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Abstract: In this work, the long-term stability of a direct internal-
reforming solid oxide fuel cell stack (IR-SOFC stack) using
hydrogen-blended methane steam reforming are investigated. The
stack is operated for about 3000 h, with a degradation rate of about
2.3%·kh-1; the voltage of the two cells in the stack increase 3.38
mV·kh-1 and 3.78 mV·kh-1, respectively. The area specific resistance
of the three metal interconnects in the stack increase by 0.276
Ω·cm2, 0.254 Ω·cm2, and 0.249 Ω·cm2, respectively. The results
prove the stability of the flat-tube solid oxide fuel cell stack during
long-term operation. The degradation of the stack is caused by
segregation of Cr on the surface of metal interconnects and the
formation of SrCrO4 insulating phase in the current collecting layer of
the cathode, which result in an increase in the interfacial resistance
and decrease the stack performance. The long-term performance of
a flat-tube IR-SOFC stack can be further improved by suitably
coating the metal interconnect surface. This work provides
theoretical and experimental reference for the application of
hydrogen-blended methane steam reforming in flat-tube IR-SOFC
stacks.

Introduction

As an energy conversion device that directly converts
chemical energy into electrical energy, solid oxide fuel cell
(SOFC) has been widely used because of its high efficiency,
cleanliness, and multi-fuel capability [1-5]. The high temperature
(600°C -1000°C) operation of SOFC stack allows direct internal
reforming of carbon-containing fuel, such as methanol, natural
gas, methane, biogas, and coke oven gas [6, 7]. However, high
catalytic activity of Ni particles in the cell anode tends to break
the C-H and C-O bonds in the hydrocarbon fuel, resulting in the
formation of carbon. The deposited carbon covers the active
sites of the Ni catalyst and/or prevents gas diffusion, resulting in
higher ohmic and polarization resistances that lead to
performance degradation. As a result, carbon deposition further
damages the anode structure and leads to cell cracking [8-11].
When natural gas is used as fuel gas, methane cracking

reaction and carbon monoxide disproportionation reaction may
occur on the anode side of SOFC, which become the source of
carbon deposition. The reactions are as follows [12, 13]:

��� � � � � � ��� � ������ �� ingL��th�� ���
��h � � � � � �h� � ������ �� �t�gL��th�� ���
Some researchers have tried improving the carbon

deposition resistance of SOFC by modifying the anode. Lin et al.
[14] used 50%Cu-50%Ni/8YSZ as the anode material, and found
that almost no carbon deposition occurred during 2 hours of
methane cracking. Lee et al. [10] conducted a methane steam
reforming experiment on an IR-SOFC with a high entropy alloy
anode at 750°C; the cell operated stably for 30 hours at a
discharge current of 100 mA·cm-2 with steam-to-carbon (S/C)
ratio of 2, with no carbon deposition at the anode. Neofytidis et
al. [13] modified NiO/GDC anode with Au-Mo by a deposition
coprecipitation method, and the degradation rate of the SOFC
with this material was 2.6 mV·h-1 after 140 hours operation.
Zhang et al. [15] used La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) perovskite-
type mixed ionic electronic conductor (MIEC) to modify the
anode by infiltration; the modified cell was operated in methane
at 750°C for 100 hours with almost no degradation.

Nevertheless, for Ni/YSZ anode supported SOFCs, when
natural gas is used as fuel gas, carbon deposition can be
suppressed through methods such as steam reforming, carbon
dioxide reforming, partial oxygen reforming, and by increasing
current [16, 17]. Because nickel is easily oxidized and
agglomerated, dry reforming and steam reforming are often
used for methane reforming. Due to the advantages of easy
access, low cost, cleanliness and abundance, water vapor can
be mixed with methane for direct steam reforming to generate
electricity in flat-tube SOFC [18, 19]. In this case, the degree of
carbon deposition can be effectively suppressed through steam
reforming reactions shown in equations (3)-(4) [20]:
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In this work, internal methane steam reforming was carried

out in a flat-tube SOFC stack with the addition of hydrogen. The
degradation of the internal components of the stack was
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monitored by inserting probes inside the SOFC stack, to further
investigate the effect of hydrogen-blended methane steam on
the long-term durability of the stack. This study clarifies the
stability and degradation mechanism of the SOFC stacks, and
provides a reference for large-scale application of direct internal
methane steam reforming in IR-SOFC stacks.

Experimental Section

A flat-tube anode-supported solid oxide fuel cell stack
developed by H2-Bank Technology Co., Ltd. (Ningbo, China),
with an active area of 60 cm2, was used in this work. The
composition and the thickness of each functional layer in the cell
are shown in Table 1, and the cell structure is shown in Figure
1a. The cell fabrication procedure has been reported in detail
previously [21-23]. The SOFC stack used consisted of two cells,
three interconnects, and two conductive plates. The interconnect
in contact with the anode of the cell had no gas flow channel,
while the interconnect in contact with the cathode (air electrode)
of the cell had an air flow channel. The interconnect is
assembled in series with the cell. To enhance current collection
between the interconnects and the cells, nickel mesh is added to
the anode contact surface of each cell, and La0.6Sr0.4CoO3-δ

(LSC) and Ni slurries are screen printed on the cathode and the
anode of the cells, respectively. Glass sealing material is used
between the cell and the interconnect to seal the main body of
the stack; the structure of the main body of the stack is shown in
Figure 1b. After assembling the main body of the stack, mica
sheets are used for pressure encapsulation. Finally, gas
chambers are fixed and glass sealing materials are used to seal
the stack; the completed stack is shown in Figure 1c.

Figure 1. Schematic diagram of (a) cell structure, (b) stack assembly method,

(c) physical diagram of stack, and (d) test system.

To investigate the degradation mechanism of the stack and
monitor the degradation of each component inside the stack,
voltage probes are inserted at the contact surface between the
cell and the interconnect during the fabrication of the stack, as
shown in the structural schematic diagram in Figure 1b. Before
raising temperature, the gas pipes and conductive columns are
installed, and the stack is placed in a furnace and heated at a
rate of 2-5 °C·min-1. A schematic diagram of the testing system
is shown in Figure 1d.

Table 1. Parameters of SOFC

Composition Material Thickness

Supporting

layer

NiO-3YSZ (3 mol. % yttria stabilized

zirconia)

2.8 mm

Anode NiO-8YSZ (8 mol. % yttria stabilized

zirconia)

10 µm

Electrolyte 8YSZ (8 mol. % yttria stabilized zirconia) 10 µm

Barrier layer GDC (Gd0.1Ce0.9O2-δ) 2 µm

Cathode LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ) - GDC 15 µm

Buffer layer LSC (La0. 6Sr0. 4CoO3-δ) 150 µm

After heating to the reaction temperature (750°C), 1 SLM of
nitrogen is introduced to test the gas tightness of the stack, and
then the fuel electrode is purged with N2 for 10-15 minutes to
exhaust air from the system. After purging with N2, the fuel
electrode is filled with 0.4 SLM H2, and the air electrode is filled
with 1.2 SLM air for stack reduction. This reduction usually takes
3-4 hours to convert NiO in anode to Ni, and after the open
circuit voltage (OCV) stabilizes, the initial stack performance
tests are carried out.

The initial performance was tested with a mixture of
hydrogen, methane, and steam in the fuel electrode, with flow
rates of 0.4, 0.3, and 0.9 SLM (S/C = 3), respectively. During the
test, 4 SLM air was introduced to the air electrode. The initial
performance was tested with a 100 W SOFC test system. After
evaluating the initial performance, a long-term constant current
discharge experiment was conducted to test the durability of
hydrogen-blended methane steam reforming in direct internal-
reforming flat-tube SOFC stack. During the long-term operation,
the discharge performance of each component in the stack were
measured at regular intervals.

After the long-term test, the stack was cooled to room
temperature at a rate of 1°C·min-1 and disassembled for
microstructural analysis. Flat, contamination-free cell samples
were prepared to observe the cross-sections with a scanning
electron microscope (S-4800, Hitachi, Japan). The center
positions of the interconnects were cut into 5 mm ×10 mm
specimens, then fill the samples with resin and polish the cross-
sections of the stainless-steel interconnects for elemental
analysis with energy dispersive X-ray spectroscopy (FEI Quanta
FEG250, Hitachi, Japan). Raman spectroscopy (Renishaw inVia
Reflex, UK), with a wavelength of 532 nm, was used for
characterizing the buffer layer between the cathode and the
interconnect, and for analyzing any carbon deposition in the fuel
electrode.

Results and Discussion

Methane in the mixed fuel gas is completely reformed, when
the gas injected into the fuel electrode of the stack is
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H2/CH4/H2O at 0.4/0.3/0.9 SLM flow rates, respectively, as
shown in Table 2. This indicates no carbon deposition during
initial stack operation. Figure 2 shows the discharge
performance curves of the SOFC stack in a hydrogen-blended
methane steam environment, which were obtained at about
runtimes of 0 h, 1000 h, 2000 h, and 3000 h. At these times, the
open circuit voltages of the stack were 1.988 V, 1.983 V, 1.967
V, and 1.957 V, respectively. There was no significant fluctuation
in the open circuit voltage of the stack during the discharge
process of about 3000 hours, indicating that the stack
maintained good airtightness, which eliminated the impact of any
leaks on the stack performance. In order to describe the
changes in the performance of the stack during the discharge
process in detail, the performance data of the stack at 16 A is
used as the reference. At the discharge voltage of 16 A (0.27
A  cm-2), the corresponding voltages were 1.682 V, 1.679 V,
1.677 V, and 1.560 V, respectively, and the corresponding
powers were 26.88 W, 26.83 W, 26.79 W, and 24.94 W, as
shown in Figure 2a. After discharging for 2000 hours, the output
power of the stack decreased by about 0.09 W; after running for
another 1000 hours, the output performance of the stack
decreased by approximately 1.94 W, and the performance of the
stack has decreased by 7.2%.
Figures 2b and 2c show the I-V-P curves of Cell-1 and Cell-2 of
the stack. The results showed that at 0 h, 1000 h, 2000 h, and
3000 h, the power at 16 A of Cell-1 was 13.55 W, 13.74 W,
13.80 W, and 13.53 W, respectively, and the power at 16 A of
Cell-2 was 14.18 W, 14.27 W, 14.87 W, and 14.45 W,
respectively. Obviously, the instantaneous performances of Cell-
1 and Cell-2 indicate no degradation during operation.

Figures 2d, 2e, and 2f show the V-t curves of the stack and
the cells operating at a discharge current of 16 A. The stack was
operated for about 3000 hours, and the corresponding voltage
and degradation rate are shown in Table 3. The results show
that the voltage degradation rate of the stack after 3000 hours
discharge is about 40.85 mV·kh-1, approximately 2.3%·kh-1. The
results showed that during long-term operation, the performance
of Cell-1 in Figure 2e steadily increased at a rate of
approximately 3.47 mV·kh-1, while the performance of Cell-2 in
Figure 2f fluctuated and increased at a rate of approximately
3.82 mV·kh-1. These results show that the performance
degradation of SOFC stack during long-term operation when
using hydrogen blended methane steam as fuel gas for direct
internal reforming is independent of the cell, indicating good
long-term durability of the flat-tube anode supported IR-SOFC.

Table 2. The content of each gas component after fuel gas reforming (%).

Gas H2 CH4 CO CO2

After reforming 78.19 0 13.88 7.93

Table 3. Long-term operating performance of the SOFC stack under a

constant current of 16 A.

Vstart (V) Vend (V) V (mV)  (mV·kh-1)

Stack 1.753 1.632 -121 -40.85

Cell-1 0.860 0.870 10.0 3.47

Cell-2 0.906 0.918 11.2 3.82

Figure 2. Discharge performance in hydrogen-blended methane steam: (a) I-

V-P polarization curve of stack (b) I-V-P polarization curve of Cell-1 (c) I-V-P

polarization curve of Cell-2; (d) V-t curve of stack e V-t curve of Cell-1 f V-t

curve of Cell-2.

To study the impact of the interconnects inside the stack on
its performance, the changes in the performance of the
interconnects during 16 A discharge were analyzed, and the
results are shown in Figure 3. The voltage of each interconnect
is obtained by subtracting the voltage of a single cell from the
voltage between the cell and the interconnect unit. Figure 3
shows the real-time voltage of the metal interconnects during the
long-term discharge test. Through fitting calculation, the growth
rate of the voltage of three metal interconnects is 24.81 mV·kh-1,
22.82 mV·kh-1 and 23.14 mV·kh-1, respectively. During the 3000-
hour long-term operation, the area specific resistance of
interconnect-1 (A0-C0 in Figure 1b) increased from 0.0353 Ω·cm2

to 0.3114 Ω·cm2, the area specific resistance of interconnect-2
(A1-C1 in Figure 1b) increased from 0.0356 Ω·cm2 to 0.2894
Ω·cm2, and for interconnect-3 (A2-C2 in Figure 1b), increased
from 0.2588 Ω·cm2 to 0.5188 Ω·cm2. The area specific
resistance corresponding to three interconnects increased by
0.276 Ω·cm2, 0.254 Ω·cm2, and 0.249 Ω·cm2, respectively, with
increase rates of approximately 0.0936 Ω·cm2·kh-1, 0.0864
Ω·cm2·kh-1, and 0.083 Ω·cm2·kh-1, as shown in Table 4.
Obviously, the interconnects used in this work cannot meet the
reported application requirements of less than 0.1 Ω·cm2 [24].
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Figure 3. Real-time voltage of interconnects during long-term operation: (a)

interconnect-1; (b) interconnect-2; (c) interconnect-3.

Table 4. Performance variation of interconnects under long-term constant

current discharge with hydrogen-blended methane steam.

Interconnects 1 2 3

Vstart (V) 0.0094 0.0096 0.0690

Vend (V) 0.0830 0.0773 0.1384

ASRstart (Ω·cm2) 0.0353 0.0356 0.2588

ASRend (Ω·cm2) 0.3114 0.2894 0.5188

V (mV) 73.6 67.7 69.3

1 (mV·kh-1) 24.81 22.82 23.14

2 (Ω·cm2·kh-1) 0.276 0.254 0.249

Figure 4 shows the microstructure of a reference cell (only
reduced anode, without any electrochemical test) and the cell
after long-term operation. No fracture or layering was found on
the anode sides of Cell-1 and Cell-2. In addition, ImageJ
software was used to analyze the agglomeration of nickel and
calculate the distribution of nickel particles. The results showed
that compared to the fuel electrodes of the reference cell, Cell-1,
and Cell-2, the proportion of nickel within 0.6 μm2 is 67.4%,
65.2%, and 69.4%, respectively, further indicating that the
degree of nickel agglomeration is not significant. The structure of
the three-phase boundary is intact ensuring long-term
electrochemical reaction. This integrity of cell structure is the
main reason for maintaining catalytic activity of the cell in long-
term operation.

To verify any carbon deposition in the gas channels during
long-term operation, Raman spectroscopy was used to
characterize the inlet, middle, and outlet of the cell, and the
results are shown in Figure 5. No carbon peaks (G and D peaks)
appeared in the Raman spectrum, indicating no carbon
deposition inside the cell during the long-term operation of the

stack [25]. As a consequence, even under high water/carbon
ratio (S/C=3), any non-uniformity of the mixed gas and uneven
gas distribution inside the stack should not affect the methane
reforming reaction.

Figure 4. SEM images of the cell anode: (a) reference cell; (b) Cell-1; (c) Cell-

2 (the area between red dashed line is the active anode); (d) Nickel particle

distribution.

Figure 5. Raman spectra of the inlet, middle, and outlet of the gas channel of

the cells: (a) Cell-1; (b) Cell-2.

In order to explore the changes in elemental content of the
metal interconnects during testing, the interconnect-2 was
selected to prepare 5 mm ×10 mm samples which were
characterized by EDS at different positions.

Figure 6. EDX of interconnect-2 at different positions: (a) Simulation diagram;

(d) 1; (c) 2; (d) 3.
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Figure 6 shows the EDX of interconnect-2 at different positions,
which are the anode side (1), air flow channel (2), and ridge of
the interconnect (3). It can be seen that there are varying
degrees of oxidation at all three positions of the interconnect.
Figure 6b shows the generation of a three-layer structure on the
anode side of the interconnect. The surface is an oxide of iron,
which is because when there is current passing through the
connecting piece, a dense oxide layer cannot be formed in the
reducing atmosphere. However, Fe diffuses to the surface and is
oxidized. In the middle, Mn and Cr formed a Mn-Cr spinel, and
the innermost oxide layer is Cr2O3 [26-29]. Figure 6c shows the
formation of a two-layer structure on the surface (cathode
surface) of the air flow channel, with the outermost layer being a
Mn-Cr spinel and the inner layer being Cr2O3. Figure 6d shows
the position where the cathode contacts the interconnect, and it
can be inferred from the figure that Cr2O3 is mainly generated at
the ridge. The results indicate that the connections inside the
stack undergo varying degree of oxidation during operation,
leading to a continuous increase in the surface specific
resistance of the interconnections and a decrease in the stack
performance.

Figure 7. Raman spectroscopy analysis of the buffer layer on the cathode side

after long-term test of the stack: (a) Cell-1; (b) Cell-2.

Figure 7 shows the Raman spectrum of the buffer layer
(LSC) of the cell cathode after long-term operation. Buffer layers
on the cathode side of Cell-1 (Figure 7a) and Cell-2 (Figure 7b)
both exhibit sharp double peaks with Raman shifts of 865 cm-1

and 895 cm-1, indicating the generation of SrCrO4 phase [30, 31].
Research has shown that under long-term operation of the IR-
SOFC stack with methane steam, Cr rich phase will generate on
the surface of the interconnects, which leads to the formation of
SrCrO4 in the buffer layer, thereby accelerating the performance
degradation of the interconnects. The degradation of the
interconnects is the result of poor high-temperature oxidation
resistance, cathode poisoning caused by volatile Cr, and high
area specific resistance [32-34]. Therefore, it is necessary to
develop protective coatings for metal interconnects.

Conclusion

This work investigated the stability and degradation
mechanism of a flat-tube solid oxide fuel cell stack through
about 3000 h high-temperature operation on direct internal
reforming of hydrogen-blended methane steam. The overall
degradation rate of the stack was about 2.3%·kh-1, with an
increase of 10.0 mV (3.38 mV·kh-1) for Cell-1 and 11.2 mV (3.78
mV·kh-1) for Cell-2, respectively. The microstructural

characterizations of the cell and cell/interconnect surfaces were
used for further analyzing the reason for degradation; these
showed integrity of the cell structure, no obvious Ni
agglomeration on the anode side, and no carbon deposition in
the gas channel and active anode. The results indicate that flat-
tube SOFC stack has good tolerance in hydrogen-blended
methane steam environments. The area specific resistance of
the three interconnects in the cell stack increased at rates of
0.276 Ω·cm2·kh-1, 0.254 Ω·cm2·kh-1, and 0.249 Ω·cm2·kh-1,
respectively. Through EDX characterization of the cross-
sections of the metal interconnects and Raman spectroscopy
analysis of the cell/interconnect surface, chromium rich oxide
layer was found on the surface of the metal interconnects, and
SrCrO4 insulation phase was observed in the LSC buffer layer.
After 3000 hours of operation under hydrogen-blended methane
steam in the SOFC stack, an oxide layer formed on the outside
of the metal interconnects of the cell stack, resulting in a
degradation rate of 2.3%·kh-1. It is therefore necessary to apply
protective surface coatings on metal interconnects to suppress
oxide formation and performance deterioration during long-term
operation, which can greatly improve the stability of the SOFC
stack.
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以掺氢天然气为燃料直接内重整固体氧化物电池堆

的稳定性

汤亚飞 a，武安祺 a，韩贝贝 a，刘华 b，包善军 b，林王林 c，陈铭 d，官万兵

a*，Subhash C. Singhal a

（a. 中国科学院宁波材料技术与工程研究所，浙江宁波镇海中官西路 1219号，315201；b. 浙江启明电力集

团有限公司，浙江舟山，316099；c. 浙江大学舟山海洋研究中心，浙江舟山，316021; d. 丹麦技术大学能源

转换与储存系，丹麦）

摘要：本文研究了掺氢天然气直接内重整平管型固体氧化物电池短堆的长期稳定性和衰减机理。通过约 3000小时

的实测实验，结果显示：电堆的总体衰减率为 2.3%·kh-1，电堆中三个金属连接板的面积比电阻分别增加了 0.276

Ω·cm2、0.254 Ω·cm2和 0.249 Ω·cm2，但电堆中两个电池的电压反而分别增加了 3.38 mV·kh-1和 3.78 mV·kh-1。

电堆衰减主要由金属连接件表层氧化及其与阴极集流层材料反应生成 SrCrO4物质，两者共同作用增大了电池与金

属连接体间的界面电阻所致。结果表明以掺氢天然气为燃料直接内重整平管型固体氧化物燃料电池电堆具有良好的

稳定性。本文工作为掺氢天然气在固体氧化物燃料电池堆中的直接内重整应用提供了理论参考与实验依据。

关键词：掺氢天然气；内重整；稳定性；固体氧化物电堆
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