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Abstract
Solid oxide fuel cell (SOFC) is an attractive device that can convert chemical into energy. Recently, the triple layer hollow fiber
(TLHF) opens up a new discovery of higher power output. This study investigates the fabrication of TLHF in solid oxide fuel cell
consisting anode/anode functional layer (AFL)/electrolyte (NiO-YSZ/NiO-YSZ/YSZ) via single-step phase inversion-based co-
extrusion combined with co-sintering technique using methane as fuel. TLHF formed sandwich-like structure that corresponds to
the anode and AFL with dense electrolyte. Initially, the open circuit voltage (OCV) was 1.1 V, after 90 min, the OCV dropped to
0.2 V due to the carbon deposits that caused poisoning. Meanwhile, the power density also reduces from 0.8 to 0.33 Wcm−2.
SEM image carbon shows the carbon deposited causing crack and reached electrolyte layer. TEM of the Ni catalyst indicates
there are multilayer of graphite exhibit at the Ni particle courtesy of the carbon deposits. The results showed the graphite causing
the performance to decrease which is corresponding to the usage of methane as fuel.
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Introduction

Solid oxide fuel cell (SOFC) has recently been gaining atten-
tion due to its high power density [1], compact design [2], and
fuel flexibility [3]. In SOFC, there are currently three (3) ge-
ometries that are being extensively being researchedwhich are
planar, tubular, and micro-tubular (hollow fiber) [4]. The

micro-tubular configuration of SOFC shows promising poten-
tial in the future due to several advantages such as producing
high power output and compact in size [5]. The reduction of
unit size helps to increase in the power density as it is highly
related to the tube diameter [4, 6]. In such cases, a single 2 mm
diameter micro-tubular SOFC can provide up to 10-fold pow-
er per stack volume than a 20-mm counterpart [2, 7]. Another
advantage in micro-tubular design is its high thermal shock
resistance [8]. While the larger diameter was prone to crack-
ing, the micro-tubular SOFC does not crack even at operating
temperature of 850 °C. However, the performance of the hol-
low fiber hindered by the contact resistance that occurred at
between electrolyte and anode. This issue had been addressed
in few researchers [9–12]. Due to this, micro-tubular solid
oxide fuel cell that consisting of anode, anode functional layer
(AFL), and electrolyte was extensively studied.

The application of AFL that sandwiched between electro-
lyte and anode causes the cell to increase the performance
while simultaneously reducing the resistance between the lay-
er [13]. The research by Suzuki et al. [14] shows the perfor-
mance of the cell with AFL improved from 0.27 to
0.45 Wcm−2. Meanwhile, Chen et al. [15] were able to record
cell performance of 2.6 Wcm−2 by using Ni-YSZ as the anode
and AFL layer. This is also in agreement with the finding by

* Mohd Hafiz Dzarfan Othman
dzarfan@utm.my; hafiz@petroleum.utm.my

1 Advanced Membrane Technology Research Centre (AMTEC),
Faculty of Chemical and Energy Engineering, Universiti Teknologi
Malaysia, N29a, 81310 Skudai, Johor, Malaysia

2 Department of Materials, Faculty of Mechanical Engineering,
Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia

3 Department of Life Science and Applied Chemistry, Nagoya Institute
of Technology, Gokiso-cho, Showa-ku, Nagoya 466-8555, Japan

4 Nanotechnology Research Centre, Department of Physics, Faculty of
Science and Mathematics, Universiti Pendidikan Sultan Idris,
35900 Tanjung Malim, Perak, Malaysia

5 Department of Chemistry, Faculty of Science, Institut Teknologi
Sepuluh Nopember, Kampus ITS Sukolilo, Surabaya 60111,
Indonesia

Ionics
https://doi.org/10.1007/s11581-020-03506-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-020-03506-8&domain=pdf
mailto:dzarfan@utm.my
mailto:hafiz@petroleum.utm.my


Yamaguchi et al. [11] suggesting that the addition of AFL is
able to act as a better contact layer. It can be observed through
the improvement of both ohmic and polarization resistances
by the addition of AFL. By taking advantages from the ad-
vancement in the SOFC, the AFL addition was required in to
obtaining the optimized performance from the cell. With this
reason, it can be concluded that the addition of AFL has func-
tioned well as a bridge to reduce the contact resistance be-
tween anode and electrolyte.

The single-step fabrication of triple layer hollow fiber via
phase inversion method was proven to be a method that can
reduce time, cost, and chemical utilization as compared to the
conventional method [16–18]. The method employed previ-
ously, such as ram extrusion, requires the cell to be sintered
with each addition of component layer and thus used up more
energy and time consuming [19–21]. With the phase
inversion-based co-extrusion technique, all three layers can
be sintered simultaneously, which can cut down the fabrica-
tion time [17, 22–24]. Follow up by sintering to remove the
impurities and densify the hollow fiber. However, the simul-
taneous sintering of all three layers is challenging as all com-
ponents having different shrinkage rate [25, 26]. Nevertheless,
it can be overcome with the shrinkage analysis to measure
optimal increment and time of sintering.

Hydrogen is a common fuel for SOFC. However, due to its
low availability, there is still need to synthesis it [27]. Usually,
hydrogen produced via several hydrocarbon reactions such as
partial oxidation of methane [28], steam reforming [27], and
dry reforming [29]. Due to the scarcity of the hydrogen, SOFC
can be a complex system and thus increase its production
costs. On the other hand, the issue of direct hydrocarbon as
fuel for SOFC such as carbon poisoning still being debated
until today [30].

SOFC fuel flexibility allows various sources of hydrocar-
bon to be applied such as methane [31], butane [32], and
naphtha [33]. The anode of SOFC functioned as dual system
by combining cracking and electro catalyst [34]. Therefore,
when methane applied as fuel, there are few paths to be con-
sidered. The cracking of methane reaction requires anode to
produce hydrogen and carbon before going through electro-
chemical reaction. The system still utilizes hydrogen as ener-
gy, but with different path of reaction. Instead of directly uti-
lizing the hydrogen, the methane was cracked first. At a fuel-
side triple point, the electrolyte (oxygen ion donor), the anode
(electronic conductor), and the pore (source of the H2 or CO
molecule) meet. Oxygen ions (O2−) are extracted from the
electrolyte, and the following exothermic reactions occur:

Reactions at anode : H2 þ O2−→H2Oþ 2e−

CH4 þ 4O2−→CO2 þ 2H2Oþ 8e−

Reaction at cathode :
1

2
O2 þ 2e−→O2−:

SOFC overall reaction : CH4 þ 2O2→2H2Oþ CO2

In this study, a triple layer hollow fiber consisting of anode/
anode functional layer (AFL)/electrolyte was produced via co-
extrusion/co-sintering method. After that the cathode deposi-
tion, the complete SOFCwas undergone fuel cell performance
test with methane as the fuel source. The fuel cell performance
as a function of time was recorded to observe how TLHF
could resist the carbon deposition phenomenon with methane
as the fuel source.

Methodology

Materials

Ceramic materials used in this study were nickel oxide (NiO),
yttria stabilized zirconia (YSZ), and lanthanum strontium
manganite (LSM) from NexTech Materials Ltd. (Ohio,
USA). Polyethersulfone (PESf) that was applied as the poly-
mer binder was purchased from Radel A300, Ameco
Performance, USA. N-Methylpyrrolidone (NMP) from Qrec
was used as a solvent. Arlacel P135 (polyethylene glycol 30-
dipolyhydroxystearate, Uniqema) was used as a dispersant.

Dope suspension preparation

Three ceramic suspensions of inner layer, AFL, and outer
layer were prepared according to Table 1. All three layers were
prepared by mixing ceramic powder, polymer binder, disper-
sant, and solvent in a ball mill machine (NQM-4, Yangzhuo,
Nuoya Machinery Co.) [35]. The inner layer and AFL com-
posing of nickel oxide (NiO) and yttria stabilize zirconia
(YSZ) from fuel cell materials as the ceramic components,
N-methyl pyrrolidone (NMP, Qrec) as solvent PESf
(Aremco) as polymer binder, and Arlacel P135 as the disper-
sant. Meanwhile, the electrolyte suspension was made from
YSZ, PESf, NMP, and Arlacel P135. The dope suspensions
were ball milled for 48 h and degassed to remove air bubble.

The extrusion of anode/AFL/electrolyte was accurately
done by using syringe pumps as referring to Li et al. [13].
All three suspensions were loaded in the syringe pumps.

Table 1 List of dope suspension and the composition

Materials Anode (wt%) AFL (wt%) Electrolyte (wt%)

NiO 39 13 –

YSZ 26 52 60

NiO/YSZ ratio 6:4 2:8 –

NMP 28.38 33.88

PESf 6.5 6

Additive (Arlacel) 0.12
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After that, all the suspensions were simultaneously extruded
into four orifice spinnerets by syringe pumps and free falling
into the coagulation bath to form triple layer hollow fiber. The
extrusion parameters were shown at Table 2. After the extru-
sion process completed, the membrane was collected and cut
into 30 cm long per fiber and were straightened [36].
Following the 24-h drying, the precursor was ready to be
sinter.

Sintering of the hollow fiber

Sintering process was done using tubular furnace (XY-1700,
Nanyang Electric Equipment, China) with alumina insulator
to reduce heat loss [37]. The co-sintering process started at
room temperature and was increased by 2 °C/min until 400 °C
and maintained for 1 h. Next, the temperature was increased
again by 2 °C/min until it reached 800 °C and maintained for
1 h to remove impurities. After that, the temperature increased
once more at rate of 2°/min until it reached 1500 °C and was
maintained for 10 h. Finally, it allowed to cool down to room
temperature at 5°/min.

Cathode deposition

The cathode deposition was done via brush painting method.
The LSM was mixed with ethanol via stirring process. After
that, the LSM was brushed on the surface of hollow fiber for
1 cm length. Next, it was dried at 60 °C for 10 min. Then, it
was sintered at 900 °C for 5 h to ensure the cathode layer
adhered to the hollow fiber.

Scanning electron microscopy

The sample was placed on the stub before the image could be
captured. The sample was placed on a stub with double-sided
tape. After that, the sample was coated with gold particle
under vacuum condition. After undergone coating, the sample
was captured by using SEM machine (Hitachi TM3030) with
several magnifying.

Fuel cell performance test

The cell performance evaluation was carried out in a high
temperature SOFC setup. The reactor was constructed by
sealing each ends of the hollow fiber with alumina tubes by

using ceramic sealant. Then, it was pre-fired at 240 °C for 3 h
in order to make the sealant gas tight. The current collectors
were placed inside the hollow and also at the cathode layer. In
addition, platinum paste was applied on the cathode layer to
minimize the voltage loss. The anode was exposed to 20 ml/
min with methane while the cathode was exposed to oxygen.
The current-voltage (I-V) curves and impedance were per-
formed using potentio-galvanostat (Autolab) machine. The
performance was measured between 700 and 800 °C for up
to 90 min of operation.

Carbon analysis

Carbon weight analysis

After certain period of time, the cell went through carbon
analysis. The sample operated for the periods of 30, 60, and
90 min was undergone carbon analysis by using LECO
CS844. Firstly, the sample was grounded into powder. Then,
0.02 g of sample was placed in a crucible cup mixed with 1 g
of iron chip accelerator (LECO). Finally, it was inserted into
machine to be combusted 900 °C. The process repeated for
other samples.

Transmission electron microscopy

The bulk hollow fibers were grinded using mortar and pestle
into nanosized particles with diameter of approximately
20 nm. The nanoparticles were then directly mounted with
other post treatment on the Cu mesh for TEM observation.
The samples were observed under working pressure of 1 ×
10−6 Pa using Atomic Resolution Analytical Microscope
(JEOL ARM200F) with acceleration voltage 200 kV. The
samples were observed at low magnification × 100,000 and
highmagnification × 500,000 to study the structural formation
of Ni crystalline and graphitic layers.

Three-point bending test

The three-point bending test was used using Instron 3342
testing system. The sample was measured up to 6 cm due to
the jig to put the sample around is 4.3 cm. The sample was
placed on the center and should be located as close as possible
to the load. After that, the load was dropped at the rate of 0.1 N
per minute. Next, the maximum loadwas recorded and used in
the Eq. 1 to obtain the mechanical strength.

B ¼ 8NLD0

π D0
4−D1

4
� � ð1Þ

Table 2 Extrusion
condition and parameters Air gap 10 cm

Flowrate of bore fluid 8 ml/min

Flowrate of anode 8 ml/min

Flowrate of AFL 2 ml/min

Flowrate of electrolyte 2 ml/min
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Where,N is maximum load of the sample, L is length of the
sample, D0 is outer diameter of the sample, and D1 is inner
layer of the sample.

Results and discussion

Characteristics of triple layer hollow fiber membrane

Figure 1 shows the morphology of the hollow fiber sintered at
1500 °C. The hollow fiber showed no delamination which
indicated that all the layers had adhered to each other. The
thickness of anode layer was 110 μm, AFL at 65 μm, and
electrolyte at 58 μm. The anode layer shows the finger-like
structure dominating the anode layer. This indicates there are
actively solvent/non-solvent exchange during the co-extrusion
process [38–40]. In addition, the long finger-like provides
more reaction site hence producing higher power density.
Meanwhile, there are also finger-like structure at AFL which
is sandwiched between electrolyte and anode. In this regard,
finger-like structure greatly mitigates the resistance of the gas
flow from the center bore to the anode/electrolyte interface as
the gas molecules preferentially flow through the micro-
channels first and then access the interface by diffusion. The
shorter finger like tends to have shorter conduction path that
resulting more gas to diffuse in ionic form. As a result, the
mass transport enhanced thus increasing the cell perfor-
mances. This was proven by Dzarfan and co-workers
[41–43] had found by altering the finger like of the anode,
the power densities can be increased from the void thickness.
The void thickness of 60% produces 2.03 Wcm−2 while the
70% void thickness resulting 2.32 Wcm−2.

This is in contradiction with the finding reported by Li et al.
[13] that shows AFL was a sponge-like structure. The struc-
ture of AFL in this study was produced via solvent/non-
solvent exchange initiated by the adhesion process within

the layer. Due to the deep phase inversion process that oc-
curred at AFL, there are more finger-like formation was ob-
served. There are also phase inversion occurred from the elec-
trolyte layer. Due to the hydrophilic property of YSZ suspen-
sion [44], the penetration from the electrolyte layer produces
the finger-like structure of AFL layer. Finally, the electrolyte
layer showed dense layer was formed. The dense layer was
crucial to prevent the fuel crossover. The dense layer also only
allows oxygen to transport to the anode site in ionic form.

Stability study measurement

The open circuit voltage (OCV) was measured at different
temperatures to determine the optimum temperature at which
the methane actively underwent cracking reaction from CH4

to C and H2. Figure 2 shows the trend of OCVof hollow fiber
with methane feed as a function of time. Based on the figure, it
was observed that the initial OCV was at 1.1 V, which in
agreement with the Nernst Equation. In addition, the high
OCVat start shows the hollow fiber used was fully gas tight.
Hence, there are no fuel crossover. As the operation
prolonged, the OCV had decreased for all three operating
temperatures (i.e., 700, 750, and 800 °C). At 700 °C, the
degradation by far is the worst. The OCV recorded decreases
from 1.1 V to 0.1 in the span of 90min.Meanwhile, at 750 °C,
the OCV recorded the decreases from 1.1 to 0.25 V in 90 min.
Finally, when increase the operating temperature to 800 °C,
the OCV recorded 1.1 V at 0 min and reduced to 0.99 V in
90 min. This was due to the carbon had been deposited on the
triple phase boundary (TPB) area that leads to increase of the
resistance and the electrolyte being cracked after prolonged
operation. The increase of resistance by carbon is in agree-
ment with the study done by Hanna et al. [45] which stated
that the carbon formed deposited on the catalyst site, automat-
ically poisoned the site that leads to less performance. Despite
that, the temperature also plays role in the OCV. At higher

Fig. 1 SEM images of triple layer hollow fiber sintered at 1500 °C with a hollow fiber, b electrolyte layer, c AFL layer, and d anode layer
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temperature, the CH4 cracking is more active. CH4 being
transformed into CO2 are more active at higher temperature,
producing less carbon deposit as the operation time increased.
After the carbon deposits had been concentrated, the carbon
penetrates throughout the AFL and electrolyte. The carbon
produces void between the grain boundaries and allows more
fuel crossover to occur.

In order to understand the voltage and power performance,
the current-voltage (IV) curve was produced to determine the
maximum power density. Figure 3 shows the power density at
800 °C under methane as fuel. The working temperature cho-
sen at 800 °C due to the best performance was obtained at
800 °C. Figure 3 shows the power density was initially record-
ed at 0.8 Wcm−2. The initial power density obtained was
higher than mostly reported studies by using H2 [46]. This
can be explained by the hydrogen density in the methane
was higher as compared to hydrogen. In addition, the

hydrogen-rich environment produced by CH4 has prolonged
the H2 gases to remain in the pore and TPB area. However, the
anode suffers from stability issue from the usage of CH4 as
fuel. The maximum power density started to decrease as early
as 30 min from 0.8 to 0.49 Wcm−2 and the trend continues
afterwards. At 60 and 90 min, the power density recorded at
0.38 and 0.33 Wcm−2, respectively. This is due to the carbon
deposition had started to occur and led to the cell crack which
consequently increase of fuel crossover. Further investigation
on the cell structure will be discussed in the “Morphological
changes after methane exposure” section. In addition, it also
suggests that activation polarization caused the IV had such a
highly curve. It also indicates that the anode pores had been
filled with carbon-like molecule thus causes cell deactivation.

The trend can be correlated with the amount of carbon
deposited onto the catalyst site in the anode. Initially, there
are huge reaction site available. When the methane fuel was
applied, the carbon had also started to deposit simultaneously
via cracking of methane. At 30 min, the drastic decrement was
observed. This indicates that there are many reaction site had
been deposited with carbon. After that, at 60 min of operation
time, the performance reduction has significantly decreased.
This indicates that there is less reaction site to be deposited.
Finally, at 90 min of operation, the carbon still caused perfor-
mance reduction. However, since there are few reaction site
available, the performance reduction was at its lowest. It also
indicates that carbon deposition rate is lesser when the con-
centration increases.

Impedance analysis

Impedance analysis was performed to understand the polari-
zation behavior of the cell. The impedance was done to show
the effect of carbon deposition towards the resistance of the
hollow fiber. Figure 4 shows the impedance analysis of hollow
fiber after certain period of time. Impedance shows the resis-
tance in the hollow fiber consisting of ohmic resistance and
area specific resistance. Figure 4 shows ohmic resistance (OR)
initially recorded at 0.13 Ωcm2. The value was much higher
mostly due to the electrolyte thickness that increases the resis-
tance of the cell. After 30 min, the OR was increased to
0.27 Ωcm2 indicating small number of carbon had been de-
posited. In other word, the peculiar fact is at temperature range
of 500 to 800 °C, carbon that is in amorphous state nucleated
around the Ni particles and spread until it covered the whole
solid [47]. After 60 min, the OR increase to 0.38 Ωcm2 indi-
cating more carbon had been deposited and caused the fiber
started to crack. Prolonged operation causes more carbon to be
deposited in the anode region that causes activation to be more
difficult for CH4 cracking. The phenomenon of increasing
resistance also contributed prolonged pathway for the electron
transfer from the cathode to the anode.

Fig. 2 OCV of cell with methane feed at different time and working
temperature

Fig. 3 I Performance test of hollow fiber at 800 °C at different operating
time
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Meanwhile, the area specific resistance (ASR) was started
at 0.06 Ωcm2. After 30 min, the ASR had increased to
0.07 Ωcm2. Prolonged operation to 60 min increases the
ASR until it reached 0.10 Ωcm2. The ASR value shows the
carbon deposits on the anode does reduce the performance via
poisoning the anode surface. This phenomenon continues un-
til the anode surface no longer underwent carbon cracking. At
60 onwards, the value of ASR did not change indicating the
anode layer had been saturated with the carbon.

To understand how the carbon deposition affecting the per-
formance, Fig. 5 demonstrates the mechanism of carbon de-
posits. Initially, the methane had been cracked to C and hy-
drogen gas. After that, the hydrogen reacts with the oxygen
that had been reduced from the cathode. The carbon covers up
the catalyst site on the anode. Even though there are reaction
that converts carbon into CO and CO2, the carbon easily

deposited on Ni makes the conversion of the carbon gas are
relatively very low as compared to the solid carbon. After
minutes of operation, the carbon deposition affected the anode
layer. The remaining catalyst site was still producing electric-
ity; however, the power density had tremendously reduced
courtesy of the carbon deposition. In this regard, coke forma-
tion on the surface of the anode has blocked the pore size of
the anode and thus reduced the amount of fuel that reached to
the anode site and eventually lead to the concentration polar-
ization [48]. Cimenti and Hill also indicated that the gas com-
position at AFL was different than the bulk composition
through catalytic deposition within conducting layer of the
anode [49].

After the anode and AFL had been filled with carbon, the
carbon still continuously deposited due to the carbon generat-
ed in the form of multilayer and crystalline. Usually, the ce-
ramic had grain boundaries that connected between each par-
ticle. This grain boundary is the weakest point of the dense
electrolyte layer. The carbon particles able to penetrate via
grain boundaries that causing crack on the electrolyte. The
phenomenon is briefly depicted in Fig. 6.

Morphological changes after methane exposure

After 90 min of operation, the hollow fiber was characterized
via SEM. The purpose of SEM after the operation was to
observe the carbon that had been deposited and caused the
degradation on the anode structure. Figure 7 shows the SEM
images of anode and surface of electrolyte after minutes of
operation. SEM image shows that the carbon had been depos-
ited as early as 30 min. It was observed via the increasing of
the carbon deposited on the Ni-YSZ anode surface. Since
there are small number of carbon deposited, it does not cause
the crack at the grain boundaries of the electrolyte surface.

Fig. 5 Mechanism of carbon
deposition

Fig. 4 Impedance analysis with methane fuel at 800 °C
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After 60 min of operation, the anode of hollow fiber was
found to be promoting more carbon deposition. The carbon
deposited increased due to the Ni had catalyzed more carbon
with the increasing of exposing time. On the other hand, the
grain boundaries of the electrolyte started to crack courtesy of
the less densified area of electrolyte. It also explained the
decrement of performance test where the OCV had dropped
significantly. The crack on the electrolyte surface does pro-
mote fuel crossover, due to the existence of gas leakage in
electrolyte.

After 90 min of operation, the Ni site has been deposited
with carbon at which the carbon formed had creates poison-
filled Ni structure. The crack can be obviously seen on the

grain growth of the surface of electrolyte. Such crack causing
the mechanical strength to decrease as proved by the 3-point
bending strength results in Fig. 8, which show the decrease in
mechanical strength of the hollow fiber from 135.3 to
63.2 MPa after 90 min. The carbon particle can be deposited
in many forms from amorphous to graphitic. It was also relat-
ed to the reaction rate of the methane itself. This was also
related to the difference in reaction rate of CH4 to CO2.
While there are many sets of reaction simultaneously in the
hollow fiber, the hollow fiber does not only suffer on degra-
dation in terms of performance, but in microstructure as well.
The carbon did not only deposit, but also caused microstruc-
tural damage towards Ni. These findings had been confirmed

Fig. 7 SEM images of hollow
fiber. a Outer surface of
electrolyte. b Anode structures

Fig. 6 Grain boundaries of
electrolyte surface. a Before
exposure. b After 90 min of
operation
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by He et al. [50]. The structural damage on the Ni was more
severe at lower operating temperature. This contributed by the
bulk dimension had been expanded. This also causing signif-
icant damage towards a working fuel cell due to the current
had been interrupted for an extended period.

Figure 9 a to c show the TEM micrograph of hollow fiber
with different carbon deposition time at 30 min, 60 min, and
90 min, respectively. The TEM analysis was done to observe
the carbon formation on the surrounding of the nickel crystal-
line and the featured graphitic layers formation at high

magnification. The carbon solubility of nickel is very high;
hence, carbon atoms are easily diffuse in nickel crystal struc-
ture at high temperature (0.37% at 750 °C, [51]). Figure 9 a
indicates that the carbon cloud were generally amorphous in
nature as clearly observed at high magnification. High resolu-
tion TEM (HRTEM) showing small formation of crystal struc-
ture with lattice distance of 0.432 nm similar to nickel oxalate
(C2NiO4) lattice distance (JCPDS 47-0798). The lack of de-
position time (30 min) was believed to be restraining the car-
bon atoms bonding into graphitic formation hence leaving

Fig. 9 TEM and HRTEM (inset)
images of a 30, b 60, and c 90min
deposition time of carbon on
nickel hollow fiber, respectively

Fig. 8 Bending strength of triple
layer hollow fiber with 80% YSZ
content in AFL sintered at
1500 °C, before and after 90 min
methane exposure
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only amorphous carbon structure shroud on the nickel parti-
cles. The TEM images for 60 min deposition time showed
mixture formation of graphitic and amorphous carbon
(Fig. 9b). The HRTEM (inset) shows thick graphitic layers
formation (0.349 nm) surrounding nickel particles. The lattice
distance of the layers matched the crystal lattice distance of
graphite (JCPDS 75-0444). However, amorphous carbon was
still observed in this sample indicating that 60 min of deposi-
tion and heating time were not sufficient.

Figure 9 c shows the 90 min deposition TEM images.
Ninety minutes deposition time showed significant results of
well graphitic layers formation surrounding the nickel parti-
cles. The HRTEM (inset) exhibited very thick graphitic layer
formation (> 100 layers). HRTEM results also indicate that
90 min deposition time have thicker graphitic formation com-
pared to 60 min deposition time which have around 70–80
graphitic layers. Figure 8 a–c confirming that the deposition
and annealing time have great effect to the amorphous–
graphitic formation of carbon atoms.

Figure 10 shows the carbon deposition at different time of
operation. The carbon deposits mostly during the first 30 min.
This is due to the fact that there are many active sites in the
anode layer [52]. There are many TPB area for methane to be
converted into carbon and hydrogen. Then, after the conver-
sion takes place, the carbon that failed to convert into the
carbon gases, instead of remaining as carbon material such
as graphene or graphite [53] were reduced by LSM at cathode
and transported via YSZ electrolyte due to the rate of methane
cracking is higher than the rate of carbon reaction with O2−.
After 60 min, the carbon content increased by 8%, but not as
much as the first 30 min. This showed that the carbon is filling
the remaining active sites. These results are also in agreement
with the IV curve result that the performance was reduced
after 60 min but does not reduce as much as compared to the
ones during the first 30 min. At 90 min of operation, the
carbon deposition rates lowered, recording a slight increase.
This shows that there are less TPB sites available for methane
cracking.

Conclusion

Triple layer hollow fiber from NiO and YSZ had been suc-
cessfully fabricated via co-extrusion technique. The co-
sintering at 1500 °C exhibit good gas tightness and mechan-
ical strength. The SEM images showed the anode layer and
AFL consisting of finger-like structure forming sandwich-like
structure. Meanwhile, the electrolyte layer formed dense
structure which is required to prevent fuel crossover. The
OCV initially recorded at 1.1 V and after a few minutes, the
OCV decreases mostly at 700 °C and further lessen at 800 °C.
The electrochemical test shows the maximum power density
was recorded at 0.8 Wcm−2. After 90 min of operation, the
power density dropped to 0.3 Wcm−2. The degradation was
the worst in the first 15 min due to the abundance of reaction
site. The impedance shows that the OR increased from 0.55 to
1.37 after 90 min indicating that the increase in conductivity
was due to the carbon deposition. The SEM images showed
that the carbon had been deposited and caused crack at the
electrolyte layer. This phenomenon leads to the degradation in
the cell performance due to the increase of the fuel crossover
after 90 min. Meanwhile, the TEM images showed the prog-
ress of transforming from graphene into graphite on the anode
layer. The methane fuel shows promising potential in SOFC
operation, but the carbon deposition still remains as the big-
gest obstacle.
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