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Abstract This study adopts a novel structure design of

large-area planar metal-supported solid oxide fuel cell

(MS-SOFC), which exhibits the characteristics of self-

sealing and high thermal cycling resistance. The self-

sealing structure of MS-SOFCs is achieved by brazing

technology. Plasma spraying is performed to prepare all

functional layers of cells. The size of cells is 10 9 10 cm2.

The coefficients of thermal expansion of relevant parts (i.e.,

porous metal support, interconnector and compound

structure of both) and the electrical conductivity of brazing

solder were measured. The microstructure of brazing area

was observed in situ at 800 �C for 500 h, and the distri-

bution of fuel gas in the interconnector was simulated. The

performance of cells was characterized and found that the

maximum power density can reach up to 716 mW cm-2 at

700 �C. Moreover, the long-term stability of the cell was

investigated for about 500 h with 6 times of thermal

cycling implemented during this period. The open circuit

voltage and the maximum power density of the cell showed

a good stability.

Keywords Long term � Metal-supported solid oxide fuel

cells � Plasma spraying � Self-sealing � Thermal cycling

Introduction

Solid oxide fuel cells (SOFCs) can directly convert

chemical energy into electrical energy through electro-

chemical reactions, which is very efficient (Ref 1-3). As the

third generation of SOFCs, in the recent years, metal-

supported SOFCs (MS-SOFCs) have received more atten-

tion (Ref 4-6). Compared with traditional ceramic SOFC,

they have many advantages, such as low cost, high thermal

conductivity, high mechanical strength, high electrical

conductivity, improved heat resistance and fast start-up

performance (Ref 7-9). Although MS-SOFC has many

advantages, due to the different physical or chemical

properties of metal and ceramic components, the traditional

manufacturing processes still have many limitations (Ref

10, 11). Most of ceramic materials for SOFCs need to be

sintered at a very high temperature oxidizing atmosphere

([ 1200 �C). However, due to severe oxidation, metal

supports are not allowed to be heated in an oxidizing

atmosphere at a high temperature.

In order to solve this problem, many efforts have been

made in recent years (Ref 12-14). As a fast and economical

method of manufacturing coatings, plasma spraying has

unique advantages. Not only because this technology is not

limited by the shape and size of objects, but also because it

can reduce the thermal effect on the substrate due to the

rapid deposition process. Many problems [e.g. the oxida-

tion of substrate (Ref 11), interaction between layers (Ref

15)] can be avoided, which are usually caused by con-

ventional high-temperature co-sintered process. In addi-

tion, changes in composition or coating microstructure can

be easily achieved by adjusting spraying parameters (Ref

16), which is essential for improving cell performance.

Many extended works on plasma spraying of electrodes

have been done (Ref 17-19). In order for the gas to enter
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the interface area between the electrode and the electrolyte,

it must exhibit high porosity. It has been reported that a

gradient microstructure of coatings can be built up in a

continuous process by varying the spraying parameters

(Ref 20). As the core component of SOFCs, electrolytes

need the highest quality requirement. Due to the low

electrical conductivity, the thickness of electrolyte layers

should be thin (usually \ 80 lm) to avoid excessive

internal resistance, at the same time, its structure must be

dense to prevent fuel gas and oxygen from meeting.

Moreover, the degradation of electrodes will be increased

due to the gas leakage. Literature reveals that, due to the

optimized combination of layers, it is possible to deposit

electrolyte layers with higher electrical conductivity and

gas-tightness through plasma spraying by increasing the

deposition temperature and particle speed. Coating with

different microstructures can be prepared by plasma

spraying which are significantly important to meet the

different requirements of functional layers of SOFCs (e.g.,

porous anode and cathode, and dense electrolyte).

Moreover, for conventional planar SOFCs, how to seal

cells is a big issue (Ref 21-23). The CET of cathode

materials (like La0.6Sr0.4Co0.2Fe0.8O3) is about

15.3 9 10-6 K-1 (Ref 24). The CET of typical electrolyte

materials (like Y2O3-stabilized ZrO2 (YSZ)) is reported

about 10.1 9 10-6 K-1 (Ref 25). Metallic materials,

including supports and interconnectors, such as SUS430,

Crofer 22 and ZMG232L, have CTE of 12 9 10-6 K-1

(Ref 26), 10 9 10-6 K-1 (Ref 26) and 11 9 10-6 K-1

(Ref 27), respectively. When a glass sealant is used to seal

the cell plate with interconnector, it is easy to lead to stress

generation due to the difference in the CTE between dif-

ferent components. This problem seriously affects the

reliability of glass sealing which in turn limits the MS-

SOFC’s quick start up ability. Therefore, the sealing

problem of planar MS-SOFCs should be solved.

In this study, a novel structure of MS-SOFCs is designed

to achieve the self-sealing characteristics of MS-SOFCs.

Welding technology is adopted to the anode side, because

of the weldability of metal support and interconnector. The

functional layers of MS-SOFCs are prepared through

plasma spraying additive manufacturing. The performance

of MS-SOFCs and the long-term stability of the cell under

thermal cycling were investigated.

Experiments

Self-sealing Structure of MS-SOFCs

The schematic for self-sealing MS-SOFCs is shown in

Fig. 1(a). The thickness of the porous metal support (SUS

430) is about 1 mm, and it is bonded well with an

interconnector (SUS 430) through brazing technology.

Some Ni-based solder is pasted to the edges of the inter-

connector. After that porous metal support and the inter-

connector are assembled together and sintered in a vacuum

furnace. Figure 1(b) demonstrates the parameter of brazing

process. The melting point of solder (1000 �C) is signifi-

cantly higher than the MS-SOFCs operating temperature

(700 �C). In this experiment, flux-free furnace brazing was

performed under a high vacuum of 10-2 Pa. The surfaces

of different parts for joining were carefully cleaned with

acetone.

Fabrication of Functional Layers

Table 1 shows the parameters for the preparation of MS-

SOFC functional layers. Atmospheric plasma spraying

(APS) (GDP-80, Jiujiang, 80 kW class) was used to deposit

a thin anode layer of 15-25 lm on the porous metal support

with composite powder (50/50 wt.%) of NiO and GDC

(10 mol.%-Gd2O3-doped CeO2) (TERIO CORPORA-

TION, N80898) (20-50 lm). The plasma torch was oper-

ated at 35 kW. Spraying distance during deposition was

kept 100 mm. The electrolyte layer about 40-55 lm was

prepared by using very low-pressure plasma spraying

(VLPPS) (MF-P 1000 APS/VPS, GTV, Germany) at 250

mm with ScSZ (10 mol.%-Sc2O3-stabilized ZrO2)

(FUJIMI, 565E5) fused crushed powders (5-25 lm).

La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) (METCO, 6830A) powder

with the particle size distribution of 20-70 lm was

employed for cathode deposition. The morphology of

powders is shown in Fig. 2. The LSCF cathode layer of

9 9 9 cm2 area was deposited by APS with a plasma arc

power of 30 kW and 20-30 lm thickness. The spraying

distance was 100 mm.

Characterization of MS-SOFCs

The brazing material was prepared into wafers (the diam-

eter is 10 mm and the thickness is 1 mm). The electrical

conductivity of brazing solder itself was measured using

4-wire at 800 �C for 500 h (Solartron SI 1260/1287). The

CTE of porous metal support, interconnector material and

compound structure of both were also measured in the

temperature range from 200 to 800 �C (NETZSCH DIL

402C). The test samples for CTE were cylindrical, with a

diameter of 4 mm and a length of 20 mm. The bond line

run the length of the cylinder and it was situated at the mid-

line so that equal volumes of support and interconnector

were in the specimen. The microstructure of brazing area

was observed in situ at 800 �C in air for 500 h by scanning

electron microscopy (SEM, VEGA II-XMU, TESCAN,

Czech). It was a single sampled observed at different time
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intervals. The surface of the sample was polished before

each observation.

In order to check the suitability of the structure of the

interconnector, the fuel gas distribution in the intercon-

nector was simulated by the finite element commercial

software COMSOL MULTIPHYISCS Version 5.4. The

physical field control mesh was set up and triangle size was

in the range of 0.04-38.8 lm with 119,217 degrees of

freedom. The inlet gas flow rate was set to 0.5 slm and the

outlet pressure was set to 1 atm.

The size of the MS-SOFC is 10 9 10 cm2. Another

interconnector was used for current conduction and air

supply at cathode side, as shown in Fig. 3. A thin layer of

LSCF paste was used as a current collector at cathode side,

and because of the metal support, an additional current

collector was not required on the anode side. The output

performance of the cell was tested using a SourceMeter

(2440 5A SourceMeter, KEITHLEY, USA) with wet

hydrogen fuel (3% H2O 0.5 slm) and air (2 slm). 6 thermal

cycles were implemented during 500 h. Each thermal

cycling was from 550 to 700 �C then to 550 �C, and the

heating and cooling rates were 5 �C min-1. Before next

thermal cycling, the MS-SOFC was kept at 550 �C under

open circuit condition.

Fig. 1 (a) Schematic

representation of self-sealing

MS-SOFCs; (b) parameters of

brazing process

Table 1 Plasma spraying

parameters for preparing

functional layers of MS-SOFCs

Parameters Anode Electrolyte Cathode

Methods APS VLPPS APS

Powders NiO/GDC ScSZ LSCF

Power, kW 35 60 30

Current, A 500 680 500

Gas components, L min-1 Ar/H2 (50/3) Ar/H2 (60/10) Ar/H2 (50/1)

Spraying distance, mm 100 250 100

Torch traverse speed, mm s-1 450 550 450

Powder feed rate, g min-1 4.5 6 5

Fig. 2 Morphology of the powders: (a) Ni/GDC; (b) ScSZ; (c) LSCF

Fig. 3 Schematic representation of the self-sealing MS-SOFC testing
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Results and Discussion

Welded Interconnect and Support

The CTE of porous metal support, interconnector material

and compound structure of both were measured in the

temperature range of 200-800 �C. Fig. 4 shows the relative

length change of these samples as a function of temperature

in air at a heating rate of 5 �C min-1. The CTEs of these

parts slowly increase with an increase in temperature. The

values are in the range of 11 9 10-6 K-1-12 9 10-6 K-1.

The CTE of the welded component is slightly lower than

the CTE of porous metal support. It is beneficial for the

cell, because the value is closer to ScSZ electrolyte

[10.1 9 10-6 K-1 (Ref 28)].

The electrical conductivity of most metal materials

decreases with increasing of temperature (Ref 29). Figure 5

shows the change in electrical conductivity of the brazing

solder with time. The initial electrical conductivity of the

brazing solder reached to almost 800 S cm-1. Whereas it

was slightly decreased in the first 200 h, after that, the high

electrical conductivity is gradually stabilizing and the value

is above 700 S cm-1 for the last 300 h without any

observable degradation that was demonstrating its high

stability. Typically, it is considered that the ohmic resis-

tance of SOFCs is attributed to the electrolyte layer. The

electrical conductivity of the brazing solder is above

700 S cm-1 at 800 �C during this period. A typical range

of electrical conductivity expected for an anode operating

at 1000 �C is 100-400 S cm-1 (Ref 30), and the electrical

conductivity of ScSZ electrolyte at 800 �C is

* 0.1 S cm-1 (Ref 31) which is almost four orders lower

than the brazing solder electrical conductivity. It indicates

that the ohmic losses caused by the brazing process are

negligible.

Figure 6 illustrates in situ observed results of the cross-

sectional microstructure of the brazing sealing between

porous metal support and interconnector after 800 �C heat

treatment during different time intervals. Figure 6(a) and

(b) shows the original morphology of the interface between

porous metal support and interconnector. Furnace brazing

is used to join metal support and interconnector with Ni-

based solder, which reveals good wetting of the materials

when brazed at 1100 �C for 10 min. Owing to good wet-

ting of Ni-based solder, remarkable adhesion between

metal support and interconnector can be observed. It shows

a well-bonded interface between the porous metal support

and interconnector. For MS-SOFC new structure, sufficient

gas tightness is important to obtain a high open circuit

voltage and to guarantee the safety of the system. Fig-

ure 6(c) and (d) shows the morphology of the area after

100 h heat treatment at 800 �C. No remarkable changes

can be observed in the interface area but some oxides are

growing in the porous metal support. Figure 6(e) and

(f) shows the morphology of the area after 200 h treatment

at 800 �C. Compared with Fig. 6(c) and (d), there is

nothing happened except more oxide in the porous support.

Figure 6(g) and (h) shows the morphology after 500 h at

800 �C. The interface area is still stable. These results

illustrate that the brazing sealing structure is sufficiently

stable for the safe operation of MS-SOFCs.

Distribution of Fuel Gas

Figure 7(a) shows the schematic representation of inter-

connector. The depth of the fuel gas channel is 0.5 mm.

The size of raised little squares is 3 9 3 mm2 and the

interval between them is 5 mm. Inlet and outlet of fuel gas

Fig. 4 CTE of interconnect, support and compound structure of both

at the range of temperature between 200 and 800 �C
Fig. 5 Electrical conductivity of the brazing solder in air at 800 �C
for 500 h
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are located at symmetrical sides with diameter of 1.5 mm.

Figure 7(b) and (c) shows the simulation results at the

middle position (i.e. 0.25 mm) of gas channel. Fig-

ure 7(b) is the distribution of fuel gas pressure in the

interconnector. The highest pressure for the fuel gas is at

the inlet position and the lowest is at the outlet position.

Although pressure gradient exists in the interconnector

channel, the pressure difference is almost negligible. In

other words, fuel gas pressure in the interconnector is

uniform. The velocity distribution of fuel gas in the inter-

connector is shown in Fig. 7(c). The highest flow velocity

occurs at the inlet and outlet. The average velocity of the

fuel gas is about 0.1 m s-1. Due to uniform distribution of

fuel gas in the interconnector, the structure design is logical

Fig. 6 In situ observing for

brazing sealing stability at

800 �C at different time: (a, b)

0 h; (c, d) 100 h; (e, f) 200 h;

(g, h) 500 h
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and effective. To summarize, fuel gas is evenly distributed

in the cell at the anode side by applying this structure,

which is beneficial to improve the performance of the MS-

SOFC (Ref 32, 33).

Microstructure

The finished products of MS-SOFCs are shown in Fig. 8(a).

The area of these cells is 10 9 10 cm2 with an effective

electrode of 9 9 9 cm2. Each cell has two thin pipes as the

inlet/outlet of fuel gas. Self-sealing property is achieved at

anode side. Figure 8(b) shows the cross-sectional

microstructure of the plasma-sprayed MS-SOFCs. The

thicknesses of the anode layer, the electrolyte layer and the

cathode layer are 15-25, 40-55 and 20-30 lm, respectively.

A good bonding is formed between the adjacent layers,

which is advantageous for the minimization of the contact

resistance inside the functional layers. The large sinuosity

of electrolyte surface contributes to increase length of triple

phase boundary and improve the electrochemical perfor-

mance of cells (Ref 34, 35). Cracks and voids can be seen

in anode and cathode layers, which ensure the diffusion of

fuel gas and oxygen. VLPPS technology is employed to

prepare electrolyte layers. Because of lower surrounding

pressure, the plasma flow is greatly expanded (Ref 36, 37).

It helps to increase the speed and temperature of particles.

According to literature, the interior bonding of ceramic

coatings can be improved by increasing the speed and

temperature of particles (Ref 38, 39). The upgrading of

lamellar bonding in the electrolyte coatings is not only

responsible to enhance the gas tightness, but it also con-

tributes to improve its electrical conductivity (Ref 40).

Output Performance

The output performance curves of the cell at 550, 600, 650

and 700 �C are shown in Fig. 9. The OCVs obtained for the

MS-SOFC at 550, 600, 650 and 700 �C are 1.028, 1.026,

1.025 and 1.019 V, respectively. In addition, the maximum

power density of the cell is 196, 284, 438 and

716 mW cm-2 at 550, 600, 650 and 700 �C, respectively.
The output performance of different cells prepared by

several methods is shown in Table 2. Despite the large

effective area (9 9 9 cm2) of the cell used in this experi-

ment, it still exhibits a good output performance.

As mentioned above, conventional plasma spraying

processing produces a lamellar and porous microstructure,

which leads to low OCV and cell efficiency. The OCV of

SOFCs with electrolyte layers directly prepared by APS is

typically about 0.9 V (Ref 41). It has been reported that the

thickness of 250 lm is required to guarantee the gas

tightness of electrolyte layers deposited by APS (Ref 42).

However, due to the low electrical conductivity, the con-

siderable thickness of electrolyte layer can cause serious

Fig. 7 Distribution of fuel gas at anode side in the interconnector: (a) schematic representation of interconnector; (b) pressure distribution;

(c) velocity distribution

Fig. 8 Morphology of MS-SOFCs: (a) finished products; (b) microstructure of cross section; (c) magnified morphology of the electrolyte layer
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ohmic polarization losses. The results of this experiment

demonstrate that the use of the VLPPS technique to prepare

the electrolyte layer is a good choice. Although some

micro-cracks and voids are still present in the electrolyte

layer, the interface bonding between lamellas is improved;

thus, the electrical conductivity of electrolyte layer is

increased. In the rapid solidification process, it is

inevitable to create cracks in ceramic coatings prepared by

plasma spraying. During the splat cooling, a large tem-

perature gradient is formed between the solidified splat and

the substrate. The quenching stress causes cracks in splats

(Ref 43). On the other hand, the improved interface

bonding forces the quenching stress developed along the

vertical direction. Therefore, some micro-vertical cracks

can still be observed in the electrolyte layer.

The cell shows good output performance not only due to

the electrolyte layer, but also include other factors (i.e.,

plasma-sprayed anode and cathode, metal support). Gen-

erally, porosity of coatings prepared by plasma spraying is

ranging from 5 to 15 vol.% (Ref 44, 45). However, in order

to improve the gas diffusion, the expected porosity level

for the SOFC anodes is * 40 vol.% (Ref 46, 47), which is

much higher than the porosity directly obtained by plasma

spraying. In the process of reducing the NiO composition

to Ni, the porosity of anode coatings will further increase

and the growth of porosity depends on the percentage of

NiO in the original anode powder. A low porosity of the

anode may severely deteriorate the performance of anode

supported cells. Fortunately, because the anode layer is

directly deposited on porous metal supports in this work, its

thickness is as low as 15-25 lm, so the low porosity will

not have a substantial impact on the electrochemical per-

formance of the cell. Many cracks are formed in cathode

layer, which is conductive to oxygen diffusion. At the same

time, due to the large interface between functional layers,

the length of three phase boundary is increased, which is of

great significance for improving the electrochemical per-

formance of the cell. Therefore, layers met different

requirements for SOFCs can be prepared by plasma

spraying only through adjusting the spraying parameters.

Long-Term Stability

Figure 10(a) shows the operating parameters of long-term

testing. Generally, two major factors should be considered

as the cause of SOFC thermal cycle degradation (Ref 52-

54). Because of the dramatical change of thermal stress,

cracks can be easily created in ceramic components of

SOFCs, especially in electrolyte layer (Ref 55-57). Gas

leakage will happen at the internal SOFCs. The gas partial

pressure at both anode side and cathode side will change;

then the OCV of the cell will decrease. Moreover, it is

harmful to the performance of electrode materials. Another

factor is the modified electrode structure. The bonding

between conductive phase of electrode is reduced due to

the sintering effect (usually occurs at the anode). The

electrical conductivity and the effective area of electrode

are both reduced. Usually, this does not affect the OCV of

SOFCs, but is closely related to their output performance.

So, the OCV and the power density are both needed to

measure and evaluate the effect of thermal cycling on the

performance stability of MS-SOFCs. Figure 10(b) shows

the values of the OCV and the maximum power density of

the cell at 650 �C during long-term testing period. Very

little change in OCV is observed during this process. The

maximum power density has some slight downs during this

period. Maybe this is because of the oxidation and reduc-

tion effect occurs in the anode (Ref 58, 59). This hypoth-

esis can partly explain this fluctuation trend. It suggests

that the degradation of the MS-SOFC may be caused by the

changes in microstructure of electrodes. Further research
Fig. 9 Output performance of the cell

Table 2 Maximum power

density of several cells prepared

by different methods

Cell materials T, �C Maximum power density, mW cm-2 Method References

NiO/GDC||ScSZ||LSCF 700 716 Plasma spraying This work

NiO/YSZ||LSGM||LSCF 800 710 Plasma spraying Ref 48

NiO/YSZ||YSZ||LSM 800 810 Sintering Ref 49

NiO/YSZ||YSZ||LSM 850 530 Sintering Ref 50

NiO/YSZ||YSZ||Au 800 800 EB-PVD Ref 51
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will be conducted to find out more details and explain this

phenomenon more reasonably.

Conclusion

Self-sealing MS-SOFCs were designed and prepared by

plasma spraying. The electrical conductivity of the brazing

solder is measured at 800 �C for 500 h which maintains

above 700 S cm-1, indicating its high stability. In situ

observed results show that the long-term stability of the

brazing sealing is reliable. The simulation results of the gas

distribution show that the structure of the interconnector is

capable to meet the requirements for MS-SOFC operation.

OCVs of the MS-SOFC are all above 1.0 V in the oper-

ating temperature range, and the maximum power density

is 196, 284, 438 and 716 mW cm-2 at 550, 600, 650 and

700 �C, respectively. The long-term performance of MS-

SOFCs is tested for 500 h. During this period, 6 thermal

cycles are implemented and the MS-SOFC is kept at

550 �C under open circuit condition at the rest of the time.

The OCV and the maximum power density of the cell show

a good stability.
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