
E

Y
C

a

A
R
R
1
A
A

K
F
S
C
I
X

1

d
a
i
t
w
o
c
m
p
t
p

t
b
w
t
d
S
s

i
c

0
d

Journal of Alloys and Compounds 509 (2011) 546–550

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

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

ffect of Fe2O3 on Sm-doped ceria system solid electrolyte for IT-SOFCs

ifeng Zheng, Ming Zhou, Lin Ge, Shujun Li, Han Chen, Lucun Guo ∗

ollege of Material Science and Engineering, Nanjing University of Technology, No.5 Xinmofan Road, Nanjing, Jiangsu 210009, PR China

r t i c l e i n f o

rticle history:
eceived 10 July 2010
eceived in revised form
5 September 2010
ccepted 18 September 2010

a b s t r a c t

The effect of Fe2O3 addition (0–2.5 mol%) on the densification, crystal structure, ionic conductivity, and
aging behavior of Ce0.8Sm0.2O1.9 (SDC) was studied. The addition of Fe2O3 promotes densification, reduc-
ing sintering temperature by ∼100–150 ◦C. X-ray diffraction showed that these materials exhibit a fluorite
structure; a second phase of Fe2O3 is identified when Fe2O3 content was ≥1.5 mol%. Impedance spec-
troscopy measurements indicated that SDC with 0.25 mol% Fe2O3 has the highest conductivity, about
vailable online 25 September 2010
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10% higher than that of SDC at 700 ◦C. Conversely, a reduction in conductivity is observed in all samples
after aging in air at 800 ◦C for 120 h. Because of the harmful effect of aging, conductivity rapidly decreases
as Fe2O3 content in the samples exceeded 0.25 mol%. However, SDC with 0.25 mol% Fe2O3 shows the
same magnitude of decrease in conductivity compared with that of SDC after aging. This indicates that
SDC with 0.25 mol% Fe2O3 continues to present the best conductivity even after high-temperature aging.
onic conduction
-ray diffraction

. Introduction

Solid oxide fuel cells (SOFCs) are important electrochemical
evices that can directly convert chemical energy into electricity
t high efficiency [1–5]. SOFCs have a wide range of applications
n stationary power generation and transport. Traditional elec-
rolytes based on yttria-stabilized zirconia are some of the most
ell-known electrolyte materials for SOFCs. However, their high

perating temperature requirements (800–1000 ◦C) result in high
osts, as well as physical and chemical degradation of component
aterials. An intensive investigation on reducing cell working tem-

eratures to 600–800 ◦C has recently been conducted to enable
he use of more inexpensive materials and expand the range of
otential applications.

Doped ceria has been considered one of the most promising elec-
rolyte materials for intermediate temperature SOFCs (IT-SOFCs)
ecause of its high oxide ionic conductivity and good compatibility
ith electrodes [6–12]. The ionic conductivity of ceria-based elec-

rolytes doped with various dopants (Sm3+, Gd3+, Y3+, Ca2+, etc) at
ifferent concentrations has been extensively investigated [13–15].
m3+ is one of the best dopants currently available for ceria-based

olid electrolytes [13,16].

However, one of the main problems in ceria-based materials
s poor sinterability. To reduce sintering temperatures, ultra-fine
eria-based powders are frequently used in physical and chemical
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methods, such as sol–gel synthesis, co-precipitation, chemical com-
bustion vapor synthesis, and intensive mechanical milling [17–21].
Alternatively, sintering aids, such as CuO, Al2O3, MnO2, ZnO and
CoO [20,22–25], can be employed to promote densification. Nev-
ertheless, these aids are relatively detrimental to the conductivity
of ceria ceramics [20,22–25]. Fe2O3 has been reported not only as
a good sintering aid, but also beneficial to the total conductivity
of Gd3+-doped ceria [26,27]. However, systematic studies on the
Sm2O3–CeO2 system with various ratios of Fe2O3 addition remain
lacking.

The aging effects of solid electrolytes are also important in
selecting optimum compositions for practical applications. The
aging behavior of zirconia-based electrolytes, closely related to
dopant type and concentrations, has been thoroughly examined
[28,29]. Zhang et al. found that Y- or Gd-doped ceria ceramics
undergo severe aging behavior, especially for the samples with high
dopant content [30,31].

This study aims to investigate the effect of Fe2O3 on the sintering
behavior, crystal structure, electrical properties, and aging behavior
of the Sm-doped CeO2 system (Ce0.8Sm0.2O1.9). Special attention is
paid to the optimum amount of Fe2O3 added.

2. Experimental

For the (Ce0.8Sm0.2O1.9)1−x + (Fe2O3)x (x = 0, 0.0025, 0.005, 0.015, 0.025) mix-

tures, Ce0.8Sm0.2O1.9 (SDC) powder was first prepared, to which Fe2O3 powder was
added. CeO2 (99.5% pure, Yixing Xinwei Leeshing Rare Earth Co., Ltd., China) and
Sm2O3 (99.99% pure, Beijing Founde Star Science and Technology Co., Ltd., China)
powders were used as starting materials for the preparation of Ce0.8Sm0.2O1.9. The
CeO2 and Sm2O3 powders were thoroughly mixed with distilled water for 8 h, using
zirconia (ZrO2) milling media in a planetary mill. After being dried, the powders

dx.doi.org/10.1016/j.jallcom.2010.09.103
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ere ground and calcined in air at 1200 ◦C for 2 h. The calcined SDC and Fe2O3

99.5% pure, Shanghai Chemical Reagent Plant, China) powders were mixed using
irconia balls in distilled water for 6 h, and then dried. The obtained powders were
round and pressed into pellets (13 mm diameter; 1 mm thickness), followed by
old-isostatic pressing at about 150 MPa. The powders were finally sintered in air at
350–1600 ◦C for 2 h. The density of the sintered samples was determined based on
he Archimedes principle and the dimension measurement method. High tempera-
ure aging in air at 800 ◦C for 120 h was performed on the sintered samples. The final
ample is designated as “SDC-Fn”, where n is Fe2O3 mol% (or 100x). For example,
Ce0.8Sm0.2O1.9)1−x + (Fe2O3)x (x = 0.0025) is designated as SDC-F0.25.

The crystal structures of the samples (again ground to powder for measurement)
t room temperature were determined by XRD using an ARL X′TRA diffractome-
er and Cu K� radiation. The diffractometer was operated at 40 kV and 35 mA at a
canning range of 20–80◦ , with a step size of 0.02◦ .

To prepare samples for the ionic conductivity measurements, silver paste was
ainted on both sides of the specimens followed by baking at 700 ◦C for 10 min. The
C impedance spectra of the samples were measured as a function of temperature

300–800 ◦C) in air using an impedance analyzer (PARSTAT 2273) in the frequency
ange from 0.1 Hz to 1 MHz. Data were collected using a SMART program and fitted
o the corresponding equivalent circuits with the ZSimpWin software.

. Results and discussion

.1. Shrinkage and densification

Fig. 1 shows the linear shrinkage curves of SDC with differ-
nt Fe2O3 contents. The difference in sintering behavior between
e2O3-added samples and SDC is relatively evident from the figure.
he addition of small amounts of Fe2O3 significantly reduces the
emperature of maximum shrinkage, indicating good effect in pro-

oting the sintering behavior of SDC. An enhancement in sintering
rocedure is observed with Fe2O3 content (x) of 0.0025–0.015.
oreover, a further increase in Fe2O3 content (x = 0.025) also

ncreases the effects on shrinkage. The modified systems to which
e2O3 was added achieve a certain shrinkage degree at a tempera-
ure ∼100–150 ◦C lower compared with SDC.

The variation in relative density with respect to sintering tem-
erature for all the samples is shown in Fig. 2. The samples with
e2O3 achieve the peak value (∼95%) at 1500 or 1450 ◦C, whereas
elative density is only 76% for SDC at 1500 ◦C. The addition of Fe2O3
trongly promotes the densification rate of SDC probably because
iscous flow sintering occurred in the Fe-doped ceria system. In

his study, the optimum sintering temperatures for SDC, SDC-F0.25,
DC-F0.5, SDC-F1.5, and SDC-F2.5 are 1600, 1500, 1500, 1500, and
450 ◦C, respectively.

ig. 1. Linear shrinkage vs. sintering temperature for SDC with different Fe2O3 con-
ents.
Fig. 2. Relative density vs. sintering temperature for SDC with different Fe2O3 con-
tents.

3.2. Phase composition and crystal structure

The XRD patterns of the sintered samples are shown in Fig. 3.
The samples exhibit all the major peaks of a fluorite structure.
Small additional Fe2O3 peaks appear when the content (x) of Fe2O3
reaches 0.015, indicating that Fe2O3 has limited solubility in SDC.
Lattice parameters of each sample were obtained by fitting the peak
data of the ceria phase using the Jade software. The relationship
between lattice parameters and Fe2O3 content is shown in Fig. 4.
The lattice parameters decrease linearly with increasing Fe2O3 con-
centration from 0.5432 nm to 0.5417 nm when Fe2O3 content (x) is
lower than 0.015; the parameters remain almost constant with con-
tinued addition. Because Fe3+ has a radius (0.078 nm) much smaller
than that of Ce4+ (0.097 nm) [32], substituting Fe3+ for Ce4+ can
induce the variation in lattice parameters. The minimum lattice
parameter at around x = 0.015 indicates that Fe2O3 almost dissolves
into CeO2 below this content. Hence, the transformation of lattice
parameters, as shown in Fig. 4, demonstrates that the substitutional
solid solubility limit of Fe2O3 in CeO2 is around x = 0.015 (1.5 mol%)

in this study. The solubility of Fe3+ into ceria compound is report-
edly small (less than 1.0 at.%) at room temperature to 1500 ◦C [33].
However, Ref. [26] showed that about 2.5 mol% Fe2O3 can dissolve
into Ce0.8Gd0.2O1.9 ceramics. Moreover, Matovic et al. reported that

Fig. 3. XRD patterns of SDC with different Fe2O3 contents.
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Fig. 4. Lattice parameters derived from the XRD patterns vs. Fe2O3 contents.

he limit of solubility of Fe in CeO2 prepared from self-propagating
oom temperature synthesis is in the range of 5–7.5 wt.% [34]. The
ifference in Fe solubility in ceria may be attributed to the prepared
echnique.

.3. Electrical properties

A representative Nyquist impedance spectrum and equivalent
ircuit model of SDC at 300 ◦C distinguishing three separate regions
re shown in Fig. 5. The high frequency part is attributed to the
rain interior (bulk) response; the medium frequency semicircle
orresponds to grain boundary; and the low frequency arc repre-
ents the sample-electrode connection. The contributions of these
hree parts can be clearly identified in the impedance spectra

easured below 500 ◦C in air in this experiment. The impedance
pectra were fitted to the equivalent circuit containing three
esistance-Constant Phase Element (R-CPE) subcircuits in series
Fig. 5). These circuits are used only to obtain the best fit and ade-
uately determine the electrolyte resistance, and not to explain
he kinetics of redox reactions at the electrodes. At high measure-
ent temperatures, the time constants decrease and the arcs shift
o higher frequencies. Therefore, only parts of the arcs appear in
he impedance spectrum because of the limited frequency range
f the equipment. The bulk and grain boundary arcs are associated
ith the capacitances in the pF and nF ranges, respectively, deter-

ig. 5. Impedance spectra obtained for SDC at 300 ◦C and the equivalent circuit
odel used for spectra interpretation.
Fig. 6. Temperature dependence of the total conductivities of SDC at different Fe2O3

contents.

mined from 2�fmaxRC = 1, where fmax is the applied frequency at
arc maximum and R is the arc magnitude [8]. The total resistance
of electrolyte is given by

Rt = Rb + Rgb (1)

where Rb is bulk resistance and Rgb is grain boundary resistance.
They are both obtained by fitting the impedance data. The total
conductivity at different temperatures can be obtained using the
equation

� = L

SRt
(2)

where L and S represent the sample thickness and the electrode area
of the sample surface, respectively. The measured conductivity data
are analyzed with the Arrhenius equation

� = A

T
exp

(
− E

kT

)
(3)

where E is the activation energy for ionic migration, k is the
Boltzman’s constant, T represents the absolute temperature, and
A denotes the pre-exponential factor (constant at a certain tem-
perature range).

Fig. 6 shows the relationships among the total conductivity lev-
els of the samples with different Fe2O3 contents at temperatures
ranging from 300 to 800 ◦C. The total conductivity is affected by the
addition of Fe2O3; the conductivity increases and then decreases
with Fe2O3 content. The difference in conductivity is smaller in
the high temperature region than that in the low temperature
region for all the samples. SDC-F0.25 shows higher conductivity
than does SDC in all temperatures, about 10% higher at 700 ◦C. A
slightly higher conductivity is observed for SDC-F0.5 at 600–800 ◦C
compared with that for SDC. However, both SDC-F1.5 and SDC-
F2.5 cannot improve SDC conductivity because the formation of
second-phase Fe2O3 diminishes electrochemical property.

The predominant constituent of the grain boundary impuri-
ties in ceria-based solid solutions is SiO2. In this study, the grain
boundary effect for all the samples cannot be detected above 500 ◦C
because of spectra of inductances generated within the experi-
mental apparatus. These results are in good agreement with those
in Refs. [6,35]. However, the grain boundary effect dominates the

total conductivity up to 1000 ◦C for impure ceria-based materials.
Therefore, because Fe2O3 is a grain boundary scavenger of SiO2
impurity [26], Fe2O3 can be beneficial to the electrical property
of SDC electrolyte. The Fe3+ doping action is the same as that of
Sm3+ ions, as described in Eq. (4), but the lattice mismatch between
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sition or phase of the samples is caused by prolonged heating—a
result in good agreement with Ref. [30]. SEM observations can-
not provide appreciable variation in microstructures as a result
of aging. According to Zhang [30], the formation of microdomains
ig. 7. Temperature dependence of the total conductivities of SDC with different
e2O3 contents after aging at 800 ◦C for 120 h.

e3+ (0.078 nm) and Ce4+ (0.097 nm) is higher than that between
m3+ (0.1079 nm) and Ce4+ (0.097 nm). Furthermore, the electro-
tatic attraction between Fe

′
Ce and V

••
O is stronger than that between

m
′
Ce and V

••
O . Therefore, the defect association between Fe

′
Ce and

••
O is expected to be more easily determinable than that between
m

′
Ce and V

••
O .

m2O3
2CeO2−→ 2Sm

′
Ce + 3O×

O + V
••
O (4)

The dissolution of Fe will deplete the concentration of free V
••
O

roduced by Sm doping because each Fe3+ ion would attract one
••
O to form a defect complex (e.g., Fe

′
CeV

′′
O) [27,36], thereby decreas-

ng conductivity. For the samples of (Ce0.8Sm0.2O1.9)1−x + (Fe2O3)x,
he addition of Fe2O3 to SDC may produce two opposite effects.
n one hand, SiO2 impurity in SDC will be scavenged by appropri-
te Fe2O3 content, increasing conductivity. On the other hand, Fe3+

ons will attract V
••
O to form the defect complex, which decreases

onductivity. When the Fe2O3 content (x) is below 0.005, the first
ffect might be stronger than the second, resulting in higher con-
uctivity. However, when the dopant content (x) is above 0.005,
he second effect might become stronger than the first, leading to
ecrease conductivity. The second-phase Fe2O3 also deteriorates
he electrochemical properties when x ≥ 0.015. Therefore, to obtain
n electrolyte with high conductivity, the ratio of Fe2O3 to SDC
hould be appropriately tailored. In this study, the optimum Fe2O3
ontent to be added is about 0.0025.

.4. Aging effects

Fig. 7 shows the temperature dependence of the total conductiv-
ty of SDC with different Fe2O3 contents after they were maintained
t 800 ◦C for 120 h. Similarly, higher conductivity is observed for
DC-F0.25 in the entire temperature range and for SDC-F0.5 in the
emperature range of 600–800 ◦C compared with SDC after thermal
ging. This indicates that SDC with Fe2O3 has higher conductivity
fter prolonged heating.

The operating temperature range of IT-SOFCs is at 600–800 ◦C;
hus, the range in this study was mainly confined between 600 and
00 ◦C. The selected total conductivities of unaged and aged sam-

◦
les measured at 700 C are shown in Fig. 8. It can be seen that
here is a decrease in conductivity in all samples as a function of
ime at 800 ◦C. The conductivity rapidly decreases as Fe2O3 content
x) exceeds 0.0025 for aged samples. Interestingly, the conductiv-
ties of SDC-F0.25 and SDC decrease at the same magnitude after
Fig. 8. Total conductivities of samples measured at 700 ◦C after aging at 800 ◦C for
0 and 120 h in air vs. Fe2O3 content.

aging. Therefore, SDC-0.25 still registers the best conductivity after
high-temperature aging. The optimal Fe2O3 content (x) is 0.0025
before and after heating.

The activation energies of unaged and aged samples within
600–800 ◦C as a function of Fe2O3 content are shown in Fig. 9.
Before and after aging, the activation energies of the SDC-F0.25
sample are lower than those of SDC, consistent with the total con-
ductivity results shown in Figs. 6 and 7. The activation energies of
the samples decrease with Fe2O3 substitution up to a minimum of
x = 0.0025. The changes in activation energy with composition seem
to be correlated with compositional variations in conductivity: the
maximum value of total ionic conductivity corresponds to the min-
imum activation energy in agreement with the compensation rule
of Meyer–Neldel [37].

Fig. 10 shows the XRD patterns of SDC with different Fe2O3
contents after aging at 800 ◦C for 120 h. No significant difference
exists in the crystal phase between the aged (Fig. 10) and unaged
(Fig. 3) samples, indicating that no significant change in compo-
Fig. 9. Activation energies of conduction of samples measured at 600–800 ◦C after
aging at 800 ◦C for 0 and 120 h in air vs. Fe2O3 content.
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ig. 10. XRD patterns of SDC with different Fe2O3 contents after aging at 800 ◦C for
20 h.

s considered the most possible contribution to aging behavior in
oped ceria. The mechanisms underlying the effect of Fe2O3 on the
ging behavior of SDC will be investigated further.

. Conclusions

The densification, crystal structure, ionic conductivity, and aging
ehavior of SDC with the addition of Fe2O3 (0–2.5 mol%) were

nvestigated. The addition of Fe2O3 reduces the sintering temper-
ture of SDC by ∼100–150 ◦C. A second-phase Fe2O3 is formed
t an Fe2O3 content of ≥1.5 mol%. Impedance spectroscopy mea-
urements indicated that the conductivity of SDC can be improved
ith the addition of appropriate amounts of Fe2O3. A reduction in

otal conductivity is observed in all the samples after aging in air
t 800 ◦C for 120 h. However, the SDC with appropriate amounts
f Fe2O3 also show higher conductivity after thermal aging. XRD
howed that no significant change in composition or phase of the
amples is caused by prolonged heating. In this study, the SDC with
.25 mol% Fe2O3 [(Ce0.8Sm0.2O1.9)0.9975 + (Fe2O3)0.0025] exhibits the
ighest conductivity and the lowest activation energy before and
fter high-temperature aging.
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