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Abstract Very low pressure plasma spraying (VLPPS) is

an attractive method for metal-supported solid oxide fuel

cells, wherein it can significantly avoid the oxidation of

metal substrate. In this study, scandia-stabilized zirconia

electrolyte was fabricated by VLPPS. To investigate the

microstructure of coatings, the spraying distances were set

to 150, 250 and 350 mm. The fractured morphology sug-

gests that, at a relatively low deposition temperature

(\ 350 �C), typical lamellar structure was replaced by

trans-granular structure. The apparent porosity of coatings

ranges from 4.75 to 6.83%, as per the image analysis

method. The ionic conductivity of coating at 250 mm was

0.068 S cm-1, which was * 68% of bulk. The ratio of

surface area to projected area of coatings surface could

reach 6.53-8.30 measured by a 3D confocal laser micro-

scope. Finally, testing cells showed a maximum output

power density of 1112 mW cm-2 and an OCV of 1.07 V at

750 �C. The ohmic resistance of whole cell was 0.1 X cm2,

and the total resistance was 0.15 X cm2. The results sug-

gest that very low pressure plasma spraying is a promising

approach for the manufacturing of high-performance MS-

SOFCs.

Keywords electrolyte � scandia-stabilized zirconia � solid
oxide fuel cells � triple phase boundaries � very low

pressure plasma spraying

Introduction

With the widespread use of fossil fuels and intensification

of the greenhouse effect, effective and clean fuel utilization

technology has become a key societal issue. Solid oxide

fuel cells (SOFCs) are electrochemical devices that can

directly and efficiently transform chemical energy to

electronic energy. As a result, SOFCs technology has seen

a rapid growth in recent years. However, the high manu-

facturing cost and low start-up speed have limited the

commercialization of SOFCs. In recent years, one of the

major research focuses has been to reduce the operation

temperature from high temperature (800-1000 �C) to

intermediate temperature (600-800 �C) (Ref 1).
As the ionic conductivity of the electrolytes decreases

exponentially with temperature, it is essential to develop

the electrolyte materials with high conductivity. ScSZ is an

attractive zirconia-based electrolyte with fluorite structure,

which is of higher oxygen ion conductivity in the tem-

perature range of 600-800 �C. In more detail, the ion

conductivity of ScSZ electrolyte at 780 �C is 0.14 S cm-1,

which is comparable with the conductivity of yttria-stabi-

lized zirconia electrolyte (YSZ) at 1000 �C (Ref 2). SOFCs

with ScSZ electrolytes exhibit superb performance (Ref

3, 4), indicating that ScSZ is one of the most promising

electrolyte materials at intermediate temperature. On the

other hand, when SOFCs operate below 750 �C, it is
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possible to use the porous metal substrate as the support of

cell. Actually, there has been a tendency to use the metal

support in place of the anode support in recent years (Ref

5). The advantages of metal-supported (MS) SOFCs

include low manufacturing costs, good resistance for

mechanical disturbance and the ability to start up quickly.

A number of reports have shown that MS-SOFCs exhibit

excellent performance and long-term stability at interme-

diate temperature (Ref 6, 7).

However, there are only a few reports on metal-sup-

ported SOFCs with ScSZ electrolyte because of the chal-

lenges in cell preparation (Ref 4, 8). As specified earlier,

electrolyte is the most important component in SOFCs. The

fabrication process of electrolyte can determine the mem-

brane structure and ultimately affect the performance of the

entire cells. The fabrication of ceramic-supported SOFCs

generally involves screen printing, slurry coating and tape

casting. However, all of these wet chemical methods

require subsequent sintering treatment to obtain strength.

Electrolyte materials generally undergo the highest densi-

fication sintering temperature to acquire gas tightness,

which involves a temperature of at least 1200 �C for co-

sintering. For MS-SOFCs, the sintering of cells must be

under reduced atmosphere to prevent the oxidization of

metal support. Actually, MS-SOFCs face several issues

under high-temperature sintering. While investigating

high-temperature interfacial diffusion between Crofer22

APU alloy and nickel, Brandner et al. (Ref 9) concluded

that chromium could diffuse to nickel coating within

70 lm after sintering 3 h at 1100 �C. Chromium poisoning

can be a serious problem for MS-SOFCs. In addition, the

sintering and coarsening of nickel in the anode were

extremely serious under high-temperature reducing atmo-

sphere. Therefore, the density of three-phase boundary

(TPB) was significantly reduced (Ref 10).

As high-temperature sintering process limits the pro-

motion of MS-SOFCs, atmosphere plasma spraying (APS)

can be an attractive method to directly fabricate the coat-

ings without sintering and shrinkage. The plasma spray

process presents several advantages in the fabrication of

MS-SOFCs, such as cost-effectiveness and easier to auto-

mate production. However, in the APS coatings, there are a

large number of voids, non-bonded interfaces and vertical

cracks, in which oxidant and fuel gas might leak and dif-

fuse (Ref 11). Hence, without additional processing, elec-

trolyte prepared by the APS method cannot be directly used

in the solid oxide fuel cells due to the insufficient gas

tightness and low conductivity. Li et al. (Ref 12) used the

nitrate solution to infiltrate as-sprayed coatings and notably

improved the gas tightness of YSZ electrolyte. In the report

of Yao et al. (Ref 13), ion conductivity and gas tightness of

the electrolyte improved by increasing the preheating

temperature of the substrate. Zhang et al. (Ref 14) also

proved that the porosity of YSZ electrolyte decreased

visibly with further increase in deposition temperature to

600 �C. Most of the columnar grains in the coatings could

grow to a length over 10 lm. However, metal supports are

super-sensitive to heat during the process. Hence, it is not

suitable to heat the substrate to a temperature of more than

600 �C. Therefore, how to directly prepare dense elec-

trolytes by thermal spraying remains a challenge for MS-

SOFCs.

Very low pressure plasma spraying (VLPPS, usually

operating at the chamber pressure of 100-1000 Pa) is a

novel chamber plasma technology (Ref 15)for the prepa-

ration of electrolytes. When the pressure of the chamber

decreases to 100 Pa, the plasma jet can become faster and

larger (Ref 16). The plasma stream of a LPPS (low-pres-

sure plasma spraying, usually operating at less than

50,000 Pa) system can be up to 2 m in length and 0.3 m in

diameter. Using higher electrical input power, powders can

melt completely in the long spraying distance and perhaps

deposit from the vapor phase. The coatings deposited by

LPPS can be typically featherlike columnar structure or

porous structure due to the difference in parameters (Ref

17). The conductivity of grains with vertical orientation

can be significantly improved in the vertical direction due

to the decrease in the grain boundary density. However,

loose columnar structure would lead to a reduction in the

gas tightness. Hence, pure LPPS columnar structure coat-

ing cannot be directly used in the SOFCs electrolyte. When

output power of plasma arc is decreased to 60 kW, the

coating is primarily deposited in the liquid phase. Due to

the longer deposition distance of samples, powders in flight

can be well heated and accelerated. Therefore, the bond

rate of the coatings would be much improved. A denser

structure can be formed, and advantages of both the

methods can be combined.

The purpose of this study is to fabricate dense elec-

trolyte which can be directly used in SOFCs by VLPPS

technology. In this study, the development of the

microstructure of ScSZ coatings was investigated. The

spraying distance was set to 150, 250 and 350 mm. The

fractured cross-morphology and polished cross-mi-

crostructure were used to characterize the coatings bonding

state. In addition, button MS-SOFCs with plasma-sprayed

electrolyte were tested, obtaining high operating voltage

and excellent power density.

Experimental

Materials and Methods

As is well-known, ScSZ has highest ionic conductivity in

the zirconia-based electrolyte. ScSZ (ZrO2-10%Sc2O3,
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Fujimi, Japan) was used as the electrolyte material in this

study. Typical morphology of ScSZ is shown in Fig. 1(a).

ScSZ powder showed an essential lognormal large distri-

bution with characteristic particle sizes of 9 lm (d10),

18 lm (d50) and 31 lm (d90) (Fig. 1b). Commercial porous

430L stainless steel pellets (Gaoqian, China) were used for

the cell support. Commercial La0.6Sr0.4Co0.2Fe0.8O3-d

powders (Metco 6830A, Sulzer Metco, Westbury, USA)

and agglomerated NiO/ScSZ (Tianyao, China) were used

in this experiment to deposit cathode and anode,

respectively.

Electrolyte coatings were deposited by a plasma spray-

ing system (MF-P 1000APS/VPS, 80 kW, GTV, Germany)

in a customized vacuum chamber (1-105 Pa, Dewei,

China). To investigate the deposition behavior of coatings,

a plasma torch of 60 kW output power was applied in this

experiment at spraying distances of 150, 250 and 350 mm.

The pressure of the chamber was set to 100 Pa. The

microstructure was characterized using field emission

scanning electron microscope (MIRA3 LMH, TESCAN,

Czech Republic). The phase of the electrolyte coatings and

powders was determined via x-ray diffraction (XRD-6000,

Shimadzu, Japan). Thirty different SEM micrographs at

60009 magnification were considered for the porosity

measurement via image analysis using the Image J soft-

ware. The detailed steps can be found in the description on

the official website of the software (Ref 18). A 3D confocal

laser microscope was employed to measure the surface

roughness and superficial area of the electrolyte coating.

For the whole cells testing, anode and cathode were

deposited by the APS method. The detailed preparation

parameters of the anode and cathode can be found in our

previous works (Ref 19, 20). In the electrochemical per-

formance testing, Ag pastes were attached to the electrodes

as the current collectors using the four terminals method.

As fuel, 95% H2-5% H2O for a total flow of 25 sccm was

employed. Current voltage characteristics were recorded at

different temperatures. A frequency response analyzer

(Solartron 1260) and electrochemical interface analyzer

(Solartron 1287) were used to measure the impedance data

at open-circuit voltage. The amplitude was 10 mV in the

temperature range from 600 to 750 �C. The frequency

range was over 0.01 Hz to 0.1 MHz.

Results

Microstructure of the Sprayed ScSZ Coatings

As is shown in Fig. 2, original ScSZ powder contains zir-

conia in the tetragonal phase. However, after spraying,

when material melting and solidification occurs, it was

completely transformed into well-crystallized pure cubic

zirconia phase with high electrical conductivity.

Figure 3(a), (b), (c), (d), (e), and (f) shows the typical

fractured morphology of electrolyte coatings. Continuous

columnar crystals clearly occured across the interlayer

interface for all spraying distances. Generally, the thick-

ness of the splat is about 1 lm under VLPPS condition,

while in APS the thickness of the splat is much higher (Ref

14). However, the length of columnar crystals can be more

than 10 lm, which is several times the thickness of splats.

In addition, the density of unbonded interface decreases

significantly as compared with typical APS coatings. The

morphology of fractured cross section did not show clear

differences for different spraying distances. This could be

due to the good distance tolerance of the long plasma jet.

Figure 4 exhibits the variation of deposition temperature

during the plasma torch movement at the spraying distance

of 250 mm, using an infrared radiation thermometer. The

Fig. 1 Characteristic of original ScSZ powder (a) morphology and (b) particle size distribution
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torch scanning speed was 0.8 m/s and scanning interval

was 5 mm. In situ deposition temperature of coatings

fluctuated with the movement of the plasma jet. Never-

theless, the deposition temperature generally did not

exceed 350 �C. The interface temperature would be

slightly lower at the distance of 350 mm and little higher at

150 mm due to the plasma jet energy decreasing with the

increase in distance from outlet. However, this temperature

is still much lower than the critical deposition temperature

(600 �C) for the zirconia-based material (Ref 13). The

higher temperature and velocity of particles can also affect

the interlayer bonding rate. The extra internal energy and

kinetic energy of the particles in low-pressure plasma

spraying could also provide an additional energy to over-

come the energy barrier for forming effective bonding. In

addition, we believe that with the increase in gas molecular

free path in vacuum, the inner aperture of the ceramic

coating is much smaller than the free path of the gas

molecules. The gas-phase heat transfer can be neglected,

and the surface convection heat transfer of the droplets is

also limited during solidification. Otherwise, chemical

modification of the surface also changes when the pressure

is reduced. Fukumoto et al. (Ref 21) considered the effect

of desorption of adsorbates on the particles flattening in the

low-pressure plasma spraying process. The substrate tem-

perature was maintained at room temperature. The transi-

tion from splash splat to disk-shaped one occurred by the

reduction in surrounding pressure (Ref 22). The deposition

under vacuum is quite different from atmosphere. The

mechanism of this phenomenon can be discussed in the

future work.

In order to understand the microstructure of ScSZ

coatings, the polished cross section of the coatings was also

characterized. Figure 5 reveals that the coatings were very

dense, wherein no penetrating cracks occurred. The

unbonded interface and vertical cracks were rare, and the

number of longitudinal cracks was decreased. Although

there were still some spherical pores in the coatings, the

gas tightness of the coatings was significantly improved.

The microstructure of the coatings did not change visibly

for different spraying distances. Because of the longer

deposition distance of low-pressure plasma spray, VLPPS

can have a better deposition distance tolerance while the

spraying distance for APS is usually about 100 mm. In theFig. 2 XRD pattern of ScSZ coatings and powders

Fig. 3 Fractured morphology of electrolyte at different spray distances: (a) (d) SD = 150 mm, (b) (e) SD = 250 mm and (c) (f) SD = 350 mm
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long range of spraying distance, it can provide better

structure uniformity for special structure SOFCs, such as

corrugated cell and other cases. To quantify the compact-

ness of the coatings, the porosity was calculated via image

analysis method. As shown in Fig. 6, the apparent porosity

of ScSZ coatings ranged from 4.75% ± 0.31% to

6.83% ± 0.53% due to the increase in interlayer bonding

rate. The porosity was much lower than those of coatings

by APS and LPPS (Ref 23). It is desirable that the con-

ductivity and gas tightness of electrolyte coating are further

improved.

Figure 7 shows the surface morphology of coatings

deposited at different spraying distances. On the surface of

the electrolyte, there were numerous bulges, which may be

formed due to splash and random deposition of the liquid

droplets. As shown in Fig. 7(b) and (e), the shape of the

bulges became approximately spherical and the number of

the bulges increased significantly at 250 mm compared

with the other deposition distances. However, no visible

microcracks appeared on the surface of ceramic coatings.

Generally, in the APS coatings, several microcracks would

be found on the surface, which is because of quenching

stress due to the large thermal gradient during rapid

solidification. This can be an evidence for the decrease in

surface convection heat transfer during the droplets solid-

ification, which is discussed above.

Ionic Conductivity of ScSZ Coatings

As shown in Fig. 6, the coating with a spraying distance of

250 mm had the lowest porosity. To measure the conduc-

tivity of the coating, a ScSZ coating was firstly deposited

on a nickel oxide support and then separated with the

hydrochloric acid. A 100 ± 11-lm-thick freestanding

coating was characterized by the AC impedance spectrum

method. As shown in Fig. 8(a) and (b), the ionic conduc-

tivity of the coating at the spraying distance of 250 mm

was 0.068 S cm-1 at the temperature of 750 �C, which is

almost 68% of the conductivity of the bulk. The value is

significantly higher than the conductivity of APS scandia-

stabilized zirconia coatings reported by Li et al. (Ref 24).

Fig. 4 Temperature fluctuation of substrate with time (torch scanning

speed at 0.8 m/s)

Fig. 5 Polished cross-sectional structure of coatings deposited at the spray distance: (a) 150 mm, (b) 250 mm and (c) 350 mm

Fig. 6 Porosity of coatings at different spraying distances
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The activation energy (Ea) for the oxide ion conductivity

was 0.99 eV, as obtained from the Arrhenius plots

(Fig. 8c), which is consistent with the value of bulk

reported by Omar (Ref 25). Usually, the conductivity of the

ScSZ deposit depends on the microstructure of the

ceramics. As shown in Fig. 3(e), the remarkable increase in

conductivity can be attributed to the continuous growth of

columnar crystals across the splat interfaces. The lamellar

structure and non-bonded interfaces regions with very low

conductivity would cut off the ion transport pathways.

With the decease in unbonded interfaces and cracks, oxy-

gen ion could transport through the electrolyte deposits in a

direction perpendicular to the lamellae.

Cell Performance

A whole cell with the structure of 430L||NiO/

ScSZ||ScSZ||LSCF was used to examine the output per-

formance. The polished microstructure is shown in Fig. 9.

The anode and cathode coatings of about 25 lm were

fabricated by the APS process. The thickness of ScSZ

electrolyte deposited at 250 mm was about 50 lm, which

both ensured the gas tightness and reduced the ohmic loss

of electrolyte. The output performances of the cell with

ScSZ coating are shown in Fig. 10(a). The open-circuit

voltage (OCV) of cell could reach 1.07 V at 750 �C, which
is close to the theoretical voltage. The high OCV indicates

that the gas tightness of the electrolyte was sufficient for

SOFCs applications. The peak output power density

reached 1112 mW cm-2 at 750 �C. When the operating

temperature was decreased to 700, 650, 600 and 550 �C,
the maximum output power density could be 754, 469, 282

and 146 mW cm-2, respectively. Figure 10(b) shows the

Nyquist plots for whole cell under OCV condition. The

ohmic resistance of whole cell was 0.1 X cm2, and the total

resistance of whole cell was 0.15 X cm2 at 750 �C. These
results show that the electrolyte coatings with high per-

formance could be prepared by very low pressure plasma

spraying for metal-supported solid oxide fuel cells.

Surface Morphology and Triple Phase Boundary

The high output performance can be attributed to the high

ionic conductivity and high reactive area of interface, due

to the decrease in the ohmic loss and the polarization loss

of the cell. The spherical bulges on the electrolyte surface

can increase the triple phase boundary (TPB) density for

the reaction of oxygen reduction. The high TPB density (or

length) could determine faster kinetics of the charge

transfer reaction and enhance the cell performance (Ref

26, 27). In order to clarify the lower polarization resistance

of the cells, a 3D confocal laser microscope was applied to

analyze the surface morphology of the electrolyte at dif-

ferent spraying distances. As shown in Fig. 7, on the sur-

face of the electrolyte there were numerous spherical

bulges, which may be formed by the spatter or heteroge-

neous deposition of the liquid droplets. Notably, the elec-

trolyte surface is the interface of the cathode and

Fig. 7 Surface morphology of electrolyte at different spray distances under SEM: (a) (d) SD = 150 mm, (b) (e) SD = 250 mm and

(c) (f) SD = 350 mm
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electrolyte. The high active area of the surface would

significantly increase the length of TPB and enhance the

performance of the cells. Herein, we define the ratio of

surface area of electrolyte to its projected area to quanti-

tatively measure the length of the TPB. As shown in

Fig. 11, the large number of bulges on the surface led to a

large active area of the electrolytes. The ratio of surface

area to projected area could reach 6.53 ± 0.16 to

8.30 ± 0.37 measured in different conditions. This phe-

nomenon may explain the high performance of SOFCs.

Conclusions

Dense electrolyte coatings with trans-granular structure

were acquired via VLPPS technology at a relatively low

deposition temperature (\ 350 �C). The apparent porosity

of ScSZ coating was 4.75-6.83% using image analysis

method. The ionic conductivity of the sprayed coatings at

250 mm spraying distance could reach 0.068 S cm-1 at

750 �C, which is * 68% of the conductivity of bulk.

Testing cells based on very low pressure plasma-sprayed

ScSZ electrolyte showed a maximum output power density

of 1111.6 mW cm-2 and an OCV of 1.07 V at 750 �C. The
ohmic resistance of the whole cell was 0.1 X cm2 and the

total resistance of whole cell was 0.15 X cm2, suggesting

Fig. 8 Characterization of ScSZ coatings: (a) AC impedance spec-

trum result of the coating at the spraying distance of 250 mm at

750 �C, (b) influence of temperature on the electrical conductivity of

the plasma-sprayed ScSZ coatings and (c) Arrhenius plots for the total

ionic conductivity

Fig. 9 Polished cross-sectional microstructure of the cell with

VLPPS electrolyte
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that very low pressure plasma spraying is a promising

approach for the manufacturing of high-performance MS-

SOFCs. When using a 3D confocal laser microscope to

characterize the top surface morphology of the electrolyte,

the ratio of surface area to projected area of ScSZ coatings

could reach 6.53-8.30, which may be related to the high

performance of SOFCs.
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