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The  nickel  metal-supported  cells  fabricated  by  atmospheric  plasma  spraying  are  post-heat  treated  in
air  at  960 ◦C for  2  h  with  different  pressures.  The  current–voltage–power  and  AC impedance  measure-
ments  show  the  prepared  cell  with  an applied  pressure  of  450  g  cm−2 in  the  post-heat  treatment  has
a  better  electrochemical  performance  at test  temperatures  ≥ 650 ◦C. For  test  temperatures  <  650 ◦C,  the
maximum  power  densities  at 450 g cm−2 pressure  are  about  the  same  as  the  maximum  power  densities
at  1250  g  cm−2 pressure.  The  SEM  micrograph  indicates  that  the  cathode  including  the cathode  interlayer
tmospheric plasma spray
olid oxide fuel cells
etal-supported
anostructured

and  the  cathode  collector  is the  most  porous  region  in the  cell.  AC  impedance  results  show  this  cathode
is  the  most  sensitive  part to the  applied  pressure  in the  post-heat  treatment  and  the  cell  with  450  g cm−2

pressure  has  the  smallest  low  frequency  intercept  R2 and  the  polarization  resistance  Rp at  temperatures
from  600  to  800 ◦C.  The  performance  durability  test  of the  cell  post-heat  treated  at  450  g cm−2 pressure
shows  a degradation  rate  of  0.0087  mV  h−1 or 0.0026  mW  h−1 at 300  mA  cm−2 constant  current  density
and  750 ◦C  test  temperature.
. Introduction

The solid oxide fuel cell (SOFC) is an electrochemical reactor for
enerating electricity and has some unique advantages over the tra-
itional power generation technologies, including inherently high
fficiency, low gas pollution emissions and fuel flexibility [1–3].
ver the past two decades, technical developments have focused on

he development of both advanced SOFC materials and structures
o that the reduction of cell operation temperature can be realized
4–8]. SOFCs with reduced operation temperature (600–800 ◦C)
rovide numerous advantages such as wider choices of low-cost
omponent materials, improved sealing and interfacial reaction
revention, and increased flexibility in the structure design [9–11].

In the development of reduced temperature SOFC technology,
educing electrolyte thickness and developing alternative materi-
ls with high ion conductivity at reduced temperatures are two
ajor approaches to minimize the energy loss from electrolyte. The

SGM has been reported as a material with higher ion conductivity
han YSZ material and chosen as a good electrolyte for interme-

iate temperature solid oxide fuel cells (ITSOFCs) [12,13].  There

s also a tendency to shift ceramic-supported fuel cells to metal-
upported fuel cells toward lowing operation temperatures, due to
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the potential benefits of low cost, high strength, better workability,
good thermal conductivity and quicker start-up [14,15]. Quicker
start-up and thermal cycling are considered as the main causes
of ceramic-supported fuel cell breakage and stack failure [16,17].
Metal-supported fuel cells are desired to be used in the auxiliary
power unit of mobile application where the structural robustness
and the thermal shock resistance with low internal temperature
and stress gradients are required [18,19]. In addition, the use of
metallic substrates allows the use of conventional metal welding
techniques for stack sealing and could significantly reduce the man-
ufacturing costs of SOFC stacks.

The atmospheric plasma spraying (APS) that is well known in the
industrial applications is a part of thermal spraying, a group of pro-
cesses in which metallic and non-metallic powders are deposited in
a molten or semi-molten state on a prepared substrate [20,21]. This
spraying process shows strong potential to enable the sequential
multi-layer depositions of metal-supported fuel cells on preheated
porous metallic substrates [22,23]. In our approach, the LSGM
(La0.8Sr0.2Ga0.8Mg0.2O3−ı) material with higher ion conductivity
was adopted as an electrolyte in the APS process for obtaining high
power density metal-supported ITSOFCs. To mitigate unfavorable
residual stresses in a cell prepared by the APS coating processes
which is a fast sintering process and can generate stresses in a

coating, an annealing process for the whole cell is applied with
a pressure for eliminating the unwanted cell warping. Hence, it is
important to explore the effect of applied pressure in the post heat
treatment of fabricating a cell on the cell performance.

dx.doi.org/10.1016/j.jpowsour.2011.09.018
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cshwang@iner.gov.tw
mailto:chansin.hwang@msa.hinet.net
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Table 1
Typical parameter values of atmospheric plasma spraying.

Spray parameter Anode functional layer Buffer layer Electrolyte layer Composite cathode layer Current collector layer Unit

Torch power 36–38 42–14 47–19 26–28 26–28 kW
Primary argon flow rate 50–54 50–54 50–54 50–54 50–54 slpm
Secondary helium flow rate 20–25 20–25 20–25 20–25 20–25 slpm
Secondary hydrogen flow rate 6–8 6–8 6–8 2–4 2–4 slpm
Argon carry gas flow rate 3–5 3–5 3–5 3–5 3–5 slpm
Powder feed rate 2–10 2–10 2–10 2–10 2–10 g min−1
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Spray distance 95 90 

Preheated substrate temperature 500 700 

Robot  scan speed 600 1000

. Experiments

The APS system consisted of mainly a modified Praxair SG-100
c plasma torch with Mach I nozzle that inject a high temperature
lasma flame under atmospheric condition, two powder feeder sys-
ems for delivering plasma sprayable powders, a cooling system for
he torch, a furnace for preheating the substrate, an IR detector for

easuring the temperature of the substrate, a fast CCD camera to
bserve trajectories of particles in the plasma flame and a Fanuc
obot ARC Mate 120iB system to scan plasma torch. The modified
raxair SG-100 dc plasma torch with Mach I nozzle was  operated at
edium currents from 300 to 460 A and at high voltages from 88 to

05 V. The mixed gas from argon, hydrogen and helium was  used
s plasma forming gas. A specially designed multi-gas mixer was
pplied to mix  these gases uniformly. Other details of experimen-
al apparatus are given in earlier papers [24,25] and typical plasma
praying parameters are shown in Table 1.

Commercially available powders of LDC (Ce0.55La0.45O2−ı),
DC/NiO, LSCF (La0.58Sr0.4Co0.2Fe0.8O3−ı)/C, and LSGM
La0.8Sr0.2Ga0.8Mg0.2O3−ı) obtained from Inframat, Inc., USA
nd Specialty Ceramics of Praxair, USA were applied to construct
 metal supported solid oxide fuel cells by atmospheric plasma
praying processes. The morphologies of these powders are
hown in Fig. 1. LDC, LDC/NiO, LSCF/C and LSGM are agglomerated

Fig. 1. SEM photos of powders: (a) LDC/NiO, (b) LDC, (c
95 95 mm
500 500 ◦C
600 600 mm s−1

powders that have average granule sizes from 20 to 50 �m and
can be sprayed directly by APS. Carbon black of 15 wt%  is applied
as a pore former and it will be burn out during the plasma spray
coating. The original particles of LDC and LDC/NiO agglomerated
powders are less than 100 nm in size, but the original particles of
LSCF agglomerated powders are between 200 nm and 400 nm in
size. The Ni content in LDC/NiO powders is about 50% in volume
after reduction. The LSGM powders are sieved into a smaller range
of powder sizes before plasma spraying. Layers of LDC/NiO, LDC,
LSGM, LSGM/LSCF and LSCF were sprayed by APS in sequence on
a porous nickel substrate to complete a Ni-LDC/NiO-LDC-LSGM-
LSGM/LSCF-LSCF cell. The LSGM/LSCF interlayer is formed of
LSGM and LSCF with 50%:50% in volume, this layer is applied for
matching gradually the thermal expansion coefficients of dense
LSGM electrolyte and porous LSCF layer. The LDC layer is used to
inhibit nano nickel particles in the anode to diffuse into LSGM
electrolyte and react with LSGM material. To support the whole
cells, the nickel substrates with 1.2 mm in thickness are adopted.
The NiO can be reduced to Ni by hydrogen gas during the cell test.

The four completed APS cells named as cell A, B, C and D with
1.76 cm2 active area of LSCF layer for collecting cell current were

prepared to study the effect of applied pressure in the post-heat
treatment, they were supported by porous nickel substrates with
a diameter of 24 mm and a permeability of about 0.5 Darcy. The

) LSGM and (d) LSCF/C used to fabricate ITSOFCs.
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Fig. 2. The scheme of testing APS sprayed cells.

Fig. 3. (a) Cross sectional SEM micrograph of an APS prepared cell B after cell test. (b) EDX
in  (a).
ources 197 (2012) 145– 153 147

same plasma spray parameters were used to coat these cells. After
plasma spray coating, the prepared cells were heated at 960 ◦C for
2 h in air with different pressures. The applied pressures in the
post-heat treatment are 0, 450, 1250 and 10,000 g cm−2 for cell
A, cell B, cell C and cell D, respectively. These cells have a nano-
structured LDC/Ni anode functional layer and an LDC interlayer, an
LSGM electrolyte layer, an LSGM/LSCF cathode interlayer and an
LSCF cathode current collector layer. Before these cells were mea-
sured in a modified ProboStat measurement system with Solartron
1255 and 1287 units for power and AC impedance measurements,
a silver net which covered about 50% active area of LSCF current
collector was printed on the LSCF layer of each cell to minimize the
cathode contact resistance. Platinum meshes and wires were used
for collecting and transporting anode and cathode currents. In the
AC impedance measurement, a 10 mV  AC signal with frequencies
from 0.1 to 1 MHz  is applied to the cell operated at OCV (open cir-

cuit voltage) condition. The prepared button cell was sealed onto
one open end of an inner alumina tube by mica, glass sealers and
spring load. After the reduction of the NiO anode in H2 for several

 line mappings of elements along the selected scan position and direction as shown
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ig. 4. (a) Cross sectional SEM micrograph of nanostructured LDC/Ni anode in a high
nd  corresponding EDX signals at position 1 and 2.

ours, the performances of the cell were measured at various tem-
eratures from 600 to 800 ◦C. The scheme for measuring output
ower densities and AC impedances of APS plasma sprayed cells is
hown in Fig. 2. The flow rates of hydrogen fuel and oxygen oxi-
izer were kept as 300 ml  min−1 in these measurements. For the

ong term durability measurement, one additional cell supported
y the same porous nickel substrate with a diameter of 50 mm was
repared by the same APS processes and post heat treatment con-
ition as those applied for the cell B. This prepared cell had a 15 cm2

ctive area of LSCF layer for collecting cell current and for the sim-
licity of without the aging effect of mica seal, it was  measured

n a non-seal cell test housing under 335 ml  min−1 hydrogen fuel
nd 670 ml  min−1 air oxidizer flow rates. The details of this non-

eal cell test housing were described in the earlier paper [26]. The
icrostructures and EDX signals of APS cells prepared in this work
ere analyzed via SEM (Hitachi S4800) and TEM (FEI TecnaiTM G2

-20) microscopes.
ification. (b) TEM image of this nanostructured LDC/Ni anode in high magnification

3.  Results and discussion

3.1. Microstructures

A typical microstructure of an APS prepared cell B after cell test is
shown in Fig. 3a. Multi-functional layers of this cell were deposited
on the porous nickel substrate by atmospheric plasma spraying
processes. As shown in Fig. 3a, the LSGM layer is found to be
quite dense with closed pores and without cracking through. Good
interfacial adhesion is found between different functional layers
of a cell. Fig. 3b gives the EDX line mappings of elements along
the selected scan position and direction shown in Fig. 3a, the EDX
signals of key elements Fe, Ni, Ga, Ce versus thickness are given

in this figure. The scan direction of line mapping is from cathode
to nickel substrate. The thicknesses of different layers shown in
Fig. 3b along the selected scan position and direction can be esti-
mated by the EDX signals of these key elements. The EDX  signal of
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sities at 600, 650, 700, 750 and 800 ◦C versus applied pressures in
the post-heat treatment are given in Fig. 6. This figure shows that
there is a slow variation of maximum power densities between
450 and 1250 g cm−2 pressures. For temperatures ≥ 650 ◦C, the
Fig. 5. Measured I–V–P results of cell A, cell B, Cell C a

e element at about 53 �m is used to calculate the total thickness
f LSGM/LSCF cathode interlayer plus LSCF current collecting layer,
his estimated thickness is around 53 �m.  The difference of EDX
ignal of Fe element at about 53 �m and EDX signal of Ga element
t about 74 �m is used to estimate the LSGM electrolyte thickness
hich is around 21 �m.  The difference between Ce element EDX

ignal at about 74 �m and Ni element EDX signal at about 76 �m is
sed to estimate the LDC interlayer thickness which is around 2 �m.
he difference between Ni element EDX signal at about 76 �m and
e element EDX signal at about 99 �m is used to estimate the thick-
ess of LDC/Ni anode functional layer which is about 23 �m.  Fig. 4a
ives the SEM image of nanostructured LDC/Ni anode in a high mag-
ification. The TEM image of this nanostructured LDC/Ni anode in
igh magnification and corresponding EDX signals at position 1
nd 2 are given in Fig. 4b. The EDX signals of Cu and Ga elements
n Fig. 4b are believed to come from processes for preparing the
EM sample. The gallium ion beam was applied in this FIB milling
ethod and the copper mesh was used to support the TEM sample.

hese EDX signals indicate that a nano Ni particle is at the position
 and a cluster of nano Ni particles and nano LDC particles is at
he position 2. This anode contains nano pores, pores larger than
00 nm,  nano Ni particles, nano LDC particles and clusters formed
y nano Ni particles and nano LDC particles.

.2. Pressure effect of post-heat treatment on cell performances

Measured I–V–P (current–voltage–power) results of cell A, cell
, cell C and cell D at temperatures of 600, 650, 700, 750 and 800 ◦C

re shown in Fig. 5. The hydrogen fuel with 300 ml min−1 and the
xygen oxidizer with 300 ml  min−1 are supplied to the all tested
ells. The cell B has a better I–V–P performance at all test tem-
eratures except 600 ◦C, it delivers 0.152, 0.205, 0.404, 0.553, and
ll D at temperatures of 600, 650, 700, 750 and 800 ◦C.

0.665 W cm−2 maximum output power densities at 600, 650, 700,
750 and 800 ◦C, respectively. The measured maximum power den-
Fig. 6. Measured maximum power densities at 600, 650, 700, 750 and 800 ◦C versus
pressures.
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Fig. 7. Cole–Cole plots of AC impedance results measured at the OCV 

aximum power density at 450 g cm−2 pressure is larger than
hose at other pressures. For temperatures < 650 ◦C, the maximum
ower density at 450 g cm−2 pressure is about the same as the max-

mum power density at 1250 g cm−2 pressure. The OCV of cell A at
00 ◦C without pressure in the post-heat treatment is less than 1 V.
here are two possible reasons, one is a small leakage through the
onnected pores in this APS prepared LSGM electrolyte with a thick-
ess of 20–30 �m and the other is the dense nanostructured LDC/Ni
node layer with a thickness of 20–30 �m can reduce the hydrogen
ressure at the interface between LSGM electrolyte and nanostruc-
ured LDC/Ni anode. The open-circuit voltages larger than 1 V were
btained for APS prepared cells by both increasing the thickness
f LSGM electrolyte to 40–50 �m and decreasing the thickness of
anostructured LDC/Ni anode to ∼10 �m [24,26].  It is also found
hat OCVs of tested cells decrease as the applied pressure in the
ost-heat treatment increases. As shown in Fig. 3a, the cathode
LSCF–LSGM/LSCF) is the most porous layer of the cell and is coated
y the plasma spray power of 27–28 kW that is the smallest power
mong the powers used in the APS fabrication processes of cell.
herefore, it is believed that the cathode including LSGM/LSCF and
SCF layers is the weakest region in the cell and the most sensitive to
he applied pressure, then, the decrease of open circuit voltages of
ells with pressure is explained by the fact that the porous cathode
ressed by a pressure has a denser microstructure unfavorable to
he oxygen diffusion and reduction. As the pressure increases, the
xygen pressure at the cathode side interface of LSGM electrolyte
s getting smaller and the open circuit voltage decreases.

The Cole–Cole plots of AC impedance results measured at the
CV condition for cell A, cell B, cell C and cell D at 600, 650, 700,
50 and 800 ◦C are given Fig. 7. Because the imaginary parts of AC

mpedances cannot consume the energy, only the real parts of AC
mpedances is interested and discussed. The cell that has a larger
eal part of AC impedance (cell internal resistance) will deliver less
ower to the external load. The corresponding real part R1, R2 and
p values of measured AC impedance curves are shown in Table 2.
ere, R1 and R2 are the high frequency and low frequency intercepts
f AC impedance curves on Z′ real axis, Rp called as the total polar-
zation resistance is the difference between R2 and R1 [1,27,28].
1 includes the contact and lead resistances that are kept as small
s possible. The simplified equivalent circuit of lumped elements
lead, Re, Rap, Rcp, Ca, Cc and Ws as shown in Fig. 7 is applied to ana-
yze the AC impedance curves. The fitting curves generated by this
ion for cell A, cell B, cell C and cell D at 600, 650, 700, 750 and 800 ◦C.

simplified equivalent circuit are also given in this figure. The fit-
ting curves match the experimental data very well with a fitting
�2 error about 10−4. In this simplified equivalent circuit, Llead is the
lead inductance, Re is the electrolyte ohmic resistance, Rap is the
polarization resistance of anode, Rcp is the polarization resistance
of cathode, Ca represents the polarization capacitance of anode, Cc

represents the polarization capacitance of cathode and Ws is the
finite length Warburg short circuit terminus that simulates oxygen
oxidant mass transport-diffusion process in the cathode [24,26].
The impedance Zws(ω) of finite length Warburg short circuit termi-
nus Ws can be expressed by the following equation:

Zws(ω) = Ws–r × tanh([i × Ws–t × ω]Ws–p )
(i × Ws–t × ω)Ws–p (1)

where ω is the frequency, i = √−1, Ws–t and Ws–p are dimensionless
fitting parameters, and Ws–r is the fitting parameter in � cm2 unit
[24,26,29]. As ω approaches to zero, Zws(ω) approaches to Ws−r. In
this simplified equivalent circuit model, the layers of LSGM/LSCF
and LSCF are combined together and assumed to act as a cathode
that is simulated by Rcp, Cc and Ws lumped elements. The layers
of LSGM and LDC are combined together and assumed to act as an
electrolyte that is simulated by Re lumped element. The layer of
LDC/Ni acting as an anode is simulated by Rap and Ca lumped ele-
ments. The resistance of nickel substrate is neglected in this model.
Because the anode reaction kinetics is fast compared to the cathode
reaction kinetics, the mass transport and diffusion of hydrogen in
the nickel substrate and anode are not simulated in this simplified
equivalent circuit model.

The obtained values of interested fitting parameters applied
in the simplified equivalent circuit are also given in Table 2.
According to the simplified equivalent circuit, the low frequency
intercept R2 (ω → zero) ≈ Re + Rap + Rcp + Ws–r (total internal resis-
tance of cell), the high frequency intercept R1 (ω → ∞) ≈ Re and
the total polarization resistance Rp ≈ Rap + Rcp + Ws–r are found. The
cathode polarization resistance Rcp + Ws–r is significantly larger
than the anode polarization resistance Rap, this indicates that the
cathode contributes the major polarization loss. The variations of
Rp, R1 and R2 versus pressure at 600, 650, 700, 750 and 800 ◦C

are given in Figs. 8–10. The same variation trends of Rp, R1 and R2
versus applied pressures in the post-heat treatment are observed,
but Rp has a more significant change with pressures than R1 does,
this is consistent with the above mentioned description that the
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Fig. 8. Rp versus pressures at 600, 650, 700, 750 and 800 ◦C.

athode is the weakest region in the cell and the most sensitive
o the applied pressure in the post-heat treatment. Therefore it is
elieved that the applied pressure can induce a significant change
n the microstructure of the most porous cathode in the cell. When
n APS prepared cell is heated at 960 ◦C for 2 h in air, the adhesions
etween powders of porous cathode and the adhesion between
he cathode and electrolyte get stronger as the applied pressure
ncreases. The porosity of cathode is believed to decrease with the
pplied pressure. At a small pressure such as 450 g cm−2, the cath-
de is a little denser (negative effect due to the loss of porosity)
nd the adhesions (positive effect) mentioned above are greatly
etter, therefore, among all the tested cells the cell B has a smallest
2 value as shown in Fig. 10.  Qualitatively speaking, the cell with

arger OCV can deliver more power than the cell with lower OCV
nd the cell with lower internal resistance can also deliver more

ower than the cell with higher internal resistance. Although the
CV of cell B is a little smaller than cell A, but cell B has a significantly

mall R2 value than cell A, this implies the cell B has a significantly

able 2
he values of R1, R2, Rp , Re , Rap , Rcp , Ws–r and Rcp + Ws–r at 600, 650, 700, 750 and 800 ◦C.

Temperature R1 (� cm2) R2 (� cm2) Rp (� cm2) 

Cell A (0 g cm−2) 800 0.216 0.487 0.271 

750  0.267 0.669 0.443 

700  0.365 1.147 0.782 

650  0.547 2.195 1.648 

600  0.976 4.795 3.900 

Cell  B (450 g cm−2) 800 0.188 0.287 0.099 

750  0.250 0.384 0.134 

700  0.340 0.558 0.218 

650  0.520 0.920 0.400 

600  0.883 1.780 0.897 

Cell  C
(1250 g cm−2)

800 0.186 0.306 0.120 

750  0.240 0.405 0.165 

700  0.332 0.588 0.256 

650 0.513 0.978 0.465 

600  0.870 1.880 1.010 

Cell  D
(10,000 g cm−2)

800 0.200 0.360 0.160 

750 0.262 0.500 0.238 

700  0.389 0.803 0.414 

650 0.621 1.556 0.935 

600 1.083 3.085 2.002 
Fig. 9. R1 versus pressures at 600, 650, 700, 750 and 800 ◦C.

lower cell internal resistance than the cell A, hence, the cell B has
still the best power performance as shown in Fig. 6. As the applied
pressure in the post-heat treatment becomes larger, for instance
in the range from 450 to 1250 g cm−2 pressure, the positive effect
from increased adhesions becomes passivated, the negative effect
from loss of porosity that reduces TPB reaction sites in the cathode
increases. At the 1250 g cm−2 pressure, the negative effect starts to
show its significance so that the value of R2 at this pressure starts
to be a little greater than the value of R2 at the 450 g cm−2 pressure.
As shown in Fig. 10,  the increase rate of R2 versus pressures applied
in the post-heat treatment is small in this pressure range. Due to
the lower OCV and higher R2 of cell C prepared at the 1250 g cm−2

pressure, the cell C has a power performance worse than cell B. As
the applied pressure begins to be larger than 1250 g cm−2, the neg-
ative effect due to the loss of porosity becomes more significant

and the TPB reaction sites in the cathode are reduced significantly
so that Rp and R2 values as shown in Figs. 8 and 10 start to increase
steeply. Because of lower OCV and higher R2 of cell D prepared at the

Re (� cm2) Rap (� cm2) Rcp (� cm2) Ws–r (� cm2) Rcp + Ws–r

0.213 0.018 0.004 0.259 0.262
0.263 0.015 0.017 0.411 0.428
0.363 0.028 0.034 0.742 0.776
0.543 0.042 0.035 1.579 1.614
0.976 0.093 0.036 4.000 4.036
0.187 0.009 0.018 0.078 0.096
0.248 0.010 0.020 0.110 0.130
0.340 0.017 0.028 0.177 0.205
0.519 0.024 0.026 0.365 0.391
0.881 0.037 0.028 0.867 0.895
0.185 0.013 0.020 0.085 0.105
0.236 0.015 0.030 0.118 0.148
0.330 0.018 0.043 0.205 0.248
0.511 0.025 0.045 0.393 0.438
0.869 0.025 0.084 0.901 0.985
0.197 0.013 0.020 0.134 0.154
0.257 0.023 0.020 0.185 0.205
0.340 0.029 0.030 0.414 0.444
0.570 0.057 0.031 0.947 0.978
1.020 0.088 0.047 2.181 2.228



152 C.-H. Tsai et al. / Journal of Power S

Fig. 10. R2 versus pressures at 600, 650, 700, 750 and 800 ◦C.
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ig. 11. Observed variations of cell voltages and power densities versus time in the
urability test at 300 mA  cm−2 constant current density and 750 ◦C test temperature.

0,000 g cm−2 pressure, the cell D has a worse power performance
han cell C.

.3. Durability test

The cell supported by a porous nickel substrate and having a
iameter of 50 mm,  a thickness of 1.2 mm and a 15 cm2 active area
f LSCF layer for collecting cell current has been tested in a non-
eal cell test housing for a period of 230 h at 300 mA  cm−2 constant
urrent density and 750 ◦C test temperature. This cell was  prepared
y the same APS processes and post heat treatment condition as
hose applied for the cell B. The corresponding results of measured
oltages and power densities versus time are given in Fig. 11.  The
ata shown in Fig. 11 gives the stability of this cell that is post-
eat treated at 450 g cm−2 pressure. The measured voltage starts
rom 0.789 V and ends at 0.787 V, and the corresponding measured
ower density decreases from 236.7 mW cm−2 to 236.1 mW cm−2.
rom the observed variations of voltage and power density shown
n Fig. 11,  the estimated degradation rate is about 0.0087 mV  h−1

[
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or 0.0026 mW h−1. One of probable causes of observed degrada-
tion is due to the thermal expansion mismatch between the nickel
substrate and LDC/Ni anode functional layer. A high permeable
nickel-iron substrate that is expected to have a higher mechanic
strength and a better thermal expansion match to LDC/Ni anode
functional layer than the porous nickel substrate will be adopted
to replace the porous nickel substrate in the future.

4. Conclusions

Four different metal-supported intermediate temperature solid
oxide fuel cells with a diameter of 24 mm are prepared by APS
technology and are heated at 960 ◦C for 2 h in air with different pres-
sures. The applied pressures in the post-heat treatment were 0, 450,
1250 and 10,000 g cm−2. These cells have a nano-structured LDC/Ni
anode functional layer, an LDC interlayer, an LSGM electrolyte layer,
an LSGM/LSCF cathode interlayer and an LSCF cathode current col-
lector layer with 1.76 cm2 active area. Their performances including
power density data and AC impedance results measured at OCV
condition versus applied pressures in the post-heat treatment at
test temperatures of 600, 650, 700, 750 and 800 ◦C are studied
here. Results show that there is a slow variation of maximum
power densities between 450 and 1250 g cm−2 pressures. For tem-
peratures ≥ 650 ◦C, the cell with a pressure of 450 g cm−2 has the
best power performance among the prepared cells with different
pressures. For temperatures < 650 ◦C, the maximum power densi-
ties at 450 g cm−2 pressure are about the same as the maximum
power densities at 1250 g cm−2 pressure. The cell with 450 g cm−2

pressure can deliver 0.152, 0.205, 0.404, 0.553 and 0.665 W cm−2

maximum power densities at 600, 650, 700, 750 and 800 ◦C tem-
peratures, respectively. The AC impedance data indicate that the
cell polarization resistance Rp is the most sensitive parameter to
the variation of applied pressure in the post-heat treatment and
the simplified equivalent circuit model analysis shows the cathode
polarization resistance Rcp + Ws–r contributes the major part of Rp.
This says that the cathode which is the most porous region in the
cell is the most sensitive to the applied pressure. The variations
of Rp, R1 and R2 versus applied pressures in the post-heat treat-
ment show that there is also a slow variation of these parameters
between 450 and 1250 g cm−2 pressures and for pressures beyond
this range, either less than 450 g cm−2 or larger than 1250 g cm−2,
a more significant change exists for each of Rp, R1 and R2. The cell
with applied 450 g cm−2 pressure has a cathode microstructure that
exhibits the smallest Rp and R2 values. In the durability test, the
results show that the cell post-heat treated at 450 g cm−2 pres-
sure has a degradation rate of 0.0087 mV  h−1 or 0.0026 mW h−1 at
300 mA  cm−2 constant current density and 750 ◦C test temperature.
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