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a b s t r a c t

We prepared Ba substituted lanthanum silicate (La10−XBaXSi6O27−X/2) and examined the effect of Ba sub-
stitution on the crystal structure and conductivity. The X-ray diffraction (XRD) results for a series of
compositions showed that Ba ion can occupy the La site of an apatite structure with the composition
La10−XBaXSi6O27−X/2 (X = 0–1). Rietveld analysis of the synchrotron XRD profiles revealed Ba occupation
in the La 4f site rather than the La 6 h site and a decrease in the occupation factors of the oxide ions of
the SiO4 tetrahedra.

The conductivity of La10−XBaXSi6O27−X/2 exhibited a maximum at X = 0.6 and the value was the same
as that of YSZ (8 mol% Y2O3 doped ZrO2) at 750 ◦C. On the other hand, the activation energy of about

−1

antanum silicate
patite-type oxide
a10Si6O27

50 kJ mol for La9.4Ba0.6Si6O26.7 was smaller than that of YSZ. Thus the conductivity of La9.4Ba0.6Si6O26.7

was a higher than those of YSZ below 750 ◦C. The conductivity parallel to the c-axis which is attributed to
the 2a site oxide ions migration is known to be dominant in La10Si6O27. However, Ba substitution seems
to produce oxygen vacancies and create another pathway for oxide ions perpendicular to the c-axis. The
increase in the pathways leads to an increase in the conductivity. We also reported the solid oxide fuel
cell (SOFC) performance of La10−XBaXSi6O27−X/2 with a maximum power density of 65 mW cm−2 using

ode a
La0.9Sr0.1CoO3−ı as a cath

. Introduction

The fuel cell is expected to be used as a clean power source in
any fields. Polymer electrolyte fuel cells (PEFCs), molten carbon-

te fuel cells (MCFCs), and many other types of fuel cells are now
eing proposed. These fuel cells, especially the solid oxide fuel cells
SOFCs), are able to obtain higher power generation efficiency and
an use a variety of fuels. However, the operating temperature of
n SOFC is around 1000 ◦C, which is too high for the material stabil-
ty under long-term operation and for quick starting and stopping
f the cell. Therefore, it is necessary to improve the conductivity
f the electrolyte material at low temperatures to decrease the
perating temperature of the cell. YSZ (Y2O3 doped ZrO2), GDC
Gd2O3 doped CeO2), and LSGM (La0.8Sr0.2Ga0.8Mg0.2O2.8) are elec-
rolyte candidates for fuel cells [1]. Among these materials, YSZ

nd GDC have a fluorite-type structure and LSGM has a perovskite-
ype structure. In addition to these oxides, La10Si6O27, which has an
patite structure, has recently attracted much attention as a new
lectrolyte for SOFCs [2–11]. The conduction mechanism of this

∗ Corresponding author. Tel.: +81 92 802 3094; fax: +81 92 802 3094.
E-mail address: y-nojiri@mech.kyushu-u.ac.jp (Y. Nojiri).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.01.050
nd NiO-SDC (Sm doped CeO2) as an anode.
© 2010 Elsevier B.V. All rights reserved.

oxide is the interstitial diffusion of oxide ions. This type of con-
duction is totally different from that of conventional oxides such
as fluorite oxides, with the mechanism known as the vacancy dif-
fusion mechanism. From a crystallographic view point, the apatite
structure can be described as A10(BO4)6X2 (A: lanthanides, alkaline
earth elements; B: Al, Si, P, Ge, Ga, etc.; X: O, OH, CO3, F). Based on
the charge neutrality, the crystal structure of La10Si6O27 is based on
La9.33Si6O26, which does not have any interstitial oxygen [14,24].
As the number of La ions in the La sites increases, excess oxygen
ions are introduced into the interstitial oxide-ion sites of the crystal,
which results in an increase in the conductivity. The conductivity
reported for pure (undoped) lanthanum silicate is the highest for
La10Si6O27 [2–7,16]. This type of oxide was known as a pure oxide-
ion conductor under 800 ◦C, without phase transition [3,7,25–27].
In an experiment with a single crystal sample the conductivity was
16 times larger in the c-axis direction than in the other directions
[14]. This result also shows the existence of a-axis conduction in
La9.33Si6O26.
La ions in this material can be substituted by other rare earth
elements [2–7] or alkaline earth elements [12–15,24]. These inves-
tigations showed that substitution by the rare earth elements did
not improve the conductivity, while the Sr substitution on the La
site improved conductivity [7]. The Si site of La10Si6O27 is sub-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:y-nojiri@mech.kyushu-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.01.050
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The XRD patterns of the samples are shown in Fig. 1. All of the
samples were identified as a single apatite phase which is identi-
cal with La10Si6O27. No impurity peaks were observed in the XRD
patterns. These results indicate that the Ba ions in all of the sam-
060 Y. Nojiri et al. / Journal of Pow

titutable with transition metals and Al, Ga, and Ge [11–15,22].
urthermore, it has been reported that a small amount of Mg can be
ubstituted in the Si site of La9.67Si6O27, which indicates that alka-
ine earth elements do not always occupy the La sites [16,17,23].
ecently, La site substitution was carried out for La9MSi6O26.5
M = Ca, Sr, and Ba). In this case, the authors determined that the
ynthesizing temperature was 1650 ◦C from the sintered density
nd shrinkage of the samples [18–20]. Lattice parameters of these
amples were calculated from the XRD patterns, but the lattice
arameter of the a-axis did not follow the Vegard’s law. In addi-
ion, there was no optimization of the substitution amount [17–20].
here are no reports about the relationship between the substitu-
ion site and conductivity.

In this study, we paid attention to the Ba ion which has the large
onic radii among the alkaline earth elements. We examined the
ubstitution characteristics of the La sites with Ba ions and calcu-
ated the lattice parameter using the internal standard method with
he XRD results. A Rietveld analysis was carried out using the X-ray
owder diffraction patterns of the synchrotron radiation to refine
he lattice parameter and Ba2+ occupation sites. We here report the
elation between the crystallographic parameters on the Ba substi-
ution and the conductivities to discuss the conduction mechanism
f the oxide ion. We will also report the fuel cell performances of
he lanthanum silicates.

. Experimental

The samples were obtained by the solid-state reaction
ethod. The starting materials were La2O3 (Kishida Chemi-

al Co., 99.99%), SiO2 (Kishida Chemical Co., 99%), and BaCO3
CERAC Inc., 99.999%). These materials were weighed out as
a10−XBaXSi6O27−X/2 (X = 0–1.0) and mixed using an automatic alu-
ina mortar. The mixture were pressed into a pellets. The pellets
ere placed on a Pt plate to avoid any reaction with an alumina boat

nd then heated at 1650 ◦C for 20 h. Next, the samples were crushed
nto powder, and reformed into a pellets, and calcined at 1650 ◦C
or another 20 h again. Finally, the sample was ground in a mortar
nd again reshaped into a pellets. Then, a cold isotropic press (CIP)
rocess was carried out on the processed pellets at 200 MPa and
he pellets were sintered at 1680 ◦C for 10 h.

To confirm the chemical composition, an inductively coupled
lasma (ICP) analysis of each sample was carried out using an IRIS
dvantage ICP-AES system (Nippon Jarrell-Ash Co., Ltd.). The ICP
ata showed that the composition was almost the same as the initial
omposition.

Phase characterization was carried out by XRD (Mac Science
06XCE) using Cu K� radiation. The lattice parameter of each sam-

le was determined by the internal standard method. Si powder
Kishida Chemical Co., 99.999%) was used as an internal standard.

Synchrotron XRD patterns were obtained to distinguish the Ba
on occupation sites in the La sites at the synchrotron radiation facil-
ty SPring-8, Japan, using BL19B2, which is a medium-length hard
-ray bending magnet beamline designed for engineering science
esearch. A large Debye–Scherrer camera was used to perform a
recise structural analysis of the powder diffraction patterns. The
amera has a radius of 286.5 mm and an imaging plate (IP) on the 2�
rm that acted as a detector. The diffraction patterns were recorded
n the 2� range of 1–75◦, and a selected pixel size of the IP was
0 �m. The sample was loaded into a glass capillary (D = 0.3 mm)
nd irradiated by the synchrotron X-ray while rotating the sam-

les to improve the homogeneity. The observed X-ray diffraction
attern was fitted by using the Rietveld program (REITAN-2000) to
efine the structural parameters [31]. The X-rays had a wavelength
f 0.75 Å, which was detected using CeO2 as a standard. The X-ray
xposure time was 300 s for each sample.
urces 195 (2010) 4059–4064

To measure the electrical conductivity, the sintered samples
were cut into rectangles and the four Pt wire were attached to
each sample with uniform separations. The electrical conductivity
was measured by the four probe method using an impedance ana-
lyzer (Solartron 1260) and an electrochemical interface (Solartron
1286) at different temperatures from 500 to 1000 ◦C in an ambient
atmosphere.

The fuel cell testing was performed using 1-mm thick disk-
shaped samples. La0.9Sr0.1CoO3−ı was used for the cathode and
NiO-SDC (NiO:Sm doped CeO2 = 70:30 by wt%) was used for the
anode. These powdered electrode materials ware separately dis-
persed in terpineol and painted on each side of the electrolyte,
which was then calcined at 1300 ◦C for 3 h. The measurement tem-
perature was 800 ◦C. Air and moisturized H2 gas were introduced
to the cathode and anode, respectively. The water vapor pressure
was controlled using a saturation temperature of 30 ◦C. A flow rate
of 50 cm3 min−1 was used for both gases.

3. Results and discussion

3.1. Crystal structure analysis
Fig. 1. The observed XRD patterns of the La10−XBaXSi6O27−X/2 (X = 0–1) samples.
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site of La2O3, which suggests that a SiO4 tetrahedra does not exist
independently in the crystal. From this reason, interaction between
a La and Si ions through an oxygen ion produces a small oxygen
defect at the SiO4 tetrahedra by the Ba substitution of the La 4f
site. The XRD pattern of X = 0.8 was refined by the Rietveld analysis
Fig. 2. The lattice parameter of La10−XBaXSi6O27−0.5X .

les were fully substituted. Fig. 2 shows the lattice parameters of
he Ba-substituted samples, which were obtained using the inter-
al standard method. Both the a-axis and c-axis lattice parameters
f the samples increases with the amount of substituted Ba. These
esults can be explained by the isotropic expansion of the sam-
les from the ionic radius difference between Ba2+ (1.36 Å) and La3+

1.06 Å). However, the lattice parameters of X > 0.6 do not change
inearly with X. With these results of X > 0.6, the formation of a
lass phase was suspected. However, from the phase diagram of
aO–SiO2 system, the BaO–SiO2 glass will melt at the sample com-
osition and synthesize temperature [28,29]. If, the glass phase was
ormed, the sample can be sintered at below 1400 ◦C by liquid phase
intering. Since the Ba substituted lanthanum silicate is difficult to
e sintered below 1600 ◦C, there is a little possibility of the glass
hase formation. One possible explanation for this result is a change

n the substituted site of Ba ions from the La 4f to the 6h with X > 0.6.
he coordination numbers of the La 4f and the La 6h sites are 9 and
, respectively. When the Ba ion substitute at the La 6h site, a dif-
erence in the coordination number from the La 4f site may cause
he change in the lattice parameter [20].

Fig. 3 shows fitting of the diffraction patterns of the La10Si6O27
nd La9.4Ba0.6Si6O26.7 which were measured by synchrotron X-ray
nd refined by the Rietveld analysis. The refined parameters of
a10Si6O27 and La9.4Ba0.6Si6O26.7 are shown in Table 1. The refined
rystal structure of La10Si6O27 is shown in Fig. 4. The sample sym-
etry used for the refinement was P63/m (No. 176). As shown in

ig. 4, the cation structure of La10Si6O27 consists of alternately lay-
red triangles formed by the La 6h and Si 6h. The La 4f site is located
etween the La and Si triangles. Oxide ions occupy five different
ites, three of which are located close to the Si site (O1 6h, O2 6h,
3 12i) with one oxide-ion site locating at the corner of the unit
ell (O4 2a). The interstitial oxide ion is located in the middle of O4
a and O3 12i (O5 12i). The La 6h site and La 4f site are two substi-
utable sites for Ba2+. The fitting result (Rwp) for the model with Ba
ons substituted in the La 4f site is 8.46%, as shown in Table 1, which
s lower than the model with the La 6h site substitution (8.68%).
he result for the Ba substitution site is in agreement with a recent
eport on Ba-substituted La10Si6O27 [20].

All occupation factors of the oxide ions decreased slightly in the

a-substituted sample, except for O5 12i. For the SiO4 tetrahedra

n La9.4Ba0.6Si6O26.7, the occupation factors of the oxide ions are
.9850, as shown in Table 1. This result indicates that oxide ions did
ot fully occupy the SiO4 tetrahedra in the Ba substituted samples.
he oxide ion of the SiO4 tetrahedra also constitutes an oxygen
Fig. 3. The observed and calculated patterns from Rietveld refinements of La10Si6O27

and La9.4Ba0.6Si6O26.7. The measurements of the observed patterns were carried out
by using synchrotron radiation at SPring 8 (BL19B2).
Fig. 4. The crystal structure of La10Si6O27. This structure was determined from the
results of the synchrotron radiation.
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Table 1
Refined structural parameters for La10Si6O27 and La9.4Ba0.6Si6O26.7.

La10Si6O27 La9.4Ba0.6Si6O26.7

a (Å) 9.7255 9.7698
c (Å) 7.1943 7.2402
V (Å3) 589.31 598.48
Rwp (%) 7.83 8.46
RI (%) 3.17 2.28
S 1.58 1.68

La1, 6h (x y 1/4)
x 0.22862(2) 0.22749(3)
y 0.01121(2) 0.01183(5)
B (Å) 0.694(1) 0.756(5)

La2, 4f (1/3 2/3 z)
g 0.8500
z 0.00061(1) 0.00092(1)
B (Å) 1.620(7) 1.235(5)

Ba 4f (1/3 2/3 z)
g 0 0.1500
z = z (La 4f) = z (La 4f)
B (Å) =B (La 4f) 0.185(7)

Si 6h (x y 1/4)
x 0.40296(4) 0.40098(1)
y 0.37232(4) 0.37233(1)
B (Å) 0.304(2) 0.073(1)

O1 6h (x y 1/4)
g 0.9937(6) 0.9850(1)
x 0.32527(4) 0.32252(4)
y 0.48099(3) 0.47958(4)
B (Å) 0.632(1) 1.669(5)

O2 6h (x y 1/4)
g 0.9937(6) 0.9850(1)
x 0.58820(3) 0.59166(5)
y 0.47495(3) 0.47275(4)
B (Å) 0.636(1) 1.149(4)

O3 12i (x y z)
g 0.9937(6) 0.9850(1)
x 0.34769(4) 0.34368(2)
y 0.26008(4) 0.25866(2)
z 0.07536(3) 0.07394(2)
B (Å) 0.638(1) 2.419(1)

O4 2a (0 0 1/4)
g 0.97(1) 0.930(7)
B (Å) 0.668(2) 1.490(2)

b
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t
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explain the conductivity enhancement. Furthermore, a decrease in
the occupation factor of the oxide ions of the SiO4 tetrahedra may
create the migration pathway to increase the conductivity perpen-
dicular to the c-axis. The result of Table 1 showed that the oxide site
O5 12i (0.1 0.23 0.62)
g 0.100(1) 0.100(6)
B (Å) 0.600(5) 1.494(3)

ased on the different structural models of the Ba substitution sites.
he fitting index, Rwp, for the model in which Ba ions substitutes
oth La 6h and 4f sites, is 14.6%, which is smaller than the model

n which all Ba ions substitute the La 4f site only (Rwp = 17.1%). The
esult supports the above idea.

.2. Conductivity

Fig. 5 shows the temperature dependence of the bulk conduc-
ivities of the Ba-substituted samples in comparison with 8YSZ
8 mol% Y2O3 substituted ZrO2). The bulk conductivity of La10Si6O27
X = 0) is higher than YSZ below 670 ◦C and has an inflection point
t 743 ◦C, which suggests a change in the conduction mecha-
ism. Such an inflection point is sometimes attributed to a phase
ransition [21] or a change in an electronic contribution to the con-

uctivity. Since La10Si6O27 is reported to be a pure ionic conductor
ithout a phase transition in this temperature range, the inflection
oint means that some mechanism to decrease the oxide ion migra-
ion becomes evident at lower temperature such as a ordering or a
lustering of defects, e.g. excess oxide ions.
Fig. 5. The ionic conductivities of La10−XBaXSi6O27 (X = 0, 0.4, 0.6, 0.8) and 8YSZ.

Fig. 6 shows the relation between the Ba contents and conductiv-
ity at 1000 ◦C. The conductivity increases with the Ba substitution,
and La10−XBaXSi6O27−X/2 sample with X = 0.6 shows the highest
conductivity which is the same as 8YSZ at 750 ◦C and higher than
8YSZ below 700 ◦C because of the lower activation energy of the
Ba substituted samples. As already described in the introduction,
the conduction mechanism of this material is the interstitial diffu-
sion of oxide ions. The substitution of Ba2+ at the La sites decreases
the total oxide ions in a single cell, which leads to a decrease in
the carrier density. The conductivity of the Ba substituted sample,
however, shows a slight increase up to X = 0.6, which reveals that
the carrier mobility is increased. As described in Structure analysis
the lattice volume increases with the Ba substitution, which can
Fig. 6. The ionic conductivity of La10−XBaXSi6O27 (X = 0–1.0) at 1000 ◦C.
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Table 2
The activation energy of La10−XBaXSi6O27−X/2 (0 ≤ X ≤ 1.0).

X Inflection
temperature (◦C)

Activation energy (kJ mol−1)

High temperature Low temperature

0 743 55.1 68.2
0.2 726 50.2 54.9
0.4 728 49.8 58.9
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0.6 49.3
0.8 63.4
1.0 67.4

ccupation of the SiO4 tetrahedra and the O4 sites were decreased
y the Ba substitution. The opposite results are obtained at the

sotropic temperature factor in Table 1. These results suggests that
he spatial expanse of oxide ions are increased at the sites, and that
he resulting increase of ionic conductivity happen at the ab plane
nd the c-axis.

With X = 0.8 and 1.0, the conductivity decreases and activation
nergy increases again. The result can be explained by a decrease in
he total oxide ions, and excessive amounts of substituent leading to
decrease in the oxide ion conductivity by the formation of clusters
f oxygen vacancies and substituent, which is already well known
30]. Furthermore, the result of structure analysis shows the change
f the Ba substitution site. This result suggests that relation with
ecrease in the conductivity.

Table 2 shows the activation energy of La10−XBaXSi6O27−X/2. The
ample with X = 0 shows a higher activation energy than those with
= 0.2 to X = 0.6. The samples where X ranged from 0 to 0.4 exhib-

ted an inflection in the activation energy. The samples with X = 0.6
o X = 1.0 did not show an inflection in the activation energy over
he entire temperature range. The inflection temperatures of the
amples decrease with an increase in X. Based on the discussion of
he structural analysis, these activation energy results indicate that
he Ba substitution in the La 4f site decreases the activation energy
y forming a new pathway.

There was little difference, but both of the activation energy
t high and low-temperature were decreased with an increase in
. These behaviors of the activation energy can be explained by
he creation of the oxygen vacancies in the Ba substituted samples,
nd the same phenomenon has been already observed in the Ca
ubstituted samples [24].

.3. Fuel cell performance

Fig. 7 shows the fuel cell performances of the La10Si6O27 and
he La9.4Ba0.6Si6O26.7. The open circuit voltage (OCV) of 1.22–1.23 V
re in good agreement with the theoretical value, which indi-
ates that these samples are pure oxide-ion conductor. At a low
urrent density, there was no activation overpotential in the
–V plots for the samples, which indicates that the oxide cath-
de and anode of these samples both acts as active electrodes
23].

The current density of La10Si6O27 is 200 mA cm−2 which is
lmost double that of the Pt electrodes reported by Yoshioka
nd Tanase [16]. The maximum power density of La10Si6O27
as 50 mW cm−2 which is 50% higher than the value using

he Pt electrodes and measured at the same temperature [16].
a9.4Ba0.6Si6O26.7 exhibits higher current density of 230 mA cm−2

nd a higher maximum power density of 65 mW cm−2. The inter-
al resistances of the SOFCs, which were calculated from the linear

arts of the I–V curves, were 65 � cm for La10Si6O27 and 51 � cm
or La9.4Ba0.6Si6O26.7. Recent paper have reported 157 � cm for
a9.6Si5.7Mg0.3O26.1 [17], and about 100 � cm for La10Si6O27 [22].
comparison of the internal resistance values of La10Si6O27 indi-
Fig. 7. The SOFC performances of La10Si6O27 and La9.4Ba0.6Si6O26.7. The cathode and
anode electrodes were La0.9Sr0.1CoO3–ı and NiO-SDC, respectively.

cated that there was high resistance area at the interface between
an electrode and the electrolyte.

Since we have not optimized the composition and calcination
conditions of the electrodes, it is possible to obtain a higher power
density in the future by optimizing them.

4. Conclusion

We investigated the relations between the Ba ion occupation
sites and conductivity. A Rietveld analysis of the diffraction using
synchrotron radiation showed that the Ba ion occupied the La 4f
site in La9.4Ba0.6Si6O26.7. In addition, the presence of the Ba ion in
the La 4f site caused oxygen defects in the SiO4 tetrahedra, which
produced an oxide ion path along the a and b axes in the crystal,
thus enhancing the conductivity. On the other hand, in a compo-
sition where X > 0.6, there is a possibility for the Ba ions occupied
the La 6h site and the La 4f site from the Rietveld analysis result
of X = 0.8. Additionally, since the ionic radius of Ba is larger than
that of La, it will give rise to an increase in the activation energy.
The activation energies of the Ba substituted samples were lower
than that of a blank sample, except when X > 0.6. This result may
suggest the formation of a new carrier pathway by the Ba substitu-
tion in the samples. La9.4Ba0.6Si6O26.7 produced a maximum power
density of 65 mW cm−2. La10Si6O27 produced a 50 mW cm−2 max-
imum power density. This result for La10Si6O27 was 50% greater
than that of a recent report, which was obtained using Pt electrodes.
The internal resistances of the samples were lower than that of the
Pt electrodes. This result indicates that a high resistance area may
exist at the interface between an electrode and the electrolyte.
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