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a b s t r a c t

La0.6Sr0.4Co0.2Fe0.8O3-d (LSCF) is a promising cathode material for solid oxide fuel cells (SOFCs). Hence,
structured LSCF coatings were deposited in this study by atmospheric laminar plasma spraying (ALPS) at
the spraying distances from 150 mm to 250 mm. Particles with high temperature were obtained at low
plasma arc power of only 15 kW. The microstructural characterization of the coatings showed cluster-like
morphologies on the top surfaces and columnar features with large-scale vertical cracks at the cross
section. An evolution mechanism of the coatings was proposed based on particle size. The movement of
particles during laminar plasma jet depended on particle size, which was studied experimentally and by
simulation to explain the selective deposition. The coatings showed lower polarization resistance when
compared to LSCF coatings deposited by atmospheric plasma spraying (APS) due to large vertical crack
densities. The high output performance of the SOFCs with the LSCF cathode also proved this phenom-
enon. The results suggest that ALPS provides extensive options for SOFCs manufacturing.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

La0.6Sr0.4Co0.2Fe0.8O3-d (LSCF) material possesses high ionic and
electronic conductivities [1], which could reach 70 and 320 S/cm at
700 �C, respectively [2]. LSCF material is usually used as oxygen
permeation membranes [3] and solid oxide fuel cells (SOFCs)
cathodes [4]. In addition, LSCF is employed in intermediate tem-
perature SOFCs (IT-SOFCs), due to its excellent chemical and ther-
mal stabilities. The mixed ioniceelectronic conducting (MIEC)
material LSCF allows oxygen to be reduced over a large portion of
the electrode surface, effectively promoting cathodic reaction ki-
netics and reducing the polarization loss [5]. However, further ap-
plications of LSCF are still limited by interface reaction features [6]
and poor surface catalytic performances [7]. At co-sintering tem-
peratures above 900 �C, LSCF would react with yttria stabilized
zirconia (YSZ) to generate SrZrO3 with low conductivity [8].
Therefore, a diffusion barrier layer is usually used during high-
temperature sintering. For instance, Szymczewska et al. [9] used
als Science and Engineering,
echanical Behavior of Mate-
Ce0.8Gd0.2O2�d (CGO) diffusion barrier layer (DBL) to prevent the
interface reactions and reduce cell resistance lose by two orders of
magnitude when compared to cells without CGO layer. However,
the introduction of DBL challenged the fabrication process and
exacerbated the ohmic loss of the cells. Hence, avoiding the for-
mation of low conductivity phase without DBL is still problematic
and requires solutions for sintering process.

Plasma spraying (PS) is efficient and inexpensive to deposit
coatings. During PS process, elemental diffusion and interface re-
action become limited since high temperature sintering is not
required. This makes PS suitable for mass production of metal-
supported solid oxide fuel cells (MS-SOFCs) [10]. Inside sprayed
coatings, numerous voids exist with well-distributed non-bonded
interfaces and vertical cracks distributed. Such pores can be useful
for diffusion. Furthermore, plasma spraying can be used to control
the microstructure and composition of coatings by adjusting the
spraying parameters and powder design [11e13].

Atmospheric laminar plasma spraying is a newly developed PS
technology possessing a long laminar plasma jet with length up to
700 mm [14]. Moreover, ALPS could lead to better structural uni-
formity for applications in SOFCs, such as corrugated cells due to
longer deposition range. In addition, coatings could be deposited
under lower plasma torch power due to the decreasing of air

mailto:licx@mail.xjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2020.153865&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2020.153865
https://doi.org/10.1016/j.jallcom.2020.153865


Y.-P. Wang et al. / Journal of Alloys and Compounds 825 (2020) 1538652
entrainment in the plasma jet and the increasing of heating time.
Therefore, laminar plasma spraying is economical and practical for
industrial production. However, only few studies suggested the use
of laminar plasma in coating deposition. Recently, Liu et al. [15]
fabricated thermal barrier coatings with a great number of vertical
cracks by laminar plasma spraying. For cathode coating prepara-
tion, vertical cracks could benefit oxygen transportation. Further-
more, vertical cracks could enhance the cathode mass
transportation and decrease cathode polarization resistance of the
coatings.

In this study, novel structured LSCF coatings were fabricated by
ALPS to yield coatings with large vertical cracks at different spray
distances. The microstructures of the as-obtained coatings were
evaluated by various analytical methods and deposition behaviors
were analyzed. The deposited units showed preferential distribu-
tions at certain distances. The performance of the materials as
cathodes of SOFCs were evaluated by electrochemical impedance
spectroscopy, and the effect of vertical cracks in coatings on the
mass transportation and polarization resistance were discussed.
2. Experimental

2.1. Procedures and materials

A laminar plasma spraying equipment (ZH-30, Zhenhuo Plasma
Technology Company, Chengdu, China) was employed at the
working parameters listed in Table 1. The plasma torch power was
set to 15.2 kW (I ¼ 100 A). The working gas contained 70% nitrogen
and 30% argon in volume at a total gas flow rate of 12 slpm. The long
spray distances ranged from 150 mm to 250 mm in this study.

Commercial La0.6Sr0.4Co0.2Fe0.8O3-d powders (Metco 6830A,
Sulzer Metco, Westbury, USA) were utilized as the feedstock ma-
terial. Typical morphologies of LSCF powders are shown in Fig. 1(a)
and size distributions of the powders in Fig. 1(b). LSCF powders
showed essentially lognormal large distributions with character-
istic particle size of 19 mm (d10), 41 mm (d50), and 70 mm (d90). The
particles were injected into plasma jet by specific gravity-vibration
method in the radial direction at injecting mass flow rate of 5.12 g/
min.

YSZ pellets with diameter of 20 mm and thickness of 1.5 mm
were used as substrates and prepared by grit blasting. The diameter
of LSCF coatings was set to 8 mm, resulting in active area of sym-
metrical half-cell of 0.50 cm2. LSCF splats were deposited on pol-
ished YSZ substrates at different spraying distances (SD). A 3D
confocal laser microscope was used to characterize the thickness
and diameter of the splats.

Whole cells with the structure of 430L||NiO/ScSZ||ScSZ||LSCF
were fabricated. The function layers were all deposited on porous
stainless steel substrates by plasma spraying. The preparation pa-
rameters of the anode and electrolyte can refer to our previous
parameters [16,17]. Atmospheric plasma spraying was used to
Table 1
Laminar plasma spraying parameters.

Parameter Value

Arc power/kW 15.2
Arc current/A 100
Arc voltage/V 152
Plasma gas (N2) flow/slpm 8.4
Plasma gas (Ar) flow/slpm 3.6
Powder feeding rate/g$min�1 5.12(no carrier gas)
Spraying distance/mm 150,200,250
Feed powder La0.6Sr0.4Co0.2Fe0.8O3-d
deposit the anode with the arc power of 36 kW. Very low pressure
plasma spraying was used to deposit the electrolyte with the arc
power of 60 kW. The anode and cathode coatings of about 30 mm
were fabricated. The thickness of ScSZ electrolyte was about 40 mm.

2.2. Characterization

Field emission scanning electronicmicroscope (FE-SEM, VEGA II,
TESCAN, Czech) was used to view the microstructures of LSCF
coatings and morphologies of the splats. The crystal phases were
identified by X-ray diffraction (XRD-6000, Shimadzu, Japan) with
Cu-Ka radiation. The in-flight particles surface temperature and
velocity were measured by a DPV-2000 system (Technar Automa-
tion Ltd., Canada). 3D confocal laser microscope (VK9700K, KEY-
ENCE Corporation, Japan) was used to analyze the diameter and
thickness of splats. Area-specific resistance (ASR) of each electrode
was evaluated by electrochemical impedance spectroscopy (EIS)
method under air atmosphere. To this end, two Ag pastes were
attached to LSCF electrodes as current collectors and impedance
spectra data were collected by frequency response analyzer
(Solartron 1260) and electrochemical interface analyzer (Solartron
1287). Symmetrical cells were tested at open-circuit voltage with
amplitude of 10 mV, temperature range from 600 to 750 �C, and
frequencies from 0.01 to 1 MHz. Prior to the measurements, the
temperature was held at each point for at least 30 min.

For whole cell testing, 95% H2e5% H2O for a total flow of 50 sccm
was employed as fuel. On the cathode side, the oxygen from
ambient air was used as an oxidant. Current voltage characteristics
were recorded at different temperatures at 50 �C intervals.

3. Results

3.1. Characteristic of particles in flight

The length of laminar plasma jet without powders at the
working parameters was recorded as 0.3 m while that with pow-
ders was >0.4m (S1). In other words, the addition of powders led to
disturbance of the plasma jet. To monitor the state of particles in
flight, DPV-2000 system was employed. The distributions of in-
flight particle velocity and surface temperature are gathered in
Fig. 2. For comparison, particle temperature distributions reported
by Harris et al. [18] using APS system (Northwest Mettech Axial III
Series 600) were also presented in Fig. 2. Note that the temperature
of particles in ALPS was always above the melting point of the LSCF
material (~1740 �C) [19] and the critical particle deposition tem-
perature of LSCF (~2100 �C) [18] though the surface temperature of
the particle decreases slightly with the increase of spraying dis-
tance (Fig. 2). At distances from 150 to 350 mm, particle surface
temperature is always above 2600 �C and maximum temperature
at 150 mm was identified as 3000 �C. On the other hand, particle
surface temperature was still below 2600 �C though the atmo-
spheric plasma torch power used by Harris et al. [18] increased to
66.3 kW. The surface temperature of particles obtained by ALPSwas
much higher than that by APS, indicating significantly improved
heating efficiency of particles by ALPS. However, the velocity of
particles in laminar plasma jet was generally about 100 m/s due to
lower gas flow rate. This value was much lower than that obtained
by APS (more than 200 m/s).

3.2. Characteristics of splats deposited at different standoff
distances

In Fig. 3(a)-(c), LSCF splats were deposited on polished YSZ
substrates at different spray distances. The splats deposited at
150 mm and 200 mm showed many intra-splat microcracks caused



Fig. 1. Characteristics of original powder: (a) Surface morphology and cross-section microstructure. (b) Particle size distribution.

Fig. 2. Particle velocity and particle surface temperature in plasma jet at different
positions from the nozzle exit.

Y.-P. Wang et al. / Journal of Alloys and Compounds 825 (2020) 153865 3
by stress during rapid solidification. However, the segment size of
splat increased and the number of microcracks decreased signifi-
cantly at the deposition distance of 250 mm. Intra-splat micro-
cracks are often considered the result of stress release. Therefore,
intra-splat microcracks in ceramic splats would be inevitable
since the residual tensile stress was much higher than tensile
strength [20]. Kuroda et al. [21] recorded a qualitative relationship
between residual tensile stress of splats and deposition tempera-
ture. The residual tensile stress increased as deposition tempera-
ture rose. Qualitatively, the crack pattern could be attributed to the
elevated heating effect to substrate by laminar plasma jet. Since
laminar plasma technology is used in surface heat treatment
[22,23], the deposition temperature of underlying solid can further
be influenced by high energy input density plasma jet. Hence,
higher tensile stress led to formation of numerous cracks due to
superior deposition temperature at spraying distances of 150 mm
and 200 mm. The pattern became reversed as spraying distance
increased to 250 mm.

Fig. 3(d) presents the flattening ratio of splat and original par-
ticle size obtained from statistical data of 300 individual splats at
each spraying distance. The flattening ratio of ceramic splats was
around 4 among for distances from 150 mm to 250 mm due to the
close particle velocity and temperature (Fig. 2). The flattening ratio
in ALPS was lower than the value of 5e6 obtained by APS [24] since
in-flight particle velocity was much lower. In addition, the original
particle size calculated from splat volume increased with spraying
distance. Themean particle size ranged from 15 mm to 24 mm, lower
than factual size since the effect of original powder porosity was
unable to consider in calculation. The data revealed that size of
deposition units differed from the spraying distance. At different
standoff distances, the powder exhibited selective deposition
depending on particle size.
3.3. Microstructures of LSCF coatings prepared by laminar plasma
spraying

Fig. 4 illustrates the XRD patterns of LSCF coatings obtained at
different spray distances. Note that all results were normalized by
maximum peak of YSZ substrate. XRD data included the peaks of
both coatings and substrates since areas of LSCF coatings were
smaller than those of YSZ substrates. As shown in Fig. 4, the as-
sprayed coatings maintained perovskite structures. At distances
of 150 mm and 200 mm, the coatings presented (110) as preferred
orientation. However, the XRD peak positions shifted to high an-
gles, attributed to changes in lattice constant. Using XRD data, the
lattice constants of the LSCF coatings at the spraying distances of
150, 200 and 250 mm can be calculated to be 3.85 Å, 3.85 Å, and
3.84 Å, which arewell agreement with and slightly smaller than the
value in earlier reports (3.86e3.88 Å) [25e27]. The high tempera-
ture during plasma spraying process is attributed to oxygen loss
occurring in in-flight powder particles [28,29]. The decrease in the
lattice constant with the spraying distance might be caused by the
further loss of oxygen.

S2(a) displays a typical coating surface morphology obtained at
spraying distance of 150mm. The surface showed splats, top cracks,
clusters, and un-melted particles. In marked Region yellow, a
cluster deposition was observed, while Region blue displayed fine
porous structurewith submicron particles. Compared to submicron
particles in Region blue, those in Region red showed loose structure
and weak bonding with each other, suggesting that formation of
clusters. To analyze the chemical composition, EDX scanning was
carried out for the region shown in S2(a). In S2(b), the element
content ratio of La, Sr, Co and Fe in the deposited coating deposited
remained close to 6:4:2:8. According to surface scanning distribu-
tion maps, all elements looked evenly distributed on the surface,
indicating no significant elemental loss throughout the deposition
process.

Fig. 5 shows the surface morphology of LSCF cathodes obtained
at different spraying distances. The macroscopic structures of the
coatings are exhibited in Fig. 5(a, c, e). As spraying distance rose, the



Fig. 3. Characteristics of LSCF splats. Morphologies of splats (a) SD ¼ 150 mm, (b) SD ¼ 200 mm, and (c) SD ¼ 250 mm; (d) flattening ratio and original particle size statistics at
different spraying distances.

Fig. 4. XRD patterns of LSCF coatings.
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number of splats with low flattening rates on surface gradually
increased. Fig. 5(b, d, f) illustrate the high magnification morphol-
ogies of LSCF coatings. The surface of each coating contained large
numbers of nanoclusters, formed by gas phase deposition or
powder bursting. The fine structure could facilitate the oxygen
reduction reaction.
S3 presents the coating thicknesses calculated from image

analysis of coatings deposited under the same parameters. There-
fore, the thickness of each coating only depended on the deposition
efficiency. The increase in spraying distance led to rapid growth of



Fig. 5. Surface morphology of LSCF coatings at: (a, b) SD ¼ 150 mm, (c, d) SD ¼ 200 mm, and (e, f) SD ¼ 250 mm.
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coating, suggesting that deposition efficiency increased with
spraying distance.

Fig. 6(a, b, c) shows images of polished microstructure the
fractured morphologies of LSCF coatings. As spraying distance
increased, the vertical cracks density decreased. Structures with
large numbers of vertical cracks were observed at the spraying
distances of 150 mm and 200 mm. However, visible vertical cracks
were only few for coatings prepared at spraying distance of
250mm. Fig. 6(d, e, f) illustrates the fracturedmorphologies of LSCF
coatings. Unlike typical lamellar structures of APS coatings, the
coatings tops in Fig. 6(d) and (e) showed columnar structures
segmented by vertical cracks. However, typical lamellar structures
formed at spraying distance of 250 mm. These fractured mor-
phologies were consistent with the polished microstructure. Ver-
tical cracks weremeant to release residual stress due to the thermal
gradient during the spraying process. The formation of large-scale
segmentation cracks was related to high deposition temperature,
enabling microcracks in the first lamellae to propagate and pene-
trate into the next lamellae and consequently [30,31].

3.4. Cathode polarization resistance

Fig. 7 exhibits the electrochemical impedance spectral data of
symmetrical cells with laminar plasma-sprayed LSCF cathodes.
To clearly comparing the polarization arcs, high-frequency in-
tercepts were set to zero. The value of polarization resistance (Rp)
equals to the difference between the two intercepts of the po-
larization impedance curve along the real axis. The polarization
resistances of cathode coatings deposited at distances of 150, 200
and 250 mm at 750 �C were estimated to 0.33, 0.31 and
0.46 U cm2, respectively. The total polarization resistances of the
electrodes fabricated at the distances of 150 mm and 200 mm
were much lower than the value of APS coatings reported in the
literature (0.541 U cm2) [32]. In S4, the temperature dependence
of polarization resistances of LSCF electrodes coatings obtained at
various spray distances were plotted as lgR-1000/T. Using
Arrhenius relationship, the gradient of the curves could be
related to the activation energy. At spraying distances of 150, 200
and 250 mm, the activation energies were 1.36, 1.32 and 1.27 eV,
respectively. These values were comparable with reported data
[33].

4. Discussion

4.1. Particle movement and selective deposition

During laminar plasma spraying process, the use of the tradi-
tional feeder with carrier gas is often challenging. Hence, a gravity



Fig. 6. SEM images of LSCF coatings. Polished microstructure of obtained at (a) SD ¼ 150 mm, (b) SD ¼ 200 mm, and (c) SD ¼ 250 mm; fractured morphologies at (d) SD ¼ 150 mm,
(e) SD ¼ 200 mm, and (f) SD ¼ 250 mm.

Fig. 7. Electrochemical impedance spectra of LSCF cathode measured under OCV conditions. AC plots at spraying distance of (a) 150 mm, (b) 200 mm, and (c) 250 mm; (d) AC
impedance plots of three samples at 750 �C.
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feeding device was used to maintain laminar flow state. After in-
jection of particles into the plasma jet, they can be approximated as
free sediment in vertical direction. According to Stokes laws, par-
ticle with vertical motion in laminar jet will produce a lift force. The
viscosity force would be proportional to first order square of par-
ticle size. If assuming that Staffman lift force, virtual mass force and
Basset force can be ignored in laminar flow, the force of particles in
vertical direction can be express by Eq. (1) [34]:

pd3prp
6

dvp
dt

¼pd3prp
6

g � 3pdphgvp (1)

where vp and g are velocitiy components of the particles in vertical
direction and local gravitational acceleration, rp is particle density,
hg is the viscosity of plasma gas, and dp is the particle size.
By integrating Eq. (1), the velocity along the vertical direction
will be positively correlated to particle size. Therefore, particles
with larger sizes should rapidly pass through the high-temperature
region in the center of plasma jet, leading to low heating efficiency.
However, particles with smaller sizes will stay in the high-
temperature region for long periods, easily reaching high temper-
atures. Based on our previous work [35,36], Fig. 8(a) schematically
presents particle trajectory in laminar plasma jet. Although the
movement of plasma torch should be considered in real condition,
differences in particle trajectories based on particle size still exis-
ted. As spraying distance increased, the particle trajectory became
quite different depending on particle size, and heating conditions
also varied. S5 shows the particle size distribution during laminar
plasma spraying at different spraying distances acquired by DPV-
2000. The number of particles with sizes <25 mm decreased with



Fig. 8. Schematic representation of particle trajectory during laminar plasma spraying (a) and particle history in flight as a function of difference of diameter.

Table 2
Fitting results of electrochemical impedance (Rp, U$cm2) for LSCF electrodes.

SD (mm) 650 �C 700 �C 750 �C

Rct Rgd Rp Rct Rgd Rp Rct Rgd Rp

150 0.95 0.96 1.91 0.30 0.42 0.73 0.18 0.15 0.33
200 0.74 0.76 1.50 0.26 0.38 0.64 0.16 0.15 0.31
250 0.84 0.96 1.80 0.35 0.47 0.82 0.20 0.26 0.46
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spraying distance while the number of particles with sizes >45 mm
significantly increased. This indicated that size of the deposited
unit changed with spraying distance, providing further confirma-
tion of the proposed particles trajectory in flow. Reasonably,
Fig. 8(b) and (c) display the history of LSCF particles with different
particle sizes during plasma jet. Since the larger particles passed
through the high-temperature central region rapidly, the plasma jet
showed limited heating effect on the powders with sizes>45 mm. In
addition, the melting of larger particles took more time in consid-
eration of the influence of specific surface area of particles. The
qualitative history of larger particles is shown in Fig. 8(c). On the
other hand, small sized particles melted rapidly or even completely
vaporized (Fig. 8(b)). Therefore, the deposition was dominated by
well molten small particles, accompanied by partial vapor deposi-
tion (clusters) when the spraying distances were set to 150mm and
200mm due to the slow heating rate of larger particles. As spraying
distance rose, large particles melted gradually. Hence, the coating
mainly deposited by larger particles and contained typical lamellar
structure at spraying distance of 250 mm. The deposition efficiency
also enhanced rapidly with the spraying distance.
4.2. Impedance analyses and output characteristics of cells

The observed two impedance arcs at lowand high frequencies in
Fig. 7(d) indicate that the oxygen reduction reaction involves at
least two electrochemical processes. In general, the high-frequency
arc is related to charge transfer process, while the low-frequency
arc is related to diffusion and adsorption/desorption process
[37,38]. The equivalent circuit model was designed to correspond to
LRo(RctCPEct)(RgdCPEgd) [38], where Rct is related to the charge
transfer resistance and Rgd is the gas diffusion resistance. More, L is
wire inductance and Ro is the ohmic resistance. Table 2 lists the
fitting results of polarization resistance for LSCF electrodes at
different temperatures. As results of 750 �C show, the value of Rct is
comparable and Rgd value is quite different, indicating that the gas
diffusion process becomes a limiting step. The improved gas
diffusion efficiency can be related to the high vertical crack density.

As is shown in Fig. 9, oxygen reduction process for mixed con-
duction cathode (Fig. 9(a and b)) occurred within a distance (ld)
from the electrolyte/cathode interface while the typical distances
ranged from 3 to 5 mm [5]. In ideal case, the gas leakage rate of the
cathode should be high so that oxygen can easily diffuse to the
vicinity of reactive regions. Due to lamellar structure, the plasma
spray coating generally showed porosity ranging from 5% to 7% in
APS coatings without pore formers [39]. The porosity was not high
enough for cathode gas diffusion. In this study, the introduction of
large numbers of vertical cracks (white lines in Fig. 9) led to sig-
nificant reduction in polarization resistance of plasma-sprayed
cathode obtained at spraying distances of 150 mm and 200 mm.
Of all three groups of samples, the polarization resistance was the
highest since the density of vertical cracks was relatively small at
the spraying distance of 250 mm. The structured ALPS coatings
with numerous vertical cracks might reduce the circuity of oxygen
transport. The vertical cracks caused by high-temperature gradient
significantly enhanced the transport of oxygen molecules
(Fig. 9(c)).

Table 3 summarizes the cathode polarization resistance of LSCF
and LSCF based composite cathodes prepared by other methods
reported in the literature. The obtained cathode polarization re-
sistances looked comparable with those of the cathode prepared
screen printing [38], spin coating [40], plasma spraying [32,41] and
other methods. The porosity of sprayed coatings was not as high as
that obtained by wet-chemical-sintering methods due to porosity
limitations of plasma spraying technology. However, the as-sprayed
ALPS coatings were almost comparable in performance as other
methods. Hence, ALPS looks promising for fabrication of interme-
diate temperature SOFCs. The proposed cathodes could be further
improved by surfacemodification [42], addition of composite phase
[43], and introduction of pore formers [44].

Whole cells with the structure of 430L||NiO/ScSZ||ScSZ||LSCF
were tested. The output performances of the cells with LSCF coat-
ings are shown in Fig. 10. Due to the plasma sprayed electrolyte
coatings are difficult to be very dense [16,17,46], the open circuit
voltages of the cell are ranging from 0.96 to 0.98 V. As shown in
Fig. 10(a), the single cell for LSCF with SD ¼ 200 mm as cathode
shows the highest maximum power density among the three fuel



Fig. 9. Schematic diagram of the cathode electrochemical reactions.

Table 3
Cathode polarization (Rp, U$cm2) properties reported in the literatures.

Cathode Method Electrolyte 650 �C 700 �C 750 �C Reference

LSCF/GDC APS YSZ e e 0.83 [41]
LSCF APS ScSZ e 1.2 0.541 [32]
LSCF/La2NiO4þd Infiltration after APS ScSZ e 0.8 0.31 [32]
LSCF/SDC APS nano-powders YSZ 0.16 [39]
LSCF ALPS YSZ 1.5 0.64 0.31 this study
LSCF Screen-printing YSZ 2 0.745 0.345 [38]
LSCF Spin-coating SDC 1.28 0.85 0.33 [40]
LSCF/GDC Infiltration GDC e e 0.19 [45]
LSCF Tape casting SDC e e 0.15 [44]

Fig. 10. Output performances of the cells with LSCF coatings: (a) cells with different cathodes at 750 �C; the SD ¼ 200 mm sample measured at different temperatures.

Y.-P. Wang et al. / Journal of Alloys and Compounds 825 (2020) 1538658
cells tested. In addition, the maximum power densities values of
the cell can reach 367, 667, 1059 and 1488 mW cm�2 at 600e750 �C
(Fig.10(b)). The result is consistent with the result of the impedance
data.

5. Conclusions

LSCF coatings were successfully deposited by ALPS. The particles
showed higher surface temperatures and lower velocities due to
suitability of laminar plasma spraying. The sprayed coatings
showed cluster-like surface morphologies with numerous vertical
cracks on cross section at spraying distances of 150 mm and
200 mm. The effect of particle size led to variation in particle his-
tories during plasma jet. Selective deposition based on particle size
occurred at different spray distances, leading to formation of
coatings with various structures. The coatings revealed lower po-
larization resistances when compared to LSCF coatings deposited
by APS due to enhanced gas diffusion by vertical cracks. The output
characteristics of the cells are also consistent with the impedance
results. Overall, ALPS is a promising for the fabrication of SOFCs
function layers.
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