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bstract

The idea of using the sol–gel technique for producing low-cost components for solid oxide fuel cell (SOFC) application has attracted great

nterest. Besides its economic advantages, the sol–gel technique additionally offers the chance to reduce either the thickness of the electrolyte and

herefore to reduce ohmic resistances or to lower the sintering temperature of single components like the electrolyte layer, due to the clearly

educed particle sizes of colloidal distributed particles in the sol.

The work presented here deals with the development of sols and their application in combination with yttria fully stabilized zirconia mixed-

xide powders for the preparation of screen-printing pastes. Besides physical, chemical and thermal characterization of the sols, variations of the

omposition of the sol as well as of the pastes composed of sol and mixed-oxide powder were evaluated for preparing dense, gas-tight layers

intered at various temperatures, resulting in sufficient gas-tightness to ensure high power density SOFCs. Additionally, technological screen-

rinting parameters were studied.

Single cell tests (50 mm � 50 mm) revealed current densities of approx. 1 A/cm2. These values are comparable to current densities obtained by

ells based on normal electrolyte layers, which were prepared in parallel.
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in the sol only layers with a thickness in the range of a few

hundred nanometers could be produced without the formation

of cracks or delamination. If sols were used to prepare

electrolyte layers on typical anodes of anode-supported SOFCs,

no complete layers could normally be obtained due to the

mismatch between surface roughness of the anode (�0.5–

2 mm; representing the particle and pore size of the anode) and

the thickness to be reached by a sol layer or layers with

nanocrystallized starting materials (�0.5 mm) [9,10]. Typi-

cally either after drying or after sintering, those layers cracked

or delaminated. To overcome those problems a new approach is

taken in this work by preparing a screen-printing paste from a

mixture of a sol–gel precursor and a mixed-oxide powder. This

method offers the opportunity to combine the high sintering

activity of the sol–gel material with the ability of mixed-oxide

slurries to produce crack-free layers with a thickness in the

range of a few micrometers. In the following, the characteriza-

tion of the starting materials, the optimization of the screen-

printing slurries and printing techniques will be presented as

well as the results of the sintering experiments for the

electrolyte layers.
1. Introduction

Currently, the most advanced methods for the preparation of

the electrolyte layer in the planar solid oxide fuel cell (SOFC)

system are wet chemical coating technologies like vacuum slip

casting (VSC) or screen printing using mixed oxide based

slurries [1–6]. However, thermal coating techniques like

atmospheric or vacuum plasma spraying are already under

development [7,8]. A common problem of the mixed oxide

based wet chemical coated electrolyte layers is the relatively

high sintering temperature of about 1400 8C to ensure gas-

tightness. Based on the low processing temperatures, sol–gel

materials offer a new way to reduce sintering temperatures.

Unfortunately, due to the high amount of organic components

as well as the high sintering activity of the nanosized particles
d.
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2. Experimental

2.1. Substrates

For the experiments planar anode substrates were prepared

according to the Research Center Jülich’s SOFC concept. The

complete manufacturing steps are presented elsewhere [11],

and only a short description is given here. An anode cermet

composed of 57 wt.% nickel oxide and 43 wt.% 8YSZ (with

8 mol% yttria stabilized zirconia; cubic crystallography) is

used as the substrate material. The raw materials modified by

the Coat-Mix1 [12] process were warm-pressed and subse-

quently debindered and sintered at 1230 8C for 3 h. After this

step the substrate (340 mm � 340 mm) was cut into pieces of

50 mm � 50 mm by diamond blade sawing. After cutting, a

thin anode (5–7 mm), composed of the same materials as the

substrate itself, but with a finer particle size was added via the

vacuum slip casting process (VSC). After a second sintering

step at 1000 8C for 1 h to ensure adherence, these samples were

used for all subsequent coating experiments.

2.2. Preparation of the raw materials

The basic material for all pastes consisted of 8YSZ powder

(TZ-8Y) from Tosoh, Japan, which was pre-calcined in a first

step at 1240 8C for 3 h. After cooling down to 200 8C, the

material was stored in a desiccator with P2O5 as the drying

agent. In a second step the powder was milled with acetone in a

ball mill for 120 h to achieve grain sizes between 0.5 and 1 mm.

The grain size was checked by a laser particle size analyzer

(Fritsch Analysette). Afterwards the material was dried in a

vacuum desiccator at a pressure of less than 100 h Pa and

temperatures between 20 and 100 8C to avoid the formation of

hard agglomerates.

The preparation of the sol used in this study is based on a

patent by Barrow et al. [13,14]. The raw materials are

zirconium n-propoxide 70 wt.% in propanol, yttrium nitrate

Y(NO3) � 5H2O, pure carboxylic acid (acetic, propanoic,

caproic or nonanoic acid), acetylacetone and distilled water. A

solution of acetylacetone and the carboxylic acid was added to

the zirconium n-propanol. Stoichiometric amounts of yttrium

nitrate dissolved in distilled water were introduced dropwise at

0 8C to obtain pure cubic 8YSZ phase. To ensure that the

hydrolysis–condensation reaction is complete, the amount of

water added was four times greater than the stoichiometric

amount in comparison to the alkoxide. The maximal 8YSZ

wt.% content in each sol was limited by the fixed molar ratios of

the acetylacetone/zirconium n-propoxide/carboxylic acid, and

yielded maximum 8YSZ contents of 20 wt.% (acetic acid),

19 wt.% (propanoic acid), 18 wt.% (caproic acid) and 17 wt.%

(nonanoic acid), respectively.

2.3. Paste preparation and screen printing

For the preparation of the screen-printing pastes without a

binder, 8YSZ/sol ratios from 20/80 to 40/60 wt.% were pre-

mixed by hand. Further homogenization was conducted using a
three-roll mill by scaling down the milling gap in several

individual steps. In order to complete homogenization this step

was repeated three times. A typical additive containing 94 wt.%

terpineol and 6 wt.% ethylene cellulose was used for the

preparation of pastes with a binder and also for a typical internal

paste for comparison, which was prepared from the mixed-

oxide powder only.

Three different types of meshes with mesh sizes of 34, 43

and 65 mm were evaluated for printing the electrolyte.

Although the two meshes with a mesh size of 43 and 65 mm

showed good results, all further experiments were conducted

with the 43 mm mesh, due to the expected smaller thickness of

the printed layer. Additionally, two different printing techni-

ques were chosen, a uniaxial and a transposed technique where

the substrate is rotated by 908 before the squeegee returns to the

starting position. All samples have dimensions of 50 mm �
50 mm.

2.4. Sintering and testing

Sintering of all the printed electrolyte layers was conducted

at temperatures of 1400 or 1350 8C and a dwelling time of 5 h.

In all cases an ironing step was performed at a temperature

50 8C lower than the sintering temperature to minimize bending

of the samples due to the different shrinking behavior of the

electrolyte and the substrate. At the electrolyte densification

temperature the substrate is still porous, therefore the material

continues to shrink. As a result of this shrinking mismatch (or

mismatch in sintering behavior) the samples bent convexly. The

ironing step considerably reduces this mismatch bending. After

cooling to room temperature, there is only some slight warpage

due to differences in the coefficients of thermal expansion of

the electrolyte material (approx. 10.5 � 10�6 K�1) and the

substrate material (approx. 12–12.5 � 10�6 K�1).

The gas-tightness of the electrolytes was estimated by a

helium leak test. The values presented were first measured at a

pressure difference of approx. 1000 h Pa and then calculated by

taking the area of the sample and a pressure difference of

100 h Pa (a typical pressure difference between air and fuel side

within an SOFC stack) into account. An internal threshold

value of 2.0 � 10�5 h Pa dm3/s cm2 was used as a quality

attribute for the gas-tightness of the electrolyte. This value

represents the amount of carrier gas (volume; here He) which

could diffuse in a given time (s) per area to be measured (cm2)

at a given pressure difference on both sides (h Pa).

3. Results

3.1. Sol stability and characterization

In a first step, the stability of the sols prepared with different

carboxylic acids and solid contents was investigated so that it

was possible to produce sols with optimal conditions for the

preparation of the pastes. A summary of the stabilities is given

in Table 1.

It is clear that the higher the aliphatic chain of the carboxylic

acid, the higher the sol stability. In fact, when nonanoic acid



Table 1

Summary of the screened synthesis compositions showing influence of solid content (wt.%) and type of carboxylic acid on the final sol stability

Shaded cells represent unstable sols while white ones represent stable clear sols (stable for several months).
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was used, the sols were stable in the whole range of the chosen

solid contents. Since the carboxylic acid acts as a hydrolysis/

polymerization catalyst, this behavior can be explained

considering that the lower acid strength of long-chain acid

reduces the reaction (growth) rate, decreasing in turn the

formation of bigger particles and agglomerates, which finally

destabilize the sol. Moreover, another effect which must be

taken into account is that when increasing the acid chain length,

the YSZ nanoparticles are somehow better protected or capped

[15], thus reducing the possibility of agglomeration. Stable sols

showed a similar particle size distribution with an average

particle diameter of 7 nm, measured with dynamic laser-

scattering equipment.

Especially for screen-printing pastes, the rheology of the

basic sol plays an important role in the paste quality. Therefore,

the viscosity of the sols prepared with different carboxylic acids

were measured by rotation viscosimeter and a double gap

measuring body. As can be seen from the rheology curves in

Fig. 1, the viscosity of all sols is in the range of 1–10 mPa s,

showing a slight increase of the viscosity with increasing chain

length of the carboxylic acid. Despite this, the viscosity of all
Fig. 1. Viscosity of the basic sols for the screen-printing pastes as a function of

the aliphatic chain length of the carboxylic acid.
sols is independent of the shear rate in the range of 10 and

1000 s�1, which is typical of a Newtonian liquid. A small

thixotropic effect was observed in a few measurements, which

can be related to the start of gelation occurring in the sols.

For the investigation of the thermal decomposition behavior

of the sols, samples from every sol were dried at 50 8C for 24 h

and analyzed in a coupled differential thermal analysis and

thermogravimetric analysis (DTA/TGA) equipment. Fig. 2

shows a typical TGA/DTA analysis of a sol prepared using

propanoic acid. The most important mass loss occurs between

200 and 260 8C. Especially at 255 8C a sharp mass loss

(20 wt.%) and an intense exothermic peak can be seen,

corresponding therefore to the burnout of most of the organics

adsorbed or bound to YSZ particles. Other exothermic peaks

can be observed at 350, 650 and 800 8C, combined with a

progressive mass loss of 10 wt.% when the sols are heated from

300 to 900 8C. The latter peaks are associated with the

progressive particle densification and sintering of the initial

nanosized particles.

The chemical purity and the phase content of the starting

materials are important to ensure good ionic conductivity.

Control analysis by ICP–OES (inductively coupled plasma with

optical emission spectroscopy) and X-ray analysis revealed that

in all cases zirconia was fully stabilized with 8 mole% yttria

(cubic structure). Small amounts of Al2O3 (0.2 wt.%), SiO2

(0.01 wt.%) and TiO2 (0.28 wt.%) could be related to impurities

in the precursor Zr n-propoxide.

As can be seen from the XRD pattern (X-ray diffraction) in

Fig. 3 as an example the sol is still amorphous after drying and

heating to 300 8C. Crystallization starts at about 600–650 8C
indicated by the occurrence of broad peaks in the pattern. At

higher calcination temperatures, the diffraction peaks became

sharper indicating crystallization and increasing crystallite

growth. At 800 8C the material is mostly crystallized and of

almost pure cubic phase, although the peaks are still broad,

which can be attributed to the small crystallite size. Some

diffuse peaks at low Bragg angles between 20 and 258 can be



Fig. 2. TGA/DTA measurements of dried sols heated at a rate of 5 K/min in an air flow (50 ml/min). Prior to analysis the sol was dried at 50 8C for 24 h.
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interpreted as residuals of the amorphous phase. The crystallite

size calculated by the Debye–Scherrer formula from XRD

patterns of powders calcined at 800 8C is 14 nm.

3.2. Paste formulation and characterization

As already described, screen-printing pastes of sol–gel and

mixed-oxide powder with ratios between 20/80 and 40/60—

gradually varied by 5 wt.% steps were prepared without an

incorporated binder. Due to the criteria of homogeneity, only 5

different screen-printing pastes, listed in Table 2, were used for

further printing experiments. Pastes with other ratios and sols

were prepared, but eliminated because of their inhomogeneity

(Fig. 4).

In order to investigate the behavior of the pastes during the

screen-printing process, first printing experiments were

performed on stainless steel substrates, using a mesh with a

network mask. No visible differences could be observed when

the sol to mixed-oxide powder ratio was changed. In contrast,

pastes with identical ratio but different carboxylic acids

incorporated in the basic sols exhibited different behavior.

While pastes containing caproic acid show a sharply formed

rim of the hexagonal mesh structure, pastes with nonanoic acid
Fig. 3. Typical XRD diffractogram of a fully yttria stabilized sol, dried and

calcined at different temperatures.
exhibit a frayed-out rim, due to their reduced flowability and the

stronger adhesion to the steel substrate. However, for both

pastes a very fast and uncontrolled drying behavior was

recognized, which caused strongly structured morphologies in

the printed areas.

To minimize this uncontrolled drying, in the next series of

pastes, ethyl cellulose and terpineol were introduced as the

binder system. Additionally, a binder containing a ‘‘standard’’

paste without a sol was prepared from 100 wt.% mixed-oxide

powder for comparison. In analogy to the investigations of the

homogeneity of the pastes without a binder, a first evaluation of

the homogeneity for these pastes with a binder system was

made in order to prevent unnecessary experiments being

performed. The composition of pastes with good homogeneity

used for further experiments are shown in Table 3.

Due to the high influence of the viscosity, rheology

measurements of the sol-based pastes were conducted in

comparison to the ‘‘standard’’ paste. Starting at a shear rate of

1 s�1 the ‘‘standard’’ paste showed a higher viscosity at

200 Pa s than the sol-based pastes with approximately 40 Pa s.

However, due to the high viscosity the curve of the ‘‘standard’’

paste could only be measured up to a shear rate of 200 s�1. At

higher shear rates a pull-off between the paste and the

measuring interface appeared. Both sol-based pastes revealed

identical viscosity curves and values within the error of the

method, varying between 40 Pa s at a shear rate of 1 s�1 and

3 Pa s at a shear rate of 1000 s�1. Additionally, a small

thixotropic effect is detectable in both curves, which may be

traced back to the time-dependent relaxation behavior of the

pastes after the higher shear rates of 1000 s�1 were applied.
Table 2

Composition of various pastes without binder which fulfill the criteria of

homogeneity

Paste type Sol gel (wt.%) YSZ oxide powder (wt.%)

Nonanoic sol-based paste 25 75

Nonanoic sol-based paste 35 65

Caproic sol-based paste 20 80

Caproic sol-based paste 30 70

Caproic sol-based paste 25 75



Fig. 4. Screen-printed network of two 8YSZ pastes based on 25 wt.% sol with caproic (left) and nonanoic acid (right) and 75 wt.% mixed-oxide powder.

Table 3

Composition of various pastes with binder which fulfill the criteria of homogeneity

Paste types Oxide powder (wt.%) Sol–gel (wt.%) Binder (wt.%)

‘‘Standard’’ paste, SP 60 – 40

Caproic-acid-based sol–gel paste 60 20 20

Caproic-acid-based sol–gel paste 60 24 16

Nonanoic-acid-based sol–gel paste 60 20 20

Nonanoic-acid-based sol–gel paste 60 24 16

Table 4

Helium leak rate values for samples with electrolytes based on ‘‘standard’’ 8YSZ paste and composite pastes containing mixed-oxide powder (mo) and a caproic- or

nonanoic-based sol [h Pa dm3/s cm2]

Paste types 60 wt.% mo powder;

40 wt.% binder

60 wt.% mo powder;

20 wt.% binder; 20 wt.% sol

60 wt.% mo powder;

16 wt.% binder; 24 wt.% sol

‘‘Standard’’ paste 9 � 10�4 – –

Caproic-acid-based sol–gel paste – 4 � 10�2 7 � 10�2

2 � 10�1 1 � 10�1

Nonanoic-acid-based sol–gel paste – 3 � 10�2 Leakage

1 � 10�3 No value
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First printings on SOFC substrates were conducted with a

technique where the squeegee displacement is limited to one axis

in a back-and-forth movement. With this uniaxial method, 8YSZ

films were applied using only pastes with the incorporated binder

system, due to the better drying behavior of these materials. In

analogy to the rheology measurements, a ‘‘standard’’ paste

without a sol was used for comparison. After printing the 8YSZ,

the green films were dried and sintered at typical electrolyte

sintering conditions of 1400 8C for 5 h. To obtain a first

impression of the quality of the layers, the gas-tightness was

measured via a helium leak test. While electrolyte layers without

an incorporated sol yielded leak rate values of approx.

9 � 10�4 h Pa dm3/s cm2, samples coated with a caproic-based

sol in the paste showedevenhighervalues in the rangeof4 � 10�2

up to 1 � 10�1 h Pa dm3/s cm2. Better values are displayed in

Table 4, but scattering over a wide range between 1 �
10�3 h Pa dm3/s cm2 and complete leakage with no measurable

values were observed using pastes based on a nonanoic acid sol.

Due to these results, SEM investigations were carried out on

the surfaces of the electrolyte layers to discover the reasons for
the measured leak rate values. As can be seen from the typical

SEM pictures of the surface in Fig. 5, ‘‘standard’’ paste-printed

samples exhibit a crack-free surface with a bimodal grain size

distribution and well-developed 1208 dihedral angles between

the cubic zirconia crystals. Only little intergranular porosity

could be detected. In contrast, samples coated with a sol-based

electrolyte paste showed a large amount of microcracks on the

surface, which could be the origin of the poorer leak rates.

For all the samples the thickness of the sintered electrolyte

layer was estimated from cross sections by optical light

microscopy. While for nonanoic-based paste and for the

‘‘standard’’ paste without a sol an overall thickness of about 18

and 16 mm was detected, electrolyte layers prepared with a

caproic paste yielded a thickness of 12 mm, although the same

mesh and the same printing parameters were chosen. No

plausible explanation has yet been found for these results.

To avoid the problem of microcracks on the surface of the

electrolyte layer in a second set of experiments the substrate

was rotated 908 after the forward movement of the squeegee.

The experiments were conducted with the pastes and the same



Fig. 5. Typical SEM pictures of surfaces from samples coated with a paste without a sol (left) and a caproic sol-based screen-printing paste (right). Both sintered at

1400 8C for 5 h.

Table 5

Helium leak rate values from transposed printed samples with electrolytes based on standard 8YSZ paste and composite pastes containing mixed-oxide (mo) powder

and a caproic- or nonanoic-based sol [h Pa dm3/s cm2]

Paste types 60 wt.% mo powder;

40 wt.% binder

60 wt.% mo powder;

20 wt.% binder; 20 wt.% sol

60 wt.% mo powder;

16 wt.% binder; 24 wt.% sol

Standard paste 3 � 10�6 – –

4 � 10�4

Leakage, no value

Caproic-acid-based sol–gel paste – 4 � 10�6 1 � 10�4

1 � 10�5 9 � 10�5

Nonanoic-acid-based sol–gel paste – 1 � 10�5 3 � 10�5

9 � 10�6 2 � 10�5

Fig. 6. Optical microscopy pictures of cross-sections of caproic-acid-based (left-hand side top) and a standard uniaxial printed electrolyte (right-hand side top),

compared to a nonanoic-acid-based (left-hand side bottom) and a standard transposed printed sample (right-hand side bottom).
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Fig. 7. Current–voltage curves for anode-supported single cell with an elec-

trolyte based on 60% YSZ, 24% nonanoic acid and 16% binder.

Fig. 8. Current–voltage curves for anode-supported single cell with an elec-

trolyte based on 60% YSZ, 24% caproic acid, and 16% binder.

Fig. 9. Current–voltage curves for anode-supported single cell with an elec-

trolyte based on 60% YSZ, 20% nonanoic acid, and 20% binder.
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sintering parameters that had already been used for the first set

of investigations. SEM investigations – not shown here –

revealed in all cases structured surfaces without microcracks,

which are comparable to those from the ‘‘standard’’ screen-

printing paste (left-hand picture in Fig. 5).

All measurements of the layer thickness showed an increase in

the layer thickness of up to 20 mm for an electrolyte based on a

paste with nonanoic acid and 19 mm for one based on caproic acid

in comparison to the thickness of the electrolyte printed in the

normal (back and forth) way. In contrast to this increase, samples

coated with a paste without an incorporated sol show a decrease

of the thickness down to 13 mm. An explanation for this

phenomenon could be the faster drying of the sol-based pastes,

which results in a higher resistance of the first printed layer.

Therefore, the compaction of this layer is not so strong as that of

the ‘‘standard’’pasteprintedones.Noboundary isvisiblebetween

the two layers, which could be related to the rotation step (Fig. 6).

In analogy to the uniaxially printed samples, the gas-tightness

from the transposed printed samples was estimated by helium

leak test measurements. From the results, presented in Table 5, it

is obvious that all the samples achieved gas leak rates in the range

of or below the internal threshold value of 10�5 h Pa dm3/s cm2,

which is normally used for standard vacuum slip cast electrolyte

layers. It can also be seen that irrespective of the composition of

the pastes, all samples exhibit comparable values. A slight

decrease of the scattering of the values could be assumed to be

caused by the use of a nonanoic-acid-based paste. Investigations

of the surface by SEM – not shown here – revealed the same grain

size distribution as samples which were uniaxially printed.

Microcracks, which were probably the reason for the insufficient

gas-tightness of these samples, could not be recognized on the

surface of the transposed printed samples. It can be assumed, that

the transposed printed second layer covers the remaining failures

in the first printed one.

Based on the results of the transposed printed samples,

further sintering experiments were conducted on these samples

to investigate the influence of lower sintering temperatures on

the gas-tightness of the electrolyte layers. Therefore, samples

were sintered with the same dwelling time and the same heating

rate, but with a 50 8C lower temperature at 1350 8C. Again

helium leak rate measurements were conducted, showing that

in all cases leak rates higher than the internal threshold value

were obtained. While caproic-acid-based sols always have

values above the detection limit, samples prepared with a

nonanoic-acid-based sol and without a sol showed values in the

range of 10�3 h Pa dm3/s cm2.

3.3. Single cell tests

Single cell tests were carried out on 50 mm � 50 mm samples

with cathodes (a double-layered cathode comprising a first layer

composed of 8YSZ and lanthanum–strontium manganate (LSM)

as the ceramic electronic conductor and a second layer composed

of pure LSM as the current collector) having 40 mm � 40 mm.

Cells constructed with electrolyte layers based on sols with

caproic and nonanoic acids were prepared (mixtures of sol and

oxide powder; transposed printing route). In parallel, samples
with a normal electrolyte layer applied by screen printing and

sintering to gas-tightness at 1400 8C for 5 h were tested for

comparison. The operational conditions were:

Fuel gas: H2 (3% H2O) = 1000 ml/min.

Oxidant: air = 1000 ml/min.

Reduction temperature (of the NiO): 900 8C.

Current density measuring temperatures: 650–900 8C.

Figs. 7–9 show the current density–voltage curves obtained

and Table 6 lists the current densities at the measured

temperatures for better comparison.



Table 6

Average values of calculated current densities (A/cm2, 700 mV) as a function of the temperature of the tested anode-supported single cells

Temperature [8C] Electrolyte with 60% YSZ,

24% nonanoic acid and 16% binder

Electrolyte with 0% YSZ,

24% caproic acid, and 16% binder

Electrolyte with 60% YSZ,

20% nonanoic acid, and 20% binder

Normal electrolyte

layer

900 1.72 1.40 1.83 1.83

850 1.43 1.27 1.46 1.53

800 1.05 0.85 1.05 1.09

750 0.67 0.56 0.66 0.67

700 0.39 0.34 0.38 0.39

650 0.23 0.09 0.21 0.21

Fig. 10. Current–voltage curves for anode-supported single cell with an

electrolyte based on normal screen-printed electrolyte (without sol).
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It is obvious that the samples prepared with electrolyte layers

based on nonanoic sols have similar current densities to the cells

based on the normal wet chemical route (Fig. 10). Cells with an

electrolyte layer based on caproic acid show less current density

(�20% less). A possible explanation of the reduced current

densities could be that the cells with an electrolyte based on

caproic acid have a lower open circuit voltage (OCV) than the

other cells tested (1045 mV at 800 8C; others: >1065 mV). A

lower OCV is an indicator of some electrolyte leakage.

Therefore, a parasitic current passes the cell internally and

subsequently reduces the outer current density.

4. Conclusion

Pastes with different ratios of sol–gel and mixed-oxide

powder were prepared for screen printing on planar SOFC

anode substrates for the deposition of an electrolyte layer.

Pastes without a binder system exhibit a very fast and

uncontrolled drying behavior. After the incorporation of an

organic binder to the sol–gel and the mixed-oxide powder, the

prepared pastes exhibited screen-printing ability characteris-

tics. The relation between viscosity, shear rate and recovery of

the structure of the paste during screen printing showed the

characteristics of conventional pastes used with this printing

technique. The electrolyte layers screen printed on anode

substrates were sintered at a temperature of 1400 8C, which is a

benchmark for attaining gas-tight coatings via a typical vacuum

slip casting process. For the different paste application

methods, the samples printed using the transposed printing

technique exhibited an improved helium leak value, after

sintering at 1400 8C.
Those samples printed with the nonanoic-acid-based sol

paste (60 wt.% mixed-oxide powder, 20 wt.% binder, 20 wt.%

sol) exhibited a helium leak value of 9.3 � 10�6 h Pa dm3/

s cm2. This value is in the range of the value

(3.1 � 10�6 h Pa dm3/s cm2) observed for coatings printed

with pastes containing only mixed-oxide 8YSZ powder

(60 wt.% mixed-oxide powder and 40 wt.% binder).

A reduced margin of error is attributed to those experiments

conducted with the nonanoic-acid-based sol pastes, as indicated

by the standard deviation of �1.09 � 10�5 h Pa dm3/s cm2.

Whereas greater divergences were observed in those leak rate

values obtained with the caproic-acid-based sol pastes,

suggesting difficulties in the process reproducibility.

Furthermore, the pastes screen-printed on anode substrates

using the transposed printing application method were sintered

at a reduced temperature of 1350 8C and the gas-tightness of

those samples did not produce acceptable values. It also

follows that only those samples printed with either standard

pastes or nonanoic-acid-based sol pastes led to satisfactory

results. Even though insufficient gas-tightness was attained

from these preliminary results, they provide the basis for

further studies.

Single cell tests performed with cells based on electrolytes

made with caproic and nonanoic acid sols and printed by the

transposed screen-printing method show reasonable to good

current densities of approx. 1 A/cm2. These values are

comparable to cells prepared in parallel with a normal

screen-printed electrolyte.
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