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A cermet-supported tubular SOFC was fabricated using thermal spray. The cell performance was
investigated at temperatures from 750 to 900 �C and pressures from 0.1 to 0.5 MPa to examine the effect
of operating gas pressure on the cell performance. The influence of gas pressure on the cathodic
polarization was studied through the electrochemical impedance approach to examine the controlling
electrochemical processes during cell operation. Results show that increasing the operating gas pressure
improves the power output performance significantly. When the gas pressure is increased from 0.1 to
0.3 MPa, the maximum power density is increased by a factor of 32% at a temperature of 800 �C. The
cathode polarization decreases significantly with the increase of the gas pressure. The electrochemical
analysis shows that the main control processes of the cathode reaction are the oxygen species transfer at
the three-phase boundary and oxygen diffusion on the surface or in the bulk of the cathode, which are
enhanced with increasing gas pressure.
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1. Introduction

With the background of global warming and rising oil
price, the development of low carbon economy has
become a hot topic, which is the fundamental way to deal
with climate change and environmental crisis. Solid oxide
fuel cell (SOFC) is one of the effective power generation
technologies and it has many advantages such as high
theoretic efficiency; the possibility to use natural gas,
biogas, and methane as fuel; noiseless operation; no
need to use noble metals as catalysts; and low emissions
(Ref 1, 2).

Besides increasing the operating temperature which
significantly increases the output performance, increasing
the operating pressure can also improve the output per-
formance of SOFC. Singhal (Ref 3) reported that when
the operating pressure changed from 0.1 to 0.5 MPa, the
maximum output power of the tubular cell with cathode
support increased by 9%, and the maximum output power
only increased by 6% as the gas pressure increased from
0.5 to 1.5 MPa at the temperature of 1000 �C. Zhou et al.
(Ref 4) also reported that when the pressure increased

from 0.1 to 0.6 MPa, the maximum output power density
of the tubular cell with anode support increased from 267
to 306 mW/cm2 at 800 �C.

On the other hand, a power system with high efficiency
of fuel utilization can be obtained by cogeneration of
SOFC with gas turbine and steam turbine. The pressurized
SOFC operated at 0.3-0.5 MPa can be combined with a
gas turbine by feeding exhausted gases into combustors,
and such a hybrid power system is expected to reach
efficiencies over 70% (Ref 5). Lim et al. reported that the
maximum output power of the cell stack increased from
4.3 kW at ambient atmospheric pressure to 5.1 kW in a
pressure of 0.35 MPa, with an increase of 18.6% at the
temperature of 800 �C (Ref 6). Siemens Westinghouse
Power Corporation has developed a 200 kW class pres-
surized SOFC-GT hybrid power generation demonstra-
tion system, and the compressed gas went through SOFC
to promote gas turbine to generate power. Its efficiency of
electricity generation was 52%, while the power genera-
tion efficiency of such systems at ambient pressure is only
46% (Ref 5). Therefore, it is clear that the increasing
operation gas pressure leads to the improvement of power
output performance of SOFC.

The cathode polarization becomes the main cause of
the power losses in SOFC with the decrease of the elec-
trolyte thickness and the optimization of the anode
structure (Ref 7, 8). The output performance of SOFC is
often limited by the oxygen reduction processes at the
cathode, especially at low temperatures (Ref 9-11). High
operating pressure can promote the gas diffusion, accel-
erate the electrode reaction, and then reduce the losses at
the electrode (Ref 4, 12). However, few investigations
were performed to examine how the pressure influ-
ences fundamental electrochemical processes of electrode
reactions.

In this study, a cermet-supported tubular SOFC has
been fabricated using flame spray and plasma spray, which
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are regarded as cost-effective methods to reduce the cost
of commercial SOFC. The tubular cell performance was
investigated at temperatures from 750 to 900 �C and
pressures from 0.1 to 0.5 MPa to examine the effect of
operating gas pressure on the performance of SOFC.
Moreover, the influence of gas pressure on the cathodic
polarization was studied through the electrochemical
impedance approach.

2. Experimental

2.1 Fabrication of Cell

A free-standing NiCr-Al2O3 tube, which is about
450 mm long with an inner diameter of 16 mm, was fabri-
cated by oxygen-acetylene flame spraying (QT-E2000-7/H,
SHANGHAI) using a powder blend of NiCr, Al2O3, and
polyester. Anode, electrolyte, and cathode were succes-
sively deposited on the support by atmospheric plasma
spray (APS, GDP-80, 80 kW class, JIUJIANG). The
agglomerated NiO/YSZ powder was used as anode mate-
rial. Before the spraying of the cathode, the as-sprayed
electrolyte was densified with nanosized YSZ particle sus-
pension in nitrates� solution. The materials� selections and
the preparation methods and parameters for different
functional layers are shown in Table 1.

2.2 Characterization

The output performance was measured at different
temperatures from 700 to 900 �C and pressures from 0.1 to
0.5 MPa, respectively. Hydrogen and oxygen were sup-
plied to the anode side and the cathode side, respectively.
An electrochemical workstation (Thales IM6ex, Zahner�

Elektrik, Germany) was used for the electrochemical
impedance measurement. The tests were performed in a
frequency range from 0.1 to 105 Hz with an amplitude of
the AC signal of 10 mV at the equilibrium potential. A
three-electrode setup was used to measure the polariza-
tion (Ref 13). During the measurement, in order to avoid
the interactions between the work electrode and reference
electrode, the distance between them should be longer
than three times that of the electrolyte thickness (Ref 14,
15). Pt wires were used as the leads of the three electrodes.
Before the test, the single cells were treated in protective
atmosphere at 800 �C for 2 h.

The cross section morphology of the tubular single cell
was characterized by scanning electron microscopy (SEM)
(VEGA II-XMU, TSCAN, Brno, Czech Republic).

3. Results and Discussion

3.1 Microstructure of the Single Cell

Figure 1 shows the cross section morphology of the
thermally sprayed tubular single cell. As shown in
Fig. 1(a), in addition to the porous cermet support, it
contains anode, electrolyte, and cathode. The cathode and
anode are well bonded with electrolyte, which contributes
to a steady performance of the cell in the long run. Elec-
trolyte prepared by thermal spray is relatively dense after
the densification process (Ref 16, 17) and is sufficient to
isolate the gas of the cathode from that of the anode. The
interconnecting of the pores in the anode can be achieved
by both the inherent pores in the lamellae and the addi-
tional pores produced after reduction of NiO to Ni metal.
Figure 1(b) shows the cross-sectional microstructure of
the plasma-sprayed cathode. Pores in the deposit consist
of relatively large voids and small two-dimensional voids
such as the interlamellar non-bonded interfaces and
microcracks in individual lamellae. Pores are therefore
interconnected through microcracks in individual splats in
the cathode (Ref 18), which permit the passage of gas
through the cathode. The porosity of the plasma-sprayed
LSM cathode with a thickness less than 50 lm is enough
to diffuse reacting gas to the triple-phase boundary (TPB)
zone (Ref 16, 19).

3.2 Effect of Pressure on the Output Performance

Figure 2 shows the typical current-voltage characteris-
tic and the corresponding power densities at the temper-
ature of 900 �C for the tubular single cell. The open circuit
voltage (OCV) of the cell is comparable to the theoretic
value, which implies that dense electrolyte was obtained
by post-spray densification of plasma-sprayed YSZ. It can
be seen that the OCV increases with the increase of
operating pressure, which is consistent with the theoretic
calculation (Ref 20). The fact that the OCV continuously
increases with the pressure increase also implies that the
thermally sprayed tubular cell is stable at the tested
pressure range.

Figure 3 shows the effect of operating temperatures
and pressures on the maximum output power density at
different pressures. It can be found that with the increase
of operating pressure, the maximum power density
increased. The maximum power density at 900 �C was
increased by the factors of 22.0 and 32.8% when the
operating pressure was changed from 0.1 to 0.2 MPa and
from 0.1 to 0.3 MPa, respectively. The effect of pressure
on the performance at different operating temperatures is
similar to that at 900 �C. When the operating pressure

Table 1 Nominal compositions and processing methods of SOFC components

Components Composition Processing method Spray power, kW Spray distance, mm Thickness, lm

Cermet support Ni50Cr50-Al2O3 FS … 90 1000
Anode NiO-YSZ APS 30 100 20
Electrolyte YSZ APS 42 75 110
Cathode LSM APS 30 100 20
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increased from 0.1 to 0.3 MPa, the maximum power den-
sity was increased about 31.7% at the temperature of
800 �C as shown in Fig. 3. When the operating pressure
became higher than 0.3 MPa, the increasing rate becomes
less than that at a lower pressure range.

3.3 Effect of Pressure on Polarization

Figure 4 shows Nyquist diagrams of pressured cells at
the temperatures from 750 to 900 �C and the operating
pressures from 0.1 to 0.5 MPa. As shown in Fig. 4, each
Nyquist plot consists of two depressed arcs. Intercepts of
the Zre axis with each Nyquist plot at high frequency
represent the Ohmic polarization of the system Rs, while
the area-specific polarization Rp is determined by the
difference between the intercepts at high and low fre-
quencies. It was obvious that Rs only depends on operat-
ing temperature and Rp depends both on temperature and
pressure. Therefore, both Rs and Rp decreased with
increasing temperature at the same operating pressure.
When the test temperature was 750 �C and operating
pressure was 0.1 MPa, Rs and Rp were 2.35 and
1.49 XÆcm2, respectively, while at 900 �C and 0.1 MPa,
they were reduced to 2.19 and 0.82 XÆcm2, respectively.
Moreover, Rp decreased with the operating pressure at
different temperatures. At 900 �C, Rp decreased from 0.82
to 0.35 XÆcm2 when the operating pressure was increased
from 0.1 to 0.5 MPa.

When the operating pressure increases, the oxygen
pressure of the cathode side will change. However, the
oxygen pressure at the anode side changes little. This is
because oxygen partial pressure of the anode side is only
related to the ratio of PH2O to PH2

, while that of the
cathode side is proportional to the overall gas pressure
(Ref 21). Moreover, the Ohmic polarization is not influ-
enced by the gas pressure. The changes of polarization
measured by the three-electrode setup at different pres-
sures represent the changes of cathode polarization.

Jorgensen and Mogensen (Ref 22) suggested that there
are at least five processes which affect the impedance.
They are presented from high to low frequency below.
Two processes are related to the transport of oxide ions
and/or oxygen intermediates within the electrode struc-
ture and at the electrode/electrolyte interface, and the two
processes correspond to the highest frequency range and
are often difficult to separate. Their contribution to the
impedance is usually small or negligible. The third process
reflects competitive elementary steps in the oxygen
reduction reaction. This process depends on the TPB
length and is often found to be the major contributor to
the impedance. It is assumed that this process may be

Fig. 1 Cross section morphology of the thermal sprayed tubular single cell. (a) Overall morphology of the cell and (b) cathode
morphology

Fig. 2 Output performance of the tubular cell at 900 �C under
different pressures

Fig. 3 The maximum power density at different temperatures
and pressures
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dominated by dissociative adsorption, transfer of species
at the TPB, or surface diffusion depending on the cir-
cumstances. Another main contributor to the impedance
is a process corresponding to oxygen diffusion in the
porous cathode structure and in a stagnant gas layer above
the electrode structure. The last process corresponds to an
inductive arc at very low frequencies. Not all the arcs and
processes can be identified in the acquired impedance
spectra. However, according to the different frequency
ranges of the arcs, the control processes of the electrode
reaction can be determined.

There were only two depressed arcs obtained in this
study. It was simulated by the commercial software Zplot/
Zview (Solatron Instruments Ltd.) to further investigate
the control processes of the cathode reaction at different
pressures. The equivalent circuit is shown in Fig. 5, where
L1 represents the inductor, Rs represents the Ohmic
resistance, R1 and R2 are the polarization resistances, and
CPE1 and CPE2 are constant phase elements. From the
phase angle plots tested at 900 �C shown in Fig. 6, it is
clear that the impedance characteristics are mainly
determined by two different processes, which corresponds
to the two partially overlapping depressed arcs in the
Nyquist plots. Kournoutis et al. (Ref 23) also reported that
overlapping of different arcs is more pronounced at lower
temperatures. On the other hand, the inductance was
taken into account in the simulation to exclude its influ-
ence on the simulation of R1 and R2. However, the
inductance which should appear in the fourth quadrant
cannot be seen on the Nyquist plots because the Nyquist
plots were drawn with a vertical coordinate starting from

zero in Fig. 4. Based on the equivalent circuit in Fig. 5, the
simulation by fitting the Nyquist plots at 900 �C yielded
the values shown in Table 2. It can be found that the
polarization resistances R1 and R2 decreased with the
increasing gas pressure, while the Ohmic polarization
was not affected by the pressure.

Fig. 4 Nyquist diagrams of pressured cathode at different pressures and temperatures. (a) 750 �C, (b) 800 �C, (c) 850 �C, and (d) 900 �C

Fig. 5 The equivalent circuit of the Nyquist plots

Fig. 6 Bode plots acquired at 900 �C
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In Fig. 4, it can be found that the frequency range of
the high frequency arc is about 200-3000 Hz, while that of
the low frequency arc is about 0.1-200 Hz. According
to the frequency ranges of each depressing arc and their
responses to the changes of gas pressure, corresponding to
the reports of Jorgensen and Mogensen (Ref 22), it can be
confirmed that the process of the high frequency arc cor-
responds to the transfer of oxygen species at the TPB,
while that of the low frequency arc corresponds to oxygen
diffusion in the porous cathode structure and in a stagnant
gas layer above the electrode structure.

The dependence of the cathode polarization on oxygen
pressure can be expressed as follows (Ref 24):

ReI ¼ k PO2
ð Þ�n

where ReI represents the cathode polarization resistance /
XÆcm2, k is the speed constant, PO2

is the oxygen pressure /
Pa, and n is the index of oxygen pressure. Takeda et al.
(Ref 25) reported that the n value of 0.5 corresponds to
the process controlled by oxygen atom concentration and
the n value of 1 corresponds to the process controlled by
oxygen molecule concentration. In this study, the n value
of the high frequency arc is 0.44-0.52 and that of the low
frequency arc is 0.47-0.48. Thus, the two control processes
of the cathode reaction are both related to atomic oxygen
concentration.

The CPE as shown in Fig. 5 can also be calculated from
the software Zplot/Zview. With the increase of gas pres-
sure from 0.1 to 0.5 MPa, the capacitance that corresponds
to the low frequency arc increased from 0.32 to 0.53 F/cm2.
As shown in Fig. 6, the frequency corresponding to the
highest point of the low frequency arc basically changes
little with the change of gas pressure, remaining 1.5 Hz.
With such a low frequency and a high value of capacitance,
this semicircle is usually assigned to processes such as gas
diffusion or dissociative diffusion related to oxygen
depletion (Ref 26).

Based on the previous results, the cathode reaction in
this study is controlled by two processes. The low fre-
quency process is the diffusion behavior of oxygen in the
porous cathode structure and in a stagnant gas layer above
the electrode structure, and the high frequency process is
the transfer of oxygen species at the TPB.

With the increase of gas pressure, the concentration of
reacting gas increases, which benefits oxygen adsorption
and dissociation on the cathode surface and thus atomic
oxygen diffusion on the surface or in the bulk of cathode.
Meanwhile, oxygen species transfer at the TPB would be
promoted. The increase of gas pressure, through its effects
on the two control processes of the cell reaction, reduces
the polarization loss and thus promotes the cell output
performance.

4. Conclusions

A cermet-supported tubular SOFC was fabricated
using thermal spray. The effect of operating pressure on
cell performance was investigated at temperatures from
750 to 900 �C and pressures from 0.1 to 0.5 MPa. The
results showed that with increasing operating pressure, the
cell performance would be significantly improved, espe-
cially at low operating pressures. When the operating
pressure increased from 0.1 to 0.3 MPa, the maximum
power density was increased about 31.7% at the temper-
ature of 800 �C. The cathode polarization decreased by
about 38.9% when the operating pressure increased from
0.1 to 0.3 MPa at 800 �C. The main control processes of
the cathode reaction were the oxygen species transfer at
the TPB and oxygen diffusion on the surface or in the bulk
of the cathode.
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