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The LSGM(LaggSro2GapsMgo203) electrolyte based intermediate temperature solid oxide fuel cells
(ITSOFCs) supported by porous nickel substrates with different permeabilities are prepared by plasma
spray technology for performance studies. The cell having a porous nickel substrate with a permeabil-
ity of 3.4 Darcy, an LSCM(Lag 75Sr¢25Cro5sMng503) interlayer on the nickel substrate, a nano-structured
LDC(Ceps5Lap 4502 )/Ni anode functional layer, an LDC interlayer, an LSGM/LSCF(Lag 58Sro.4C002Feqg03)
cathode interlayer and an LSCF cathode current collector layer shows remarkable electric output power
densities such as 1270 mW cm~2 (800°C), 978 mW cm~2 (750°C) and 702 mW cm~2 (700°C) at 0.6 V cell
voltage under 335 mlmin~! H, and 670 mlmin-! air flow rates. SEM, TEM, EDX, AC impedance, voltage
and power data with related analyses are presented here to support this high performance. The durability
test of the cell with the best power performance shows a degradation rate of about 3% kh-" at the test
conditions of 400 mA cm~2 constant current density and 700 °C. Results demonstrate the success of APS
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technology for fabricating high performance metal-supported and LSGM based ITSOFCs.
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1. Introduction

The solid oxide fuel cell (SOFC) is an electrochemical reactor for
generating electricity and has some unique advantages over the tra-
ditional power generation technologies, including inherently high
efficiency, low gas pollution emissions and fuel flexibility [1-3].
Over the past two decades, technical developments have focused on
the development of both advanced SOFC materials and structures
so that the reduction of cell operation temperature can be realized
[4-8]. SOFCs with reduced operation temperature (600-800°C)
provide numerous advantages such as wider choices of low-cost
component materials, improved sealing and interfacial reaction
prevention, and increased flexibility in the structure design [9-11].

Toward lowing operation temperatures, there is a tendency to
shift ceramic-supported fuel cells to metal-supported fuel cells due
to the potential benefits of low cost, high strength, better work-
ability, good thermal conductivity and quicker start-up [12-14].
Quicker start-up and thermal cycling are considered as the main
causes of ceramic-supported fuel cell breakage and stack failure
[15,16]. Metal-supported fuel cells are desired to be used in the
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auxiliary power unit of mobile application where the structural
robustness and the thermal shock resistance with low internal
temperature and stress gradients are required [17,18]. In addition,
metallic substrates allow the use of conventional metal welding
techniques for stack sealing and could significantly reduce the man-
ufacturing costs of SOFC stacks.

SOFCs are typically manufactured using wet ceramic techniques
such as tape casting combined with multi-steps of high temper-
ature (up to 1400°C) sintering to obtain dense electrolytes. It is
difficulty to incorporate metallic substrates into the wet ceramic
manufacturing processes without oxidizing the metallic substrates
or significantly changing metallic substrate properties. In the case
of the metal substrates showing only reduced or no shrinkage
during co-firing processes, it is troublesome to obtain dense elec-
trolytes. Plasma spray processes do not need the shrinkage of
substrates and are favorable for the coating of substrates with
reduced shrinkage as used in the metal-supported fuel cells. Plasma
spray processes also show strong potential to enable the sequen-
tial multi-layer depositions of metal-supported fuel cells on porous
metallic substrates [19,20].

Plasma spray processing is a well established and proven tech-
nology in widespread industrial use for a variety of applications,
for instance, the manufactures of coatings to improve wear resis-
tance and mechanical properties [21]. This technology utilizes
high temperature plasma flame created by high-voltage electrodes
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Fig. 1. SEM photos of powders: (a) LDC, (b) LDC/NiO/C, (c¢) LSCF/C, (d) LSGM and (e) LSCM used to fabricate ITSOFCs.

in the plasma torch to partially or fully melt injected particles
that traverse the plasma jet and are deposited on a substrate
[22]. Comparing with other existing processes such as chemical
vapor deposition, sol-gel method, tape-casting, screen-printing
and physical vapor deposition for fabricating SOFC cells [23-31],
atmospheric plasma spraying is a fast sintering process, it allows
reducing the interaction between layers of SOFC cells that can be
induced during conventional high temperature sintering processes,
for instance, the interaction between LSGM electrolyte layer and Ni
in the anode layer [18,32]. In addition to high material deposition
rates, APS processes can easily control the component composition
and microstructure through variation of spray parameters, hence,
plasma spraying process has thus appeared as a promising candi-
date for inexpensive and fast cell production, and attracted much
attention [18,19,33].

In the development of reduced temperature SOFC technology,
reducing electrolyte thickness and developing alternative mate-
rials with high ion conductivity at reduced temperatures are
two major approaches. The LSGM materials have been reported
as a good electrolyte for ITSOFC [34,35]. In our approach, the
LSGM(Lag gSrg2GaggMgp203) material with high ion conductiv-
ity was adopted as an electrolyte in the plasma spray process for
obtaining high power density metal-supported ITSOFCs.

2. Experiments

The APS (atmospheric plasma spray) system consists of mainly
a modified Praxair SG-100 dc plasma torch with Mach I nozzle that
injects a high temperature plasma flame under atmospheric con-
dition, two powder feeder systems for delivering plasma sprayable
powders, a cooling system for the torch, a furnace for preheating the
substrate, an IR detector for measuring the temperature of the sub-
strate, and a Fanuc Robot ARC Mate 120iB system to scan plasma
torch. The modified Praxair SG-100 dc plasma torch with Mach I
nozzle is operated at medium currents from 320 to 550 A and at high
voltages from 88 to 105 V. The mixed gas from argon, hydrogen and
helium is used as plasma forming gas. A specially designed multi-
gas mixer is applied to mix these gases uniformly. Other details of
experimental apparatus and typical plasma spraying parameters
are given in other published papers [36,37].

Commercially available powders of LDC(Cegs5Lag450-),
LDC/NIO/C, LSCF(La0_585r0‘4C00.2Fe0.803 )/C,
LSGM(Lag gSro.2GaggMgp203) and LSCM(Lag 75Sr0.25CrosMng 503)
as shown in Fig. 1 are applied in this study. LDC, LDC/NiO/C and
LSCF/C provided by Inframat Inc., USA are agglomerated powders
that have average granule sizes from 20 to 50 wm 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 100nm 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/C powders is about 50% in volume after
reduction. LSGM and LSCM are sintered and crushed powders,
these powders provided by Marion Technologies, France are sieved
into a smaller range of powder sizes before plasma spraying. Layers
of LSCM, LDC/NiO, LDC, LSGM, LSGM/LSCF and LSCF are sprayed by
APS in sequence on a porous nickel substrate with 5cm in diame-
ter to complete a Ni-LSCM-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 porous LSCM layer is applied as an
interlayer for minimizing unwanted element diffusion between
nickel substrate and nano-structured LDC/NiO anode. The LDC
layer is used to inhibit nano nickel particles in the anode to diffuse
into LSGM electrolyte and then react with LSGM material. The LSCF
layer with 15 cm? active area is applied for collecting cell current.
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 three completed APS cells supported by porous nickel sub-
strates with 3.4, 3.0 and 0.7 Darcy of permeability are prepared for
study. They are named as cell A, cell B and cell C. 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 collector layer. The cell A and cell C have
additional LSCM interlayer coated on porous nickel substrates. The
cell A is supported by the highest porous nickel substrate with a
permeability of 3.4 Darcy, the cell C is supported by the lowest
porous nickel substrate with a permeability of 0.7 Darcy, and the
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Fig. 2. The scheme of non-sealed cell test housing for measuring cell performance.

cell B having no LSCM interlayer is supported by a porous nickel
substrate with a permeability of 3.0 Darcy. The same plasma spray
parameters are used to deposit the same physical layers of cell A,
cell B and cell C. These cells are measured in a cell performance
measurement system with Solartron 1255 and Solartron 1287 for
AC impedance measurement and with Prodigit 3311D DC elec-
tronic load for power measurement. A non-sealed cell test housing
is applied for measuring cell performance. Fig. 2 shows the scheme
of non-sealed cell test housing for measuring cell performance. The
inert Al;03 ceramic material is used for housing the tested cell. Plat-
inum grids and leads at the anode and cathode side of the cell are
used to measure cell current and voltage. Thermocouples close to
the anode and cathode of cell are applied to measure temperatures
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on both anode and cathode sides. The cell test housing located in
an electric furnace is heated up to 800°C. The inert Al,03 ceramic
tubes are used to deliver hydrogen fuel with 335 mlmin~! and air
oxidizer with 670 mlmin~! to the tested cell. The microstructures
and EDX analyses of APS cells prepared in this work are observed via
SEM (Hitachi S4800) and TEM (FEI Tecnai™ G2 F-20) microscopes.

3. Results and discussion
3.1. Microstructures

Because the same APS spraying parameters are applied for
forming cell A, cell B and cell C, the same microstructures of the
same layers of these three cells can be assumed and the typical
microstructure of cell A are shown here only. Fig. 3a shows the
SEM cross sectional micrograph of cell A in a low magnification
after hydrogen reduction. The LSGM layer is found to be quite dense
with few closed pores and without cracking through. In order to see
microstructure details of cell A, the SEM cross sectional micrograph
of cell A in a high magnification after hydrogen reduction is given
in Fig. 3b. Good interfacial adhesion is found between cell differ-
ent layers. Fig. 3¢ gives the EDX line mappings of elements along
the selected scan position and direction shown in Fig. 3b, the EDX
signals of key elements Co, Fe, Ga, La, Ce, Ni, Mn and Cr versus thick-
ness 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 estimated by the EDX signals of these key elements. The EDX
signals of Co and Fe elements are used to calculate the total thick-
ness of LSGM/LSCF cathode interlayer plus LSCF current collecting
layer, this estimated thickness is around 28 pm. The EDX signals of
Ga and Co elements can be used to estimate the LSGM electrolyte
thickness which is around 45 wm. The difference between the peak
of Ce element EDX signal at about 71 m and the first peak of Ni
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Fig. 3. (a) Cross sectional SEM micrograph of cell A in a low magnification after hydrogen reduction. (b) Cross sectional SEM micrograph of cell A in a high magnification
after hydrogen reduction. (c) The EDX line mappings of elements along the selected scan position and direction as shown in (b).
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Fig. 4. (a) TEM image of nano-structured LDC/Ni anode in a high magnification. (b) EDX signals at positions of 1, 2 and 3 as shown in (a).

element EDX signal at about 73 pm is used to estimate the LDC
interlayer thickness which is around 2 pm. The width measured at
the bottom of first peak of Ni element EDX signal is used to esti-
mate the thickness of LDC/Ni anode functional layer. This thickness
is about 8 wm. The EDX signal of Mn or Cr is used to estimate the
LSCM interlayer thickness which is around 7 wm. Fig. 4a gives the
TEM image of nano-structured LDC/Ni anode in a high magnifica-
tion. The corresponding EDX signals at positions 1, 2 and 3 shown
in this figure are given in Fig. 4b. These EDX signals indicate that a
nano Ni particle is at the position 1, a cluster of nano Ni particles
and nano LDC particles is at the position 2, and a nano LDC particle
is preferentially at the position 3. The oxygen EDX signals at posi-
tions 2 and 3 are believed to come from LDC particles. This anode
contains nano pores, pores larger than 100 nm, nano Ni particles,
nano LDC particles and clusters formed by nano Ni particles and
nano LDC particles.

3.2. Performances and analyses

Measured I-V-P (Current-Voltage-Power) results of cell A, cell

Fig. 5. The hydrogen fuel with 335 mlmin~! and the air oxidizer
with 670 mlmin~! are supplied to the tested cells. All cells have
open-circuit voltages (OCVs) which are larger than 1V so that the
LSGM electrolyte prepared by APS process is dense enough and the
cell A has the best I-V-P performance. To do further analysis, the
cell voltage V(i) can be expressed by [2,8]:

V(i) = Vocv — Nohm — Nact — Ncon (1)

where V,y, is the open-circuit voltage of cell, nopm =iRopm is the
ohmic overpotential, 14 is the activation overpotential and 1con
is the concentration overpotential. In the I-V-P measurements as
shown in Fig. 5, no data below 0.6V cell voltage are measured and
the concentration overpotential ¢, is usually significant only at
low voltages or high current densities so that the measured cell
voltages as shown in Fig. 5 can be approximately fitted by:

V(i) = Voev — iRonm — Mact (2)

When nqc: ~ a+ bln(i), then Eq. (2) can be rewritten as [2,8]:

B and cell C at temperatures of 700, 750 and 800°C are shown in V(i) = Vocv — iRopm — (@ + b1n(i)) (3)
Table 1
Parameter values in I-V-P analyses for cell A, cell B and cell C at 700, 750 and 800°C.
Temperature (°C) Voer (V) a b Ronm (2cm?) io (Acm2) Prax (imax) (W cm~2) Pinax @0.6V imax (Acm—2)
Cell A
700 1.08 0.052 0.0153 0.37 0.0334 0.71 0.70 1.383
750 1.066 0.046 0.0146 0.252 0.0425 1.01 0.98 2.004
800 1.049 0.047 0.0152 0.168 0.0454 1.45 1.27 2.934
Cell B
700 1.052 0.035 0.0096 0.690 0.0270 0.377 0.373 0.7394
750 1.032 0.034 0.0098 0.418 0.0310 0.594 0.575 1.192
800 1.013 0.035 0.011 0.291 0.0434 0.814 0.766 1.673
Cell C
700 1.052 0.041 0.0084 0.728 0.0077 0.353 0.347 0.6966
750 1.034 0.038 0.0081 0.4725 0.0097 0.525 0.505 1.054
800 1.018 0.041 0.01 0.344 0.0166 0.689 0.634 1.415

a, b and R, are fitting values; ip, Pmax(imax) and imax, are calculated values.
Prmax at 0.6V and V., are experimental values.
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Fig. 5. Measured [-V-P results and fitting curves generated by Eq. (3) for cell A, cell
B and cell C at temperatures of 700, 750 and 800°C.

Fig. 5 also gives the fitting curves generated by Eq. (3) for cell A,
cell B and cell C at 700, 750 and 800°C. Eq. (3) cannot be applied
for fitting small 14+ data including OCV (open-circuit voltage) data
[8]. For cell B and cell C, all measured I-V data except the data at
OCV are fitted very well by Eq. (3). For cell A at 700 and 750°C, all
measured -V data except the data at OCV are fitted very well by
Eq. (3) too, but the measured I-V data at 800 °C are only fitted very
well in the current density range from 0.2Acm~2 to 1.5Acm™2, as
the current density becomes larger than 1.5 Acm~2, the deviation
between measured [-V data and the fitting curve increases. This
deviation can be explained by the increase in the concentration
overpotential. The typical value of fitting error x? is less than 10~4.

From the Butler-Volmer equation, the exchange current density ig
can be expressed by ig ~exp( —a/b) [2]. The corresponding values
of Vocu, Ronm, @, b and iy parameters for cell A, cell B and cell C at
700, 750 and 800 °C are given in Table 1. Fig. 6 gives their 74 and
Nohm CUrves with respect to current density at these test tempera-
tures. It shows that the ohmic overpotential ., is more significant
than the activation overpotential 14 and % ~ 0 at large current
densities.

If neon is insignificant, then the power density P(i) can be
expressed by the following equation:

P(i) = iV(i) ~ iVocy — i2Ropm — iNact(i) (4)

When i=imnax, imax i the current density corresponding to the
maximum power density Pmax(imax ), then:

Pmax(imax) ~ imax(Vocy — Nact(imax)) — imaszohm (5)
To find the calculated maximum power densities of cells,
(dP(i)/di) = 0 must hold and, hence:

) , . d i), .
Voer — 2imaxRonm — Mact (imax) — imax n(:ici( ) ’1 =imax =0 (6)

Then, imax = (Vocw — Nact(imax))/(2Ropm + (dnact(i)/di)h:imax )-
This imax can be further simplified to be:
imax A (Voev — Nact(imax)) _ (Vocy — a — bIn(imax)) (7)

2Rohm 2Rohm

where 2R ypm > > dNact(imax )/di or dnact(imax)/di~ 0 is assumed and it
isagood assumption according to Fig. 6. The imax value can be found
graphically by intersecting left hand side and right hand side values
of Eq. (7). By substituting imax ~ (Vocy — @ — b In(imax))/2Ronm and
Nact(imax) ~ a+ b In(imax) into Eq. (5), the maximum power density
Pmax(imax) can be expressed as:

lizimax

[Voov —a—b ln(imax)]z
4Rohm

The calculated imax and Pmax(imax) values are also given in
Table 1 for comparison. Table 1 shows that for any studied cell the
calculated Pmax(imax) values are always larger than the measured
Pmax values at the 0.6V cell voltage, but as the cell tempera-
ture decreases, the R, value becomes larger and the difference
between calculated Ppax(imax) and measured Ppax at the 0.6V cell
voltage becomes smaller. Table 1 also shows that the cell A has the
smallest R,p;;, value and can deliver the largest power density for
any temperature. Comparing cell A with cell C, Table 1 indicates
that the permeability of a substrate for supporting a cell has a sig-
nificant effect on Ry, i and then the cell power performance. The
cell A with a nickel substrate of 3.4 Darcy permeability has a larger
exchange current densities and smaller R, values than those of
cell C with a nickel substrate of 0.7 Darcy permeability at 700, 750
and 800 °C. The similar phenomenon has been pointed out by A.V.
Virkar in the porosity effect of supporting substrate before [2]. Com-
paring cell A with cell B which is supported by a nickel substrate of
3.0 Darcy permeability, Table 1 indicates that the LSCM layer also
has a significant effect on Ry, ip and then the cell power perfor-
mance. With LSCM layer, the cell R,,,;, decreases and the exchange
current density iy increases.

(8)

Pmax(imax) ~

3.3. ACimpedances and analyses

Due to the current limit encountered by our AC impedance mea-
surement apparatus, here only the AC impedance data obtained
at the OCV condition are analyzed. Other data other than at OCV
will be explored in the future. A 10 mV AC signal with a frequency
varied from 0.01 Hz to 0.1 MHz is applied in the AC impedance mea-
surements. An AC impedance curve or named as a Nyquist diagram
consisting typically of two to three arcs has two intercepts on Z' real
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Fig. 6. 1on, and ng for cell A, B and C at 700, 750 and 800°C.

axis, one is the high frequency intercept Ry, the other is the low fre-
quency intercept R, (w — 0), the difference between high frequency
intercept and low frequency intercept is the total polarization resis-
tance Rp, namely, Ry =R; +Ry. Ry includes the contact resistance,
the wire lead resistance and the cell resistance which includes the
anode ohmic resistance, the cathode ohmic resistance and the elec-
trolyte ohmic resistance. In this paper, the wire lead resistance
is assumed to be negligible and the electrolyte ohmic resistance
is dominant in Ry. Rp includes the polarization resistances of the
anode and the cathode [8,38,39]. Ry, R, and R, obtained from above
Nyquist diagrams are experimentally measured parameters.

Fig. 7 gives the comparisons of AC impedances measured with
335mlmin~! hydrogen fuel and 670 mlmin~! air oxidizer at OCV
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Fig. 7. The comparisons of AC impedances measured at OCV condition for cell A,
cell B and cell C at 700, 750 and 800°C.

condition for cell A, cell B and cell C. The simplified equivalent cir-
cuitoflumped elements Ljeqq, Re, Rap, Rep, Ca, Cc, Ws as shownin Fig. 7
is applied to analyze the AC impedance curves consisting of two
arcs [36,40]. The fitting curves generated by this simplified equiv-
alent circuit are also given in this figure. The fitting curves match
the experimental data very well with a fitting x2 error about 104,
In this simplified equivalent circuit, L4 is the lead inductance,
R. is the electrolyte ohmic resistance, Rgp is the polarization resis-
tance of the anode, Ry is the polarization resistance of cathode,
C, represents the polarization capacitance of anode, C. represents
the polarization capacitance of cathode and W is the finite length
Warburg short circuit terminus that simulates oxygen oxidant mass
transport and diffusion process in the cathode [41-43]. Ligqq, Re, Rap,
Rep, Ca, C, and W are fitting parameters, their values are obtained
from above curve fittings. The impedance Z,s(w) of finite length
Warburg short circuit terminus Ws can be expressed by the follow-
ing equation:

Wi, x tanh([i x Ws_¢ x w]"5)

V4 -
ws(®) (ix We_t x @)™ P

(9)

where w is the frequency, i = v/=1, Ws_; and W;_, are dimension-
less fitting parameters, and W;_ is the fitting parameter in £ cm?
unit [36,43]. As w approaches to zero, Zys(w) 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,
the AC impedance behavior of this cathode is simulated by R, Cc
and Ws lumped elements. The layers of LSGM and LDC are combined
together and assumed to act as an electrolyte, the AC impedance
behavior of this electrolyte is simulated by R, lumped element.
For cell A and cell C, the layers of LSCM and LDC/Ni are combined
together and assumed to act as an anode, the AC impedance behav-
ior of this anode is simulated by Ry and C, lumped elements. For
cell B, the anode contains only LDC/Ni layer, the AC impedance
behavior of this anode is simulated by Rqp and Cq lumped elements.
The resistance of nickel substrate is neglected in this model. The
nickel substrate just plays the roles of cell support and gas distrib-
utor. The nickel substrate with a high permeability supplies more
gases to the anode than the nickel substrate with a low perme-
ability. The mass transport and diffusion of hydrogen in the nickel
substrate and anode are not simulated in this simplified equivalent
circuit model. In other words, it is assumed that the anode reaction
kinetics is fast compared to the cathode reaction kinetics.

As the temperature of the cell increases, the AC impedances for
all tested cells move towards lower values on the real Z/(2cm?)
axis. The cell A has the smallest values of high frequency and low
frequency intercepts among the tested cells at temperatures of 700,
750 and 800°C, respectively. Because only resistances of a cell can
consume energy and affect the cell power performance, the values
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Table 2
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The values of Ry, Rz, Rp, Re, Rap, Rep and W;_, parameters at test temperatures of 700, 750 and 800°C.

Temperature (°C) Ri (2cm?) R (2cm?) R, (2cm?)

Re (2

cm?) Rap (2cm?) Rep (S2cm?) Wi (2 cm?) Re +W_,

Cell A
700
750
800

0.602
0.432
0.37

0.392
0.295
0.255

0.21
0.137
0.115

Cell B
700
750
800

0.855
0.563
0.42

0.437
0.313
0.248

0.418
0.25
0.172

Cell C
700
750
800

1.054
0.752
0.6

0.674
0.519
0.439

0.38
0.233
0.161

0.205
0.122
0.103

0.415
0.245
0.162

0.386
0.236
0.163

0.485
0.374
0.345

0.037
0.015
0.010

0.077
0.038
0.005

0.28
0.252
0.242

0.721
0.504
0.393

0.084
0.034
0.015

0.053
0.027
0.013

0.306
0.259
0.231

0.87
0.664
0.553

0.114
0.049
0.017

0.077
0.041
0.025

0.484
0.428
0.390

R1, Ry and R, are experimentally measured parameters at OCV condition.
Re, Rap, Rep, and Wi_, are fitting parameters.

of Ry, Rz, Rp, Re, Rap, Rep, Ws_r at test temperatures of 700, 750 and
800°C are given in Table 2 for comparison. From the values shown
in Table 2, Ry ~Re, Ry ~ Rap + Rep + Ws_r and Ry ~ Re + Rap + Rep + Wiy
are found, and Rqp and Ry polarization resistances are smaller than
Ws_, for all tested cells. This table also shows that Ws_, and R,
are two major internal resistances of cells for energy losses. The
sum of R, and W;_; obtained at OCV condition is also shown in
Table 2. The plots of Re + Ws_ and Ppax at the 0.6 V versus tempera-
ture are given in Fig. 8. This figure shows that R, + Ws_, decrease as
the cell’s temperature increases. The variation trend of R, + Ws_; can
be explained by the increases in the electrolyte conductivity and by
the increases in the oxygen oxidant transport-diffusion rate in the
cathode with respect to the increase of temperature [1,38,44]. This
figure also shows that the maximum power density Py at the 0.6 V
increases as R, + W;_; decreases. Among cells tested at 700, 750 and
800°C, at any test temperature the cell A having the smallest value
of Re + W;_, has the highest power output and the cell C having the
largest value of R, + Ws_; has the lowest power output.

3.4. Durability test

Here, only the cell A which has the best power performance was
tested during 1000 h. The results of this durability test are given in
Fig. 9. This cell was tested at 700 °C under 400 mA cm~2 constant
current density, 335 mlmin—! hydrogen fuel and 670 mlmin—! air
oxidizer flow rates. From the observed variations of voltage and
power shown in Fig. 9, the estimated degradation rate is about 3%
kh~1. As shown in Fig. 2, the cell test apparatus contains Pt grids

14— —2000

—tr— Ro+Ws.; @OCV for Cell A
—o— Ro+Wsr @OCV for Cell B

- —o— RHW;.r @OCV for Cell C 1600 &
g — = Prp @06V for Cell A 2
ci 1 —V— P @0.6V for Cell B g
-~ == Py @0.6V for Cell C 1200 3'
b =
: :
g 800 S
-]
0 a
& =
=400 o
B

T
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Temperature / °C

Fig. 8. The plots of R, + W;_, and Pp,x at the 0.6V versus temperature.
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Fig. 9. Variations of voltage and power of cell A for the time period of 1000 h.

and ceramic cell housings that are close to tested cells and are
believed to be stable; therefore, the degradation contributed by
the test apparatus should be negligible. During this long durability
test, no nitrogen gas is applied at the anode side of cell to blow off
the water vapor which can be accumulated in the anode and may
affect the voltage and power performances of cell A. This effect is
included in this estimated degradation rate. The actual degrada-
tion rate due to cell’s material and structure changes should be less
than 3% kh~!. The power and degradation performances of cell A
indicate that the performance of plasma sprayed metal-supported
cell Ni-LSCM-LDC/Ni-LDC-LSGM-LSGM/LSCF-LSCF type is compa-
rable with other metal-supported cells published in the literature
[16,17,35,45].

4. Conclusions

Three different metal-supported intermediate temperature
solid oxide fuel cells (ITSOFCs) were prepared by APS technol-
ogy and tested to obtain their [-V-P data and AC impedances at
OCV condition. These cells with 5cm in diameter 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 collector layer with 15 cm? active area. Two
of these cells have additional LSCM interlayer coated on porous
nickel substrates. From I-V-P data and related analyses, it is found
that the cell supported by a highly porous nickel substrate with
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a permeability of 3.4 Darcy and having LSCM interlayer on this
nickel substrate has the best power performance, the smallest
Ronm and the largest exchange current density ig. At 700, 750
and 800°C test temperatures, this cell can deliver 702, 978 and
1270 mW cm~2 maximum power densities at the 0.6V cell volt-
age respectively under 335mlmin~! H, and 670 mImin—"! air flow
rates. The analytic formula for calculating Pmax(imax ) is derived here.
The difference between calculated Pmax(imax) and measured Ppax
at the 0.6V cell voltage is small at low test temperatures, such as
700 and 750°C, but it becomes larger at 800 °C. For these cells pre-
pared by APS process, the energy loss through R, resistance is
more significant than the activation losses of electrodes. From AC
impedance data obtained at OCV condition and related analyses
of simplified equivalent circuit model, the electrolyte resistance R,
and the cathode oxygen oxidant mass transport and diffusion resis-
tance W;_, are two major internal resistances of cells that consume
energy. The cell that has the smallest value of R, + Ws_, has the high-
est power output, the cell that has the largest value of R, + W;_; has
the lowest power output. Therefore, in the future work, reducing
the thickness of LSGM electrolyte and improving the microstruc-
tures of LSGM/LSCF cathode interlayer and LSCF cathode current
collector layer are the main keys to optimize the power perfor-
mance of APS prepared cells.

Finally, under 400 mA cm~2 constant current density condition,
the cell with the best power performance exhibits about 3% kh~1
degradation rate of measured voltage or power at 700°C for the
time period of 1000 h. The further study on the degradation mech-
anism is needed for reducing this degradation rate. But, the results
presented in this paper show that the APS technology applied for
fabricating all layers of metal-supported and LSGM based ITSOFCs
is promising.
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