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bstract

Solid oxide fuel cells with thin electrolyte of two types, Sm0.2Ce0.8O1.9 (SDC) (15 �m) single-layer and 8 mol% Yttria stabilized zirconia (YSZ)
5 �m) + SDC (15 �m) bi-layer on NiO–YSZ cermet substrates were fabricated by screen printing and co-firing. A Sm0.5Sr0.5CoO3 cathode was
rinted, and in situ sintered during a cell performance test. The SDC single-layer electrolyte cell showed high electrochemical performance at low
emperature, with a 1180 mW cm−2 peak power density at 650 ◦C. The YSZ + SDC bi-layer electrolyte cell generated 340 mW cm−2 peak power

ensity at 650 ◦C, and showed good performance at 700–800 ◦C, with an open circuit voltage close to theoretical value. Many high Zr-content
icro-islands were found on the SDC electrolyte surface prior to the cathode preparation. The influence of co-firing temperature and thin film

reparation methods on the Zr-islands’ appearance was investigated.
2006 Elsevier B.V. All rights reserved.
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. Introduction

During the last decade, Nickel-Yttria Stabilized Zirconia (Ni-
SZ) anode supported solid oxide fuel cells (SOFCs) with

hin-film electrolytes have been widely adopted by industrial
ioneers and research groups in the world. Encouraging perfor-
ance in the intermediate temperature range (700–800 ◦C) with

hin-film YSZ electrolytes has been achieved [1]. However, a
igh degradation rate in cell performance at the stack level has
een observed, which is related to thermally activated material
egradation, in particular, high temperature corrosion of steel
nterconnects [2,3]. Extensive R&D efforts are continuing to
ecrease cell operating temperature below 600 ◦C.

The practical operating temperature of SOFCs is mainly
etermined by the conductivity and thickness of the electrolyte.
oped ceria is a promising option for an electrolyte material

or low temperature use. It has an ionic conductivity that is

–3 times higher than that of YSZ, and better compatibility
ith Co-containing electrodes. Its thermal expansion coeffi-

ient (12.5 × 10−6 K−1) is also more compatible with that of
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he Ni-cermet substrate and commercial ferritic stainless steel
nterconnect, compared with YSZ. The maximum power den-
ity of 0.25 W cm−2 at 550 ◦C with an anode-supported thin
eria based electrolyte cell has been reported [4,5]. The main
isadvantage of a ceria-based electrolyte is that it becomes a
ixed conductor under anodic conditions, which causes a cell

oltage loss and fuel efficiency loss due to internal shorting.
hemical and mechanical stability, thermal cycle capability and

edox tolerance as well are other concerns for long-term service.
To lower manufacturing cost, efforts have been underway

o bring proven microelectronics manufacturing technology to
OFCs, such as Tape casting of cermet substrates, Screen print-

ng of functional layers, and Co-firing of cell components (TSC
echnology in short). Interest is also growing in applying metal
upported cell structures [6,7].

In this study, TSC technology was used to fabricate NiO–YSZ
ermet supported cells with thin electrolytes of two types,
m0.2Ce0.8O1.9 (SDC) (15 �m) single-layer and 8 mol% Yttria
tabilized zirconia (YSZ) (5 �m) + SDC (15 �m) bi-layer, It has
een found that the SDC single-layer electrolyte cell shows

ery high performance at temperatures below 650 ◦C while
he YSZ + SDC bi-layer electrolyte cell shows good perfor-

ance over 700 ◦C, with open circuit voltage close to theoretical
alue. The elemental analysis reveals many high-Zr-content

mailto:xinge.zhang@nrc.gc.ca
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Table 1
Chemical composition, properties, supplier of starting materials

Material Composition Properties Supplier

Cathode Sm0.5Sr0.5CoO3 (SSCo) D50: 0.80 �m Surface area: 5.16 m2 g−1 Praxair

Electrolyte (SmO1.5)0.2(CeO2)0.8 (SDC) D50: 0.40 �m Surface area: 7.08 m2 g−1 Praxair
8Y (YSZ) (YO1.5)0.16(ZrO2)0.84 D50: 0.26 �m Surface area: 13.0 m2 g−1 Tosoh

Anode (SmO1.5)0.2(CeO2)0.8 (SDC) D50: 0.40 �m Surface area: 7.08 m2 g−1 Praxair
8Y (YSZ) D50: 0.260 �m Surface area: 13.0 m2 g−1 Tosoh
NiO type F D50: 1.0 �m Surface area: 4.0 m2 g−1 Novamet

Cermet substrate NiO-standard D50: 16.0 �m Surface area: <1 m2 g−1

8YS (YSZ) D50: 0.520 �m Surface area: 6.2 m2 g−1 Tosoh

Table 2
Organic chemicals for tape casting and screen-printing

Chemicals Function Supplier

Tape casting Polyvinyl butyral, B-76 Binder Richard E. Mistler, Inc.
Emphos 236 Dispersant Richard E. Mistler, Inc.
Santiciser-160, Ucon-50 Plasticizer Richard E. Mistler, Inc.
Toluene, MIBK, Ethanol Solvent Alfa Aesar

S Binder Richard E. Mistler, Inc. Acros Organics
SM) Dispersant Richard E. Mistler, Inc. GEOspecialty chemicals

Solvent Alfa Aesar
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creen printing B-76, Ethyl cellulose
Menhaden fish Oil (MFO Z-3), Sorbitan monooleate(
Butyl acetate, isopropanol, Butanol, �-Terpineol

icro-islands on the surface of the thin SDC layer and at the
ross-section of the SDC electrolyte. The influence of co-firing
emperature and thin-film preparation methods on the appear-
nce of the Zr-islands has been investigated.

. Experimental procedure

.1. Starting materials and cell fabrication

Table 1 lists the starting ceramic powder materials used in this
tudy. The organic materials used for tape casting and screen-
rinting are listed in Table 2. All the materials for cell fabrication
re commercially obtained.

Fig. 1 shows the schematic for cell structure, which con-
ists of cermet substrate, anode layer, electrolyte and cathode.
he cell fabrication route consists of tape-casting the substrate,
creen-printing the anode and then the electrolyte on the sub-

trate, high temperature co-firing, printing the cathode and firing
he cathode during the cell electrochemical test. Table 3 lists the
ell materials, thicknesses, and processing conditions. Different
node materials were used for the two types of cells, accord-

F
N
(
t

able 3
ell materials, thicknesses, and processing conditions

ell type SDC YSZ + S

Material Thick (�m) Materia

athode SSCo 20–30 SSCo
lectrolyte SDC 15 SDC

YSZ
node Ni-SDC 15 Ni-YSZ
ubstrate Ni-YSZ 600 Ni-YSZ
Fig. 1. Schematic of cell structure.

ng to the electrolyte materials used: Ni-SDC anode for the
DC electrolyte and Ni-YSZ anode for the YSZ + SDC elec-

rolyte. 57 wt.% NiO + 43 wt.% YSZ powder mixture was cho-
en for both NiO–YSZ cermet substrate and NiO–YSZ anode.

or NiO-SDC anode the composition was changed to 53 wt.%
iO + 47 wt.% SDC in order to yield the same Ni volume percent

41 vol%) as in the NiO–YSZ anode and substrate according to
he density difference between YSZ and SDC.

DC Condition

l Thick (�m) Temp. (◦C) Time (h)

20–30 900 2
15

1400 2
5
15
600
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Table 4
Physical characterization for cells fired at 1400 ◦C for 2 h

Cell Type SDC single layer electrolyte YSZ + SDC bi-layer electrolyte

Electrolyte appearance Transparent Transparent
Cell shrinkage (%) 15.6 15.8
Cell density (g cm−3) 5.25 5.26
S
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ubstrate porosity (%) 17.2
3.8 kPa helium leakage rate (ml min−1 cm−2) Not

.2. Cell characterization

The results of the physical characterizations of the fired cells
re summarized in Table 4. It was found that the SDC elec-
rolyte could be sintered to fully dense at 1400 ◦C, while the YSZ
lectrolyte could be fully sintered at 1350 ◦C. The well-sintered
lectrolytes appear transparent, and allow no detectable helium
as cross leakage at 13.8 kPa (about 2 psi), indicating that the
lectrolyte layers were fully dense. After the electrolyte quality
haracterizations, each cell was characterized by an Archimedes
ensity measurement to obtain the cermet substrate density
nd porosity. The measured cell densities are 5.25 g cm−3 on
verage. It indicates 17.2% porosity in the NiO–YSZ cermet
ubstrate based on the cermet substrate composition of 57 wt.%
iO. The substrate porosity will be increased to approximately
0% porosity after NiO reduction to Ni.

The cell used in this study is 15 mm in diameter, with cer-
et substrate thickness of approximately 0.6 mm. Sm0.5Sr0.5O3

SSCo) cathode of 0.40–0.41 cm2 was applied at the centre of
ach cell by stencil printing, and dried at 100 ◦C for 1 h. The
athode thickness is approximately 20–30 �m after in situ sin-
ering.
Fig. 2 shows a schematic setup for button cell electrochemical
ests. A split-tube furnace (Thermcraft incorporated) was used
or cell temperature control. The thermal couple for furnace tem-

w
(
f

Fig. 2. Schematic setup f
17.0
table Not detectable

erature control was located nearby the cell at the anode side.
he cells were mounted for electrochemical testing at the end
f an alumina tube, and sealed with a commercial sealing paste
ceramabond #552). A thin layer Sm0.5Sr0.5O3 (SSCo) paste was
pplied to the Pt mesh at the cathode side to create a good contact
etween the cathode and the cathode current collector (Pt mesh)
n the testing apparatus. A constant spring loaded force was
pplied to the cathode air supply alumina tube, of approximately
.0 kgf according to the deformation of loading springs. The cell
as heated up to 900 ◦C at a ramp rate of 300 ◦C h−1, and held

or 2 h for cathode in situ sintering. The temperature was then
ecreased to 700 ◦C for anode reduction and cell electrochem-
cal measurements. Ambient air was introduced at a flow rate
f 100 ml min−1 to the cathode side. Hydrogen or a H2:N2 = 1:1
ixture at the same total flow rate was first passed through a

ubbler-type humidifier at room temperature, corresponding to
3% H2O content, and then introduced to the anode side during

he test.
Electrochemical measurements were performed at the tem-

eratures ranging from 700 to 450 ◦C for the SDC single-layer
lectrolyte cells and 750 to 600 ◦C for SDC + YSZ bi-layer
lectrolyte cells under ambient pressure. Cell performances

ere measured with a Multi-channel Potentiostat/Galvanostat

Solartron 1480 8 channel multi-stat) with a computer inter-
ace and Corr-view software. The I–V curves and power curves

or button cell test.
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that the main contributor to the low performance of the bi-layer
electrolyte cell is a detrimental interaction between YSZ and
SDC.
ig. 3. I–V power curves of a15 �m SDC single layer electrolyte cell co-fired
ith anode at 1400 ◦C, and SSCo cathode sintered at 900 ◦C, tested at different
perating temperatures.

ere obtained using linear sweep voltammetry at a sweep rate
f 4 mV s−1 from OCV to 0.3 V. The morphologies of the tested
ells were observed using a scanning electron microscope (SEM,
itachi S-3500N) coupled with energy dispersive spectrometry

EDS) and X-ray diffraction techniques for element analysis.

. Results and discussion

.1. Cell electrochemical performance

Fig. 3 shows the performance of a single-layer SDC elec-
rolyte cell. It can be seen that the maximum power densities
f the SDC electrolyte cell reached 1187 mW cm−2 at 650 ◦C,
.884 mW at 600 ◦C, and 459 mW cm−2 at 550 ◦C. These values
re higher than reported data in the literature with similar cell
onfigurations in this temperature range [4,5,7,8]. The main dif-
erences between the present cells and the cells reported in the
iterature are the in situ sintering of the cathode, and a slightly
hinner SDC electrolyte layer in this study.

The performance of a cell with YSZ + SDC bi-layer elec-
rolyte is presented in Fig. 4. Although the performance is rea-
onably high at an elevated temperature range, the low temper-
ture performance is much lower than that of the SDC cell. The
aximum power density is only approximately 340 mW cm−2

t 650 ◦C. It can be seen that the OCV of this bi-layer elec-
rolyte cell is much higher than that of the SDC single layer
lectrolyte cell, and is very close to the theoretical OCV value
n the tested temperature range. This indicates that the YSZ layer
lays the role in obstructing the electronic conductivity in the bi-
ayer electrolyte and preventing the internal shorting of the cell.
urthermore, the dense YSZ layer prevents the anodic reducing
tmosphere from directly contacting the SDC electrolyte layer.
herefore, the electronic conductivity in the SDC electrolyte is
revented. The low cell performance of the bi-layer electrolyte
ell likely results from the combination of a low ionic conduc-

ivity of the additional YSZ layer, a detrimental inter-reaction
etween the SDC and YSZ layer, and a lower anode performance
f Ni-YSZ in comparison with Ni-SDC. Fig. 5 shows the area
pecific resistances (ASR) of the 15 �m thick SDC and 5 �m

F
Y

ig. 4. I–V power curves of a cell with 5 �m YSZ + 15 �m SDC bi-layer elec-
rolyte co-fired with Ni-YSZ anode at 1400 ◦C, and SSCo cathode sintered at
00 ◦C, tested at different operating temperatures.

hick YSZ at different temperatures, which was generated from
he reported conductivity of SDC [9] and YSZ [10]. It can be
een that the ASR value of 15 �m thick SDC is almost equal to
he 5 �m thick YSZ in the listed temperature range, indicating
hat the ohmic loss of the bi-layer electrolyte cell will be twice
igher than the single layer SDC electrolyte cell. However, the
alculated electrolyte ohmic loss at 650 ◦C is only 50 mV at
A cm−2, which is insufficient to explain the low performance
f bi-layer electrolyte cell at this temperature. Being aware of
hat SDC has a higher ionic conductivity and catalytic activity
han YSZ, it is rational that Ni-SDC anode in the single layer
DC electrolyte cell may slightly perform better than that of
i-YSZ anode in the bi-layer cell. The difference of anode gas

omposition will also have influence. But the authors believe
ig. 5. Area specific resistances (ASR) of 15 �m thick SDC and 5 �m thick
SZ at different temperatures.
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Fig. 6. Microstructure and EDS analysis of the tested thin SDC cell. (A) Plan view of SDC cell electrolyte surface without cathode; (B). Cross-section of the tested
SDC cell (polished); (C) EDS analysis result of SDC electrolyte at a regular grain; (D) EDS analysis result of SDC electrolyte at an irregular grain.

Fig. 7. Microstructure and EDS analysis of the tested thin YSZ + SDC cell. (A) Plan view of YSZ + SDC cell electrolyte surface without cathode; (B) Cross-section
of the tested YSZ + SDC cell (not polished); (C) EDS analysis result of the SDC bulk surface; (D) Zirconium mapping of the cross-section of the YSZ + SDC cell.



306 X. Zhang et al. / Journal of Power Sources 161 (2006) 301–307

pping

3

c
u
t
a
a
s
c
r
Z
m
t
c
o
a
I
c
S
F
t
s

3

a
s
b
t
s
c
i
t
i
l
a
n

p
c
t

T
I

M

Y
G
R
I

Fig. 8. X-ray elemental ma

.2. Cell microstructure characterization and EDS analysis

Figs. 6 and 7 show plan and cross-section views of the tested
ells, including EDS analyses of the electrolytes. Many irreg-
lar grains on the SDC electrolyte surface were observed after
he 1400 ◦C–2 h co-firing and prior to cathode deposition. EDS
nalysis results (Fig. 6D) show that the irregular grains have
high Zr content, and have the appearance of micro-islands,

o they are referred to as Zr-micro-islands in this work. The
ross-section of the SDC electrolyte after sample polishing also
eveals a dark pore-like inclusions (Fig. 6B), which in fact are
r-content inclusions verified by EDS analysis. There are many
ore of these Zr-micro-islands in the YSZ + SDC bi-layer elec-

rolyte cell (Fig. 7A) than in the SDC single-layer electrolyte
ell (Fig. 6A). Fig. 7D shows the Zirconium element mapping
f the cross section of the YSZ + SDC bi-layer electrolyte cell
s mechanically fractured sample without polishing (Fig. 7B).
t proves that the YSZ layer (approximately 5 �m) applied adja-
ent to the anode has not chemically mixed with the sequential

DC layer after high temperature co-firing. It is hard to see from
ig. 7D that the existence of Zr (if any) present in the cross sec-

ion of the SDC layer, which could be attributed to this SEM
ample without polishing.

c
G
t
a

able 5
onic conductivity (σion) and electronic conductivity (σo

n) of YSZ, GDC and their mi

aterial Nominal composition

SZ Zr0.85Y0.15O1.93

DC Ce0.80Gd0.20O1.90

eaction product Ce0.37Zr0.38 Gd0.18Y0.07O1.87

nterlayer Ce0.43Zr0.43 Gd0.10Y0.04O1.93
of an irregular grain area.

.3. Zr-micro-islands

EDS analysis was used to examine one of the irregular grain
reas at higher resolution. Fig. 8 shows the results. It can be
een that the irregular grain shows not only a high Zr-content,
ut also an enriched Sm content, while the Ce content is substan-
ially decreased. This result suggests that Zr has replaced the Ce
ite in the normal SDC lattice, or that a second Sm-rich phase
ontaining Zr separates from the SDC phase. High Sm content
n the irregular grain indicates that Sm has a higher solubility in
he new phase. Furthermore, since the grain size of the Zr-island
s larger than that of the normal SDC grains, this second phase
ikely also has a higher vapour pressure or lower melting point,
faster grain growth rate, and higher sinterability than that of

ormal SDC during the cell co-firing.
The Zr-micro-islands are potentially detrimental to the cell

erformance. Tsoga et al. [11] reported that the Zr–Ce–Gd–Y–O
omposite phase exhibits a conductivity two orders of magni-
ude lower than that of either GDC or YSZ. Table 5 lists their

◦
onductivity data, recorded at 800 C. Since Sm-doped ceria and
d-doped ceria have very similar conductivities, it is likely that

he Zr micro-islands observed in this work may also consist of
very low conductivity phase, based on the analyzed compo-

xed composites at 800 ◦C [9]

σion (S cm−1) σo
n (S cm−1)

0.054 7.29 × 10−13

0.087 8.18 × 10−6

0.00125 3.99 × 10−6

0.00603 3.88 × 10−6
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[9] V.V. Kharton, F.M.B. Marques, A. Atkinson, Solid State Ionics 174 (2004)
135–149.

[10] S.P.S. Badwal, Solid State Ionics 52 (1992) p23.
ig. 9. SEM image of a cell with spin-coated SDC electrolyte fired at 1400 ◦C.

itions, and their similarity with the compositions studied by
soga et al.

The formation mechanism of the Zr-micro-islands is not
lear. The SDC electrolyte paste was investigated and no any
r contamination was found. The influence of sintering temper-
ture was also studied, and it was found that lower sintering
emperatures produced fewer obvious irregular grains. Cells
o-fired at 1250 ◦C did not show any irregular grains, which
uggests either that no Zr migration (and Zr-micro-island for-
ation) occurred, or that the grains have not grown large enough

o be detected, due to the slow grain growth rates at the low sin-
ering temperatures. No clear location showing a high Zr content
n the cells sintered at 1250 ◦C was found. Spin coating of the
lectrolyte layers was conducted to determine whether the for-
ation of Zr-islands results from potential inter-contamination

uring screen-printing. Similar irregular grains on the SDC sur-
ace were found after firing at 1400 ◦C (Fig. 9). The formation
f Zr-micro-islands is therefore likely related to Zr migration
rom the NiO–YSZ substrate during the co-firing process.
. Conclusions

SDC single-layer electrolyte cells and YSZ + SDC bi-layer
lectrolyte cells supported by Ni-YSZ substrates were pre-

[

ources 161 (2006) 301–307 307

ared by tape casting, screen printing, and co-firing technology.
sing in situ sintered SSC cathodes, high performance of over
180 mW cm−2 peak power density at 650 ◦C was obtained
rom the SDC electrolyte cells. The bi-layer cells did show
igher OCV values, but their performances were much lower
han those of the SDC cells at low operating temperatures. Zr-

icro-island formation on the SDC electrolyte was observed,
ith compositions indicating that an interaction between YSZ

nd SDC took place during the high-temperature co-firing of the
ells.
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