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bstract

he effects of 14 different metal-oxide additives (metal = Mn, Fe, Co, Ni, Cu, B, Li, V, Zn, Si, Ca, Al, Bi, and Ba) on the sintering, phase purity,
nd electrical properties of strontium- and magnesium-doped lanthanum gallate (LSGM) are studied. The density, phase purity, and electrical

onductivity depend closely on the sintering aids and sintering temperatures. The addition of V, Zn, Si, Co, and Fe improves the densification,
hase purity, and electrical conductivity, with V showing the most promising effect on the low-temperature sintering of the phase-pure LSGM
pecimen with high conductivity.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Strontium- and magnesium-doped lanthanum gallate
LSGM) is one of the representative electrolytes for application
o solid oxide fuel cells (SOFCs).1,2 Its high ionic conductivity
nd stability over a wide range of oxygen partial pressures
Po2 = 10−22–1 atm) support SOFC operation at an intermediate
emperature regime (∼700 ◦C). The operation temperature can
e decreased further by thinning the electrolyte layer using
node-supported design.3–6

Generally, the densification of LSGM up to a gas-
mpermeable level requires a very high sintering temperature
∼1500 ◦C).7 Due to the complex cation composition, a num-
er of intermediate phases are known to form when sintered or
alcined at low temperatures.8–10 Moreover, high-temperature
intering often leads to the formation of a highly resistive inter-

ace phase between the electrolyte and anode.11 Thus, various
xide buffer layers such as La2O3-doped ceria,12 Gd2O3-doped
eria (GDC),13 Sm2O3-doped ceria14,15 and scandia-stabilized
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irconia13 have been employed to block the interdiffusion of La
nd Ni components from the electrolyte and anode layers.

Accordingly, the densification of phase-pure LSGM at low
intering temperature is a very important and challenging hur-
le that must be overcome in order to accomplish the following
hree objectives: (1) low temperature fabrication of SOFCs,
2) fabrication of a highly conductive solid electrolyte, and
3) the prevention of interface reaction during sintering. The
intering temperature of LSGM can be decreased either by
dopting new processing techniques or by employing sinter-
ng additives. Recent processing efforts can be divided into
wo categories: the preparation of well-sinterable powders and
he use of innovative consolidation techniques. The former
ncludes carbonate coprecipitation,16,17 citrate method,9 glycine
itrate method,18,19 organic precursor method,20 hydrother-
al urea precipitation,21 spray pyrolysis,22 mechanochemical

ynthesis23 and self-propagating high-temperature synthesis.24

he latter process category includes spark plasma sintering,25,26

tmosphere-controlled sintering,27 microwave sintering28,29 and
ot isostatic pressing.30 The above research illustrates the great

mportance of the low-temperature sintering of LSGM.

Various sintering additives can also be used to enhance the
ensification, although they sometimes deteriorate the purity
r ionic conductivity of the electrolyte. The oxides of various

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.007
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specimens were isostatically pressed at 150 MPa and sintered in
air at 1200 and 1300 ◦C for 4 h. For simplicity, the specimens
doped with sintering aids are referred to as ‘LSGM-M-ST’ where
594 S.B. Ha et al. / Journal of the Europe

ransition metals such as Co,31–36 Fe,31,32,35,37,38 Mn,31,32 Ni,31

u,31 and Cr32 have been explored to improve the ionic con-
uctivity of LSGM by the b-site control of perovskite materials.
mong these, Fe and Co enhance the ionic conductivity signif-

cantly with a slight decrease of ionic transport number.31–36 In
nother positive contribution toward the use of sintering addi-
ives, the phase stability of LSGM39 and the power density of
OFCs38 were improved by the addition of Fe. This demon-
trates that the proper design of sintering additives for LSGM can
ignificantly enhance the performance of LSGM-based SOFCs
y improving the density, ionic conductivity, phase stability, and
nterface stability of the electrolyte.

In the present study, 14 different sintering additives were
dded to LSGM electrolytes and their effects on the sintering
ehavior, electrical conductivity, and phase purity were system-
tically investigated. The main focus was directed at finding
ew and effective sintering additives to be capable of lowering
he sintering temperature, decreasing the secondary phase, and
nhancing the ionic conductivity.

. Experimental

The LSGM (La0.8Sr0.2Ga0.8Mg0.2O2.8) powders were pre-
ared by the glycine nitrate method. La(NO3)3·6H2O (99.99%,
ldrich, USA), Sr(NO3)2 (>99%, Sigma–Aldrich, USA),
a(NO3)3·xH2O (99.9%, Aldrich, USA) and Mg(NO3)2·6H2O

99%, Sigma–Aldrich, USA) were dissolved in 150 mL of dis-

illed water ([La3+]:[Sr2+]:[Ga3+]:[Mg2+] = 8:2:8:2), to which

2NCH2COOH (glycine, >99%, Sigma, USA) was added
[glycine]/([La3+] + [Sr2+] + [Ga3+] + [Mg2+]) = 1.0). The poly-
eric gel precursor was prepared by heating the stock solution at

ig. 1. X-ray diffraction (XRD) patterns of LSGM powders sintered at (a) 1400,
b) 1300, and (c) 1200 ◦C.
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0 ◦C for 10 h. The LSGM powders were prepared by calcining
he precursors at 1000 ◦C for 2 h.

The 1 at% of the sintering aids was added by ball
illing a mixture of LSGM powders and the additives in

he forms of oxides or the salts containing correspond-
ng cations in C2H5OH for 24 h. The source materials
ere Mn(NO3)2·4H2O (>97%, Sigma, USA), Fe(NO3)3·9H2O

>98%, Aldrich, USA), Co(NO3)2·6H2O (>97%, Junsei
hemical, Japan), Ni(NO3)2·6H2O (>97%, Aldrich, USA),
u(NO3)2·3H2O (>99.5%, Junsei Chemical, Japan), SiO2

ol (ST-0, solvent water, 20.4 wt.% SiO2, Nissan Chemi-
al, Japan), B2O3 (>99.99%, High Purity Chemicals, Japan),
2O5 (>99%, Junsei Chemical, Japan), Zn(NO3)2·6H2O

99%, Kanto Chemical Co., Japan), Li(C2H3O2) (99.99%,
ldrich, USA), Bi(NO3)3·5H2O (>98%, Sigma–Aldrich, USA),
l(NO3)3·9H2O (>98%, Sigma–Aldrich, USA), Ba(C2H3O2)2

99%, Sigma–Aldrich, USA), and Ca(NO3)2·4H2O (>98.5%,
anto Chemical Co., Japan). After drying and pulverization, the
ig. 2. Phase purity of LSGM as a function of sintering temperature. ILSG3(211),

LSG(103) and ILSGM(112) are the intensities of the (2 1 1) peak of LaSrGa3O7,
1 0 3) peak of LaSrGaO4 and (1 1 2) peak of LSGM, respectively.

ig. 3. Apparent densities of specimens sintered at (a) 1200 ◦C and (b) 1300 ◦C.
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M’ and ‘ST’ are the metal component of the additive and the sin-
ering temperature, respectively. For example, LSGM-Si-1200
ndicates the SiO2-doped LSGM specimens sintered at 1200 ◦C.

The apparent density of the sintered body was measured
sing the Archimedes method in deionized water. The phases
f the sintered specimens were analyzed by X-ray diffraction
XRD, Rmax/c, Rigaku Co., Tokyo, Japan). After applying
Pt electrode using Pt paste (TR7905, Tanaka Co., Tokyo,
apan), the complex impedance was measured at 300 ◦C in air
sing an impedance analyzer (Alpha-N, Novocontrol Tech., Ger-
any).

s
(
p
t

ig. 4. SEM images of (a) LSGM-1200, (b) LSGM-V-1200, (c) LSGM-Zn-1200, (d)
h) LSGM-B-1300 specimens.
ramic Society 30 (2010) 2593–2601 2595

. Results and discussion

.1. X-ray diffraction (XRD)

After the calcination of the precursors at 1000 ◦C, the LSGM
owders contained the second phases such as LaSrGa3O7
LSG3) and LaSrGaO4 (LSG) (not shown). The amount of

econd phase decreased with increasing sintering temperature
Fig. 1). At a sintering temperature of 1400 ◦C, pure LSGM
hase was prepared. As a measure of the LSGM phase purity,
he PP factor was employed using the intensity of peaks for

LSGM-B-1200, (e) LSGM-1300, (f) LSGM-V-1300, (g) LSGM-Zn-1300 and
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SG3 and LSG phases relative to that for the LSGM phase, as
n Eq. (1):

P = 1 − ILSG3(211) + ILSG(103)

2ILSGM(112)
(1)

here ILSG3(211), ILSG(103) and ILSGM(112) are the intensities of
he (2 1 1) peak of LaSrGa3O7, the (1 0 3) peak of LaSrGaO4
nd the (1 1 2) peak of LSGM, respectively. The PP factor is
efined such that it is higher for the purer LSGM phase and
ends to unity for the completely pure specimen. The PP factor
as increased from 0.78 to 1 as the sintering temperature was

ncreased from 1200 to 1400 ◦C (Fig. 2).

.2. Densification and phase purity

The apparent densities of the specimens doped with various
intering additives are shown in Fig. 3. For convenience, the
pecimens were sorted according to their densities. Except Mn,
l, and Ba, all the sintering aids increased the density at a sinter-

ng temperature of 1200 ◦C (Fig. 3(a)), while the densification
as promoted by doping with V, Li, Mn, Fe, Cu, Co, and Ni when

intered at 1300 ◦C (Fig. 3(b)). Fig. 4 shows the SEM images of
SGM, LSGM-V, LSGM-Zn and LSGM-B specimens sintered
t 1200 and 1300 ◦C. At the sintering temperature of 1200 ◦C,
he porosity was greatly decreased by doping with V, Zn and B
Fig. 4(a)–(d)). As increasing sintering temperature to 1300 ◦C,
he grains were coarsened (Fig. 4(e)–(h)). Note that a few very
arge grains were found in LSGM-B-1300 specimen (A and B in
ig. 4(h)). This indicates the abnormal grain growth. Although

he theoretical densities of the specimens differ according to the
inds of additive, the theoretical density could not be calculated
ue to the lack of information on the incorporation of dopants
nto the LSGM lattice. Nevertheless, the increase or decrease of
ensity in Fig. 3 can be used as a measure of densification due
o the very low concentration of sintering aids (1 at%).

The effects of sintering additives on the phase purity of LSGM
iffered; the results are summarized in Fig. 5 and the represen-
ative XRD patterns are shown in Fig. 6. The relative intensities

f the second phases were closely dependent on the sintering
ids. At a sintering temperature of 1200 ◦C, the phase purity
as increased by doping with V, B, Fe, Si, Al, Zn, Ni, and
u (Fig. 5(a)). On the other hand, most of sintering additives,

ig. 5. Phase purity of the specimens sintered at (a) 1200 ◦C and (b) 1300 ◦C.
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ig. 6. X-ray diffraction (XRD) patterns of (a) LSGM-Si-1300, (b) LSGM-V-
300, (c) LSGM-1300, and (d) LSGM-Ba-1300 specimens.

xcept Ba, increased the phase purity when sintered at 1300 ◦C
Figs. 5(b) and 6).

.3. Complex impedance analysis

Complex impedances were measured at 300 ◦C and the rep-
esentative results are shown in Fig. 7. The three contributions
rom the low frequency range are those from electrode polar-
zation, grain boundary, and grain interior, respectively. From
he impedance spectra, grain-interior resistivity (ρgi) and appar-
nt grain-boundary resistivity (ρgb

app) were attained. Fig. 8
ummarizes the results for the specimens sintered at 1200 and
300 ◦C. The ρgb

app values of all the specimens were greatly
ecreased when the sintering temperature was increased from
200 to 1300 ◦C while the changes of ρgi values were relatively
mall (Fig. 8(a) and (b)). The ρgb

app value depends on the grain-
oundary density, that is, the grain size, because it is calculated
imply from the electrode area (A) and the specimen thickness
l). Thus, the smaller ρgb

app values at the higher sintering tem-
erature can be attributed to the effect of grain growth (see SEM
mages in Fig. 4) in decreasing the grain-boundary density.

When sintered at 1200 ◦C, the total resistivity
ρtot = ρgi + ρgb

app) was increased by the addition of Bi,
i, and Ba, but decreased by the addition of other sintering

ids (Fig. 8(a)). At a sintering temperature of 1300 ◦C, most
f the sintering aids except Bi, Ba, and B enhanced the total

onductivity (Fig. 8(b)). A careful examination of Figs. 7 and 8
eveals that the ρgi values were also influenced by the addition of
intering aids. This can be explained in part by the incorporation
f sintering aids into the LSGM lattice and its consequent effect
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ig. 7. Complex impedance spectra of (a) LSGM-1300, (b) LSGM-V-1300, (c)
SGM-Fe-1300, (d) LSGM-Zn-1300, (e) LSGM-Co-1300, and (f) LSGM-Bi-
300 specimens at 300 ◦C in air.

n the grain-interior conduction. However, the slight change
f ρgi values due to the variation of effective cross-sectional
rea for conduction via densification should also be taken into
ccount.

.4. The effect of B

The addition of B greatly increased the phase purity of LSGM
egardless of the sintering temperature (Fig. 5). However, B
ddition induced a wide divergence in densification behavior
ccording to the sintering temperature. The B-doped specimen
howed the highest density at 1200 ◦C (Fig. 3(a)), but the lowest
t 1300 ◦C (Fig. 3(b)). The addition of B2O3 has been reported to
romote densification by liquid phase sintering mechanism40–43

nd lower the phase formation temperature by the acceleration of
ass transfer via the liquid phase.41,42 The dense microstructure

n Fig. 4(d) can be understood in this viewpoint. Densification,
owever, can be hindered by the evaporation of B2O3 when the

intering temperature becomes higher than 1100–1300 ◦C.41–43

he temperatures for the evaporation of B2O3 were depen-
ent upon the formation of different binary and ternary eutectic
ompositions by interacting with different host oxide materials.

i
a
(
1

ig. 8. Total resistivity (ρtot = ρgi + ρgb
app) of specimens sintered (a) 1200 ◦C

nd (b) 1300 ◦C, and (c) specific grain-boundary resistivity (ρgb
sp) of specimens

intered at 1300 ◦C.

any large pores found at LSGM-B-1300 specimen (arrows in
ig. 4(h)) were attributed to the evaporation of B2O3. Above
xplains the increase of phase purity and density at 1200 ◦C
nd the low density at 1300 ◦C. The ρtot values of the LSGM-

specimens were similar to those of the LSGM specimens
Fig. 8). These results indicate that the addition of B has the
otential to accomplish the low-temperature sintering of phase-
ure LSGM but is not desirable for the densification at high
emperatures.

.5. The effect of Zn

The addition of Zn increased the density at a sintering
emperature of 1200 ◦C (Fig. 3(a)). However, the density of
SGM-Zn-1300 was slightly lower than that of LSGM-1300

Fig. 3(b)). The promotion of sintering by the addition of ZnO is
elatively well known in dielectric materials,44–46 piezoelectric
aterials47 and solid oxide proton conductors,48–50 although

he mechanism for the enhanced sintering differs according
o the material systems. Moreover, like B2O3, ZnO is known
o evaporate at ∼1300 ◦C.51 Accordingly, the promotion and
light deterioration of sintering in comparison to the undoped
SGM specimens at 1200 and 1300 ◦C can be explained by

he ZnO-assisted sintering and the evaporation of ZnO, respec-
ively. The PP factors were increased slightly by the addition
f Zn (Fig. 5). The effect of Zn on the electrical conductiv-

ty was more significant. The ρtot values of LSGM-Zn-1200
nd LSGM-Zn-1300 were 345.0 and 84.3 k� cm, respectively
Fig. 8), which were substantially smaller than those of LSGM-
200 and LSGM-1300 (686.5 and 119.2 k� cm). Therefore, Zn
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ddition is effective to achieve dense and highly conductive
pecimens at a sintering temperature of 1200 ◦C.

.6. The effect of Si

The Si impurity forms an intergranular phase easily51 and
romotes sintering of various oxides.52 The increase of density
t 1200 ◦C (Fig. 3) and significant increase of phase purity at
200 and 1300 ◦C (Fig. 5) can be attributed to the liquid phase
intering and the enhanced mass transfer through the siliceous
ntergranular phase, respectively. The ρtot values were decreased
lightly by the addition of Si (Fig. 8), mainly due to the decrease
f ρgb

app. The addition of siliceous impurity, even at trace con-
entration, is known to decrease the grain-boundary conduction
f acceptor-doped zirconia and acceptor-doped ceria up to sev-
ral hundred times.53–56 The highly resistive grain boundary can
e mainly attributed to the formation of resistive intergranular
hase. By contrast, the ρgb

app values of the LSGM-Si speci-
ens in the present study were slightly smaller than those of

he LSGM specimens. In the previous contribution, the present
uthors57 reported that the grain-boundary conduction of LSGM
intered at 1400 ◦C was hardly affected even by the addition of
00–2000 ppm of SiO2 impurities. This was attributed to the
athering of the acidic siliceous phase near the more basic SrO
omponent among the two basic components in LSGM: SrO
nd MgO. This is feasible considering a series of studies report-
ng that the grain-boundary conduction of GDC containing SiO2
mpurity can be greatly enhanced by the addition of alkali earth
xides such as MgO,58 CaO,59 SrO,60 and BaO.61 In the present
tudy, the slight decrease in the ρgb

app values in the LSGM-Si
pecimens was partially attributed to the decrease of grain-
oundary density induced by the grain growth, while the lack of
eterioration on the grain-boundary conduction is explained by
he gathering of siliceous phase near the SrO components.

.7. The effect of Mn, Fe, Co, Ni, and Cu

Transition metals such as Mn, Fe, Co, Ni, and Cu enhanced
oth the densification and phase purity (Figs. 3 and 5), except for
he slight decrease of phase purity induced by Mn and Co doping
t 1200 ◦C (Fig. 5(a)). The ρtot values of the transition-metal-
oped specimens were also smaller than those of the undoped
SGM specimens except for LSGM-Ni-1200 (Fig. 8). Ishihara
t al.31 reported that the conductivity of LSGM was increased
y doping with 10 at% of Co and Fe, but decreased by the dop-
ng with 10 at% of Mn and Cu. They also reported that Co- and
e-doped specimens exhibited a conductivity that was almost

ndependent of Po2 from 1 to 10−20 atm. In contrast, substantial
- and p-type behaviors were found in reducing and oxidizing
tmospheres, respectively, in the specimens doped with Mn (n-
ype), Ni (n-type), and Cu (p-type). This indicates that the doping
ith Fe and Co is effective in increasing the ionic conductivity
ithout significant deterioration of the ionic transport number.
ndeed, the ionic transport numbers of the undoped and 5 at%
o-doped LSGM specimens at ∼650 ◦C were reported to be
0.98 and ∼0.92, respectively.33 This is further supported by

he accomplishment of high power density in SOFCs using Co-

3

s

ramic Society 30 (2010) 2593–2601

nd Fe-doped LSGM.38 In the present study, the decrease in the
ransport number was thought to be small considering small dop-
ng concentration (1 at%). Thus, the addition of 1 at% Co and Fe
an enhance the density, phase purity, and electrical conductivity
ithout significantly deteriorating the ionic transport number.

.8. The effect of V

The densities and phase purity of LSGM-V-1200 and LSGM-
-1300 were significantly larger than those of LSGM-1200 and
SGM-1300, respectively (Figs. 3 and 5). Moreover, the ρtot

alues were also greatly decreased by the addition of V. This
ombination of properties reveals V as the most advantageous
mong all the additives. The melting point of V2O5 is 690 ◦C.
t is considered one of the representative sintering additives to
romote densification via liquid phase sintering.62–65 The den-
ification and phase purity of the V-doped LSGM specimen can
herefore be attributed to the liquid phase sintering and enhanced

ass transfer via intergranular liquid phase, respectively. The
gi values decreased from 50.46 to 33.03 k� cm at 1200 ◦C and
rom 36.96 to 24.56 k� cm at 1300 ◦C. Thus, the possibility of

incorporation into the LSGM lattice cannot be excluded. To
lucidate the role of V as a sintering additive, we are system-
tically studying the lattice parameters, densities, and electrical
onductivities as a function of V content and sintering temper-
ture. The results of these detailed analyses will be published
ater.

.9. The effect of Li

The densities of the Li-doped LSGM specimens were the
econd highest (Fig. 3). By contrast, the phase purity (Fig. 5) and
gi values (Fig. 8) were not varied significantly by the addition
f Li. Thus, we considered that Li promotes the sintering of
SGM by the formation of Li-containing liquid phase.

.10. The effects of Ba, Bi, Ca, Al

The addition of Ba deteriorated the densification (Fig. 3),
hase purity (Fig. 5), and electrical conductivity (Fig. 8). The
ddition of Bi promoted densification at 1200 ◦C (Fig. 3(a)) and
ncreased phase purity slightly at 1300 ◦C (Fig. 5(b)). How-
ver, the ρtot values were the highest among the specimens
Figs. 7(f) and 8). This increase of resistivity emanated not
rom the change in ρgi but from that in ρgb

app. This indicates
hat Bi is not incorporated into the LSGM lattice but forms a
esistive intergranular phase during sintering. The addition of
a increased the density at 1200 ◦C (Fig. 3(a)), phase purity
t 1300 ◦C (Fig. 5(b)), and electrical conductivity at 1200 and
300 ◦C (Fig. 8). The Al addition deteriorated the densification
Fig. 3) but slightly increased the phase purity and electrical
onductivity (Figs. 5 and 8).
.11. Specific grain-boundary resistivity

The ρgb
app values in Section 3.3 were calculated from the

pecimen thickness (l). For more accurate analysis, the spe-
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ific grain-boundary resistivity (ρgb
sp) should be attained from

he grain-boundary thickness (δgb). Although it is difficult to
stimate the precise dimension of the resistive grain-boundary
hases, including the intergranular phase and oxygen vacancy
epletion layer, the ρgb

sp values can be calculated from the ratio
f the capacitances of the grain interior and grain boundary
sing the following assumptions: (1) a brick layer model, (2)
gb

sp » ρgi, (3) grain size »δgb, and (4) permittivity of grain-
oundary phase (εgb) ∼= permittivity of grain-interior phase
εgi).66

sp
gb = C2

C1
ρ

app
gb (2)

here C1 and C2 are the capacitances of the grain-interior and
rain-boundary components attained by the deconvolution of the
mpedance spectra, respectively.

Fig. 8(c) shows the results. The ρgb
sp values ranged from

901 to 33,005 k� cm which were 86–246 times higher than the
gb

app values and 158–885 times higher than the ρgi values. This
ndicates that the grain boundaries of the LSGM specimens were
everal hundred times more resistive than the grain interior. The
elative magnitude of the ρgb

sp values was similar to that of the
gb

app values (Fig. 8(b) and (c)). The ρgb
sp value of LSGM-Si-

300 was ∼1.3 times more resistive than that of LSGM-1300.
his can be attributed to the effect of residual siliceous inter-
ranular phase that remained after gathering around the basic
rO-rich phase. However, compared to the several hundred fold

ncrease in grain-boundary resistivity induced by the siliceous
mpurity in acceptor-doped ceria,53–56 the Si-induced deteriora-
ion of the grain-boundary conduction in the LSGM specimen
an be regarded as negligible. The grain-boundary conduction
as greatly enhanced by the addition of V, Fe, Al, Co, Ni, and
n, but significantly deteriorated by doping with Bi, B, Li, and
i.

.12. The optimum additives

To summarize the findings of the present study, the improved
ensification, phase purity, and electrical conductivity of LSGM
ained by doping with V, Si, Zn, Fe, and Co oxides support
he promising potential of these additives. In particular, the
ddition of V generated the most promising results. Further
esearch should focus on the effects of the above oxide additives
n the electronic conduction, interface stability at the LSGM
lectrolyte, and operational stability of SOFCs.

. Conclusion

The low-temperature sintering, phase purity, and electrical
onductivity of LSGM could be controlled by the careful design
f sintering aids. The densification was enhanced by the addi-
ion of V, Li and Cu, the phase purity by the addition of B, V,

nd Si, and the electrical conductivity by the addition of V, Fe,
n and Cu. The variations of density, phase purity, grain-interior

esistivity, and grain-boundary resistivity of the specimens were
iscussed in relation to the liquid-phase assisted sintering, the
ramic Society 30 (2010) 2593–2601 2599

nhanced mass transfer, the incorporation of additives into the
SGM lattice, and the formation of resistive intergranular liq-
id phases, respectively. Considering all these properties, the
ow-temperature sintering of phase-pure and highly conductive
SGM was achieved by the addition of V, Si, Zn, Fe and Co. In
articular, V showed the greatest improvement in densification,
hase purity, and electrical conductivity.
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