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Abstract

Ceria-based electrolyte powders consisting of Fe,0; and Sm,05 double-doped ceria (Ce, ¢Sm, ,_,Fe, O,_5) were synthe-
sized by a sol-gel method. The structure and electrochemical characters of the electrolyte materials have been studied. The
phase formation of precursor powders was studied by the X-ray diffraction analysis (XRD). Microstructural and sinterabil-
ity measurements were carried out on the sintered electrolyte discs. Electrochemical impedance spectroscopy (EIS) was
used for estimate the electrochemical properties. The results displayed that crystalline cubic fluorite structured is formed
after calcined at 700 °C. The electrochemical analysis results showed that the electrical properties of Ce gSm ,0; o (SDC)
electrolytes substituted with certain Fe,O; were superior and a total conductivity of 0.0263 S cm™~! could be obtained in the
x=0.1 sample. Therefore, it was concluded that co-doped with Fe,O; and Sm,0O; could enhance the electrical conductivities
of CeO,-based solid electrolyte, indicating that it is a potential electrolyte for SOFCs.

1 Introduction

With the development of the society, energy affects all sec-
tors of the global economy. The increasing industrializa-
tion requires sustainable, highly efficient energy production.
Solid oxide fuel cell (SOFC) is a type of electrochemical
device that can convert chemical energy into electric energy
efficiently and environment-friendly [1-3]. In SOFC, sev-
eral doped ceria materials were identified as attractive elec-
trolytes because of the high ionic conductivity [4—11]. The
substitution of trivalent ions for Ce** ions can enhance the
vacancies number and result in the increasing of oxygen
ion conductivities in ceria-based materials, so rare earth
ions doped ceria exhibit high conductivity [12—-16]. When
CeO,-based electrolyte doped with a trivalent rare earth
metal oxide or a divalent alkaline earth metal oxide, the
oxygen vacancies formed in the oxygen sublattice due to
the charge compensation, thereby increasing the ionic con-
ductivity. The total conductivity (o,,,) of a polycrystalline
CeO,-based electrolyte is determined by the grain conduc-
tivity (o,;) and the grain boundary conductivity (o). o, is
usually 100-1000 times higher than o, [17, 18]. During the
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sintering process, there are a certain amount of impurities
exist at grain boundaries which increase the grain boundary
resistance and resulting in the decrease of o,

In the study of ceria-based materials, double doped ceria
is found to have superior electrical properties. Ceria-based
electrolytes co-doped with alkaline earth (Ca®*, Sr**) and
rare earth ions (Gd**, Sm**, Y3*) have been extensively
studied in the past decade years. In addition, to further
improve the ionic conductivity, co-doped samples such as
Ceyslny,_M,01.9 (Ln=La, Gd, Sm, M=Y, Mg, Pr, etc.)
have been studied [19, 20]. Usually, ceria-based materi-
als co-doped with alkaline earth and rare earth ions were
sintered at high temperature in order to obtain dense solid
electrolyte with a single-phase of cubic fluorite structure for
SOFC applications. In order to improve the densification,
the sintering aids such as CuO and MnO, have been added
[21]. Duncan P. Fagg reported small (2 mol%) cobalt oxide
additions to ceria-gadolinia materials considerably improve
sinterability, making it possible to obtain ceramics with
95-99% density [22].

CeO,-based electrolytes doping with transition metal
oxides such as Co,0;, Fe,0; and Al,O; have a certain effect
on scavenging impurities in the electrolyte materials, which
can improve the grain boundary conductivity and total con-
ductivity [23-25]. Among them, Fe,O5 can be used not only
as a impurities degreaser at grain boundaries, but also has
the role of sintering aids for CeO,-based electrolyte [26, 27].
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Ceria-based materials are often prepared by conventional
solid-state reactions, lower temperature reactions including
hydrothermal, precipitation, auto-combustion and other
soft chemical processes [28-31]. Among these, the sol-gel
method offers a new way to prepare electrolyte powders
because of its advantages such as short reaction time, and
it is simple more efficient than other methods. Moreover,
high purity products with small particle sizes and narrow
particle size distributions can be obtained from the sol-gel
process [32].

In this study, Fe,O; and Sm,0; double-doped ceria-based
electrolyte powders have been prepared by sol-gel process.
The samples were characterized using thermogravimetric
and differential scanning calorimetry (TG-DSC), X-ray dif-
fraction (XRD), scanning electron microscope (SEM) and
electrochemical impedance spectroscopy (EIS). The results
of this work can contribute to the fabrication of novel elec-
trolyte for the application to SOFC devices.

2 Experimental
2.1 Sample preparation

Ce,3Smg,_,Fe O,_s (x=0-0.2) ultrafine powders were
prepared by the sol-gel method. In the process, analytical
pure cerium nitrate (Ce(NOj3);-6H,0), samarium nitrate
(Sm(NO;);-6H,0) and Fe(NO;);-9H,0 were used as the
raw materials.

During the preparation process, the aforementioned
three nitrates were dissolved in deionized water and mixed
together, citric acid was then added as complexing agents
to form a homogenous solution, the molar ratio of citric
acid to metal ion (Ce, Sm, Fe) is 1.5:1. The above mixture
was continuously stirred using a magnetic agitator to form
a homogenous solution at 80 °C, then converted to a vis-
cous gel. The gel was dried in an oven at 120 °C for 24 h

Fig.1 TG-DSC curves of
Ce(gSm,,_Fe O, 5 (x=0.1)
xerogel

DSC/(mW/mg)
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to remove the solvents, and then calcined at 700 °C for 2 h
in a muffle furnace. The synthesized Ce,¢Sm,,_Fe O, s
powders were pressed into discs with size of ¢11 X1 mm,
finally sintered at 1400 °C for 4 h in air atmosphere to obtain
wafers used for testing purposes.

2.2 Materials characterisation

Ce,¢Sm,,_Fe O,_; xerogels were studied using TG-DSC
simultaneous thermal analyzer (Netzsch STA 409PC, Ger-
many) in a nitrogen atmosphere. The phase composition of
the calcined Ce, ¢Sm,, ,_,Fe O,_; powders was analyzed by
X-ray diffraction (XRD) method (Rigaku, Japan), the dif-
fractograms were scanned in 26 from 20° to 70° using Cu
Ka line (41=0.154056 nm). The microstructure was ana-
lyzed with a scanning electron microscope (SEM, Model
S4800). The electrochemical performance of the sin-
tered discs was tested using an electrochemical analyzer
(CHI660D, China). For electrochemical testing, silver paste
was coated uniformly on both sides of each sintered disc
and then fired at 700 °C for 10 min to form Ag electrodes.
Measurement of the data were conducted in the frequency
range 0.1 Hz—100 kHz from 400 to 800 °C in increments of
50 °C, the obtained impedance spectra were processed using
ZSimpWin software.

3 Results and discussion
3.1 TG-DSC analysis

The thermal evolution of the xerogels were analyzed by record-
ing TG-DSC curves. As shown in Fig. 1, the thermal decom-
position and weightlessness of the xerogels can be divided
into three stages. The first stage: from room temperature to
160 °C, the weight loss of the sample is about 7.6%, which
corresponds to the loss of adsorbed water and citric acid in
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the sample. In the second stage(160-650 °C), there is a strong
exothermic peak on the DSC curve and the weight loss of
the sample is about 45%, corresponding to the decomposition
process of some organic groups and ions in the sample. When
the temperature is above 650 °C, the change of TG curve is
not obvious, which indicates that the decomposition of organic
matter in the sample has been completed. However, an obvious
exothermic peak appears in the DSC curve at about 670 °C,
which may be formed by the phase transition and crystalliza-
tion process of the sample, indicating that a solid solution of
Ce(sSm,,_Fe, O,_s has been formed at this temperature. By
analyzing the thermal behavior of Ce; ¢Sm,,_,Fe O,_; xero-
gels, precursor powders were calcined at 700 °C for 2 h in
present study.

3.2 XRD analysis

Figure 2 shows the XRD patterns of the Ce, gSm,),_ Fe O,_s
powders along with CeO, standard patterns with cubic fluo-
rite structure. Ce( ¢Sm,,,_,Fe, O,_s powders calcined at 700 °C
crystallized well, and no second phase can be recognized. The
powders showing all main reflections corresponding to the
reference spectra (JCPDS No. 43-1002), indicative of the
complete formation of CeO,-based solid solution with typical
cubic fluorite structure.

The crystallite sizes were calculated using the Scherrer
equation [33]:

D =094/fcosb (1)
where D is the crystallite size, 4 is the X-ray radiation wave-
length, 20 represents the diffraction angle and g is the
strongest Bragg’s peak corresponding to the reflection for

the samples. f = 4/f2 — fi? is the corrected FWHM of the
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Fig.2 XRD patterns of the CeygSm,,_JFe O, s powders (red
vertical lines represent the standard diffraction peak of the CeO,)
(Color figure online)

observed halfwidth: 3, is that of the (111) reflection in sam-
ples and f, is that of the (111) reflection in a standard sample
(Si from NIST). Table 1 shows the cell parameters of the
samples calculated from the XRD patterns using Jade
software.

Fe** co-doping decreases the lattice constant compared
to SDC as expected from effective ionic radii considerations
[34]. The SDC powder lattice parameter (¢ =0.5433 nm) is
slightly bigger than that of pure ceria (¢ =0.5411 nm, in
accordance with JCPDS card 43-1002), while co-doping
with Fe** leads to a decrease in the lattice parameter, which
attribute to the ionic radius of Fe** (0.065 nm) is smaller
than that of Sm®* (0.108 nm) and Ce** (0.097 nm). The
lattice parameters depend on the ionic radius, amount, and
solubility limit of the dopant ions, thus the lattice parameter
of SDC decreases as the Fe content increasing [35-37].

3.3 Microstructure and sinterability analysis

Figure 3a—c display the SEM micrographs of the discs
sintered at 1400 °C. The image show that the discs were
dense and uniform. There are no obvious cracks and pores
at the interface of the samples. It indicates good sintering of
Cey gSm, ,_,Fe O,_s samples. The mean grain sizes of the
pellet was approximately 1-5 pm.

In order to estimate the influence of sintering tem-
perature to the density of electrolyte ceramics, the
Ce; ¢Smy,_,Fe O,_s samples were sintered at different
temperatures. Figure 3d—f display the surface topography
of Ce( 3Sm, ;Fe,,0,_s sintered at 1100 °C, 1200 °C and
1300 °C, respectively. It can be found that the density of
the sample increased with the increasing of sintering tem-
perature. There are many pores on the surface of sintered
sample at low temperatures (1100 °C and 1200 °C, Fig. 3d,
e), while the pores on the surface of the sample are less
and less with the increase of sintering temperature. There
are no obvious pores at the interface of the samples which
sintered at 1400 °C (Fig. 3b).Based above discussions, the
samples should sintered at 1400 °C to form dense electrolyte
ceramics.

Table1 Measured and  calculated  properties of  the

Ce(sSm,,_,Fe O,_; samples

X Lattice param- Dy, (nm) P (g cm?) Relative
eter a (nm) densities

(%)

0 0.5433 154 6.85 98.74

0.05 0.5424 14.6 6.79 98.30

0.10 0.5412 13.3 6.74 97.68

0.15 0.5409 139 6.68 95.41

0.20 0.5398 12.1 6.62 99.27
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Fig.3 SEM micrographs of the
Ce(3Sm,,_,Fe O,_s sintered
discs (different dopant content
x sintered at 1400 °C: a 0.05; b
0.1; ¢ 0 and 1% mol content sin-
tered at: d 1100 °C, e 1200 °C,
f 1300 °C)

The bulk density (p) and open porosity of
CeygSm,,_,Fe, O,_; sintered discs was measured using
Archimedes method with deionized water:

_ WDry Xp Water

= 2
WWet - WSus

where W), is the weight of sintered discs, p,,, is the den-
sity of water (0.997 g-cm™3), Wy,,, is the wet weight (boil
the discs in water for 30 min), and W, represents the sus-
pended weight of sintered discs in water. The relative density
of Ce, ¢Sm,,_,Fe O,_s discs sintering at 1400 °C reached
above 95%, which confirmed that the sintered discs were
dense with low porosity. The results of density and porosity
testing showed that Ce, ¢Sm,,_,Fe O,_s powders prepared
by sol-gel method have good sinterability.

Figure 4 illustrates the shrinkage curves of the Cegq
Sm,_Fe O,_s samples. The onset of Cej gSm,,_ Fe O,_;
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shrinkage occurred at lower temperature and rapid shrinkage
occurred over a narrow temperature region (600900 °C),
and final shrinkage was approximately 12%. When the tem-
perature is above 1400 °C, the change of shrinkage curve is
not obvious, which indicates that the density of the samples
were high. Thus, we selected 1400 °C as the sintering tem-
perature, as it is sufficient to obtain the dense electrolyte
ceramics.

3.4 Electrochemical analysis

Electrochemical impedance spectroscopy (ELS) is a powerful
electrochemical technique with wide applications in SOFC
development. It can characterize the information of ohmic
losses, electrochemical kinetics, and mass transfer processes
individually. It can obtain a symmetrical cell from a repre-
sentative impedance spectrum, R, and R, are the bulk and
grain-boundary resistances of the electrolyte, R, is the elec-
trode resistance. There are two semicircles of the electrolyte
process in such circuit at high frequencies are represented by
two resistances, R;, and Rgb [38].

The conductivities of Fe doped SDC electrolyte ceramics
were measured in air atmosphere. Figure 5 shows the elec-
trochemical impedance spectra of sintered discs (x=0.1).
As seen in Fig. 5, there are two incomplete semicircles in
the spectrum at lower testing temperatures corresponded to
grain boundary and electrode interface resistance, respec-
tively [39]. As the increasing of operating temperature,
the first arc reduced gradually, when working temperature
reached 800 °C, there is only a single depressed arc can be
observed in the impedance spectra. From the intercepts of
the semicircular arcs at “z” axes, it can obtain the values of
R, and Ry, [29, 31, 40]. Based on the resistance values, using
the following equation, it can calculate the conductivities of
Fe doped SDC electrolytes.

L
o =
RxS

3

where L is the thickness of sintered disc, R is total resistance,
S represents the electrode area of the sample. Conductivities
and activation energies of the samples tested at 800 °C are
listed in Table 2.

From the conductivities calculated results, the con-
ductivity of Ce, ¢Smg,_ Fe O,_s ceramics increases with
the increasing of Fe content and reaches a maximum at
x=0.1, then decreases. On one hand, the grain grows due
to the doping of Fe,O; (shown as Fig. 3), so the contact
between the grains is tighter, the density is increased and
reduced the grain resistance, thus increasing the grain con-
ductivity. On the other hand, oxygen vacancies formed
when SDC doped with the trivalent Fe* ion, and most of
these oxygen vacancies are mobile in lower dopant content
range, which result the increase in conductivity. But defect
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Fig.5 Electrochemical impedance spectra of sintered discs (x=0.1)
operated at different temperatures
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Table 2 Conductivities and activation energies of the samples tested
at 800 °C

x R (Q) o (Scm™) Ea (eV)
0 9.7525 0.015 0.85
0.05 6.6495 0.022 0.82
0.10 43263 0.026 0.77
0.15 8.1271 0.018 0.90
0.20 12.1907 0.012 1.14

associations formed at the cost of oxygen vacancies as
doped Fe content increasing, so the conductivity decreased
[41, 42]. Furthermore, doping Fe,O; in SDC, there will be
a small amount of Fe>* entering the lattice to replace Ce**
to generate oxygen vacancies:

CeO, 1... 3
FeO,s — Fe, + EVO + EOO “

Because the attraction between Feée and V) is greater
than that of Sm(,, and Vg, so Fei., and V{ are easier to
combine. When the doping amount of Fe,O; is higher
than 0.1(x), part of Fe’* enters SDC lattice to replace
Ce** to produce Fe(,.. Fei,, combines with V{, to form
an association defect [Fe, - V| [43, 44]. It can be seen
from formula (4), two Fe’* ions will generate one oxygen
vacancy, however, a Fe3* ion will associate one free OXy-
gen vacancy ([Fe’Ce . V{)]), which reduces the concentration
of oxygen vacancies, and decreases the conductivity. All
in all, doping Fe,O; may have two effects on the SDC
system: one is that Fe,O; scavenges the impurities exist
at grain boundaries to increase the conductivity; the sec-
ond is that Fe'ce and V combine to form the association
[Fe’ce . V'(')], which results the decreasing of oxygen vacan-
cies concentration and conductivities. The effects of the
above two aspects resulted in the fact that SDC shows the
superior conductivity with certain Fe,O5 content (x=0.1).
The electrical behavior of Ce,¢Sm,,_,Fe O,_s ceramics
was similar to other rare earth ions doped ceria electrolytes
[45-48]. It demonstrates that the electrical properties of
the ceria-based electrolyte could be enhanced doped with
appropriate Fe content in SDC could enhance for SOFCs
applications.

Representative Arrhenius plots of the reciprocal tem-
perature dependence of log(eT) of Cej ¢Smy,_,Fe O,_s
electrolytes are shown in Fig. 6 which follows the Arrhe-
nius equation:

A E,
o = Texp <_ﬁ> (5)

The activation energies calculated from Fig. 5 reach a
minimum at x=0.1(0.77 eV).
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solid electrolyte

In the study of electrochemical properties of ceria-based
materials, the interaction between dopant M’Ce or Mge and
oxygen vacancies V', resulting the formation of associates
2Mg,, — V{ or M{,, — V. It needs an additional energy to
free the vacancy from the association, so Arrhenius plot of
conductivity often shows a kink towards low-temperature
regime to reflect the increasing activation energy. Moreover,
there is a minimization of the lattice elastic strain, so the
maximum conductivity can be observed for a specific dopant
with the closest match in ionic radius of the dopant cation
and Ce** in ceria based electrolytes. In reducing atmos-
pheres, the excess electronic conduction can considerably
elevates due to the presence of a variable Ce valence which
named Ce** (Ceg,,) and Ce*t (Ceg,) by the following defect
reaction.

1 .
OF +2Ce(, = EO2 + V5, +2Ce,, (6)

Based on the electrochemical measurements, we sug-
gested that Sm and Fe co-doped CeO, composite material
is a prospective electrolyte because of its superior elec-
trochemical properties for future use in IT-SOFCs, and
Ce(sSm,,_,Fe O,_; directs a new strategy to design novel
electrolyte materials for SOFCs applications.

4 Conclusion

Ce( sSm,,_ Fe O,_; solid electrolyte powders were prepared
by the sol-gel method. XRD studies confirmed the forma-
tion of ceria based electrolytes with cubic fluorite structure
after doped with Sm>* and Fe** ions. Microstructure meas-
urements displayed that the Ce, ¢Sm, ,_,Fe O,_; electrolyte
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ceramics are quite dense and uniform with good sinterability
after sintered at 1400 °C for 4 h, and the relative densities
reached above 95%. Electrochemical analysis indicated the
electrical conductivities of Ce, ¢Sm, ,_ Fe O,_; electrolytes
were much higher than that of SDC, and the dopant content
at x=0.1, the electrolyte showed the best ionic conductivity
0f 0.0263 S cm~! at 800 °C. In summary, CeO,-based solid
electrolyte ceramics which doped with Fe and Sm had a
potential application for solid oxide fuel cells in middle or
low level temperatures range.
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