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Lanthanum silicates La;oSig_,MgyO27_, (x = 0-0.4) were prepared by solid state synthesis to investigate the effect
of Mg doping on crystal structure and ionic conductivity. Rietveld analysis of the powder XRD patterns reveals that Mg
substitution on Si site results in significant enlargement of channel triangles, favoring oxide-ion conduction. Furthermore,
an increase of Mg concentration significantly influences the linear density of interstitial oxygen, which plays an important
role in ionic conductivity. The Arrhenius plots of LajgSig_MgyOr7_, (x = 0-0.4) suggest that Mg-doped samples present
higher conductivity and lower activation energy than non-doped La;(SigO»7, and LaSis §Mgp 207¢.¢ exhibits the highest
conductivity with a value of 3.0x1072 S -cm~! at 700 °C. Such conductive behavior agrees well with the refined results.
The corresponding mechanism has been discussed in this paper.
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1. Introduction

The usage of apatite-type lanthanum silicates (ATLS) as
novel electrolyte materials for intermediate temperature solid
oxide fuel cells (IT-SOFCs) has achieved considerable world-
wide interest due to clean energy conversion, high energy effi-

ciency, and the potential for developing fuel cell devices,!'~1°!

ever since Nakayama ef al. advocated it for the first time.!!”]
In contrast to the vacancy mechanism common to the fluorite-
and perovskite-type oxide-ion conductors, such as doped ZrO,
(e.g. YSZ) and doped LaGaO3 (e.g. LSGM), which have been
targeted for IT-SOFCs up to the present, a unique intersti-
tial conduction mechanism is found in ATLS, making it even
more attractive. Previous experimental and theoretical ev-
idence identified that the structure of ATLS comprises iso-
lated SiOy4 tetrahedra units with La ions located in 7- and 9-
coordinate channel sites and the remaining oxide ions occupy-
ing one-dimensional channels running parallel to the hexago-
nal axis (space group P63/m). Moreover, such interstitial oxy-
genic sites at the periphery of the hexagonal channel close to
the silicon groups are considered vital for the high oxide-ion
conduction!'8-2% needed in IT-SOFCs. It has been found that
the conductivity of lanthanum silicates is very sensitive to the
doping regime and the cation/anion nonstoichiometry.[?!-2°]
Particularly, Mg as an ambi-site dopant can be substituted onto
either La or Si sites depending on the starting composition.
However, rather poor conductivity has been observed when
Mg is doped on La sites, for example, the oxygen stoichiomet-

ric LagMg 5SigO26, due to a lack of interstitial oxygenic site
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occupancy.*”! Thus, considering the limitations of Mg substi-
tution on La site, doping on the Si site seems to be the most
promising route for improving conductivity.

The previous investigations about Mg substituting on Si
site, i.e., Lag5Si575Mgo25026 and Lag 67Sis5sMgo5026 led
to a remarkable enhancement in conductivity, while main-

1301 The local enlargement

taining the oxygen stoichiometry.
of oxide-ion channels induced by the corresponding increase
in the size of the tetrahedral sites due to the larger size of
Mg?* compared to Si** has been linked to such elevated

31-351 However, the presence of interstitial oxy-

conductivity.!
gen has been confirmed only qualitatively, by Rietveld analy-
sis, unfortunately. Besides noticing the importance of Si sites
in the conduction process, a detailed understanding of con-
duction mechanism has not been thoroughly established, be-
cause of a lack of quantitative data. Further study carried out
by Ali et al. also proposed a diffusion path of oxide ions in
excess-oxygen Lag 71 Sis g1 Mgo.138026.37, and reported a sim-
ilar large enhancement in conductivity, but the effect of extra
interstitial oxygen arising from increasing the La content while
keeping the system electroneutral has been ignored.*®! There-
fore, a systematic investigation of Mg substitution on the Si
site while keeping La-cation stoichiometry, more particularly
under the circumstance of excess oxygen, has not yet been ac-
complished. The correlation of crystal structural changes and
interstitial oxygenic sites with increasing Mg dopant as well as
the resulting conductivity behaviors must be clarified. In this
context, the purpose of the present paper is to investigate the
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crystal structure and the conductivity behavior of lanthanum
silicates La9Sig— Mg,O27_, (x = 0-0.4). The interstitial oxy-
gen density has been determined for the first time, which can
contribute, as a supplement, to a fuller understanding of the
conduction process: a quantitative understanding. As a wide
range of dopants can be chosen for doping ATLS to improve
its conductivity, a precise awareness of such interstitial oxygen
density might enable new insight into conductivity behaviors,
not only for the Mg-doped system of the present work, but also
for many other possible doped systems of interest.

2. Experiments

Starting reactant powders of lanthanum oxide (La;Os,
99.99%), silicon oxide (Si02, 99.99%), and magnesium oxide
(MgO, 99.99%) were weighed in the nominal composition of
LajpSig_xMg;027_, (x = 0-0.4). La,O3 powders were dried
at 1000 °C for 2 h in advance. After weighing, the mixtures
of reactants (LayO3, SiO,, MgO) were ball milled in ethanol
medium at the speed of 400 rpm for 8 h. After this process, the
mixtures were dried, ground, and sifted to avoid agglomerated
powders. The sifted powders were pressed under 100 MPa to
form pellets, and then sintered at 1350 °C for 10 h. The sin-
tered pellets were reground and reformed as pellets, and finally
calcined at 1750 °C for 6 h again.

Phase characterizations of the samples were identified by
X-ray diffractometer (XRD, Shimadu XRD-6000). The mea-
surements were done using Cu-Ka radiation in the 26 range
of 20°-80° with a step size of 0.02° and counting time of
2 s. Rietveld analysis was performed on the powder XRD pat-
terns using the GSAS program to perform the structural refine-
ment. The bulk densities of samples were determined by the
Archimedean method. Furthermore, the conductivities of sam-
ples were measured using a model Solartron 1260 impedance
analyzer. Silver electrodes were coated on both surfaces of the
sintered pellets and heated at 550 °C for 30 min. Impedance
measurements were performed during heating from 450 °C to
700 °C in a frequency range from 0.1 Hz to 1 MHz with an
increment of 50 °C, followed by an analysis of these results
using Z-View software.

3. Results and discussion

The XRD patterns of the La;oSig_Mg,O27_x (x = 0—
0.4) samples are shown in Fig. 1. It is obvious that all sam-
ples are identified as a single apatite phase, which is indexed
with the hexagonal structure according to the JCPDS 53-0291.
The strong and sharp diffraction peaks suggest that the as-
prepared samples are well crystallized, and the diffraction
peaks from impurities have not been detected, suggesting the
high purity of the as-obtained products. The diffraction pat-
terns of LajoSig—MgyO27_y (x = 0-0.4) were refined by Ri-

etveld analysis using the structural model with the symme-
try of P63/m (No. 176), and the fittings are shown in Fig. 2.
Furthermore, the refined parameters of LajoSig_,Mg,O27_y
(x =0-0.4) are shown in Table 1, and the refined crystal struc-
ture of La;9SigO»7 is shown in Fig. 3.
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Fig. 1. (color online) The X-ray diffraction patterns of La;oSig—MgyOp7_x
(x = 0-0.4) sintered at 1750 °C for 6 h.
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Fig. 2. (color online) Rietveld fitting patterns of LajSig— MgyO27_
(x =0-0.4). Dots and lines: observed and calculated profile intensities,
respectively.
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Table 1. Refined structural parameters of LajoSig_xMgyO27_, (x = 0-0.4).

x=0 x=0.1 x=0.2 x=0.3 x=04
a,blA 9.7041(7) 9.7085(3) 9.7084(2) 9.7100(4) 9.7099(1)
c/lA 7.1625(5) 7.1703(4) 7.1755(4) 7.1775(4) 7.1787(1)
viIA3 584.14(2) 585.29(5) 585.70(7) 586.07(3) 586.15(0)
Ryp!% 6.2 53 4.1 32 4.0
Ry/% 3.9 3.5 2.9 1.8 2.3
Lal 6h
X 0.2324(9) 0.2310(7) 0.2313(7) 0.2317(8) 0.229(1)
y -0.005(1) -0.006(1) -0.010(1) -0.015(1) -0.020(1)
z 0.2500 0.2500 0.2500 0.2500 0.2500
La2 4f
X 0.3333 0.3333 0.3333 0.3333 0.3333
y 0.6667 0.6667 0.6667 0.6667 0.6667
z -0.020(1) -0.022 (1) -0.022 (1) -0.023(1) -0.020(1)
Si/Mg 6h
X 0.434 (2) 0.434(4) 0.426(2) 0.438(3) 0.442(3)
y 0.401(3) 0.402(4) 0.398(2) 0.404(2) 0.398(3)
z 0.2500 0.2500 0.2500 0.2500 0.2500
Ol 6h
X 0.339(5) 0.316(6) 0.327(6) 0.317(5) 0.330(9)
y 0.438(5) 0.445(8) 0.454(6) 0.445(6) 0.474(6)
z 0.2500 0.2500 0.2500 0.2500 0.2500
02 6h
x 0.633(8) 0.626(8) 0.616(7) 0.617(6) 0.611(9)
y 0.466(5) 0.449(6) 0.476(6) 0.444(5) 0.463(7)
z 0.2500 0.2500 0.2500 0.2500 0.2500
03 12i
x 0.355(3) 0.350(3) 0.353(4) 0.354(3) 0.356(4)
y 0.276(3) 0.272(3) 0.267(4) 0.279(3) 0.283(4)
z 0.089(3) 0.080(3) 0.091(3) 0.091(4) 0.091(4)
04 2a
(xyz) (00 1/4) (00 1/4) (00 1/4) 001/4) 001/4)
05 12i
(xyz) (0.1 0.23 0.62) (0.1 0.23 0.62) (0.1 0.23 0.62) (0.10.230.62) (0.10.230.62)

The cation structure of La;¢SigO,7 consists of alternately
layered triangles formed by the Lal 6h and Si 6h, as can be
clearly seen in Fig. 3. The La2 4f site is located between the
La and Si triangles, as shown in Fig. 3. Three oxide ions (O1
6h, O2 6h, and O3 12i) are located close to the Si site and
form an SiOy4 tetrahedron, the channel oxide ion (04 2a) is
located at the corner of the unit cell, and the interstitial oxide
ion (OS5 12i) is located in the middle of O4 2a and O3 12i.
It is noticeable that both Lal 6h and O3 12i, located along
the ¢ axis, form two triangles of different sizes, which consti-
tute the main conduction channel triangles piled up along the
c axis, as shown in Fig. 4. If the channel oxide ions (O4 2a)
migrate inside hexagonal channels, they have to pass through
the channel triangles; thus the conductivity is closely related
to the sizes of triangles. Meanwhile, an interstitial conduction
pathway of O3-05-04 is formed, perpendicular to the c axis,
owing to their short interatomic distance (Fig. 4).1°!) We be-
lieve that the interstitial oxygen density in the interstitial con-
duction pathway of O3—05-04 will also be found to play an
important role in conduction.

Fig. 3. (color online) The refined crystal structure of La;(SigO27.
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Fig. 4. (color online) The conduction channel triangles and interstitial
conduction pathway of 04-05-03.
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Fig. 5. (color online) The lattice parameters of LajoSig— MgyO27_x
(x = 0-0.4). Top-left inset is lattice parameter a, and bottom-right inset
is lattice parameter c.

In the present study, Mg is substituted on Si site, owing
to the low Mg doping level (Mg/Si< 0.11) and the high La/Si
ratio (La/Si> 1.55).130311 Since the effective ionic radius of
Mg?* for fourfold coordination (0.57 A) is much larger than
that of Si** (0.26 A), the Mg substitution could result in a
significant lattice expansion, as shown in Fig. 5, which agrees
well with previous investigations.'3%3!l Furthermore, the in-
teratomic distance and areas of channel triangles and the lin-
ear density of interstitial oxygen are shown in Table 2. The
distances of both Lal-Lal and O3-O3 increase remarkably,
consistent with the lattice expansion. Due to the increase of
Lal-Lal and O3-03 distances, both the Lal triangle and the
O3 triangle are significantly enlarged, which can be defined
by the area of the channel triangles (Lal-Lal-Lal and O3—
03-03). As a result, the oxide-ion channels are significantly
enlarged. However, as x increases, the length of the interstitial
conduction pathway of O3-05-04 decreases first and then in-
creases. In between, the distance reaches a minimum when
x = 0.2. Such a pattern will dramatically affect the interstitial
oxygen density in interstitial conduction pathways. The cor-
responding linear density of interstitial oxygen is calculated
on the assumption that the number in an O4-05-03 conduc-
tion pathway for La;(SigO,7 is 1, and other samples are con-
verted according to their corresponding oxygen content. In

contrast to the length of the interstitial conduction pathway
of O3-05-04, the linear density of interstitial oxygen first in-
creases with increasing x, and when the value of x is more than
0.2 the linear density decreases with increasing x. Clearly,
LajSis §Mgp 2068 exhibits the highest linear density. The
above changes will have a significant effect on conductivity.

Table 2. The interatomic distance (A) and areas S (Az) of channel tri-
angles, interstitial oxygen number N, and linear density LD (A~!) of
interstitial oxide ions.

x=0 x=0.1 x=02 x=0.3 x=04
Lal-Lal 3.760 3.943 3.985 4.036 4.049
03-03 5.276 5.359 5.370 5.438 5.483
03-05-04 3.501 3474 3.440 3.512 3.540
SLal 6.121 6.732 6.876 7.053 7.099
So3 12.05 12.44 12.49 12.81 13.02
N 1.000 0.996 0.992 0.989 0.985
LD 0.286 0.287 0.289 0.282 0.278

In order to more distinctly clarify the correlation of crys-
tal structural changes and ionic conductivity, the conductiv-
ities of LajpSig_ Mg;O027_x (x = 0-0.4) are investigated by
AC electrical impedance spectroscopy. The obtained complex
impedance plots of LajoSis Mgy 20268 pellets, measured at
500 °C and 600 °C, are shown in Fig. 6. At 500 °C, the
plots exhibit a partial arc and a clear arc. With the temper-
ature increasing to 600 °C, the plots exhibit only a clear arc.
In order to distinguish the contributions of bulk, grain bound-
ary, and electrode, the corresponding contributions have been
managed using the Z-View software to model the impedance
spectrum of an equivalent circuit including four serial R; and
(CPE); parallels (i is b for bulk, gb for grain boundary, total for
bulk and grain boundary, and elec for electrode). At 500 °C,
the fitting leads to CPEgy ~ 2.8 x 1077 F-cm™! and CPEjec &
3.1x107° F-cm™!; thus they are ascribed to the contributions
of grain boundary and electrode, respectively. Up to 600 °C,
the fitting leads to CPEcje. &~ 6.8 1075 F-em ™!, so it is as-
cribed to the contribution of electrode. Disappearance of the
arc corresponds to the grain boundary contribution in this situ-
ation, indicating that oxide ions can diffuse through the entire
thickness of the bulk and the grain boundary. The impedance
spectroscopy plots of other samples show trends very similar
to that illustrated in Fig. 6.

The corresponding conductivity is converted by the resis-
tance Ryl (Rp 4 Rgp) using Eq. (1), and the activation energy
is calculated by the Arrhenius equation (2):

G:l/(RtOtal*S)v (D
6 = Gy wexp|—Ea/ (k= T)|/T, @

where [, S, 0, 0y, E,, and T are, respectively, the sample thick-
ness, the electrode area of the sample surface, the conductivity,
pre-exponential factor, activation energy, Boltzmann constant,
and absolute temperature.
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Fig. 6. (color online) The complex impedance plots measured at 500 °C
(a), 600 °C (b) for the LajoSis sMgp 20263 pellets sintered at 1750 °C
for 6 h, and the corresponding schematic equivalent circuits.

The total conductivity (500 °C and 700 °C), the activa-
tion energy and the relative density of pellets are summarized
in Table 3, and the Arrhenius plots of La;oSig_,Mg,Oor7_x
It is clear that all the
Mg-substituted samples display a higher conductivity than
LalOSi6027.
ductivity is first enhanced with increasing x (x < 0.2), and

(x = 0-0.4) are shown in Fig. 7.
Among the Mg-substituted samples, the con-
when the value of x is greater than 0.2, the conductivity dis-

plays a slight reduction with increasing x (0.2 < x < 0.4).
LajSi5 Mgy 20268 exhibits the highest conductivity with a

value of 3.0x1072 S- cm~! at 700 °C. This conductive result
should be attributed to the structural changes, and agrees well
with our refined results above. The Mg substitution clearly
enlarges the oxide-ion channels, as confirmed by the enhance-
ment of the channel triangles’ area (Table 2), which can re-
duce the channel oxide ion migration energies. As a result,
the activation energy will decrease significantly, and the con-

[30-33.35.36] Therefore,

ductivity will be enhanced significantly.
the Mg-substituted samples display a higher conductivity and
a lower activation energy (Table 3) than non-doped compound
Lai9SigO,7. Based on the enlargement of oxide-ion channels,
the linear density of interstitial oxygen in O3—05—-04 conduc-
tion pathways takes an important role in conductivity, because
it can affect the migration of oxide ions (O4 and O3), which
can account for the conductive behavior of Mg-substituted
samples. The conductive behavior of Mg-substituted samples
is in a good agreement with the changes of the linear density of
interstitial oxygen, and La;¢Sis §Mgp 202¢.g exhibits the high-
est conductivity, owing to its highest linear density. A similar
strong dependence of the conductivity on carrier density was
observed in many comparable studies.?” The above results
will be helpful for understanding the effect of Mg substitution
on crystal structure and ionic conductivity.
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Fig. 7. (color online) The Arrhenius plots for total conductivities of
LajoSig—yMgyO27_, (x = 0-0.4) sintered at 1750 °C for 6 h.
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Table 3. The values of the relative density of pellets, the conductivity (500 °C and 700 °C) and the activation energy of
LajSie—xMgcO27—x (x = 0-0.4).

Composition Dr/% (500 °C )/S-cm™! 6(700 °C)/S-cm~! E,/eV
LajoSis.oMgo.1026.9 914 5.0x1073 2.6x1072 0.62
LajoSis Mg 20263 91.3 6.4x1073 3.0x1072 0.61
LajoSis7Mgo 30267 922 3.4x1073 2.3%1072 0.70
Laj0Sis.sMg.4026.6 90.9 2.7%1073 2.1x1072 0.69
LajoSigO27 90.2 1.4x1073 1.2x1072 0.80

4. Conclusions

We investigated the relations between the conductivity

and the structural changes caused by Mg substitution on Si

site via LajpSig_ MgyO27_x (x = 0-0.4) samples. Besides
an obvious lattice expansion being observed as Mg is substi-
tuted for Si, both the Lal and O3 channel triangles are sig-

nificantly enlarged. As a result, the oxide-ion channels en-
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large which leads to lower migration energies of channel ox-
ide ions. Therefore, all Mg-substituted samples display higher
conductivity and lower activation energy than La;oSigO>7.
Furthermore, the conductivity of Mg-substituted samples first
increases with increasing x, yet when the value of x is more
than 0.2, the conductivity decreases with increasing x; and
LajSis §Mgp 20268 exhibits the highest conductivity with a
value of 3.0x1072 S-cm~! at 700 °C. Such a pattern of con-
ductivity behavior is in good agreement with the changes of
the linear density of interstitial oxygen.
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