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a b s t r a c t

The effects of Fe doping on phase stability and electrical conductivity were investigated for the 25 mol%
Sr and 20 mol% Mg-doped lanthanum gallates (LSGM-2520). While secondary phases, in addition to per-
ovskite phase, were formed for an undoped LSGM-2520 in accordance with previous reports, a single
phase perovskite phase was obtained by addition of a small amount (∼4 mol%) of Fe to LSGM-2520. The
eywords:
SGM
olid oxide fuel cells
olid electrolyte
ransition metal

conductivity of 4 mol% Fe-doped LSGM-2520 was as high as 0.17 S cm−1 at 800 ◦C and it was confirmed
to be ionic based on its dependency on oxygen partial pressures. Crystallographic analysis using neutron
diffraction and electron diffraction determined the crystal structure and lattice parameters for 4 mol%
Fe-doped LSGM-2520.

© 2009 Elsevier B.V. All rights reserved.

onic conductivity
eutron diffraction

. Introduction

Sr- and Mg-doped LaGaO3-based perovskite (LSGM) is a promis-
ng solid electrolyte for solid oxide fuel cells (SOFCs) which can be
sed at lower temperatures compared to conventional fuel cells
ased on yttria-stabilized zirconia [1,2]. Various research groups
ave recognized the high oxide ion conductivity of LSGM and
emonstrated its high power density by combining LSGM with
elevant electrode materials [3,4].

The oxide ion conductivity of LaGaO3-based solid electrolyte
s strongly dependent on the amount of Sr2+ and Mg2+, because
oth ions substituting La3+ and Ga3+, respectively, produce oxy-
en vacancies in the host lattice. An increase in the conductivity
f LaGaO3 to a certain level with an increase in Sr2+ and Mg2+

oping indicates that oxygen vacancies contribute to oxygen ion
onduction. The solubility limit of one dopant in LaGaO3 is also a
unction of the amount of the other one. For example, while the
olid solution range of La1−xSrxGaO3−ı was limited to x = 0.1, more
r2+ could be soluble when Mg2+ was substituted for Ga3+ ions [5].
t has been generally known that solubility limits of both Sr and Mg
n LaGaO3 to form highly ionic conductive phase are around 0.2,

nd this region shrinks with decreasing temperature [5–7]. Excess
ddition of dopants over the limits may produce significant amount
f oxygen vacancies but also can cause a vacancy ordering, which
s deleterious to transport of oxide ions [8].

∗ Corresponding author. Tel.: +1 215 898 0056; fax: +1 215 573 2093.
E-mail address: shiwoo@seas.upenn.edu (S. Lee).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.04.025
The results of the study reported here suggest that the solubil-
ity limit of Sr2+ can be expanded by a substitution of a transition
metal for the B-site cations. Doping of transition metals is not a
new strategy, especially in the LaGaO3 system. It has been reported
that the oxide ion conductivity of LSGM increased by doping small
amount of transition metal, such as cobalt [6,7] and iron [8,9], with-
out decreasing the transport number of the oxide ions. For example,
Ishihara et al. found that cells using Co-doped LSGM as an elec-
trolyte exhibited a notably higher power density [10]. However, all
the compositions studied were the ones which had 20 mol% or less
in Sr doping level and there was no report on how transition metal
doping affects an electrolytic domain in a compositional aspect.
As the doping of transition metal in B-sites causes a change in
structural parameters of the lattice, stable compositional range of
A-sites cations will be varied concurrently. Therefore understand-
ing of the doping effect on crystallographic structure and electrical
property enables us to discover new electrolyte compositions. In
the present study, we discuss the phase stability and conductiv-
ity of Fe-doped LSGM with a “Sr-rich” composition (25 mol%), or
La0.75Sr0.25Ga0.8Mg0.2−xFexO3−ı (x = 0–0.08) and report the results
of a crystallographic analysis for a promising electrolyte composi-
tion.

2. Experimental
The La0.75Sr0.25Ga0.8Mg0.2−xFexO3−ı (x = 0–0.08) samples were
synthesized from the following materials: La2O3 (99.99%, Aldrich
Chemical; the rest are the same), SrCO3 (99.9%), Ga2O3 (99.99%),
MgO (99.9%), and Fe2O3 (99.9%). The stoichiometric amounts of raw

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shiwoo@seas.upenn.edu
dx.doi.org/10.1016/j.jpowsour.2009.04.025
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Fig. 1. XRD patterns of La0.75Sr0.25Ga0.8Mg0.2−xFexO3−ı measured at room temper-
ature: (a) at the range of 2� = 20–85◦ and (b) 2� = 32–32.7◦ for (i) LaGaO3, (ii)
94 J.S. Yoo et al. / Journal of Po

owders were ball-milled with isopropyl alcohol for 24 h and dried.
he mixture was then calcined at 1523 K for 2 h in air and crushed
n an agate mortar. The resulting sieved powders were sintered at
773 K for 5 h in air.

The calcined powders were examined by high resolution X-ray
iffraction (XRD, Rigaku) using Cu K� radiation. Thermogravimet-
ic analysis (TGA, TA instruments) for each powder composition
as conducted with increasing temperature. For this analysis,

he sintered powders were first annealed at 1073 K for 2 h in air
nd quenched to room temperature. While heating with a rate
f 5 K min−1, the weight losses of the samples were measured
nder a high purity nitrogen flow of 90 ml min−1. The electri-
al conductivities of the samples were measured using a 4-probe
.C. method while changing temperatures and oxygen partial
ressure by adjusting the relative amount of H2/H2O or CO/CO2.
xygen partial pressures were measured using a zirconia oxygen

ensor.
The neutron diffraction data was obtained at the wavelength of

.8356 Å on a high resolution powder diffraction (HRPD) beam line
t the Korea Atomic Energy Research Institute. Experimental con-
itions were as follows: monochrometer: Ge(3 3 1): take-off angle
2�M), 90◦; collimators: 6′, 10′, 20–30–10′; detector: 32 3He detec-
ors (5◦ apart); 2� range: 10–159.95◦; sample can: vanadium. The
tructural analysis from neutron diffraction data was performed
ia Rietveld refinement method using the FullprofTM program.
he microstructures were analyzed using a transmission electron
icroscope (TEM, Tecnai 30 S-Twin) operated at 300 kV. TEM sam-

les were prepared by dispersing in ethanol and then dropping on
carbon coated copper grid.

Throughout the paper, the composition,
a0.75Sr0.25Ga0.8Mg0.2−xFexO3−ı, is referred to as LSGMF. Num-
ers following the abbreviation correspond to the mole fraction
f Sr, Mg and Fe in each site of ABO3 perovskite. For example,
a0.75Sr0.25Ga0.8Mg0.16Fe0.04O3−ı is designated as LSGMF-251604.

. Results and discussion

.1. Fe doping effect on phase stability, mass and conductivity

Phase stability: Fig. 1(a) shows high resolution XRD patterns of
SGM-2520, LSGMF-251802, LSGMF-251604, and LSGMF-251208.
ars at the position of the LaGaO3 perovskite phase are pre-
ented for reference. Fig. 1(b) shows that the peak corresponding
o the (1 1 0) plane is shifted toward higher 2� as Fe substitu-
ion is increased, which indicates that some of the Mg2+ ions
ionic radius = 66 pm) with 6-fold coordination were substituted by
maller Fe3+ ions (∼64 pm).

Diffraction peaks of the secondary phases identified as LaSrGaO4
JCPDS 24-1208) and LaSrGa3O7 (JPCPS 45-0637) were observed in
he pattern of LSGM-2520 (Fig. 1(a)), which supports the previous
eport that the solubility limit of Sr in LaGaO3 is around 20 mol%
hen mole fraction of Mg was fixed to 20 mol% [5,11]. Recently,

i et al. also reported that 25 mol% Sr-containing LSGM showed
ow stability of the perovskite phase and lots of secondary phases
12].

On the other hand, the peak intensity of the secondary
hases decreased noticeably in the pattern of 2 mol% Fe-doped
SGM (LSGMF-251802) and especially the peaks corresponding to
aSrGa3O7 were hardly detected. Furthermore, for 4 mol% Fe-doped
SGM (LSGMF-251604), peaks for all the secondary phases includ-
ng those for LaSrGa3O7 disappeared. It is evident that Fe ions, the

ubstitute for Mg ions, have a structurally stabilizing effect on LSGM
hich has a Sr2+ composition higher than 20 mol%, or solubility

imit. Interestingly, by adding more Fe in the place of Mg, secondary
hase peaks were observed again, even though they were not sig-
ificant in intensity. Consequently, the compositional range of Fe
LSGM-2520, (iii) LSGMF-251802, (iv) LSGMF-251604, and (v) LSGMF-251208. Non-
perovskite phases, (©) LaSrGa3O7 and (�) LaSrGaO4, are indicated.

substitution for Mg in LSGM-2520 systems to maintain primary
perovskite phase with high symmetry are estimated to be less than
8 mol% of B-site cations.

Introduction of Sr2+ into the LaGaO3 lattice increases the ABO3
perovskite tolerance factor, which reduces the compressive stress
on the BO3 framework which is responsible for distorting the lattice
from high to low symmetry [13]. However, if Sr2+ ions were added
excessively the lattice would have a high concentration of oxygen
vacancies which might cause association of oxygen vacancies or
a complex defect structure. Losing symmetry, finally, induces the
formation of secondary phases, such as LaSrGa3O7 and LaSrGaO4,
to release local stresses.

It seems that a structure-stabilizing effect of Fe would be related
with the behavior of oxygen vacancies. Adding Fe3+ instead of Mg2+

would cause oxygen vacancies to be charge compensated in the
lattice [8], and this may help to stabilize the “Sr-rich” structure. On
the other hand, partial substitution of smaller Fe3+ ions in place of

larger Mg2+ ions would cause an increase in tolerance factor. As Sr
doping in LaGaO3 already increases the tolerance factor over 0.96,
which is the ideal tolerance factor for a perovskite structure because
of cooperative rotations of the BO3 octahedra [13], additional Fe
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Fig. 3. Electrical conductivities as a function of oxygen partial pressure for LSGM-
2520, LSGMF-251802, LSGMF-251604, and LSGMF-251208 at 1073 K.
ig. 2. Change in mass as a function of temperature for LSGM-2520, LSGMF-251802,
SGMF-251604, and LSGMF-251208.

oping could induce larger deviations from the symmetric struc-
ure because of mismatch in the equilibrium of A–O and B–O bond
engths. The reoccurrence of the secondary phases in LSGM doped

ith larger amounts of Fe (LSGMF-251208) could be explained by
he increase in tolerance factor. Accordingly, optimal composition
f Fe in the LSGM-2520 could be determined by the two compet-
ng effects of Fe doping on the stability of the highly symmetric
erovskite phase.

Thermogravimetry analysis: Fig. 2 shows the relative weight
hange of LSGM-2520 and Fe-doped LSGM samples as a function of
emperature under nitrogen. A weight loss at elevated temperatures
as observed for all the compositions and seemed to be caused by a

oss in lattice oxygen [6]. This behavior has been observed for other
e- or Co-containing perovskite materials [14]. The weight loss of
he LSGM-2520 specimen was the smallest of all the tested com-
ositions and was less than 0.07 wt% of the original weight. The
egree of weight change in Fe-doped LSGM increased with tem-
erature and Fe doping level, which means that the presence of Fe

ons is related with the loss of lattice oxygen.
The charges associated with oxygen vacancies need to be com-

ensated by an oxidation of a variable-valence cation, or transition
etal. The relation can be written as (using Kroger–Vink notation)

×
O + 2FeMg

• → 1
2 O2 + VO

•• + 2Fe×
Mg (1)

Or the reduction in valence state of Fe cation from Fe3+ to Fe2+

ould accommodate the charge associated with oxygen vacancy for-
ation [6]. This is supported by the TGA results for LSGM-2520,
hich does not have a transition metal, showing almost negligible
eight change with temperature. The effect of the oxygen vacancies

reated in Fe-doped LSGM on the conductivity is discussed further
ith the following conductivity data.

Electrical conductivity: Electrical conductivity of the undoped
nd Fe-doped LSGM samples was measured as a function of
xygen partial pressure at 1073 K as shown in Fig. 3. The con-
uctivity of LSGM-2520, LSGMF-251802, and LSGMF-251604 was
lmost independent of the oxygen partial pressure at least
rom PO2 = 10−17 to 10−21 atm, which means that the electri-
al conductivity was primarily due to oxygen ionic conduction

n this region. Although there seems to be a slight devia-
ion from linearity in the electrical conductivity in the higher
O2 region (PO2 = 10−3 to 1 atm) even for LSGM-2520, it is
ard to tell decisively whether there is electron-hole conduc-
ivity or not. The conductivity of the three compositions, which
showed independency on the oxygen partial pressure, increased
in order of LSGM-2520 < LSGMF-251802 < LSGMF-251604, with a
maximum conductivity of 0.17 S cm−1 (at 1073 K) for LSGMF-
251604, which is almost the highest among the reported
values.

On the other hand, the electrical conductivity of LSGMF-251208
decreased with increasing oxygen partial pressure in the low
PO2 region (PO2 = 10−17 to 10−21 atm). The dependency of the
conductivity on the oxygen partial pressure was about −1/4,
implying that electronic conduction was dominated by small
polaron hopping of Fe2+/Fe3+ in the low oxygen partial pressure
range [15]. Even in the high PO2 region (PO2 = 10−3 to 1 atm),
there is a tendency for decreasing conductivity with decreas-
ing PO2 , implying that electron-hole may be the majority charge
carriers in this range. Therefore, the substitution of Fe in the
LSGM-2520 seems to be limited to less than 8 mol% of B-
site occupation while maintaining the required solid electrolyte
properties.

Ishihara et al. have reported that the ionic conductivities of
LSGM, which has 20 mol% and less of Sr and Mg, were enhanced
by substitution of a low amount (<10 mol% on the B-site) of
transition metal, such as Fe or Co [8,16]. On the other hand,
Stevenson et al. found that there was no increase in the ionic con-
ductivity relative to the base LSGM composition when a small
amount of Fe or Co was doped [6]. They attributed this appar-
ent difference to the oxygen partial pressure difference in the
conductivity measurement. According to the present results, ionic
conductivity seemed to increase with a small amount of Fe
doping.

The enhancement in ionic conductivity can be attributed to
a change in concentration of charge carriers and the mobility of
the oxide ions. The concentration of oxygen vacancies would be
decreased by doping Fe3+ instead of Mg2+. Therefore, we can assume
that LSGM-2520 will have more oxygen vacancies than LSGMF-
251604. In spite of the decreased amount of oxygen vacancies,
the improved oxide ion conductivity seems to be explained by the
improved mobility of the oxide ions. The origin of mobility enhance-
ment by Fe doping would be the release of the local stress in the
lattice which was induced by a high concentration of added Sr to

the La position combined with the mismatch in ionic size [8]. This
is because the ionic size of Fe3+ (64 pm) is intermediate between
that of Ga3+ (62 pm) and Mg2+ (66 pm).
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Fig. 5. The observed, calculated, and difference plots for the fit to neutron diffraction
pattern of LSGMF-251604 after Rietveld refinement of the crystal structure at 973 K.

Table 1
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As discussed above, along with enhancing the phase stability, Fe
oping of LSGM with as much as 4 mol% can cause a decrease in the
oncentration of oxygen vacancies compared to that of undoped
SGM. However, as long as there is no significant change in the
attice symmetry, mobility of oxide ions will be enhanced with
e substitution for Mg to the extent of maintaining the undis-
orted structure, which turned out to be around 4–8 mol% in this
ystem.

.2. Crystal structure of LSGMF-251604

In view of the above results on phase stability and conductiv-
ty, we selected LSGMF-251604 as the most promising electrolyte
omposition and investigated its crystal structure as a function of
emperature.

Neutron diffraction was used to obtain information on the
tomic locations of LSGMF-251604 because it is more accurate in
he determination of oxygen parameters in the presence of heavier

etal atoms than X-ray diffraction [17]. LaGaO3-based perovskite
an have several different crystal structures depending on the tem-
erature, i.e., cubic (Pm3̄m), orthorhombic (Pnma), rhombohedral
R3̄c), and monoclinic (I2/a) [17–19], which can be determined

ffectively by peak splitting [9,20]. Fig. 4(a) shows neutron diffrac-
ion patterns of LSGMF-251604 measured at various temperatures.
n expanded view of the peaks in the 2� range of 55–58◦ are shown

n Fig. 4(b). These data show that there is no splitting in the parent

ig. 4. Neutron diffraction patterns of LSGMF-251604 at the temperatures of (i)
98 K, (ii) 473 K, (iii) 773 K, and (iv) 973 K: (a) patterns in the range of 2� = 20–150◦

ith tickmarks of cubic (Pm3̄m), orthorhombic (Pnma), rhombohedral (R3̄c), and
onoclinic (I2/a); (b) an expanded patterns in the range of 2� = 55–58◦ .

Refined structural parameters for LSGMF-251604 at 298, 473, 773, and 973 K.

Parameters LSGMF-251604 (cubic)
La0.75Sr0.25Ga0.8Mg0.16Fe0.04O3−ı

a

298 Kb 473 Kb 773 Kb 973 Kb

a (Å) 3.9096(1) 3.9158(1) 3.9309(1) 3.9386(1)
V (Å3) 59.760(2) 60.047(3) 60.742(3) 61.101(3)
Space group Pm3̄m Pm3̄m Pm3̄m Pm3̄m
Re (%) 6.45 6.27 6.59 6.98
Rwp (%) 9.80 9.41 9.52 10.2
RB (%) 2.08 1.79 1.48 1.64
�2 2.31 2.25 2.09 2.12

a
 Empirical formula.
b Temperature.

diffraction pattern with increasing temperature, which connotes no
structural change up to 973 K. Comparing the diffraction patterns
collected in the range of 0◦ < 2� < 159.95◦ to the positions of the four
possible phases as shown in Fig. 4(a) indicates that the measured
peaks correspond to those of the crystal having high symmetry and
a space group Pm3̄m at all the temperatures.

For the Rietveld refinement, the site occupancy factors of La and
Ga were fixed, except for O atoms, assuming that molar ratio of
the each component would follow a stoichiometric composition.
The observed and calculated diffraction patterns of LSGMF-251604
at 973 K are shown in Fig. 5, and the summary of the results was
listed in Table 1. A Pm3̄m symmetry model for LSGMF-251604 gave
a low R factor, a measurement of agreement between an observed
peak and a calculated one. The lattice parameter of LSGMF-251604
is a = 3.9096(1) Å for a cubic unit cell at room temperature. As
temperature increases, the volume of the LSGMF-251604 unit cell
increased. The site occupancy factor of oxygen atoms in LSGMF-
251604 was approximately 2.75 at 973 K.

Electron diffraction was used to confirm the structural param-
eters of LSGMF-251604. Using the crystal structure data obtained
from the Rietveld refinement, the expected electron diffraction pat-
tern was calculated. The SAED pattern, as shown in Fig. 6(a), proves
that the specimen was polycrystalline. The interplanar distances of

(1 0 0) and (1 2 1) in LSGMF-251604 crystal, measured with refer-
encing silicon as a standard, were 2.76 and 1.59 Å, respectively. The
values are very close to those, 2.765 and 1.596 Å, measured with the
simulated pattern (Fig. 6(b)), implying that cubic Pm3̄m symmetry
is reasonable for the LSGMF-251604 composition.
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Fig. 6. (a) SAED pattern in zone axis [1 1 1] and (b) simulated pattern for
LSGMF-251604. Interplanar distances measured from the simulated pattern are
d1 1 0 = 2.765 Å, d1 2 1 = 1.596 Å, and d3 1 2 = 1.045 Å.
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4. Conclusion

The phase stability and electrical conductivity of 25 mol% Sr-
doped and 20 mol% Mg-doped LaGaO3 has been investigated as a
function of amount of Fe dopant in B-sites. While increasing the
amount of Fe to 4 mol%, secondary phases were eliminated and the
electrical conductivity increased to 0.17 S cm−1 at 800 ◦C. Depen-
dency of the conductivity on the oxygen partial pressure confirms
that it is mainly ionic. Excess doping of Fe to 8 mol% caused phase
instability and loss of ionic conduction.

According to a neutron and electron diffraction, 4 mol% Fe-doped
LSGM-2520 has high symmetry, cubic Pm3̄m. Additionally, no phase
transition was detected at temperatures up to 973 K. LSGMF-251604
is expected to be a promising electrolyte composition for SOFC
usable at intermediate temperatures.
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