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Materials Lag gSrg 2Gag g3Mgp.17-C0,O5_g with x =0, 0.05, 0.085, 0.10, and 0.15 are synthesized by laser rapid
solidification. It is shown that the samples prepared by laser rapid solidification give rise to unique spear-like or leaf-like
microstructures which are orderly arranged and densely packed. Their electrical properties each show a general depen-
dence of the Co content and the total conductivities of Lag gSrg»Gag g3Mgp.035C00.085035_g prepared by laser rapid so-
lidification are measured to be 0.067, 0.124, and 0.202 S-cm™! at 600, 700, and 800 °C, respectively, which are much
higher than by conventional solid state reactions. Moreover, the electrical conductivities each as a function of the oxy-
gen partial pressure are also measured. It is shown that the samples with the Co content values < 8.5 mol% each exhibit
basically ionic conduction while those for Co content values > 10 mol % each show ionic mixed electronic conduction
under oxygen partial pressures from 107! atm (1 atm=1.01325x10° Pa) to 0.98 atm. The improved ionic conductivity
of Lag gSrg2Gag 83Mgg.085C00.08503_s prepared by laser rapid solidification compared with by solid state reactions is
attributed to the unique microstructure of the sample generated during laser rapid solidification.
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1. Introduction

Solid oxide fuel cells (SOFCs) have attracted great atten-
tion because of their high energy conversion efficiencies, little
pollution, and widely flexible fuel choices. Yttria-stabilized
zirconia (YSZ) is the most commonly used electrolyte
in SOFCs, which requires operating temperature around
1000 °C. However, the high temperature leads to a series
of complicated material problems, such as high-temperature
gas seal, mismatch in thermal expansion coefficients between
different parts, interface reactions, etc. Therefore, a major
challenge in reducing the operating temperature of SOFCs
is to develop alternative electrolyte materials that can oper-
ate at intermediate-temperatures (500 °C-800 °C) with high
oxygen-ion conductivity.!'’' Among those conductors,3~6]
Sr’*- and Mg?*-doped LaGaOj, Laj_,Sr,Ga;_yMg,03_s
(LSGM), were each shown to have a high oxide-ion con-
ductivity in a temperature range of 600 °C-800 °C which
is about four times larger than that of the conventional
YSZ solid electrolyte at 700 °C.!"81 Among the perovskite
structures of Laj_,Sr,Ga;_,Mg,0O3_s, the composition of
Lag gSrg.2Gap s3Mgp.1702.815 seems to be the most promising
one for SOFCs since it gives rise to the best ionic conductivity
in the LSGMs. 8]
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The electrical properties of LSGM can also be modified
by partial substitution of the Ga site by transition metals (Cr,
Mn, Fe, Co, and Ni).[g‘lg] The reported results showed that
Ni, Mn, and Cr doping enhanced the electron and hole conduc-
tion while Fe or Co doped-LSGMs gave rise to higher oxide-
ion conductivity.[*~!1:17-18] Among all transition metal cations
examined, cobalt was found to be the most effective dopant
for increasing the oxide-ion conductivity.[>!%1213] Ishihara
et al."% found the optimum composition for ionic conduc-
tivity to be Lag gSrg2GaggMgo.115C00.08503_g5, considering
the transport number and ion transport number.!'%) Following
these reports, numerous experimental studies have been car-
ried out on the Co-doped Lag gSrg.»Gag gMgo 20281223 and
Lag 9Sro.1Gag.sMgp 202 g5.124

Though Lag gSrg2Gag gzMgp.1702.815 has the best ionic
conductivity in La;_,Sr,Ga;_yMg,O3;_s5 systems, to our
knowledge, the systemic study on the effect of Co-doping on
this composition has not been reported so far. In a previous
study, laser rapid solidification (LRS) was used to synthesize
Lag 9Sro.1Gag gMgo 205 g5 electrolyte.[>] It showed that the
LSGM prepared by LRS exhibited unique microstructure and
superior electrical properties compared with by solid state re-
actions (SSR). In this paper, we report on the syntheses of
LaolgsrolzGao_%Mgo,177XCOXO3_5 (x = 0, 0.05, 0.085, 0.10,
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0.15) prepared by LRS and study the effect of Co doping
on the electrical properties of Lag gSrg2Gagg3Mgo.1702.815-
In fact, whether the LRS technique can be used to syn-
thesize Co-doped Lag gSrp2Gagg3Mgo.1702.815 also needs to
be tested, for it succeeds in the syntheses of ZrW,Osg,
HfW,0s5, Y2Mo030j,, and so on. but fails in the syn-
theses of ZrMo0,Og and HfMo,03.126-281 It is shown that
not only the LRS technique can be used for synthesiz-
ing LaggSrg,GaggzsMgo.17-xCoxO5_s, but also the LRS
can prepare the samples that exhibit very unique mi-
crostructure and very high electrical conductivity compared
with the Co-doped LSGMs prepared by SSR. Particularly,
the Lag gSrp2Gag g3Mgp.085C00.03503_5 synthesized by LRS
gives rise to significantly higher ionic conductivity than
by SSR in an oxygen partial pressure (p(O;)) range from
10716 atm (1 atm=1.01325x10° Pa) to 0.98 atm at 800 °C.

2. Experiment

Lay03 (99.99%), Gay03 (99.99%), MgO (99.99%),
SrCO3 (99%), and Co,03 (99.9%) were used as the start-
ing materials. La,O3 and MgO were fired at 1000 °C for
7 h before weighting to decompose carbonate and hydrox-
ide impurities. The absence of impurities in the reagents
was checked by X-ray diffraction (XRD). The starting ma-
terials were mixed with stoichiometric ratios of the destina-
tion materials of LaggSrg2GaggzMgp.17-+C0,03_5 (x = 0,
0.05, 0.085, 0.10, 0.15), ground in a mortar for 2 h and then
pressed into cuboid bars (40 mm X 5 mm X 5 mm) or disks
of 15 mm in diameter and 3.0 mm in thickness by uni-axial
cold press with a steel mould at a pressure of 10 MPa and
dried for 2 h at 100 °C in a baking oven before sintering.
The synthesis of the samples was performed by using a 5-kW
continuous-wave CO, laser. Figure 1 shows the schematic di-
agram of the experimental set-up of LRS, mainly including
a CO;, laser, a device controlling power, a sample platform
which can move horizontally and a laser power meter record-
ing the laser power during the LRS process. The laser beam
impinged onto a bar placed at a distance where the defocus
length was set to be 120 mm. The beam spot on the sample
was approximately 12 mm in diameter. The optimized synthe-
sis conditions were 1100-W laser power and 1-mm-s~! scan
speed. As the laser beam moved ahead along the length di-
rection, the synthesized sample behind cooled naturally and
rapidly down to room temperature. For comparison, samples
of Lag gSrp.2Gag §3Mg0.085C00.08503_5 Were also prepared by
SSR through calcinating the disks at 1250 °C for 10 h and then
sintering at 1500 °C for 6 h and finally sintering at 1600 °C for
2 h with intermediate grindings. Compared with the solid state
reactions, the LRS is a rapid process, with which a sample can
be synthesized within tens of seconds. The densities of the
sintered samples were measured via the Archimedes method.
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Fig. 1. (color online) Schematic diagram of the experimental set-up of
LRS.

The samples were analyzed by XRD with an X’Pert
PRO X-ray diffractometer. The microstructures were studied
with a JSM-6700F scanning electron microscope (SEM). The
laser sintered bars were re-melted by laser and polished into
cylinders or cuboids with dimensions $8.50 mm x 3.40 mm
(x =10.0), 13.72 mm x 4.20 mm (x = 0.05), 10.00 mm x
6.97 mm x 3.94 mm (x = 0.085), ®10.50 mm x 2.72 mm
(x =0.10), and ©10.40 mm x 3.26 mm (x = 0.15), and the
sample prepared by solid state reactions was polished into a
size of 6.40 mmx5.52 mmx2.50 mm for electrical measure-
ments. Platinum paste was used to smear both faces of the
cuboids or pellets, and Pt wires were connected to a Pt mesh
followed by calcination at 950 °C for 30 min. The conduc-
tivity of each sample was measured in air as a function of
temperature (250 °C-800 °C) by AC impedance spectra with
Parstat 2273 (Princeton Applied Research). The range of AC
frequency was 0.1 Hz—10° Hz. The impedance spectra were
fitted using ZSimpWin 3.0 software to obtain the resistances.
The electrical properties in this paper are given for samples of
1 cm? x 1 cm. The electrical conductivities each as a func-
tion of oxygen partial pressure were measured by impedance
method using electrochemical workstations (Zahner IM6ex) in
a gas flow system. The partial pressure of oxygen was con-
trolled by mixing Ar or H, with O;, and the oxygen partial
pressure was monitored by an oxygen sensor made of Y,03-
stabilized ZrO; that was attached close to the sample.

3. Results and discussion
3.1. Phase composition

Figure 2 shows the XRD patterns of LaggSrg2Gags3
Mgo.17-+Co,0O5_g synthesized by LRS for x = 0, 0.05, 0.085,
0.10, 0.15 and by SSR for x = 0.085, respectively. It shows
that the Lag gSrg.0Gag g3Mgo.17-xCo,O5_s perovskites can be
successfully synthesized by LRS except the one with x =
0.15 which contains a few secondary phases of LaSrGazO;.
With Co content increasing, the diffraction peaks at higher
angles split, indicating the lowering of the crystal symme-
try. Besides, the diffraction peaks shift toward higher an-

gles with Co content increasing, suggesting that the lattice
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constants become smaller by Co doping and a solid solu-
tion of Co doped at the Ga site in the lattice is realized,!19]
for the ionic size of the six-coordinated Co®t (63 pm) is
smaller than that of Mg?* (66 pm) and nearly the same as
that of the six-coordinated Ga* ion (62 pm).!'°! As an exam-
ple, figure 3 shows Rietveld analysis of the XRD pattern of
Lag gSrg.2Gag §3Mgp.1702.815 for Imma at room temperature
with Bragg R factor =6.2% and Ry/R. = 1.79. It can be
seen that Lag gSrg2Gag gsMgp.1702.815 can be fitted to an or-
thorhombic structure (Imma) with acceptable values for Bragg
R factor and Ryp/R.. In this way the lattice parameters of all
Lag 3Srg2Gag gsMgo.17-xC0,05_s samples are estimated on
the same basis of an orthorhombic lattice taken from that of
Lag 9Srg.1Gag sMgp 20,85 by Rietveld refinement. Figure 4
shows the lattice parameters (a, b, and c) of the specimens
prepared by LRS each as a function of Co content. Due to
the substitution of Mg?* by six-coordinated Co>*, the lattice
parameters a, b, and ¢ basically decrease with Co content in-

creasing.
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Fig. 2. (color online) XRD patterns of Lag gSrg2Gag g3Mgp.17-xCoxO3_5 for
x =0 (curve a), 0.05 (curve b), 0.085 (curve c), 0.10 (curve d), and 0.15 (curve
e), synthesized by LRS with 1100-W laser power at 1 mm-s~! scan speed, and
x = 0.085 (curve f), synthesized by SSR (1250 °C for 10 h, 1500 °C for 6 h,
and 1600 °C for 2 h).
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Fig. 3. (color online) Rietveld analyses of the XRD pattern of
Lag gSrp.2Gag §3Mgo.1702 815 for Imma at room temperature with Bragg
R factor =6.2% and Ry, /Re = 1.79. The bars (middle) indicate the po-
sitions of Bragg peaks for LaggSrg2Gags3zMgo.1702.815- The dotted
and solid lines (top) and the solid line (bottom) are the observed and
calculated XRD patterns and difference profile, respectively.
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Fig. 4. (color online) Lattice parameters (a, b, and ¢) of
Lag.gSrp2Gag g3Mgo.17-+C0,03_g each as a function of Co
content for the samples prepared by LRS with 1100-W laser
power at 1 mm-s~! scan speed.

3.2. Unique microstructure

Figure 5 shows the typical SEM images of the frac-
tured cross sections of Lag gSrg 2Gag gsMgp.17-xC0,O5_g pre-
pared by LRS for x = 0, 0.05, 0.085, 0.10, 0.15 and
by SSR for x = 0.085, respectively. = While the sam-
ple of Lao,gSro,zGaovg3Mg0_()g5C00.08503,5 Syl‘ltheSiZCd by
SSR consists of densely packed globose grains that are
similar to the reported LSGMs and Co-doped LSGMs in

2021241 and the samples prepared by LRS give

microstructure, [
rise to unique microstructures exhibiting ordered or oriented
spear-like (Figs. S5(a) and 5(c)) or leaf-like (Figs. 5(b), 5(d),
and 5(e)) crystalline growth. The unique microstructures have
not been observed previously for LSGMs and Co-doped LS-
GMs. The average grain sizes of the samples prepared by LRS
are about 20 pm-50 pm (Figs. 5(a), 5(b), 5(d), and 5(e)) or
larger than 50 um (Fig. 5(c)) in width and longer than 50 pm in
length. The relative densities of the samples prepared by LRS
for x =0, 0.05, 0.085, 0.10, 0.15 and by SSR for x = 0.085
were measured to be 97.2%, 96.1%, 98.7%, 98.5%, 98.1%,
and 97.1%, respectively.

The laser synthetic route is a rather rapid process, dur-
ing which the raw materials are heated to melt immediately
upon illumination of the laser beam and form a molten pool
where the chemical reaction takes place. The product solidi-
fies rapidly as the laser beam moves ahead. The whole process
from the laser starting to irradiate to the solidification of the fi-
nal product is completed in only a few or tens of seconds. Both
the XRD and the SEM images demonstrate that the starting
materials were sufficiently molten in the molten pool. Other-
wise, it is difficult to imagine for the raw materials to react
completely to reach pure final products with nicely ordered
microstructures in such a short time. Since the melting points
of the raw materials of LayO3, SrCO3, Gay O3, and MgO are
about 2315, 1497, 1740, and 2827 °C, respectively, the tem-
perature of the molten pool is expected to be above 2830 °C.
Another special characteristic of the LRS is the directed heat
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transfer. The heat transfer was mainly directed from the top
surface to the bottom and also governed by the moving direc-
tion of the laser beam as the laser energy was absorbed by
the top layer of the raw materials. The unique microstruc-
tures of the samples are likely to result from convection in

the molten LSGM specimens. The unique microstructures of

the samples produced in the laser synthetic route can be at-
tributed to the relatively oriented crystalline growth governed
by heat transfer directions in the liquid droplet-like molten
pool. Due to the rapid solidification from the molten pool,
highly densely-packed blocks of the samples can be easily

achieved.

Fig. 5. (color online) SEM images of the fractured cross sections of Lag gSrp2Gag g3Mgp.17-xC0,03_g for x =0 (a), 0.05 (b), 0.085
(c), 0.10 (d), and 0.15 (e), synthesized by LRS with 1100-W laser power at 1 mm-s~! scan speed, and x = 0.085 (f), synthesized by

SSR (1250 °C for 10 h, 1500 °C for 6 h, and 1600 °C for 2 h).
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Fig. 6. Elemental mapping and EDS spectrum of Lag g Srg »Gag 83Mg0.085C00.08503_g synthesized by LRS.
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Figure 6 shows the elemental mapping and the EDS spec-
trum for the Sample of Lao,gsro,zGaolg3Mgo,085C00_03503_5
synthesized by laser rapid solidification. It is evident that
the La, Sr, Ga, Mg, Co, and O are homogeneously dis-
persed in the sample of Lag gSrg.2Gag §3Mgo.085C00.08503_5-
The approximate content values of elements for the sam-
ple of Lag gStg.2Gagp.83Mgo.085C00.08505_g are given as listed
in the Table 1. The atomic ratio of the La:Sr:Ga:Mg:Co:0
in the pure Lag gSro2Gao.83Mg0.085C00.08503_s prepared by
laser rapid solidification is close to its nominal stoichiometric
proportion 8.00:2.00:8.30:0.85:0.85:28.15. Figure 7 shows
the X-ray photoelectron spectrum (XPS) (Co 2p) of
Lag gSro.2Gag 83Mgp.085C00.08505_5 to reveal the valence
state of Co. The prominent peak around 779.7 eV is at-
tributed to a Co’* 2ps /2 configuration while the shoulder
around 783.4 eV is ascribed to a Co** 2p3/, configura-
tion. The other spin—orbit components of the 2p; /, appear at
791.3 eV and 796.4 eV for Co>"and Co®", respectively. The
peak at 802.9 eV is Co’*shake-up satellite peak of the sam-
ple. It can be concluded that both Co’* and Co’* exist in
Lao,gSI‘o,gGao,ggMgo_o%CO().()gs03,5 but Co3™ is dominant in
the sample.
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Fig. 7. XPS (Co 2p) of Lag sSro2Gag.s3Mgo.085C00.08503_5 prepared
by LRS with 1100-W laser power at 1 mm-s~! scan speed.

Table 1. Atomic percents of the sample of
Lag Sr9.2Gag.§3Mgo.085C00.08503 -5 synthesized
by LRS from EDS measurements.

Element Atomic %
La 16.62
Sr 4.24
Ga 17.13
Mg 1.72
Co 2.05
(6] 58.24

3.3. Electrical properties

We have measured the impedance spectra from 250 °C
to 800 °C in steps of 50 °C for all the samples.
ure 8 shows a typical impedance spectrum of the sample
Lao,gSr(),zGaoig3Mg().1702.815 at 250 °C. The higher, medium,

and lower frequency arcs represent the bulk (Ry), grain bound-
29-31]

Fig-

ary (Rgp), and electrode (R.) responses, respectively. !

The total resistance of the sample, obtained from the intercept
of the spectra with the real-axis at high frequencies, which is
indicated by the first vertical line in Fig. 8, is thus the sum of
Rb and Rgb-

250 °C
6 -
G
) 4+
,9 l«— higher frequency lower frequency
~
N
| 2F L) ')
buk e° e oo’
° L o oo®

/. electrode
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Fig. 8. The representative AC impedance spectrum of

Lag gSrp2Gag g3Mgp.1702.815 at 250 °C prepared by LRS
with 1100-W laser power at 1 mm-s~! scan speed.

° °
® { grain boundary%

Figure 9 shows the experimental and calculated
impedance spectra of LaggSrg2GagszMgp.17-xCo,O3_g at
700 °C for x =0, 0.05, 0.085, 0.10, and 0.15 prepared by LRS
and for x = 0.085 prepared by SSR, respectively. It is evident
that the total resistances of Lag gSrg2Gag gzMgg.17-xC0,O05_s
prepared by LRS each show a general decrease with Co con-
tent increasing except that for x = 0.15 and the lowest total re-
sistances exist in the samples for x = 0.085-0.10. The higher
resistance for x = 0.15 may result from the impurities found in
Fig. 2. The Lag gSro.2Gag.s3Mgo.085C00.08503-s prepared by
LRS gives rise to a much lower total resistance than by SSR.

The total conductivities are calculated by fitting the ex-
perimental data according to equivalent circuits comprised of
resistance R, capacitance C, and CPE (constant phase element)
in series and/or in parallel.’! The electrolyte resistance R,
sum of grain resistance Ry, and grain boundary resistance Rgp,
can be calculated by fitting the impedance spectra using ZSim-
pWin 3.0 software. The conductivity ¢ can then be calculated
from

o= )

where L is the thickness, and A the area of the cross section of
an electrolyte sample.

The calculated total conductivities of the samples in a
temperature range from 250 °C to 800 °C are calculated and
shown in Table 2. It is obvious that the total conductivities are
obviously improved by Co doping, showing a general increase
with Co content increasing except that for x = 0.15. The to-
tal conductivities of Lag §Sro.2Gag 33Mgo.085C00.08503_s pre-
pared by LRS reach 0.067, 0.124, and 0.202 S-cm~! at 600,
700, and 800 °C, respectively, which are much higher than
the corresponding values (0.026, 0.065, and 0.105 S-cm’l) of
the same compositions with similar values of purity and rela-
tive density, prepared by SSR. The higher total conductivities
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of the samples synthesized by LRS may be attributed to their
unique microstructures. The relatively oriented growth of the
spear-like or leaf-like grains with large and regular sizes and

higher relative densities greatly reduces the scattering proba-
bilities of charge carriers during migration, thereby increasing
the conductivities.

3 1.0 1.0

* Expt. 2 —=0LRS Expt. ® Expt.
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Fig. 9. (color online) AC impedance spectra measured at 700 °C in air for Lag gSro»Gag s3Mgo.17—xCo,O5_s with x = 0.0, 0.05,
0.085, 0.10, and 0.15, prepared by LRS with 1100-W laser power at | mm-s~! scan speed and with x = 0.085, prepared by SSR

(sintered at 1250 °C for 10 h, 1500 °C for 6 h, and 1600 °C for 2 h).

Table 2. Electrical properties of Lag gSrg2Gag §3Mgo.17-xC0,05_5 for x = 0.0, 0.05, 0.085, 0.10, and 0.15 prepared by LRS and for

x = 0.085 prepared by SSR.

Total conductivity/S-cm ™!
Co content x

Activation energy/eV

600°C  700°C  800°C 250°C450°C  450°C—600°C 600 °C—800 °C
x=0 0.018 0.047 0.090 0.64 0.69 0.74
x=0.05 0.032 0.069 0.114 0.53 0.56 0.59
LRS =~ 0.085 0.067 0.124 0.202 0.37 0.39 0.53
x=0.10 0.091 0.134 0.165 0.25 0.30 032
x=0.15 0.073 0.095 0.122 0.28 0.28 0.29
SSR  x=0085  0.026 0.065 0.105 0.72 0.67 0.64

Figure 10 shows the Arrhenius plots of the total con-
ductivities of Lag gSrg2Gag.g3Mgp.17-xCo,O5_g for x = 0.0,
0.05, 0.085, 0.10, and 0.15 prepared by LRS and for x =
0.085 prepared by SSR, respectively. It is seen that the
slopes of the Arrhenius plots of the samples prepared by
LRS decrease with Co content increasing, suggesting that the
activation energy for electrical conduction decreases when
the Co content is increased. Besides, the activation en-
ergy of Lao,gSrogGao,33Mg0.085C00_08503,5 synthesized by
LRS is lower than by SSR. In Table 2, we summarize the
activation energies of Lag gSrg2Gag g3Mgo.17-xCo,03_g for
x = 0.0, 0.05, 0.085, 0.10, and 0.15 prepared by LRS and
for x = 0.085 prepared by SSR. The activation energies for
x < 0.085 are close to the reported values for the similar
compositions.!!%?!4] For the samples prepared by LRS for
different Co concentrations in Table 2, we can also see an ob-
vious trend of the activation energy in a temperature range of

600 °C-800 °C: the apparent activation energy for the elec-
trical conduction decreases continuously with Co content in-
creasing up to 8.5 mol% and then drops abruptly when the Co
content is further increased. The trend is consistent with the
reported results of the activation energy of Co-doped LSGMs
of other compositions.*!%2!1 The abrupt drop of the activation
energy for the Co content larger than 8.5 mol% suggests that

(9-10] The high temper-

the hole conduction becomes dominant.
ature activation energy (0.53 eV) for the sample of x = 0.085
prepared by LRS falls in a range of 0.51 eV-0.68 eV of the
activation energy for ionic conductivity of Co-doped LSGM
found by Khorkounov ef al.,[??) suggesting the predominant
ionic conductivity at higher temperatures. Nevertheless, the
high temperature activation energies for the samples x > 0.10
prepared by LRS are much lower than the reported values for

ionic conduction.
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Fig. 10. (color online) Arrhenius plots of the total conductivities of
Lao_gsro.zGao_%Mgo,17,XC0X03,5 with x = 040, 0.05, 0.085, 0.10, and
0.15, prepared by LRS with 1100-W laser power at 1 mm-s~' scan
speed and with x = 0.085, prepared by SSR (sintered at 1250 °C for
10 h, 1500 °C for 6 h, and 1600 °C for 2 h).

In(oT)/S-cm~ 1K

In order to confirm the conduction mechanisms of
Lag gSrg2Gap s3Mgp.17-xCo,O5_5 samples with different
content values of Co doping, we measure the electrical con-
ductivity as a function of the oxygen partial pressures (p(O,))
of the samples at 800 °C as shown in Fig. 11. The elec-
trical conductivity of the sample without Co doping (x = 0)
prepared by LRS is nearly independent of the oxygen par-
tial pressure in an oxygen partial pressure (p(O;)) range from
1071 atm to 0.98 atm, indicating an oxygen-ion conduction,
which is in agreement with the reported results.'%>?] Fig-
ure 11 shows clearly that the samples with the Co content
values < 8.5 mol% prepared by LRS and SSR present ionic
conductions in an oxygen partial pressure (p(O;)) range from
10~!® atm to 0.98 atm and ionic mixed electronic conductions
in an oxygen partial pressure (p(O,)) range from 107! atm
to 1071¢ atm, whereas those with the Co content values >
10.0 mol% present the characteristics of ionic mixed elec-
tronic conduction. Besides, the samples with the Co content
values < 8.5 mol% prepared by LRS have higher ionic con-
ductivities than the sample without Co doping, which is in con-
sistence with the results of Ishihara er al.[>!°! The improved
oxide-ion conductivities of Lag gSrg2Gag gsMgp.17-xC0x03_5
for x < 0.085 compared with the oxide-ion conductivity of the
sample without Co doping may be brought about by the en-
hanced mobility of oxide ions by Co doping as revealed by
previous study on the diffusion coefficients.”! However, when
Co content value is > 10.0 mol%, the hole conduction may
become more significant due to the formation of Co®*, giv-
ing rise to free holes and resulting in an ionic mixed electronic
conduction.

Figure 11 shows also that the ionic conductivity of
Lag §Sro2Gag.83Mgo.085C00.08503_5 prepared by LRS is
much higher than by SSR. This demonstrates that in addition
to the effect of Co doping, the unique microstructures of the
samples generated during the laser rapid solidification process
contribute also to the improved ionic conductivities. The rela-
tively oriented growth of the spear-like or leaf-like grains with

large and regular sizes and high relative densities greatly re-
duce the scattering probabilities of oxygen ions during migra-
tion.
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Fig. 11. (color online) The electrical conductivities measured

each as a function of oxygen partial pressure at 800 °C for
Lao_gsro_zGao_g3Mg0_17,XCOXO3_§ with x = 0.0, 0.05, 0.085, 0.10,
and 0.15, synthesized by LRS with 1100-W laser power at | mm-s~!
scan speed and with x = 0.085, synthesized by SSR (sintered at
1250 °C for 10 h, 1500 °C for 6 h, and 1600 °C for 2 h).

Finally, we point out that the LRS is a unique technique
for the syntheses of LSGM and Co-doped LSGM materials.
With this technique, a sample with tens of grams can be pro-
duced in a few seconds. Besides the unique microstructures
which cannot be obtained by conventional SSR methods, the
samples prepared by LRS method also exhibit better electrical
properties than by SSR methods. The disadvantages of LRS
method are the requirements for a high power laser processing
setup, precise control of the laser processing parameters such
as laser power and scan speed to ensure fully reactions and
avoid vaporization of the samples.

4. Conclusions

Laser rapid solidification (LRS) is used for synthesiz-
ing LaggSrp2GaggzMgp.17-xCo,03_5 (LSGMs, x=0, 0.05,
0.085, 0.10, 0.15) materials. It is shown that the laser
rapid solidification method is suitable for rapid sintering of
the Co-doped LSGMs with controlled compositions. The
samples prepared by LRS give rise to orderly arranged and
densely packed unique spear-like or leaf-like microstructures
and good electrical properties compared with by solid state
reactions. It is shown that the samples with the Co con-
tent values < 8.5 mol% exhibit ionic conductivities which
increase with Co content increasing and are higher without
Co doping in an oxygen partial pressure (p(O;)) range from
1071 atm to 0.98 atm at 800 °C. The ionic conductivity
of La().gSl‘o,zGao,g3Mg0.035C00_08503,3 prepared by LRS is
much higher than by SSR. The improved ionic conductivities
are attributed to the unique microstructures of the samples gen-
erated during laser rapid solidification. However, the samples
with Co content values of > 10.0 mol% present the character-
istics of ionic mixed electronic conduction, which may result
from the formation of Co* at higher doping levels.
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