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a b s t r a c t

This paper reports a way to utilize low-concentration coal-bed gas(LC-CBG) to generate power using
SOFC technology. NieBaOeCeO2@SiO2 (@NBC) porous nanoparticles with a core-shell structure were
synthesized and applied as a protective layer on an anode consisting of Nieyttria stabilized zirconia (Ni
eYSZ). Catalytic activity of @NBC relative to methane partial oxidation was evaluated. Electrochemical
performance and durability of the @NBC-modified cells (@NBC//NieYSZ) were tested fed with simulated
LC-CBG (30% CH4e70% air). A conventional cell without a protective layer (NieYSZ) and a bare NBC-
modified cell (NBC//NieYSZ) were used for a comparison. The pre- and post-mortem microstructures
of cells were analyzed. Influence of porosity of the anode layer on polarization resistance was also
investigated. The loading mode of catalysts was discussed as well. Using simulated LC-CBG as a fuel, peak
power density of @NBC//NieYSZ showed 50% increase at 800 �C comparing with NieYSZ at the same
conditions. The aging test in galvano-static mode demonstrated good durability of @NBC//NieYSZ lasting
for over 160 h when exposed to LC-CBG. For comparison, NBC//NieYSZ showed rapid voltage drop after
60 h. Voltage of the NieYSZ dropped after 10 h. No coking was observed on the @NBC//NieYSZ anode
surface after the durability tests.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Solid oxide fuel cells (SOFCs) are very efficient power generation
devices with low emission. Among various fuel cells, SOFCs have
the advantage of fuel flexibility. Hydrogen as well as coal [1], nat-
ural gas [2], syngas [3], other hydrocarbons [4e6], etc. can be used
as SOFC fuels. Conventional anode materials for SOFCs are nickel‒
based cermets, like NieYSZ. They have excellent electrical and
thermal conductivity as well as electro-catalytic H2 activity. Ni has
high catalytic activity for the cracking of CeH bond. When hydro-
carbon complexes are used as a fuel in state-of-art SOFCs, coking on
ence, No. 92 Wucheng Road,
a Ni-based anode occurs causing fast irreversible deterioration of
SOFCs [7,8]. Several approaches were suggested to solve coking-
induced anode deactivation issues using CH4-fueled SOFCs. For
example, some metals such as Sn, Ru, Cu, Au, Fe, etc. were alloyed
with Ni to reduce its catalytic activity for CeH cracking [9e15]. Ni-
based anodes can also be modified by additives such as alkaline
earth oxides [16e18], CeO2 [9], etc [19]. Non-nickel-based anodes as
potential SOFC anodes were also reported over the past decades
[20,21]. However, their performance is still inadequate [22,23].
Both alloying and modifications work at the expense of the activity
of the Ni-anode, which lowers fuel utilization.

Internal conversion of hydrocarbons into syngas using O2, air,
CO2 or H2O is an effective and a simple approach since Ni is not as
susceptible to coking under CO atmosphere comparing to that
under CH4 [24e29]. Low concentration coal bed gas (LC-CBG) from
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Nomenclature

NBC NieBaOeCeO2

@ NBC NieBaOeCeO2@SiO2

NOBC NiOeBaOeCeO2

@ NOBC NiOeBaOeCeO2@SiO2

LC-CBG low-concentration coal-bed gas
YSZ yttria stabilized zirconia
XRD X-ray diffraction
TEM Transmission electron microscopy
ICP-MS Inductively coupled plasma mass spectrometry
PPD peak power density
SOFC solid oxide fuel cell
MPO methane partial oxidation
BSCF Ba0.5Sr0.5Co0.8Fe0.2O3�d

SDC Sm0.2Ce0.8O1.9

CTAB Hexadecyl trimethyl ammonium bromide
EDX energy dispersive X-ray
SEM Scanning Electronic Microscopy
EIS electrochemical impedance spectroscopy
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coal-mines contains oxygen. Thus, it causes less coking and it is also
a promising natural fuel for SOFC. However, large amount of
oxygen-bearing species can oxidize Ni present at the anode [9,30].
Thus, a protective catalytic layer on the surface of a Ni-cermet
anode is useful to improve its coking-resistance and antioxidant
[19,31e34]. Barnett deposited thin RueCeO2 layer on the NieYSZ
anode surface to convert hydrocarbons into the syngas [35]. In
our group, some catalysts, which have moderate catalytic activity
for CH4 conversion, such as La0.6Sr0.4Co0.2Fe0.8O3-d [7] and Sr2Mo-
FeO6-d [36], were used as independent catalytic layers to facilitate
coking-resistance of a Ni-based anode. In this case, development of
a very active catalyst for hydrocarbon reforming is very important.
Ni-based catalysts attracted a lot of attention because of their low
cost, high activity and abundancy as a raw material [37]. However,
Ni-based catalysts are more susceptible to sintering comparing to
the noble metal catalysts. Sintering of Ni particles leads to the grain
growth causing gradual decrease of Ni catalytic activity [38]. Our
recent paper [39] demonstrated high catalytic activity of
NieBaOeCeO2 (NBC) with 13wt% of Ni toward methane partial
oxidation (MPO), CO2 and steam reforming. Using LC-CBG as a fuel,
NBC-modified SOFC showed better stability as well as better elec-
trochemical performance comparing to the conventional SOFCs
with Nieyttria stabilized zirconia (YSZ) anodes without the cata-
lytic layer. However, long-term stability still remains an issue.
Therefore, sintering-resistance still need to be improved as they are
crucial for the stability and catalytic performance of Ni-based cat-
alysts. Catalysts with a core-shell structure have high stability
because of the confinement effect of the shell [40,41]. In this paper,
porous NBC@SiO2 with a core-shell structure (@NBC with the Ni
content equal to 11.5wt%) is synthesized by incorporating metal
oxides into the Ni particles and by coating them with mesoporous
SiO2 shell. This material was applied as an anodic protective layer
on the NieYSZ anode. Based on the confinement effect of the shell,
@NBC-modified cell showed good durability for over 160 h using
LC-CBG fuel.

2. Experimental section

2.1. Preparation of the catalyst

NiOeBaOeCeO2 (NOBC) samples were synthesized using
polymer-assisted combustion method with glucose as a fuel and
acrylamide as a dispersing agent. 1.5993 g Ni(NO3)2$6H2O, 0.0856 g
Ba(NO3)2 and 5.3626 g Ce(NO3)2$6H2O were dissolved in 200ml
ultra-pure water under constant agitation. C6H12O6$H2O and
acrylamide were then added one after another. The molar ratio of
Mnþ and glucose versus acrylamide was 1:3:2. Ammonia with the
concentration equal to 25wt % was then added dropwise under
constant stirring for pH to be within the 6e10 range. The solution
was heated and stirred to facilitate coordination reaction of metal
ions until a viscous gel formed. After treatment at 180 �C for 10 h,
black porous xerogel formed, which was annealed at 800 �C for 2 h
in air.

The prepared method of the core-shell catalyst was referred
[42]. 0.464 g of fresh NOBC powder, prepared as described above,
was dispersed into 40ml of water and 120ml of ethanol. Hexadecyl
trimethyl ammonium bromide (CTAB) (0.5g) was then added and
the solution was ultra-sonicated for 2 h to obtain clear emulsion.
4ml of 25wt% ammonia was added afterwards. Silica source was
ethylsilicate (TEOS), 0.25 g of which was dissolved in 40ml of
ethanol, added dropwise into the solution and stirred. Hydrolysis
and condensation of the silica precursors were conducted for 2 days
at room temperature. Obtained emulsion was centrifuged and
rinsed with ethanol twice. The powder was then air dried, after
which it was heated at 450 �C for 30min followed by heating at
700 �C for 4 h (all in air)to remove organics. The resulting product
was porous NOBC@SiO2 (@NOBC).
2.2. Fabrication of the single cell

We fabricated NiOeYSZjYSZjSDCjBSCFeSDC button cells sup-
ported with an anode. NiO and YSZ were purchased from Chengdu
Shudu Nanomaterials Technology and Ningbo Institute of Industrial
Technology, respectively. Cathode material was Ba0.5Sr0.5Co0.8
Fe0.2O3�d (BSCF), which was synthesized by an EDTAecitrate sol-
egel process. Sm0.2Ce0.8O1.9 (SDC) sample was synthesized
hydrothermally.

NiO, YSZ, PVB and starch powders (at 6:4:1:0.8 ratio by weight)
were ball-milled in ethanol for 1 h at 100 rpm, after which the
resulting slurry was dried, ground then sieved with 120-mesh
screen to obtain active materials for the anode. 0.43 g of this
powder was pressed at 110MPa for 30 s in a steel mold to create an
anode layer. 0.022 g of YSZ powder was then homogeneously
spread on the anode layer and the whole assemble was pressed
again at 180MPa forming NiOeYSZjYSZ bilayer, which was heated
1400 �C for 5 h. The SDC slurry, which was composed of SDC
powder and ethylene glycol, was sprayed onto the surface of the
YSZ electrolyte. A tri-layer slice of NieYSZjYSZjSDC was obtained
after calcination at 1300 �C for 5 h in air. Thickness of the YSZ and
SDC layers was controlled by the amount of powder and spray time,
respectively. The total thickness of the electrolyte layer was about
23 mm. Cathode slurry was prepared by mixing BSCF and SDC
powder with a 7:3 mass ratio with isopropanol, ethylene glycol and
glycerol mixture followed by grinding with a high-energy ball mill
at 400 rpm. for 1 h. BSCFeSDC cathode paste was evenly applied on
the SDC surface of the tri-layer sample using a spray gun. The final
effective cathode area of 0.478 cm2 was achieved. This assemble
was then heated for 2 h at 900 �C. Mixture of silver paste and PVB
was smeared on the cathode surface for current collection.

To prepare catalytic slurry, mixture consisting of 0.5 g of the
catalyst powder, 0.01ml of a dispersant and 0.16 g of binders was
sprayed onto the external anode layer surface followed by
annealing at 700 �C for 1 h. The thickness of the catalyst layer was
about 30 mm.



Fig. 1. XRD pattern of catalysts (a) bare NOBC; (b) bare NBC; (c) @NOBC; (d) @NBC.

Table 1
Some typical data for all four materials.

2q[CeO2(111)] Particle size (nm)

NiO or Ni CeO2

bare NOBC 28.508 16 18
bare NBC 28.389 26 31
@NOBC 28.548 16.8 17.2
@NBC 28.548 22.6 16
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2.3. Electrochemical characterization

Electrochemical testing was performed using Iviumstat elec-
trochemical workstation (Ivium Technologies B.V., Netherlands).
Electrochemical impedance spectroscopy was conducted at a
1MHz - 0.1 Hz frequency range. Before the tests, catalyst and anode
layers were in situ reduced under a pure H2 atmosphere at 700 �C
for 2 h. The anode was exposed to the simulated LC-CBG consisting
of 30% CH4 and 70% air introduced into the system at 80ml
min�1

flow rate. Cathodewas simply surrounded by the ambient air.

2.4. Catalytic assessment

Catalytic activity of @NBC for MPO was evaluated using a fixed-
bed reactor at 500e900 �C at ambient pressure. 0.2 g of the catalyst
in the grain size range from 250 to 380 mm diluted with 0.8 g of
quartz sand in the same grain size rangewas placed in themiddle of
the reactor and heated at 800 �C for 2 h to reduce it prior to the
reaction. The gas was 30% CH4e70% air and its flow rate, controlled
using flow controllers, was 33mlmin�1. The mixed gas was fed to
the reactor, and the effluent gas from the bottom of the reactor gas
was guided into an Agilent 7820 gas chromatograph. Considering
the high content of O2 in the fuel gas and the fast kinetic reaction
rate of methane oxidation, we assume that CH4 completely con-
verts to CO and CO2 without any further products such as coke
formation. CH4 conversion and CO selectivity were calculated as
follows:

CH4 conversion%¼ ½CO� þ ½CO2�
½CO� þ ½CO2� þ ½CH4� � 100%

CO selectivity%¼ ½CO�
½CO� þ ½CO2� � 100%

2.5. Other characterizations

Structures were analyzed using X-ray diffraction (XRD, Rigaku
D/Max-RB, Japan) equipped with Cu Ka radiation at l¼ 0.1548 nm.
Particle sizes were calculated using DebyeeScherrer equation. TEM
images were collected using JEM-2100 instrument operated at
200 kV. For TEM measurements, samples were dispersed in
ethanol, sonicated and couple of drops were placed on 400 mesh
copper grids pre-coated with carbon film. Morphologies and
elemental analysis were characterized by scanning electron mi-
croscope (SEM, JSM-7001F, JEOL, Japan) equipped with an energy
dispersive X-ray (EDX) spectrometer (Bruker, Germany). The con-
tent of Ni in @NBC was analyzed by Inductively coupled plasma
mass spectrometry (ICP-MS, NexION 350, PerkinElmer, USA). The
porosity of anode layer were detected using mercury intrusion
method.

3. Results and discussion

3.1. Crystal structure

Fig. 1 shows XRD patterns of bare NOBC and NBC, SiO2-encap-
suled NOBC (@NOBC) and NBC (@NBC). Bare NOBC consisted of a
mixture of fluorite structured CeO2 (according to the JCPDS card No.
34e0394) and NiO (according to the JCPDS card No.78e0643). The
average particle size of CeO2 and NiO was 16 and 18 nm calculated
from the peaks at 2qz 28.508 and 43.274�, respectively. No
diffraction peaks that could be attributed to BaO were observed
potentially because of its amorphous form [18]. Three small peaks
were observed at 2q equal to 37.2, 43.2 and 62.8�, which correspond
to the 111, 200 and 220 planes of NiO with the rock-salt structure.
From the quantities of raw materials we calculated NiO content to
be 30.4mol.%. Low intensity XRD peaks of NiO were either due to
the small particle size or dissolution of NiO in CeO2 lattice [42].
Fig. 1b shows the XRD pattern of the bare NBC. XRD peaks at
2qz 44.44 and 51.58� correspond to the metallic Ni resulting from
NiO reduction. The average particle size of Ni was 26 nm. The
diffraction of CeO2 at 2qz 28.51� shifted to 28.39�. The average
particle size of CeO2 increases to 31 nm indicating that Ce (IV) was
partially reduced within the fluorite structure. @NOBC showed XRD
pattern similar to NOBC. No diffraction peak attributed to SiO2 were
observed, which indicates that SiO2 was in amorphous state. The
average particle sizes of CeO2 and NiO in @NOBC were estimated to
be 17.2 nm and 16.8 nm, respectively. @NOBCwas reduced to @NBC,
and its corresponding XRD pattern is shown in Fig. 1d. A lot of new
diffraction peaks appeared comparing to just NBC, which can be
attributed to formation of Ce9.33(SiO4)6O2 (according to the JCPDS
card No.54e0618). Table 1 summarizes data for all four materials.
Smaller particle sizes for Ni and CeO2 were observed for @NBC
comparing to the bare NBC indicating that SiO2 encapsulation
prevented coarsening of the particles.

An obvious contrast between dark center and light edges can be
seen in the TEM micrograph of the @NOBC calcined at 700 �C (see
Fig. 2). The dark areas correspond to NOBC while the surrounding
less darker regions correspond to SiO2 coating. The enlarged view
indicates that the NOBC particles are encapsulated by thin SiO2
layers and the average size of NOBC was 20 nm. The average wall
thickness of SiO2 was about 6 nm, which provided a BET surface
area of 15.4m2 g�1 with a BJH pore volume of 0.04 cm3 g�1. Ag-
gregation of NOBC particles, thus, was prevented because of their
confinement in the silica shell.



Fig. 2. TEM images of @NOBC.
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3.2. Catalytic activity of @NBC for MPO

Theoretically, encapsulation of a catalyst by a porous inert shell
will not influence its catalytic activity. Fig. 3a shows @NBC activity
for MPO from 500 to 900 �C at 50 �C interval. Simulated LC-CBG (a
mixture of 30% CH4e70% air) with a molar ratio of CH4/O2 2:1 was
introduced at the top of the tube with a CH4 10mLmin�1

flow rate.
CH4 conversion and CO selectivity increased as the temperature
Fig. 3. (a) Catalytic activity of @NBC (-) for 30% CH4e70% air and a blank experiment
(C) without catalyst from 500 �C to 900 �C. (b) Durability of @NBC exposure to 30%
CH4e70% air at 800 �C.
rose. CH4 conversion below 650 �C was low and the main carbo-
naceous product was CO2. CH4 conversion and CO selectivity
increased significantly at temperatures up to 650 �C. Both CO
selectivity and CH4 conversion reached 94% at 850 �C. To prove the
catalytic activity of @NBC, a blank experiment without catalyst was
conducted under the same conditions. The results demonstrate that
CH4 conversions with high CO selectivity are 3.35, 16.2 and 33.3% at
750, 800 and 850 �C, respectively, which is much lower than those
with the catalyst @NBC. Ever Tao et al. reported that when the
relative O2 content as compared to methane was 33%, CH4 con-
versionwas only about 20% at 900 �C over a blank reactor [43]. High
value of the CH4 conversion demonstrates high catalytic activity of
@NBC for MPO. Fig. 3b shows durability of @NBC exposure to 30%
CH4e70% air at 800 �C. It indicates that the catalytic activity was
stable over at least 240 h.

3.3. Single cell performance

@NBC-modified cell was used to investigate electrochemical
performance, named as "@NBC//NieYSZ ". We compared this cell
with a conventional one (NieYSZ), which did not have a protective
layer. All cells were tested using simulated LC-CBG (a mixture of 30%
methanee70% air), composition of which is close to the stoichio-
metric ratio of the MPO reaction. MPO reaction produces H2 and CO,
electrochemically active species to generate power. Values of the
peak power densities (PPDs) of temperature-dependent polarization
and power outputs of NieYSZ were 625, 543, 409, 243 and
110mWcm�2 at 800, 750, 700, 650 and 600 �C, respectively (see
Fig. 4a). PPDs of @NBC//NieYSZ were 938, 792, 485, 283 and
136mWcm�2 at 800, 750, 700, 650 and 600 �C, respectively (see
Fig. 4b). Catalyst-modified cell showed higher performance than the
conventional cell at the corresponding temperatures. However, the
difference in power output between the two cells became smaller as
the temperature dropped below 700 �C. For example, PPDs of
NieYSZ and @NBC//NieYSZ at 650 �C were 243 and 283mWcm�2,
respectively. For the catalyst-modified cell, decreased power output
at lower temperatures was observed because of the lower catalytic
activity during CH4 conversion. The low catalytic activity leads to a
lower H2/CO production rate and inadequate fuel supply. Fig. 5a
shows performance comparison of @NBC//NieYSZ and NieYSZ at
800 �C. @NBC//NieYSZ demonstrates 50% performance increase
comparing to NieYSZ. In addition, @NBC//NieYSZ showed smaller
voltage drop at low current densities indicating lower electrode
polarization loss due to the electrochemical reaction of H2 or CO
produced by the @NBC catalyst layer.

The electrochemical impedance spectra (EIS) of @NBC//NieYSZ
and NieYSZ under open circuit condition clearly demonstrated
differences in polarization. The ac impedance consists of ohmic as
well as electrode polarization resistances. Impedance curve inter-
cept with the real x-axis in the high-frequency region represents
overall ohmic resistance (Ro), which combines electronic resistance
of the electrodes, ionic resistance of the electrolyte and interface
contact resistance. Intercept with the real x-axis at low frequency
represents total resistance of the cell. The difference between the
values corresponding to the high and low frequency intercepts
represents polarization resistance (Rp) associated with electro-
chemical reactions and mass transfer. As seen in the Nyquist plot
shown in Fig. 5b, overall resistances were mainly dominated by the
polarization resistance. The two cells showed almost identical
ohmic resistance equal to 0.1U cm2 because they were made from
the same materials using the same fabrication process and had the
same cell geometry. Thus, different polarization resistance can only
be attributed to the anode. @NBC//NieYSZ had lower polarization
resistance. The up-folded line of @NBC//NieYSZ at low frequencies
clearly demonstrates a diffusion-controlled process associated with



Fig. 4. The IeV(P) curves of NieYSZ (a) and @NBC//NieYSZ (b) at different tempera-
tures operating on LC-CBG.

Fig. 5. The comparison of IeV(P) (a) and EIS(b) of @NBC//NieYSZ and NieYSZ at 800 �C
operating on LC-CBG.
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gas-diffusion, adsorption and dissociation. @NBC particles probably
infiltrated the anode layer and blocked some pores on the Ni-
cermet anode. The differences in polarization resistance of the
two cells can be further studied using Bode plot.With the exception
of the region below 1Hz, the resistances in -Z” direction for @NBC//
NieYSZ were lower than those for NieYSZ at all frequencies. Thus,
catalytic layer significantly decreased capacitive resistance. NieYSZ
showed large capacitance response with the summit frequency at
105 Hz. In addition to the diffusion resistance at low frequencies,
@NBC//NieYSZ demonstrated a high-frequency characteristic peak
at 3158 Hz associatedwith a charge-transfer process. It is very likely
that the coated protective layer blocked some active sites on Ni-
cermet anode decreasing its catalytic ability towards H2 electro-
oxidation.

Compared with @NBC//NieYSZ, NieYSZ exhibited lower elec-
trochemical performance and higher polarization resistance.
Probably this is caused by coking on the Ni-cermet anode because
the mass content of Ni in the anode is up to 60%. As we know, not
only the MPO reaction, Ni is also a good catalyst for the cracking of
CeH bond. Without the catalyst barrier layer, CH4 directly touches
with the Ni-cermet anode and reacts at the active Ni sites. There-
fore, the reaction in the anode of the cell NieYSZ is the balance of
CH4 cracking and MPO reaction.
3.4. Influence of porosity of the anode layer on cell performance

From the discussion above, it can be concluded that porosity of
the anode layer has an influence on both diffusion resistance and
charge transfer process. To study it further, we prepared an anode
layer with 60% porosity using tape casting and incorporated it into a
@NBC-modified cell. This cell was named as “@NBC//NieYSZeT”.
Fig. 6 shows electrochemical performance of @NBC//NieYSZeT at
800 �C operating on LC-CBG. The cell (@NBC//NieYSZ), inwhich the
anode/electrolyte bilayer was prepared using co-pressing method,
with 38% porosity was used for comparison. @NBC//NieYSZeT
delivered 1251mWcm�2 PPD at 800 �C, which is 33% higher
comparing with @NBC//NieYSZ. To further facilitate this compari-
son, we subtracted ohmic resistances from the cell impedances. EIS
indicates that @NBC//NieYSZeT had smaller polarization resis-
tance than @NBC//NieYSZ, no matter for charge transfer re-
sistances at high frequencies or for diffusion resistances at low
frequencies. This phenomenon can be explained by higher anode
porosity for @NBC//NieYSZeT than for @NBC//NieYSZ. Both cells
showed an up-folded line at the low frequency region due to the
pores blockage by the coated catalyst particles.
3.5. Durability test in galvano-static mode

Durability demonstration is very important to show practi-
cality of the SOFCs. Fig. 7 shows time dependency of the voltage
of NieYSZ, NBC//NieYSZ and @NBC//NieYSZ under
200mA∙cm�2current density at 800 �C using LC-CBG as a fuel. It
is clear that @NBC//NieYSZ showed the best durability with a
0.005 V h�1 average degradation rate within 163 h. During the
first 12 h, the cell voltage dropped rapidly from 0.84 to 0.75 V,



Fig. 6. IeV(P) (a) and ESI (b) of @NBC//NieYSZeT and @NBC//NieYSZ at 800 �C operating on LC-CBG.
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after which it stabilized. The cell voltage after 163 h was 0.66 V.
Cell voltage of the NBC//NieYSZ dropped rapidly from 0.84 to
0.70 V during the first 8 h and then gradually decreased to 0.60 V
after 60 h. After that, the cell voltage rapidly dropped to 0.1 V
indicating severe cell degradation. Voltage of NieYSZ dropped
from 0.87 V to 0.2 V within 10 h. NBC//NieYSZ had similar cata-
lytic activity for MPO with @NBC//NieYSZ. The only difference
between these two materials was the SiO2 shell. Therefore, the
durability of @NBC//NieYSZ can be attributed to the confinement
effect of the SiO2 shell. The shell prevents active species from
sintering at high temperature allowing them to maintain their
catalytic activity.
3.6. Morphology characterization

Surface morphologies of the catalyst layers were studied using
SEM before and after the durability characterization (Fig. 8). The
fresh catalyst surface of a cell which was in situ reduced in the test
setup, showed a paper-like fluffy morphology with 72% porosity.
After 163 h of the durability test, the catalyst showed some sin-
tering and 57% porosity. Contents of Ni, BaO and CeO2 given by EDX
analysis were very consistent with composition of @NBC. Carbon
content of the catalyst surface after the durability tests was 11.33 at
%, which is close to the carbon content (11.14 at%) of a fresh catalyst
surface, indicating good coking-resistance. The source of the carbon



Fig. 7. Time-dependency of the voltage of NieYSZ, NBC//NieYSZ and @NBC//NieYSZ
using LC-CBG as a fuel under 200mA∙cm�2 current density at 800 �C.

Fig. 8. Surface morphologies and EDX analysis of the catalyst layers before (a, b) and
after (c,d) the durability test exposure to LC-CBG.
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was probably the residual organic compounds such as dispersant or
solvent.
3.7. Catalyst layer loading mode effect on durability

There are two kinds of loading modes for the catalyst layer:
indirect and direct modes. For the indirect mode, the catalyst layer
is not in contact with the anode layer, as shown in our previous
papers [7,40]. In this case, the loaded catalyst layer will not influ-
ence the porosity of the anode layer and active sites of the Ni
cermet anode. Therefore, the polarization resistance from the
anode will not be significantly affected. However, this loading does
not work well for a planar-stacked SOFC because stacking between
neighboring cells is required. Direct mode is a more suitable planar
stacking. However, in this case the coated catalyst particles, espe-
cially with small particle sizes, will inevitably infiltrate into the
pores of the anode layer and influence fuel diffusion. In addition,
the infiltrated catalyst particles can also block some active sites of
the Ni cermet anode decreasing anode activity during the electro-
chemical reaction. In our previous work, using 30% CH4-70% air fuel
and NBC as an indirect catalyst layer [39], a stable discharge line for
over 55 h was observed without a rapid initial voltage drop. In this
work, NBC was directly sprayed on the anode surface using an air
brush. Under the same conditions, NBC-modified cell showed a
rapid voltage drop in the first 8 h, followed by a gradual voltage
decrease. The difference in the cell stability comes from the
different porosity of the catalyst layer. The surface morphologies of
the sprayed catalyst layer showed the larger pores, which makes
the Ni-cermet anode to be partially exposed. In this case, methane
directly reaches the Ni-cermet anode without being pre-reformed,
and the cracking occurs. The cracked carbon deposits and blocks
the active site of the Ni cermet anode. Therefore, in the infiltration
mode, particle sizes and pore sizes of the catalyst layer must be
precisely controlled.

4. Conclusions

Our main goal was to improve durability of SOFC with a Ni-
cermet anode. A catalyst @NBC with a core-shell framework was
prepared. @NBC showed excellent catalytic activity for MPO. The
confinement effect of a porous inert shell prevented Ni particles
from sintering which provided more active sites. Under SOFC
conditions, using simulated LC-CBM fuel, @NBC-modified cell dis-
played excellent durability, which indicates good coking-resistance.
However, there still are some issues to be addressed. For example,
particle sizes of a catalyst and porosity of the catalyst layer must be
adjusted. Anyway, encapsulation of active catalyst by an inert shell
is helpful to improve its thermal stability/sintering-resistance.
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