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Abstract. A novel micro-solid oxide fuel cell (µ-SOFC), with a rectangular saw-tooth shape, was designed with a 50 wt%
BYCF + 50 wt% GDC10 cathode and a 60 wt% NiO + 40 wt% GDC10 anode deposited on a GDC10 electrolyte substrate
by the spray pyrolysis technique. µ-SOFC receives methane only (CH4 ) as fuel gas from one side. The fuel gas was applied
at a flow rate of 0.2 l min−1 . The power density obtained was 1.0 µW at 800◦ C. Voltage levels generated by the µ-SOFC
at 40–99.99% CH4 was highly accurate representing the quantity of CH4 . Low accuracy was observed at 10–30% of CH4 .
Therefore, µ-SOFC is an application of SOFC technology to be a sensor for economically detecting CH4 in a biogas system,
while being capable of operating in humid conditions at high temperatures.
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1. Introduction
A methane (CH4 ) concentration in biogas of ∼60–70%
[1,2] enables us to convert H2 by a reforming process
which further can be converted into electricity by a fuel
cell. Thailand is the world’s largest producer of dry natural rubber [3]. The waste water from oil palm, and rubber can be used to produce biogas [4]. CH4 is one of
such biogases produced which could be used as a possible
alternative fuel in the drying process. The direct methane
use is challenging as the fuel processing system needs
to convert hydrocarbons into hydrogen for the fuel cells
[5]. The gaseous components and composition of biogas
depend on the operating conditions, raw materials, retention
time and temperature [1]. Hence, the quality and quantity
of biogas vary widely [3]. Particularly, the biogas steam
reform technique is operated at temperatures 700−900◦ C
with a CH4 /CO2 molar ratio of 1–1.5 with a yield of
around 50% H2 [6]. Steam reform uses high temperatures
of equal to or greater than 850◦ C to excite the chemical reaction in the presence of a Ni catalyst. At lower
temperatures, this catalyst which proved efficient in steam

reforming reactions is not sufficient to activate the chemical
reaction [6]. This gas reform needs a sensor which can sustain
at high temperatures. Micro-solid oxide fuel cells (µ-SOFCs)
are electrochemical conversion devices that could support
portable equipment such as laptop computers and mobile
phones [7–9].
The high power density and the ability of continuous operation for long time periods without recharge is the speciality
of this device [10,11]. Thus, µ-SOFCs are of particular interest, and more attractive due to their improved reliability and
robustness with a ceramic structure [12]. They can operate
at temperatures between 300 and 700◦ C, which is below the
range of large-scale conventional SOFCs [13]. The decrease
in overall thickness of SOFCs in order to increase the activation levels of ion oxide is required to lower temperatures [14].
Electrolytes, such as gadolinium-doped ceria (GDC), have
also been improved in terms of their higher ionic conductivity [15]. Cathode and anode sides of the fuel cells have also
evolved with decrease in resistivity, low thermal expansion,
high porosity and the ability to operate at lower temperature
[16–19]. The key reaction takes place between electrons, ions
and gas molecules which occurs in the interfacial layer with
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Figure 1. A novel µ-SOFC for detecting CH4 in biogas.

anode/electrolyte/cathode interactions on the SOFC. Hence,
the length of this triple phase boundary (TPB) should be maximized [20,21].
Suitable sensors could be used to monitor the multiple
trace gases dissolved in transformer oil. The SOFC-based
gas sensor is an alternative to detect H2 , CO, CH4 , C2 H6 ,
C2 H4 and N2 [22]. CH4 is a very important and dangerous
flammable gas used in domestic and industrial applications.
High-performance methane gas sensors have been developed
from nickel oxide (Ni2 O3 ), decorated tin oxide (SnO2 ) semiconducting films [23] and copper electrodes. Graphene oxide
can be used to detect methane [24]. These sensors are based
on materials with a high sensitivity to CH4 .
This investigation aims to design a novel gas sensor using
a SOFC system to detect CH4 in biogas for a reforming system. The sensor was constructed using GDC10 electrolyte as
the substrate with a BYCF cathode and a nickel oxide (NiO)
anode deposited on it, as shown in figure 1. The spray pyrolysis (SP) technique was used to deposit the cathode and anode
layers on the electrolyte, in a rectangular saw-tooth shape,
with a narrow space left between the cathode and the anode.

2. Experimental
A cathode composite BYCF (Ba0.054 Y0.029 Co1.8 Fe0.062 O2.89 )
[25] was prepared using re-agent grade metal oxide powders
from Sigma Aldrich, Germany. A mixture of 5 wt% BaO,
3 wt% Fe2 O3 , 2 wt% Y2 O3 and 90 wt% Co3 O4 was obtained
by conventional ceramic powder processing. Commercial
GDC10 (10% gadolinium-doped ceria, Ce0.9 Gd0.1 O1.95 ) electrolyte powder with a surface area of 10–14 m2 g−1 and
particle size of 0.1–0.4 µm was obtained from Fuel Cell
Materials, USA.The NiO anode powder with a surface area of
2.9 m2 g−1 and particle size of 0.5–1.5 µm was also sourced
from Fuel Cell Materials, USA.
The cathode was a 50:50 mixture of BYCF and GDC10 ,
while the anode was a 60:40 mixture of NiO and GDC10 .
These compositions were used to control and maintain the
thermal expansion coefficient close to that of GDC10 , which
is 13.08 × 10−6◦ C−1 at 900◦ C [26].
The electrolyte powders were ground for 1 h and mixed
with distilled water, including 10% polyvinyl alcohol as a
binder, by weight. The binder-added powder was pelletized
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Figure 2. (a) GDC10 electrolyte. A uniaxial press was used to produce a pellet of 15 mm in diameter and 2 mm in thickness. (b) The
SP technique was used to deposit a 50:50 BYCF + GDC10 cathode
on the electrolyte substrate. (c) The µ-SOFC was completed by SP
to deposit a 60:40 NiO + GDC10 anode with rectangular ‘teeth’ on
the electrolyte substrate.

with the help of hydraulic press machine. The cathode and
anode mixtures were milled for 12 h in a cylindrical-capped
container with alumina balls as filling with the help of a horizontal rotary ball mill and dried in an oven at 150◦ C. The
powders were ground again for 4 h in our in-house-made
grinding machine and sieved through a 150 mesh.
In the SP technique, the spray gun was operated at 120 psi
air pressure and the nozzle was set up at a height of 20 cm with
a 16 cm spraying diameter. The pellet was placed on a stainless
steel substrate and temperature was increased to 450◦ C. In
order to use this technique, cathode and anode mixtures were
needed in the form of slurries. The mixtures were mixed with
distilled water in the ratio 30:70 vol%. All slurries were milled
for 12 h in a horizontal rotary ball mill for obtaining highly
homogeneous slurries.
In order to prepare a µ-SOFC sensor, the full fuel cell was
fabricated with a 50:50 BYCF + GDC10 cathode and 60:40
NiO + GDC10 anode deposited on the GDC10 electrolyte pellet (50:50 BYCF + GDC10 |60:40 NiO + GDC10 |GDC10 ) as
shown in figure 1. The GDC10 powder was pressed to form
pellets of 15 mm diameter and 2 mm thickness by using a
uniaxial press under 3000 psi pressure. The GDC10 pellet,
as seen in figure 2a, was sintered at 1400◦ C with a heating
rate of 10◦ C min−1 for 10 h. This GDC10 pellet shows high
density for ion conduction at high temperatures [27]. The
50:50 BYCF + GDC10 cathode was deposited on the GDC10
electrolyte pellet by SP in which the rectangular saw-tooth
shape sticker covered the surface to control the shape of the
cathode layer. After spraying the cathode, this pellet was cosintered at 1100◦ C with a heating rate of 10◦ C min−1 for 10 h
as shown in figure 2b. Meanwhile a 60:40 NiO + GDC10
anode was also deposited on the GDC10 electrolyte pellet,
opposite to the cathode area, by SP, where the rectangular
saw-tooth shape sticker covered the cathode layer to control the shape of the anode, and provided a space between
the anode and cathode area. In order to obtain high porosity for the adsorption of gas and increase the electrochemical
power density [28,29], this pellet was co-sintered at 1100◦ C
with a heating rate of 10◦ C min−1 for 10 h under an atmosphere as shown in figure 2c. The symmetrical µ-SOFC
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with a 50:50 BYCF+GDC10 |50:50 NiO+GDC10 |GDC10 was
fabricated using the same process as the full µ-SOFC for measuring impedance spectra.
Figure 3 shows platinum electrodes as probes which were
primed with platinum paste and pressed to ensure good contact. In the real experiment, the pellet with the platinum probes
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was placed in an in-house designed furnace. Microstructures
were observed using a scanning electron microscope (SEM)
(Gemini SEM, FE-SEM, and Zeiss). The ohmic and the
interfacial resistance were determined by impedance spectroscopy using a Solarton 1286 electrochemical interface
and a Solarton 1255 HF frequency response analyser. These
were interfaced with a computer in the frequency range
from 0.01 Hz to 1 MHz. A PROVA 200A PV analyser
was used to measure power density. The biogas composition (H2 , CO2 , CH4 , N2 and H2 S) was determined by gas
chromatography with a flame thermal conductivity and photometric detector by using an Agilent GC7890. The mixture
of gases used was 99.99% methane (CH4 ) and 99.99% nitrogen (N2 ), each at 60 psi pressure and mixed by a metreing
valve from Swaglok as shown in figure 8b. The biogas was
collected from a palm oil factory in the south of Thailand.

3. Results and discussion

Figure 3. (a) The µ-SOFC with an alumina tube and platinum
wire. (b) Diagram showing the µ-SOFC set-up for gas flow measurements.

The µ-SOFC surface was examined using a SEM. Figure 4a
shows the structure of the µ-SOFC surface with anode and
cathode deposited on the electrolyte. The space (electrolyte)
separating the anode and cathode was a rectangular sawtooth shape on the 15 mm diameter electrolyte substrate.
Figure 4b shows the microstructure of the anode with ∼1 µm
pin-holes. Figure 4c shows the microstructure of the cathode

Figure 4. (a) The used µ-SOFC after gas sensing. (b) Microstructure of the 60:40 NiO + GDC10 anode.
(c) Microstructure of the 50:50 BYCF + GDC10 cathode. (d) Microstructure of the GDC10 electrolyte.
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Figure 5. (a) The used µ-SOFC after gas sensing. (b) Cross-section of the microstructure between the 60:40
NiO + GDC10 anode and GDC10 electrolyte. (c) Cross-section showing the interface of the 50:50 BYCF +
GDC10 cathode and the GDC10 electrolyte. (d) The free space separating the anode and cathode layers.

Figure 6. (a) Nyquist plots of the µ-SOFC impedance spectra at various temperatures in the range of 550−800◦ C.
(b) Bode plots of the µ-SOFC at various temperatures.

with ∼10 µm pin-holes. High porosity was observed from the
microstructure of the cathode and anode [27]. Figure 4d shows
the microstructure of the electrolyte with no pin-holes. This
microstructure indicated that the electrolyte is highly dense.
The deposited anode was 40 µm in thickness on the electrolyte
substrate (figure 5b). The deposited cathode was 80 µm in
thickness on the electrolyte substrate (figure 5c). SEM images
clearly shows that the surfaces are well-connected to cathode–
electrolyte and anode–electrolyte interfaces (figure 5b and c).

The free space on the electrolyte surface was 900 µm wide
between the anode and the cathode (figure 5d).
Impedance spectroscopy was utilized to assess the electrochemical properties and characteristics at different temperatures of the µ-SOFC. The impedance spectra of BYCF–
GDC10 –NiO are fitted using Zview software with a proper
equivalent circuit model as shown in figure 6a. In these models, L o represents the inductance arising from equipment
and cables during the measurements [28]. While Rs exhibits
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Figure 7. The conventional µ-SOFC set-up for determining the
O2− ion flow.

the ohmic resistance caused by electrolyte GDC10 and wires
[29]. According to Li et al, the components (Rl Cl ), (Rm Cm )
and (Rh Ch ) exhibit reaction steps in the low-frequency (LF),
medium-frequency (MF) and high-frequency (HF) range,
respectively [30]. The results of Nyquist and Bode plots are
shown in figure 6a and b. An increase in temperature decreases
the total impedance, depending on the electrical conductivity of the BYCF, NiO and GDC10 materials. The BYCF
material shows high conductivity of 200–588.55 S cm−1 at
660−800◦ C and 3.23 eV [31]. After oxidation at 500◦ C,
the NiO–GDC10 substrate shows grain boundary (GB) and
grain interior (GI) conductivities at 0.107 and 0.0009 S cm−1 ,
respectively. The activation energies calculated from the
Arrhenius plots for the GI and GB conductivities are 0.81 and

0.9 eV, respectively [32]. Figure 6a also shows the characteristic of the µ-SOFC at different operating temperatures. One
large depressed arc is observed at 600 and 650◦ C and smaller
arcs are observed when temperature is increased to 700, 750
and 800◦ C. The HF (>103 Hz) arcs correspond to the process
of oxygen ionic exchange across the interfaces between the
cathode and electrolyte [33]. The MF (103 –102 Hz) arcs are
probably associated with the diffusion of ion electrons at the
surface of the cathode [28]. However, LF (<102 Hz) arcs are
related to oxygen gas phase diffusion through the porous cathode layer [28]. This reaction occurred at the cathode interfaced
with electrolyte that acted on the one side of the electrolyte
layer. Ion (O2− ) transferred across the gap between cathode
and anode as shown in figure 7. The impedance arising from
the gas phase diffusion not only corresponds to the temperature and diffusion coefficient of oxygen in air, but also involves
the microstructure of the cathode. Therefore, the addition of
GDC10 into BYCF can enhance the processes of oxygen ions
and electrode reactions [33].
Moreover, Rh and Ch corresponded to the resistance and
capacitance between the anode and electrolyte; Rm and Cm
corresponded to the resistance between the cathode and electrolyte, while Rl and Cl corresponded to fuel gas-diffusion
impedance [34] as shown in table 1. The change in resistances
(Rh , Rm , Rl ) and capacitances (Ch , Cm , Cl ) is dependent on
the temperature, and the areas of the cathode/electrolyte/gas
TPB active region [33].
The complex impedance of the µ-SOFC was recorded over
600−800◦ C. Figure 6a shows the usual three semicircles

Table 1. The fitting R (resistance) and C (capacitance) of impedance spectra for the symmetrical µSOFC (BYCF + GDC10 |BYCF + GDC10 |GDC10 ) measured as a function of temperature in air.
Parameters
R (
Temperature (◦ C)
600
650
700
750
800

Table 2.

cm2 )

C (F cm2 )

Rs

Rl

Rm

Rh

Cl

Cm

Ch

1100
580
400
260
150

800
400
180
15
6

1500
550
120
65
8

650
200
200
60
27

1.205 × 10−06
1.205 × 10−06
6.184 × 10−03
7.184 × 10−02
1.918 × 10−01

2.552 × 10−05
2.552 × 10−04
1.184 × 10−08
1.004 × 10−07
1.004 × 10−06

1.552 × 10−08
1.552 × 10−08
1.184 × 10−05
1.184 × 10−04
1.184 × 10−04

Chemical composition of biogas from the palm oil factory in the south of Thailand.

Gas
Biogas

Samples

H2 (% volume)

N2 (% volume)

CH4 (% volume)

CO2 (% volume)

H2 S (ppm)

1
2
3

0.000
0.000
0.000
0.000
±0.000

5.286
4.921
4.793
5.000
±0.256

61.072
60.592
58.336
60.000
±1.461

35.333
34.781
34.886
35.000
±0.293

923.893
953.304
956.115
944.437
±17.847

Average
Standard deviation
GC was used for measurement.
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Figure 8. (a) The µ-SOFC sensor was set-up in the furnace for application of the gas sensing. (b) The
conventional gas mixing technology by using metring valve to mix the CH4 and N2 gas.

in the complex impedance corresponding to the cathode–
electrolyte and electrolyte–anode interfacial impedance contributions to the total impedance of the system. The total
impedance decreases with frequency and temperature as
shown in figure 6b. It is affected by porous-media transport,
elementary heterogeneous chemical reaction, ion conduction
and electrochemical charge transfer, as shown in equation (1):

Z tot = Z rd +

Rct,a
Rct,c
+ Rele +
.
i + jω R ct,a Cdl,a
i + jω R ct,c Cdl,c
(1)

Here, Cdl,a and Cdl,c are the double layer capacitances at the
anode–electrolyte and cathode–electrolyte interfaces respectively; Rct,a and Rct,c are the charge transfer resistances at
the anode and cathode respectively; Rele is the ohmic resistance of the electrolyte; Z rd is the effective reaction-diffusion
resistance and ω = 2π f is the angular frequency [34].

Figure 9. Current–voltage characteristics of biogas from the palm
oil factory in the south of Thailand and the corresponding power
densities for the µ-SOFC with a flow rate of CH4 = 0.2 l min−1 at
700−800◦ C.

Therefore, the frequency also affects the total impedance
through capacitances.
The biogas, as the fuel for the sensor was collected from
a palm oil factory in the south of Thailand. Table 2 indicates
that the biogas was measured three times by GC machine
which contains N2 , CH4 , CO2 and H2 S. The average biogas
composition was 5% N2 , 60% CH4 and 35% CO2 by % volume. Hydrogen sulphide (H2 S) was obtained in biogas in the
small amount of 944.437 ppm due to the palm wood materials. Lau et al [35] reported that biogas produced by palm
oil mill effluent anaerobic digestion contains small amounts
of H2 S. Figure 8a shows the set-up for measuring the voltage
generated by the µ-SOFC sensor at 700−800◦ C temperature
of the furnace. The calibration on the µ-SOFC sensor needs
various percentages of CH4 to generate the voltage because
biogas from the factory contains 60% CH4 . Therefore, calibration of the sensor was conducted at various percentage
levels of methane gas as shown in figure 8b. Figure 9 exhibits
power density and voltage as a function of biogas, the palm
factory, fed to the sensor at 700 and 800◦ C. The maximum
power density of the µ-SOFC sensor was 1.00 µW cm−2 at
700 and 800◦ C. This means almost the same power density
generated at both temperatures. Therefore, the µ-SOFC sensor can be operated at 700◦ C to save on energy consumption
as well as thermal stress relief. Le et al [36] observed

Figure 10. Measured voltage levels for different gas mixtures fed
to the µ-SOFC at 800◦ C with the gas flow rate of 0.2 l min−1 .
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Figure 11. Comparison of voltage levels of biogas from the palm oil factory in the south of Thailand and
the mixture of gases measured by the µ-SOFC at 800◦ C, with a flow rate of 0.2 l min−1 .

a power density of 0.26 W cm−2 from the full fuel cell
fabricated from Ba0.5 Sr0.5 Co0.8 Fe0.2 O3 (BSCF) + GDC cathode, La1.8 Dy0.2 Mo0.2 O9 (LDM) electrolyte and GDC+NiO+
LDM anode which operated in an atmospheric reactant with a
1.5:1 (CH4 :O2 ) ratio. At high temperatures, the composition
of the BSCF + GDC cathode reacted to thermal expansions;
however, it performed steadily in the temperature range of
652−700◦ C.
The measured voltage levels correspond to the amount of
methane gas fed to the sensor. Experiments used mixture of
gases which involves percentages of CH4 and N2 varying from
10 to 99.99%. The voltage levels of 50% CH4 to 99.99% CH4
were highly stable and can be used for reference. Meanwhile
the voltage levels of 30% CH4 to 40% CH4 were unstable
and had high error levels. For 10% CH4 to 20% CH4 , it was
not possible to separate the exact voltage level as shown in
figure 10. There are three-layer fuel cells of BSCF/GDC/NiO
which have a current level of around 0.55 A cm2 spending
200 h, based on a 700 mV voltage level at 550◦ C [37]. Therefore, the µ-SOFC is a potential option for CH4 gas detectors
at high temperature.
There is insufficient methane to react in the reforming
to convert CH4 to hydrogen when the CH4 concentration
was below 40% (equation (2)). Hence, a low voltage level
was detected with high error levels. CH4 quantity should be
sufficient to produce a typical endothermic reaction at high
temperatures of 700−900◦ C. High catalysts are required to
promote the conversion of syngas when the NiO-based material is used. Other reactions also occur concurrently during the
dry reforming process. One typical side chemical reaction is
a reverse water gas shift which can reduce the H2 /CO ratio

in the syngas product. This chemical reaction contributes to
proper adjustment of the H2 /CO ratio for production of higher
hydrocarbons [38].
Biogas was compared with the mixture of gases as shown in
figure 11. Biogas-generated voltage level is 20.90 mV while
the mixture was reported at 18.84 mV (figure 11). All gas
samples were measured under the same conditions. The biogas from the factory was higher than the mixture of gas by
around 10.93%, because H2 was reformed from CH4 gas on
the anode side and mixed with the air in the alumina tube
chamber. The NiO composition included in the anode side of
the µ-SOFC, activated and contributed to CH4 -dry reforming
as shown in equation (2) [5]. The biogas from the factory
contained higher CO2 levels than the mixture of gas, and
H2 S was also detected in biogas. It may also be the case
that H2 S causes the generation of the H2 which is used by
CH4 dry reforming to produce the voltage, but it has a very
small effect. Normally, the SOFC technology can produce
the electricity (voltage level; e− ) by H2 and O2 , following
H2 + O2− → H2 O + 2e− and 1/2O2 + e− → O2− . Therefore,
the biogas from factory can produce high voltage levels that
occurred in the chemical reaction following equation (2):
CH4 + CO2 ↔ 2CO + 2H2 .

(2)

Therefore, CH4 is used to generate electricity using the µSOFC. A µ-SOFC with small-sized pellets cannot produce
enough electricity to act as a power source. However, µ-SOFC
can still be used as a low-cost sensor for CH4 in biogas.
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4. Conclusions
A novel µ-SOFC, consisted of a 50:50 BYCF + GDC10 cathode and 60:40 NiO + a GDC10 anode deposited on a GDC10
electrolyte substrate in rectangular saw-tooth shapes, was fabricated. This µ-SOFC only allowed the fuel gas to be fed on
one side and produced microwatt power density. CH4 gas
generated with 1 µW cm−2 of power density and the device
can be adapted to a low-cost sensor for detecting methane in
the biogas which contains H2 S, CO2 , N2 and CH4 with CH4
the major component at 60% (based on biogas from oil palm
wood). The sensor was monitored in terms of voltage level
corresponding to the quantity of CH4 in the biogas. This sensor cannot represent accurate voltage levels for 10–40% CH4 .
The µ-SOFC sensor can be usefully operated at high temperatures which would be suitable in gas forming systems and
biogas power plants. The electronic sensors are sensitive to
humidity, which affects both metals and semiconductors. In
contrast, the µ-SOFC can be operated at comparatively high
temperatures and is mainly ceramic. Therefore, the novel µSOFC has potential for use as a low-cost sensor to detect
biogas composition.
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