402 PC, Germany) using a constant heating
rate of 10 °C/min in the temperature range of 25-850 °C.

Vickers hardness was measured using a microhardness tester
(Akashi MVK-H110, Japan) with the load 1000 g, and held for
10s. At least 10 indentations were used for obtained mean and
standard deviation value of hardness and fracture toughness.
All specimens were polished with a series of emery paper of
800, 1000, 1200 and 1500 grit. Contamination on the surface
was ultrasonically cleaned with ethanol. The Vickers indenter
hardness was determined by the average value of both diagonals
with a Vickers indenter apex of 136° and calculated with follow
equation: Hy = 1.8544 P/d” where P is the load and d is the mean
value of both diagonals.
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Fig. 5. Variation of the activation energy, E, as a function of Bi amount in
Ce.3(Gd|—+Biy)0201.9 ceramics in the temperature range of 500-850 °C.
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Fig. 6. Linear thermal expansion of Ceg (Gdg.9Bio.1)0.201.9 ceramic as function
of temperature in the range of 25-850 °C.

3. Results and discussion

The X-ray diffraction patterns of the Ceg g(Gd|_xBi,)0201.9
powders, which after calcined for 600 °C, were identified by
the diffractometer. It is found that Cey g(Gd|_Bix)9.201.9 pow-
ders contain only the cubic fluorite structure with space group
Fm3m (JCPDS powder diffraction file no. 34-0384). Moreover,
the XRD patterns peaks are quite broad and indicate the fine
particle of the product. Table 1 summarizes the data of crystal-
lite size of the Cepg(Gd|—,Biy)p201.9 powder. The crystallite
size calculated from peak broad ranges from 11.7 to 14.9 nm.
The particle size calculated from specific surface area of the
powders ranges from 18 to 50 nm and does not depend on the
doping amount of bismuth. Fig. 1 displays the XRD patterns
of Cepg(Gd;_,Biy)p2019 ceramics prepared by coprecipita-
tion process with the fluorite structure in the Bi substitution
in range of x=0.1-0.5. No secondary phases are found in all
specimens. It indicates a very large dopant concentration range
for Cepg(Gd;_,Biy)92019 ceramics (x=0.1-0.5). The intro-
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Fig. 7. Thermal expansion coefficient of Cepg(Gd;_xBiy)o20;.9 ceramics as a
function of x.



88 Y.-P. Fu et al. / Journal of the European Ceramic Society 28 (2008) 85-90

Table 2

Relative density, electrical conductivity and activation energy of Ceg g(Gd;—_,Biy)p 2019 ceramics

Composition Conductivity (S/cm) Activation energy E, (eV) Pre-exponential o, (S, °C/cm)
600°C 700°C 800°C

X=0.1 7.94 % 1073 1.98 x 1072 4.09 x 1072 0.749 1.45 x 10°

X=0.2 9.84x 1073 2.17x 1072 420 x 1072 0.715 1.18 x 103

X=023 1.08 x 1072 2.50 x 1072 6.10 x 1072 0.697 8.64 x 10*

X=04 1.78 x 102 4.05x 1072 7.66 x 1072 0.686 1.35 x 10°

X=0.5 2.25% 1072 432 %1072 7.80 x 1072 0.638 7.59 x 10*

duction of BipO3 into gadolinium-doped ceria can cause a small
shift in the ceria peaks. This shift is indicative of change in
lattice parameter. A distribution of different BioO3 concentra-
tions within individual particles as well as between particles
would lead to distribution of 26 values. Fig. 2 shows the lattice
constant of Ceg(Gd|_,Biy)9201.9 ceramics as a function of
dopant 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 (11 1),
(200), (220) and (311) plane. The lattice constant increased
with increasing gadolinium amount. It indicates different radii
of Ce** (0.96 A) and Gd** (0.97 A) in an oxide solid solution
with a fluorite-type structure. Doping BioO3 in CeO; lattice
will induce uniform strain in the lattice as the material is elas-
tically deformed. This effect causes the lattice plane spacing to
change and the diffraction peaks to shift to new 26 position.
As the Bi content increasing, the lattice constant decreased lin-
early as a (x)=5.41204 — 0.0306x for Ceg g(Gd;—_,Biy)0.201.9
ceramics. It shows that these solid solution obey Vegard’s
rule.

The Arrhenius plot for the electrical conductivity of
Cep.8(Gd;_Biy)0.201.9 ceramics is plotted in Fig. 3. The elec-
trical conductivity is the bulk value, which is the sum of the
grain interior, and grain boundary contributions.” Pure ceria is
a poor ion conductor (ogog °oc ~ 2.41 x 10~* S/cm). The electri-
cal conductivity is significantly enhanced in gadolinium-doped
ceria ceramic by increasing oxygen vacancies (V,°*®). The
electrical conductivity of Ce g(Gd;_,Biy)9 201 9 increases sys-
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Fig. 8. Microhardness and fracture toughness, respectively, dependent of Bi
amount for Ceq g(Gd|_,Bi)p201.9 ceramic.

tematically with increasing bismuth substitution and reaches
a maximum for the composition of Cegg(Gdgs5Bip5)0.201.9
(300°c ~ 7.80 x 10~2 S/cm). With temperature increasing, the
oxide ion mobility increases, and consequently the conduc-
tivities increase at high temperatures. Activation energy for
conduction is obtained by plotting the electrical conductiv-
ity data in the Arrhenius relation for thermally activated
conduction. Fig. 4 depicts the electrical conductivity of
Ce.8(Gd;—xBiy)p2019 as a function of temperature. With
temperature increasing, the oxide ion mobility increases, and
consequently the conductivities increase. Fig. 5 shows the
variation of E, as a function of Bi substitution concentra-
tion in gadolinium-doped ceria ceramics in the temperature
range of 500-850°C. The activation energy decreases gradu-
ally with increasing Bi substitution concentration and reaches
a value of E, =0.638 eV, for the Ce 3(Gdp 5Bip.5)0201.9 speci-
men. Meanwhile, the pre-exponential factor also decreases with
increasing Bi substitution concentration and reaches a minimum,
0o=7.59 x 10* °C/cm, for the Ceg.3(Gdg.5Bio.5)02019 speci-
men. A summary of electrical conductivities, activation energies,
and pre-exponential factor of Cep g(Gdj_,Biy)0201.9 ceramics
are listed in Table 2.

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. Consequently, thermal expansion
is an important property, it governed the performance of
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Fig.9. Microhardness and fracture toughness, respectively, vs. indentation crack
size for Ce g(Gdp 9Big.1)0.201.9 ceramic.
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Fig. 10. Scanning electron micrograph of (a) Cep 8(Gd_0.9Bio.1)0.201.9 sintered at 1450 °C for 6 h, (b) Ceo.8(Gd_0.8Bi0.2)0.201.9, (¢) Ceo.8(Gd_.7Bi0.3)0.201.9, (d)
Ceo8(Gd_.6Big4)0201 9 sintered at 1400 °C for 6 h and (e) Ceng(Gd_.5Big.5)0.201 .9 sintered at 1350 °C for 6 h.

high temperature devices. A bulk thermal expansion study
on Ceg g(Gdg s5Big.5)0.201.9 ceramics has been conducted from
room temperature to 850 °C using a dilatometer. A typical plot of
linear thermal expansion (in percent) as function of temperature
is shown in Fig. 6. It revealed that linear thermal expansion fitted
as a function of temperature using a polynomial regression. The
polynomial correlations are given as follows (temperature, 7, in
Centigrade):

for Cep.8(Gdo.9Bip.1)0.201.9: 100

AL/Ly=—0.04415 + (8.38904 x 10~*)T+(1.2853 x 10~9)72
—(5.67107 x 101273 + (2.79666 x 10~ 13)1*

for Ceo,g(Gdo_gBio,z)o_zOl_g: 100

AL/Ly=—0.0456 +(8.95066 x 10~)T+(2.27352 x 107012
—(1.82719 x 10~2)73 +(8.43327 x 10~ '13H1*

for Cep.8(Gdo.7Bi03)0.201.9: 100
AL/Ly=—0.05019+(9.55119 x 10~*)T+ (1.82449 x 10~9)12
—(5.7593 x 10710)73 4+ (1.16339 x 10~ 13)1*

for Ceq 8(Gdo.6Bio.4)0.201.9: 100

AL/Ly=—4.45765 x 10~* +(8.95081 x 10~T

+(2.0643 x 107872 — (1.37552 x 10~'H3

+(6.20947 x 10~ 11*

for Cep.8(Gdo 5Big.5)0.201.9: 100

AL/Ly=—0.04442 + (7.08809 x 10~4)T+(3.33656 x 10~)12
—(3.93743 x 10°)T3 +(2.16177 x 10~ 12)T*.

The average thermal expansion coefficient (TEC) from 25 to
850 °C is presented in Fig. 7. The thermal expansion coefficient
of Cepg(Gdj_Bix)02019 (0.1 <x<0.5) is distribution in the
range of 20.132-20.478 ppm/°C.
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Fig. 8 depicted the fracture toughness and microhardness,
respectively, versus Bi substitution for Ceg(Gd;_xBiyx)p201.9
ceramics. The fracture toughness versus crack size was first
examined based on the equation as follows®:

EN/?/ P
Kic = 0.016 . o

where Kjc is fracture toughness, E is Young’s modulus, Hy
is Vickers hardness, P is the load and C is the half crack size.
There are many indentation equations for the calculation of
Kic as presented by Poton and Rawling.” There are specific
conditions and limitation for using there formulate; so far no
universal formula is available to evaluate of Kic for all ceram-
ics materials.'9 For convenience, above-mentioned equation is
applied for dealing with the indentation data of doped ceria-
based ceramics. The result revealed that the fracture toughness
increased with Bi content. On the contrary, the microhardness
decreased with Bi content for Ceg g(Gd_,Bi,)p201.9 ceramics.
To realize the correlation between the indentation crack length
and toughness, we used various load on indentation testing.
Fig. 9 plots the relation between microhardness, fracture tough-
ness and indentation crack length for Ceg g(Gdg9Big.1)0.201.9
ceramic. It is found that the indentation fracture toughness and
microhardness are independent of crack length. Microstruc-
ture of Cepg(Gd1_,Biy)0.201.9 ceramics sintered in the range
of 1350-1450°C for 6h are shown in Fig. 10. They showed
good densification, well-sintered, no intragranular pores with a
grain size ranging from 0.1 to 1 pwm independent of Bi content.
However, the addition of Bi can effectively decrease grain size,
reduced sintering temperature and improve fracture toughness
for gadolinium-doped ceria ceramics.

4. Conclusions

Recently, gadolinium-doped ceria powders have been stud-
ied widely due to it is a very important material of solid oxide
fuel cells. In order to decrease sintering temperature, we attempt
to add bismuth in gadolinium-doped ceria in current research.
Cep.8(Gdj_Biy)0.201.9 ceramics sintering at 1350-1450 °C for
6h, the maximum electrical conductivity,oggo °.c =0.078 S/cm
with minimum activation energy, E, =0.638 eV was found at
Ce.8(Gdg.5Bin.5)0.201.90 ceramic. The Ceo.8(Gd;—xBix)o201.9
powders synthesized by coprecipitation process can effectively

decrease the sintering temperature, compared to that above
1550 °C required for gadolinium-doped ceria solid electrolytes
prepared by solid state reaction.

The grain size in the range of 0.1-1 pm is independent of
Bi content. The fracture toughness of Cegg(Gdj_Biy)0201.9
ceramic increased with Bi amount. It indicated that the
mechanical stability of gadolinium-doped ceria ceramics could
effectively improve by addition of bismuth. The oxide ion con-
ductivity of Cepg(Gd;_,Biy)92019 is higher than the most
commonly used solid electrolyte, yttrium-stabilized zirconia.
These ceramics with high conductivity are suitable for solid
oxide fuel cells applications.
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