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Summary

A core-shell structured catalyst Ni-BaO-CeO2@SiO2 (@NBC; 7.87% Ni content)

with high catalytic activity and thermal stability is prepared and utilized for

partial oxidation of methane. The catalyst is introduced into the Ni-8 mol% Y-

stabilized ZrO2 anode of a conventional solid oxide fuel cell (CC) by direct

spraying (denoted as P-@NBC//CC) and indirect loading as an independent

catalyst layer (denoted as Y-@NBC//CC) to improve the coking resistance and

cell stability when low concentration coal bed methane is used. At 800�C, the
maximum power density of P-@NBC//CC and Y-@NBC//CC increases by

~26.8% and 32.8%, respectively, over that of CC (0.63 W cm−2). At a discharge

current of 0.16 A at 800�C, the voltage of CC drops to 0 V after 16 hours. In

contrast, the voltage of P-@NBC//CC decreases from 0.8 to 0.6 V within

30 hours, and that of Y-@NBC//CC decreases from 0.8 to 0.7 V over 180 hours.

The manner of loading of the catalyst layer has a significant effect on the cell

stability. The indirect loading mode as an independent catalyst layer has an

advantage over the direct spraying method. The postmortem microstructure of

the cell reveals that direct spray loading on the anode surface allows the cata-

lyst particles to penetrate into the anode layer and blocks the anode pores,

resulting in a lower porosity and higher diffusion resistance.
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1 | INTRODUCTION

Solid oxide fuel cells (SOFCs) can generate power directly
from chemical energy stored in the fuel into electric
energy without combustion. One drawback of the state-
of-art SOFCs is coke depositing on the Ni-cermet anodes
when hydrocarbons are fed, which leads to a fatal destruc-
tion of the cell.1-4 In recent years, researchers have made
several attempts to improve the coking resistance of Ni-
cermet anodes,5-8 which are mainly focused on changing
the anode composition9-12 and fuel composition.13-17

Chang et al have reported a Ni cermet anode supported
cell with an independent La0.7Sr0.3Co0.8Fe0.2O3-δ (LSCF)
as a protective layer, which showed excellent stability for
100 hours under wet CH4 fuel.5 Silva et al have used
nickel-doped ceria cermet as an active catalyst layer for
direct ethanol SOFC.6 Chang et al have found that the
redox-stable double-perovskite Sr2MoFeO6-δ reforming
catalyst has a stable discharge profile over 55 hours with-
out obvious decay.7 A MgO-modified Ni-based anode pre-
pared by Hua et al presents significantly more resistance
to redox cycling at 800�C than the conventional Ni-Y-
stabilized ZrO2 (YSZ) cermet anode.8 2.5 wt% MgO-
modified Ni-SDC anode shows a peak density of
714 mW cm−2 at 800�C, and has great stability for more
than 330 hours of operation in humidified CH4 fuel.9 In
addition, the 1 wt% Sn-Ni/SDC anode studied by Yang
et al displays super cell stability, where the current den-
sity decreases only to 30% after operating the cell under a
constant voltage of 0.8 V in humidified CH4 for 230 hours
at 700�C.10 Coal-bed methane (CBM) is an unconven-
tional natural gas produced during the coal-mining pro-
cess, which is a greenhouse gas, possesses high calorific
value, and undergoes clean combustion. Presently, the
utilization efficiency of CBM, especially low concentration
CBM (LC-CBM; a mixture of methane and air in which
the methane content is less than 30%), is very low and this
leads to large amounts of emission of greenhouse gases.
As a feasible approach for utilization of LC-CBM, meth-
ane partial oxidation technology converts CH4 and O2

into less coking-prone CO and H2, which are ideal fuels
for SOFCs. Nickel-based catalysts typically demonstrate
high catalytic activity for partial oxidation of methane.
However, these nickel-based catalysts are prone to deacti-
vation with time at high temperatures because the metal
particle undergo aggregation and are susceptible to cok-
ing, both of which decrease the number of available active
sites. The application of CeO2 can greatly improve the
coking resistance of the Ni-based catalyst owing to its
excellent oxygen-affording capacity.10-12,18 For example, a
Ni-loaded (Ce, Zr)O2-δ (Ni/CZ) catalyst prepared by
Nguyen et al shows 87% CH4 conversion in the dry
reforming of CH4.

11 Ay and Üner have designed a Ni-Co/

CeO2 catalyst for dry reforming of methane that exhibits
65% and 70% conversion for CH4 and CO2, respectively, at
700�C after 5 hours reaction.12 Zhu et al have man-
ufactured a core-shell Ni/nanorod CeO2@SiO2 catalyst,
which has improved catalytic activity, sintering resistance,
and coking resistance during the partial oxidation of
methane (POM) reaction.13 Addition of BaO also has a
positive effect on coking resistance because of its basicity.
Yang et al have prepared an anode with nanostructured
barium oxide/nickel (BaO/Ni) interfaces, which displays
strong water absorption and low carbon deposition.19

Rosa et al have found that Ba-doped Ni0.53Cu0.47Ox/CGO
anode has a higher maximum power density (MPD) than
the anode without barium doping for the direct use of dry
methane in SOFC.20 Coating the Ni-based catalysts with
an inert species to form a core-shell structured catalyst
can effectively prevent them from accumulating.21-24

Ni@Ni phyllosilicate@SiO2,
21 and Ni-ZrO2@SiO2

22 have
also been developed, and these show good stability and
carbon resistance in dry reforming. Similarly, the
Ni@SiO2 catalyst with a core-shell structure shows that
small Ni nanoparticles are effective in minimizing carbon
deposition on the catalyst.23 It has been reported that
larger sized Ni particles have more carbon deposits on
their surface.20-24

In this study, a catalyst precursor NiO-BaO-
CeO2@SiO2 with a core-shell structure (denoted as
@NOBC) has been successfully prepared by coating the
NiO-BaO-CeO2 (denoted as NOBC) precursor with
tetraethyl orthosilicate (TEOS) as a silicon source under
alkaline conditions. The catalyst Ni-BaO-CeO2@SiO2

(denoted as @NBC) has been obtained after treatment in
a H2 atmosphere. The catalytic performance and stability
of @NBC for POM have been investigated. Using two
loading modes, namely, direct spraying and indirect load-
ing as an independent catalyst layer, @NOBC is loaded
onto the Ni-YSZ anode of CC and reduced in situ, den-
oted as P-@NBC//CC and Y-@NBC//CC, respectively.
The effect of the two loading methods on the cell perfor-
mance, constant-current discharge stability, and anode
carbon deposition has been studied in detail.

2 | EXPERIMENTAL SECTION

2.1 | Preparation of @NOBC

The precursor NOBC was synthesized by the combus-
tion method that involved the following specific
steps. First, Ni(NO3)2�6H2O, Ba(NO3)2,Ce(NO3)2�6H2O,
1,10-phenanthroline (Phen), and lysine (Lys) were
weighed according to the 5:1:10:10:20 stoichiometric
ratio. Next, Phen and Ni(NO3)2�6H2O were mixed and

2 YAN ET AL.



stirred in a certain amount of distilled water at room
temperature for 4 hours. Ce(NO3)2�6H2O and Lys were
then dissolved and stirred in a certain amount of dis-
tilled water at 70�C for 4 hours. Finally, the above two
solutions were mixed and Ba(NO3)2 together with 0.50 g
of polyvinyl pyrrolidone (PVP; Mn+ and PVP in 64:5
stoichiometric ratio) was added into the solution. The
resultant solution was heated until a gel formed, which
was further calcined at 300�C for 3 hours and 750�C for
2 hours.

Bian's method25 was used to fabricate the silicon shell.
First, 1 mmol of NOBC precursor was dissolved in a mix-
ture of 30 mL distilled water and 90 mL anhydrous etha-
nol followed by the addition of 1 mmol of
cetyltrimethylammonium bromide (CTAB). The final
solution was treated in an ultrasonic instrument for
2 hours to obtain suspension A. Similarly, 1 mmol of
TEOS was dissolved into 40 mL anhydrous ethanol to
form solution B. A certain amount of ammonia was then
added to suspension A until the pH of the solution was
~10, followed by the dropwise addition of solution B and
stirring at room temperature for 2 days. The formed sus-
pension was centrifuged, and alternately washed three
times with deionized water and anhydrous ethanol. The
precipitate was dried in the oven at 80�C overnight
followed by treatment at 450�C for 30 minutes and 750�C
for 4 hours to obtain @NOBC. The catalyst @NBC was
obtained after treatment under H2 atmosphere for 2 hours.
The synthesis process of @NOBC is shown in Figure 1.

2.2 | Preparation of the independent
catalyst layer

Al2O3, polyvinyl butyral (PVB), and graphite in the mass
ratio of 100:15:17 were weighed and ground together.
About 0.20 g of the above powder was weighed in a Φ13

steel mold and pressed under a 140 MPa pressure for
30 seconds to obtain the substrate layer. Next, a certain
amount of the catalyst powder, graphite, and PVB in the
mass ratio of 24:5:2 were weighed and ground using a
mortar. About 0.04 g of the above powder was then
evenly spread on the surface of the substrate and pressed
under 220 MPa pressure for 90 seconds. The double-
layered catalyst sheet was obtained after calcinations at
900�C for 4 hours.

2.3 | Cell fabrication

First, 0.43 g of the mixed anode powders (YSZ, NiO, graph-
ite, and PVB in a weight ratio of 20:30:4:5) were weighed in
a Φ15 steel mold and pressed under100 MPa for 30 seconds.
Next, 0.02 g of the YSZ electrolyte powder was weighed and
spread evenly on the surface of the above anode layer, and
pressed under 160 MPa pressure for 60 seconds. Then the
double-layered slice was calcined for 5 hours at 1400�C.
Subsequently, the Sm0.2Ce0.8O2 (SDC) slurry was evenly
sprayed onto the surface of the YSZ electrolyte layer and
calcined at 1300�C for 5 hours. The cathode slurry of
Ba0.5Sr0.5Co0.8Fe0.2O3-δ was evenly spread onto the SDC
layer surface with an effective area of 0.48 cm2 and then cal-
cined for 2 hours at 900�C. Lastly, silver paste as the current
collector was uniformly brushed on the cathode surface and
dried. Silver wires were used to conduct current.

The cell was sealed using silver paste at one end of
the opening quartz tube.

2.3.1 | Cell prepared by indirect loading
as an independent catalyst layer

The Al2O3-based catalyst was sliced downward on one
end of the quartz tube and fixed using silver paste

FIGURE 1 Schematic

representation of synthesis of

@NOBC [Colour figure can be

viewed at wileyonlinelibrary.com]
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(Figure 2a). The single cell anode was stuck downward
with silver paste on the catalyst.

2.3.2 | Cell prepared by direct coating of
the catalyst layer

About 0.8 g of catalyst powder and 0.2 g of PVB powder
were mixed in a mixture of 10 mL isopropanol, 0.8 mL
glycerol, and 2 mL ethylene glycol. These powders were
ultrasonically dispersed for 1 hour to obtain the catalyst
slurry, which was uniformly sprayed on the anode sur-
face of cell with a thickness of ~8 μm (Figure 2b).

2.4 | Characterization

X-ray diffraction (XRD) patterns were obtained using a
Bruker D8 Advance powder diffractometer. The micro-
structure of the as-sintered catalyst was characterized by
transmission electron microscopy (TEM). Scanning elec-
tron microscopy (SEM) was used for characterization of
surface morphologies of samples equipped with an
energy dispersive X-ray detector (EDX) for surface com-
position analysis. Inductively coupled plasma mass spec-
trometry (ICP-MS, PerkinElmer) was used to test the
content of nickel. Electrochemical performance and elec-
trochemical impedance spectroscopy (EIS) measurements
of the cell were made by the IviumStat electrochemical
station, Netherlands, from 600�C to 800�C with a 50�C
interval. EIS was collected with the frequency ranges
from 0.01 to 105 Hz. Before testing, the cell was reduced
in situ under H2 atmosphere (80 mL min−1) for 2 hours
at 700�C. When using H2 as the fuel, the test was con-
ducted directly. When the fuel was 30 vol% CH4-70 vol%
air, it was purged using Ar (90 mL min−1) for about
30 minutes to remove H2.

2.5 | Catalytic performance of @NBC
for POM

The catalytic performance of @NBC for POM reaction
was tested in a fixed-bed reactor with the diameter of
8 mm at temperatures ranging from 500�C to 900�C. The
catalyst was granulated and screened into the particle
size of 40 to 60 mesh. The catalyst (0.2 g) was mixed with
quartz sand (0.6 g) and placed into the middle of the reac-
tor followed by reduced in situ for 2 hours at 800�C and
subsequently cooled to room temperature under Ar. The
reaction gas entered from the upper end of the reactor,
flowed out from the lower end of the reactor, and passed
into the gas chromatographic device to detect the con-
tents of CH4, CO2, and CO. CO selectivity and CH4 con-
version were calculated as previously reported.26

3 | RESULTS AND DISCUSSION

3.1 | Characterization of @NOBC
and @NBC

ICP-MS shows that the Ni content in @NBC was 7.9 wt
%. @NOBC and @NBC were characterized by XRD
(Figure 3). According to Figure 3a, CeO2 has a fluorite
structure (cubic crystal) in the catalyst before reduction.
Additionally, a weak NiO diffraction peak was observed,
indicating that the NiO particles were sufficiently small.
Using the Scherrer formula, the average particle sizes of
NiO and CeO2 were calculated as 19 nm based on the sig-
nals at 2θ of 28.21� and 42.91�, respectively. Figure 3b
shows that after reduction at 800�C, the diffraction peaks
that appeared at 2θ of 51.58� and 44.48� corresponded to
metallic Ni, indicating exsolution of Ni particles.

FIGURE 2 Schematic illustration of different manners of

loading catalyst layer (a) indirect (b) direct [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 3 X-ray diffraction patterns of @NOBC (a) and

@NBC (b)
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3.2 | TEM characterization of @NOBC

The morphology of @NOBC was observed by TEM. As
shown in Figure 4, both CeO2 and SiO2 show obvious dif-
fraction lines, such as the surface (111) of CeO2 and the
surface (200) of SiO2 with the lattice spacing of 0.318 and
0.93 nm, respectively. As the small amount of NiO with
small particle size, the diffraction line ascribed to NiO
was not observed. In the synthesis process of catalyst, as
the template agent CTAB was used. Porous SiO2 shell
would be formed after removing CTAB at high tempera-
ture to ensure the smooth passing of fuel gas. The smaller
particle size of nickel would effectively prevent coking,27

and the limit-field effect of silicon shell would effectively
prevent the metal particles from moving and aggregating,
so as to ensure the activity and stability of the catalyst at
high temperature.

3.3 | Catalytic performance of @NBC for
POM reaction

Figure 5 shows the CH4 conversion and CO selectivity
curves over the catalyst @NBC when fed with 30 vol%
CH4-70 vol% air in the temperature of 500�C to 900�C.
Below 650�C, CH4 conversion was low and CO selectivity
was zero, indicating that the main carbon product was
CO2. When the reaction temperature was higher than
650�C, both CH4 conversion and CO selectivity increased,
and were close to 100% at 900�C and 90% at 800�C,
respectively. This indicated that @NBC had a high cata-
lytic activity for POM reaction at high temperatures.
Therefore, @NBC could convert most of CH4 and O2 into
CO and H2. Furthermore, it was expected that loading
@NBC onto the Ni cermet anode would effectively resist
coking.

Figure 6 shows the catalytic stability of @NBC when
fed with 30 vol% CH4-70 vol% air at 750�C. The catalytic
activity increased slightly from 90% up to 95% in the first
20 hours. It remained stable over the 200 hours test with
both CH4 conversion and CO selectivity of ~95%. These
results indicate that @NBC had good sintering resistance

and high catalytic stability at high temperature. The cata-
lytic performance of @NBC is compared with other clas-
sic POM catalysts and previously reported core-shell
structured catalysts in Tables 1 and 2, respectively.

FIGURE 4 Transmission electron

microscopy image of @NOBC [Colour

figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 Catalytic activity of @NBC for methane oxidation

reaction under 30 vol% CH4-70 vol% air [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 6 Time-dependence of the @NBC catalyst for

methane oxidation reaction under 30 vol% CH4-70 vol% air at

750�C [Colour figure can be viewed at wileyonlinelibrary.com]

YAN ET AL. 5

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


3.4 | Electrochemical performance test

The electrochemical properties of CC, P-@NBC//CC, and
Y-@NBC//CC were studied when the cells were fed with
30 vol% CH4-70 vol% air. Figure 7 shows the current-
potential/power curves for the three cells at different
temperatures. The catalyst-modified cells showed
increased cell performance above 650�C. Table 3 lists the
MPD of the cells at different temperatures. The MPDs of
P-@NBC//CC increased by 26.8%, 19.6%, and 12.7% at
800�C, 750�C, and 700�C, respectively. In the case of Y-
@NBC//CC, the MPDs increased by 32.9%, 27.9%, and

16.0% at the corresponding temperatures, respectively.
These results indicated that the loading mode of catalyst
layer had a significant effect on the cell performance at
high temperatures, ie, the indirect mode was better than
direct coating. At 650�C and 600�C, the two catalyst-
modified cells showed similar MPDs with CC ascribed to
the low catalytic activity at temperatures below 650�C,
and there were large amounts of unreacted methane in
the fuel. The three cells show fuel insufficiency at high
current densities, which is probably related to the dilu-
tion of inert N2 in the air. For CC, it is plausible that cok-
ing occurs and covers the active sites, further decreasing

TABLE 1 Comparison of the catalytic performance of @NBC with other classic POM catalysts

Catalyst Temperature (�C) feed gas (Vol:Vol) CH4 Conversion (%) CO selectivity (%) References

@NBC 750 CH4:air = 3:7 90 90 This work

Pd/Ni/Al2O3 800 CH4:O2 = 2:1 31.4 61.9 28

NiFe-ZrO2/Cu 800 CH4:O2:He = 2:1:16 60 70 29

Ni/CeO2-Al2O3 800 CH4:O2 = 2:1 83 86 30

CeO2/Fe-Cr 900 CH4:O2:Ar =30:15:45 84 76 31

Co/ Mg-Al 800 CH4:O2 = 2:1 80 32

Sr0.8Ni0.2ZrO3 800 CH4:O2 = 2:1 75 33

LaCoO3/γ-Al2 O3 800 CH4:O2 = 4:1 36 55 34

La0.08Sr0.92Fe0.20Ti0.80O3 900 CH4:O2:Ar =2:1:3 55 35

La0.3Sr0.7Fe0.7Cu0.2Mo0.1O3 800 CH4:O2 = 1.9:1 40 15 36

LaNiO3 800 CH4:O2 = 2:1 85 37

0.005Rh 800 CH4:O2:N2 = 2:1:4 76.6 87.9 38

Ni/SiO2 750 CH4:O2:N2 = 2:1:3 70 39

Abbreviation: POM, partial oxidation of methane.

TABLE 2 Comparison of the catalytic performance of @NBC with previously reported core-shell structured catalysts

Catalyst Reaction Feed gas
Temperature
(�C)

CH4

conversion (%)
Ni loading
(wt%) References

@NBC POM CH4:air = 3:7 750 90 7.9 This work

NiO-350@meso-SiO2 POM CH4:O2:N2 = 2:1:3 750 93 54.8 39

Ni@SiO2 DRM CH4:CO2:N2 = 1:1:2 750 57.5 29 24

Ni@SiO2 DRM CH4:CO2 = 1:1 750 76 14.6 23

Ni-ZrO2@SiO2 DRM CH4:CO2 = 1:1 750 82 6.3 22

Ni15@HC DRM CH4:CO2 = 1:1 750 45 15 24

(Ni/MgAl2O4)@SiO2 DRM CH4:CO2:N2 = 5:5:1 800 71 23

Ni-500@SiO2 POM CH4:O2 = 2:1 750 87 22

SiO2@V2O5@Al2O3-(50) Methane oxidation CH4:O2 = 1:1 600 22.2 43

Ni@SiO2 Tri-reforming
of methane

CH4:CO2:H2O:O2:He
=1:0.5:3.0:0.1:0.4

750 73.1 11 44

Ni@SiO2 SRM CH4:H2O = 1:4 700 85 20 45

Abbreviation: DRM, Dry reforming of methane; POM, partial oxidation of methane; SRM, Steam reforming of methane.
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the electro-catalytic activity of the CC anode and block-
ing the pores in the anode. For the catalyst-modified cell
with the direct coating mode, maybe the small size cata-
lyst particles enter and block the pores in the anode layer,
which is impractical for effective fuel supply.

The EIS of P-@NBC//CC, Y-@NBC//CC, and CC
obtained under 30 vol% CH4-70 vol% air flow at 800�C
also are shown in Figure 7d. It is known that the x-axis
intercepts at low and high frequencies represent the total

impedance and ohmic impedance (Ro) of the SOFC,
respectively. The difference between the x-axis intercepts
of low and high frequencies represents the polarization
impedance (Rp) of the SOFC. Figure 7d shows that the
addition of the catalyst layer significantly reduced the Rp

value, especially the low frequency resistances related to
fuel diffusion, adsorption, and stripping. The up-folding
curves at the low frequencies indicated a diffusion-
controlled electrode process,46 which agrees with the
results of the I-V experiments. The Rp values for the three
cells increased in the following order: CC> P-@NBC//
CC> Y-@NBC//CC, further confirming the advantage of
the indirect catalyst layer.

3.5 | Constant current stability of cells

Stability is another index to evaluate the applicability of
the cell. Figure 8 shows the time-dependent voltages of
CC, P-@NBC//CC, and Y-@NBC//CC fed with 30 vol%
CH4-70 vol% air at 0.16 A and 800�C. Y-@NBC//CC was
significantly more stable than P-@NBC//CC and CC. The

FIGURE 7 Current-potential/power curves (a) CC, (b) P-@NBC//CC, (c) Y-@NBC//CC, and the electrochemical impedance

spectroscopy curves of the three cells (d) at different temperatures [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Maximum power density of CC, P-@NBC//CC, and

Y-@NBC//CC at different temperatures

Temperature (�C)

MPD (W cm−2)

CC P-@NBC//CC Y-@ NBC//CC

800 0.63 0.79 0.83

750 0.54 0.65 0.66

700 0.41 0.46 0.47

650 0.24 0.26 0.27

600 0.11 0.11 0.12
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voltage of CC dropped to 0 V within 16 hours, which was
related to the carbon deposition on the cell anode.47 The
voltage of P-@NBC//CC decreased from 0.8 to 0.6 V
within 30 hours, while that of Y-@NBC//CC decreased
from 0.8 to 0.7 V after 180 hours. The results indicate that
@NBC-modified cells had better stability compared to
the conventional cell, which benefits from the conversion
of methane by the catalyst. In addition, the cell using the

indirect catalyst layer exhibited better performance than
that using the direct-coating catalyst layer.

3.6 | Cell surface analysis

It has been shown that the different loading modes have
considerable effect on the electrochemical performance.
The cell Y-@NBC//CC, prepared using an indirect load-
ing mode, exhibited better performance than P-@NBC//
CC, which was prepared by direct coating. Postmortem
cross-sectional microstructures of the anode layer for P-
@NBC//CC were characterized using SEM (Figure 9).
The catalyst layer was closely bound to the anode layer
without falling off, indicating that the catalyst was well-
supported by spraying. At the two-phase interface
between the catalyst and anode layer, the catalyst parti-
cles entered into the anode pores and blocked the anode
channel, which was detrimental to efficient fuel gas diffu-
sion and decreased the anode activity. These results are
in agreement with the observed electrochemical
performance.

The microstructure of the surface of the Y-@NBC//
CC catalyst before (Figure 10a) and after (Figure 10b)
applying constant current stability was studied. Both sur-
faces showed a granular porous structure, which ensured
the smooth passing of fuel gas. EDX tests indicated that
the carbon contents were 7.74 at% and 8.20 at% for a

FIGURE 8 Time-dependent voltages of CC, P-@NBC//CC,

and Y-@NBC//CC fed with 30 vol% CH4-70 vol% air at 0.16 A and

800�C [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Cross-sectional scanning electron microscopy image of P-@NBC//CC at the two-phase interface between the catalyst and

anode layer [Colour figure can be viewed at wileyonlinelibrary.com]
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fresh catalyst surface (Figure 10c,d) and an aged surface,
respectively. The subtle differences indicate that the addi-
tion of the @NBC layer significantly improved the coking
resistance.

4 | CONCLUSION

In this study, a core-shell catalyst @NBC with small par-
ticle size was prepared to improve the thermal stability of
the catalyst NBC. The electrochemical performance and
stability of an SOFC was improved by introducing @NBC
into the Ni-YSZ anode. At 800�C, the MPD of P-@NBC//
CC and Y-@NBC//CC increased by ~26.8% and 32.8%,
respectively, over that of CC (0.63 W cm−2). At a dis-
charge current of 0.16 A at 800�C, the voltage of CC
dropped to 0 V after 16 hours. In contrast, the voltage of
P-@NBC//CC decreased from 0.8 to 0.6 V within
30 hours, and that of Y-@NBC//CC decreases from 0.8 to
0.7 V over 180 hours. These results indicate that the

loading modes of the catalyst layer had a considerable
effect on the cell performance. Direct coating the catalyst
onto the anode layer deactivated the anode and was
unstable because the small catalyst particles permeated
the anode layer and blocked the anode pores. The indi-
rect loading mode as an independent layer was beneficial
for improving the coking resistance. The manner of load-
ing of the catalyst layer has a significant effect on the cell
stability. The indirect loading mode as an independent
catalyst layer shows an advantage over the direct
spraying method. The postmortem microstructure of the
cell reveals that direct spray loading on the anode surface
allows the catalyst particles to penetrate into the anode
layer and blocks the anode pores, resulting in a lower
porosity and higher diffusion resistance.
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