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The present work assesses the manufacturing method for producing ceramic-based solid 
oxide fuel cells (SOFC) using compaction and sintering methods, which are combined 
by adding pore former to improve the porosity of the produced anode. The ratio of pore 
former varies between 5%, 10% and 15%. The base cermet material in this work is NiO-
YSZ (Nickle Oxide/Yttria Stabilized Zirconia), which is suitable for high-temperature 
SOFC. The base material is mixed with pore former at the given ratio, followed by 
ultrasonic cleaning. This work uses polyethylene glycol (PEG, 10%) as binder material. 
The produced slurry is then dried in electric oven, continued with the compaction process 
at a pressure of 135MPa and sintered for 4 hours at 1200℃. The addition of pore former 
leads to significant improvement in the porosity level, with the highest value of 16.67%. 
It contributes to the excellent performance of the produced anode, particularly for the 
permeability value. The NiO-YSZ with 15% pore former has the highest permeability 
value with average of 0.37 m2. Moreover, the detailed permeability profile shows the 
baseline ratio for adding pore former is between 5% and 10%, which experiences 
significant variation in the porosity level and permeability value. 
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1. INTRODUCTION

The high production and consumption of conventional
energy sources severely impact the environment due to carbon 
emissions from the combustion process of fossil fuel. The 
development of renewable energy systems for grid energy 
production and utilization of alternative fuel has escalated 
significantly to solve the problem related to conventional 
energy sources [1-3]. The produced energy is used for power 
production, including the possibility of producing hydrogen. It 
makes a new path for processing hydrogen from green energy. 
The hydrogen itself is already taken as the main idea for 
building a hydrogen-based society. It can be applied for 
mobile and stationary applications to produce electricity using 
fuel cell technology [4]. The produced hydrogen can be stored, 
offering alternative storage systems besides electricity, 
mechanical and thermal [5]. Thus, fuel cell technology is 
highly applicable to the modern energy system. 

Among various models of fuel cells, solid oxide fuel cell 
(SOFC) has many technical advantages [6], particularly for the 
working temperature, which reaches 1000℃. It improves the 
operational aspect since the system can operate effectively 
without additional effort to maintain the liquid concentration 
as commonly found for the liquid-based fuel cell [7]. The high 
operation temperature of the SOFC is achieved by using 
ceramic-based material, which prevents steam condensation 

during the operation [8]. The ceramic-based SOFC requires 
suitable porosity between 20-40% to maintain the gas 
distribution between the anode and cathode [9]. The system 
operates continuously, involving heat, mass transfer, and 
electron transfer to the load in the form of electricity [10]. 
Therefore, the output of the system depends on the conversion 
rate of the hydrogen and oxygen, which is highly affected by 
the performance of the SOFC. 

The development of SOFC is generally taken between the 
anode, cathode and electrolyte types, where each part offers 
various considerations [11]. For example, the anode-supported 
SOFC improves electrical conductivity but is considerably 
expensive, making it economically unfeasible [12]. 
Alternatively, the supported anode commonly uses a ceramic-
metal (cermet) composite [13]. The cermet anode is an 
excellent combination to provide suitable conductivity and 
oxygen vacancies to initiate the reaction [14]. Choolaei et al. 
[15] employed Ceria-based SOFC, where the modification
was made using nano-crystalline to adjust the temperature
operation at the desired level. The high flexibility of cermet-
based anode leads to a substantial achievement in using
different materials such as NiO/YSZ (Nickle Oxide/Yttria
Stabilized Zirconia) that is suitable for high-temperature
operation at about 1000℃ [16].

The production of anode-supported NiO-YSZ requires 
specific technology to ensure suitable porosity. Rednyk et al. 
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[17] employed liquid plasma technique for NiO-YSZ to
fabricate SOFC. The work used water and ethanol-based
feedstock and revealed some variation in the porosity and
density level of the synthesized NiO-YSZ. Another work
reported here [18] proposed a new approach using 3D printing,
indicating that the produced YSZ has a high density of more
than 95%. Different work focused on the production of ultra-
thin YSZ for SOFC. The study here [18] used the phase
inversion method to produce ultra-thin YSZ, resulting in a
high conversion of methane gas (around 55%).

Different manufacturing concepts are proposed to improve 
the applicability of the produced Nio-YSZ. Soydan et al. [19] 
proposed a thermo-extrusion and dip-coating approach for 
producing micro-tubular SOFC, highlighting the power 
density affected by the processing method, which can be 
reduced up to 24.3%. Timurkutluk [20] reported the novel 
manufacturing method using tape casting and isostatic 
pressing, showing that the produced SOFC has an optimum 
porosity of around 26% with a maximum output of 
645mW/cm2. Zhou et al. [21] processed the porous zirconia 
SOFC as an integrated system through an advanced inert 
process, where the produced SOFC indicated an excellent 
output of 683mW/cm2. Each reported literature shows various 
SOFC production approaches, indicating that the method is 
still developing. 

The simplification of the producing method is critical to 
ensure the optimum process for developing SOFC. It can be 
taken by considering different material modifications [22-24]. 
A study conducted by Han et al. addressed the compatibility 
aspect of producing NiO-YSZ for SOFC, indicating that the 
performance of the produced SOFC depended on the 
temperature and surface decoration [25]. Chi et al. [26] 
discussed in detail from the molecular dynamic perspective on 
the effect of porosity for sintered NiO-YSZ, demonstrating the 
possibility for the simplification of the producing method 
through sintering and compaction. Therefore, alternative 
producing methods can be explored more in detail to obtain a 
convenient approach for developing NiO-YSZ for SOFC. 

The sintering process is considered the simplest method for 
producing NiO-YSZ for SOFC. The process is combined with 
compaction, forming laminated SOFC at the desired thickness 
[27]. However, the process has one critical disadvantage due 
to high-pressure compaction that hinders the formation of a 
porous profile of the produced anode. Surface decoration is 
applied to address the issue. For example, Kuterbekov et al. 
[28] explored in detail the effect of surface decoration and
granulometric of the produced anode, showing that the
addition of pore former contributes positively to the formation
of porosity within the anode.

The sintering and compaction process, including the type of 
pore former, potentially affects the quality of the produced 
SOFC [29]. However, the detailed analysis and the relation of 
the producing method for NiO-YSZ for SOFC are rarely 
discussed in one combined aspect. The present work is 
intended to explore the effect of pore former on the 
performance of the NiO-YSZ anode-supported SOFC. The 
anode is produced through compaction, considering its high 
potential for large-scale processing. This work uses 
commercial flour as a pore former, considering its 
sustainability for producing anode-supported SOFC. As a 
preliminary work, the ratio of the flour is set at 5%, 10% and 
15%. The reported findings from this work are expected to 
provide a fundamental aspect for further developing a low-cost 
approach for synthesizing NiO-YSZ anode-supported SOFC. 

2. MATERIALS AND METHOD

Figure 1 displays the schematic process for producing NiO–
YSZ anode-supported SOFC in this work. The process was 
started by mixing NiO (12-22 μm), YSZ (3-5 μm), and pore 
former (fine powder, 62 μm) at the given ratio. In addition, 
ethanol was added to the mixture, which acts as a solvent. 

The mixture was fed into the ultrasonic cleaner machine and 
stirred at 100rpm to ensure the homogeneity of the slurry. 
After that, the homogenous slurry was put in the oven at a 
temperature of 100℃ to remove the ethanol. The dried mixture 
was then mixed with polyethylene glycol (PEG, Aldrich), 
which was designed as a binder for the compaction process 
[30]. 

Figure 1. Schematic process for producing the NiO-YSZ 
anode-supported SOFC with pore former 

Figure 2. The produced sample from this work: (a) NiO-YSZ 
with 5% pore former; (b) NiO-YSZ with 10% pore former; 

(c) NiO-YSZ with 15% pore former
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The mixture then processed into the compaction apparatus 
(hydraulic press) at a pressure of 130MPa. At the end of the 
compaction, the pellets were examined visually and checked 
for its dimension. If the pellet passed the initial quality check, 
it continued to the final step on the sintering furnace 
(Nabertherm) at a temperature of 1200℃ with a holding time 
of 4 hours at a heating rate of 3℃/minutes [31]. The pellet was 
removed and checked for its quality and dimension before 
final characterization 

Figure 2 shows the produced sample for NiO-YSZ with 
different pore-former ratios. The diameter of the produced 
NiO-YSZ is 25 mm, with thickness between 1-2 mm. The 
produced NiO-YSZ was in compact form, which is the main 
advantage for using SOFC. The produced NiO-YSZ then 
processed for further evaluation. The first evaluation was 
taken to measure the density level of the sample using density 
meter (Vibra). The key evaluation was performed using gas 
permeability tester for the produced sample. The value is 
plotted according to the average volumetric flowrate and 
pressure drop from the measurement. The measurement was 
repeated 11 times to ensure the quality of the evaluation. 
 
 
3. RESULTS AND DISCUSSION 

 
Figure 3 shows the density percentage of the produced 

sample. First, adding pore former clearly affects the decrement 
of density level for the produced anode. However, it shows a 
non-linear correlation since adding 5wt.% and 10wt.% causes 
a significant deviation in the density percentage of the sample. 
The density of NiO-10wt.% falls by about 8.13% compared to 
NiO-5wt.%, while the variation at higher concentrations (NiO-
15wt.%) only reduces by 3.27% compared to NiO-10wt.%. 
The pore former produces more space at a higher ratio, leading 
to a notable decrease in density. According to the result, 
determining a suitable ratio of pore former must be addressed 
carefully, including factors that interfere during production, 
particularly for the compaction and sintering process. 

 

 
 

Figure 3. Density percentage of the produced NiO-YSZ 
sample 

 
The formation of porosity percentage on the produced 

sample shows a great value according to the ratio of pore 
former. As plotted in Figure 4, the influence on the pore former 
ratio significantly improves the porosity percentage. The 
highest improvement is observed between 5wt.% and 10wt.%. 
It confirms that the formation of pore structure for the 
produced SOFC is controlled effectively by using pore former, 
in which a higher ratio of pore former leads to a considerable 
increment in the porosity level of the structure [32]. It is related 

to the structural decoration of the anode, as adding a pore 
former creates an additional pathway for the gas to diffuse 
through the structure. Moreover, it proves that the produced 
anode with pore former through the compaction process is 
feasible to provide additional decoration within the laminated 
surface of the SOFC. 

 

 
 

Figure 4. Density percentage of the produced NiO-YSZ 
sample 

 
Figure 5 shows the data from the permeability measurement 

with a trendline ± 25% according to ASTM D6539-13. Two 
outlier data were obtained from the measurement of 
permeability for NiO-YSZ 5%. It is affected by the airflow 
from the sample, which has non-laminar conditions [33]. It 
also reflects the pore characteristics of the produced anode, 
which directly relates to the pore structure and permeability 
value. 

 

 
 

Figure 5. Anode gas permeability testing for NiO-YSZ 5% 
 

Figure 6 shows the detailed permeability value for NiO-
YSZ 5%. The profile indicates the permeability value 
decreases, which is proportional to the increment of the 
differential pressure. The initial profile shows the permeability 
can be maintained steadily up to 0.088 m2 with a maximum 
differential pressure of 2310Pa (yellow box in Figure 6). 
However, it falls drastically until the pressure reaches 4740 Pa 
with a maximum permeability of 0.073 m2. Interestingly, the 
value can be maintained (green box) before it drops to the 
lowest value (0.063 m2). The fluctuating profile is highly 
affected by the pore structure of the produced sample, which 
corresponds to the average porosity value (Figure 4). The 
lower permeability demonstrates that the diffusion path for the 
gas is undesirable, which may cause technical problems 
regarding the flux densities of the SOFC [34]. Moreover, the 
average permeability is considerably low at 0.076 m2 with an 
average differential pressure of 4413.3Pa. 
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Figure 6. Detailed profile of permeability test for NiO-YSZ 
5% 

 
The effect of porosity level causes different results on the 

permeability profile value. As seen in Figure 7, the obtained 
data from NiO-YSZ 10% fits with the standard limitation. The 
measurement indicates the outlier data is only one, making the 
profile measurement for the NiO-YSZ 10% favorable. It is 
highly related to the porosity percentage of the sample (Figure 
4) and confirms that the pore structure is obtained sufficiently. 

 

 
 

Figure 7. Anode gas permeability testing for NiO-YSZ 10% 
 

The permeability profile for NiO-YSZ 10% differs notably 
from the previous profile of NiO-YSZ 5%. As plotted in 
Figure 8, the initial value of the permeability shows a 
fluctuation (red box) with an average permeability of 0.341 m2.  

 

 
 

Figure 8. Anode gas permeability testing for NiO-YSZ 
10% 

 
As the process continues, the permeability decreases, 

showing a dual steady value (green box) at the given pressure 
range. According to the profile, the pore structure of the NiO-

YSZ 10% is achieved with suitable performance, confirming 
the high differences in density percentage compared to NiO-
YSZ 5%. It indicates the addition of 10wt.% pore former 
shows a notable improvement in the performance of the SOFC, 
which also can be observed according to the higher 
permeability value for NiO-YSZ 10% (0.299 m2). Despite the 
fluctuation, the differential pressure at the given region varies 
slightly, with a maximum deviation of 360 Pa. This indicates 
that the produced anode (NiO-YSZ 10%) is able to handle gas 
diffusion effectively without causing significant pressure 
differences. It is favorable for the SOFC system since the 
reaction path can be maintained effectively without causing 
significant pressure drop and potentially maintain the effective 
reaction process [35]. 

The permeability test for NiO-YSZ 15% shows a good value 
where the all-measured data is obtained at the acceptance 
range. The detailed permeability profile is plotted in Figure 9. 
It is the only sample that experiences a peak-valley profile, 
commonly found in a high diffusion gas ratio of the SOFC [36]. 
It highlights the excellent pore structure of the NiO-YSZ 15%, 
which potentially improves the performance of the SOFC. The 
initial permeability value is maintained steadily, similar to 
NiO-YSZ 5%. However, the NiO-YSZ 15% indicates a steady 
profile at the end of the measurement (blue box), in which the 
value varies slightly (around 0.2 m2) compared to the initial 
value. Thus, it makes the produced sample highly suitable for 
the operation of SOFC, considering its excellent diffusion path 
with the lowest differential pressure (2638.2 Pa) compared to 
the other NiO-YSZ at different pore former ratios. 

 

 
 

Figure 9. Detailed profile of permeability test for NiO-YSZ 
15% 

 
The higher pore former ratio causes a larger pore diameter 

for the NiO-YSZ. As observed in Figure 10(b), the NiO-YSZ 
10% has a substantial pore diameter of around 472.58 μm2. 
This confirms the higher permeability value of NiO-YSZ 10% 
compared to NiO-YSZ 5% as shown in Figure 10(a). The 
observed pore diameter for NiO-YSZ 15% indicates the 
largest pore size Figure 10(c), confirming the highest 
permeability value for this sample. However, the morphology 
demonstrates the uneven distribution of pore-former, which 
should be addressed carefully during the production process. 
Despite the uneven distribution, the minimum ratio of 10 wt.% 
pore former can be set as the minimum level to ensure suitable 
permeability of the NiO-YSZ for SOFC. 

The surface observation directly impacts the pore 
distribution, highlighting its impact on the permeability value 
of the produced anode. The porosity distribution within the 
anode provides multiple pathways for gas diffusion [37]. It is 
the main feature for using a higher pore former ratio, proving 
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that the compaction method is feasible to produce anode-
supported SOFC. Thus, a simple manufacturing method 
combined with the addition of suitable pore former is 
applicable as a feasible option for producing anode SOFC. 
However, the study is limited to using one specific 
densification force and pore former, which requires further 
observation to assess the impact of different densification rates 
using various pore former. 
 

 
 

Figure 10. SEM profile for the evaluated NiO-YSZ with 
different pore former ratio: (a) NiO-YSZ with 5% pore 

former; (b) NiO-YSZ with 10% pore former; (c) NiO-YSZ 
with 15% pore former 

 
 
4. CONCLUSION 

 
The present work indicates a suitable method for producing 

NiO-YSZ anode-supported SOFC through compaction. 
Adding a pore former can minimize the technical barrier 
regarding the pore structure of the compacted anode. The 

suitable ratio is obtained between 10wt.% and 15wt.% by 
considering the highest permeability value between 0.299 m2-
0.373 m2. The differential pressure for the given ratio is 
considerably low, with the lowest value of 2638.2Pa, making 
the applicability of the produced anode advisable for the high-
temperature fuel cell. The surface observation implies that 
pore structure can be achieved through compaction, making it 
suitable for large-scale processing of anode SOFC. 

One critical aspect is the high variation between pore former 
5% and 10%, showing that the value is a non-linear profile. It 
makes further observations can be performed using the given 
ratio as the baseline, including the modification of the 
densification force for producing the anode. Moreover, the 
actual test can be taken using a fuel cell compartment to 
observe the power density of the produced anode. Despite that, 
a simple manufacturing method is feasible to be further 
explored and studied to ensure the applicability and usability 
of anode SOFC. Eventually, it will lead to sustainable 
technology for improving fuel cell operation as modern green 
technology equipment. 
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