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bstract

his study investigates the structure, phase stability, and electrical properties of BaCe0.8Y0.2−xNdxO3−δ (x  = 0–0.2) in humid air. XRD results indicate
hat a BaCe0.8Y0.2−xNdxO3−δ sample has an asymmetric orthorhombic structure, and this structure becomes more symmetric as the amount of Nd
oping increases. The conductivity of BaCe0.8Y0.2−xNdxO3−δ depends on the amount of Nd doping and the operation temperature. AC impedance
esults indicate that the resistance of BaCe0.8Y0.2−xNdxO3−δ decreases as the temperature increases, with the majority of resistance coming from

xygen ion diffusion. The XRD peak intensity of BaCe0.8Y0.2O3−δ apparently decreased with time, forming Ba(OH)2 and CeO2 second phases.
he phase stability of BaCe0.8Y0.2−xNdxO3−δ (x  = 0.05–0.2) samples is much better than that of BaCe0.8Y0.2O3−δ, and it exhibited no second phase
fter tested in an 80 ◦C water bath for 18 h.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Solid oxide fuel cells (SOFCs) are highly efficient and
lean electrochemical power-generation systems because of
heir high energy conversion efficiency, high power density,
nvironmental friendliness, and flexibility in using fuels.1 A
onventional high-temperature SOFC (HT-SOFC) based on a

 mol% yttria-stabilized zirconia (YSZ) electrolyte operates at
 high temperature range of 800–1000 ◦C. However, this high
peration temperature causes many problems such as high cost,
pecial materials for sealing and the current interconnector,
hemical reactions, and thermal expansion mismatch between
he components, and a long start-up/shut-off period. Lower-
ng the operation temperature of SOFCs to 600–800 ◦C using
igh-conductivity electrolyte materials2–5 widens the choice of
ossible metal interconnectors, significantly reduces production
nd application costs, and improves overall SOFC stability and
eliability.
Cation-doped BaCeO3 attracted great interest in the 1980s
nd 1990s due to their high ionic conductivity at 400–700 ◦C.
wahara et al. demonstrated that BaCeO3 has the highest
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onductivity among the high temperature proton conductors
HTPCs).6 Researchers recently demonstrated a SOFC based
n BaCe0.8Y0.2O3 electrolyte with a power density of 0.9 and
.4 W cm−2 at operating temperatures of 400 ◦C and 600 ◦C,
espectively.7–10 However, this cation-doped BaCeO3 elec-
rolyte has not yet been commercialized because it has a phase
tability problem under SOFC operation conditions, such as
umid air and an atmosphere containing CO2.11 Therefore, it
s necessary to ensure that the electrolyte materials have ther-

odynamic stability or at least long-term kinetic stability with
ood conductivity. Previous research indicates that phase stabil-
ty is a serious concern for BaCeO3-based electrolytes. Recent
tudies demonstrate the many effects of adjusting the chemical
omposition of the BaCeO3-based ionic conductor or coating it
ith a protective layer to prevent degradation.5,12

This study investigates the structure and conductivity of
aCe0.8Y0.2−xNdxO3−δ (x  = 0–0.2) in humid air in detail. This

s also the first study to show that the phase stability and decom-
osition thermodynamics of BaCe0.8Y0.2−xNdxO3−δ (x  = 0–0.2)
epend on time in 80 ◦C water.
. Experimental

BaCe0.8Y0.2−xNdxO3−δ (x  = 0–0.2) powders were prepared
hrough a solid-state reaction process. The stoichiometric ratios

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.003
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Fig. 1. (A) XRD patterns of (a) BaCe0.8Y0.2O3−δ; (b) BaCe0.8Y0.15Nd0.05O3−δ;
(c) BaCe0.8Y0.1Nd0.1O3−δ; (d) BaCe0.8Y0.05Nd0.15O3−δ; (e) BaCe0.8Nd0.2O3−δ

and (B) magnified XRD patterns from 50◦ to 51.5◦.

Table 1
Lattice parameters and unit volume of BaCe0.8Y0.2−xNdxO3−δ.

Samples a (Å) b (Å) c (Å) V (Å3)

BaCe0.8Y0.2O3−δ 8.7432 6.2750 6.2033 340.3380
BaCe0.8Y0.15Nd0.05O3−δ 8.7570 6.2273 6.1930 337.7156
BaCe0.8Y0.1Nd0.1O3−δ 8.7487 6.2279 6.1907 337.3071
BaCe0.8Y0.05Nd0.15O3−δ 8.7576 6.2242 6.1914 337.4855
B

p
B
a
l
s
B
weight of BaCe0.8Y0.2O3−δ slightly increased above 800 C,
which may be due to the reaction of BaCe0.8Y0.2O3−δ with CO2
in air. However, the mass loss curve of BaCe0.8Y0.2−xNdxO3−δ
138 Y.-C. Lee et al. / Journal of the Europ

f high purity oxide powders of BaCO3 (J.T. Baker, 99.9%),
eO2 (Alfa, 99.9%), Y2O3 (Alfa, 99.99%) and Nd2O3 (Alfa,
9.99%) were mixed and ball milled in ethanol for 24 h. The
ried powders were subsequently calcined at 1300 ◦C in air for
2 h. The calcined powder is die-pressed into pellets measuring
pproximately 1 cm diameter and 2 mm thick under 25 kg/cm2

f pressure. Finally, the samples sintered at 1600 ◦C for 4 h in
ir.

Thermogravimetry analysis (TGA) was performed from
0 ◦C to 1000 ◦C at a heating rate of 5 ◦C/min in air using
A Instruments SDT-Q600 DSC-TGA. The phase identification
f the BaCe0.8Y0.2−xNdxO3−δ powders were performed with a
owder diffractometer (LabX, XRD-6000) with Ni-filtered Cu
� radiation and a diffraction angle ranging from 20◦ to 85◦
ith a step of 0.01◦ and a rate of 1◦/min. The conductivity of

amples was measured in 3 RH% humid air in a temperature
ange of 450–750 ◦C using a DC two-probe method and Agilent
4970a. The conductivity was calculated according to Eq. (1) as
ollows:

 = L

A  ×  Ω
(1)

here σ is conductivity (S/cm), L  is sample thickness (cm), A  is
ample area (cm2), and Ω  is electrical resistance (ohm).

The activation energy of conductivity was calculated using
he Arrhenius equation as follows:

T =  Ae−Ea/RT (2)

here T  is temperature (K), Ea is activation energy (J/mol), R  is
he gas constant (J/mol K), and A  is pre-exponential constant.

The phase decomposition thermodynamics of
aCe0.8Y0.2−xNdxO3−δ (x  = 0–0.2) were calculated using

he Fraction Life Method (tF)13 based on the XRD patterns
n 80 ◦C water after 0, 6, 12, 18, and 24 h, respectively. The
lectrochemical impedance spectra (EIS) were measured using
n impedance analyzer (HIOKI, 3522-50 and 3532-50) at
00 mV, from 50 kHz to 0.01 Hz frequency in humid air at
emperatures ranging from 600 to 800 ◦C.

. Results  and  discussion

Fig. 1 shows the XRD patterns of BaCe0.8Y0.2−xNdxO3−δ

alcined at 1300 ◦C for 12 h. The XRD pattern of
aCe0.8Y0.2O3−δ main phase exhibits sub-peak patterns,

ndicating that the structure is a perovskite orthorhom-
ic structure. Fig. 1A (b)–(e) shows the XRD patterns of
aCe0.8Y0.2−xNdxO3−δ (x  = 0.05–0.2), indicating that the struc-

ure is pseudo-orthorhombic structure. The peaks include the
1 1 0), (1 1 1), (2 0 0), (2 1 1), (2 2 0), (3 1 0), (2 2 2), and (3 2 1)
eflections. Fig. 1B shows the XRD patterns of samples from 50◦
o 51.5◦. The XRD patterns of depict the structure of apparently
loser to orthorhombic structure. Table 1 lists the lattice param-
ters and unit volume of BaCe0.8Y0.2−xNdxO3−δ. These results

ndicate that the BaCe0.8Y0.2−xNdxO3−δ structure changes to a

ore symmetric structure with Nd doping.
Fig. 2 shows the thermal gravity analysis (TGA)

urves of BaCe0.8Y0.2−xNdxO3−δ in air from room tem-
F
h

aCe0.8Nd0.2O3−δ 8.7737 6.2235 6.2102 339.0951

erature to 1000 ◦C. This figure shows the weight of all
aCe0.8Y0.2−xNdxO3−δ samples decreased as the temper-
ture increased due to the oxygen loss, which in turn
ed to the formation of oxygen vacancies. A compari-
on with the mass loss curves of BaCe0.8Y0.2O3−δ and
aCe0.8Y0.2−xNdxO3−δ (x  = 0.05–0.2) samples reveals that the

◦

ig. 2. Thermalgravity analysis curves of BaCe0.8Y0.2−xNdxO3−δ in air with a
eating rate of 5 ◦C/min.
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ig. 3. Conductivity of BaCe0.8Y0.2−xNdxO3−δ at different temperatures in 3
H% air.

emained constant. This indicates that the phase stability of
aCe0.8Y0.2−xNdxO3−δ is better than that of BaCe0.8Y0.2O3−δ.

Fig. 3 shows the conductivity of BaCe0.8Y0.2−xNdxO3−δ

amples as a function of temperature in air. The conduc-
ivity of all samples increased as the temperature increased.
his indicates that the BaCe0.8Y0.2−xNdxO3−δ is an ionic con-
uctor. The conductivity of BaCe0.8Y0.2−xNdxO3−δ decreased
s the amount of Nd doping increased. The conductivity
f BaCe0.8Y0.2O3−δ decreased from 0.028 S/cm to 0.01 S/cm
s the Nd doping increased from 0 to 20 mol%. The
aCe0.8Y0.1Nd0.1O3−δ exhibited the conductivity of 0.015 S/cm
t 800 ◦C, which is much higher than that of the Ce0.8Sm0.2O1.9
SDC) and 16 mol% yttria-doped zirconia (8YSZ).

The activation energy of the conductivity of
aCe0.8Y0.2−xNdxO3−δ, Ea was determined by plotting

n(σT) vs. 1000/T  following the Arrhenius equation. Fig. 4 is an
rrhenius plot of the conductivity of BaCe0.8Y0.2−xNdxO3−δ

t 600–800 ◦C, and Table 2 shows the activation energy Ea.
ote that the conductivity behavior of BaCe0.8Y0.2−xNdxO3−δ

x  = 0–0.1) samples shows an apparently change above
50 ◦C. An Ea value of 73–83 kJ/mol is calculated in the
ow temperature range of 500–650 ◦C. However, an Ea value

f 42–60 kJ/mol appears in the high temperature range of
50–800 ◦C. This indicates that the conductivity mechanism
hanges as the measured temperature of 650 ◦C. Dynys reported

able 2
he activation energy of BaCe0.8Y0.2−xNdxO3−δ in 3 RH% humidity air.

amples Ea (500–650 ◦C),
kJ/mol

Ea (650–800 ◦C),
kJ/mol

aCe0.8Y0.2O3−δ 83 54
aCe0.8Y0.15Nd0.05O3−δ 74 60
aCe0.8Y0.1Nd0.1O3−δ 73 42
aCe0.8Y0.05Nd0.15O3−δ 69 63
aCe0.8Nd0.2O3−δ 69 68

m
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i
a
i
a
d
w
a
b
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a

ig. 4. Arrhenius plot of conductivity of BaCe0.8Y0.2−xNdxO3−δ at different
emperatures in 3 RH% air.

imilar results as this study, but lower in temperature.14 A
robable cause for conductivity mechanism change may be the
arrier change from proton to oxygen-ion in high temperatures.
here is no apparently conductivity mechanism change in

he BaCe0.8Y0.05Nd0.15O3−δ and BaCe0.8Nd0.2O3−δ samples
bove 650 ◦C, An Ea value of 63–69 kJ/mol was calculated
t a temperature range of 500–800 ◦C. The conductivity
f BaCe0.8Y0.2−xNdxO3−δ does not depend on the oxygen
acancy, because the oxygen vacancy concentration does
ot change as Nd3+ replaced Y3+. It was found that the unit
olume of BaCe0.8Y0.2−xNdxO3−δ is a little smaller than
hat of BaCe0.8Y0.2O3−δ that maybe leads to the decrease of
onductivity of BaCe0.8Y0.2−xNdxO3−δ as dopping amount of
d increases.
Fig. 5(a) shows the equivalent circuit for fitting the AC

mpedance semicircular of BaCe0.8Y0.2−xNdxO3−δ from 600
o 800 ◦C.15–17 Zc is the effect of external wires. Rb and Cg

re the grain bulk resistance and capacitance, respectively. Rgb
nd Cgd are the grain boundary resistance and capacitance,
espectively. Rct is the surface ion diffusion resistance and
w is the Warburg impedance. The semicircular arcs in high,
edium, and low frequency represent the bulk, grain boundary,

nd oxygen ion diffusion resistances, respectively.18 The AC
mpedance spectra of BaCe0.8Y0.2−xNdxO3−δ samples sintered
t 1600 ◦C in the temperature range 600–800 ◦C were shown
n Fig. 5(b)–(f). The resistance ascribed to the grain resistance
t high frequency, grain boundary resistance and oxygen ion
iffusion resistance at low frequency. These impedance spectra
ere analyzed by an equivalent circuit to obtain the resistance

nd capacitance. Fig. 6 and Table 3 show the bulk (R2), grain
oundary (R3), oxygen ion diffusion (R4) and total resistances of
aCe0.8Y0.2−xNdxO3−δ as determined by EIS. The main resis-
ance comes from oxygen ion diffusion, which is larger than
he bulk or grain boundary resistances. The bulk, gain bound-
ry, and oxygen ion diffusion resistances apparently decrease as
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ig. 5. The equivalent circuit for fitting the AC impedance semicircular and AC
e) 750 ◦C and (f) 800 ◦C.

peration temperature increases. The bulk resistance is generally
ower than the grain boundary resistance at temperatures rang-
ng from 600 to 700 ◦C. However, the grain boundary resistance
s lower than the bulk resistances at temperatures exceeding
00 ◦C. The total resistance of BaCe0.8Y0.2−xNdxO3−δ samples
ncreased as the amount of Nd doping increased.

Fig. 7 shows the XRD patterns of BaCe0.8Y0.2−xNdxO3−δ

amples in 80 ◦C water for 24 h. The phase stability
f BaCe0.8Y0.2O3−δ was unstable and second phase of
a(OH)2 and CeO2 were detected. The phase stability
f BaCe0.8Y0.2−xNdxO3−δ was much better than that of
aCe0.8Y0.2O3−δ, exhibiting no second phase. However, the

ntensity of BaCe0.8Y0.2−xNdxO3−δ XRD peaks decreased with
ime even though XRD analysis showed no second phases. This
ndicates that the phase of BaCe Y Nd O was gradu-
0.8 0.2−x x 3−δ

lly decomposing. The possible reaction is as follows:

aCeO3 +  H2O →  Ba(OH)2 +  CeO2 (3) −
dance spectra of BaCe0.8Y0.2−xNdxO3−δ at (b) 600 C, (c) 650 C, (d) 700 C,

he phase decomposition thermal kinetic of all samples was
alculated using the Fraction Life Method of Levenspiel.2

he concentration was calculated from the intensity of XRD
eaks. CA and CB represent the initial concentration of
aCe0.8Y0.2−xNdxO3−δ and water, respectively. The reaction
quation for batch reaction is as follows:

rA =  −dCA

dt
(4)

here rA is rate of the reaction, dCA is decreased concentration
n reaction, and dt  is the reaction time.

Eq. (4) is as follows:
rA =  k1C
a
ACb

B (5)
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Fig. 6. The (a) bulk resistance, (b) grain boundary resistance, (c) oxygen ion diffusion resistance and (d) total resistance of BaCe0.8Y0.2−xNdxO3−δ at different
temperatures.

Table 3
Resistance values of BaCe0.8Y0.2−xNdxO3−δ at different temperatures.

Samples Ω · cm2 600 ◦C 650 ◦C 700 ◦C 750 ◦C 800 ◦C

x = 0

R1 8.46 5.90 4.36 3.14 2.48
R2 0.66 0.30 0.13 0.22 0.14
R3 2.48 1.56 0.77 0.41 0.12
R4 – – 4.04 1.91 0.94

x = 0.05

R1 12.47 9.68 7.87 6.12 5.37
R2 1.65 0.39 0.21 0.17 0.17
R3 1.48 0.53 0.23 0.13 0.12
R4 – – 7.36 1.87 0.92

x = 0.1

R1 17.25 12.81 9.98 8.08 6.64
R2 3.08 0.33 0.12 0.11 0.11
R3 0.72 0.35 0.15 0.08 0.06
R4 – – 3.69 1.57 0.81

x = 0.15

R1 24.38 17.58 13.67 10.92 8.75
R2 2.93 0.59 0.42 0.37 0.21
R3 1.88 0.89 0.30 0.28 0.19
R4 – – 14.04 1.44 0.84

x = 0.2

R1 24.50 18.32 15.47 13.96 11.30
R2 8.36 5.20 2.36 0.84 0.84
R3 6.52 4.32 1.49 0.26 0.26
R4 – – 6.57 2.84 1.16

Fig. 7. XRD patterns of (a) BaCe0.8Y0.2O3−δ, (b) BaCe0.8Y0.15Nd0.05O3−δ, (c)
BaCe0.8Y0.1Nd0.1O3−δ, (d) BaCe0.8Y0.05Nd0.15O3−δ and (e) BaCe0.8Nd0.2O3−δ

in 80 ◦C water for 24 h.
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Table 4
The reaction order n and reaction constant k of BaCe0.8Y0.2−xNdxO3−δ in 80 ◦C
water.

Samples n k

BaCe0.8Y0.2O3−δ 1.2743 0.05
BaCe0.8Y0.15Nd0.05O3−δ 1.0345 0.02
BaCe0.8Y0.1Nd0.1O3−δ 1.1646 0.02
BaCe0.8Y0.05Nd0.15O3−δ 1.0715 0.02
B

k
B
t
i

4

o
t
0
i
B
0
t
r
r
a
g
a

142 Y.-C. Lee et al. / Journal of the Europ

here CA is the concentration of the sample, CB is the concen-
ration of water, and k1 is the reaction constant. The terms a  and

 represent the reaction order of the sample and water.

B =
(

θB

θA

)
CA (6)

B/θA is the rate of water concentration and the sample concen-
ration. Eq. (7) is a combination of Eq. (5) and Eq. (6):

rA =  k1C
b
A

(
θB

θA

)b

Cb
A (7)

rA =
[
k1

(
θB

θA

)b
]

C
(a+b)
A (8)

q. (9) replaces [k1(θB/θA)b] and (a  + b) with the reaction con-
tant k  and reaction order n, respectively:

rA =  kCn
A (9)

 combination of Eqs. (4) and (9) was shown in Eq. (10) as
ollows:

dCA

dt
= kCn

A n  /=  1 (10)

ssuming the concentration decreased 20% with time tF:

1−n
A −  C1−n

A0 =  k(n  −  1)t; F  =  0.8 = CA

CA0
(11)

F = (0.8)1−n −  1

k(n  −  1)
C1−n

A0 (12)

n t =  ln
(0.8)1−n −  1 +  (1 −  n)ln C (13)
F

k(n  −  1)
A0

A0 and tF were measured from XRD experiment data, Fig. 8
nd Table 4 show the reaction order n  and reaction constant

ig. 8. The residual rate of BaCe0.8Y0.2−xNdxO3−δ dependence on time in 80 ◦C
ater.

r
T
t
i
0

A

N
1

R

aCe0.8Nd0.2O3−δ 1.1543 0.02

 results. The reaction order n  and reaction constant k  of
aCe0.8Y0.2−xNdxO3−δ (x  = 0.05–0.2) were apparently lower

han those of BaCe0.8Y0.2O3−δ. This indicates that doping Nd
nto the BaCe0.8Y0.2O3−δ structure improved its phase stability.

. Conclusions

The structure of BaCe0.8Y0.2−xNdxO3−δ changes to pseudo-
rthorhombic structure as Nd doping increases. Results show
hat BaCe0.8Y0.2O3−δ exhibited the highest conductivity of
.028 S/cm at 800 ◦C in 3 RH% humid air. The conductiv-
ties of BaCe0.8Y0.15Nd0.05O3−δ, BaCe0.8Y0.1Nd0.1O3−δ,
aCe0.8Y0.05Nd0.15O3−δ, and BaCe0.8Nd0.2O3−δ were
.021 S/cm, 0.015 S/cm, 0.013 S/cm, and 0.01 S/cm, respec-
ively. Electrochemical impedance analysis shows that the
esistance is primarily due to oxygen ion diffusion. The bulk
esistance is generally lower than the grain boundary resistance
t temperatures ranging from 600 to 700 ◦C. However, the
rain boundary resistance is lower than the bulk resistances
t temperature exceeding 700 ◦C. The phase decomposition
ate of BaCe0.8Y0.2O3−δ in 80 ◦C water is extremely high.
he phase stability of BaCe0.8Y0.2−xNdxO3−δ is much better

han that of BaCe0.8Y0.2O3−δ. The BaCe0.8Y0.15Nd0.05O3−δ

s a potential SOFC electrolyte due to its high conductivity of
.021 S/cm and stable structure in water.
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