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Abstract A novel self-sealing structure for metal-sup-

ported solid oxide fuel cells (MS-SOFCs) is designed by

applying brazing technology between the metal support

and interconnector to solve the sealing problem on the

anode side of planar SOFCs. A high-reliability self-sealing

effect is thus realized at the anode side of the MS-SOFC.

Plasma spraying technology is used to prepare cell func-

tional layers including the anode, cathode, and electrolyte.

A single cell is assembled with a 50–60-lm plasma-

sprayed Sc2O3-stabilized ZrO2 (ScSZ) electrolyte layer.

The gas permeability of the self-sealed MS-SOFC without

a cathode layer is 0.42 9 10-17 m2. The open-circuit

voltage of the cell is * 1.1 V in the operating temperature

range from 550 to 750 �C. The power density of the cell

reaches 1109 mW cm-2 at 750 �C under standard atmo-

sphere. In addition, the use of a fuel gas pressure that is

20 kPa higher than the cathodic gas pressure results in a

significant increase in the power density to 1782 mW cm-2

at 750 �C. The novel cell structure and gas tightness of the

ScSZ electrolyte prepared by plasma spraying indicates

that it can meet the requirements of SOFC applications.

Keywords metal-supported solid oxide fuel cells (MS-

SOFCs) � plasma spraying � performance � unbalanced gas

pressure

Introduction

Solid oxide fuel cells (SOFCs) can directly convert

chemical energy stored in fuel gas to electrical energy,

which offers many advantages such as high efficiency, low

emissions, and environmental friendliness (Ref 1-3). The

two main challenges in commercialization of SOFC tech-

nology are cost and reliability, which can be solved by

lowering the operating temperature (Ref 4-6). In recent

years, the operating temperatures of SOFCs have been

reduced to below 750 �C or even lower, enabling the

application of more metallic materials in SOFC systems

(Ref 7-9). The component supporting the ceramic func-

tional layers in metal-supported SOFCs (MS-SOFCs) are

made of porous metallic material. In comparison with

traditional all-ceramic SOFCs, MS-SOFCs offer some

advantages such as higher thermal conductivity, electrical

conductivity, redox stability, tolerance to redox cycles, and

mechanical strength (Ref 6, 10-12). The material cost of

MS-SOFC is lower than that of electrolyte- or anode-sup-

ported SOFC (Ref 13). In addition, the machinability of the

metallic material facilitates MS-SOFC assembly (Ref 14).

Meanwhile, due to the high strength of the metallic mate-

rial, MS-SOFCs can withstand repeated and rapid thermal

cycling (Ref 12).

SOFCs require hermetic sealing to separate the fuel and

oxidant within the cell. The requirements for a SOFC

sealing material are severe, since the cell operates at high

temperature for thousands of hours with the sealing mate-

rial exposed to both oxidizing and reducing conditions (Ref

15, 16). Generally, several types of glass and glass

ceramics based on borates, phosphates, and silicates are

used for this (Ref 15). Compared with conventional cera-

mic cells, MS-SOFCs can start faster, thus placing strict

demands on the sealing material. Therefore, sealing of MS-
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SOFCs is closely linked to taking advantage of their full

benefits. MS-SOFCs offer many advantages as mentioned

above, but they also suffer from many limitations (Ref 17-

19). Due to the different physical and chemical properties

of metal and ceramic components, the conventional sin-

tering fabrication process is not fully competent. Sintering

of SOFC functional layers requires high temperatures (the

electrolyte layer usually above 1200 �C, and electrode

layers about 1000 �C) in an oxidizing atmosphere (Ref 20-

22). The porous metallic material is oxidized in an oxi-

dizing atmosphere at higher temperature. Although many

technologies [e.g., electron beam physical vapor deposition

(EB-PVD) (Ref 23) and wet chemical processing (Ref

9, 24)] have been used to solve this problem, it is difficult

to avoid oxidation of the porous metal. Plasma spraying

technology has already been used to deposit porous anode,

cathode, and protective coatings for the metal intercon-

nector (Ref 25-27). A special optimized version of the

plasma spraying process enables direct deposition of the

electrolyte without post-heat treatment. This fast and eco-

nomic method of preparing thin ceramic layers has

received increasing attention. Many problems caused by

high-temperature sintering treatment such as the chemical

interaction and metal oxidation can thus be avoided (Ref

4, 28, 29).

In this study, a novel self-sealing structure for MS-

SOFCs was designed to resolve the sealing problem of

planar SOFCs on the anode side by using brazing tech-

nology. The anode, electrolyte, and cathode are directly

deposited onto porous metal supports using plasma spray-

ing. The gas permeability of the self-sealing MS-SOFC

without a cathode layer is measured. The performance of

the MS-SOFCs is analyzed by I–V, I–P, and electro-

chemical impedance spectroscopy (EIS) curves. Moreover,

a high-reliability self-sealing effect at the anode side is

realized in the MS-SOFCs. The output performance and

thermal cycling stability of the cell are investigated under

unbalanced gas pressure condition between the anode and

cathode side.

Experimental Procedures

New Structure

Figure 1(a) shows a schematic representation of a self-

sealing MS-SOFC. Both the interconnector and porous

support (SUS 430) were prepared in our laboratory. The

thickness of the porous metal support was about 1 mm, and

its diameter was 2.5 cm. First, acetone was used to clean

the surface of the interconnector and support, then Ni-

based solder (Ni/Cr/Si/Fe/B: 83/7/1.5/5.5/3 wt.%) was

pasted to the edge of the interconnector. After that, the

support and interconnector were assembled together care-

fully. Finally, the assembly was placed into a vacuum

furnace. Figure 1(b) shows the parameters of the brazing

process. In this work, the welding temperature of the Ni-

based solder is about 1100 �C, which is much higher than

the operating temperature of the MS-SOFC (\ 750 �C)

(Fig. 2).

Preparation of Functional Layers

The parameters used for preparing the functional layers of

the MS-SOFCs are presented in Table 1. Atmospheric

plasma spraying (APS) (GDP-80, Jiujiang, 80 kW class)

was applied to fabricate the anode layer on the porous

metal support. Composite powder (50/50 wt.%) of NiO and

GDC (10 mol.%-Gd2O3-doped CeO2) (TERIO COR-

PORATION, N80898) was used as the anode material with

a particle size distribution of 20–50 lm. Fused and crushed

ScSZ powder (FUJIMI, 565E5) with particle size distri-

bution of 5–25 lm was used as the electrolyte material.

The electrolyte layer was deposited by very-low-pressure

plasma spraying (VLPPS) (MF-P 1000 APS/VPS, GTV,

Germany). La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) powder

(METCO, 6830A) was used as the cathode material with a

particle size distribution of 20–70 lm. The LSCF cathode

layer was prepared by APS. The area of the cathode was

0.785 cm2 (diameter 1 cm). Before preparation of the

layers, the substrate was preheated by using the plasma. In

particular, to prevent overheating during the preparation of

the electrolyte layer, an interval of 30 s was allowed

between two passes.

Characterization of MS-SOFCs

The gas permeability of the self-sealing cells was measured

after preparation of the electrolyte layer was completed.

Before measuring the gas permeability, the cells without a

cathode layer were reduced in H2 atmosphere at 750 �C for

2 h. Refer to Ref. 30 for more details on the gas perme-

ability testing. The ScSZ electrolyte layer was character-

ized by X-ray diffraction (XRD) analysis (D/MAX-2400,

Rigaku) using Cu Ka radiation. Silver paste was coated on

the LSCF cathode for current collection. The open-circuit

voltage was measured from 750 to 550 �C during the

decline in temperature. EIS of the cell was carried out by

using a Solartron SI 1260/1287 impedance analyzer under

open-circuit voltage (OCV) condition with a sweeping

frequency range of 0.1–105 Hz and an alternating circuit

(AC) voltage with amplitude of 20 mV. The microstructure

of the cell layers was observed by scanning electron

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

Republic). The output performance of the cell was tested

by using a 2440 5A SourceMeter (Keithley, USA) with 50
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sccm humidified hydrogen (3% H2O) and 200 sccm air

under standard and unbalanced (20 kPa) gas pressure

conditions, respectively. Five thermal cycles were imple-

mented in 200 h. Each cycle was from 550 to 750 �C then

to 550 �C, and the whole heating/cooling cycle lasted for

48 min. Until the next thermal cycle, the operating tem-

perature was kept at 550 �C.

Results and Discussion

Microstructure of Brazed Sealing Area and Gas

Permeability of Self-Sealing MS-SOFC

To obtain a good brazing sealing effect, furnace brazing

was carried out at 1100 �C for 20 min. The Ni-based solder

has good wettability under these brazing conditions, so it is

expected to result in good adhesion between the support

and interconnector. Figure 3(a) shows the cross-sectional

microstructure of the brazed sealing area between the

porous metal support and interconnector. The interface

between the support and interconnector is bonded well, and

the edge of the support is also sealed at the same time, as

shown in Fig. 3(b). The gas permeability of the self-sealing

MS-SOFC without a cathode layer was 0.42 9 10-17 m2,

indicating good gas tightness of the brazed cell structure

and electrolyte layer.

XRD Pattern and Microstructure of Cell

Figure 4 shows the XRD patterns of the electrolyte layer in

different states compared with the pattern for the original

powder. Since the cathode area of the cell was smaller than

the electrolyte, XRD analysis of the electrolyte layer was

performed before (as-sprayed) and after the cell test (after

tested). The phase of the original powder was cubic. When

the powder was sprayed onto the surface of the anode

layers, only one phase was present. After measuring the

performance of the MS-SOFC, the ScSZ electrolyte layer

was again analyzed by XRD. The result showed that the

ScSZ electrolyte layer prepared by VLPPS retained a

stable state.

Figure 5(a) shows the typical cross-sectional

microstructure of the plasma-sprayed MS-SOFC. The

bottom layer is the porous metal support, with a Ni/GDC

anode layer (on the top), ScSZ electrolyte layer, and LSCF

cathode layer. The thickness of the functional layers is

10–20, 50–60, and 20–30 lm, respectively. Fig-

ure 5(b) shows the magnified microstructure of the elec-

trolyte layer prepared by VLPPS. Although some

microcracks and voids can still be seen, the interface

bonding between lamellae has been greatly improved in

comparison with the coating prepared by APS. Defects

(e.g., voids, cracks) may appear in ceramic coatings during

preparation by plasma spraying (Ref 31, 32). When a splat

cools, there is a large temperature gradient between it and

the substrate. Some cracks are caused by the quenching

stress in the splat. At the same time, the improved interface

combination allows the crack to develop in the vertical

direction to release the quenching stress (Ref 33). Fig-

ure 5(c) and (d) show the interfaces between the anode,

cathode, and electrolyte. It can be easily observed that the

adhesion between them was good, which is conducive to

reduce the contact resistance. In addition, the interface

Fig. 1 (a) Schematic

representation of self-sealing

MS-SOFCs; (b) Parameters of

brazing process

Fig. 2 Schematic representation of experimental equipment for cell

output performance
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roughness of the cell fabricated by plasma spraying was

significantly large. This is helpful to increase the reaction

sites and improve the cell performance. A porous anode

can be seen in Fig. 5(c); its porosity is * 25 vol.% due to

the reduction of NiO corresponding to Ni (Ref 8). Although

the porosity of the cathode is * 15 vol.%, many vertical

cracks can be sen in Fig. 5(d), which facilitate oxygen

diffusion into three-phase boundary (TPB).

Output Performance

Figure 6(a) shows the output performance curves of the

cell at 550, 600, 650, 700, and 750 �C. The open-circuit

voltage (OCV) of the self-sealing MS-SOFC was 1.06,

1.06, 1.06, 1.05, and 1.03 V at 550, 600, 650, 700, and

750 �C, respectively. The theoretical voltage of the cell is

about 1.1 V at atmospheric pressure with humidified

hydrogen (3% H2O) and air as the working gas. These high

OCV values reveal that the novel structure of the cell was

well sealed and the ScSZ electrolyte prepared by VLPPS

was dense enough. Meanwhile, the maximum power den-

sity of the cell was 86, 199, 401, 703, and 1109 mW cm-2

at 550, 600, 650, 700, and 750�C, respectively.

Generally, a lamellar and porous microstructure is

formed in coatings fabricated by plasma spraying (Ref

13, 18, 34). Due to the open pores in the coating, the OCV

and efficiency of cells are generally low. It has been

reported that the OCV of SOFCs is about 0.9 V, when the

electrolyte layer is directly deposited by APS (Ref 30). To

achieve a high level of gas tightness, the thickness of the

electrolyte deposited by APS should be no less than 200

lm (Ref 13). In this case, considerable internal resistance is

caused by the electrolyte layer because of its low ionic

conductivity. Another way to improve the gas-tightness

level of the electrolyte has been reported: it was reported

that the gas permeability of a YSZ coating decreased to

0.5 9 10-17 m2 from a value of 5.38 9 10-17 m2 mea-

sured in the as-sprayed state as a result of nitrate infiltration

Fig. 3 Cross-section of brazed

sealing area:

(a) macromorphology;

(b) magnified morphology

Fig. 4 XRD patterns of ScSZ electrolyte layer in different states

Table 1 Plasma spraying

parameters for preparing

functional layers of MS-SOFCs

Parameter Anode Electrolyte Cathode

Method 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) 400 500 400
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(Ref 30). Application of VLPPS technology is expected to

directly prepare thin dense electrolytes. The working

pressure of VLPPS is about 100 Pa. Under this condition,

the plasma jet is significantly expanded. Not only

increasing the spraying distance but also decreasing the

interaction between the molten particles and surrounding

cold gas result in high speed and temperature of particles

before their deposition on the substrate (Ref 35, 36). It has

been proved that high speed and temperature of the parti-

cles can increase the density of coatings (Ref 31, 37-39).

The lamella bonding and the conductivity of the coatings

are both improved. There are other reasons which can

promote the output performance of the cell. Generally, the

porosity obtained in coatings deposited by plasma spraying

is 5–15% by volume, which is lower than the * 40 vol.%

required for the anode layer (Ref 13). However, the cell

still shows good performance, partly because the NiO

component can be reduced to Ni, but also because only a

* 20 lm anode layer is directly deposited on the porous

metal support. A number of vertical cracks in the cathode

layer ensure smooth diffusion of oxygen. The normal

operating temperature of a SOFC is around 800 �C (Ref

2, 40), but it is desired to develop cells that operate at

reduced temperatures, as low as 650 �C.

The self-sealing design using brazing can resist a pres-

sure difference between the anode and cathode. To test the

sealing reliability under an unbalanced gas pressure con-

dition, a resistance of 20 kPa was applied at the fuel gas

outlet. The output performance curves of the cell with

higher fuel gas pressure at 550, 600, 650, 700, and 750 �C

Fig. 5 Cross-section of MS-

SOFC after performance

testing: (a) complete cell,

(b) electrolyte, (c) interface of

electrolyte and anode, and

(d) interface of electrolyte and

cathode

Fig. 6 Output performance of cell at 550, 600, 650, 700 and 750 �C under different testing conditions: (a) standard atmosphere, and (b) 20 kPa
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are shown in Fig. 6(b). The open-circuit voltage (OCV)

was 1.09, 1.08, 1.07, 1.06, and 1.05 V at 550, 600, 650,

700, and 750�C, respectively. The maximum power density

of the cell was 592, 812, 1088, 1411, and 1782 mW cm-2

at 550, 600, 650, 700, and 750 �C, respectively. Compared

with the values under standard atmosphere, the maximum

power density showed a significant increase at each oper-

ating temperature. In particular, at lower operating tem-

peratures, the percentage increase appeared to be greater.

The results of several studies on the output performance of

different cells prepared by various methods are summa-

rized in Table 2, revealing the clear advantage offered by

the current approach, which is greatly helpful to reduce the

operating temperature of SOFCs by the implementation of

unbalanced gas pressure.

Generally, a series of reactions which include gas dif-

fusion, surface absorption/dissociation, and charge transfer

are involved in the oxidation of fuel gas and reduction of

involved oxygen (Ref 46, 47). EIS can be used to analyze

these physicochemical reactions and reveal the key factors

that affect the entire process. The inductance caused by the

instrument or connecting wires is removed in this work. In

the EIS Nyquist plot of the SOFC, the intercept in high-

frequency impedance spectra is usually attributed to the

ohmic resistance of the electrolyte layer. The intercept

between high and low frequency gives the electrode

polarization resistance (Rp), including the anodic and

cathodic contributions. The EIS data for the full cell at 550,

600, 650, 700, and 750 �C under different testing condi-

tions, shown in Fig. 7(a) and (b), provide insight into the

factors that control the cell performance. Corresponding

equivalent circuit fits (solid lines) are also shown in

Fig. 7(a) and (b). Figure 7(c) shows the equivalent circuit

model consisting of a resistance element in series with two

R–CPE parallel elements. Rs represents the ohmic resis-

tance in the equivalent circuit. This value is subtracted

from the spectra to easily compare results at different

temperatures. Generally, the different frequency ranges in

EIS represent different electrode processes. R1 and R2 are

the resistances of the high- and low-frequency processes,

whereas CPE1 and CPE2 are the corresponding constant-

phase elements. Rp is the sum of R1 and R2 (i.e., Rp = R1-

? R2). Fit values for Rs, R1, and R2 are listed in Table 3

(standard atmosphere) and Table 4 (20 kPa). As can be

seen from Tables 3 and 4, the values of Rs do not change

significantly at operating temperatures of 550 to 750 �C
with the change in testing conditions. However, the Rp

values change significantly during this process. Rp is 2.91,

1.11, 0.53, 0.30, and 0.18 X cm2, respectively, under

standard atmosphere condition but 0.32, 0.22, 0.16, 0.12,

and 0.11 X cm2, respectively, under higher fuel gas pres-

sure (20 kPa). From Tables 3 and 4, it can be found that the

Rp values dramatically decrease with higher fuel gas

pressure. Moreover, the output performance is significantly

improved. As mentioned above, the thickness of the porous

metal support is * 1 mm, which is unfavorable for fuel

gas transport. By operating the MS-SOFC at a higher fuel

gas pressure, the concentration of reactant is increased,

thereby improving the kinetics accordingly. It is worth

noting that the Rp values of the cell obtained in this work

are smaller than those of other reported cells (Table 5),

underlining the potential of this method.

Figure 8(a) and (b) show the relationship between the

polarization resistance and temperature under standard

atmosphere and higher fuel gas pressure, respectively. R1 is

more strongly affected by temperature than R2 under both

testing conditions. This indicates that the processes related

to R1 and R2 may be linked with electrochemical charge

transfer and gas adsorption/diffusion (Ref 48), respectively.

The activation energy related to Rp drops from 1.0 to

0.4 eV with a higher fuel gas pressure. The large difference

in the values of the activation energy for the cell under

Table 2 Maximum power density of several cells prepared by different methods

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

NiO/GDC||ScSZ||LSCF 550 593 Plasma spraying This work (20 kPa)

650 1088 Plasma spraying This work (20 kPa)

NiO/GDC||LSGM||LSCF 650 910 Sintering (Ref 41)

NiO/YSZ||LSGM||LSCF 800 710 Plasma spraying (Ref 33)

NiO/GDC||ScSZ||LSCF 550 340 Sintering (Ref 42)

NiO/ScSZ||ScSZ||LSCF/GDC 550 490 Sintering (Ref 24)

NiO/YSZ||YSZ||LSM 800 810 Sintering (Ref 43)

NiO/YSZ||YSZ||LSM 850 530 Sintering (Ref 44)

NiO/YSZ||YSZ||LSFC 817 890 PS-PVD (Ref 6)

NiO/YSZ||YSZ||Au 800 800 EB-PVD (Ref 45)
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different testing conditions suggests that, by applying a

higher fuel gas pressure, more catalytic sites become

accessible (Ref 49).

As mentioned above, the additional pressure imple-

mented at the anode side causes the power density of the

cell to increase and Rp to decrease. At the same time, the

lower the operating temperature, the more obvious this

phenomenon becomes. When the current density is low,

activation polarization is obvious. The principle of acti-

vated polarization is that all chemical reactions have an

energy barrier. The reactants must acquire a certain amount

of activation energy to cross this energy barrier for the

reaction to proceed smoothly. This energy barrier is the

chemical energy. In this work, under standard atmosphere,

Fig. 7 Nyquist plots of MS-

SOFC impedance data at

different temperatures under

different testing conditions:

(a) standard atmosphere and

(b) 20 kPa; (c) the equivalent

circuit elements used to fit the

measured impedance spectra

Table 3 Equivalent circuit model fitting results for the EIS data (standard atmosphere)

Temperature, �C Rs, X cm2 R1, X cm2 CPE-Q, S sn cm-2 CPE-n R2, X cm2 CPE-Q, S sn cm-2 CPE-n Rp, X cm2

550 1.32 2.78 0.024 0.5 0.13 4.05 0.95 2.91

600 0.68 1.04 0.023 0.6 0.07 7.35 1 1.11

650 0.40 0.52 0.028 0.6 0.01 11.73 1 0.53

700 0.27 0.25 0.027 0.7 0.05 3.51 0.87 0.30

750 0.19 0.12 0.029 0.7 0.06 3.8 0.85 0.18

Table 4 Equivalent circuit model fitting results for the EIS data (20 kPa)

Temperature, �C Rs, X cm2 R1, X cm2 CPE-Q, S sn cm-2 CPE-n R2, X cm2 CPE-Q, S sn cm-2 CPE-n Rp, X cm2

550 1.31 0.28 0.088 0.51 0.04 25.64 1 0.32

600 0.67 0.15 0.072 0.58 0.07 6.246 1 0.22

650 0.38 0.11 0.161 0.52 0.05 10.25 0.93 0.16

700 0.29 0.07 0.200 0.55 0.05 2.346 1 0.12

750 0.16 0.04 0.099 0.69 0.07 4.14 0.70 0.11

Table 5 Electrode polarization

resistance of several cells

prepared by different methods

Cell materials T, �C Rp, X cm2 Method Ref.

NiO/GDC||ScSZ||LSCF 550 0.32 Plasma spraying This work (20 kPa)

650 0.16 Plasma spraying This work (20 kPa)

NiO/GDC||LSGM||LSCF 650 0.66 Sintering (Ref 41)

NiO/YSZ||LSGM||LSCF 800 0.31 Plasma spraying (Ref 33)

NiO/GDC||ScSZ||LSCF 550 0.45 Sintering (Ref 24)

NiO/YSZ||YSZ||LSM 800 0.32 Sintering (Ref 43)

NiO/YSZ||YSZ||LSM 850 0.13 Sintering (Ref 44)
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the activation energy was about 1.0 eV, but when an

additional pressure of 20 kPa was applied on the anode

side, the activation energy was reduced to 0.4 eV.

The anode and cathode activation polarization voltage

and current densities can be described by the Butler–Vol-

mer equation (Ref 50):

I ¼ I0 exp aa

F

RTs

gact

� �
� exp ac

F

RTs

gact

� �� �
; ðEq 1Þ

where I0 is the exchange current density, aa and ac are the

anode and cathode symmetry factors (which are below 1),

gact is the activation potential, R is the ideal gas constant,

and F is the Faraday constant. Among the parameters in the

Butler–Volmer equation, the exchange current density is a

very important parameter that can significantly affect the

behavior of the activation polarization at the anode. Many

models have been proposed to describe exchange current

densities. This work considers the model proposed by

Yamamura et al. (Ref 51), because it shows an apparent

reaction order close to the stoichiometry of the electro-

chemical reaction at the anode. The following is the

equation for the exchange current density I0:

I0;anode ¼ canode

PH2

Pref

� �
PH2O

Pref

� ��0:5

exp �Eact;anode

RTs

� �
;

ðEq 2Þ

where I0,anode is the exchange current density, canode is the

preexponential factor, Eact,anode is the activation energy of

the anode, Ts is the anode temperature, and Pref is the

reference pressure. According to literature, the values of

canode and Eact,anode are close to 5.7 9 103 A cm-2 and

1.45 eV, respectively. As the anode pressure increases, the

anode exchange current density increases, leading to the

improvement of the current density. The addition fuel gas

pressure (i.e., 20 kPa) at the anode side leads to an increase

in the H2 partial pressure from 97 to 116.4 kPa. In this

case, the power density can be increased by only 15% by

increasing the anode exchange current density with all

other factors held constant. However, when the activation

energy falls from 1 to 0.41 eV, I0,anode increases by 210 and

55% at 550 and 750 �C, respectively. This therefore sug-

gests that the decrease of the activation energy caused by

the 20 kPa extra pressure at the anode side may be the main

effect improving the performance of the cell.

Efficiency and Stability

The actual efficiency of the fuel cell is always less than the

reversible thermodynamic efficiency. The two major rea-

sons for this are loss of voltage and fuel utilization. The

current density of a typical SOFC stack does not exceed

300 mA cm-2, and the working voltage of a single cell is

not less than 0.7 V, which are the most important reasons

when considering the efficiency (Ref 52). Smaller current

density and higher working voltage result in higher effi-

ciency. Figure 9 shows the working voltage of the cell

under different testing conditions when the current density

is 300 mA cm-2. The working voltage of the cell with the

higher fuel gas pressure are all above 0.9 V at 550–750 �C.

This indicates that the self-sealing MS-SOFC prepared by

plasma spraying is highly efficient and promising for

operation below 600 �C. Figure 10 shows the thermal

cycling stability of the cell under unbalanced gas pressure.

Fig. 8 Arrhenius plots of

polarization resistance from

fitting results for MS-SOFCs

under different testing

conditions: (a) standard

atmosphere and (b) 20 kPa

Fig. 9 Working voltage of cell at current density of 300 mA cm-2
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The OCV was measured as the temperature increased in

each thermal cycle. During the course of operation, the

OCV of the cell remained stable (* 1.06 V). This indi-

cates that the brazed self-sealing cell structure was robust

and that the MS-SOFCs prepared by plasma spraying

showed good stability.

Conclusions

Self-sealing MS-SOFCs have been designed and deposited

by plasma spraying. An electrolyte with thickness of about

50–60 lm was deposited by VLPPS. The OCV of the cell

was 1.06, 1.06, 1.06, 1.05, and 1.03 V at 550, 600, 650,

700, and 750�C, respectively, with corresponding maxi-

mum power density of 86, 199, 401, 703, and 1109 mW

cm-2. When the fuel gas pressure was higher (i.e., by

20 kPa) than the cathodic gas pressure, the maximum

power density increased to 1782 mW cm-2 at 750 �C.

Compared with the values obtained under standard atmo-

sphere, the polarization resistance and maximum power

density both changed greatly under higher fuel gas pres-

sure. The activation energy of the polarization resistance of

the cell dropped from 1.0 to 0.4 eV. When the current

density was 300 mA cm-2, the working voltage of the cell

with higher fuel gas pressure was above 0.9 V at

550–750 �C. This indicates that the self-sealing MS-SOFC

prepared by plasma spraying was highly efficient and is

promising for operation below 600 �C. The results of

thermal cycling tests demonstrated the good stability of the

self-sealing MS-SOFC prepared using this method.
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