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Abstract: Ce,; Sm,, O,,_,-La,, Sr,, Ga,; Mg,, O;_; ( SDC-
LSGM)is prepared by the glycine-nitrate process( GNP). SDC-
LSGM composite electrolyte samples with different weight ratios
are prepared by the co-combustion method so as to obtain
homogeneous nano-sized precursor powders. The X-ray
diffraction (XRD) and the scan electron microscope (SEM) are
used to investigate the phases and microstructures. The
measurements and analyses of oxygen ionic conductivity of SDC-
LSGM are carried out through the four-terminal direct current
(DC) method and the electrochemical impendence spectroscopy,
respectively. The optimum weight ratio of SDC-LSGM is 8 : 2,
of which the ionic conductivity is 0. 113 S/cm at 800 C and the
conductivity activation energy is 0.620 eV. The impendence
spectra shows that the grain boundary resistance becomes the
main barrier for the ionic conductivity of electrolyte at lower
temperatures. The appropriate introduction of LSGM to the
electrolyte SDC can not only decrease the electronic conductivity
but also improve the conditions of the grain and grain boundary,
which is advantageous to cause an increase in oxygen ionic
conductivity.
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he solid oxide fuel cell( SOFC) is notable for its high
Tefficiency and environmental friendliness. Decreasing
the operating temperature of the SOFC from 800 to 600 C
has attracted worldwide interest for the reasons of long-term
stability and cost; however, the decreased operating temper-
ature will reduce the oxygen ionic conductivity of the elec-
trolyte in parallel with the electrode reaction activity. Two
approaches, reducing the electrolyte thickness and searching
for available materials with high ionic conductivity, are
widely adopted to alleviate the problem of ohmic loss.
Enormous efforts can be found in the literature on the im-
provements of electrolyte ionic conductivity, including
ceria-based oxides and lanthanum gallate-based oxides''™ .
Samaria doped ceria( SDC) is reckoned as a prominent elec-
trolyte candidate for its good oxygen ion conductor in an in-
termediate temperature. A major shortage of SDC exists in
its instability in reducing atmosphere; i. e., under anode
conditions Ce** can be reduced to Ce’* which results in the
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increase in electronic conduction and can eventually be
harmful to the performance of cells. The doping of the per-
ovkite LaGaO, with Sr and Mg(LSGM) introduces a quanti-
ty of oxygen vacancies that results in high conductivity( >
0.10 S/cm at 800 C). Moreover, this compound has negli-
gible electronic conduction at temperatures 7 < 1 000 C over
a broad range of oxygen partial pressure from P, =1 to
10> atm''. However, LSGM is known to have higher
chemical reactivity with Ni-based cermet anodes, and the
reaction between LSGM and Ni results in the formation of
high-resistivity compounds such as LaNiO, and LaSr-
Ga,0,"". These reaction products can also lead to the deg-
radation of cell performance due to an anomalous increase in
ohmic loss. To fully take advantage of SDC and LSGM,
the composite electrolyte SDC-LSGM is a feasible material
that can be applied in the electrolyte materials of SOFC. Xu
et al. '’ reported that the SDC and LSGM powders were
mixed by mechanical means, and found that the optimal
mixed weight ratio is 9 : 1, in which to a certain extent LS-
GM can block off the electronic current in the electrolyte
and result in an increase in ionic conductivity.

In this paper, SDC-LSGM composite electrolyte samples
with different weight ratios are prepared by the co-combus-
tion method so as to obtain homogeneous nano-sized precur-
sor powders. The ionic conductivity of the electrolyte is
composed of grain and grain boundary conductivity, and the
grain resistance is influenced by its microstructure, while
the properties of grain boundary are determined by the mis-
match of the lattice, second phase segregation, space charge
and microcracks. Therefore, the more homogenous the pre-
cursor powders are, the higher the ionic conductivity of the
composite electrolyte will be.

1 Experimental

Ce(NO,), -6H,0(99.9%), Sm,0,(99.9%), La,O,
(99.9%), SrCO, (99.9%), Ga,0, (99.9%), MgO
(99.9% ) and other chemicals are purchased from Sinopharm
Chemcial Reagent Co., Ltd., Shanghai. La,O,and MgO
powders are calcined at 1 000 C for 2 h to eliminate the im-
purities.

Varied SDC-LSGM composite electrolyte samples with
different weight ratios from 9: 1 to 5: 5(hereafter named as
SL91, SL82, SL73, SL64, SL55)and SDC are synthesized
by the GNP method; stoichiometric amounts of Ce(NO,), -
6H,0, Sm,0,, La,O,, SrCO,, Ga,O,and MgO are dis-
solved in dilute nitric acid according to the weight ratios of
SDC-LSGM. The mole ratio of glycine to metal is 1. 5. The
solution is heated on a hotplate and stirred until a sticky gel
appears, resulting in rapid and self-sustaining combustion.
The resultant ash is calcined at 1400 C for 4 h in air to re-
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move possible carbon residues and form the SDC and LSGM
phase of the fluorite and perovskite structure respectively.
The resulting powders are pulverized and isostatically
pressed into disks(30 mm in diameter and 0. 4 mm in thick-
ness) at 30 MPa. Then the disks are finally sintered at 1 400
C for 6 h. The Pt slurry is painted on both the sides of the
disks for the measurement of electrochemical impendence
spectroscopy( EIS) .

The crystal phase structures of SDC-LSGM and pure SDC
powders are identified with Cu Ko radiation using an XD-
3 A diffractometer. The conductivity of all the specimens is
measured by the standard four-terminal DC method in the
temperature range from 900 to 500 C. Cross-section mor-
phologies are examined in a Sirion scanning electron micro-
scope (SEM). EIS measurements are carried out using a
Zahner IM6ex analyzer.

2 Results and Discussion
2.1 XRD patterns of composite materials

Fig. 1(a) shows the XRD patterns of the different compos-
ite electrolyte and pure SDC powders after being calcined at
1 400 C for 4 h. It can be seen that the spectra of SL91 and
SL82 are almost the same as the pure SDC in that all reveal
a cubic fluorite structure, and no impurity peaks are found.
It can be extrapolated that there is a possibility of the en-
trance of the La’*ion into the lattice site of the SDC. The
main peaks of SL91 and SL82 shown in Fig. 1 ( b) shift to
low angle for 0.2° and 0. 3°, respectively, compared with
the SDC. This minute variation can confirm the introduction
of the La’* ion into the SDC lattice. The ionic radius of the
La’*(0.106 nm) is larger than that of the Ce'* (0.092
nm). Hence introducing the La’* ion into the SDC lattice
will lead to expansion of the lattice. Tab. 1 shows the lattice
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Fig.1 XRD patterns of composite electrolyte. (a) SLS5,
SL64, SL73, SL82, SL91 and pure SDC; (b) Partial enlarged view of
pure SDC, SL91 and SL82 from 27° to 29°

parameters and the crystal size of pure SDC, SL91 and
SL82. Cell parameters are calculated by fitting the observed
reflections with an MDI JADES program and the crystallite
size of the calcined powders is estimated using the Scherrer
formula. The lattice parameters continuously enlarge with
the increase of La’* ion concentration, which is consistent
with the results of Fig. 1(b). For SL73, SL64 and SL55, a
trace of impurity phase of LaSrGa,O, is observed and be-
comes much more evident with the incremental LSGM.

Tab.1 Lattice parameter and crystal size

Lattice Volume of Crystal
Sample 3 .
parameter/nm  crystal cell/nm size/nm
Pure SDC 0.541 3 0.158 6 39.1
SLI1 0.542 8 0.1599 40.3
SL82 0.5450 0.1619 41.2

2.2 SEM analysis

Fig. 2 shows the SEM images of the cross-sections of the
sintered SDC, SL91 and SL82. In the pure SDC, the
boundaries between grains are clear to see and the porosity is
great; however, the amount of pores diminishes with the in-
crease in the LSGM. As for SL91, the grain boundaries
tend to merge and blur accompanied with the decrease in
pores. In the case of SL82, no significant porosity is ob-
served in the image. It seems that the introduction of LSGM
enables it to enhance the grain growth as well as to prompt
the atoms at the edge of grains to arrange in an ordered
way. The adjacent grains adjust the arranged way of their
atoms at the boundary site to make the thickness of the
boundary as small as possible!”, and eventually they merge
with each other. The remarkable improvement of the porosi-
ty and the grain boundaries of SL91 and SL82 must influ-
ence the whole conductivity in some way.

(a) (b) ()
Cross-section SEM images of different composite
electrolytes. (a)Pure SDC; (b)SL91; (c)SL82

Fig. 2

2.3 Electrical conductivity

The electrical conductivity of the sintered composite elec-
trolytes is summarized and plotted in an Arrhenius diagram
(see Fig. 3). According to the Arrhenuis equation, the acti-
vation energy can be gained from the slope of each line. For
SL82, the activation energy(0. 620 eV)is the lowest and the
conductivity(0. 113 S/cm at 800 C and 0.059 S/cm at 700
C)is the highest among the five samples. The reason for the
high conductivity of SL82 is that it is possible that a certain
amount of La’* ion dissolves into the ceria phase. This be-
havior not only stabilizes the cubic phase but also increases
the oxygen vacancy concentration in the ceria, and LSGM al-
so plays an important role in blocking the reduction of quad-
rivalent cerium ionic to becoming trivalent. SL82 seems to be
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the optimum composition in terms of electrical conductivity
which is in good agreement with SEM analysis; however, the
conductivity of the composite electrolytes decreases with the
increase in LSGM in the cases of SL73, SL64 and SL55.
This can explain why the increase of LSGM as a secondary
phase in the composite electrolytes is due to saturated dissolu-
tion of lanthanum ions into the ceria phase. Besides, the new
impurity phase of LaSrGa,O,, which can be found in SL73,
SL64 and SL55 functions as a nonconductor, will dwindle the
conductivity dramatically™™'.
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Fig. 3  Arrhenius plot of conductivity for sintered SDC-LS-
GM composites with different LSGM weight ratios

2.4 EIS analysis

The EIS is applied to fully understand the impact on the
grain and grain boundary resistance resulting from the doping
of LSGM. Basically, the impendence spectra of the electrolyte
exhibits two circular arcs which belong to R,-C, correspond-
ing to the grain resistance at higher frequency and R, -C,, cor-
responding to the grain boundary resistance at lower frequen-
cy as indicated in Fig. 4(b). The impendence spectra of pure
SDC, SL91, SL82 and SL73 measured at 700 C in air are
shown in Fig.4 (a). The wire resistance is ignored for rea-
sons of comparison. The resistance of SL82, which is equiv-
alent to the intercept of the arc with the Z' axis, is
0.4 Q-cm’ and is smaller than 0.9 Q-cm’ and 1.4 Q-cm’
for SL91 and the pure SDC, respectively at 700 C. Howev-
er, in Fig. 4(a), the two arcs of the grain and grain boundary
resistance merge together and become indistinguishable since
the time constants (7 = RC) of the grain and grain boundary
are close to each other; hence, the resistance of the electro-
lyte R, is not equal to the summation of R, and Rgb[”H” . The
grain and grain boundary resistances of pure SDC, SL91 and
SL82 are calculated from the fitting of impendence arcs,
which are plotted in the Fig.5. It is obvious that the grain
and grain boundary resistances both decrease with the increase
in LSGM. These decreases can possibly be attributed to the
improvement in grain and grain boundary conditions, which
is consistent with SEM analysis. Besides, it needs to be no-
ticed that the grain boundary resistance increases much more
dramatically than the grain resistance. For example, in the
case of SL82, the increments of the grain and grain boundary
are 5.0 and 13.8 Q-cm’, respectively as the temperature
drops from 750 to 550 C, indicating that the grain boundary
conduction is the major barrier for the ionic conductivity of
the electrolyte at low temperature.
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Fig. 4 Impendence spectra measured at 700 C in air. (a)

Pure SDC, SL91, SL82 and SL73; (b)Equivalent circuit of a typical
electrolyte material
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Fig. 5 Grain and grain boundary resistance of pure SDC,
SLI91 and SL82 at different temperatures. (a) Grain resistance;
(b) Grain boundary resistance

3 Conclusion

Ionic conductivity and sinter behavior can be significantly
improved by introducing LSGM into SDC. Among all the
specimens measured in the experiment, SL82 is the opti-
mum mix ratio with the ionic conductivity of 0. 113 S/cm at
800 C and 0.059 S/cm at 700 C. It is believed that the
properties of the grain and grain boundaries in the electro-
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Iyte, such as grain size, impurity segregation and space
charge, play an important role in the ionic conductivity, es-
pecially at low temperatures. Besides, certain additives can
be used to scavenge the grain boundary to enhance the ionic
conductivity in the future work.
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