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a b s t r a c t

Recently, solid oxide fuel cells (SOFCs) have attracted considerable attention because of their low emis-
sions, high-energy conversion efficiency, and flexible usage of various fuels. One of the key problems of
applying flat-type SOFCs to large-scale power generation is that unit cells of large area and with a high
degree of flatness cannot be manufactured satisfactorily.

In this study, the effects of tape-casting, laminating, and co-firing conditions on the flatness of anode-
supported electrolyte unit cells have been investigated to improve the cell performance of unit cells. The
eywords:
olid oxide fuel cell
latness
ape-casting/lamination/co-firing
arp

ower output

cells are composed of a Ni-yttria-stabilized zirconia (YSZ) anode, a Ni-YSZ anode functional layer (AFL),
a YSZ electrolyte, and a lanthanum strontium manganate (LSM)–YSZ cathode. The flatness of the anode-
supported electrolyte is optimized by controlling the firing schedule, the lamination method, and the
applied load during firing. A 5 cm × 5 cm (active area 4 cm × 4 cm) unit cell having a reasonable flatness
of 55 �m/5 cm shows a higher power output of 11.4 W as compared with 7.7 W a unit cell with a flatness

erati ◦
of 200 �m/5 cm, when op

. Introduction

Solid oxide fuel cells (SOFCs) have been developed for next-
eneration power systems because of their high efficiencies and
se of diverse fuel sources. In particular, a planar-type design is
idely chosen for SOFCs because of its low fabrication cost and
igh power density [1,2]. To commercialize planar SOFCs, a cost-
ffective process for manufacturing anode-supported unit cells of
larger size and higher performance is needed. Among the various

echniques [3–7], the tape-casting/lamination/co-firing (TLC) pro-
ess would be the most suitable for producing anode-supported
lectrolytes because the process is used in the mass production of
apes. In addition, co-firing of electrodes and electrolyte layers is
lso a low-cost means of manufacturing SOFCs, and its successful

pplication would decrease energy consumption by reducing the
umber of heat-treatment steps.

In this study, single cells with an anode-supported electrolyte
re fabricated by the TLC technique. It should be noted, however,

∗ Corresponding author at: School of Advanced Materials Science and Engi-
eering, Yonsei University, 2nd Eng. Building, Rm B420, 134 Shinchon-dong,
eodaemun-gu, Seoul, 120-749, Republic of Korea. Tel.: +82 2 2123 2850;
ax: +82 2 365 5882.
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378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.086
ng at 800 C with humidified hydrogen fuel.
© 2009 Elsevier B.V. All rights reserved.

that controlling the flatness of large-sized unit cells prepared by the
TLC technique is known to be a challenge because of mismatches
between the thermo-mechanical and physical properties of the
individual layers [8]. The anode-supported electrolyte is warped
due to the mismatch between the thermal expansion coefficient
(TEC) of the yttria-stabilized zirconia (YSZ) and that of NiO–YSZ
cermets. The TEC of the YSZ electrolyte is 10.2–10.8 × 10−6 K−1,
whereas that of the NiO–YSZ cermet is 13.0–13.4 × 10−6 K−1.

The flatness of the planar unit cell is crucial to the perfor-
mance of planar SOFCs because a flatter cell offers a greater contact
area for the current-collectors. The flatness of a cell is consider-
ably dependent on the warp phenomena, which can easily occur
during the burn-out and sintering processes. Therefore, the inter-
relationships between the flatness, warping and cell performance
of the anode-supported unit cells prepared by the TLC technique
require thorough investigation to improve the performance and
durability of SOFCs.

To fabricate planar SOFC unit cells cost-effectively by the TLC
technique, the present research has focused on the following
topics: (1) improvement in the flatness of anode-supported elec-

trolytes via control of the warp phenomena during the burn-out
and sintering phases, and control of the warp effect on unit cell
performance, and (2) evaluation of the effects of the flatness of the
anode-supported electrolyte in improving performance of the unit
cells.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:prohsh@yonsei.ac.kr
mailto:cprocess@yonsei.ac.kr
dx.doi.org/10.1016/j.jpowsour.2009.11.086


2464 H.-G. Park et al. / Journal of Power Sources 195 (2010) 2463–2469

Ta
b

le
1

C
om

p
os

it
io

n
s

of
an

od
e,

N
iO

–Y
SZ

A
FL

,N
iO

/Y
SZ

–Y
SZ

A
FL

an
d

Y
SZ

el
ec

tr
ol

yt
e

sl
u

rr
y

fo
r

ta
p

e-
ca

st
in

g.

C
om

p
on

en
t

Po
w

d
er

(w
t.

%
)

So
lv

en
t

(w
t.

%
)

D
is

p
er

sa
n

t
(w

t.
%

)
B

in
d

er
so

lu
ti

on
(w

t.
%

)

N
iO

(J
.T

.B
ak

er
)

N
iO

/Y
SZ

–Y
SZ

n
an

oc
om

p
os

it
e

p
ow

d
er

Y
SZ

TZ
-8

Y
(T

os
oh

)
Y

SZ
(F

Y
T)

FY
T1

3.
0-

01
0H

(U
n

it
ec

ce
ra

m
ic

s)

C
ar

bo
n

bl
ac

k
R

av
en

43
0

(C
ol

u
m

bi
an

ch
em

ic
al

)

To
lu

en
e

(D
on

gy
an

g)
Et

h
an

ol
(D

on
gy

an
g)

M
12

01
(F

er
ro

)
B

74
00

1
(F

er
ro

)

A
n

od
e

N
i:

Y
SZ

vo
l.

ra
ti

o
=

4:
6

22
.7

–
9.

0
9.

0
4.

5
27

.5
6.

9
0.

9
19

.5
N

i:
Y

SZ
vo

l.
ra

ti
o

=
5:

5
26

.7
–

7.
0

7.
0

4.
5

27
.5

6.
9

0.
9

19
.5

N
i:

Y
SZ

vo
l.

ra
ti

o
=

6:
4

30
.1

–
5.

3
5.

3
4.

5
27

.5
6.

9
0.

9
19

.5
N

iO
–Y

SZ
A

FL
25

.3
–

19
.9

–
–

27
.5

6.
9

0.
9

19
.5

N
iO

/Y
SZ

–Y
SZ

A
FL

6.
3

33
.9

5
–

–
27

.5
6.

9
0.

9
19

.5
Y

SZ
el

ec
tr

ol
yt

e
–

–
49

–
–

24
.5

6.
1

0.
8

19
.6
Fig. 1. Flow chart of manufacturing procedure for anode-supported electrolyte via
TLC technique.

2. Experimental procedure

2.1. Fabrication of anode-supported electrolyte

Commercial powders of NiO (Nickelous oxide green, J.T. Baker,
USA), fine YSZ (TZ-8Y, TOSOH, Japan), coarse YSZ (FYT13.0-010H,
Unitec Ceramics, UK), NiO/YSZ–YSZ nanocomposite [11] and car-
bon black (Raven 430, Columbian Chemical, USA) were used as raw
materials to prepare the NiO–YSZ anode, the NiO/YSZ anode func-
tional layer (AFL), the NiO/YSZ–YSZ AFL, and the YSZ electrolyte. The
slurry compositions of the NiO–YSZ anode, the NiO–YSZ AFL, the
NiO/YSZ–YSZ AFL and the YSZ electrolyte for tape-casting are given
in Table 1. The procedure for manufacturing the anode-supported
cell by means of the TLC technique is shown in Fig. 1.

The raw materials were first mixed and ball-milled in solvents
(toluene and ethanol) with a dispersant for 24 h, and then ball-

milled again with a commercial binder solution for 24 h to form
a homogeneous slurry. Tape-casting was performed using a tape-
caster (Hansung system, Korea), by which slurry was coated on a
polyethylene (PET) carrier film at a rate of 2 cm s−1 at 70 ◦C. The
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ig. 2. Schematic of lamination method and flatness of anode-supported electro
our-directional laminating process.

hicknesses of the green tapes so produced were 26 �m for the
node, 15 �m for the AFL, and 10 �m for the electrolyte. After sin-
ering, the thicknesses of the electrolyte tapes were 20, 10 and
�m, respectively. The anode-supported electrolytes were lami-
ated with 50 anode sheets, two AFL sheets, and one electrolyte
heet. An AFL tape was laminated between the electrolyte tape
nd the anode tapes. To improve the performance of the cell,
n AFL composed of NiO/YSZ–YSZ was prepared. The specimens
10 cm × 10 cm tape size) were laminated by means of a four-
irectional method for relaxation of the residual internal stress of
he tapes. After the laminating steps, the specimens were pressed
so-statically at 3500 N cm−2 and 70 ◦C for 15 min to improve both
trength and flatness. The specimens were then cut into 9 cm × 9 cm
izes.

.2. Heat-treatment of anode-supported electrolyte
The burn-out and sintering conditions were subjected to heat-
reatment at 1100 ◦C for 3 h and at 1350 ◦C for 3 h, respectively
10]. Several heat-treatments at the burn-out conditions were exe-
uted to effect adequate decomposition of the polymer additives.

ig. 3. Flatness of anode-supported electrolyte depending on lamination method after b
aminating process.
epending on lamination method: (a) one-directional laminating process and (b)

The heating and cooling rates for the sintering conditions were set
at 5 ◦C min−1. The morphology of the anode-supported electrolyte
was observed with a scanning election microscope (SEM S4200,
Hitachi, Japan).

The warpage behaviour of the anode-supported electrolyte
during burn-out without loading was captured with a digital cam-
era (COOLPIX 4100, Nikon, Japan) every 20 min [12]. In addition,
the warpage behaviour of the laminate during sintering without
loading was monitored with a video recorder (HDR-SR-7, Sony,
Japan).

The shrinkage rate (///0) was measured by the change in length
of the NiO–YSZ anode, the NiO–YSZ AFL, and the YSZ electrolyte
samples (5 mm × 5 mm × 2 mm) during the burn-out and sintering.
The shrinkage characteristics were observed using a dilatometer
(DIL402C, Netzsch, Germany) in an air atmosphere. To improve the
flatness of the anode-supported electrolyte, the electrolytes were

loaded diversely with a porous zirconia setter during the burn-out
and sintering. In this study, the flatness is defined as the camber
of the longitude and latitude from the centre of the specimens.
The flatness of the sintered sample was measured by an indicator
(543–250, MITUTOYO, Japan) every 0.5 cm.

urn-out of binder: (a) one-directional laminating process and (b) four-directional
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Fig. 4. Schematic of anode-supported electrolyte and behaviour of anode-suppo

.3. Performance tests

The cathode paste was prepared using in-house La0.8Sr0.2MnO3
LSM20-P, Fuel Cell Materials, USA)-YSZ (TZ-8Y) with a weight
atio of 50:50. The performance of the in-house LSM–YSZ cathode
as fixed to concentrate on the effects of the developed anode-

upported electrolytes. The cathode layer was screen-printed on
he anode-supported electrolyte with an active area of 4 cm × 4 cm
nd a thickness of 50 �m. The cathode layer was sintered at 1150 ◦C
or 3 h. Single-cell performances were evaluated at 800 ◦C in reac-
ive gases of humidified hydrogen (400 cc min−1) with 3% H2O
nd air (600 cc min−1) current–voltage I–V characterization of the
cm × 5 cm anode-supported cell was undertaken.

. Results and discussion

.1. Optimization of flatness of the anode-supported electrolyte

In this type of experiment, the optimization of the slurry
omposition is a very important procedure because the final
icrostructures of the specimens are strongly dependent on their

reen microstructures. In our previous investigations [9,10], the
node, commercial AFL and electrolyte layer were cast homoge-
eously.

The anode-supported electrolyte was fabricated by the anode
ape to have a 26-�m green thickness, an AFL tape with a 15-�m
reen thickness, and an electrolyte with a 10-�m green thickness.
he laminate was composed of 50 sheets of anode, 2 sheets of AFL,
nd 1 sheet of electrolyte.
The lamination method is a very important step to produce a
at anode-supported electrolyte because the thickness deviation
f the anode tape is about 3–4 �m. Two lamination methods were
erformed to determine the optimum lamination method. The first
ethod was a one-directional laminating process that laminated
lectrolyte during burn-out. *Time indicated by round brackets is dwelling time.

repeatedly in the casting direction only. The second method was
a four-directional process that laminated with repeated 90-degree
clockwise turns.

After laminating the tapes, the samples were pressed iso-
statically at 3500 N cm−2 and 70 ◦C for 15 min to improve the
strength and flatness. Then, the samples were cut to 9 cm × 9 cm
and their flatness measured by an indicator. The centre of the anode
was set to zero. The camber of the longitude and latitude from the
centre of the specimen was measured every 0.5 cm. The lamination
method has an effect on the flatness of the laminates. The flatness of
the laminates made by the first and second method is 200 �m/9 cm
and 120 �m/9 cm, respectively (Fig. 2). The flatness of the laminate
is improved with the relaxation mechanism of the residual internal
stress in tapes using the four-directional method.

Binder organics and carbon black are completely removed dur-
ing the 3 h burn-out at 1100 ◦C. After burn-out, the laminate size
is decreased to 8.6 cm with a small amount of warp. Fig. 3 illus-
trates the flatness of the sample after warm iso-static pressing of
the sample after burn-out. The flatness of the laminates produced
using the first method and the second method is 2500 �m/8 cm and
1750 �m/8 cm, respectively.

The warp evolution of the anode-supported electrolyte during
burn-out is presented in Fig. 4. The YSZ electrolyte of the laminate
is in contact with the porous zirconia setter because the carbon
black of the anode is effectively burnt-out. The time indicated by the
round brackets is the dwelling time. The sample is put on the zirco-
nia setter at 25 ◦C and warps continuously up to 200 ◦C for 40 min.
The sample flattens continuously until 260 ◦C. The sample warps
continuously from 300 ◦C (40 min) to 1067 ◦C. The sample quickly

flattens at 1067 ◦C. The centre of the sample rises markedly at
1100 ◦C (90 min). The shape does not change from 1100 ◦C (90 min)
to 25 ◦C. The laminate appears to warp and flatten repeatedly dur-
ing burn-out. Also, the warping direction is always toward the
anode (convex warping). Fig. 5 shows that the shrinkage rate of
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Fig. 5. Shrinkage rates of each component during burn-out: (a) anode, (b) AFL, and
(c) electrolyte.

Fig. 7. Behaviour of anode-supported electrolyte during sintering.

Fig. 8. Shrinkage rates of each component during sintering: (a) anode, (b) AFL, and
(c) electrolyte.

Fig. 6. Warpage of sintered anode-supported electrolyte: (a) top view and (b) side view.
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Fig. 9. Flatness of anode-supported electrolyte depending on applie

he anode (a) is larger than those of the AFL (b) and the YSZ elec-
rolyte (c) because the carbon black of the anode is removed during
urn-out. The AFL matches between the anode and the electrolyte.
he shrinkage stress of the anode and electrolyte is decreased by
nserting the AFL. Bao et al. [13] suggested that a model of the
node-supported electrolyte depends on the shrinkage rates of
he anode and the YSZ electrolyte. In the present research, the
esult differs from the suggested model because the specimens
re prepared by the TLC technique with residential stress among

ulti-layers. In addition, the tapes also involve diverse organic

ompounds such as carbon black and binder solution. Because
rganic compounds of the anode-supported electrolyte are contin-
ously decomposed during burn-out, the proposed models cannot
e applied to the samples.
: (a) 0 Pa, (b) 460.6 Pa, (c) 597.8 Pa, (d) 1107.4 Pa, and (e) 1793.4 Pa.

One zirconia setter was placed on the sample to improve the
flatness of the burnt-out sample. When the loading of one zirconia
setter is 274.4 Pa, the flatness of the sample is greatly improved, to
a level of 260 �m/8 cm.

After co-sintering, the laminate narrows to 7.4 cm with a severe
warp. The flatness of the laminate is about 1 cm/7.4 cm (see Fig. 6).
To observe the warp during co-sintering, a video recorder docu-
mented the whole sintering process. The progress of the warp of the
anode-supported electrolyte during co-sintering is shown in Fig. 7.

The anode of the laminate is in contact with the porous zirconia set-
ter. The sample is placed on the zirconia setter at 25 ◦C. The shape
of the sample does not change until 1150 ◦C, which is close to the
burn-out temperature. The sample then warps continuously until
1350 ◦C and remains unchanged thereafter. The warping direction
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ig. 10. I–V characteristics of two anode-type supported cells in reactive gases of
umidified hydrogen (400 cc min−1) with 3% H2O and air (600 cc min−1) at 800 ◦C:
a) unit cell showing a reasonable flatness (55 �m/5 cm), (b) unit cell showing too-
arped a contour (200 �m/5 cm).

s always toward the electrolyte (convex warping); refer to Fig. 6.
he shrinkage rates of the anode, AFL and electrolyte are presented
n Fig. 8. The samples shrink sharply at temperatures above 1150 ◦C.
he shrinkage rate of the anode is larger than that of the electrolyte.
he organic compounds are not present in the sample during sin-
ering. In this condition, the warping direction is always toward the
lectrolyte (convex warping) due to the different shrinkage rates of
he anode and the electrolyte.

Severely warped specimens cannot be applied to planar SOFCs
ystems. During heat-treatment, a specific method for improving
he flatness of large-sized unit cells should be developed. A diverse
oad was pressed onto the sample to determine the dependence of
atness on loading. As shown in Fig. 9, when the loads of 460.6,
97.8, 1107.4 and 1793.4 Pa are set, the flatness of the anode-
upported electrolytes is 720 �m/5 cm, 200 �m/5 cm, 62 �m/5 cm,
5 �m/5 cm and 110 �m/5 cm, respectively. The 1107.4-Pa load

mproves the flatness to 55 �m/5 cm, which corresponded to about
.1%.

.2. Relationship between flatness and performance of the cell

The anode-supported electrolyte created by the TLC technique
as proper porosity for an anode and a very uniform and dense
icrostructure as electrolyte, which can prevent gas crossover [9].

he cathode layer was screen-printed on the 5 cm × 5 cm anode-
upported electrolyte with an active area of 4 cm × 4 cm and a
hickness of 50 �m. Unit-cell flatness is important to the per-
ormance of planar SOFCs because a flatter cell increases the
ontact area of the current-collectors. Samples with a flatness of
00 �m/5 cm and 55 �m/5 cm were selected to confirm the rela-

ionship between flatness and cell performance. To enhance the
erformance of the cell, a NiO/YSZ–YSZ AFL that improves three-
hase boundaries (TPBs) was inserted between the anode and
he electrolyte [14]. The single-cell performances are measured
t 800 ◦C in reactive gases of humidified hydrogen (400 cc min−1)

[

[
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with 3% H2O and air (600 cc min−1). As shown in Fig. 10, the maxi-
mum power and maximum power density of the unit cells having
the anode-supported electrolyte of 200 �m/5 cm are 7.7 W and
481 mW cm−2, respectively; the flattest unit cells yield values of
11.4 W and 713 mW cm−2, respectively. The performance of the
flatter unit cell is 50% higher than that of the more warped unit
cell. Thus, the maximum power density of a large-size unit cell is
very sensitive to the flatness of the unit cell.

4. Conclusion

The tape-casting/lamination/co-firing technique is an appropri-
ate method for the commercialization of planar SOFCs. It is very
difficult, however, to control the flatness of large-sized unit cells
prepared by the TLC technique because of the different TECs of the
multi-layers. The behaviour of the laminate is monitored during
heat-treatment. Various loads are applied to the anode-supported
electrolytes to study how the flatness of a sample depends on the
loading. In particular, an applied pressure of 1107.4 Pa improves
the flatness to 55 �m/5 cm. The maximum power and maximum
power density of the flattest unit cell are 11.4 W and 713 mW cm−2,
respectively, at 800 ◦C.
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