
S

E
i

D
C
a

b

a

A
R
R
A
A

K
D
A
c
S
S
S

1

l
m
i
t
s
(
l
(
t
t
g
t
d
�
o

m
a
t

0
d

Journal of Power Sources 195 (2010) 6486–6490

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

lectrical properties of grain boundaries and size effects
n samarium-doped ceria

uanting Yana, Xiaomei Liua,∗, Xinyu Baib, Li Peia, Minzhang Zhenga,
hengjun Zhua, Dejun Wanga, Wenhui Sua

State Key Laboratory of Superhard Materials, Department of Physics, Jilin University, Jiefang Road, Changchun 130023, PR China
Jilin Science and Technology Museum, Renming Street, Changchun 130021, PR China

r t i c l e i n f o

rticle history:
eceived 16 February 2010
eceived in revised form 11 April 2010
ccepted 12 April 2010
vailable online 24 April 2010

a b s t r a c t

Ce0.85Sm0.15O1.925 samples have been prepared using the glycine-nitrate process. The effects of
microstructure on their electrical properties were investigated by X-ray diffraction, density measure-
ments, scanning electron microscopy and AC impedance spectroscopy. The grain-boundary conductivities
and total conductivities increase with decreasing grain size for sintered densities of 95% or greater. The
bulk conductivities are nearly independent of grain size for sintered densities of 95% or greater. It is found
eywords:
oped ceria
pparent specific grain-boundary
onductivity
iliceous phase

that the space-charge potential is nearly independent of grain size and the increase of the conduction path
width is responsible for the increase of the apparent specific grain-boundary conductivity. The power
densities and current densities of single cells based on Ce0.85Sm0.15O1.925 electrolytes with different grain
size are evaluated.

© 2010 Elsevier B.V. All rights reserved.

pace-charge potential
olid oxide fuel cells

. Introduction

In recent years, a solid oxide fuel cell (SOFC) that operates at
ower temperatures (500–700 ◦C) has been of particular interest,

ainly because it has the advantage of reducing costs by remov-
ng constraints on the type of materials (e.g. ceramics) constituting
he SOFC system [1–3]. Ceria-based solid solutions have been con-
idered as promising electrolytes for intermediate temperature
600–800 ◦C) solid oxide fuel cells (IT-SOFCs) due to their excel-
ent oxygen-ion conductivity compared to yttria-stabilized zirconia
YSZ). Acceptor-doped CeO2 is present in the form of polycrys-
als, so the grain boundaries often have a significant influence on
he overall properties. In the low temperature regime, the specific
rain-boundary conductivity is known to be 2–3 orders lower than
he bulk conductivity [4–6]. To improve the grain-boundary con-
uctivity �gb of acceptor-doped CeO2, the influence of grain size on
gb has been investigated [7–10]. However, the effects of grain size
n �gb are divergent.
In this communication, we present AC impedance measure-
ents on acceptor-doped CeO2 samples with different grain sizes

nd the size effects are observed. A novel method to analyse
he grain-boundary transport in acceptor-doped CeO2 of normal

∗ Corresponding author. Tel.: +86 431 85172529; fax: +86 431 85172529.
E-mail address: xiaomeiliu58@sina.com (X. Liu).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.04.034
purity is presented, and the origin of the grain size effects for
acceptor-doped CeO2 is investigated. The power densities and
current densities of single cells based on Ce0.85Sm0.15O1.925 elec-
trolytes with different grain sizes are evaluated.

2. Experimental

Ce0.85Sm0.15O1.925 powders were prepared by the glycine-
nitrate process [11] and calcined in air at 600 ◦C for 6 h to remove
any carbon residues remaining in the oxide powder. Then the pow-
ders were ground and cold pressed at a pressure of about 300Mpa
to obtain green compact pellets with a thickness of ∼0.5 mm
and diameter of ∼13.6 mm using a uniaxial die press. Then the
Ce0.85Sm0.15O1.925 pellets were sintered in air at 1150, 1250, 1350
and 1450 ◦C for 10 h.

The power densities and current densities of single cells
based on the Ce0.85Sm0.15O1.925 electrolytes with different grain
size were evaluated. The Ni0.9Cu0.1Ox and Ce0.85Sm0.15O1.925
oxide powders were prepared by the glycine-nitrate process as
described elsewhere [11]. The Ni0.9Cu0.1Ox and Ce0.85Sm0.15O1.925
powders thus obtained were mixed in the weight ratio 60:40

and ball-milled for 12 h in ethanol to obtain the anode
powders. The BaCo0.7Fe0.2Nb0.1O3−ı oxide powders were pre-
pared by a conventional solid state reaction process [3]. The
Ce0.85Sm0.15O1.925 electrolyte disks were polished to reduce
the thickness to 360 �m. Ni0.9Cu0.1Ox–Ce0.85Sm0.15O1.925 and

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xiaomeiliu58@sina.com
dx.doi.org/10.1016/j.jpowsour.2010.04.034


D. Yan et al. / Journal of Power Sources 195 (2010) 6486–6490 6487

(a) 11

B
t
o
a
q
a
t
l
a
s

1
h
m
J
e
f
w
d
p
e
s
t
a
a

T
S

A

Fig. 1. Microstructure of Ce0.85Sm0.15O1.925 sintered at

aCo0.7Fe0.2Nb0.1O3−ı were made into inks with ethyl cellulose and
erpineol. Ni0.9Cu0.1Ox–Ce0.85Sm0.15O1.925 ink was screen printed
nto one side of the Ce0.85Sm0.15O1.925 disk followed by sintering
t 1000 ◦C for 5 h. BaCo0.7Fe0.2Nb0.1O3−ı cathode ink was subse-
uently painted onto the other side of the Ce0.85Sm0.15O1.925 disk
nd sintered at 1000 ◦C for another 2 h. Silver paste was applied to
he anode and cathode surfaces to serve as current collectors, fol-
owed by attachment of two silver wires to each electrode to serve
s current and voltage leads. The single cell made in this way was
ealed onto one end of an alumina tube with silver paste.

The phase of Ce0.85Sm0.15O1.925 sintered in air at 1150, 1250,
350, and 1450 ◦C for 10 h was confirmed by X-ray diffraction to
ave the fluorite structure. The microstructure was investigated by
eans of a scanning electron microscope (SEM, JSM-6480LV, JEOL,

apan) and the average grain sizes dg were estimated using the lin-
ar intercept method by randomly selecting more than 250 grains
rom the SEM micrographs. The densities of the sintered pellets
ere measured using the Archimedes method. The electrical con-
uctivity of the materials was measured using the sintered ceramic
ellets. Silver paste was used as electrodes on opposite sides of

ach tablet, with an electrode area of ∼0.25 cm2. Impedance mea-
urements of the sintered pellets were conducted in air over the
emperature range 300–800 ◦C, and frequency range 0.1–106 Hz at
n amplitude of 10 mV with a Solartron 1260 frequency response
nalyzer. The single cell performance was tested at temperatures

able 1
intering conditions, relative density, average grain size (dg) and activation energies for b

Sintering condition Relative density (%) dg (nm)

1150 ◦C × 10 h 92.4 ± 0.2 260
1250 ◦C × 10 h 95.2 ± 0.1 320
1350 ◦C × 10 h 95.1 ± 0.1 580
1450 ◦C × 10 h 96.2 ± 0.1 1680

ctivation energies for bulk (Ebulk
˛ ) and grain-boundary (Egb

˛ ) conductivities were taken in
50 ◦C, (b) 1250 ◦C, (c) 1350 ◦C, and (d) 1450 ◦C for 10 h.

from 500 to 800 ◦C with a Solartron SI 1287 electrochemical inter-
face, using hydrogen (100 ml min−1) as the fuel on the anode side
and air as the oxidant on the cathode side.

3. Results and discussion

Fig. 1 shows SEM micrographs of the Ce0.85Sm0.15O1.925 ceramics
sintered at different temperatures. All samples exhibit a homo-
geneous structure. The relative density and grain size of the
Ce0.85Sm0.15O1.925 ceramics are presented in Table 1. Samples with
over 95% relative density can be obtained after sintering at a tem-
perature higher than 1250 ◦C for 10 h.

Typical impedance spectra are shown in Fig. 2. In the order of
decreasing frequency, arcs corresponding to the responses of the
grain bulk, the grain boundaries and the electrodes, respectively,
were recorded. The quantitative change of the bulk and grain-
boundary conductivities in the temperature range 300–500 ◦C were
obtained by fitting these impedance plots using a software package.
Bulk conductivities, grain-boundary conductivities and total con-

ductivities as a function of average grain size for Ce0.85Sm0.15O1.925
samples at 400 ◦C are shown in Fig. 3.

The temperature dependence of the bulk conductivity �bulk, the
grain-boundary conductivity �gb and total conductivity �tot are pre-
sented in Fig. 4. The grain-boundary conductivity is �gb = L/ARgb,

ulk and grain-boundary conductivities (Ebulk
˛ and Egb

˛ ).

Ebulk
˛ (eV) Egb

˛ (eV) Egb
˛ − Ebulk

˛ (eV)

0.65 ± 0.01 1.02 ± 0.01 0.37
0.67 ± 0.01 1.02 ± 0.02 0.35
0.67 ± 0.01 1.01 ± 0.01 0.34
0.65 ± 0.01 0.99 ± 0.01 0.34

the temperature range of 300–500 ◦C in air.
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ig. 2. Impedance spectra at 400 ◦C for Ce0.85Sm0.15O1.925 samples with average
rain sizes of 0.26 �m, 0.32 �m, 0.58 �m and 1.68 �m, respectively.

ith Rgb being the grain-boundary resistance of the samples, where
is the sample thickness and A is the electrode area on the sample
urface. In this way, the bulk conductivity �bulk and total conduc-
ivity �tot can be obtained. As shown in Figs. 3 and 4, �bulk is nearly
ndependent of the grain size dg, but �gb and �tot increase with
ecreasing grain size dg for samples sintered at 1250, 1350 and
450 ◦C. The bulk conductivity �bulk of the Ce0.85Sm0.15O1.925 sin-
ered at 1150 ◦C is lower than the others. Lower sintered densities
roduce a small decrease in the bulk conductivity when the relative
ensity is below 95% [12], and the decrease of �bulk is probably due
o the bulk “de-doping” resulting from the grain size-dependent
rain-boundary segregation [4]. The grain-boundary conductivity
gb of Ce0.85Sm0.15O1.925 sintered at 1150 ◦C are lower than for sam-
les sintered at 1250 and 1350 ◦C. Lower sintered densities produce
large decrease in grain-boundary conductivity when the relative
ensity is below 95% [12]. The reason that the values of �gb increase
ith decreasing grain size dg for samples sintered at 1250, 1350

nd 1450 ◦C and the �gb of Ce0.85Sm0.15O1.925 sintered at 1450 ◦C
s lower than the sample sintered at 1150 ◦C can be explained as
ollows.

From a structural point of view, a grain boundary is a crystal-

ographic mismatch zone (i.e. grain-boundary core). At thermody-
amic equilibrium, the grain-boundary core of Ce0.85Sm0.15O1.925
arries an electrical charge due to the presence of excess oxy-
en vacancies. This charge is compensated by adjacent space

ig. 3. Bulk conductivities, grain-boundary conductivities and total conductivities
s a function of average grain size for Ce0.85Sm0.15O1.925 samples at 400 ◦C.
Fig. 4. Temperature dependences of (a) bulk conductivities, (b) grain-boundary con-
ductivities, and (c) total conductivities for Ce0.85Sm0.15O1.925 samples with average
grain sizes of 0.26 �m, 0.32 �m, 0.58 �m and 1.68 �m.

charges of the Sm′
Ce. An electrostatic potential �ϕ(x) between the

grain-boundary and the bulk can be present [5,13,14]. The grain-
boundary conductivity, controlled by the space charge �(x), is given
as [14]

�(x) = � exp
(

−2e�ϕ(x)
)

(1)
bulk kBT

where x is the distance from the interface between the grain-
boundary core and the space-charge layer (Fig. 5(b)), �(x) is the
conductivity at x, �bulk is the bulk conductivity, e is the elemen-
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size of Ce0.85Sm0.15O1.925 electrolytes for sintered densities of 95%
ig. 5. (a) Three-dimensional schematic representation and (b) cross-section of
rain boundaries and grain-boundary conduction pathways (similar to Fig. 6 in [14]).

ary charge, kB is the Boltzmann constant and T is the absolute
emperature.

For high-purity materials (usually <50 ppm SiO2), grain-
oundary behavior is usually attributed to the effect of intrinsic
pace-charge layers. However, even a few hundred ppm of a
iliceous impurity could increase the grain-boundary resistivity of
e0.8Gd0.2O2−ı by up to 100 times [6], and most materials used
o date contain several hundreds ppm of SiO2 impurity [7], so the
pparent specific grain-boundary conductivity cannot be attributed
olely to the effect of space-charge layers only [7] and the impurity
actor must be taken into consideration.

For normal purity materials, the grain-boundary conduction
athway can be schematically represented by Fig. 5, by assum-

ng the grain is cubic, the grain size is dg , the direct grain-to-grain
ontact area is square and the side length is ω, giving the area of
rain-to-grain contact ω2.

Because the ionic transport across the grain boundaries occurs
olely through grain-to-grain contacts [4–5,14], the resistance of
grain boundary should be equal to the resistance of two space-

harge layers of area ω2,

Rgb〉 = 2
∑ 1

�(x)
�x

ω2
= 2

ω2�bulk

∫ �∗

0

exp
(

2e�ϕ(x)
kBT

)
dx (2)

ith �∗ being the width of the space-charge layer.
On the other hand, the apparent resistance of a grain boundary

s as follows

Rgb〉 = 1
�as

gb

2�∗

d2
g

(3)

ith �as
gb

being the apparent specific grain-boundary conductivity,
hich is an experimental datum and can be calculated from �as

gb
=

ıgb/ARgbdg [4–5,14], where ıgb is the grain-boundary thickness, L
he sample thickness, A the electrode area on the samples surface
nd Rgb the grain-boundary resistance from AC impedance spectra.

he bulk resistance of the same size is

Rbulk〉 = 1
�bulk

2�∗

d2
g

(4)
rces 195 (2010) 6486–6490 6489

Hence

�as
gb

�bulk
= 〈Rbulk〉

〈Rgb〉 = ω2

d2
g

(
1
�∗

∫ �∗

0

exp
(

2e�ϕ(x)
kBT

)
dx

)−1

= ω2

d2
g

4e�ϕ(0)
kBT

exp
(

−2e�ϕ(0)
kBT

)
(5)

In Eq. (5), �ϕ(0) = ϕ(0) − ϕ(∞), and is the potential of the
grain-boundary core relative to the bulk [14]. The (ω/dg)2 term
is called the “impurity blocking term”, and results from the effect
of decreasing the conduction path width by an impurity. Obvi-
ously, the (ω/dg)2 term represents the clean fraction of resistive
siliceous films at the grain boundaries, and is dependent on the
purity and grain size of the sample. The relocation of the siliceous
phase is impossible below 800 ◦C [15], so the value of (ω/dg)2

should be independent of the testing temperature in the range
300–800 ◦C. The �as

gb
/�bulk term represents the blocking effect of

the grain boundary.
The activation energy, E˛, is defined as E˛ =

−1000kB[d ln(�T)/d(1000/T)]. Accordingly, differentiating Eq.
(5) yields

Egb
˛ − Ebulk

˛ = (2e�ϕ(0) − kBT)
[

1 +
[

1
T

�ϕ(0)
]

d�ϕ(0)
d(1/T)

]
(6)

The e�ϕ(0) in Eq. (6) is the energy required to transfer oxygen
vacancies from the bulk to the grain-boundary space-charge region
[14,16]. As shown in Table 1, the value of Egb

˛ − Ebulk
˛ is almost inde-

pendent of dg , which agrees well with reported results [4,7,14].
From Eq. (6), �ϕ(0) should be nearly independent of dg .

The apparent specific grain-boundary conductivity �as
gb

can
be expressed as �as

gb
= �gbıgb/dg , because the �gb increase with

decreasing grain size dg (shown in Fig. 3 and Fig. 4(b)). Also, the
value of ıgb/dg increases with decreasing grain size dg , so the �as

gb

increase with decreasing grain size dg for sintered densities of 95%
or greater. Because �bulk is nearly independent of the grain size dg

(shown in Fig. 3 and Fig. 4(a)), the �as
gb

/�bulk increase with decreas-
ing grain size dg for sintered densities of 95% or greater. Because
�ϕ(0) is nearly independent of dg , from Eq. (5), the increase of
�as

gb
/�bulk should result from the increase of (ω/dg)2 with decreas-

ing grain size dg . Finer grain size provides large grain-boundary
areas upon which impurities can precipitate [5], so the grain-to-
grain contact area (ω/dg)2 increased with decreasing grain size
dg . Although the relative density of Ce0.85Sm0.15O1.925 sintered at
1450 ◦C is higher than that of the sample sintered at 1150 ◦C, a
high sintering temperature (1450 ◦C) leads to an obvious increase
in the grain size, which provides very small grain-boundary areas
for impurities to precipitate, as well as a change in the viscosity
and wetting nature of the GB phase, which promotes the prop-
agation of impurities along the grain boundaries. Both factors
result in a decrease of the GB clean fraction [7]. According, �gb

of Ce0.85Sm0.15O1.925 sintered at 1450 ◦C is lower than the sample
sintered at 1150 ◦C.

Fig. 6 shows plots of the performance of various single fuel
cells using Ce0.85Sm0.15O1.925, with different grain size, as elec-
trolytes at 800 ◦C. It can be seen that the power densities and
current densities of single cells increase with decrease of the grain
or greater, and then decrease for the sample sintered at 1150 ◦C.
The maximum power densities of the cells are 498, 648, 573 and
468 mW cm−2 at 800 ◦C for Ce0.85Sm0.15O1.925 sintered at 1150,
1250, 1350 and 1450 ◦C for 10 h, respectively.
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Fig. 6. Performance of cells (BaCo0.7Fe0.2Nb0.1O3−ı/Ce0.85Sm0.15O1.925/Ni0.9Cu0.1Ox–
C
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[

e0.85Sm0.15O1.925) with Ce0.85Sm0.15O1.925 sintered at different temperatures as elec-
rolytes at 800 ◦C. Hydrogen and ambient air were used as the fuel and oxidant,
espectively.

. Conclusions

The grain-boundary conductivity and total conductivity
ncreased with decreasing grain size for sintered densities of 95%

r greater. The space-charge potential was nearly independent of
rain size. The increase of the apparent specific grain-boundary
onductivity resulted from the increase of the conduction path
idth determined by the siliceous phase at the grain boundaries.

he power densities and current densities of single cells increase

[
[
[
[
[

rces 195 (2010) 6486–6490

with decreasing grain size of Ce0.85Sm0.15O1.925 electrolytes for
sintered densities of 95% or greater.
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