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Summary

Carbon deposition on a Ni‐based anode is troublesome for the direct power

generation from methane‐based fuels using solid oxide fuel cell. In this paper,

a redox‐stable double‐perovskite Sr2MoFeO6‐δ (SMFO) is applied as an inde-

pendent on‐cell reforming catalyst over a Ni‐YSZ anode to improve coking

resistance. The morphology, catalytic activity and electrochemical performance

for wet methane/coal‐bed gas (CBG) are investigated. A Ni‐YSZ anode sup-

ported cell with SMFO generates a high power output of 1.77 W·cm−2 and

exhibits favorable stability operated on wet CH4 at 800°C. Post‐mortem

micro‐structural analyses of cells indicate the cell operated on CBG shows

coking probably due to the heavy carbon compounds in CBG.
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1 | INTRODUCTION

Solid oxide fuel cell (SOFC) is a promising power genera-
tion device with high energy efficiency and low
wileyonlinelibrary.com/jour
environmental pollution. It could directly convert chemi-
cal energy in fuel to electricity via electrochemical reac-
tion between fuel and oxygen. The superiority of SOFC
over other fuel cells is fuel flexibility. Theoretically, all
Copyright © 2018 John Wiley & Sons, Ltd.nal/er 2527
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reductive fuels can be directly used as SOFC fuels, such as
H2, carbonaceous species, H2S

1 or NH3,
2,3 etc, which are

oxidized by oxygen anion transferring from electrolyte.
When H2 is fed, Ni‐based cermets are commonly used
as SOFC anode materials and have shown excellent
performance because of its desirable catalytic activity
towards H2 electrochemical oxidation, good chemical
and mechanical stability, low cost and so on. However,
when hydrocarbon fuels are used, there are some practi-
cal troubles such as carbon deposition on the Ni‐YSZ
anode because Ni exhibits an excellent catalytic ability
for C―H cracking, which is detrimental to cell stability
of SOFC. Therefore, in practical application, an addi-
tional reforming/oxidation procedure for the hydrocar-
bon fuels is needed before they are introduced into the
anode of the SOFC. Under this circumstance, system
complexity is increased with additional cost and low
energy efficiency. A more economical and efficient way
is direct utilization of those hydrocarbon fuels without
extra pretreatment. For this purpose, the first step is to
improve the anode of SOFC which is not only catalyti-
cally active for breaking the C―H bond with subsequent
release of syngas, but also be electron conductive. In
recent years, oxygen‐deficient and mixed‐valent perov-
skite materials4-8 have been shown to have a potential
application as SOFC anode materials because of their
appropriate catalytic activity and electro‐conductivity.
For example, molybdenum‐based double perovskites
Sr2MMoO6‐δ (M = Co, Ni, Fe, Mn, and Mg) have
exhibited excellent catalytic activity towards the electro‐
oxidation of H2 and CH4.

9-12 Among these oxides,
Sr2NiMoO6‐δ shows desirable electrochemical perfor-
mance even in dry CH4, which is attributed to the
increased catalytic activity for methane conversion
because of in situ exsolution of Ni.13 As a result, stability
of catalyst decreases at low oxygen partial pressures. For
most of perovskite materials, the electron‐conductivity
and catalytic activity are insufficient compared to the
state‐of‐art Ni cermet anode materials. Anyway, Ni‐based
cermet remains the material of best choice for a SOFC
anode. Nevertheless, the Ni cermet anode needs to be
optimized to improve coking resistance. Therefore,
substantial efforts have been attempted, such as metal
alloying,14-16 changing ionic conductor phase,17,18 or
modifying to the Ni‐based anode surface or the bulk.19-
22 As we know, coking is caused due to the pyrolysis of
hydrocarbon on Ni surface. Preventing direct contact
between hydrocarbon and Ni particles would decrease
coking. For this purpose, an extra catalyst layer for hydro-
carbon conversion between the Ni‐based anode and
hydrocarbon fuels seems to be an effective way. In this
case, most of hydrocarbon fuels are catalytically
reformed/oxidized into syngas before they meet the Ni‐
based anode. In our recent paper,23 we reported a new
strategy to increase coking resistance of a Ni‐based anode
by applying an independent La0.8Sr0.2Co0.4Fe0.6O3(LSCF)
anode catalyst layer. Unfortunately, LSCF is unstable at
low oxygen partial pressures and is reduced to a K2NiF4‐
type oxide (Sr,La)FeO4 with well‐dispersed CoFe alloy
nanoparticles. A decreased stability is predicted because of
the segregation of the metal after a long time. Chuang also
reported that coating LSCF catalyst layer on the anode sur-
face of Ni‐YSZ just delayed fuel cell cracking and carbon
deposition on Ni particles still was found with C/Ni weight
ratio of 0.1 after exposure to methane for 475 hours.24

In this work, a redox‐stable double‐perovskite
Sr2MoFeO6‐δ (SMFO) is applied as an independent on‐
cell reforming catalyst with the aim of improving
coking resistance of a Ni‐YSZ anode. A Ni‐YSZ anode‐
supported cell with an independent SMFO catalyst layer
was fabricated and evaluated for power generation fed
with CH4‐based fuels. Aging test in galvano‐static mode
when feeding the cell with 3% humidified CH4 and coal‐
bed gas (CBG) are performed. The results indicate that
the SMFO‐modified cells show excellent operational
stability, as well as high coking‐resistant ability compared
with the cell without the catalyst layer. For wet methane
fuel, the voltage in galvano‐static mode shows an initial
increment, then a stable discharge profile over 55 hours
without obvious decay is observed. For the wet CBG fuel,
the cell voltage shows a slow and gradual decay. While
for the cell without the catalyst layer, the cell perfor-
mance shows a rapid decay with the voltage dropping to
zero after exposure to CH4‐based fuels for only 20 minutes
under the similar discharge condition. Besides, applying
the SMFO catalyst layer in another cell with the structure
of NiO‐YSZ/YSZ/SDC/BSCF‐SDC, the SMFO‐modified
cell exhibits excellent outperforms of 1.77 W·cm−2 under
wet CH4 operation at 800°C.
2 | EXPERIMENTAL SECTION

2.1 | Materials and powder preparation

Nano‐scale NiO powder and YSZ powder were purchased
from the Chengdu Shudu Nano‐materials Technology
Development Co., Ltd (Sichuan, China) and Shandong
Jinao Technology Advanced Materials Co., Ltd, respec-
tively. Cathode La0.8Sr0.2MnO3‐δ(LSM) powder was pro-
vided by the Ningbo Institute of Industrial Technology.
Bottled gases are applied to the anode of SOFC. CBG is
provided by a local commercial gas station (composition:
CH4, 82.9975%; O2, 2.1853%; N2,10.1839%; C2‐C8,3.4731%;
CO2,1.1602%). Electrolyte powder Sm0.2Ce0.8O1.9(SDC) is
prepared by hydrothermal synthesis as reported.25 Cath-
ode powder Ba0.5Sr0.5Co0.8Fe0.2O3(BSCF) and catalyst
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material SMFO were prepared via the EDTA‐CA sol‐gel
method. The preparation of SMFO is taken as an exam-
ple: first dissolving the appropriate amount of Fe(NO3)3,
Sr(NO3)2, (NH4)6Mo7O24·4H2O, NH3·H2O, and EDTA as
well as citric acid (CA) into deionized water according
to the mole ratio of EDTA: CA: Mn+: NH3·H2O was
1:2:1:10. The solution was churned acutely and heated
until the yellow gel formed. Then, the SMFO precursor
was obtained via the calcination at 1100°C for 2 hours
in a muffle furnace to remove the organic impurities.
The desired perovskite SMFO was obtained after treated
at 900°C in dry H2 for 2 hours.
2.2 | Catalyst layer and cell fabrication

To increase the mechanical properties of the catalyst layer,
a double‐layered slice SMFO‐Al2O3 was prepared by a dual
dry‐pressing/sintering method as followings: first, 0.25‐g
powder of Al2O3 and PVB in a weight ratio of 25:3 was
pressed to form a substrate disk using a given steel mold
(Φ13 mm) under a pressure of 145 MPa; then, 0.035‐g
powder of SMFO and PVB in a weight ratio of 7:3 was
homogenously distributed over the substrate surface and
co‐pressed under a pressure of 230 MPa. A double‐layered
slice was obtained and was further calcined at 900°C
for 4 hours.

Two kinds of anode‐supported cells, with the struc-
ture of NiO‐YSZ/YSZ/LSM‐YSZ (named as CP (Ni‐YSZ)
~LSM) and NiO‐YSZ/YSZ/SDC/BSCF‐SDC (named as
TP (Ni‐YSZ)~BSCF) were used in this work. For CP (Ni‐
YSZ)~LSM, the half‐cell (the weight ratio of NiO/YSZ is
6:4) with a YSZ electrolyte layer was fabricated by a dual
dry‐pressing in a stainless steel mold (Φ13 mm) and co‐
sintering for 5 hours at 1400°C. Then, the LSM–YSZ
(the weight ratio of LSM/YSZ is 7:3) slurry dispersed in
isopropyl alcohol was spray‐painted on the electrolyte
disc and was sintered for 2 hours at 1100°C. Cells with
and without SMFO catalyst are designated as “SMFO//
NiO‐YSZ” and “NiO‐YSZ”, respectively. For TP (Ni‐YSZ)
~BSCF, the anode layer was prepared using a tape‐casting
approach; then, the electrolyte layer and the cathode
layer were sprayed in sequence. The thin SDC buffer
layer is used to prevent side‐reaction between YSZ and
BSCF. The detailed procedures were available in our
reported paper.26

Diluted silver paste was coated on the cathode sur-
face as the current collectors. Silver wires were stuck
to the anode surface and the cathode surface, respec-
tively, to conduct current. The double‐layered catalyst
slice and the button cell were sealed onto a quartz tube,
in which the anode surface of cell is towards the
catalyst layer.
2.3 | Basic characterization

The crystallgraphic information of the catalyst powder
was analyzed by X‐ray diffraction (XRD) with Cu Kα
radiation, scanning in the range of 20°‐80° at room tem-
perature. The morphologies of cell were identified using
A JSM6700 JEOL scanning electron microscopy (SEM),
and the elemental information was collected from the
Bruker energy dispersive X‐ray (EDX) spectrometer.

N2 absorption/desorption isothermal experiments
were conducted using a Micromeritics ASAP‐2020 M
automated analyzer (USA). The electrochemical perfor-
mances were recorded by an Iviumstat electrochemical
workstation from 750°C to 850°C with a 50°C interval
using 4‐wire and the 2 electrodes setup. H2 or humidified
CH4 or CBG as fuel was fed at a flow rate of 80 mL min−1.
Surrounding air acted as the oxidant. Prior to the test,
cells were in situ reduced in pure H2 at 700°C for 1 hour.
The electrochemical impedance spectra (EIS) were
recorded at open circuit voltage with an alternate current
signal amplitude of 10 mV in a frequency range from
105 Hz to 0.1 Hz.
2.4 | Catalytic activity test

The catalytic performance of the in situ‐reduced SMFO
for methane steam reforming (MSR) and methane partial
oxidation (MPO) was evaluated on a fixed‐bed reactor.
First, 200‐mg catalyst particles (40‐60 mesh) mixed with
400‐mg quartz sands were loaded into the reactor. Then,
the gas mixture (VCH4:VH2O = 2:1, or VCH4:VO2 = 2:1)
was fed into the reactor, in which a CH4 flow rate of
10 mL min−1 was controlled. A microsyringe pump was
used to pump water into the tube wrapped with heating
jacket. The effluent gases were fed into gas chromato-
graph (Agilent 7820) for on‐line analysis with a helium
carrier flow rate of 80 mL min−1. Poraplot Q/Hayesep
Q/5 Å sieve molecular column was used to detect and
separate CO, CO2, and CH4. The test was carried out for
MPO from 400°C to 950°C and MSR from 750°C to
900°C, respectively. CO selectivity and CH4 conversion
were used to evaluate the catalytic activity of the sample,
and the detailed calculation method was available in our
reported paper.27
3 | RESULTS AND DISCUSSION

3.1 | XRD patterns of SMFO

For the SMFO precursor calcined under an air atmo-
sphere, a mixed lattice phase of double perovskite SMFO
[JCPDS 70‐4088] with SrMoO4 [JCPDS 08‐0482] is
observed (Figure 1A), which is in agreement with

http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3Dacutely%26keyfrom%3Dhao360&q=%E5%89%A7%E7%83%88%E5%9C%B0+%E8%8B%B1%E6%96%87&ts=1496192000&t=d4d9abbce0bcad7353a6e8476ab5cd0


FIGURE 1 XRD patterns of A, the SMFO precursor calcined

under an air atmosphere and B, SMFO calcinations at 900°C in a

reducing atmosphere
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reference.28 The mass fraction of SMFO and SrMoO4,
obtained by Rietveld refinement of the XRD patterns
(Figure S1), is 69.0% and 31.0%, respectively. The space
group of SMFO and SrMoO4, is I4/mmm and I41/a,
respectively. The lattice parameters of SMFO and
SrMoO4, are observed to be a = b = 5.5643 (2) Å,
c = 7.8888 (5) Å and a = b = 5.3921 (2) Å, c = 12.0597
(6) Å (Rwp = 6.96%, Rp = 25.49%, CHI^2 = 1.344),
respectively. In the SMFO phase, the molar ratio of Sr:
Mo:Fe is 2:0.7464:1.2536. After reduction in a reducing
atmosphere for 2 hours at 800°C, most of SrMoO4 disap-
pears, and more double‐perovskite SMFO forms
(88.9 wt.%) (Figure 1B). The I4/mmm space group of
SMFO is retained with a = b = 5.5700 (3) and
c = 7.9029 (7) (Rwp = 10.70%, Rp = 7.75%,
CHI^2 = 12.36). While the molar ratio of Sr:Mo:Fe in
the SMFO phase is changed to 2:0.9436:1.0564. It indi-
cates SMFO structure is stable under a H2 atmosphere.
3.2 | Characteristic of the catalyst‐
modified cell

An illustration of the cell assembly with a SMFO inde-
pendent catalyst layer, and the cross‐sectional microstruc-
tures of cell and catalysts layer are shown in Figure 2. A
densified electrolyte layer with a thickness of 37‐μm was
observed. Simultaneously, both anode and cathode layer
show high porosity, and keep in compact touching with
electrolyte layer, which ensures a low contact resistance.
Catalyst layer is constructed by 1.3‐mm substrate and
60‐μm catalyst.

In this SOFC assembly, fuels have to go through the
catalyst layer before they reach to cell. Therefore, a large
number of pores are necessary in the double‐layered
catalyst slice. Simultaneously, to improve the conversion
efficiency of fuels, both a small pore size and large
specific surface area are also essential. Herein, the pore
parameters and specific surface area of the SMFO‐Al2O3

catalyst slice were measured using N2 physical adsorp-
tion. The BJH pore volume and the BET specific surface
area are 0.2 cm3·g−1 and 73.4 m2·g−1, respectively. A
type‐H3 hysteresis loop is observed on the N2 adsorp-
tion/desorption isotherm (Figure 3), indicating a meso‐
porous structure with slit‐shaped nano‐pores. An average
pore size of ca. 9 nm is observed from the steep and sharp
peak on the pore size distribution curve.
FIGURE 2 A, Illustration of the fuel

cell test setup; B, the cross‐sectional

microstructures of cell and catalysts layer

[Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 3 Nitrogen gas adsorption/desorption isotherm of the

SMFO‐Al2O3 catalyst layer. The inset is the pore size distribution

of the sample [Colour figure can be viewed at wileyonlinelibrary.

com]
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3.3 | Catalytic activity evaluation for MPO
and MSR

Coking resistance of a Ni‐based anode is strongly associ-
ated with the catalytic performance of the catalyst layer
towards CH4 conversion. Under SOFC conditions, proba-
bly MPO and steam reforming (MSR) co‐exist. Herein,
the catalytic effectiveness of the in situ‐reduced SMFO
towards MPO and MSR at different temperatures was
tested. As shown in Figure 4, for MPO, it is observed that
the reaction starts initially at 400°C. Both CH4 conversion
and CO selectivity increase with temperature from 400°C
to 900°C. The main product is CO2 below 750°C. With the
increment of temperature from 750°C to 900°C, the CH4

conversion rises clearly from 26.3% to 36.4% accompanied
by the increased CO selectivity from 17.6% and 55.5%.
FIGURE 4 Catalytic activity of the SMFO catalyst for MSR

(VH2O:VCH4 = 1:1) and MPO (V CH4: V O2 = 2:1) [Colour figure

can be viewed at wileyonlinelibrary.com]
While for MSR, it is noticeable that the reaction starts
from 750°C and increases with temperature. When tem-
perature elevates to 800°C, CO selectivity of 81.5% is
achieved with CH4 conversion of 19.2%. At 900°C, CH4

conversion reaches 36.6% with CO selectivity of 97.2%.
Compared with MSR, MPO shows lower CO selectivity,
indicating partial CH4 is deep oxidized into CO2, which
is unbeneficial for SOFC utilization.
3.4 | The electrochemical performance
when feeding cell with wet CH4 and wet
CBG

It is desired that a Ni cermet anode with an independent
SMFO catalyst layer would display a moderate coking
resistance when using wet methane‐based fuels due to
the partial conversion of fuels. Vapor which is required
in reforming reaction is provided by the bubbling water
and the product from the electrochemical oxidation of
H2. What is more, the catalyst layer can act as a diffusion
barrier layer. As a result, some unconverted fuels would
be exhausted along with the off gas. Thus, methane con-
centration near anode surface would greatly decrease.

In order to achieve good re‐productivity, an anode‐
supported cell with high stability (NiO‐YSZ/YSZ/LSM‐

YSZ), is used. Figure 5 shows the temperature‐dependent
electrochemical performances [I‐V(P)] of the cells
without (Figure 5A,C) and with (Figure 5B,D) the SMFO
catalyst layer from 750°C to 850°C fed with wet CH4

and wet CBG, respectively. Under wet CH4 fuel opera-
tion, the blank cell without the catalyst layer [(Ni‐
YSZ)‐CH4] delivers peak power densities (PPDs) of
0.20, 0.34, and 0.55 W·cm−2 at 750°C, 800°C, and
850°C, respectively (Figure 5A). While, the SMFO‐
modified cell [(SMFO//Ni‐YSZ)‐CH4], shows PPDs of
0.24, 0.42, and 0.67 W·cm−2 (Figure 5B) at the corre-
sponding temperature, respectively. A 22% performance
increment is achieved at 850°C for the SMFO‐modified
cell compared with the blank cell. With temperature
decreasing, [(SMFO//Ni‐YSZ)‐CH4] shows a similar per-
formance to [(Ni‐YSZ)‐CH4]. For instance, at 750°C,
PPDs of [(SMFO//Ni‐YSZ)‐CH4] and [(Ni‐YSZ)‐CH4]
are 0.24 and 0.20 W·cm−2, respectively. Probably, it is
attributed to the lower catalytic performance of the
SMFO catalyst for MPO and MSR at the lower temper-
ature. Under wet CBG operation, the performances of
the cells without and with the catalyst layer were also
obtained in a similar way (Figure 5C,D). The variation
trend of performance with temperature is similar to that
of the cells operated on CH4 fuel. PPD of [(SMFO//Ni‐
YSZ)‐CBG] is 0.61 W·cm−2, which is higher than
0.55 W·cm−2 measured on [(Ni‐YSZ)‐CBG] at 850°C.
A 9% performance increment is achieved. [(SMFO//Ni‐

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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FIGURE 5 The I–V (P) curves for the cells without (A and C), and with the SMFO catalyst layer (B and D), fed with wet CH4 and wet CBG

at various temperature [Colour figure can be viewed at wileyonlinelibrary.com]
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YSZ)‐CH4] exhibits higher performance than [(SMFO//
Ni‐YSZ)‐CBG]. For example, PPD of [(SMFO//Ni‐YSZ)‐
CH4] is 0.67 W·cm−2 with a maximum current density
(MCD) of ∼2558 mA·cm−2. While, [(SMFO//Ni‐YSZ)‐
CBG] delivers a PPD of 0.61 W·cm−2 with a MCD of
∼2250 mA·cm−2. Probably, heavy carbon compounds
in CBG have a negative effect on cell performance,
which is in agreement with the previous work.23

Generally, the resistances are deconvoluted roughly
into 2 sections: the polarization resistance (RP) and the
ohmic resistance (Ro). By and large, Ro primarily stems
from the electronic resistance from electrodes, the ionic
resistance from electrolytes, the resistance from wires of
the exterior circuit, and the resistance from the electrode‐
FIGURE 6 Comparison of the Nyquist plot A, and bode plot B, of E

under CH4 operation, respectively [Colour figure can be viewed at wiley
electrolyte interfaces. For a well‐fabricated cell, the value
of Ro approximately equals to the ionic resistance from
electrolytes due to the good electronic conductivity of
electrode, which is constant and not affected by the polar-
ization process.29,30 Therefore, Ro will not be discussed
further. RP consists of the electrode polarization resistance
related to the low‐frequency arc (RL, 10

0
‐102 Hz) and the

high‐frequency arc (RH, 102‐105 Hz). It is generally
accepted that RH is strongly influenced by the charge‐
transfer process (associated with the electrode reaction),
and RL is dependent on the mass‐transfer process
(the process of the gas‐phase diffusion and dissociative
adsorption).29 Figure 6A,B presents the Nyquist plot and
Bode plot of EIS for the cells without and with the
IS for the cells with and without the SMFO catalyst layer at 850°C
onlinelibrary.com]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 8 Comparison of the electrochemical performance of

SMFO//TP (Ni‐YSZ)~BSCF and SMFO//CP (Ni‐YSZ)~LSM under

CH4 operation at 800°C [Colour figure can be viewed at

wileyonlinelibrary.com]
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SMFO‐Al2O3 layer fed with wet CH4 at 850°C, respectively.
In Figure 6A, [(SMFO//Ni‐YSZ)‐CH4] shows a smaller Rp

than [(Ni‐YSZ)‐CH4], especially RL, which indicates a
smaller mass transfer resistance. In Figure 6B, [(SMFO//
Ni‐YSZ)‐CH4] shows lower impedance in the whole fre-
quency domain than [(Ni‐YSZ)‐CH4], indicating that both
the charge transfer and fuel diffusion are sped up after the
application of catalyst layer. Bode plot of [(Ni‐YSZ)‐CH4]
shows 2 summits at approximately 4 Hz and at 100 Hz in
the whole frequency. While the Bode plot of [(SMFO//
Ni‐YSZ)‐CH4] shows only 1 summit at 37 Hz, indicating
the application of catalyst speeds up the surface diffusion
of fuels within the anode pores. These results further prove
the conversion of methane fuel into small molecules H2

and CO, which diffuse more easily than CH4 molecules.
Figure 7A,B compares the electrochemical perfor-

mance for the cells without and with the SMFO catalyst
layer at 850°C when fed with wet CH4 (A)/CBG (B),
respectively. In a whole, the application of SMFO catalyst
layer improves the cell performance. Especially, a less
voltage loss at low current density is observed for the 2
SMFO‐modified cells, indicating a lower anode polariza-
tion compared with the blank cells.

The performance of the SFMO‐modified cell is further
investigated using another kind of cell with the configu-
ration of SMFO//TP (Ni‐YSZ)~BSCF. The cell achieved
a PPD of 1.77 W·cm−2 at 800°C (Figure 8), which is much
higher than that of before‐mentioned cell with the struc-
ture of SMFO//CP (Ni‐YSZ)~LSM.
FIGURE 9 Aging tests in galvanostatic mode for the cells with

and without the SMFO catalyst layer when feeding the cell with

wet CH4 and wet CBG at 800°C, respectively [Colour figure can be

viewed at wileyonlinelibrary.com]
3.5 | Aging tests in galvano‐static mode
when feeding the cell with wet CH4 and
wet CBG

The operation stability over time is an important aspect
for the practical application of SOFC. Figure 9 shows
the discharge profiles of the cells without and with the
SMFO‐Al2O3 layer when fed with wet CH4/CBG at
800°C, respectively. The voltage of cells is monitored in
FIGURE 7 Comparison of I–V(P) curves for the cells with and without the SMFO catalyst layer fueled with A, wet CH4 and B, wet CBG at

850°C, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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galvano‐static mode with current density of 333 mA·cm
−2. It is observed that the cell voltage without the catalyst
layer instantly drops to zero after exposure to fuels for
approximately 20 minutes. While, under CH4 operation,
the SMFO‐modified cell delivers superior stability over
at least 55 hours. Interestingly, the voltage increases in
the initial 15 hours and holds at the value of 0.7 V in
the following period. Probably, at the beginning when
wet CH4 is fed, because of the insufficient steam and
lattice oxygen on catalyst, soon carbon deposition on
the Ni‐based anode occurs, which leads to a cell voltage
drop. With the proceeding of SOFC running, more
oxygen ions transfer to anode through electrolyte, and
more H2O are produced from the electro‐oxidation
FIGURE 10 SEMs of A, freshly reduced anode surface of the cell; B,

aging test in wet CH4 for 20 minutes; C and D, the anode surface of the

CH4 for 55 hours and in wet CBG for 55 hours, respectively; E, the fresh

of the SMFO‐modified cell after aging test in wet CH4 for 55 hours
of H2, which are favorable for removing the carbon
deposits. The combined actions induce the carbon elim-
ination speed is faster than the carbon deposition rate.
Therefore, with carbon deposit removed, cell voltage
increases after a short period. Nevertheless, under CBG
operation, the SMFO‐modified cell shows a gradual volt-
age drop with an average drop rate of 0.002 V·h−1

within 55 hours. For CBG, carbon deposition comes
from CH4 and heavy hydrocarbon complexes. More car-
bon deposits are produced in a short time. The carbon
deposition speed is faster than the carbon elimination
speed. The durability operated on wet CH4 suggests that
the SMFO‐modified Ni‐YSZ anode has a good coking
resistance.
the anode surface of the blank cell without the catalyst layer after

SMFO‐modified cell with the catalyst layer after aging test in wet

ly reduced surface of the SMFO catalyst layer; F, the catalyst surface
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3.6 | Post‐mortem microstructural
analyses of cells

The microstructure of the catalyst layer and the anode
layer were analyzed before and after aging test. Both the
catalyst layer and the anode layer are porous before aging
test (Figure 10A,E). After aging test, the anode layer of
the cell without the catalyst layer exhibits a close‐knit
grain morphology without any clearance (Figure 10B).
While, the anode layer of the SMFO‐modified cells keeps
integrated with the porous morphology (Figure 10C,D).
What deserves to be mentioned that sintering to some
extent occurs for the anode and SMFO of the SMFO‐
modified cell (Figure 10C,D,F) after aging tests operated
on wet CH4 and wet CBG, which is not beneficial to gas
passing through. All of these results indicate that the
thermal stability of SMFO and anode materials needs to
be improved.

EDX analysis was also carried out for the SMFO‐
modified cells after aging test operated on wet CH4/
CBG and the related mean‐carbon‐content (MCC) on
the anode and catalyst surface are listed in Table 1. For
the SMFO‐modified cell, the MCC on the anode surface
is around 19.6 at.% after aging test in wet CH4, which is
close to the MCC of 22.4 at.% on a fresh anode surface.
Similarly, the MCC on the corresponding catalyst surface
is 13.1 at. % after aging test, which is slightly higher than
the MCC of 10.2 at.% on a freshly reduced catalyst
surface. For the SMFO‐modified cell tested in wet CBG
for 55 hours, the MCCs on the surface of the anode and
catalyst are 49.5 at.% and 13.3 at.%, respectively, which
are higher than those tested in wet CH4 under the same
condition.

Post‐mortem micro‐structural analyses of cells operat-
ing on methane‐based fuels display that applying SMFO
catalyst could obviously improve coking resistance of a
Ni‐YSZ anode. When operated on wet CBG, the anode
surface of SMFO‐modified cell shows much more coking
than that on wet CH4, indicating that impurities in CBG
TABLE 1 EDX analyses of the anode surface and catalyst surface

of the SMFO‐modified cells after aging tests in wet CH4 and wet

CBG

Surface

Mean Carbon Content, at. %

Anode surface Catalyst surface

The freshly reduced
surface

22.4 10.2

(SMFO//Ni‐YSZ)‐CH4

after aging test for 55 h
19.6 13.1

(SMFO//Ni‐YSZ)‐CBG after
aging test for 55 h

49.5 13.3
such as the heavy carbon compounds is accelerating
carbon deposition.
3.7 | The catalytic mechanism of SMFO

It is thought that the catalytic oxidation of methane on
oxide agrees with the MVK mechanism,31 in which gas-
eous methane molecules are adsorbed and react with
the surface lattice oxygen in oxide with the subsequent
formation of surface oxygen vacancies, then the resulting
oxide vacancies in oxide are rapidly refilled from the
gaseous oxygen. Therefore, oxygen‐baring species, such
as steam, will be captured by oxygen vacancies. The
rate‐limiting step of methane oxidation is related to the
oxygen species on the catalyst surface. Kinetics studies
have suggested that both the adsorbed and lattice oxygen
species have a contribution to the oxidation of methane
when temperature is over 327°C. In addition, for catalytic
oxidation of CH4, an electron transfer happens from
carbon to oxygen on the catalyst surface; therefore, the
electrical conductivity of the material plays an important
role in the whole oxidation process. SMFO was reported
to have a half‐metallic character, which endows it with
a perfect candidate for heterogeneous catalytic processes.
In fact, SMFO has been reported to have a high catalytic
activity towards methane oxidation, which is attributed to
its defective character. There is an abundance of inherent
oxygen vacancies in SMFO due to the substitution of
Mo by a low‐valance metal ion. Under a reducing atmo-
sphere, more oxygen vacancies are generated due to the
change of metal oxidation state. Wang indicated the co‐
existence of Fe3+‐Mo5+ and Fe2+‐Mo6+ pairs in SMFO.32

In our experiment, water‐humidified CH4 is, first, par-
tially oxidized into H2 and CO by the surface lattice
oxygen atoms of the catalyst and the fueled steam. Then,
H2 is electrochemically oxidized to produce more H2O in
the anode. Next, the produced H2O is activated by the
SMFO catalyst and further oxidizes CH4 to produce H2

and CO.
4 | CONCLUSION

Double‐layered SMFO–Al2O3 is applied as an indepen-
dent catalyst layer to improve coking resistance of a Ni
cermet anode of SOFC. The results indicate that the
SMFO‐modified cell shows improved performance and
better stability compared with the blank cell without the
catalyst layer when fueled with methane‐based gas,
which is attributed to the fuel reforming/oxidation from
hydrocarbon to the coking insusceptible CO and H2.
However, because the SMFO catalyst has medium
catalytic activity for methane conversion, coking on a



2536 CHANG ET AL.
Ni‐based anode still occurs after a long operation
period. The cell fueled with wet CBG shows a more
serious coking than that for wet methane because of
the negative effect from heavy carbon compounds in
CBG. Besides, applying the SMFO catalyst layer in the
tape‐casting cell with the structure of NiO‐YSZ/YSZ/
SDC/BSCF‐SDC, the modified cell exhibits excellent
outperforms of 1.77 W·cm−2 operated on wet CH4 at
800°C. The loading mode of the catalyst layer facilitates
the detailed study on the anode surface because the cat-
alyst layer and the anode are mutually independent.
Obviously, the catalyst loading mode is not applicable
for a planar SOFC stack because of the demand of close
packing between the neighbor cells. Probably, it may be
used in a tubular SOFC stack, in which the solid oxide
tube functions as the anode or cathode, and other cell
components are coated around the tube in layers. The
porous catalyst layer can be internally or externally
placed which neighbors the anode layer.
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