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bstract

creen printing pastes based on organic binder systems were developed for the production of dense electrolyte layers of Y0.16Zr0.84O1.92(8YSZ)
n Ni/YSZ anode substrates for anode supported solid oxide fuel cells (SOFCs). Pastes with a solid loading up to 50 vol.% (86 wt.%) of YSZ
owder and the adequate thixotropic behaviour for screen printing could be produced. Dense layers were obtained by sintering at 1430 ◦C and

ere shown to be gas tight by window and He leakage test. The electrical conductivity of the dense layers and the resulting activation energy

96–99 kJ mol−1) were obtained from impedance spectra in the temperature range from 250 ◦C to 900 ◦C. The agreement with literature values
ndicates that performing layers have been obtained.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Solid oxide fuel cells based on ceramic materials are promis-
ng devices converting hydrocarbon fuels to electrical energy
ith high efficiency.1 Both cathode and anode materials are

lectronic conductors with catalytic activity, while the gas tight
lectrolyte of around 20 �m thickness in between is an ionic
onductor. Screen printing is an industrially used cost-effective
ethod to fabricate homogeneous layers of pastes containing

eramic powders. Organic binder systems are frequently used
or large-scale production such as lacquers2 because they are
nsensitive to seasonal changes of temperature and humidity
ompared to water-based dispersions. Zirconia dispersions with

high solid loading have already been presented previously.
uercher et al.3 showed the possibility to produce low-viscosity
uspensions and identified Solsperse 3000 as a dispersant and

∗ Corresponding author. Tel.: +41 44 823 41 72.
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erpineol among other organic media as most suitable for dis-
ersions of YSZ powder.

Sintering of dense electrolyte layers usually requires temper-
tures above 1400 ◦C. However, these high temperatures pose
evere problems on the co-firing of all cell components. This
ight cause coarsening of the microstructure of the Ni–YSZ

ermet and can lead to interfacial reactions between the cathode
aterials and the electrolyte material4 forming, e.g. La2Zr2O7.
he grain coarsening leads to a reduced active area for the cat-
lytic reactions on the anode and the interfacial reactions to less
ctive areas on the cathode side.

The development of organic-based slurries to achieve gas
ight electrolyte layers at standard sintering conditions was the

ain goal of this study. The study of the sintering behaviour at
ower temperatures could give information about further nec-

ssary modifications in the paste recipe. A reduction of the
intering temperature while still achieving gas tight electrolyte
ayers is expected to result in more durable, high performing
lectrode microstructures and reduced production costs.

mailto:peter.ried@empa.ch
dx.doi.org/10.1016/j.jeurceramsoc.2007.11.018
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Table 1
Raw materials used for the preparation of YSZ screen printing pastes

Provider Denotation Density/BET/d50 Chem. nature Usage

Unitec FYT13-002H −/4.31 m2/g/0.56 �m Y0.16Zr0.84O1.92 Electrolyte
Tosoh TZ8-YS −/6.01 m2/g/0.37 �m Y0.16Zr0.84O1.92 Electrolyte
Fluka Terpinol ρ = 0.93 g/cm3/– Terpene Solvent
Avecia Additives Solsperse 3000 ρ = 0.91 g/cm3/– Organic oligomer Dispersant
Fluka PVPa – Organic polymer Dispersant
Clariant PVBb (B30H) ρ = 1.1 g/cm3/– Organic polymer Binder

PVBb (B20H) ρ = 1.1 g/cm3/– Organic polymer Binder
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pressure difference between the surrounding area and the drawn
vacuum. After reaching a constant vacuum (�p = 100 mbar) the
chamber is closed and the time dependent increase of pressure
within the chamber is recorded. The permeability coefficient (k)

Table 2
Co-sintering programme

Segment 1 2 3 4 5 6
Polyvinylpyrrolidon.
b Polyvinylbutyral.

. Experimental

The pastes, produced for this study, contained terpineol as
solvent, one of two different zirconia powders (both 8 mol%
ttria stabilized zirconia), Solsperse 3000 a commercially avail-
ble penta-(12-hydroxystearic acid) or polyvinylpyrrolidon as
ispersant and polyvinylbutyral as a binder. Table 1 summarizes
he material properties and suppliers.

The solid loading of the electrolyte powder was calculated
n vol.% of the final paste, the amount of dispersant depend-
ng on the specific surface area of the powder and the binder
n wt.% of the powder. After mixing the dispersant and the
inder with the solvent the YSZ powder was added in small
ortions while stirring the slurry with an automatic stirrer and
ubsequently the paste was homogenized with a 3-roll mill
EXAKT-Dreiwalzenwerk).

The rheological behaviour of the pastes was tested with a
otational viscosimeter (Rheolab MC120, Physica Messtech-
ik GmbH, Germany) with a volume of 3 cm3 and a gap of
.59 mm between the two cylinders at 25 ◦C. The viscosity of the
astes was measured for shear rates between 1 s−1 and 300 s−1

epeating 3 times to ensure good reproducibility.
The anode substrates (50 vol.% NiO/YSZ) were pressed with

n automatic uniaxial press (Römheld, Germany) at a pressure
f 100 MPa using a laboratory made nickel/YSZ spray dried
ermet powder granulate. The anode substrates were partly pre-
intered at 1200 ◦C to reduce the bending of the samples during
o-sintering with the electrolyte layers. The open porosity of
he cermet granules was preserved and the binder is entirely
emoved at this temperature.

Two different screens and scrapers for printing were used.
ut of the four combinations of a fine screen or a coarse

creen (325 mesh or 255 mesh, respectively) combined with a
oft scraper with round edges, or a stiff scraper and sharp edges,
he stiff scraper with the coarser screen was the best system
o print homogeneous layers with the applicable slurries. After
rinting the slurries on the anode substrates (with and without
re-sintering) the samples were dried overnight and co-sintered
ith the temperature profile shown in Table 2.

Additionally, anode substrates were prepared from coarse

nd fine Ni–YSZ granulates: YSZ layers were printed on
re-sintered and on green anode substrates and co-sintered at
emperatures between 1250 ◦C and 1430 ◦C for 2 h or 12 h.

R
L
H

ig. 1. Top: principle setup for the He leak test, bottom: setup for the window
eak test6.

The sintered electrolyte layers were examined after sintering
y SEM (Tescan TS51368M), the gas tightness was checked by
oth He leakage test and window leak test5,6 as shown in Fig. 1.
he samples are put into a sample holder with the electrolyte
ide facing the vacuum.

Principally, the window leak test measures effectively the per-
eation, in this case of air through the sample depending on the
amp (◦C/h) 60 600 300 60 60 300
evel max (◦C) 300 800 1100 Tmax Tmax − 80 25
olding time (h) None None None 2 or 12 None End
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Table 3
Anode substrates before and after pre-sintering

Height (mm)
(±0.05)

Diameter (mm)
(±0.01)

Weight (g)
(±0.1)

Green 0.99 28.12 2.27
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ig. 2. Sample with contacts for the impedance measurement in a reducing
tmosphere.

s calculated directly from the pressure according to the follow-
ng equation (calculation of the permeability coefficient from
indow leak test):

(L) [cm2/s] = �pi

�t
· V · l

A
· 1

�p̄

he internal pressure difference (�pi) inside the vacuum cham-
er during a time interval (�t) is related to the mean pressure
ifference �p̄ between the outside and the vacuum chamber
nd normalized to the gas volume (V) on the vacuum side, the
iffusion length (l) and the sample area (A).

The principal of the helium leakage test is similar, except the
ubstrate side is floated with gaseous helium and the permeating
e is measured with a mass spectrometer and converted into the
ermeation rate (hPa dm3/s). This value has to be divided by the
ample’s area and a factor of 10 (considering on one hand side
he pressure difference of about 100 hPa between cathode and
node during operation of the fuel cell and on the other hand the
ressure difference at which the leak rate is determined which
s approximately 1000 hPa).
The conductivity of the YSZ layers of selected gas tight sam-
les was measured by impedance spectroscopy. The samples
ere painted on both the YSZ electrolyte layer and the Ni-cermet
ith Pt-paste and contacted by Pt-grids as shown in Fig. 2.

d
t
h

able 4
SZ electrolyte pastes

owder ID η (Pa s) at 100/s Binder wt.% Pow

YT13-002H (Unitec) A1 2 0 5
A2 4 0.1
A3 6 0.25
A4 14 0.5
A5 47 1

Z8-YS (Tosoh) B0 7 0.25 20
Ba 5 0.25 40
B1 6 0 4
B2 8 0.25
B4a 20 0 5
B5 10 0.25

YT13-002H (Unitec) C1 6 0.25 5
C2 12 0.5

Z8-YS (Tosoh) D1 9 0.25 4
D2 16 0.5

osoh:Unitec (9:1) M1 6 0.25

a Powder pre-treated at T = 400 ◦C.
re-sintered 0.89 26.83 2.2
intered 0.86 24.67 –

The measurement was performed in a sealed compartment
ushed with a (H2 4 vol.% in N2) gas mixture, saturated with
ater (p(H2O) = 0.031 atm) with a flow of 50 mL/min at 25 ◦C.
his gas mixture corresponds to a p(O2) of 9.69E-14 Pa at 827 ◦C

1100 K).7 After reduction of the NiO to Ni the impedance of
he samples was recorded in the range of 0.5 Hz to 3 MHz at
emperatures from 250 ◦C to 900 ◦C with a frequency response
nalyser (Solatron 1260). The recorded impedance spectra were
nalyzed with ZView 2.80 (Scribner Associates, Inc.) software.

. Results and discussion

Pressed and (pre-) sintered anode substrates showed good
eproducibility and little deviation in weight, height and diame-
er after sintering. The substrates were all measured and weighed
efore and after (pre-) sintering, the mean values are summarized
n Table 3.

The two YSZ powders from Unitec and Tosoh and the binders
ad an impact on the printability of the slurries as shown in
able 4. All pastes contained 2 mg m−2 dispersant calculated on

he specific surface area of the YSZ powder.
After production the pastes were printed on plastic foils in

rder to check the printability. Good printability generally cor-
elates with viscosities in the range from 4 Pa s to 12 Pa s at
00 s−1.
An exception is paste B5, which was not suitable for printing
espite of its viscosity around 10 Pa s, resulting from the dila-
ants behaviour at higher shear rates. Paste B0 did not yield a
omogenous layer, most likely due to the low solid loading.

der vol.% Applicability for screen printing Binder system

0 Possible PVB Mowital B30H
Good
Good
Possible
Not applicable
Possible
Good

5 Good
Good

0 Not applicable
Not applicable

0 Good PVB Mowital B20H
Good

5 Good
Possible
Good
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The binder adjusted the viscosity to these needs and addition-
lly stabilized the slurry against segregation. The pastes with the
abels A3, A4, B0, B* and B2 containing the binder B30H and
1, C2, D1 and M1 with the binder B20H were applicable for

creen printing and resulted in homogeneous layers. The pastes
ut of TZ8-YS powder achieved a maximum solid loading of
5 vol.%, while 50 vol.% of FYT13-powder was the maximum
pplicable powder concentration for the screen printing pastes.

The two dispersants Solsperse 3000 and polyvinylpyrrolidon
PVP) were compared on the basis of the recipe for paste B1. The
heological behaviour of the pastes without binder are displayed
n Fig. 3.

The paste which contained Solsperse 3000 had the lower vis-
osity and showed a slight shear thinning behaviour, the pastes
ith PVP however had a strong dilatant behaviour at shear rates
10 s−1. The chain length of the two polymers could be an expla-
ation for the different behaviour: Solsperse 3000 possesses 66 C
toms, the vinyl chain of PVP between 40 and 600. The long
hains of PVP might sterically interfere at higher shear rates,
hile at lower shear rates, the chains are more flexible and so

he particles can float freely.
The influence of the binder content was studied for a constant

olid loading of Unitec FYT13-002H powder. Fig. 4a shows
hat the viscosities are increasing with the binder content as a
unction of the shear rate, in Fig. 4b the viscosities at a shear rate
f 100 s−1 were displayed as a function of the binder content.

The pastes A1-3 containing 0% to 0.25% of Mowital B30H
ave a sufficiently low-viscosity at high shear rates to be
otentially suitable for screen printing. A1 however has a low-
iscosity at low shear rates and is too liquid when filling the
creen. The thixotropic behaviour of the pastes A2 and A3 with
binder content of 0.1 wt.% and 0.25 wt.% B30H classified these
lurries as the most favourable for screen printing.

Pastes from the finer powder (Tosoh TZ8-YS) were expected

o result in dense layers already at sintering temperatures lower
han 1400 ◦C. Pastes containing a solid loading of 20 vol.%,
0 vol.%, 45 vol.% and 50 vol.% TZ8-YS powder and 0.25 wt.%
inder B30H were compared (Fig. 5a). Heat treatment of

ig. 3. Influence of the dispersants on the rheological properties of highly loaded
45 vol.%) zirconia dispersions.
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ig. 4. Dynamic viscosity of pastes containing 50 vol.% FYT13-002H as a
unction of binder content (B30H).

he powder at 400 ◦C and 500 ◦C (Fig. 5b) was considered
o improve the paste properties eliminating physisorbed and
hemisorbed water.

The maximum solid loading for pastes containing TZ8-YS
hat were applicable for screen printing was 45 vol.% because
astes containing 50% show a strong dilatant behaviour at shear
ates >100 s−1. The untreated TZ8-YS YSZ powder has a BET
urface area of 6.02 m2/g while the heat treated powders resulted
n 5.65 m2/g and 5.61 m2/g with a mass loss of 0.2%. The mass
oss could be neglected and the influence on the specific sur-
ace area of the powders was small. The negative effect on the
heological behaviour of the heat treatment may be attributed to
ggregates formed during the heat treatment.

The binder B20H has a lower average molecular mass than
30H and therefore investigated as a second binder system. The
ynamic viscosities of pastes with contents of 0.25% and 0.5%
20H containing 50 vol.% FYT13-002H (C) and 45 vol.% TZ8-
S (D) powder are displayed in Fig. 6.

Comparing the pastes with either B20H or B30H as a binder,

wo main differences are obvious. First, the pastes containing
20H show lower viscosities at comparable shear rates, and sec-
nd, the pastes show a dilatant behaviour at shear rates >100 s−1.
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Fig. 5. (a) Influence of the solid loading of TZ8-YS powder on the dynamic
viscosities. (b) Influence of the heat treatment of TZ8-YS powder on the dynamic
viscosities.

Fig. 6. Influence of B20H on the dynamic viscosities of pastes containing TZ8-
YS and FYT13-002H YSZ powder.
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he effect on the dilatant behaviour is even more pronounced at a
inder content of 0.5% which may be attributed to the effect, that
he formed network of B20H chains is more narrow and tighter
ompared to B30H. The preferred of the both tested binders
o adjust the viscosity for screen printing was B30H. The vis-
osity of the pastes could be adjusted best with 0.25 wt.% of
inder.

The coarser Unitec powder allowed a higher maximum solid
oading (50 vol.%) than the finer Tosoh powder (45%) while still
btaining a printable paste.

The mismatch of the shrinkage between the anode substrate
nd the electrolyte layer was an important aspect when sinter-
ng the samples, which caused a bending of the towards the
lectrolyte side. Pastes with high solid loadings (45 vol.% and
0 vol.%) of YSZ powder resulted in less bending and cracks
n the electrolyte layer than pastes with a low solid loading
20 vol.%). Bending could be also reduced by the pre-sintering
f the anode substrates and the use of finer powder for the pro-
uction of the anode substrates. Another study8 demonstrated
he influence of the pre-sintering temperature and the thickness
f the anode substrate on the curvature of the samples as further
spects which can effect optimisation of the co-sintering.

Layers of paste B2, containing the Tosoh powder TZ8-YS
ere sintered at a temperature range from 1250 ◦C to 1430 ◦C

nd subsequently the microstructure was examined with a scan-
ing electron microscope. The SEM micrographs Fig. 7a–d
isplay the sintered YSZ layers with the interface to the Ni–YSZ
ermet on the right side of the picture, where sample 7a and d
orrespond to one layer, b and c to two subsequently printed
ayers. The sample in Fig. 7a had a dwell time of 2 h at 1430 ◦C,
hile the samples displayed in Fig. 7b–d which were sintered

t 1350 ◦C, 1300 ◦C and 1250 ◦C had a dwell time of 12 h.
It can be clearly seen that the number of pores in the elec-

rolyte layer is increasing when the sintering temperature is
educed. The probability for the formation of interconnected
ores through the electrolyte layer from 1430 ◦C to 1250 ◦C
lso increases due to this fact. However, to investigate the per-
eability of the layers, additional tests were necessary because
EM pictures do not give an answer whether the layers were gas

ight or not.
In order to check the gas tightness visually crack free sam-

les with two subsequently printed YSZ layers were tested by
indow leak test and He permeability test. The samples with

intering temperatures between 1250 ◦C and 1430 ◦C are listed
n Table 5. Samples from Unitec powders are sintered at 1430 ◦C
nd labelled with “a”, while samples from the finer Tosoh pow-
er are sintered at lower temperatures. Furthermore the specific
otal resistance (Rspec) at 900 ◦C of the YSZ layer of dense
amples and the activation energy (EA) is displayed in Table 5.

The He-leak rate and the window leak rate for the last
hree samples are close to the criteria for practical fuel cell
tacks (2E-5 hPa dm3/s cm2 for the He leakage test and 2.3E-
hPa dm3/s cm2 for the window leak test5). The samples 73a,

0a and 102a therefore were considered to have dense electrolyte
ayers, while the samples 50 and 98 fail clearly by several orders
f magnitude, indicating that a sintering temperature of 1430 ◦C
s needed to obtain dense layers for the investigated slurries.
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ig. 7. SEM micrographs of layers out of pastes containing 45% TZ8-YS afte
ayer on the left and porous Ni–YSZ cermet on the right.

Impedance spectra of the samples 83a, 94a and 101a were
ecorded in a temperature range between 250 ◦C and 900 ◦C
nder reducing conditions in order to investigate the conduc-
ivity of the electrolyte layers. The Bode plots in Fig. 8a and b
how the temperature shift in the impedance spectra of sam-
le 101a, which is representative for all three samples. The
pectra (Fig. 8b) recorded at temperatures between 256 ◦C and
77 ◦C show maxima between 10 kHz and 2 MHz, beginning
ith 366 ◦C to 895 ◦C, another maximum in the low frequency

ange is visible in the spectra. The maxima in the imaginary
art (Fig. 8b) are attributed to different processes in the elec-

rolyte, the YSZ/Ni anode and the Pt-electrodes. The Nyquist
lots of two spectra (sample 101a) at 366 ◦C and 793 ◦C as well
s the corresponding equivalent circuits of the fits are displayed
n Fig. 9a and b.

c
e
a
p

able 5
as permeability and total electric resistance of YSZ layers

abel Sinter temperature
(◦C)

Dwell
time (h)

Comments He leak rat
(hPa dm3/s

98 1300 12 Pre-sintered
50 1350 12 Pre-sintered

73a 83a 1430 2 No binder 7.1E-4 (73
80a 94a 1430 2 No binder 1.2E-5 (80

02a 101a 1430 2 Pre-sintered 3.5E-4 (10
ring at 1430 ◦C (a), 1350 ◦C (b), 1300 ◦C (c) and 1250 ◦C (d) with electrolyte

The analysis of the electrode is complex due to the unsym-
etrical arrangement of the electrodes (Fig. 2).
The impedance spectra in the temperature range from 256 ◦C

o 477 ◦C were fitted with the equivalent circuits given in Fig. 9a
nd from 585 ◦C to 895 ◦C as in Fig. 9b with resistances (R),
onstant phase elements (CPE), an Open Warburg Element (Wo)
nd an inductance (L1).

The first semicircle at a temperature of 366 ◦C was fitted by a
arallel arrangement of a resistor and a constant phase element
R1, CPE1) and (R2, CPE2) attributed to the electrolyte layer.
ven though only one semicircle is observed, the unsymmetri-

al nature of the impedance response requires at least two RQ
lements for the fit. Even though this model reflects the bulk
nd the grain boundary response, the correlation between the fit
arameters is too high, in order to derive distinct values for each

es
cm2)

Window leak rates
(hPa dm3/s cm2)

ρ900 ◦C (� cm) (±2) EA (kJ mol−1) (±2)

0.9
2.4

a) 1.3E-5 (73a) 27 (83a) 99 (83a)
a) 5.0E-5 (80a) 29 (94a) 97 (94a)
2a) 6.0E-3 (102a) 30 (101a) 96 (101a)
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Fig. 9. (a) Nyquist plots of data at 366 ◦C with the corresponding fits (solid
line). (b) Nyquist plots of data at 793 ◦C with the corresponding fits (solid line).

F
t
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Fig. 8. Bode plots of sample 101a for various temperatures.

lement in the fit. As a consequence only the sum of R1 and R2
an be derived representing the total electrolyte contribution to
he impedance.

Furthermore, the assumption of diffusion in the anode
escribed by Wo and R3 and CPE3 for the Pt electrodes were
ecessary to obtain a good fit for the electrode part. The induc-
ance of the measuring wires is described by L1 at 796 ◦C, the
ntercept of the real axes (R1) represents the total resistance of
he electrolyte, and the electrode processes can be described by
2, CPE2, R3 and CPE3.

The total electrolyte conductivity as a function of temperature
s displayed in Fig. 10 and compares our results and with liter-
ture values9–11 for dense YSZ. The activation energies were
valuated from the linear least square fits of the data points in
n Arrhenius plot.

The three tested electrolyte layers show the same char-
cteristics. The conductivity is lower than for a dense YSZ

ellet, which was also measured and compared to literature
alues. This effect is also reported in literatures8,12 for YSZ
ayers deposited by screen printing and centrifugal casting.
he conductivity drop might come from the formation of a

4

s

ig. 10. Specific resistance at different temperatures in comparison with litera-
ure values.

arger number of pores due to a lower sintering tempera-
ure.
. Conclusions

Gas tight electrolyte layers for anode supported SOFCs have
uccessfully been prepared by screen printing. Optimal print-
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ng results were obtained using pastes with Mowital B30H as a
inder and Tosoh and Unitec YSZ powders with solid loadings
f 45% and 50%, respectively. Additionally, the pastes which
esulted in gas tight layers showed thixotropic behaviour and
iscosities ≤12 Pa s.

Sintering at 1430 ◦C leaded to dense and performing layers.
he conductivities and activation energies are in agreement with

he literature values, e.g. 46 � cm at 800 ◦C.8 The sintering tem-
erature could possibly be reduced further by the addition of
anosized powders or the use of a solvent containing dissolved
ons of yttrium and zirconium for the preparation of the slurry.
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