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bstract

Metal-supported solid oxide fuel cells (SOFCs) are an acceptable approach to solving the serious problems of SOFC technology, such as sealing
nd mechanical strength. In this work, commercial stainless-steel plates, STS430, are used as supporting bodies for a metal-supported SOFC in
rder to decrease the number of fabrication steps. The metal support for a single-cell has a diameter of 28 mm, a thickness of 1 mm, and a channel
idth of 0.4 mm. A thin ceramic layer, composed of yttria-stabilized zirconia (YSZ) and NiO/YSZ, is attached to the metal support by using a

ermet adhesive. La Sr Co Mn O perovskite oxide serves as the cathode material because of its low impedance on the YSZ electrolyte,
0.8 0.2 0.4 0.6 3

ccording to half-cell tests. The maximum power density of the cell is 0.09 W cm−2 at 800 ◦C. The effects of temperature, oxygen partial pressure,
nd current collection by pastes are investigated. The oxygen reduction reaction at the cathode dominates the overall cell performance, according
o experimental and numerical analyses.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Metallic interconnects are commonly used in the stack fab-
ication of planar-type, ceramic-supported, solid oxide fuel
ells (SOFCs) to reduce the operating temperature to below
00 ◦C. The most important technical challenges of commer-
ial ceramic-supported SOFC stacks are sealing and mechanical
trength. The efficiencies of fabrication and operation cannot be
mproved without solving these issues. Several research groups
ave developed metal-supported SOFCs in order to address these
roblems. Ceres Power Ltd. and Imperial College developed a
ow-temperature metal-supported SOFC with a maximum power
ensity of 0.4 W cm−2 at 570 ◦C and fabricated a stack of 140 W
utput with 40 cells that is approaching commercial use [1–3].

In this study, metal-supported SOFC single-cells with a new

tructure are fabricated and characterized by using a galvano-
ynamic test, impedance analysis, and numerical analysis. The
eramic component is attached to the mechanically processed
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etal support by using a cermet adhesive to reduce the fabrica-
ion costs.

. Experimental

La0.8Sr0.2Co1−xMnxO3−δ (LSCM) (x = 0, 0.2, 0.5, 0.6, 0.8,
nd 1) was prepared by the glycine nitrate process (GNP).
he chemical formula is abbreviated using the first letters
f the chemical symbol to represent the material composi-
ion and is followed by the molar ratio with hyphen. For
xample, La0.8Sr0.2MnO3−δ is expressed as LSM-82, and
a0.8Sr0.2Co0.5Mn0.5O3−δ is expressed as LSCM-8255. The
esired molar compositions of the selected nitrates were mixed
ith glycine and de-ionized water. Then, the aqueous solution
as heated with stirring, until a powder formed on combustion.
he powders were calcined at 1000 ◦C for 1 h to effect conver-
ion to the crystal phase. 8 mol% yttria-stabilized zirconia (YSZ)
lectrolyte pellets were prepared from YSZ fine powder (Tosoh

Z-8Y). The powder was uniaxially pressed in a circular mold at
MPa. The resultant green pellets were sintered at 1500 ◦C for
h. Dense YSZ pellets, with approximate dimensions of 26 mm
iameter and 2 mm thickness, were obtained. The pellets were
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Nomenclature

A area (m2)
C concentration (mol m−3)
d diameter (m)
D diffusion coefficient (m2 s−1)
E activation energy (eV)
F Faraday constant (96,485 C mol−1)
g Gibbs free energy (J mol−1)
i current density (A m−2)
i0 exchange current density (A m−2)
J molar flux (mol m−2 s−1)
k̄ Boltzmann constant (8.62 × 10−5 eV K−1)
Kn Knudsen number, λ/dp,avg
l thickness (m)
m reaction order
M molecular weight (kg mol−1)
n electron number participating in reaction
P pressure (Pa)
R area specific resistance (� m2)
R0 pre-exponent constant (balanced unit)
R� resistance (�)
R̄ universal gas constant (8.314 J mol−1 K−1)
T temperature (K)
v Fuller diffusion volume (balanced unit)
V voltage (V)
x mole fraction

Greek symbols
β symmetry factor
ε porosity
η polarization loss (V)
σ electrical conductivity (S m−1)
σ0 pre-exponent constant (balanced unit)
τ tortuosity

Superscripts
m reaction order
r reaction site
0 standard condition

Subscripts
a anode or anodic
act activation
avg average
c cathode or cathodic
conc concentration
e electrolyte
eff effective
H2 hydrogen
H2O water vapour
i species
in internal
j species
Kn Knudsen

m metal
M medium
N2 nitrogen
oc open-circuit
ohm ohm
O2 oxygen
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leaned with hydrofluoric acid for 1 min prior to cathode coating
o remove siliceous material because SiO2 in raw YSZ pellets
an block electrical conduction paths or reaction sites [4].

The cathode materials were circularly screen-printed, with
10 mm diameter, in the centre of both sides of the YSZ pel-

ets. Sintering was carried out at 1200 ◦C for 1 h, producing
ymmetrical half-cells. The impedance was measured for each
ample at 100 ◦C intervals from 500 to 900 ◦C in air. A half-
ell with a cathode that was dried at 200 ◦C, but not sintered at
200 ◦C, was prepared to observe the cathode sintering effect.
he impedance of the sample was measured at 800 ◦C with in
itu sintering of the cathode during the measurement. The area
pecific resistance (ASR) values of the cathode were calculated
y considering half-cell symmetry (Eq. (1))

c = R�

2
Ac (1)

The ceramic component composed of the electrolyte and
node was fabricated by a tape-casting process. The electrolyte
as YSZ and the anode was a compound of NiO and YSZ

t a weight ratio of 6:4. Slurries for the tape-casting method
ere prepared by ball-milling for 48 h. The compositions of the

lurries were 15 wt.% binder (Butvar B-98), 2 wt.% dispersant
polyvinylpyrrolidone), 10 wt.% plasticizer (polyethylenegly-
ol), and 100 wt.% solvent (lab-made S-NECS) compared with
he weights of the ceramic powders. The ball-milled slurries
ere degassed in a vacuum desiccator to minimize any fabrica-

ion defects. Ceramic films were obtained by pulling the slurry
ith a tape caster with 150 or 250 �m height. Green bodies

ontaining the electrolyte and anode were prepared by stack-
ng several sheets of the ceramic films. Thin ceramic layers
f the dense electrolyte and an appropriate porous anode were
abricated by sintering at 1500 ◦C for 4 h in air.

STS430, a ferritic stainless-steel, which had a diameter of
8 mm and a thickness of 1 mm was used as the metal support.

zigzag-shaped long hole with a width of 0.4 mm was bored
hrough the metal support by a wire cutting process to create a
ow channel. The cermet adhesive paste was made from 80 wt.%
erritic AISI410 powder and 20 wt.% NiO/YSZ powder. The thin
eramic layer was placed on the metal support which was cov-
red with the cermet adhesive. This combined body was sintered

t 1400 ◦C for 10 h to achieve good adhesion at the interface.
SCM-8246 was screen-printed on the sintered body and dried
t 200 ◦C. The cathode was sintered in situ because the cell is
asily oxidized in air at temperatures above 800 ◦C. The con-
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Fig. 1. Single-cell structure of metal-supported SOFC (photograph: o

guration of the metal-supported SOFC single-cell is shown in
ig. 1.

A single-cell test set-up was prepared with reference to pre-
ious studies [5,6]. Hydrogen and air were supplied at the same
ow rate of 2.5 × 10−6 m3 s−1. Dry hydrogen was changed to
mol% humidified hydrogen by passing it through a bubbler
lled with de-ionized water. The water content in the feed air was
emoved by using a chemical dehumidifier. Cell performance
as measured by a galvano-dynamic method. The oxygen partial
ressure dependence of the cell performance was investigated to
etermine the governing factors. Premixed gases with an oxy-
en partial pressure of 0.2 and 1 atm (balance nitrogen) were
sed.

. Numerical

The open-circuit voltage (OCV) of a fuel cell can be calcu-
ated from the Nernst equation, i.e.,

oc = −
g0

nF
+ R̄T

nF
ln

PH2P
0.5
O2

PH2O
(2)

Three irreversible polarization losses are enhanced with
ncreasing current from the OCV state. The losses are classified
s activation polarization, ohmic polarization, and concentra-
ion polarization. The Butler–Volmer equation is widely used
or activation polarization loss, i.e.,

= i0

[
exp

(
(1 − β)

nFηact
¯

)
− exp

(
−β

nFηact
¯

)]
(3)
RT RT

The symmetry factor (β) can be assumed to be 0.5 for general
uel cell applications [7,8]. The activation polarization losses
or the anode and cathode can be rearranged, respectively, as

η

b

single-cell shape, SEM images: cross-sectional view from A to A′).

ollows:

act,a = 2R̄T

nF
sinh−1

(
i

2i0,a

)
(4)

act,c = 2R̄T

nF
sinh−1

(
i

2i0,c

)
(5)

Ohmic polarization losses are mostly occupied by the elec-
rolyte and oxidized layer of metal support, i.e.,

ohm =
(

le

σe
+ Rm

)
i (6)

The electrical conductivity of the electrolyte (σe) and resis-
ivity of the oxidized layer of metal (Rm), with respect to
emperature, obey the Arrhenius relation as follows:

e = σ0

T
exp

(−Eact,e

k̄T

)
(7)

m = R0T exp

(
Eact,m

k̄T

)
(8)

The coefficients for Eqs. (7) and (8), which were measured
y half-cell tests, are shown in Table 1. The differences in the
artial pressures of the reactants (H2, O2) and product (H2O)
etween the reaction sites and channel inlet were determined by
ow characteristics in the electrode structure, i.e.,

conc,a = − R̄T

nF
ln

(
Pr

H2
PH2O

PH2P
r
H2O

)
(9)

¯ (
Pr )
conc,c = − RT

2nF
ln O2

PO2

(10)

The partial pressures at the reaction sites can be calculated
y using Fick’s steady-state diffusion and electrical current gen-
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Table 1
Input data for numerical simulation of metal-supported solid oxide fuel cell

Parameters Value

Temperature, T 800 ◦C
Hydrogen pressure, PH2 0.97 atm
Water vapour pressure, PH2O 0.03 atm
Oxygen pressure, PO2 0.21 atm
Exchange current density of anode, i00,a 220 A m−2 [16,17]
Exchange current density of cathode, i00,c 50 A m−2

Pre-exponent coefficient, σ0 1.15 × 108 �−1 m−1 K
Pre-exponent coefficient, R0 9.59 × 10−14 � m2 K−1

Activation energy of YSZ electrolyte, Eact,e 0.98 eV
Activation energy of metal support, Eact,m 1.02 eV
Porosity of anode, εa 0.3 [8–10]
Porosity of cathode, εc 0.3 [8–10]
Tortuosity of anode, τa 3 [9,10]
Tortuosity of cathode, τc 3 [9,10]
Average pore diameter of anode, dp,avg,a 1 × 10−6 m
Average pore diameter of cathode, dp,avg,c 5 × 10−7 m
Reaction order of anode, ma 1/2 [18]
Reaction order of cathode, mc 3/8 [19]
Thickness of electrolyte, l 3 × 10−5 m
T
T

e

J

J

J

J

a
a
c
d
i
d

D

w

D

D

u
t
[

D

D

b

R

f
d
t

i

t
l
i

V

a
m
i
s
[

4

4

e
position (Fig. 2). The ASR initially decreases with increasing Co
content because of the good oxygen reduction kinetics of the Co-
containing perovskite oxide. However, the ASR then increases
with increasing Co content after LSCM-8246. LSCM-8246 has
e

hickness of anode and porous metal support, la 6 × 10−4 m
hickness of cathode, lc 5 × 10−5 m

ration as follows:

H2 = −Deff,a∇CH2 + xH2 (JH2 + JH2O) (11)

H2O = −Deff,a∇CH2O + xH2O(JH2 + JH2O) (12)

O2 = −Deff,c∇CO2 + xO2 (JO2 + JN2 ) (13)

H2 = −JH2O = 2JO2 = i

nF
(14)

The sum of the fluxes of hydrogen and water vapour in the
node is zero and the flux of nitrogen in the cathode is presum-
bly zero. The effective diffusivity of each species is generally
alculated by considering both Knudsen diffusion and binary
iffusion because these processes may be competitive accord-
ng to circumstances in the electrode microstructure. It can be
epicted as follows:

eff,i = εM

τM

(
1

DKn,i

+ 1

Dij

)−1

(15)

Knudsen diffusivity [8–11] and binary diffusivity [12,13]
ere calculated as follows, respectively:

Kn,i = dp,avg

3

√
8R̄T

πMi

(16)

ij = 0.00143T 1.75

M
1/2
ij

(
v

1/3
i + v

1/3
j

)2
Ptot

(17)

Eq. (17) was proposed by Fuller [12] and has been widely
sed for SOFC modelling [9,10,14]. The effective diffusivities in

he anode and cathode can be calculated as follows, respectively
8]:

eff,a = xH2ODeff,H2 + xH2Deff,H2O (18) F
Sources 176 (2008) 62–69 65

eff,c = Deff,O2 (19)

The theoretical cathode impedance at OCV can be calculated
y differentiating Eq. (5) if the symmetry factor is 0.5, i.e.,

c = R̄T

nFi0,c
(20)

The exchange current density of the cathode was measured
rom impedance values through half-cell tests. Exchange current
ensities at each electrode, which are functions of pressure and
emperature, were estimated from the Arrhenius relation [15]:

0 = i00

(
Pi

P0
i

)m

exp

[
−Eact,i0

R̄

(
1

T
− 1

T 0

)]
(21)

The operational cell voltage was computed by considering
he effects of internal electrical loss and/or gas tightness. Voltage
oss from these effects was measured from experimental data,
.e.,

= Voc − ηact,a − ηact,c − ηohm − ηconc,a − ηconc,c − ηin (22)

Numerical calculations for the current–voltage (I–V) curve
nd polarization losses were carried out by the finite volume
ethod (FVM). Numerical results were compared with exper-

mental results to classify the main factors that influence the
ingle-cell performance. The constants used are listed in Table 1
8–10,16–19].

. Results and discussion

.1. Cathode property on YSZ electrolyte by half-cell testing

The ASR property of the LSCM cathode on the YSZ
lectrolyte was acquired as a function of temperature and com-
ig. 2. Temperature dependence of ASR of LSCM cathodes on YSZ electrolyte.
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ig. 3. Impedance spectra for non-sintered LSCM-8246 and pre-sintered
SCM-8246 on YSZ electrolyte at 800 ◦C.

he lowest impedance on YSZ electrolyte. This may be caused
y competition among the reaction kinetics, thermal expansion
ompatibility, and chemical reactivity between the cathode and
lectrolyte [19].

The impedance of the cathode, which was previously sintered
t 1200 ◦C for 1 h, is much lower than the impedance of the cath-
de sintered in situ at 800 ◦C for 400 h (Fig. 3). The ASR value
f the cathode sintered at 1200 ◦C is 0.04 � cm2, whereas that
f the cathode sintered in situ at 800 ◦C is 9.4 � cm2. The sinter-
ng phenomenon is strongly dependent on temperature because
rain growth and densification is accomplished by the diffu-
ion of cations. Adhesion is generally improved with a higher
intering temperature. Therefore, a cathode material with low
mpedance, even at conditions of in situ sintering, should be
argeted.

.2. Single-cell property

LSCM-8246 was used as the cathode for single-cell tests
ecause of its low impedance on the YSZ electrolyte, despite

he uncertainty of in situ sintering (Figs. 2 and 3). Current–
oltage–power (I–V–P) curves at various temperatures are
hown in Fig. 4. The maximum power densities at 700, 800,
nd 900 ◦C are 0.03, 0.09, and 0.18 W cm−2, respectively. These

ig. 4. I–V–P curves of single-cell of metal-supported SOFC at 700, 800 and
00 ◦C.
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ig. 5. Impedance spectra of single-cell of metal-supported SOFC at 800 and
00 ◦C.

ower densities are low compared with a conventional ceramic
OFC. In situ sintering of the cathode may be a major cause for

he low performance.
Impedances of the single-cells were measured at the OCV

tate to classify initially the governing factors (Fig. 5). The
mpedance of the single-cell shown in Fig. 5 is smaller than that
f the half-cell shown in Fig. 3 at 800 ◦C. It is considered that the
mpedance results are in an acceptable error range because both
mpedances for the single-cell and half-cell are of the order of
everal ohms. There are possible explanations for the error. One
ypothesis is the activation effect on the electrode by the applied
urrent [20,21]. The half-cell test was always carried out at the
CV state; but the single-cell test must be in the condition of

lectrical conduction when measuring the current–voltage rela-
ionship. Electrical current in fuel cells may enhance electrode
roperties. Therefore, the impedance of the single-cell can be
maller than that of the half-cell. In addition, there are some
urther possibilities that might be considered, such as a different
abrication process and a cathode sintering effect.

Activation polarization and ohmic polarization decrease with
ncreasing temperature because the polarizations obey thermally
ctivated processes. The effect of bulk gas diffusion in the elec-
rode is negligible because the impedances at low frequency
<1 Hz) are small. The frequency of the impedance for gas dif-
usion is known to be 0.1 Hz at a time constant of the low
mpedance semi-circle [19]. Note that the role of gas diffu-
ion may not be important when no electrical current flows. The
mpedance in the low-frequency region (<1 Hz) can be increased
ven at the OCV state if the oxygen partial pressure is lower than
hat in air. Therefore, the electrochemical impedances imply the
um of the oxygen reduction reaction at the cathode and the
ydrogen oxidation reaction at the anode. The ohmic resistance
s 0.75 � cm2 at 800 ◦C. This value consists of the electrolyte
esistance, 0.1 � cm2 (YSZ with 30 �m thickness), the oxidized
ayer resistance of the metal support, 0.15 � cm2 [22], and the
ontact resistance, 0.5 � cm2. The ohmic resistances of the elec-
rodes are negligible because of the high electrical conductivities
f the cathode (lanthanide-based perovskite oxides) and the
node (Ni/YSZ) at 10–1000 S cm−1 at 800 ◦C [23,24].

The cathode is covered with Pt paste and the metal support is

overed with Ni paste to reduce the electrical contact resistance.
he characteristics of the I–V–P curve and the impedance are

mproved by the use of these pastes (Figs. 6 and 7). The per-
ormance of the single-cell is enhanced twofold at 700 ◦C, with
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Fig. 6. I–V–P curves of single-cell with and without pastes for current collection
at 700 ◦C (Pt paste on cathode and Ni paste on metal support).
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f
of the single-cell from Fig. 1 (Fig. 10). There are actually two
different porous media, namely, the anode layer and the cer-
met adhesive layer. It is considered that the anode with smaller
pores is the major cause of the concentration polarization loss,
ig. 7. Impedance spectra of single-cell with and without pastes for current
ollection at 700 ◦C (Pt paste on cathode and Ni paste on metal support).

espect to maximum power density, because of the increased
lectrically active area. The ohmic resistance of the single-cell
s 0.65 � cm2 at 700 ◦C (Fig. 7). The electrolyte resistance is
.3 � cm2 and the oxidized layer resistance of the metal support
s 0.4 � cm2 at 700 ◦C from the half-cell test [22]. It is noted
hat no contact resistance is displayed by the current collection

ethod because the impedances of the single-cell and half-cell
re equivalent.

Cell performance depends on oxygen partial pressure as well
s temperature (Fig. 8). The measured OCV values of the single-
ell are 1.01–1.04 V for the experimental conditions. Calculating
he theoretical OCV by the Nernst equation (Eq. (2)) helps to

ccount for the slight difference of the OCVs (Table 2). The
heoretical OCVs are almost the same each other for the given
emperatures and oxygen partial pressures. The measured OCVs
re also almost the same each other, but lower than the theoretical

able 2
heoretical open-circuit voltage (V)

800 ◦C 900 ◦C

2–air fuel cell 1.10 1.08

2–O2 fuel cell 1.13 1.12
F

ig. 8. I–V–P curves of single-cell vs. temperature and oxygen partial pressure.

CVs. The lower OCV values may be caused by sealing prob-
ems. The influence of oxygen partial pressure and temperature
n OCV is small in the range of the experimental conditions. Cell
erformances are improved by 50% by changing the oxygen par-
ial pressure from the 0.21 atm of air to 1 atm. This is because the
xygen reduction reaction at the cathode is enhanced. The oxy-
en partial pressure dependence of the single-cell performance
as also analyzed by the impedance measurements (Fig. 9).
he impedance at 800 ◦C is slightly smaller than that in Fig. 5
ecause the cathode property is enhanced by in situ sintering
ith time. The impedances in the frequency range of 1–100 Hz

egion are mainly changed by the oxygen partial pressure. It is
nown that oxygen ionization is the rate-determining step of the
xygen reduction reaction, according to the oxygen partial pres-
ure dependence of the impedance for the LSCM-8246 cathode
19]. The reciprocal of the impedance in the frequency region
s proportional to the oxygen partial pressure, calculated from
ig. 9, raised to 0.4 power. This is in agreement with a reaction
rder of 3/8 [19].

.3. Numerical analysis

A two-dimensional x–y Cartesian coordinate system was
dopted to conduct the numerical calculation. The boundaries
or the calculation were determined by the cross-section (A–A′)
ig. 9. Impedance spectra of single-cell vs. oxygen partial pressure at 800 ◦C.
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ig. 10. Pressure gradients of water vapour (top) and hydrogen (bottom) at anode
t 0.7 V at 800 ◦C.

eglecting the effect of the cermet adhesive layer. Knudsen dif-
usion can be ignored in the cermet adhesive layer because the
ore size is so great that the Knudsen number can be smaller
han 0.14, which is the critical value for the viscous diffusion
egime from the Knudsen experiment [25]. Knudsen diffusion
ecomes important in the anode because the pore size is small.
urthermore, Knudsen diffusivity is much smaller (∼two orders
f magnitude) than the binary diffusivity in the anode, implying
hat the gas diffusion is governed by Knudsen diffusion. There-
ore, it can be assumed that the concentration change along the
as flow channel is negligible. The electrical current is consumed
t the centre of the upper surface with an area of 1 cm2. The
eactant and product gases are fed from 11 holes, with 0.4 mm
hannel width, at the lower surface. The remainder of the surface
s assumed to be blocked, not allowing any flow. The partial pres-
ures of the gases are mainly distributed around the centre of the
ell to generate the current. It can be shown that the water vapour
roduction is comparable with the hydrogen consumption.

The I–V curve from numerical analysis is compared with the
xperimental data (Fig. 11). The trends of the curves are similar,
ut a large error exists in the low-current region. This is because
he activation polarization loss is somewhat overestimated by
he numerical calculations. The reaction order of 3/8 strongly
ffects the cell performance because the oxygen partial pressure

ependence between the numerical and experimental results is
imilar. Each polarization loss has been calculated to investigate
ts contribution to the overall cell performance (Fig. 12). It is
ound that the activation polarization loss of the cathode provides

ig. 11. Comparison between experimental I–V curves and simulated I–V curves
or different oxygen partial pressures at 800 ◦C.
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ig. 12. Oxygen partial pressure dependence of polarization losses at 800 ◦C.

he largest contribution, whereas the concentration polarization
oss of the cathode is very small. The activation polarization
oss of the cathode decreases greatly with increasing oxygen
ressure, whereas the other losses are only slightly decreased.
he oxygen reduction reaction of the cathode is the dominant
overning factor of the single-cell performance, compared with
he impedance results of Fig. 9.

. Conclusions

The area-specific resistance of a LSCM cathode on a YSZ
lectrolyte is measured. LSCM-8246 has the lowest ASR value
ecause of the optimization of the oxygen reduction reaction
inetics, thermal expansion compatibility, and chemical reactiv-
ty. The impedance of an in situ sintered cathode is two orders
f magnitude larger than the impedance of a cathode that is sin-
ered at 1200 ◦C. A metal-supported SOFC single-cell is made
y using a joining process to reduce the fabrication costs. Com-
ercial STS430 is used as the metal support with the dimensions

f 28 mm diameter, 1 mm thickness, and 0.4 mm channel width.
he effects of temperature, oxygen partial pressure, and current
ollection by the pastes are investigated. The cell performance
s influenced by the thermally activated process and the maxi-

um power densities are 0.03, 0.09, and 0.18 W cm−2 at 700,
00, and 900 ◦C, respectively. Higher oxygen partial pressures
levate cell performance because the oxygen reduction reaction
t the cathode is enhanced. The cell performance can also be
mproved by enhancing current collection with Ni paste at the
node and Pt paste at the cathode. Experimental and numerical
nalysis both conclude that the oxygen reduction reaction of the
athode dominates the overall cell performance.
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