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ABSTRACT

This study investigated the combined effects of self-propagating high-temperature synthesis (SHS),
planetary ball-mill (PBM) treatment, and sintering temperature on Lag;Sro3Gap7Mgo1Fep203_s
(LSGMF73712) as an electrolyte material for solid oxide fuel cells (SOFC). The SHS products (SHS-
LSGMF73712) were compared with that prepared via solid-state reaction (SSR) in terms of sinterability
and power generation performance. The SHS products were treated with PBM for 10, 30, 50, and 70 h. The
SHS products contained the by-product LaSrGaOy4; however, in the SHS products treated with PBM for
longer than 50 h, the by-product disappeared after sintering at 1350 °C for 3 h in air. Among the samples,
SHS products treated with PBM for 70 h displayed superior sintering (1350 °C), whereas the SSR prod-
uct (SSR-LSGMF73712) was successfully sintered at 1450°C for 3 h in air. Under the cell configuration
of Ni-Fe/SHS-LSGMF73712-PBM70h (0.3 mm thick)/Smg5Sro5Co03, the maximum power density was
0.673 W/cm? at 800 °C using humidified hydrogen gas (3 mol% H,0) as a fuel and air as an oxidizing agent
at a flow rate of 100 mL/min, which was almost equivalent to that using SSR-LSGMF73712 (0.629 W/cm?

at 800 °C) under the same conditions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFC) have attracted worldwide attention
as clean power generators with high efficiency, fuel adaptabil-
ity, and low pollution [1,2]. In particular, perovskite-type oxides
are regarded as attractive candidates for electrolyte materials
due to their excellent properties, such as high oxide-ion con-
ductivity [3]. Several studies reported that the perovskite-type
oxide La(Sr)Ga(Mg)Os3 (LSGM), doped with Sr for the La site
and Mg for Ga, has high oxide-ion conductivity [4-6], showing
relatively stable electrical conductivity over a wide range of oxy-
gen partial pressures. Doping with Co or Fe for the Ga site of
LSGM improves the oxide-ion conductivity, although hole conduc-
tion occurs to some extent under high oxygen partial pressures
[7,8]. In particular, the application of Fe-doped LSGM greatly
improves the power density of the SOFC at lower temperatures
[9-11].

Recently, Lag 7Sro3Gag7Mgo.1Feg203_5 (LSGMF73712) has been
reported as a new attractive substitute for solid electrolytes
[12], produced by highly time- and energy-consuming solid-state
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reaction (SSR) based on calcination. In contrast, self-propagating
high-temperature synthesis (SHS), a famous method discovered
by Merzhanov in 1967, has been used as an alternative to resolve
problems associated with SSR [13,14]. The advantages of SHS are
that it does not require additional input energy during the combus-
tion process, uses simple equipment, and occurs via an exothermal
reaction [15-17]. In our previous study, we successfully produced
LSGMF73712 using the SHS method. The particle sizes of the SHS
products were controlled with planetary ball-mill (PBM) treatment,
which is critical for the production of extremely fine powders.
The SHS and PBM-treated products were then sintered by the
spark plasma sintering (SPS) method, in which the sintering tem-
perature of the SHS products was lowered by PBM treatment
due to decreased particle size. Therefore, it should be possible to
lower the sintering temperature by PBM treatment in traditional
sintering.

The purpose of this study was to produce LSGMF73712 by the
combination of SHS, PBM, and a traditional sintering method and
to examine the power generation performance. The effect of PBM
duration and sintering temperature on product sinterability and
purity is discussed. The performance of a single cell using SHS-
LSGMF73712 is compared with that using SSR-LSGMF73712. These
findings will pave the way for practical applications of SOFC using
lanthanum gallate as an electrolyte.
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Fig. 1. Comparison of experimental flow between the conventional sintering and SHS for producing La(Sr)Ga(Mg,Fe)0s. Metallic gallium, magnesium, and sodium perchlorate

are used for the exothermic reaction.

2. Experimental

2.1. Sample preparation

Fig. 1 compares the experimental flow between the conventional SSR method
and the proposed SHS approach for producing LSGMF73712 samples. In traditional
SSR, all the raw materials are oxides or carbonates. In contrast, oxidation of metallic
gallium, magnesium, and pure iron by NaClO4 occurred during SHS; commercial
powders of La,03 (Aldrich, 99.9% purity), SrCOs (Aldrich, 99.9% purity), Ga (High
Purity Chemical Co. Ltd., 99.9% purity), Mg (High Purity Chemical Co. Ltd., 99.9%
purity), Fe (High Purity Chemical Co. Ltd., 99.9% purity), and NaClO4 (Aldrich, 98%
purity) were used in this study. First, the raw materials were stoichiometrically
mixed inan Al,03-ball mill at 30 rpm for 3 hin air (excessive mixing velocity >30 rpm
will cause gallium powder to melt). In typical SSR, the mixed materials are calcined
at 1000 °C for 6 h [12]; however, SHS was performed by placing the powder mixture
(8 g) in a graphite crucible (20 mm (W) x 30 mm (L) x 7 mm (H)) and supplying Ar
gas (99.99 mol%) at atmospheric pressure to the reactor after evacuation by a rotary
pump for 10 min. Subsequently, a disposable carbon foil igniter was placed in contact
with one end of the powder sample and electrically flashed at 50V and 100A at
room temperature. The adiabatic temperature (T,q), which was calculated by the
adiabatic formula [14], was 2797 °C. When one end of the mixed powders is ignited
at the ignition point, the combustion wave propagates to the other end completely
with no additional input energy.

The products obtained by SHS were washed using an ultrasonic cleaner to
remove the NaCl particles. Next, the SHS products were treated with PBM; the
stainless steel mill pot contained stainless steel balls (10 mm in diameter), and PBM
treatment was carried out at a rotation speed of 300 rpm with a powder-to-ball mass
ratio of 10:1 in air. PBM products were obtained after milling for 10, 30, 50, and 70 h.
Finally, all the final samples were identified by X-ray diffraction (XRD) analysis, and
the particle size distributions were measured (Horiba, LA-920).

For electrolyte fabrication, the PBM products were isotropically compressed into
disks 20 mm in diameter and 0.6 mm thick at 275 MPa in vacuum. The conditions
were the same for disks prepared using the SSR method. The calcined SSR samples
were sintered at different temperatures ranging from 1350°C to 1450°C for 3h
in air to determine the optimal sintering temperature for SSR. In contrast, all the
ball-milled SHS products were sintered at 1350°C for 3 h in air.

2.2. SOFC power generation characteristics

A single-type fuel cell was fabricated using SHS products or SSR products as
electrolytes to measure power generation. The disks were polished with diamond
wheels to a thickness of 0.3 mm. To measure planer-SOFC power performance using
an LSGMF73712 electrolyte, Smg5SrosCo03_s (SSC55) was used as a cathode and
Ni-Fe as an anode. SSC55 was prepared using the conventional solid state reac-
tion method [18]. For Ni-Fe anode, Ni-Fe (Ni:Fe =9:1 weight ratio) oxide composite
powders were firstly prepared by a conventional wet process method: Fe;04 was
loaded on NiO by using Fe(NOs3); solution, and then after evaporation of Fe(NO3 )3

solution, the resulting powders were calcined at 673 K for 2 h followed by calcination
at 1073 K for 6 h in air. The prepared anode and cathode powders were symmetri-
cally slurry-coated on the each side of LSGMF73712 disk, and then calcined at 1373 K
and 1223 K for 1h in air, respectively. Pt reference electrode was prepared on the
side of the cathode by using Pt paste.

The power generation characteristics of a single cell were measured by the four-
probe method using humidified hydrogen gas (3 mol% H,0) as a fuel and air as an
oxidizing agent at a flow rate of 100 mL/min, and molten Pyrex glass was used to
seal the cells. The current density was controlled with a galvanostat (Hokuto Denko,
HA301).

3. Results and discussion
3.1. SHS of LSGMF73712 and ball-mill treatment

The SHS of LSGMF73712 occurred via the exothermic reaction
shown below as reaction (1). NaClO4 played an important role as
an oxidizing reagent, providing oxygen for the synthesis reaction
during SHS. The raw materials were ignited, and the combustion
wave propagated to the end of the graphite crucible.

0.35Lay03 + 0.3SrCO3 + 0.7Ga + 0.1Mg + 0.2Fe
+ 0.4125NaClO4 — L30.7SI‘0_3G30.7Mg0.1F60.203

+ 0.3C0,(g) + 0.4125NaCl(g) (1)

The sample emitted heat and white smoke due to evaporation
of sodium chloride (NaCl) during the SHS process, and then the SHS
products were treated with PBM.

Fig. 2 shows the XRD patterns of the SHS products, treated
with PBM for different durations, in an argon atmosphere. The
main phase was LaGaO3 with no detectable NaCl. However, the
second phase, LaSrGaO4, was observed in the XRD patterns of
SHS products treated with PBM for short times of less than 30h;
the LaSrGaO4 peaks diminished with increasing PBM time due to
the mechanical milling effect. In our previous study, the relation-
ship between the diminished impurity phase (LaSrGaO4) and PBM
treatment was examined systematically [19] and revealed that the
quantity of LaSrGaO4 gradually disappeared with increasing PBM
time. This is explained by the amorphous crystal structure and the
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Fig. 2. XRD patterns of the products after SHS in an Ar atmosphere with differ-
ent planetary ball-milling times. PBM: planetary ball milling; SHS: self-propagating
high-temperature synthesis.

peak-broadening effect due to PBM treatment. As discussed above,
the SHS products treated with PBM for longer than 50 h were com-
posed of LaGaOs3 in which Sr, Mg, and Fe were highly dispersed.

The average particle size of SHS products decreased with
increasing PBM time. The mean particle size of the SHS prod-
uct without PBM treatment was approximately 12.7 um, and the
samples that were ball-milled for 10, 30, 50, and 70 h were approx-
imately 5.3, 4.4, 3.2, and 4.6 um in diameter, respectively. The
average particle size of the SHS product that was ball-milled for 70 h
(SHS-PBM70 h) was larger than that of the SHS product that was
ball-milled for 50 h (SHS-PBM50h) due to agglomeration caused
by the high surface energy of the fine powders. Accordingly, the
primary particle size of the SHS-PBM70 h powder was likely much
smaller than that of the other powder samples.

SHS products before sintering

2cm EEEE

2cm

No BM

BM10 h

SHS products after sintering

Tomm
No BM

mm

BM10 h

BM30 h

BM30 h

|¥¢ LaGaO, O LaSrGaO,|

e
*SHS-PBM70h
*
* b S R S
*
e *SHS-PBMSOh
EIE i B B S 4
> x
2
Q
£ % *SHS-PBM30h

**i‘(

% SHS-PBM10h

Y *
R J *l A A
20 30 70 80
29 (CuKoc)/deg.

Fig. 3. XRD patterns of the products prepared by SHS, planetary ball milling for
different durations, and sintering at 1350 °C for 3 hin air. PBM: planetary ball milling;
SHS: self propagating high-temperature synthesis.

3.2. Sintering of LSGMF73712 after SHS

Fig. 3 compares the XRD patterns of SHS products treated with
PBM for different durations and sintered at 1350 °Cfor 3 hin air. The
patterns mainly consist of peaks from the LaGaOs perovskite phase.
Some weak peaks assigned to LaSrGaO,4 were observed in the XRD
patterns of LaGaOs-based oxides treated with PBM for less than
30 h.In contrast, SHS samples that were treated with PBM for longer
than 50 h and sintered differed from SHS-PBM10 h and SHS-PBM
30h. No second phase, LaSrGaOy4, was detected in their XRD pat-
terns. That is, by-products were not generated during sintering.

Fig. 4 shows photographs of the products treated with PBM for
different durations before and after sintering. The color of the SHS

2cm

BMS50 h

BM50 h BM70 h

Fig. 4. Photographs of the samples prepared with different planetary ball-milling times before and after sintering. BM: ball milling.
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Fig. 5. XRD patterns of LSGMF73712 first prepared by traditional solid-state reac-
tion (SSR) and sintered at different temperatures for 3 h in air.

products changed gradually from light brown to dark brown with
increasing PBM time from 0 to 50 h, and then changed to brown
again at a PBM time of 70 h before sintering. However, the color of
all samples changed to deep gray after sintering.

All SHS samples were heated at 1350°C for 3 h in air, and, as a
result, both SHS-PBM50 h and SHS-PBM70 h were successfully sin-
tered with no cracks, although SHS-PBM samples showed apparent
segregation. In contrast, the SHS products that were treated with
PBM for 10h (SHS-PBM10h) and 30h (SHS-PBM30h) had major
cracks because of unreacted LaSrGaQOy, and the SHS products that
were not treated with PBM were not sintered at all. In conclusion,

the SHS-PBM70h sample exhibited superior sinterability among
all the fine powders.

3.3. XRD phase analysis of LSGMF73712 fabricated by SSR

Fig. 5 shows the XRD patterns of samples produced by tradi-
tional SSR, which were sintered at different temperatures ranging
from 1350°C to 1450°C for 3h in air. The samples sintered at
lower temperatures (1350-1400°C) still had secondary phases of
LaSrGaO4 and LaSrGaz 0. In contrast, the product sintered at the
highest temperature (1450 °C) showed clear phase differences and
had strong peaks in the XRD pattern due to a single phase (LaGaO3),
indicating that the sample was LSGMF73712.

Table 1 shows the bulk density of SHS products treated with PBM
for different durations with that of the SSR products after sinter-
ing. The bulk density of sintered samples increased with increasing
PBM time. This confirmed that the SHS-PBM50 h and SHS-PBM70 h
samples were well sintered at only 1350°C for 3 h; however, the
same sintering conditions were not sufficient for the SSR sample.
This can be explained by the fact that the SHS-PBM samples were
finer powders of the perovskite phase than the SSR sample; thus,
the SHS-PBM samples had a greater propensity for sintering. An
advantage of the SHS-PBM method is that the sintering tempera-
ture was lowered by 100 °C compared to the SSR method. Therefore,
we concluded that short PBM treatment after SHS or lower sintering
temperatures in SSR might cause the formation of impurities such
as LaSrGaO4 and LaSrGa3 07 in the products. The SHS-PBM samples
were successfully sintered by the conventional sintering method at
a lower sintering temperature compared to the SSR samples.

3.4. Power generation characteristics of SOFC using LSGMF73712
as an electrolyte

Fig. 6(a) shows the power generation characteristics, I-V and
I-P curves, of the Ni-Fe/SHS-PBM70h (0.30 mm thick)/SSC55 cell
configuration, which was operated at 700°C and 800°C. The cell
achieved an open circuit voltage (OCV) 0of 0.840 V at 800 °C. The OCV

Table 1

Bulk density of the SHS products with different PBM periods after sintering process.
Sample SHS sample PBM10h SHS-PBM30 h SHS-PBM50 h SHS-PBM70h SSRLSGMF?
Bulk density (g/cm?) 5.655 6.058 6.085 6.180 5.609

2 Sample obtained from solid-state reaction method at 1450 °C.

H,+ 3 mol% H,0, Ni-Fe/SHS-PBM(0.30 mm thick)/SSC-55,air
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Fig. 6. (a) Power generation curves of the cell using the SHS-PBM 70 h sample as an electrolyte (obtained from self-propagating high-temperature synthesis (SHS)), Ni-Fe as
an anode, and Smyg5Srg5C005_s (SSC-55) as a cathode. (b) Power generation curves of the cell using the LSGMF73712 sample sintered at 1500 °C as an electrolyte (obtained
from solid-state reaction (SSR)), Ni-Fe as an anode, and Smg5Sro5Co05_s (SSC-55) as a cathode.
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was slightly smaller than the theoretical value, whereas the power
density at 800°C reached a maximum value of P=0.673 W/cm? at
I=1.7 A/cmZ2. As the operating temperature decreased from 800°C
to 700°C, the maximum power density became P=0.295 W/cm? at
1=0.75A/cm?2.

Fig. 6(b) shows the power generation characteristics, I-V and
I-P curves, of the Ni-Fe/LSGMF73712 (0.30 mm thick)/SSC55 cell.
The sample used as an SOFC electrolyte was obtained by conven-
tional SSR and sintered at 1450°C. At 800°C, the OCV of the cell
was 0.894V, and the power density reached a maximum value of
P=0.629W/cm? at I=1.4A/cm?. When the operating temperature
decreased from 800 °C to 700 °C, the maximum power density also
decreased to P=0.270 W/cm? at [=0.7 Ajcm?.

Comparison between the power density of the cells
using SHS-PBM70h and SSR-LSGMF73712 revealed that the
SHS-PBM70 h electrolyte achieved a higher power density despite
its lower OCV. This can be explained by the fact that SHS-PBM70 h
has a lower electrolyte resistance than that of SSR-LSGMF73712
(0.24 Qcm? for SHS-PBM70 h and 0.34 Qcm? for SSR-LSGMF73712
at 800°C from I-V plot in Fig. 6(a) and (b)) because the difference
of cell preparation procedures was only fabrication of the elec-
trolyte. However, we cannot put an emphasis that SHS-PBM70h
is better than SSR-LSGMF73712 because the values are not well
investigated whether the difference is margin of error. Therefore,
SHS-PBM70h is almost equivalent to SSR-LSGMF73712 in terms
of the power density, and highly interesting as an electrolyte for
SOFC within a reduced temperature range.

4. Conclusions

To fabricate LSGMF73712, SHS products were pulverized by
planetary ball-mill treatment and sintered by a traditional sintering
process into the form of disks to evaluate their power generation
performance. The results using SHS were compared with those
using the traditional SSR method. The results obtained are as fol-
lows:

(1) XRD analysis identified the main phase of the product, which
was obtained by SHS in an argon atmosphere, as LaGaO3-based
material.

(2) When the planetary ball-milling time was longer than 50h,
the sintering temperature was lowered to 1350 °C, which was
100°C lower than that of the SSR-LSGMF73712.

(3) Under the cell configuration of Ni-Fe/SHS-PBM70h (0.3 mm
thick)/Smyg 5Srp 5Co03_g, OCV was 0.84 V, and maximum power
density at 800 °Creached 0.673 W/cm?. This was almost equiva-
lent to SSR-LSGMF73712 (P=0.629 W/cm? at 800 °C) under the
same conditions.

The combination of SHS and PBM is an attractive method
for producing an Fe-doped LaGaOs electrolyte for intermediate-
temperature SOFC. Further studies using other dopants in LaGaO3
electrolytes should be conducted in the future.
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