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a b s t r a c t

Ce0.6La0.4O2 (LDC) is a promising buffer layer for preventing chemical reactions between a doped-LaGaO3
electrolyte and Ni-based anode in intermediate-temperature solid oxide fuel cells (SOFCs). In the present
work, first, the chemical compatibility between La0.8Sr0.2Ga0.8Mg0.2O3 (LSGM) powders and LDC powders
is evaluated. Subsequently, an LDC buffer layer is prepared via atmospheric plasma spraying (APS) at
different deposition temperatures using powders that have particle sizes larger than 30 mm. The effects of
deposition temperature on the microstructure and ionic conductivity are investigated. Cells with an
optimized APS LDC interlayer between the NiO containing anode and LSGM electrolyte are tested with
humidified H2 as fuel and ambient air as the oxidation. At 750 �C, the maximum power density of cells
with the APS LDC interlayer is 460 mW/cm2. In addition, a stability test of ~400 h at 650 �C under a
constant current density of 250mW/cm2 is carried out, and the cell with the optimized APS LDC
interlayer is stable. Therefore, APS is a viable alternative approach for fabricating an LDC interlayer for
SOFCs using the LSGM electrolyte.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) have been widely investigated as
an efficient and environmentally friendly technology for converting
chemical energy to electrical energy [1,2]. For efficient commer-
cialization, low-cost alloy materials can be used in SOFCs as inter-
connectors instead of expensive ceramic materials [3], and the
operating temperature of SOFCs can be reduced from high tem-
perature (800e1000 �C) to intermediate temperature
(600e800 �C). Reducing the operating temperature is also an
effective means of solving the sealing problem [4]. However, the
ionic conductivity of a traditional electrolyte material (yttria-sta-
bilized zirconia, YSZ) decreases significantly with a reduced oper-
ating temperature. Therefore, it is essential to use alternative
electrolytes that have high ionic conductivity at an intermediate
temperature. Doped ceria, such as Ga doped ceria (GDC) or Sm
doped ceria (SDC), have high ionic conductivity at a lower operating
temperature [5]. However, the major drawback of GDC or SDC is the
mixed ionic and electronic conduction property because of the
reduction of Ce4þ to Ce3þ that occurs under the fuel reducing

atmosphere. Sr and Mg doped lanthanum-gallate (La0.8Sr0.2-
Ga0.8Mg0.2O3, LSGM) has a perovskite structure and is considered to
be a possible electrolyte material at 600e800 �C because of its high
ionic conductivity, negligible electronic conductivity, and excellent
chemical stability over a wide range of oxygen partial pressures
[6,7].
However, when the sintering temperature was higher than

1250 �C, the NiO-containing cermet anode reacted with the LSGM
electrolyte. Also, a secondary phase that had high resistance formed
at the anode/electrolyte interface, and this resulted in degraded cell
performance [8]. Moreover, the reaction of Ni and LSGM resulted in
the formation of a La-nickel oxide that has high resistance even at
an operating temperature of 600 �C [9]. Ce0.6La0.4O2 (LDC) is
considered to be an effective buffer layer for minimizing reaction
and interdiffusion between the NiO-containing anode and an LSGM
electrolyte [10,11]. The traditional method for preparing an LDC
buffer layer and LSGM electrolyte on the anode is usually a con-
ventional wet process followed by cosintering [12,13]. However, the
sintering of LDC is rather difficult, and therefore, after cosintering,
the sintering density of LDC is much lower than that of LSGM
[14,15]. Therefore, it is difficult to form a dense LDC buffer layer
using an LSGM electrolyte via the cosintering method. The porous
LDC layer may result in the diffusion of Ni from the anode and an* Corresponding author.
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increase in the total ohmic resistance. Therefore, increasing the LDC
density may be beneficial for improving cell performance and long-
term stability.
It was reported that, for LSGM-based SOFCs, the reactivity be-

tween LSGM and CeO2-based materials is dominated by a La
diffusion mechanism [16e18]. At the interface of LSGM and CeO2-
basedmaterials, the gradient of La results in La diffusion from LSGM
into CeO2-based material, and this causes LaSrGa3O7 to appear
during the cell fabrication process. Therefore, the reaction between
GDC or SDC and LSGM is inevitable at high temperature.
Although LDC may prevent La diffusion from LSGM, the chem-

ical compatibility of LDC and LSGM is influenced by the composi-
tion of LDC (specifically, the ratio of Ce to La). Andrievskaya et al.
reported that the solubility of La2O3 in CeO2 was ~50mol % [19]. A
detailed investigation was reported by Huang and his colleagues
regarding the effects of LDC composition on the chemical stability
of LDC and LSGM [10]. In their report, when the molar ratio of Ce to
La was 1.5 (that is, 40 mol % La in CeO2; LDC40), La diffusion was
effectively prevented after cosintering LSGM and LDC40 at 1350 �C.
However, when the Ce/La molar ratio was decreased to 1.0 (LDC50)
or increased to 1.86 (LDC35) a reaction between LSGM and LDC
occurred, and a resistive phase was detected. Therefore, it can be
concluded that LDC with 40mol% La in CeO2 are effective interlayer
materials for LSGM-based SOFCs.
Atmospheric plasma spraying (APS) is considered to be a

promising processing method for producing SOFC components
because of its high efficiency, flexibility, and low cost [20,21]. Pre-
viously, APS has been used to deposit porous electrode layers
[22,23], dense electrolyte layers [24,25], and protective ceramic
layers for metal interconnects [26]. Zhang et al. prepared an
scandia-stabilized zirconia electrolyte layer using APS at a deposi-
tion temperature of 600 �C and achieved a maximum power den-
sity of ~1W/cm2 at an operating temperature of 1000 �C [27].
Therefore, it may be possible to prepare a dense buffer layer for

SOFCs using APS without high temperature sintering.
However, to the best of our knowledge, an LDC buffer layer

prepared using APS for LSGM-based SOFCs has not yet been re-
ported in detail. The purpose of this study is to fabricate an LDC
buffer layer for SOFCs via APS using spray powders that have a Ce/
La molar ratio of 1.5. First, the chemical compatibility of LDC
powders with LSGM and NiO powders was characterized. Second,
the effects of deposition temperature on the microstructure and
ionic conductivity of LDC deposits were studied. Finally, the output
performance and the stability of LSGM-supported cells with an
optimized APS LDC coating were investigated.

2. Experimental section

2.1. Materials

A commercially available spray-dried spherical LDC powders
(Tianyao Inc., Qingdao, China) with particle size of 32e45 mm was
used to deposit an LDC coating. This powder was provided with a
50% excess of Ce; specifically, the atomic Ce/La ratio was 1.5. As
reported in our previous work [28], Ce preferentially evaporates
during the APS process, and the spray powder size is important for
the Ce loss. When the spray powder size of LDC is > 30 mm, the Ce
loss in the APS LDC coatings can be neglected, and the Ce/La ratio is
similar to that of the starting powders. Therefore, spray powders
with particle sizes larger than 30 mmwere used. Typical morphol-
ogies of the powders are shown in Fig. 1. The powders had spherical
morphologies (Fig. 1a) and were composed of nano- and sub-
micrometer particles, as seen in the magnified images (Fig. 1b).
LSGM was used as an electrolyte to construct electrolyte-

supported SOFCs. Commercially available LSGM starting powders
(Fuelcellmaterials Inc., USA) were used in this study. The starting
powders were uniaxially pressed into a pellet (15mm diameter,
500 mm thick) by applying a press of 150MPa and then sintered at

Fig. 1. Morphology of the starting powders: (a) LDC at low magnification, (b) LDC at high magnification, and (c) NiO-GDC and (d) LSCF at low magnification.
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1400 �C for 10 h. After sintering, the pellets were ground and pol-
ished to obtain electrolyte pellets with a diameter of 13mm and a
thickness of ~350 mm. In addition, commercially available
La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) and NiO-GDC spherical powders were
used as the cathode material and anode material, respectively. The
LSCF powders had a particle size of 5e20 mm (Fig. 1c), and the NiO/
GDC powders had a particle size of 30e70 mm (Fig. 1d).

2.2. Study of chemical compatibility

The LDC powders were mixed with NiO and LSGM, respectively,
to investigate the chemical compatibility of LDC with NiO and
LSGM. Each mixture was in a mass ratio of 1:1 and then heated at
1400 �C for 10 h. X-ray powder diffraction (XRD, Xpert PRO, PAN-
alytical, Netherlands) was used for careful analysis of the phase
structures of the mixtures.

2.3. Cell fabrication

Before cell fabrication, sand blasting was used on the LSGM
surface to enhance interfacial bonding between the coating and
substrate. APS (GP-80, Jiujiang, China) was used to deposit the LDC
interlayer on the LSGM support substrate using a plasma arc of
36 KW. The deposition parameters were similar to those used in the
previous report [28]. The flow rates of Ar andH2were set to 60 slpm
and 6 slpm, respectively. The spray distance was 80mm. Results
from our previous study revealed that the critical deposition tem-
perature of LDC was 400 �C [29]. In this study, the LDC interlayer
was deposited at a deposition temperature of 500 �C to enhance
lamellar interface bonding. To confirm the substrate temperature,
the back of the LSGM substrate was preheated using a copper
heating stage, and the surface temperature wasmonitored using an
infrared pyrometer (RayRPM30L3U, Raytak, America).
The NiO/GDC anodewas then deposited on top of the optimized

LDC interlayer using APS with a plasma arc of 36 KW. The coating
thickness was controlled to 30e40 mm. A similar APS procedure
was also used to deposit an LSCF cathode layer on the other side of
the LSGM electrolyte support with a low plasma arc of 30 KW. The
effective electrode area of the cell was 0.8 cm2. The APS deposition
parameters are shown in Table 1.
Scanning electron microscopy (SEM, TESCAN, Czech) equipped

with an energy dispersing X-ray (EDX) system was used to char-
acterize the microstructures of the LDC coatings and the cells, and
XRDwas used to analyze the phases of the sintered LSGM. The ionic
conductivity of the APS LDC deposits was measured using an AC
method described elsewhere [30,31]. First, the free standing LDC
deposits were obtained by removing the substrate, and then a silver
slurry was pasted onto both sides of the LDC samples in an active
area that had a diameter of 8 mm. The paste samples were dried at
180 �C for 30min and then heated to 800 �C; the samples were then
held at 800 �C for 30min. Electrochemical impedance spectroscopy
(EIS, Solartron SI 1260/1287 impedance analyzer) was used to
measure the ionic conductivity over a temperature range of

500e800 �Cwith an applied AC voltage of 25mV during the cooling
stage.

2.4. Cell performance test

For electrochemical testing of the cell, silver paste was attached
as current collectors and was used on both the cathode and anode
sides. The performance of a single cell was tested in a furnace at a
heating and cooling rate of 3 �C/min. After reducing the anode at
750 �C for 2 h, the output performance of the cell wasmeasured in a
temperature range of 600e750 �C during the cooling stage. The
moistened H2 fuel and air were used at flow rates of 0.1 slpm and
0.15 slpm, respectively. EIS was used with an applied AC voltage of
25mV to determine the electrochemical properties of the cells. The
frequency during the test procedure was in the range of 10�1 to
105 Hz.

3. Results and discussion

3.1. Reactivity of LDC with LSGM and NiO

It is expected that interfacial reactions deteriorate the output
performance of SOFCs because the reaction products that have high
resistance increase the ohmic resistance of SOFCs. XRD patterns of
the starting LSGM and LDC mixtures and of these mixtures after
annealing at 1400 �C for 10 h are shown in Fig. 2. The XRD results
showed that the phase structure of the annealed powder mixture
was similar to that of the starting powdermixture, and therewas no
secondary phase detected. This indicates that there was no chem-
ical reactivity between LDC and LSGM. XRD was also used to
identify the phase structure of the NiO and LDC mixture after
annealing at 1400 �C for 10 h and to analyze the starting powders.
The results are shown in Fig. 3. As seen in Fig. 3, the phase structure
of the annealed powder mixture was also similar to that of the
starting powdermixture (NiOþLDC), and no reaction productswere
found after the heat treatment. These results are consistent with
those previously reported. Huang et al. [10] noted that the reaction
of LDC with LSGM and NiO can be avoided when the La content in
CeO2 is 40mol%, and in this study, the LDC powders that had 40mol
% La content were chemically-stable with LSGM and NiO.

3.2. Microstructure of atmospheric plasma sprayed LDC interlayer

The fractured cross-sectional morphology and the XRD pattern

Table 1
Typical APS LDC deposition parameters.

Parameter Unit LDC NiO/GDC LSCF

Plasma arc power kW 36 36 30
Plasma arc voltage V 50 60 50
Plasma arc current A 720 600 600
Flow rate of Ar slpm 60 45 60
Flow rate of H2 slpm 6 4.5 1.5
Spray distance mm 80 100 100
Deposition temperature �C 500 <150 <150

Fig. 2. XRD patterns of a mixture of LSGM and LDC in a 1:1wt ratio: (a) starting
powder mixture and (b) mixture after annealing at 1400 �C for 10h.
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of the sintered LSGM pellet are shown in Fig. 4. LSGM has a dense
structure with few closed pores after annealing at 1400 �C, and on
the basis of the image analysis, the porosity was ~2%. As seen in
Fig. 4b, bulk LSGM had a pure perovskite phase, and no secondary
phase was detected. Thus, bulk LSGM was suitable for our experi-
ments to use as an electrolyte in SOFCs.
The LDC coatings were deposited at 100 �C, 300 �C, and 500 �C to

study the effects of deposition temperature on the microstructure.
The ratio of Ce to La in the LDC coatings was confirmed via EDS
analysis, and the results are summarized in Table 2. The molar ra-
tios of Ce to La in the LDC deposits were similar to that in the
original powder mixture. Thus, in the present study, the Ce/La ratio
in the LDC coatings remained the same as that of the original
powders and thereby the composition of LDC coatings meets the
requirement for using as an buffer layer.
Fractured cross-sectional morphologies of the LDC coatings

deposited at different temperature are shown in Fig. 5. When the
deposition temperature was 100 �C, the coating had a lamellar
structure with a nonbonded interface (indicated by arrow “A” in
Fig. 5a) and vertical cracks (indicated by arrow “B” in Fig. 5a). When
the deposition temperature was increased to 300 �C, a columnar
grain with a length of 5e6 mm was observed in single splats, and
there were a few interlamellar cracks. When the deposition tem-
perature was further increased to 500 �C, the columnar crystals
grew continuously through several lamellas and the crystals had a
length of ~10 mm. Moreover, it is difficult to identify the unbonded
interface between lamellas in the cross-section. Simultaneously,

the amount of vertical cracks decreased because the quenching
stress of the splats was significantly decreased via the substrate
preheating during plasma spraying [27]. As a result, the APS LDC
coating became denser with an increase in the deposition tem-
perature. As previously reported, the lamellar bonding ratio for
conventionally thermal sprayed ceramic coatings is lower than
~33% [32,33]. With an increase in the deposition temperature, the
bonding ratio improved. Xing et al. reported that when the depo-
sition temperature was increased from room temperature to
686 �C, the interlamellar bonding ratio of the plasma sprayed YSZ
coating increased from 32% to 50% [30]. SEM observations in the
present study suggest that the splats are well bonded and that the
APS LDC coating became dense when the deposition temperature
was 500 �C (Fig. 5c).

3.3. Ionic conductivity of APS LDC coatings deposited at different
temperatures

Free-standing LDC deposits were obtained for electrical char-
acterization after the substrate was removed. The total ionic con-
ductivity of LDC as a function of test temperature is shown in Fig. 6.
The ionic conductivity of the LDC deposit increased with an in-
crease in temperature (Fig. 6a), and this suggests that the depen-
dence of the LDC electrical properties with respect to temperature
is similar to that of other solid ion conductors, such as YSZ, GDC,
and LSGM. For the LDC deposits, the conductivity increased with an
increased in deposition temperature. At 800 �C, the LDC coatings
that were deposited at 500 �C showed conductivity values of
0.015 S/cm, which is the highest of the LDC deposits examined in
this study. This value was more than twice that of the LDC depos-
ited at 100 �C (~0.0067 S/cm), and it was 75% of the bullk conduc-
tivity (0.020 S/cm at 800 �C). The ionic conductivity values of bulk
LDC are from the literature, as reported by Hong et al. [34]. It has
been reported that deflects in the electrolyte decrease ionic con-
ductivity because the ionic conductivity is directly proportional to
the O2� transport number [35,36]. A significant number of previous
studies have examined the influence of microstructure on the
conductance of oxide-ion conductors, and most of these works

Fig. 3. XRD patterns of a mixture of NiO and LDC in a 1:1wt ratio: (a) starting powder
mixture and (b) mixture after annealing at 1400 �C for 10 h.

Fig. 4. (a) SEM images of the fractured cross-sectional morphology and (b) phase structure of an LSGM pellet after sintering at 1400 �C for 10 h.

Table 2
Chemical compositions of LDC powders and deposits.

Sample Ce/La, molar ratio

LDC powders 1.507 ± 0.012
LDC deposits (100 �C) 1.495 ± 0.009
LDC deposits (300 �C) 1.503 ± 0.005
LDC deposits (500 �C) 1.490 ± 0.011
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have focused on sintered samples, such as YSZ [37,38] and GDC [39].
It has been reported that the total ionic conductance decreases with
an increase in porosity because of the detrimental effects of pores
on ionic transport. For APS coatings, ionic conductivity in the par-
allel direction is nearly twice as high as that in the perpendicular
direction because of the different microstructures [40]. According
to Xing et al., the limited interfacial bonding of the lamellar
structure reduces the ionic conductivity of stabilized zirconia de-
posits to one-fifth of that of the bulk material [30]. The nonbonded
interface between lamellas hampers O2�migration and results in a
decrease in the ionic conductivity. Thus, it is reasonable that the
ionic conductivity of the LDC deposit decreases with a decrease in
deposition temperature, and this is mainly attributed to the
different lamellar bonding ratios.
The Arrhenius plots of the electrical conductivities of the LDC

deposits are shown in Fig. 6b. The activation energies (Ea) were
estimated from the slopes of the corresponding Arrhenius plots.
The Ea values of the LDC deposits obtained at 100 �C, 300 �C, and
500 �C were ~1.07 eV, 1.08 eV, and 1.08 eV, respectively. These
values are similar to the Ea values of bulk LDC (~1.10 eV) [34], and
this indicates that the ion migration modes of the APS LDC coatings
are consistent with bulk LDC.

3.4. Cell performance

According to the literature [41e43], an interlayer with a high
density is preferable, mainly for two reasons. First, the LDC inter-
layer prevents the diffusion of La and Ni from the LSGM electrolyte
and anode, respectively. This requires sufficient necking, such as a
dense microstructure, between grains. Second, high ionic

Fig. 5. SEM images of fractured cross sectional morphologies of LDC coatings deposited at different temperatures: (a) 100 �C, (b) 300 �C, and (c) 500 �C.

Fig. 6. (a) Total ionic conductivity of the LDC samples and (b) Arrhenius plots of the total ionic conductivity of LDC samples.
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conductivity of the interlayer decreases the ohmic resistance.
Therefore, on the basis of the microstructure and the ionic con-
ductivity values of the APS LDC coatings reported in Sections 3.2
and 3.3, the LSGM-based cells were assembled using an APS LDC
interlayer deposited at a temperature of 500 �C. The polished cross-
sectional microstructure of the half-cell is shown in Fig. 7. As seen
in Fig. 7a, the thickness of the LDC interlayer was 10e20 mm and
that of the NiO/GDC anode was 30e40 mm. The LDC interlayer was
well bonded with the LSGM electrolyte layer and with NiO-GDC
anode layer. Additionally, the large surface roughness of the APS
LDC coating provided many third phase boundaries (TPBs) for
anode reactions. As shown in Fig. 7b, the thickness of the LSCF
cathode was 20e30 mm. The LSCF cathode was adhered well to the
LSGM electrolyte layer, and the porous structure simultaneously
contributed to oxygen transfer. Moreover, the semi-molten LSCF
particles provided more TPBs for cathode reactions.
The output performance of the cell is shown in Fig. 8. The open

circuit voltage (OCV) was ~1.1 V (Fig. 8a), and this is very close to the
theoretical value. This result indicates that, in this study, the cell
sealing met the requirement. At an operating temperature of
600 �C, the maximum power density (MPD) was ~112mW/cm2.
When the operating temperature was increased to 650 �C, 700 �C,
and 750 �C, the MPD increased to ~198mW/cm2, 307mW/cm2, and
460mW/cm2, respectively. In a previous report, a single cell with a
500 mm-thick LSGM, SDC interlayer, SDCþNiO anode, and
La0.8Sr0.2CoO3-d (LSCo) cathode obtained an MPD of 370mW/cm2 at
750 �C [10]. The thickness of LSGM was 350 mm in this study, and
the cell performance was comparable to that of the reported cell
with an SDC interlayer. Although the LDC has a relatively lower
conductivity than the SDC at a given temperature, the cell perfor-
mance with an APS LDC interlayer in this study is acceptable.
Fig. 8b shows a typical impedance spectrum of a single cell

measured under open circuit conditions at 600e750 �C. The ohmic
resistance (Ro), polarization resistance (Rp), and total resistance (Rt)
can be determined from Fig. 8b. The intercept at high frequency of
the spectrum represents the ohmic resistance, the intercept at low
frequency of the spectrum represents the total cell resistance, and
the widths of the impedance arcs provide the values of the polar-
ization resistance. The resistance values (Ro, Rp, and Rt) determined
from Fig. 8b are listed in Table 3. The ohmic resistance was
0.53U cm2 at 750 �C. The values for the conductivity of bulk LSGM
and the LDC deposits at 750 �C were 0.07 S/cm and 0.0085 S/cm,
respectively, and therefore the calculated ohmic resistance of LSGM
and LDC was 0.65U cm2, which is slightly larger than the measured
value (0.53 U cm2 at 750 �C). Bi et al. also obtained lower specific
resistance for LDC-LSGM compared to the calculated values [44].
The lower measured ohmic resistance may be attributed to Co

diffusion from the cathode to LSGM [45]. Additionally, Singman
et al. reported that the ionic conductivity of LDC improves with low
oxygen pressure [14]. The lower specific resistance indicates that
the APS LDC interlayer is effective for preventing interactions be-
tween LSGM and the NiO-based anode, and therefore high resis-
tance phases did not form. Also, the low ohmic resistances
demonstrated that the mixed conductivity of APS LDC contributed
to oxide ion transport from the electrolyte to the anode.
The ohmic resistances were higher than the polarization re-

sistances at a specific operating temperature, and this was because
of the thicker electrolyte thickness. The values of polarization
resistance for the cells were similar to the values reported by
Hwang and his colleagues [46], and in their report, both of the
electrodes were also deposited using APS. It is, thus, estimated that
well-bonded electrode/electrolyte interfaces (Fig. 7) were achieved
in this study.
Fig. 9 shows a schematic diagram of the electrochemical reac-

tion on the anode side with an APS LDC interlayer. First, addition of
an LDC interlayer succeeds in suppressing interfacial chemical re-
actions between the Ni-based anode and the LSGM electrolyte.
Second, the APS LDC interlayer deposited at 500 �C consisted of
elongated columnar grains that had a dense microstructure and
decreased ohmic resistance. Furthermore, the reducing atmosphere
on the anode side created a mixed Ce4þ and Ce3þ valence in the LDC
layer; this helped to catalyze the dissociative chemisorption of the
fuel [34,47]. Also, the reduction of Ce4þ increased the oxygen-
vacancy concentration of LDC, and this increased the O2� trans-
port across the buffer layer, which increased TPBs on the anode side
[47]. Therefore, an APS LDC interlayer with low resistance pre-
vented dangerous interfacial chemical reactions and also promoted
fuel cell reactions.

3.5. Stability of the cell

A stability test of the cell was carried out under a constant
current density of 250mAcm�2 at 650 �C. The cell was tested for
~400 h, and the cell voltage and power density as functions of time
are shown in Fig. 10. The cell voltage and power density appears to
remain constant with time. After the stability test, the LSGM/LDC/
Ni-GDC interface microstructure was observed using SEM and the
attached EDX line-scan technique. Fig. 11 shows the SEM image in
back scattering electron (BSE) mode and EDX line scan graphs of Ni
and La across AB on the cross section of the LSGM/LDC/Ni-GDC after
stability test for 400 h. These coatings are well bonded and no large
crack is observed in both interfaces of LSGM/LDC and LDC/Ni-GDC.
Clearly, the diffusion of Ni and La did not occur and no distinct
reaction layer was detected in the LDC/LSGM interface. The stable

Fig. 7. Polished cross-sectional microstructure of an LSGM-based SOFCs: (a) anode side and (b) cathode side.
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cell performance and the EDX results suggests that the interfacial
chemical reactions on the anode side can be neglected, which was
consistent with the result reported by Huang et al. [10]. In their

report, no secondary phases were found when the La2O3 doping
level was lower than 50mol %. The APS LDC interlayer successfully
prevented Ni or La diffusion. In addition, the stable cell voltage
indicates that the resistance of the cell remained constant over
time. Therefore, it can be concluded that interfacial interactions did
not occur during the long term stability test at 650 �C.
For Ni-based SOFCs, it is essential to observe the microstructure

change in the anode material. Because the grain growth would lead
to reduced TPBs, thereby resulting in the degradation of cell per-
formance [48]. Fig. 12 showed the microstructure of Ni-based
cermet anode and the corresponding EDX mapping of Ni before
and after cell stability test for 400 h at 650 �C. During the spraying,
NiO/GDC particles melted and impacted on the substrate. Thus,
each splat contained both NiO and GDC. Because the amount of
GDC. vol% in the starting powders was 70%, and therefore GDC was
acted as skeleton. Pores in the plasma spray coatings consisted of
nonbonded lamellar interfaces, intra-lamellar vertical cracks and
three-dimensional voids [49]. After the reduction, the pores were
further broadened due to the volume shrinkage. Fuel gas and
oxidation gas can easily pass through these interconnected pores,
and thus thermal sprayed coating can be employed as porous
electrodes in SOFCs. After operating for 400 h, as shown in Fig. 12b
and d, the microstructure of Ni/GDC coating was similar with the
original coatings (Fig. 12a and c). The unchanged microstructure
may be attributed to two reasons. On one hand, the enhanced
connection of NiO and GDC in the anode was achieved by APS,
because the agglomerated NiO/GDC powders were used as feed-
stock. Therefore, the skeleton of GDC in the anode effectively

Fig. 8. Electrochemical properties at various temperatures for LSGM-based cells with an LDC interlayer: (a) cell voltage (solid symbols) and power density (open symbols) as a
function of current density and (b) impedance spectrum of a single cell.

Table 3
Resistance values at different operation temperatures of a single cell with an APS
LDC interlayer.

Operating temperature (�C) Ro (U$cm2) Rp (U$cm2) Rt (U$cm2)

600 1.4 1.0 2.4
650 1.0 0.4 1.4
700 0.73 0.24 0.97
750 0.53 0.15 0.68

Fig. 9. Schematic diagram of electrochemical reactions on the anode side.

Fig. 10. Cell voltage (black) and power density (red) as a function of time at 650 �C
under a constant current density of 250 mA cm�2. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. BSE image and the corresponding EDS line map across AB on the cross-section
of LSGM/LDC/Ni-GDC after stability test at 650 �C for 400 h.
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prevent the coarsening of Ni during the cell operation. On the other
hand, the lower operating temperature significantly decreased the
grain growth. Therefore, the changing of anode microstructure can
be neglected.
A comparison of the performance stability of SOFCs that had an

LSGM electrolyte fabricated via cofiring with the performance
stability results obtained in this study are presented in Fig. 13. The
power density at the initial time and that at a specific time are
denoted as P0 and P, respectively. Similarly, the polarization resis-
tance at the initial time and that at a specific time are denoted as R0
and R, respectively. The ratios of P/P0 and R/R0 were used to char-
acterize the cell stability performance. The compositions of these
cells are shown in Table 4. The performance of SOFCs with LDC
interlayers appear to be stable [10,50e52], and the performance of
SOFCs without an LDC interlayer deteriorated because of increasing
polarization resistance [50]. The slight decrease in the power
density of the cell was induced by coarsening of Ni, and this was
confirmed by Guo and his coauthors [51]. As a result, adding an LDC
interlayer is effective for maintaining the stability of cells with an
LSGM electrolyte.

4. Conclusions

A LDC interlayer in an SOFC was prepared via atmospheric
plasma spraying and was inserted between the LSGM electrolyte
layer and the Ni-based anode layer to prevent interfacial reactions.
LDC was proven to be chemically stable with LSGM and NiO at high
temperature. The microstructure and ionic conductivity of the APS

Fig. 12. Microstructure (a) and the corresponding Ni map (c) of Ni/GDC anode before stability test, microstructure (b) and the corresponding Ni map (d) after stability test for 400 h.

Fig. 13. P/P0 and R/R0 ratios vs. time for the present SOFC and for SOFCs previously
reported in Refs [10,50e52]. (without LDC interlayer (square), with LDC interlayer
(circle)).

Table 4
Compositions of LSGM electrolyte SOFCs.

Cell sources Anode Anode buffer layer Electrolyte Cathode

Present work Ni-GDC LDC (10e20 mm) LSGM (350 mm) LSCF
Ref. [10] Ni-LDC LDC LSGM (600 mm) SrCo0.8Fe0.2O3-d
Ref. [50] Ni-LDC LDC (15 mm) LSGM (1mm) LSCF-LSGM
Ref. [51] Ni-SDC LDC (12 mm) LSGM (11 mm) LSCF-LSGM
Ref. [52] Ni-LDC LDC (30 mm) LSGM SrCo0.8Fe0.2O3-d
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LDC coatings are influenced by deposition temperature. Specif-
ically, the coating became dense with an increase in the deposition
temperature. At a deposition temperature of 500 �C, the LDC
coating was composed of long columnar crystals and showed good
interlamellar bonding. Also, the ionic conductivity of the LDC
coatings increased with an increase in deposition temperature.
When the deposition temperature was 500 �C, the ionic conduc-
tivity of the LDC coating was 0.015 S/cm at 800 �C, and this value
was nearly 75% of that for bulk LDC. The performance of the LSGM-
based SOFC with an optimized APS LDC interlayer, APS anode, and
APS cathode was evaluated at an intermediate temperature. At
750 �C, the cell with an LSGM electrolyte thickness of 350 mm
showed ohmic resistance of 0.53U cm2 and an MPD of 460mW/
cm2. The cell showed a constant output performance for 400h at
650 �C, and this suggests that the APS LDC interlayer suppressed
interfacial reactions. Therefore, thermal spray is a low cost and
effective method for preparing an LDC interlayer for LSGM-based
SOFCs.
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