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� A high-porosity current collector layer is fabricated at 550�C.

� The real working state of the current collector layer is reproduced.

� The gas distribution is simulated for designing a current collector layer.
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a b s t r a c t

A well-connected and high-porosity current collector layer fabricated at a low temperature

of 550 �C is designed for metal-supported solid oxide fuel cells (SOFCs). Reduced

Mn1.5Co1.5O4 (MCO) powders are used as the binder through the reforming of MCO in the air

atmosphere. A high conductivity phase La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) is added to keep the

porous frame microstructure and decease the ohmic polarization of the current collector

layer. Three current collector layers are prepared: MCO, MCO/LSCF, and LSCF. The working

state of each current collector layer in planar SOFC stack is reproduced by special exper-

imental design; the performance is tested in the range of 550e750 �C. The results show that

the current collector layer for SOFC is achieved at low temperatures using the reduction-

oxidation properties of MCO, and the performance is improved by adding high conduc-

tivity phase LSCF. The gas distribution at the cathode side is also simulated for designing a

high performance SOFC.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Solid oxide fuel cells (SOFCs) are all-solid-state devices which

can directly convert chemical energy stored in fuel gas to

electrical energy [1e4]. Owing to the high efficiency (>65%)
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and low pollutant emissions, this technology is considered to

be one of themost promisingmethods to generate sustainable

energy [5,6]. As one of the development directions for SOFCs,

metal-supported SOFCs (MS-SOFCs) are receiving increasing

attention [5,7]. The use of metallic materials can lead to a
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significant reduction in the manufacturing cost of the SOFC

system, which is very important for the commercialization of

SOFCs [7e9]. Compared to the conventional SOFCs (i.e. anode-

supported or electrolyte-supported), MS-SOFCs not only cost

less but also offer other advantages, such as higher redox

cycles resistance, higher electrical and thermal conductivity,

and ease assembly. However, MS-SOFCs also have some lim-

itations [9,10]: the porous metal support is easily oxidized at

high temperatures. The preparation of conventional SOFC

system has many processes that require a high temperature

treatment; the preparation of the current collector layer is one

of them.

Generally, the role of the current collector layer, especially

for the cathode, is extremely important in a planar SOFC

system [11e13]. Studies have shown that the quality of the

cathode current collector layer greatly affects the output ef-

ficiency of the entire SOFC system [14e17]. An additional

current collector layer used between the cathode and the

interconnector can increase the electrode-interconnect con-

tact area and compensate the dimensional tolerance of the

parts, which makes the overall area specific resistance (ASR)

decreased drastically [18e20]. The current collector technique

needs to be cost-effective and efficient, as well as have good

fabricability, great contact with cathode, and minimal gas

diffusion resistance. Noble metals such as Ag, Au, and Pt not

only have great resistance to oxidation at high temperatures,

high electrical conductivity and good ductility, but also have

outstandingly sinterable when they are made in fine powder

form [21,22]. But the cost of these materials is too high. La0.6-
Sr0.4Co0.2Fe0.8O3 (LSCF) and LaNiO3 (LNO) [23] are the typical

materials used for the cathode current collector layer of

SOFCs. During the SOFC systemassembly, the cathode current

collector paste is applied to the cathode surface to reduce the

contact resistance between the cell and the next inter-

connector. To increase the conductivity of the cathode current

collector layer, the paste layer needs to be sintered at a very

high temperature (>1000 �C) [24] which is too high for a metal

porous support. Hence, how to prevent this situation is a

question that needs to be addressed urgently. Yang et al. [25]

reported that a (Mn,Co)3O4 spinel with a composition of

Mn1.5Co1.5O4 (MCO) can be used as a protection layer for

ferritic stainless steel interconnects, owing to its excellent

electrical conductivity, satisfactory thermal and structural

stability, as well as good suitable expansion [26,27]. Hu et al.

[28,29] reported that dense MCO coatings for interconnector

protection can be prepared by atmerspheric plasma spraying

(APS), and the reduction-oxidation properties of MCO at low

temperatures could be utilized. These results show that MCO

has the potential to be used as the current collector layer for

the cathode and achieve low temperature sintering.

In this study, a new type of cathode collector layer is

designed which can be formed at very low temperatures. By

experimental design, the working state of the cathode current

collector layer is reproduced. The performance of three

different constituent layers is compared using electro-

chemical impedance spectroscopy (EIS) analysis. As a result,

the cathode current collector layer formed at low tempera-

tures is achieved using the reduction-oxidation properties of

MCO. The reasons for the difference in the performance of

different layers are elucidated. To further analyze the impact
Please cite this article as: Gao J-T et al., High performance of cerami
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of the current collector structure on SOFC performance, the

gas distribution at the cathode side is simulated.
Experiments

Experimental design

For planar SOFC stacks, a series structure is generally used for

assembly. To reduce losses during current conduction, a cur-

rent collector layer is applied to the surface of the cathode, as

shown in Fig. 1(a); this reduces the contact resistance between

the cathode and the interconnector. The current collector

layer requires a certain amount of porosity to allow the gas to

be transferred to the cathode while ensuring the conduction

of current. The areas of the current collector layer that are in

contact with the interconnector are significant, known as

special areas; these areas have the highest current density

and the highest resistance for gas transfer. Therefore, the

performance of these areas can be used tomeasure the overall

performance of the current collector layer. The experiment in

this study is based on this design, as shown in Fig. 1.

In this experiment, the width of the special area was

assumed to be 2 mm. The experiment was designed using the

symmetry of the special area, as shown in Fig. 1(b). First, a

symmetrical cathode with a diameter of 10 mm was prepared

on the surface of an Sc2O3-stabilized ZrO2 (ScSZ) electrolyte

disc with a diameter of 20mmand a thickness of 1mmby APS

(GDP-80, Jiujiang, 80 kW class). Thin sheets of aluminumoxide

with a diameter of 8 mm and a thickness of 300 mm were then

placed on the cathode surface. Finally, the surface of the

cathode was coated with a paste of the current collector layer.

Silver slices with a diameter of 10 mm were used to guide the

current.

Experimental materials and characterization

MCO powders (15e55 mm) were first reduced in a hydrogen

atmosphere at 800 �C for 2 h. Terpineol (Sinopharm Chemical

Reagent Co., Ltd) was used as the solvent in this experiment.

Silver paste as the current collector layer was used as an ideal

control group. Three other pastes for the current collector

layers with different compositions were configured in this

experiment, as detailed in Table 1. LSCF powderwith a particle

size distribution of 10e50 mm was used. During the test, the

samples were held in an air atmosphere at 550 �C for 5 h, and

then the results were recorded by using an impedance

analyzer (Solartron SI 1260/1287) under open-circuit voltage

(OCV) condition. The cross-section of current collector layers

was observed using field emission scanning electron micro-

scopy (MIRA3 LMH, TESCAN, Czech Republic).
Results and discussion

Microstructure

Fig. 2 shows the microstructure of different current collector

layers after testing the electrochemical properties. The cross-

section of the MCO current collector layer is shown in Fig. 2(a).
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Fig. 1 e Schematic representation of the experiment: (a) function of current collector layer in planar SOFC system; (b)

experiment design.

Table 1 e Detailed information of current collector pastes in the experiment.

No. Constituents Notes

1 Silver paste Shanghai Synthetic Resin Research Institute

2 MCO þ solvent（50 þ 50）wt% Solvent: terpineol

3 LSCF/MCO þ solvent (25/25 þ 50) wt% Solvent: terpineol

4 LSCF þ solvent（50 þ 50）wt% Solvent: terpineol

Fig. 2 e Microstructure of different current collector layers: (a) MCO; (b) LSCF/MCO; (c) LSCF.
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The adjacent MCO particles have bonded together to achieve

the purpose of the experimental design. It has been reported

that MCO increases in mass by more than 30% with a corre-

sponding volume expansion from the reduced state to the

oxidized state [29]. Therefore, while a current collector layer

containing only MCO particles may be well formed at low

temperatures, but the final current collector layer structure is

relatively dense, as seen in Fig. 2(a). Fig. 2(b) shows the cross-

section of the current collector layer consisting of MCO and

LSCF. The adjacent MCO particles are joined together,

whereas the LSCF particles are held together. Owing to the

presence of LSCF, this current collector layer retains a porous

structure while being formed at a low temperature. The cross-

section of the LSCF current collector layer is shown in Fig. 2(c).

Owing to the high sintering temperature, the adjacent LSCF

particles do not form effective connections at low tempera-

tures. The current collector layer of this component can be not

formed at a low temperature; it is expected that the resistance

of this current collector layer will be very high. Using ImageJ

software, the porosity of the different current collector layers

(i.e. MCO, MCO/LSCF, LSCF) was analyzed, and the results are

0.20, 0.32, and 0.36, respectively.
Please cite this article as: Gao J-T et al., High performance of cerami
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Polarization

Fig. 3 shows EIS curves of different current collector layers at

different temperatures. The sweeping frequency range is

0.1e105 Hz at an amplitude of alternating circuit (AC) voltage

of 20 mV. The intercept of the high frequency impedance

represents the ohmic resistance (Ro) caused by the electrolyte

and the current collector layer [30]. The intercept between the

high and low frequency is polarization resistance (Rp). Here,

the focus is on comparing the size of the ohmic resistance and

the polarization resistance of the half cells. Compared to the

ideal group (silver paste), the Ro values of the half cells in-

crease regardless of which current collector layer is used. In

particular, the Ro of the half cell with the LSCF current col-

lector layer increases dramatically. Based on the cross-section

observations, the reason behind this phenomenon is that the

LSCF current collector layer is not formed in the testing tem-

perature range. In the current collector layer, the LSCF parti-

cles are independent of each other, and hence the effective

conductivity of this layer is very low, resulting in a large Ro

value. For a more intuitive comparison, the Ro and Rp values

of the half cells with different current collector layers at
c current collector fabricated at 550 �C through in-situ joining of
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Fig. 3 e EIS results at different testing temperatures: (a) 550 �C; (b) 600 �C; (c) 650 �C; (d) 700 �C; (e) 750 �C.
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different testing temperatures, obtained from Fig. 3, are

shown in Fig. 4(a). As the testing temperature increases, the

values of Ro and Rp decrease for each half cell. This corre-

sponds to the fact that the conductivity and catalytic activity

of materials in the system increases with temperature. It can

also be seen from Fig. 4(a) that below 650 �C, the effect of Rp is

larger, while above 650 �C, the effect of Ro seems to be larger.

As this paper mainly studies the performance of different

current collector layers after removing the electrolyte-caused

resistance, Fig. 4(b) is shown to compare the change of values

of Ro and Rp with different current collector layers. Here, the

electrolyte thickness is assumed to be 80 mm (i.e. 1/12.5 of the

ScSZ disc thickness), and the proportion of increase is calcu-

lated accordingly. It is observed that for the half-cells with

different current collector layers, the proportion of Ro in-

crease is greater than that of Rp. Owing to the massively

increasing proportion of the LSCF layer Ro, this curve is not

shown in Fig. 4(b). The increasing proportion of Rp is less than

80%, but the increasing proportion of Ro is more than 120%.

This indicates that the conductivity of the current collector

layer is of significant importance for the performance of the

SOFC system.

Mechanism

Three current collector layers with paste of different compo-

sitions were tested in this experiment. Fig. 5 shows the
Fig. 4 e Ro and Rp of half cells with different current collector l

change tendency.
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schematic representation of the mechanism of this experi-

ment. It has been reported that the reduction-oxidation of the

(Mn,Co)3O4 spinel starts at 400 �C [29]. Hu et al. [28,29] pre-

pared MCO interconnector protection coatings by APS and

densified them through heat treatment using the MCO

reduction-oxidation properties. The results of this work have

shown that the current collector layer consisting of MCO can

be formed at low temperatures. Fig. 5(a) shows the basic

process of MCO particles for bonding at low temperatures.

First, theMCO particles are treatedwith a reduction treatment

and two phases (i.e. MnO and Co) appear on the surface. Then,

these reduced particles are put together and heated in air.

Finally, owing to element diffusion and phase transformation,

the adjacent particles grow together. Fig. 5(b) shows the

schematic representation of the MCO layer. The reduced MCO

particles are easily joined together at low temperatures.

However, it has been reported that the conductivity of MCO is

about 100 S cm�1 at 800 �C [31], while the conductivity of LSCF

is about 300 S cm�1 [32,33] at the same temperature. There-

fore, it is expected that the conductivity of the pure MCO

current collector layer will be lower than the conventional

current collector layer (i.e. high temperature sintered LSCF),

and the final dense structure will adversely affect the diffu-

sion of oxygen to cathode. Fig. 5(c) shows the schematic rep-

resentation of the MCO/LSCF layer. Based on the realization of

low temperature forming, the introduction of a high conduc-

tivity phase not only improves the conductivity of the current
ayers at different operating temperatures: (a) values; (b)

c current collector fabricated at 550 �C through in-situ joining of
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Fig. 5 e Schematic representation of the principle of this experiment: (a) MCO powder bonding process; (b) MCO current

collector; (c) MCO/LSCF current collector; (d) LSCF current collector.
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collector layer, but also allows the layer to retain a sufficient

number of pores. Fig. 5(d) shows the schematic representation

of the LSCF layer. If the current collector layer contains only

LSCF particles, it cannot be formed at low temperatures owing

to its high sintering temperature. The LSCF current collector

layer shows a greater resistance although LSCF has a high

conductivity. This is consistent with the results in Fig. 4(b).

Gas transfer and performance

According to the experimental results, different current layers

seem to have little difference in the effect on the Rp of the half

cells. It is possible that the large particle size of the powders

used in this experiment masks this effect. In fact, the porosity

of the current collector layer has a very large impact on the

performance of SOFC, which directly affects the diffusion of

oxygen to the cathode. Generally, mass transfer in porous

media is complex and difficult to describe by the exact equa-

tions. It is commonly acknowledged that the mass transfer is

based on three transmission mechanisms, which include the

Knudsen diffusion, molecular diffusion and viscous flow

[34e36]. Among the three mechanisms, Knudsen diffusion

and molecular diffusion depend on the concentration

gradient, and viscous flow is associated with the convective

flow.

The diffusion mechanism mainly depends on the dimen-

sionless quantity which is called the Knudsen number [37].

The Knudsen number is a specific value of the molecular

average free path to average pore diameter [38]. If the Knudsen

number is significantly greater than 10, it means that the

average pore diameter is significantly larger than the molec-

ular average free path. At this moment, the average time of

collision between the molecules is much smaller than the

collision on the pore wall. In this way, the Knudsen diffusion

dominates the mass transfer and the influence of the molec-

ular diffusion and viscous flow could be ignored. When the

Knudsen number is below 0.1, the collision between the

molecules dominates the mass transfer, which suggests that

the effect of molecular diffusion and viscous flow is much

higher. For the conventional current collector layer of SOFC,

the pore diameter is approximately 0.2e1 mm, and the mo-

lecular average free path is approximately 0.2 mm, which im-

plies that the Knudsen number is between 0.1 and 10.

Therefore, all three kinds of mass transfer mechanisms

should be considered.

It is commonly acknowledged that Fick’s model (FM),

Maxwell-Stefanmodel (MSM), and Dusty gasmodel (DGM) [39]
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are considered as the controlled function in simulation of

mass transfer in SOFC. FM is simple and easy to calculate,

however, it is used to describe the mass transfer in the free

space and the model is only suitable for the two-component

dilute solution system mass transfer and not for the SOFC

mass transfer. Therefore, FM must be amended before it is

used in the porous mass transfer situation [40]. MSM is an

improved model which describes the mass transfer more

precisely than FM. MSM is based on the theory of molecular

dynamics. Assuming the collision between the molecules is

inelastic, the gas diffusion could be described by the deriva-

tion of the mass conservation equation and the momentum

conservation equation. MSM is a more precise model to

describemass transfer in a specific space. However, it does not

consider themolecular collision on the wall. Thus, it is usually

given as a governing function to describe mass transfer in a

substrate where the Knudsen number is significantly lower

than 0.1 (i.e. Knudsen diffusion could be ignored). Hence, it is

not fully suitable for SOFC. DGM is an appropriate and precise

equation to describe the mass transfer in porous electrodes.

Unlike FM and MSM which do not consider the effects of

porosity, DGM considers the effects of molecule-wall colli-

sions. The principle of DGM is to treat the solid area as the

(nþ1)th component, then based on the theory of MSM, DGM

could be given by the following modality [41]:

�dci
dz

¼
Xn
j¼1

xjNi � xiNj

D0
ij

þ Ni

D0
iK

(1)

Ni ¼ ciui (2)

Nj ¼ cjuj (3)

D0
ij ¼

1

ε

Dij (4)

D0
iK ¼

Diðnþ1Þ
1� ε

(5)

where Ni and Nj are mole flow of component i and component

j, respectively, ci and cj are the mole concentration of compo-

nent i and component j, respectively, ui and uj are the absolute

velocity relative to the stationary coordination, ε is the

porosity of electrodes, D0
iK is the Knudsen diffusion coefficient,

Di(nþ1) is the binary mutual diffusion coefficient between i

phase and the solid phase (i.e. (nþ1) phase).

The equations above describe the influence of the differ-

ence of pressure upon mass transfer and do not take into
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Fig. 7 e IeV simulation results of SOFC with different

porosity current collector layers.
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consideration the function of viscous flow. Thus, when

considering the influence of viscous flow, the equations must

be amended to add the viscous convection item:

N0
i ¼Ni þNv ¼Ni þ xi

p
RT

�
�Vp

k
m

�
(6)

where Nv is the viscous flow item, p is the pressure in the

porous electrode, k is the permeability, m is the dynamic vis-

cosity. After the improvement of the equations, DGM could be

given by:

N0
i

Deff
iK

þ
Xn

j¼1

xjN0
i � xiN0

j

Deff
ij

¼ � 1
RT

"
xiVp

kp

Deff
iK m

þ pVxi þxiVp

#
(7)

whereDeff
ij andDeff

iK are the effective binary diffusion coefficient

and the effective Knudsen diffusion coefficient respectively,

they could be calculated from the intrinsic diffusion coeffi-

cient, which considers the structure parameter of dynamic

viscosity m and porosity ε. In this way, the effective binary

diffusion coefficient Deff
ij could be given by Ref. [41]:

Deff
ij ¼ ε

t

3:24� 10�8T1:75

p
�
V1=3

i þ V1=3
j

�2

�
1
Mi

þ 1
Mj

�0:5

(8)

where ε is porosity of electrodes, t is tortuosity, Mi and Mj are

the molar mass of component i and component j res-

pectively, Vi is the diffusion volume for component i

(Vi ¼ 6.12 � 10�6 m3 mol�1, 13.1 � 10�6 m3 mol�1,

16.3 � 10�6 m3 mol�1 and 18.5 � 10�6 m3 mol�1 for H2, H2O, O2,

and N2, respectively.

The effective Knudsen diffusion coefficient Deff
iK could be

given by Ref. [42]:

Deff
iK ¼ ε

t

2rg
3

ffiffiffiffiffiffiffiffiffi
8RT
pMi

s
(9)

where rg is the mean hydraulic pore radius. The Knudsen

effective diffusion coefficient is significantly important when

the Knudsen number is higher than 0.1, which takes into ac-

count the collision between the molecules and the wall.

Based on the theory of Darcy’s law [43,44] and the process

of calculability on MSM, DGM could be utilized to describe

mass transfer in the porous species more precisely and

accurately, and therefore, DGM becomes the most important

model to calculate the gas transport and distribution in the

porous electrode. In this study, COMSOL Multiphysics was

used to simulate the gas distribution. The effective area of the

cathode in this model is 90 � 90 cm2. The thickness of the

current collector layer is 0.3 mm and the porosity is 0.2. The

widths of both the gas channel and the rib are 2 mm and the

depth of gas channel is 0.5 mm. The flow rates of air and
Fig. 6 e Gas concentration distribution field at cathode side.
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hydrogen are 1.5 slm and 0.3 slm, respectively. The working

voltage is 0.7 V and the working temperature is 750 �C. The
result of the gas concentration distribution field at the cathode

side is shown in Fig. 6. As mentioned in section Experimental

design, the area in contact with interconnector has the lowest

gas concentration, which is as low as half of the gas concen-

tration in the gas channel. In other words, there is a large gas

concentration gradient inside the current collector layer. This

indicates that the porosity of the current collector layer may

have a big impact on the gas distribution at the cathode side.

Fig. 7 shows the IeV simulation results of SOFC with different

porosity current collector layers (0.1, 0.2, 0.3, and 0.4). The

results of the simulation show that the cell performance de-

creases when the porosity of the current collector layer de-

creases. When the cell is operating at a high current density

level, this effect will be more significant. This means that

oxygen could not be adequately fed in time when the current

density of the SOFC is high, as is with a low porosity current

collector layer. Therefore, the porosity is important for the

current collector layer especially when the SOFC is working at

a high current density level. Simulation results also show that

the effect on the SOFC performance in terms of gas diffusion

seems to be smaller after the porosity of the current collector

layer is greater than 0.2. Thus, this illustrates the importance

of improving the conductivity of current collector layer.
Conclusion

By exploiting the reduction-oxidation properties of MCO, this

study achieves the aim of forming the SOFC current collector

layer at a low temperature (550 �C). The real working state of

the current collector layer in the planar SOFC stack is realized

through the special experimental design. The results show

that the original experimental scenario is suitable. Through

the EIS testing in the range of 550e750 �C, the MCO/LSCF layer

shows a better performance than the other current collector

layers (i.e. MCO and LSCF). The appropriate proportion of the

high conductivity phase (LSCF) in MCO helps to improve the

performance of the current collector layer without affecting
c current collector fabricated at 550 �C through in-situ joining of
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the low temperature formation. However, regardless of the

current collector layer used, the impedance in the half cell

system is increased. The results of the simulation show that

the gas concentration in the current collector layer under the

interconnector is as low as half of the gas concentration in the

gas channel. The output performance of the SOFC decreases

with the decreasing porosity of current collector layer.

Therefore, the porosity of the current collector layer is also a

key factor which affects the output performance of the SOFC.
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